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Abstract

A review of the literature is devoted to the patterns of the electrodeposition of zinc-nickel alloys including the kinetics of
cathodic reduction of zinc, nickel, and zinc-nickel alloys in ammonium chloride, sulphate, and glycinate deposition electrolytes.
We studied the data on the effectiveness of the corrosion resistance of zinc-nickel coatings and summarised the principal
patterns of selective dissolution of the Zn-Ni alloys. The role of the addition of glycine to an ammonium chloride deposition
electrolyte was determined in the modification of the morphological and anticorrosive properties of the coatings.
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corrosion, selective dissolution, voltammetry, chronoamperometry
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1. Introduction electrochemical synthesis of these coatings as

well as the specific features of the formation of
their anticorrosive properties and the increase of
electrocatalytic activity.

Zinc-nickel coatings considerably exceed
pure zinc coatings in terms of their anticorrosive
properties and also possess excellent physical
properties [1], and, as a result, they are widely
used in the aviation [2, 3], aerospace [4], and
automotive industries [1-5]. Zinc-based coatings
with a Ni content of 10-18 at. % show the best
mechanical characteristics and protective
properties in relation to steel [6-11], as they
mainly consist of a zinc-enriched y-phase which
has high corrosion resistance, hardness, and
strength [1-14]. The principal method of
synthesis of Zn-Ni coatings is the cathodic
electrodeposition [15-24], therefore it is very

2. Zinc-nickel alloys: general description
and production

The analysis of the phase diagram of the Zn-
Ni system [6] is indicative of the complex nature
of the interaction between the components
which is typical for Zn - transition metal
systems. The y phase, which forms the basis
of most corrosion-resistant Zn-Ni coatings,
corresponds to the homogeneity region of 74—
85 at. % Zn. It crystallises from the alloy at 881 °C

important to study the kinetic patterns of the

D4 Oleg A. Kozaderov, e-mail: ok@chem.vsu.ru
© Burliaev D. V., Kozaderov O. A., Volovitch P., 2021

and can be described by different formulas, for
example, NiZn,, Ni,Zn , Ni.Zn , Ni,Zn,,, or
Ni.Zn,, [7, 8]. The mechanical strength of the
alloy reaches its maximum and stabilises with a

m The content is available under Creative Commons Attribution 4.0 License.
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nickel content of more than 20 at. %, which also
improves the thermal stability of the alloys [9, 10].
Anticorrosive and mechanical properties of zinc-
nickel alloy coatings depend heavily on the phase
composition. Homogeneous coatings consisting of
y-phase of the Ni,Zn , (or Ni.Zn, ) composition and
corresponding to the nickel content of 10-18 %
(wt) are most corrosion-resistant [2, 4, 11, 12].
Electrodeposition is the main method for the
production of zinc-nickel alloy coatings [1-15].
A specific feature of this process for Zn-Ni systems
is that it follows the mechanism of anomalous
codeposition when a more electronegative
component (zinc) is deposited first despite the
presence of nickel, which is a more electropositive
component. The mechanism of this process
has been studied well in chloride and sulphate
solutions [16-18]. Anomalous codeposition
can be explained by the hydroxide suppression
mechanism. As it happens, a secondary process of
hydrogen evolution takes place at the same time
with the electrodeposition based on the reaction:

2H,0 + 2e” — H, + 20H-,

during which the medium is alkalised. The in-
creased pH of the electrolyte solution contributes
to the formation of the adsorptive zinc hydroxide
Zn(OH), .- Therefore, metal zinc is reduced at
the cathode from the adsorbed hydroxide film
blocking the transportation of nickel to the sur-
face of the electrode. As a result, the reduction of
nickel and hydrogen is suppressed [19, 20]. Along
with the hydroxide suppression mechanism, a
hypothesis of underpotential deposition of zinc
is also suggested as an explanation of the anom-
alous codeposition [20, 21].

The quality of the synthesised Zn—Ni coating
greatly depends on a number of factors: the
composition and pH of the deposition electrolyte,
the hydrodynamic regime, current density
or electrode potential of the deposition, the
temperature, and the material used as a substrate
for the deposition [21, 22]. A variation in the
factors leads to changes not only in the chemical
and phase compositions of the coatings, but also
in current efficiency, morphology, and visual and
anticorrosive characteristics [21-24]. For instance,
when studying the influence of the substrate
material on the process of electrodeposition of
zinc-nickel alloys, it was shown that a coating

2021;23(1): 3-15
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deposited on a copper substrate has a more
homogeneous chemical composition as compared
to the coating deposited on a steel substrate.
The nature of the substrate can also influence
the phase composition of the coatings and its
mechanical properties [23].

Zinc-nickel alloy coatings are deposited from
electrolytes of various compositions, including
oxalate [25], citrate [26], sulphate [27], chloride
[28], sulphate-chloride [29], ethylenediamine
[30], ammine, and ammonia-chloride [29, 31]
solutions. Currently, cyanide, sulphamate, and
pyrophosphate electrolytes are less popular
due to ecological reasons as well as their low
performance and high cost [29].

Deposition electrolytes often contain
different additives that significantly influence the
properties of the synthesised alloys. Complexation
additives are widely used that ensure a more
compact morphology of the coatings, their
fineness, smoothness, and typical gloss. Among
them are sodium acetate in weakly alkaline
electrolytes [32], amines and 5,5’-dimethyl
hydantoin [24] in strongly alkaline (pH = 9-10)
electrolytes [24], saccharin (pH = 13-14) [33],
polyethylene glycol, coumarin, piperonal, and
vanillin (pH = 14) [34], gelatine in acid electrolytes
[35], boric acid, glycerol, mannitol, sorbitol
(pH = 1-3) [36, 37], and many others.

It was shown, based on the example of an
alkaline solution of the electrolyte with the
addition of 5,5’-dimethyl hydantoin, that the
increased content of nickel in an electrolyte
solution increases its atomic fraction in the
coating. However, at the same time, the current
efficiency of the electrodeposition of the alloy
significantly decreases. It probably occurs
due to the acceleration of a side process, e.g.
hydrogen evolution. An increasing of cathodic
current density also has a similar influence. The
influence of temperature is ambiguous. Indeed,
the dependence of nickel content in the coating
on the temperature has an extreme character,
as an increase in temperature contributed to
the rise of the current efficiency of the target
process. It was assumed that it was generated
by cathodic depolarisation and the increase in
overpotential of the hydrogen evolution. Most
likely an increased stirring rate of the electrolyte
accelerates the diffusion-controlled formation of
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zinc hydroxide, thus increasing the rate of zinc
deposition and, as a result, reducing the nickel
content in the coating. This, in its turn, increases
the current efficiency due to the reduction of the
contribution of the hydrogen evolution reaction
to the overall rate of the cathodic process [24, 31,
38, 40-42].

The above-mentioned factors can considerably
influence the morphology of the deposited
coatings. For example, an increased content of
nickel in the electrolyte leads to a rougher and
more inhomogeneous surface [24].

An advantage of acid electrolytes is the slightly
greater content of nickel in the deposited alloy,
which improves the anticorrosive characteristics
of the coatings. On the other hand, the coatings
synthesised from alkaline electrolytes can have a
more compact morphology of the surface due to
the slower electrodeposition and reduced rate of
the side process of hydrogen evolution. However,
in most cases acid electrolytes are more available
and environmentally-friendly [43]. Among acid
solutions, an ammonium chloride deposition
electrolyte is the most optimal from the point
of view of its environmental safety, cheap and
available components, easy production, ability
to use at room temperature, and chemical and
phase compositions of the synthesised Zn-Ni
coatings. Polyligand ammonia-chloride-glycinate
solutions with pH < 7 are promising electrolytes
for the deposition of alloys of the Zn-Ni system
[4, 11, 14]. The addition of an aminoacetic
acid improves the morphology of the coatings,
reducing the rate of the hydrogen evolution
reaction, thus increasing the current efficiency
of the electrodeposition.

1.1. Kinetics of cathodic deposition of zinc,
nickel, and zinc-nickel alloys

According to multiple studies, the kinetics of
the cathodic reduction of zinc depends heavily
on the electrolyte composition. Indeed, as for
simple electrolytes (sulphate, chloride, and
cyanide) without any additives, the process
of electrodeposition is mainly determined by
concentration polarisation, while adsorption
processes become more important when organic
substances are added to the electrolyte [44, 45].

In [46] it is shown that the limiting stage of
the process changes over time in an ammonium
chloride electrolyte. The analysis of deposition

2021;23(1): 3-15
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in the Cottrel coordinates criterion for diffusion
control i-t""2, shows that at the beginning the
curves are not extrapolated to the origin of the
coordinates. This is most likely indicative of a
certain kinetic stage at the interphase boundary,
for instance, a heterogeneous chemical reaction.
This reaction may be due to the adsorption of
discharging hydrated zinc or zinc hydroxide ions.
The likelihood of this process increases with the
time of electrodeposition as the pH of the near-
electrode layer rises.

With an increase in the duration of the
process, the dependence i—t-2 is extrapolated to
the origin of the coordinates, which is indicative
of the establishment of the diffusion control
over the process of zinc electroreduction. At
the same time, the calculated value of the
diffusion coefficient shows that the process of
diffusion mass transfer of discharging particles
probably occurs in the solid phase, particularly
in the film which forms on the electrode surface
from the adsorbed and discharging particles.
The reaction order for zinc is close to one with
a potential of —1.05 V and equals 1.5 with a
potential of —-1.1 V. This indicates the accelerated
electroreduction of zinc with the shift of the
deposition potential towards the negative
region. Over time, a new heterogeneous process
takes place — crystallisation with the formation
of two-dimensional nuclei. It is proved by the
linearization of chronoamperograms in the
criteria coordinates lg (i/t) — t* [46].

According to [47], electrochemical stages
in the cathodic process of zinc deposition
with pH > 2 were preceded by a quick chemical
reaction of the formation of a binuclear zinc
hydroxocomplex. Therefore, the following
mechanism for the electrochemical process was
suggested:

2Zn* + OH- & [Zn,OH]*,
[Zn,0H]* + e~ [Zn,OHJ¥,
[Zn,0H]* + e~ [Zn,OHJ,
[Zn,0H]" + e~ <> Zn + [ZnOH],
[ZnOH] + e~ < Zn + OH".
At the same time, the reduction of zinc
in chloride electrolytes is preceded by the

dissociation reaction of an instable complex
[ZnCl J>:
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[ZnCL,]* < [ZnCL] +C-,
[ZnCL]- < [ZnCl,] + CI,
[ZnCl,] <> Zn* + 2CI".

The discharge of zinc ions in this case occurs
from the hydrated ions [47,48]:

Zn(H,0)* + 2e” <> Zn + xH,0.

Nucleation during the electrodeposition of
zinc from sulphate solutions occurs instantly with
pH ~ 2. When the pH of the solution increases
up to 4, continuous nucleation begins prevailing
over instantaneous nucleation. Presumably, this
is related to the acceleration of the formation
of the adsorbed particle ZnOH , which blocks
the active deposition centres on the substrate
surface [49].

It was established [50] that 3D zinc nucleation
is typical for the chloride electrolyte. Nucleation
occurs continuously with low concentrations of
ZnCl, (from 0.01 to 0.1 M) and instantly when the
salt concentration increases up to 0.6 M. Zinc is
mainly found in the complex form [ZnCl ]*.

During the electrodeposition of nickel, the
reaction of hydrogen evolution contributes more
to the overall rate of the cathodic process as
compared to zinc [51]. According to the distribution
diagram [52], nickel is mainly in the form of [NiCl]'
in chloride electrolytes, therefore, the presumable
mechanism of the cathodic nickel deposition can
be presented in the following way [51, 52]:

Ni? + CI- & [NiCI,
[NiCI]" & [NiCI]",,
[NiCI]*, + e~ — [NiCl],,,
[NiCI],, + e« Ni + Cl-,

In this case, under conditions of a small
overpotential, the penultimate charge transfer
reaction is presumably considered to be limiting,
while the diffusion of nickel ions towards the
electrode surface becomes the limiting stage in
case of a further shift of the deposition potential
towards the negative region [51, 52].

Linear sweep voltammetry is widely used
to establish the principal patterns of electro-
deposition for the film alloys of the zinc-nickel
system. The analysis of the dependence of
the cathode current density at the peak of a
voltammogram on the square root of the scan rate
proves that the stage of diffusion mass transfer

2021;23(1): 3-15
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is at least one of the limiting stages [50, 53—
60]. The maximum peak potential on cathodic
voltammograms shifts with the increase of the
scan rate and linearly depends on the scan rate
logarithm. Therefore, the charge transfer stage
irreversibly continues.

Peak current (i) also rises with the increase
of the potential scan rate in proportion to V2
in the presence of amino acids in the deposition
electrolyte [62—-64], which is typical for reversible
processes controlled both by diffusion and the
charge transfer stage. At the same time, the values
of the Semerano X, criterion for the solutions
with glycine, alanine, and serine are 0.35, 0.35,
and 0.38 respectively, which is indicative of the
irreversibility of the process of reduction of nickel
ions in these solutions [62, 65]. The control of
the process by the charge transfer stage is proved
by the shift of the peak potential in the studied
electrolytes towards negative values with the
increase of the potential scan rate and its linear
dependence on lg V. It is interesting that the
ip — V2 dependencies are not extrapolated to
zero, which indicates the contribution of the side
reaction of hydrogen evolution to the process
of nickel deposition [62]. Linear dependence i,
from the square root of the rotation rate of the
disc electrode w'? in the studied solutions in the
range of values of w from 2 to 17 rps is indicative
of the presence of diffusion limitations. With the
rotation rates of the disk electrode w= 17+25 rps,
current is essentially independent of the rotation
rate of the electrode, which shows that the process
already occurs in the kinetic mode [62, 65]. The
values of the concentration criterion Semerano
X.< 1, in their turn, indicate the presence of
adsorption complications in the process. Thus,
based on the above-mentioned analysis we can
assume that the process of the reduction of nickel
ions from the solutions with glycine, alanine,
and serine is irreversible and occurs in the mixed
kinetics mode complicated by adsorption [62].
Similar patterns are also valid for succinate and
asparaginate nickelling electrolytes [66].

The nucleation mechanism during the deposi-
tion of a zinc-nickel alloy is studied using chrono-
amperometry. Thus, the analysis of chronoampe-
rograms of the electrodeposition of Zn-Ni alloy
from an acid sulphate deposition electrolyte with-
out additives showed that nucleation occurs in a
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continuous mode of activation of potential nucle-
ation centres [67]. The addition of an aminoacetic
acid to a sulphate nickelling solution accelerates
the cathodic electrodeposition of nickel [68], and
in this case, the nucleation stage proceeds accor-
ding to the mechanism of instantaneous nuclea-
tion [69]. As for an acid sulphate nickel plating
electrolyte with the addition of boric acid, saccha-
rin, and coumarin [70], electrodeposition proceeds
in mixed diffusion-kinetic mode, and the activa-
tion of potential 3D nucleation centres also oc-
curs instantly.

To take into account the contribution of the
hydrogen evolution reaction to the total value
of cathode current in [69], authors used an
approach which allows obtaining partial curves
of nickel deposition and hydrogen evolution
using non-linear approximation [53]. It was
established that the contribution of the hydrogen
reaction to the total rate of the cathodic process
increased from 2 % with a potential of —-1.23 V
to 18 % with a potential of —1.43 V (SCE), which
naturally reduces the current efficiency of nickel
electrodeposition [69].

In an acid chloride deposition electrolyte
containing the product of condensation of vanillin
and hexamine (VH) crystallisation is controlled by
diffusion: cathodic current reaches its maximum
(. )att=t_ , thenasmooth decrease of current
was observed. To determine the kinetics of the
process, the obtained current transients were
plotted in the coordinates (I/I )* - (t/t_ ) and
compared to the theoretical curves calculated
using the Scharifker-Hills model for instantaneous
and continuous 3D nucleation [53].

According to the commonly acknowledged
method of electrode deposition of iron sub-group
metals [71, 72], the cathodic process in such
systems occurs in the following way:
2H,0 + 2e- < H, + 20H",

M?* + OH- « [M(OH),
[M(OH)]" < [M(OH)[}4,,

[M(OH)[",,, + 2e~ <> M + OH",

where M = Fe, Co, Ni. Obviously, the electrodepo-
sition mechanism greatly depends on the stabil-
ity of the [M(OH)J*,,. and [M(OH)]" particles. As
for the zinc-nickel system, the [Ni(OH)]* complex
has greater thermodynamic stability than
[Zn(OH)]* [71]. The [Ni(OH)]* concentration near
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the cathodes remains approximately constant,
although the cathode process is complicated by
the parallel hydrogen evolution, therefore the
currents on the theoretical curves must have
higher values. Nevertheless, if the activation of
3D nucleation centres proceeds instantly in the
absence of the VH additive along the entire length
of the curve, then in the presence of the additive
(but only with more positive deposition poten-
tials) the initial sections of the curves correspond
more to the mechanism of continuous nucleation.
However, with greater periods of time there are
almost no differences between the two solutions.

A similar kinetic situation is observed in acid
sulphate electrolytes for the deposition of alloys of
the zinc-nickel system with and without the addi-
tion of the condensation product of vanillin and
serine (VS). The adding of an organic additive re-
sults in a change in the mechanism of 3D nuclea-
tion from instant to continuous, and it occurs in the
entire range of deposition potentials [73].

In [74] it was established that instantaneous
3D nucleation is also typical for chloride-
citrate electrolytes for the deposition of Zn-Ni
alloys regardless of the deposition potential,
temperature, or pH of the solution. However, if the
solution is enriched with nickel ([Ni*]/[Zn*] =4),
the nucleation mechanism is characterised by
the continuous activation of nucleation centres.
The effect is accounted for by the fact that
citrate ions block some part of the active centres
of the cathode surface, which are available for
the reduction of Ni*' ions, and at the same time
inhibit the hydrogen evolution [74,75].

1.2. The corrosion resistance of zinc-nickel alloys

Zn-Ni coatings with a composition of 10-18
at. % Ni ensure optimal corrosion protection as
compared to cadmium and its alloys as well as pure
zinc [76-78].In [9, 78, 79] it was established that
the phase composition considerably influences the
corrosion resistance of coatings in addition to the
chemical composition and surface morphology.
The y-phase of Ni.Zn, has the greatest corrosion
resistance, and the enrichment of the surface layer
with nickel has an additional influence on the
corrosion process. This layer probably stabilises
zinc hydroxide Zn(OH), on the surface of the alloy
as the main product of corrosion, which prevents
further alloy dissolution, providing a barrier effect
that is more effective than that of zinc oxide ZnO
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[9, 79]. The high corrosion resistance of these
coatings correlates to the homogeneous surface
morphology. Indeed, the presence of cracks,
grooves, and structural inhomogeneities has a
negative effect on the corrosion resistance of the
alloys [9].

Electrochemical corrosion of a zinc-nickel
alloy coating in aqueous chloride solutions
can proceed in accordance with the following
mechanism [80]:

» Anodic dissolution of zinc:

Zn — 7Zn* + 2e-,
Zn* + 20H" — Zn(OH),
and/or:

Zn* + 2Cl" — ZnCl,.

The formation of other products of zinc and,
less likely, nickel oxidation is also possible [79].
As for the initial stage of the dissolution of Zn-Ni
coatings in chloride solutions, the main products
are simonkolleite Zn (OH),Cl-H,O, zinc oxide
ZnO and hydrozincite Zn,(CO,),(OH), [81].

 Cathodic process, reduction of molecular
oxygen present in the electrolyte solution:

0, + 2H,0 + 4e" — 40H".

In addition, the corrosion process is often
complicated by the phase transformation

y(Ni,Zn,,) — B (NiZn) — o (Ni),

resulting from a gradual change in the chemical
composition of the alloy during the dissolution
in accordance with the phase diagram of the
Zn-Ni system [82].

Corrosion of the Zn-Ni alloy often leads
to significant morphological changes in the
surface of the alloy coating: a large number
of cracks are formed on its surface during the
dissolution. The process occurs mainly selectively,
as dezincification of the surface is observed, and
the surface is also covered with sparingly soluble
products of the corrosion process [82].

The analysis of the transients of the corrosion
potential of zinc-nickel coatings with various
compositions, as compared to similar data
obtained with iron and zinc, showed that
Zn-Ni-coatings with a nickel content less than
18 at. % remain sacrificial in relation to the
protected metal and are characterised by a higher
corrosion potential as compared to pure zinc [17,
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83]. If the corrosion potential of zinc remains
relatively constant, practically not changing over
time, the corrosion potential of any Zn-Ni coating
gradually increases and stabilises. Primarily, this
can be related to the partial dezincification of
the surface of zinc-nickel alloys, which leads to
the increased surface concentration of a more
electropositive component, nickel. The increased
concentration of nickel in the coatings during its
dezincification leads to a shift in the corrosion
potential towards the positive region. A similar
dependence is also usually observed for the
corrosion rate i _: the increased concentration
of nickel in the alloy contributes to a decrease in
the value i _[84-87].

The introduction of the complexing agent
NH,CI into the chloride deposition electrolyte
significantly reduces the current density of the
corrosion in case of the dissolution of the zinc-
nickel coating [88]. This may be related to an
improvement in the morphology of the coatings
due to the complexation of metal ions, a decrease
in their deposition rates, and the formation of
fine-crystalline dense coatings.

In [89] authors studied the influence of the
temperature (from 25 to 70 °C) on the electro-
deposition and effectiveness of corrosion
resistance of zinc-nickel coatings synthesised
from an ammonia-chloride electrolyte, and it
showed that the best morphology and the lowest
corrosion current density is typical for the coating
obtained at 25 °C.

Fine-grained nanocrystalline zinc-nickel
coatings with an increased corrosion resistance
can also be obtained by deposition from an alkaline
electrolyte with the addition of 2,2-bipyridine and
5,5’-dimethylhydantoin [90].

1.3. Selective dissolution of zinc-nickel alloys

Under specific conditions, selective dissolution
is typical for the electrodeposited zinc-nickel
alloys, that is the oxidation of the electronegative
component, zinc, with further enrichment of the
surface layer with an electropositive component,
nickel, which is usually accompanied by the
development of the surface [91-93].

A region of low currents which is practically
independent of potential is observed on the
anodic polarisation curves obtained on zinc and
zinc-nickel coatings in sulphate, chloride, and
carbonate solutions. A sharp increase in the
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current density is observed when reaching the
critical potential of the selective dissolution of
the alloy E_. Determination of the composition
of the solution after selective dissolution
allows determining the selectivity factor (SF)
characterising the process:

Here n}* and n,* are the total amount of
nickel and zinc in the solution after selective
dissolution, while n and n, are the total
amount of nickel and zinc in the alloy. The
highest selectivity factor is observed in the alloy
(NH,),SO, (SF = 74.3+77.1), and the lowest in the
alloy NaHCO, (SF = 3.54+5.24), while the NaCl
solution is characterised by an intermediate value
SF=19.1+31.2 [92].

A study of the selective dissolution of the
alloys of the Zn-Ni system in a chloride solution,
particularly at increased temperatures, conducted
in [94], showed that the anodic process has three
stages. Active dissolution of the alloy begins at
a potential of = -1.2 V (SCE) and is accompanied
by the formation of a layer of corrosion products,
mainly zincates, on the alloy surface:

Zn + 40H- = [Zn(OH), ] + 2e".

The dissolution of the alloy slows down in a
potential region that is more positive than -0.9V
(SCE), and zinc oxide ZnO and zinc hydroxide
Zn(OH),, as well as, less likely, NiCl, and/or
NiCIOH,,, are formed. Thus, a porous passivating
layer, which includes a number of different
corrosion products, is formed on the surface of the
alloy. According to previous studies [12, 94, 95],
the presence of nickel stabilises the Zn(OH), layer
on the surface which can inhibit the adsorption
of Cl- more effectively as compared to ZnO. As a
result, the likelihood of pitting decreases, which
significantly increases the corrosion resistance of
the coating in chloride environments [94].

Surface chemical and morphological modifica-
tions of electrodeposited and chromium(III)-pas-
sivated monophasic zinc-nickel coatings induced
by selective dissolution and corrosion in chloride
solutions are demonstrated in [96]. The passivat-
ed samples showed slower anodic dissolution, less
significant de-alloying, smaller surface dezincifi-
cation and lower coating cracking.
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The selective dissolution (SD) of Zn-Ni alloys
is used to obtain nanoporous nickel, which is a
catalyst for various reactions, for example, oxida-
tion of CO or methanol or a reduction of hydro-
gen or oxygen [97-100]. Thus, in [97], using se-
lective dissolution of a heterophase zinc-nickel
alloy consisting of NiZn and NiZn,, they obtained
finely dispersed nickel with the size of particles in
the surface phase being 40-60 nm in a 2 M solu-
tion of NaOH.

In addition to the selective dissolution of zinc-
nickel alloys, mostly in alkali solutions [101], other
methods are also used to synthesise nanoporous
nickel, for example, cathodic treatment of the
nickel surface in a saturated solution ZnCl, - NaCl
[102]; selective dissolution of pyrometallurgical
alloys of the Ni, Mn_ type in an ammonium
sulphate solution [103]; SD of the alloys similar to
Mg,, Ni Y, (x=10, 15,20, 25 at. %) in citric acid
[104], SD of the alloys of the Cu-Ni system in acid
solutions [105], the SD of the alloys of the Ni-Al
system alkaline solutions [98], etc.

According to previous studies [104, 106], the
SD of binary alloys (including the zinc-nickel
system) has 4 stages:

1. Quick dissolution of a more electronegative
component.

2. Regrouping of the atoms of more electro-
positive components into clusters.

3.Fusion and growth of neighbouring clusters
of the electropositive component with the
formation of ligaments between clusters.

4.Enlargement of ligaments between clusters.

The cyclic voltammogram of a smooth nickel
electrode and zinc-nickel alloy after alkaline
treatment (practically nanoporous nickel)
shows the presence of anodic peaks at 0.38 V
for a smooth nickel surface and at 0.49 V for a
nanoporous nickel surface [107]. In this case,
the average values of the current density on the
dezincified surface are significantly greater than
the corresponding values for smooth nickel. It is
related to a change in morphology, and, therefore,
a more developed surface of nanoporous nickel
can be successfully used in sorption, catalysis, and
electrocatalysis processes [107,108].

Anodic oxidation of methanol in an alkaline
solution with nanoporous nickel proceeds almost
12 times faster than with smooth nickel. This
indicates the significant effectiveness of the use
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of nanoporous nickel in the process of methanol
oxidation, for example, in fuel cells based on this
process.

Cathodic processes in an alkaline solution
on nanoporous nickel obtained by the selective
dissolution of Zn-Ni alloys are also more effective
as compared to smooth nickel. Thus, nanoporous
nickel has greater electrocatalytic activity in the
hydrogen evolution reaction [108], which can be
used in the industry to intensify the process of
hydrogen production [107-111].

2. Conclusions

Zinc-nickel alloy coatings with a nickel
content of 18 at. % have optimal corrosion
resistance and mechanical characteristics among
binary zinc-based alloys, which makes them a
promising material for the corrosion protection
of various types of steel. The y-phase, which can
be described by different formulas (NiZn,,Ni,Zn ,
Ni,Zn ,Ni,Zn,, Ni.Zn, ), forms the basis of most
corrosion-resistant zinc-nickel alloys. In addition
to the corrosion protection of various types of
steel, zinc-nickel alloys can be used as the initial
material for the electrochemical synthesis of
porous (as well as nanoporous) nickel, which is a
promising electrocatalyst for various processes,
using the method of the selective dissolution. The
key feature of the synthesis of alloys of the Zn-Ni
system is the anomalous nature of codeposition of
components, during which the prevailing reduction
of a more electronegative component, zinc, occurs
at the cathode. Electrodeposition of zinc-nickel
alloys is conducted from various acid and alkaline
electrolytes. The use of additives allows regulating
certain properties of the coatings, such as chemical
and/or phase composition, morphology, and
anticorrosive characteristics. Aminoacetic acid
(glycine) is a promising organic additive to acid
(chloride,ammonia, and sulphate) electrolytes for
the deposition of alloys of the Zn-Ni system. At
the same time, according to previous studies, the
influence of the addition of glycine is not clear as
the current efficiency of the target process of the
deposition of alloys can either increase or decrease
depending on the composition of the solution and
other conditions. Also, there are practically no
data on the influence of glycine on the kinetics
of zinc and nickel reduction and the mechanism
of their nucleation. Therefore, it is important to
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conduct studies aimed at the establishment of the
kinetics of electrodeposition of zinc-nickel alloy
coatings, assessment of the effectiveness of their
corrosion resistance, as well as study the patterns
of selective dissolution of alloys in order to obtain
nanoporous nickel electrocatalysts.
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Abstract

A projection of the liquidus surface of the quasi-ternary system Cu,S-In,S.-FeS was constructed as a result of experimental
studies of quasi-binary and non-quasi-binary sections and based on the data on binary systems comprising a ternary system.
Each section (six quasi-binary and four non-quasi-binary ones) was studied separately using complex methods of
physicochemical analysis: differential thermal analysis, X-ray phase analysis, and microstructural analysis.

It was found that the quasi-ternary system Cu,S-In,S_-FeS has six fields of primary crystallisation of separate phases and
eleven monovariant equilibrium curves along which two phases are co-crystallised. Non-variant equilibrium points were
obtained through the extrapolation of the direction of monovariant equilibrium curves.

The quasi-ternary system Cu,S-In,S.-FeS is characterised by 17 non-variant equilibrium points, where E -E. are triple
eutectic points.

The projection diagram of the liquidus surface is characterised by three crystallisation fields of the initial components

(Cu,S, In,S,, FeS), four fields of binary compounds, and one field of a complex compound (CuFeln,S ).

Since complete solubility of the initial components in liquid and solid states is observed in the quasi-binary section
Culn,S,-Feln,S,, the fields of primary crystallisation of Culn,S, and Feln,S, are absent; they are replaced by an unlimited
solid solution based on these components.

The fields of primary crystallisation of Cu,S, FeS, and CulnS, are the most extensive in the ternary system Cu,S-In,S_-FeS.
The reactions occurring at monovariant equilibrium points are presented.
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1. Introduction

The object of the study was the quasi-ternary
system Cu,S-In,S_-FeS.

The Cu,S-In,S,-FeS system is formed by con-
gruently melting binary compounds [1-5]. The
Cu,S compound exists in the form of three modi-
fications: a low-temperature modification o-Cu,S
is stable below 376 K, a B-Cu,S form of hexago-
nal syngony exists in the 376—-708 K temperature
range, and above 708 K there is a y-Cu,S form with
FCC structure which melts at 1402 K [6-8].

The In,S, compound also exists in several
structural modifications and belongs to
semiconductor materials of type A"B."". This
compound is a wide-band semiconductor. In
recent years, it has been of great interest to
researchers as the “window” material in thin-
film photovoltaic devices with the purpose of
substitution of CdS. It is used in optoelectronics to
create light-sensitive heterostructures as well as
in microelectronics and solar energy as a material
with a number of unique properties [9, 10].

Ferric sulphides are usually found in the form
of natural compounds. They have been attracting
a lot of interest from researches for many
years as they possess various crystal structures
and phase transformations as well as unusual
electric and magnetic properties [11]. Metal-
insulator phase transformations, transitions
into superconductive state, etc., are observed in
these compounds. FeS is used in some technical
areas, and another developing application of the
compound is the substitution of silicon in solar
photovoltaic industry [12].

Therefore, the study of the patterns of physico-
chemical interaction and phase formation between
the specified chalcogenides is of special scientif-
ic and practical interest and it allows developing
new multi-functional materials based on them.

There is a number of works in scientific
literature dedicated to binary chalcogenide
compounds Cu,S, FeS, and In,S, [13-15] that
were necessary for the discussion of the obtained
results in the present work.

It should be noted that there are no
publications on the study of the ternary system.
However, there is some literature data on the
study of two quasi-binary sections (Culn,S,—~
Feln,S, and CulnS,-FeS [16-18]). We studied the
CulnS,-FeS section [21].

2021;23(1): 16-24
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The purpose of the work was to construct a
projection of the liquidus surface of the Cu,S-
In,S_-FeS system: to establish the position of
the fields of primary crystallisation of phases in
the system, to compose equations of non-variant
phase transformations, and to identify the nature
of interactions in subordinate triangles.

2. Experimental

For the experimental part of the study of the
Cu,S-In,S.~FeS system we used a complex of
physicochemical methods: differential thermal
analysis (DTA), microstructural analysis (MSA),
X-ray diffraction analysis (XRD) as well as
microhardness measurement, and density
determination [21]. DTA was conducted using
a Jupiter STA 449 F3 (NETZSCH, Germany)
in synchronous thermal analysis mode. The
accuracy of detection of thermal effects was
0.10-0.15 K/deg. XRD was conducted using a “D2
Phaser” X-ray diffractometer (Bruker, Germany).
Microhardness of the phases in the alloys was
measured on a PMT-3 tester using a well-known
method [19]. The load on the diamond pyramid
was 0.01-0.02 N. The microstructure was studied
on a MIM-8 metallographic microscope. The
density was determined at a temperature of 300 K
using a pycnometer (with toluene as the filler).

The samples were synthesised from the
elements (reduced iron, In — 000 indium, copper
with 99.999 % purity, extra pure sulphur 99.9999 %)
in evacuated to 1.33 Pa and vacuum-sealed quartz
ampoules with the length of 15-18 cm and the
diameter of 1.5 cm using direct ampoule method
in a single temperature furnace while stirring the
samples. Before being put into electrical furnace,
the ampoules were heated up to 800 K, then
gradually immersed into the furnace together with
the samples while the temperature was increased
by 50 — 70° C above the melting temperature. The
melt was kept at this temperature for 7 hours. The
process was repeated several times. After that, the
ampoule was hardened in iced water. Then the
ingot was subjected to homogenizing annealing.
Homogenizing annealing was conducted at a
temperature of 900 K for 200 h.

3. Results and discussion

In order to understand fully the processes
occurring in the quasi-ternary system Cu,S—
In,S.-FeS, we studied the following quasi-binary
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and non-quasi-binary sections: CulnS,-Feln,S ,
Cu,InS -Feln,S , Cu,In.S,—CuFeln,S , CuFeln,S —
FeS, CulnS,-FeS were quasi-binary; Feln,S,-
(5CU,8), 4(3In,S,), ,;» (5CU,8), . (7-5FeS), ..~
> Cu28)0.16(31n283)0.84’ © Cuzs)o.16(31n283)0.84_FeIn284’
(5Cuzs)o.sso(glnzss)o.eso_(7'5 FeS)0_350(3 Inz

were non-quasi-binary.

Among the studied sections, a complex phase
was found only in the CulnS,-Feln,S, section —
a compound of the CuFeln.S, composition that
participates in the triangulation of the quasi-
ternary system Cu,S-In,S.-FeS. Below is a brief
description of the studied sections of the quasi-
ternary system Cu,S-In,S_—FeS.

The CulnS,-Feln, S, section is a quasi-binary
section of the quasi-ternary system Cu,S-In,S —
FeS. A compound of the CuFeln,S, composition
which melts congruently at a temperature of 1365
K was found with the component ratio of 1:1.
Coordinates of the eutectic point were 31 mol.
% and 68 mol. % Feln,S, at temperatures of 1240
and 1290 K respectively.

Based on the initial components and the
compound of the CuFeln,S, composition,
solubility was observed. The limits of solid
solutions were specified and it was established
that the resulting solid solutions based on the
modifications of the CulnS, (o, B, y) compound
reached 12 mol. % Feln,S, at 300 Kand 20 mol. %
Feln2S4 at 1175 K [20].

The Cu,InS,—CuFeln,S_ section is a quasi-
binary section of the quasi-ternary system. Its
phase diagram is of the simple eutectic type. The
eutectic composition corresponds to 55 mol. %
CuFeln S, at a temperature of 1200 K. The
solubility based on Cu,In.S at 900 K is 13 mol. %
CuFeln,S, and 20 mol. % CuFeln S, at 1200 K.

The CulnS,-FeS section is a quasi-binary
section [21] of the quasi-ternary system Cu,S-
In,S.~FeS. The liquidus of the section consists of
the primary crystallisation branches o, 3, y of the
modification of the CulnS, compound. Under the
influence of FeS the temperature of the yCulnS, <
BCulnS, phase transition decreased and belonged
to the eutectoid type. The crystallisation of the
alloys ended at 1130 K and 50 mol. % by the re-
action liq (e) <> o + FeS.

It was found that the solubility reached
12 mol. % FeS at room temperature (300 K) [21].

The Culn, S,-Feln,S, section is quasi-binary.
Based on the initial components Culn,S, and

S3)0.650
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Feln,S, we observed their complete solubility in
liquid and solid states. The liquidus of the section
consisted of one curve of primary crystallisation
o-solid solution. A continuous series of the
o-solid solution solidified below the solidus line.

The data that we have obtained corresponds
well with the results of the authors who studied
the Culn,S,-Feln,S, system [16].

The Cu,In. S -Feln,S, section is a quasi-
binary section of the eutectic type. Co-
crystallisation of the branches of the solid
solutions based on the initial components
occurred with the composition of 42 mol. %
Feln S, at a temperature of 1150 K. The solubility
at room temperature was 3 mol. % Feln,S, based
on Cu,InS, and 5 mol. % based on Feln,S,.

The CuFeln,S -FeS section is a quasi-binary
section of the quasi-ternary system of the simple
eutectic type. Co-crystallisation of the initial
components finished at a temperature of 1100 K
and had the composition of 30 mol. % FeS. There
was solubility based on both components.

The (5Cu,S), ,(7.5FeS) .-
(5Cu,S), ,(BIn,S)) ., (e6-€2) section is anon-qua-
si-binary section (Fig. 1). This section of the terna-
ry system crossed the fields of subordinate terna-
ry systems Cu,S—CulnS,-FeS, CulnS,-CuFeln,S,-
Fe§, CulnS,-Cu,In S -CuFeln,S,; Cu,In.S,—Cu-
Feln,S -Feln,S,, and CulnS,-Feln,S,~Culn.S..
Therefore, its phase diagram consisted of five inde-
pendent parts. The liquidus of the section had the
form of four branches of primary separation of o,
Y, G, 0-phases. A part of the section went through
the subordinate ternary system Cu,S-CulnS, -
FeS in the range of the concentration 0-61 mol. %
(5Cu,S), ,(7.5FeS), . There was one ternary eutec-
tic (E,) equilibrium at 990 K in this part of the sec-
tion. The second part of the section crossed the
secondary ternary system CulnS,- CuFeln,S,-FeS
in the range of 61-79 mol. % (5Cu,S),,.(3In,S,) .,
where a non-variant eutectic reaction was formed:

liq <> y(CulnS,) + y,(FeS) + §(CuFeln,S ).

The crystallisation of the alloys in the third
part of the section ended with the solidification
of the triple eutectic at E, at a temperature of
1100 K (Fig. 2).

The (5Cuzs)o.zso(z’lnzss)o.eso_
(7.5FeS) ..,(3In,S,), .., (c—d) section. To study
the processes occurring in compound triangles
Cu,S-CulnS,-FeS, CulnS,-CuFeln,S ~FeS, and
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CuFeln, S -Feln,S,~FeS, as well as to deter-
mine the composition and temperature of triple
non-variant points, we studied the interaction in
the (5CuzS)o.sso(Slnzsz)o.eso_(7’SFeS)O.zso(SInzsz)o.éso
section. This section is non-quasi-binary and
it crossed two extensive areas of primary crys-
tallisation. Its liquidus is shown as two curves
of primary crystallisation of the components
(5Cuzs)o.zso(SInzsz)o.eso and (7'SFeS)o.zso(glnzsz)o.eso‘
A part of the section went through the ternary
system Cu,S—CulnS,-FeS in the range of con-
centration of 0-68 mol. % (7.5FeS) .. (3In,S.) .,
There was one ternary eutectic equilibrium E, at
990 K in this part of the section. The second part
of the section went through the ternary system
CulnS,-CuFeln,S, -FeS in the range of concen-
tration of 68-84 mol. % (7.5FeS) .. (3In,S,) .,
where the equilibrium ended at a temperature of
1030 Kin the triple eutectic E,. The third part of
the section crossed the ternary system Feln,S -
CuFeln,S -FeS in the range of concentration of
84-0mol. % (7.5FeS), .. (3In,S,), ,.,- There was also
one triple eutectic equilibrium E, here.

Depending on the concentration below the
solidus line, the section is represented as a
mechanical mix of the three phases.

2021;23(1): 16-24
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The (5Cu,S),,,(3In,8,), . -
(7.5FeS) . ,(3In,S,), ., (a-b) section is a non-
quasi-binary section of the quasi-ternary system
Cu,S-In,S.~FeS which crossed three secondary
triangles (Fig. 2).

The phase diagram consisted of three parts.
The liquidus of the system which went through the
subordinate system CulnS,-Cu,In.S,—~CuFeln,S,
consisted of the primary crystallisation of the
high-temperature modification of ¢ (Cu,In.S,).
In this part the crystallisation ended at the
temperature of triple eutectic E, (1150 K). The
liquidus of the system which went through the
subordinate system Cu,In.S,—~CuFeIn,S,~Feln,S,
consisted of two branches: primary crystallisation
d-modification of the CuFeln,S, compound and
c-solid solution based on Feln,S,.

Final crystallisation occurred at 1100 K, the
temperature of triple eutectic (E,).

The third part of the section crossed the Cu-
Feln,S,~Feln,S -FeS phase triangle. There was one
triple eutectic point E, here. The liquidus of this
part consisted of the branches of primary crystalli-
sation of the solid solution o(FeIn,S,), (Culn,S,) .

The (7.5FeS), . (3In,S,), ., .-
(5Cu,S),..(3In,S,), . (D,—e,) section is a non-
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quasi-binary section of the ternary system. Its
phase diagram consisted of three parts (Fig. 3).
The liquidus of the section consisted of
the curves of primary crystallisation 6-, 8- and
v-phases of solid solutions based on the compound
Cu,In,S,, Feln,S, and solid solution of y-phase
transition CulnS, respectively. There were three
triple eutectic transformations E,, E,, and E, in
the section. We present the reactions occurring
in these non-variant eutectic points as follows:

lig <> §(CuFeln,S ) + o(Feln,S ) + y,(FeS) E,
liq <> y(CulnS,) + v,(FeS) + §(CuFeln,S ) E,
lig <> 0, (Cu,S) + y(CulnS,) +v,(FeS) E

5

3.1. Projection of the liquidus surface

Through the quasi-binary sections (there are
6 of them), which are triangulating section lines,
the quasi-ternary system Cu,S-In,S.-FeS was
triangulated into six subordinate triangles:

1. Cy,In S - In,S —Feln,S,

2. CulnS,-Cu,In .S, —CuFeln,S,

3. CuFeln,S, —Cu,InS,—Feln,S,

4. Cu,S-CulnS,-FeS

5. CulnS,-CuFeln,S,  -FeS

6. CuFeln,S -Feln,S,-FeS

Each of them can be represented separately
as an independent ternary system.

Below we provide the nature of the chemical
interaction for individual secondary ternary
systems.

The Cu,InS,-In,S -Feln S, system

A quasi-binary sectionD,(Culn,S,)-D,(Feln,S ),
where a continuous series of solid solution was
formed, did not participate in the triangulation
of the ternary system. Therefore, crystallisation in
the Cu,In.S,~In,S ~Feln,S, system ended in curves
e,p, and e e, inadouble non-variant point instead
of a triple non-variant point. A monovariant curve
e,p, characterises the equilibrium:

lig <> B(In,S,) + o[(Culn,S,), (FeIn,S,) ],
while curve e,e. characterises the following one:
lig < o[(Culn,S,), (FeIn,S) |+ c,(Cu,In,S,)

CulnS,-Cu,In S -CuFeln,S,

One eutectic transformation occurred in
this compound triangle, therefore this system is
characterised by the presence of one non-variant
point E, where the reaction occurs:

liq < 0,(Cu,In,S,) + §(CuFeln,S,) + y(CulnS,).

2021;23(1): 16-24
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The crystallisation field of this system is
mainly represented by fields CulnS, (5), Cu,In.S,
(3), and CuFeln,S_ (4).

Three monovariant equilibrium curves e.E ,
e,E , and e E converge in a non-variant point E,
at a temperature of 1150 K.

The CuFeln,S -Cu.In.S,~Feln,S, system

Theliquidus of this systemis represented by the
fields Cu,In.S,, CuFeln,S , o(Feln,S,), (Culn.S,)
separated by monovariant equilibrium curves
e.E,, e E,ande E,.

The system is characterised by one non-
variant point E, where these monovariant
equilibrium curves converge, and the chemical

reaction occurred here at a temperature of 1150 K:

lig < o, (Cuy,In,S,) + o(CuFeln,S ) +
+ol[(Feln,S,), (CulnS,) ] (E,).

The Cu,S -CulnS,-FeS system

The crystallisation surface of this secondary
system was occupied by the fields Cu,S, CulnS,,
and FeS. One eutectic transformation E, occurred
in this compound triangle, and the following
chemical reaction occurred here:

lig & o (Cu,S) + y(CulnS,) +v,(FeS)

Three monovariant equilibrium curves e E_;
eE,, and E.e ,converged at this point separating
the fields Cu,S, CulnS,, and FeS.

The CulnS,-CuFeln.S -FeS system

Only one eutectic transformation E, occurred
in this secondary ternary system. Monovariant
curves eE,, e ,E,, and e E, converged at this

point. Three phases CulnS,, CuFeln,S,, and FeS
were co-crystallised in a non-variant point E, at
a temperature of 1030 K.

The CuFeln,S -Feln,S,-FeS system

The field of this secondary system is mainly
occupied by the area FeS as well as by the fields
CuFeIn,S, and (Feln,S,), (Culn,S)) .Only eutectic
transformations occur on the three sides of
this triangle. This triangle has one non-variant
eutectic point E, at a temperature of 1070 Kwhere
three monovariant equilibrium curvese E e E,
and e.E, converge.

The following chemical reaction occurred in
this compound triangle:

lig <> §(CuFeln,S +o[(Feln,S,), (Culn.S,) |+
+v,(FeS) (E)
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5Cu,S C

Fig. 4. Liquidus surface of the Cu,S-In2S-FeS system

The projection of the liquidus surface of
the ternary quasi-ternary system Cu,S- In,S.-
FeS (Fig. 4) was constructed based on the
data on phase equilibriums in double systems
comprising a ternary system and on a number of
experimentally studied internal sections which
were briefly characterised above.

The diagram of the projection of the liquidus
surface is characterised by three fields of
crystallisation of the initial components (Fig. 2)
(Cu,S,In,S,, FeS), four fields of double compounds,
and one field of a complex compound (CuFeln,S ).

Since complete solubility of the initial
components in liquid and solid states was
observed in the quasi-binary section Culn,S
Feln,S,, primary crystallisation fields Culn,S,
and Feln S, are absent; they are replaced by
an unlimited solid solution based on these
components.

The solid solution area found in the
Culn,S,~Feln,S, section occupied a part of the
crystallisation field of the secondary ternary
systems Culn,S.~Feln,S,-Cu,In. S, and In,S -
Culn,S,-Feln,S,. There are 7 fields of primary
crystallisation of separate phases in the ternary
system. The most extensive fields in the ternary

22

system Cu,S-In,S,.~FeS are primary crystallisation
fields Cu,S (6), FeS (7), and CulnS, (5).

The separating primary crystallisation fields
of the line of monovariant equilibriums intersect
at ternary non-variant points (Tables 1 and 2).

4. Conclusions

There are 5 non-variant equilibrium points
in the system, which are triple eutectic points,
and there are nine monovariant equilibrium
curves. The temperatures and compositions of the
discovered non-variant points were compared to
the data obtained during the study of non-quasi-
binary sections as well as to the thermograms of
alloys near the alleged points.

Therefore, for the first time, we constructed
the projection of the liquidus surface of the
quasi-ternary system Cu,S-In,S.-FeS. We also
determined the areas of primary crystallisation of
the phases and the coordinates of all non-variant
and monovariant equilibriums.
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Table 1. Non-variant reactions in the quasi-ternary system Cu,S-In,S.~FeS

. Compositions, %
Symbols Equilibriums T,K
5Cu,S | 3In,S, | 7.5FeS
e, lig < B(In,S,) + o(D,)(Culn,S,) 7.00 93.00 - 1340
e, lig <> o(D,)(Culn.S,) + 5,(D,)(Cu,In,S,) 16.00 | 84.00 - 1330
e, lig < c,(D,)(Cu,InS,) + v(D,)(Culns,) 33.00 | 67.00 - 1345
e, lig <> o, (Cu,S) + y(D,)(Culns,) 77.00 | 23.00 - 1260
e, lig < o(D,)(FeInS,) +v,(FeS) - 51.00 | 49.00 | 1375
e, lig < o,(Cu,S) +v,(FeS) 52.00 - 48.00 | 1200
e, lig <> ,(D,)(Cu,In,S,) + 5(D,)(Felns,) 15.50 | 72.50 | 12.00 | 1150
e, lig < c,(D,)(Cu,In.S,) + 3(D,)(CuFeln,S)) 22.00 | 70.00 | 8.00 1200
e, lig < y(D,)(Culns,) + §(D,)(CuFeln.S,) 25.50 | 66.00 | 8.500 | 1285
I lig <> 3(D,)(CuFeln,S)) + o(D,)(FeInS,) 12.00 | 69.00 | 19.00 | 1290
e, lig <> 8(D,)(CuFeln.S,) + v,(FeS) 12.50 | 46.50 | 41.00 | 1100
e, lig <> y(D,)(Culns,) + y,(FeS) 18.50 | 31.50 | 50.00 | 1130
E, lig <> 5,(D,)(Cu,In.S,) + 5(D,)(CuFeln,S)) + y(D,)(CulnS,) 24.00 | 68.00 8.00 1150
E, lig < o,(D,)(Cu,In.S,) + 5(D,)(CuFeln,S ) + 5((D,), (D,), 16.00 | 71.50 | 12.50 | 1100
E, lig <> 8(D,)(CuFeln.S,) + o((D,), (D,), * v,(FeS) 7.00 58.00 | 35.00 | 1070
E, lig < v(D,)(CulnS,) + v,(FeS) + 5(D,)(CuFeln.S,) 17.50 | 45.00 | 37.50 | 1030
E, lig <> o, (Cu,S) + y(D,)(CulnS,)+ y,(FeS) 38.50 | 18.50 | 43.00 | 1090
Table 2. Monovariant reactions in the quasi-ternary system Cu,S-In,S.-FeS
Symbols Equilibriums T,K
e,e E lig <> o(Culn,S), (Feln.S,) +c (Cu,n.S,) 1330-1150-1100
e.E lig <> 5,(Cu,In.S,) + y(CulnS,) 1345-1150
E ekE, lig < o (Cu,In.S,) + 5(CuFeln,S)) 1150-1200-1100
E eE, lig <> 3(CuFeln,S,) + y(CulnS)) 1150-1285-1030
E, e,E. lig <> y(CulnS,) + y,(FeS) 1030-1130-1090
e,E, lig <> y(CulnS,) + o, (Cu,S) 1260-1090
e E, lig <> o, (Cu,S) +v,(FeS) 1200-1090
E,e E, lig <> 3(CuFeln,S) +v,(FeS) 1030-1100-1070
e E lig <> o(Culn,Sy), (FeIn,S,) +y,(FeS) 1375-1070
E, e E, lig <> o(Culn,S), (Feln.S,) +&(CuFeln,S) 1100-1315-1070
ep, lig <> B(InS,)+ o(Culn.S)), (FeInS,) 1340-1305
ee, lig < o(Culn.S), (FeInsS,) +c,(Cu,InS) 1330-1150
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Abstract

The purpose of our study was to develop methods for creating hybrid nanostructures based on colloidal Ag,S quantum dots,
pyramidal silver nanoparticles, Au nanorods, and to determine the spectral-luminescent manifestations of exciton-plasmon
interactions in these structures. The objects of the study were Ag,S quantum dots passivated with thioglycolic acid (Ag,S/
TGA QDs) and 2-mercaptopropionic acid (Ag,S/2-MPA QDs), gold nanorods (Au NRs), silver nanoparticles with pyramidal
geometry (Ag NPs), and their mixtures. The spectral properties were studied using a USB2000+ with a PMC-100-20
photomultiplier system (Becker & Hickl Germany). The article considers the transformation of the luminescence spectra
of colloidal Ag,S/TGA QDs and Ag,S/2-MPA QDs in mixtures with pyramidal Ag NPs and Au NRs. The study demonstrated
the presence of the effects of the contour transformation of the luminescence spectra due to the Fano effect, as well as the
luminescence quenching following direct contact between QDs and NPs.
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1. Introduction

Metal nanoparticles (NPs), semiconductor
quantum dots (QDs), and hybrid structures based
on them can be used to solve certain basic and
applied science problems in biology, medicine,
chemistry, optoelectronics, photocatalysis, etc.
[1-10]. Most of these spheres require sensors
which can be used for various purposes. These
sensors include fluorescent thermometers, pH
sensors, fluorescent indicators of impurity ions,
and biosensors based on the luminescence of
QDs and dyes as well as on light scattering from
plasmonic NP, etc. It is possible to control the
spectral position of the plasmon resonance of
metal NPs using their size [3, 4], shape [11],
and dielectric environment [12], as well as by
changing the structure of their interface. Thus,
NPs can be decorated with semiconductor
QDs, whose luminescence spectra partially or
completely overlap with the plasmon peak of
the extinction spectrum. Creation of hybrid
structures with plasmon-exciton coupling based
on plasmonic NPs and semiconductor QDs, may
result in the high sensitivity of the structures’
spectra to impurities, the environment, and the
properties of the surrounding solution or matrix.
As a result, hybrid nanostructures demonstrate
both the additive properties of their components
and novel unique sensory properties arising
from direct interaction between the components
and their close proximity to each other [6-18].
Variations in the regime of exciton-plasmon
coupling (weak, intermediate and strong)
enable resonance spectral-luminescent effects
in the weak (Purcell effect), intermediate (Fano
effect), and strong (Rabi splitting) regimes of
exciton-plasmon coupling [14, 19-21]. The
type of interaction and the distance between
the components are crucial for such hybrid
nanostructures. Of vital importance is to predict
the spectral-luminescent properties of hybrid
nanostructures. This problem has not been
thoroughly studied yet. It is thus important
to study the optical properties of synthesised
nanostructures. To solve this problem, it is
necessary to develop approaches to the synthesis
of hybrid nanostructures based on technologies
that allow for various regimes of exciton-
plasmon interaction of metal NPs with QDs and
dye molecules, as well as for the tuning of the

26

2021;23(1): 25-31

Original articles

optical resonance of the components of hybrid
nanostructures.

The purpose of our study was to develop
methods for creating hybrid nanostructures
based on colloidal Ag,S quantum dots (Ag,S
QDs), pyramidal silver nanoparticles (Ag NPs),
gold nanorods (Au NRs), and to determine the
spectral-luminescent manifestations of exciton-
plasmon interactions in these structures.

2. Experimental

2.1. Samples

Colloidal Ag,S QDs, passivated using
molecules of thioglycolic acid (Ag,S/TGA QDs) and
2-Mercaptopropionic acid (Ag,S/2-MPA QDs) with
an average size of 2.0 nm and 2.8 nm respectively,
were synthesised using a one-step method. The
method involves using TGA and 2-MPA molecules
in the crystallisation both as the sources of sulphur
and as passivators of QDs interfaces [22,23]. The
approach involves mixing the initial reagent
AgNO, (2.4mM) and TGA (2-MPA) (4.8 mM). When
TGA was used to passivate the QDs interfaces,
distilled water was used as a solvent. When 2-MPA
was used, the synthesis was performed in viscous
medium (ethylene glycol).

The method of synthesising pyramidal
Ag NPs was based on a combination of two
methods: reduction of Ag with trisodium citrate
(Na,C,H.O.) and reduction of Ag with sodium
borohydride (NaBH,). To do this we subsequently
poured 0.5 ml of PVP (0.003 M), 3 ml of Na,C H.O,
(0.03 M), 0.2 ml of H,0, (30%), and 0.5 ml of
NaBH, (0.05 monp) into the AGNO3 (50 mu,
0.02 M) aqueous solution with constant stirring
at room temperature. At this stage the formed
particles were predominantly spherical. When
the constantly stirred colloidal solution was
subjected to optical radiation with a wavelength
of 520 nm, pyramidal Ag NPs were formed.

The colloidal synthesis of Au nanorods was
performed in the presence of a surface-active
substance (SAS), cetyltrimethylammonium
bromide (CTAB), whose aqueous solution forms
cylindrical micelle, thus creating anisotropic
environment for the growth of NRs. Au NRs
were formed in several stages, which included
subsequent preparation and mixing of the seeds
and growth solutions. As a seed solution we used
spherical AuNPs (3 nm), obtained by means of the
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chemical reduction of HAuCl, (7 pl, 0.36 M) with a
NaBH, solution (1.0 ml, 5mM) in the presence of
CTAB (20 ml, 0.02 mM). The growth solution was
a mixture of HAuCl, (28 ul, 0.36 M), CTAB (50 ml,
0.1 mM), AgNO, (100 pl, 0.02 M), and CH,O, (5
ml, 0.05 uM). After adding the seed solution to the
growth solution, the reaction mixture gradually
becomes blue, purple, or brown-red depending
on the ratio of the length of the Au NRs to their
diameter. By adding variable concentrations of
AgNO, to the growth solution we could regulate
the ratio of the length of the Au NRs to their
diameter. The obtained Au NRs were purified from
reaction products by means of several cycles of
centrifugation and dispersion.

Hybrid structures were formed by mixing
colloidal solutions of Au NRs (pyramidal Ag NPs)
and Ag,S QDs/TGA (or Ag,S QDs/2-MPA) with
a molar ratio of [v(NPs)]:[v(QDs)] ~ 10~ mole
fraction (m.f.).

2.2. Methods of experimental studies

The size and morphology of Ag,S/TGA QDs,
Ag,S/2-MPA QDs, pyramidal Ag NPs and Au
NRs were determined by means of a Libra 120
transmission electron microscope (TEM) (Carl
Zeiss, Germany). The absorption properties were
studied using a USB2000+ spectrometer (Ocean
Optics, USA) with a USB-DT light source (Ocean
Optics, USA). The luminescence spectra and
the luminescence decay kinetics of Ag,S/TGA
QDs, Ag,S/2-MPA QDs, and their mixtures with
plasmonic NPs were studied using the USB2000+
and a TimeHarp 260 system for time correlated
photon counting (PicoQuant Germany) with a
PMC-100-20 photomultiplier tube (Becker &Hickl

; .
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.
& i
v
.
100 nm
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Germany) with a time resolution of 0.2 ns. A diode
laser NDV7375 (Nichia, Japan) with a wavelength
of 405 nm (200 mW) was used to stimulate the
luminescence.

3. Results and discussion

Figure 1 presents TEM images of pyramidal
Ag NPs and Au NRs. The analysis of TEM images
demonstrated that pyramidal Ag NPs are formed
with an average edge length of 19 nm (Fig. 1a).
The photo-induced transformation of Ag NPs
from spherical to pyramidal, followed by a growth
in size, results in the shift of the extinction peak
to longer wavelengths, from 480 nm to 590 nm
(Fig. 2a, dotted line).

The described approach to the synthesis of
Au NRs allowed us to obtain Au NRs with a size
from 20+9 nm to 25+9 nm (Fig. 1b) and regulate
their average size (ratio of the length to the
diameter) by adding 100 ul and 70 pl of AgNO,
(0.02 M) to the growth solution of Au NRs. The
increased length of Au NRs results in the shift of
the extinction peak to longer wavelengths, from
640 to 690 nm respectively (Fig. 2b, dotted line).

According to the results of TEM, the suggested
methods of synthesising Ag,S QDs and Ag
and Au NPs provided for the compatibility of
the components and the formation of hybrid
structures. TEM images demonstrate that the
largest number of QDs are observed next to Ag
and Au NPs (Fig. 1).

The spectra of optical absorption of Ag,S/
TGA QDs and Ag,S/2-MPA QDs shifted to
shorter wavelengths relative to the edge of the
fundamental absorption of single crystals of
silver sulphide (1.09 eV). This happened due

b

Fig. 1. TEM images demonstrating the formation of associates of Ag,S QDs with pyramidal Ag nanoparticles

(a) and Au nanorods (b)
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to the quantum size effect. In the absorption
spectrum of colloidal Ag,S/TGA QDs, we observed
a specific feature in the 590 nm region, which
was characteristic of the most probable excitonic
transition in the absorption spectrum. When
colloidal Ag,S/TGA QDs were excited at the
wavelength of 405 nm, we observed recombination
luminescence, with the absorption band peak at
615-620 nm (Fig. 2a, b).

The absorption spectrum of colloidal Ag,S/2-
MPA QDs has a prominent peak at about 690 nm,
corresponding to the most probable excitonic
transition in the optical absorption spectrum.
For colloidal Ag,S/2-MPA QDs a recombination
luminescence was observed with the peak at 820
nm (Fig. 2c).

Thus, the geometry and size of pyramidal
Ag NPs (19 nm) and Au NRs (20+9) ensured a
significant overlap between their extinction

a 620

104 b
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spectra and the luminescence spectra of Ag,S/
TGA QDs (620 nm) (Fig. 2a, b). The mixture of
AuNRs (25+9) and Ag,S/2-MPA QDs (820 nm) did
not yield any significant overlap between their
extinction spectra and the luminescence spectra
of Ag,S/2-MPA QDs (Fig. 2¢).

Mixtures of Ag,S/TGA QDs and Ag,S/2-MPA
QDs with plasmonic pyramidal Ag NPs and
Au NRs demonstrated complex bands in the
extinction spectra, which were not simply a sum
of the spectra of mixtures components. It was
also noted that the optical density increased over
the whole extinction spectrum, when QDs and
NPs were mixed. The difference in the location
of the stop band peaks of the components
and redistribution of the intensity within
the resulting contours indicate the presence
of exciton-plasmon interaction between the
components.

oo —Ag,SITGA —— Ag,SITGA
— Ag,S/TGA 620 — Ag,SITGA
+ Ag NPs 2571 +Au NRs (20+9 nm)
o £
g =
3 o
£ S
o Ag NPs (19 nm) _ %5
g 5-  extinction \/‘,.— s E ______
@ ,-‘ O
Q rd 0
o Q
= ol E
£ ¥, E
—————— =3
5 =
0 T T T 0= 1 s ]
450 50 650 750 500 600 700 800
Wavelength, nm Wavelength, nm
o]
10 820 Ag,si2-MPA
(ethyleneglycol)
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O 5|
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Fig. 2. The extinction spectra of pyramidal Ag NPs (a) and Au NRs with size of (20+9) nm (b) and (25+9) nm
(), the luminescence spectra of Ag,S/TGA QDs (a and b), Ag,S/2-MPA QDs (c), and their mixtures with NPs
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The most interesting patterns, however, were
observed in luminescence spectra of QDs mixed
with plasmonic NPs. Mixtures of Ag,S/TGA QDs
(luminescence peak at 620 nm) with Ag NPs
(light extinction peak at 590 nm) demonstrated
a decrease in the luminescence intensity of QDs
by 8 times (Fig. 2a) together with a decrease
in the luminescence lifetime by 5-7 %. The
observed patterns indicate that the effects of
exciton-plasmon coupling are dominated by the
carrier phototransfer between the components
of the associates. The phototransfer blocks QDs
luminescence, when the overlap between the
extinction peak of Ag NPs (nanoresonator mode)
and Ag,S/TGA QDs luminescence is not complete
[10, 24].

On the contrary, when the overlap between
the luminescence spectra (620 nm) and the
plasmon peak (640 nm) was greater, mixtures
of the same samples of Ag,S/TGA QDs with
plasmonic Au NPs (20+9 nm), demonstrated
an increase in luminescence quantum yield by
1.5 times (Fig. 2b). At the same time, the intensity
of QDs recombination luminescence fell below
the luminescence level of the initial QD sample
after a 20-second exposure to luminescence
excitement. The initial increase in the intensity
of Ag,S/TGA QDs luminescence is accounted for
by the Purcell effect, which presumes greater
probability of optical transition in proximity to
the nanoresonator [25]. However, the following
significant decrease in the luminescence intensity
may be caused by the photo-stimulated charge
transfer between the components of the studied
associates, which, as we know, blocks the
luminescence [10, 24]. Incomplete luminescence
quenching indicates that some of QDs are not in
full contact with NPs, which is necessary for the
injection of photostimulated charge carriers.

Mixtures of Au NRs (25+9 nm, extinction peak
at 690 nm) and Ag,S/2-MPA QDs demonstrated
a decrease in QDs luminescence intensity at
the band peak (820 nm). In this case, a dramatic
transformation of the spectral contour of
Ag,S/2-MPA QDs luminescence band was
registered. However, the peak intensity grew in
the region with the wavelengths shorter than
700 nm (Fig. 2b). Apparently, such a behaviour
of the luminescence spectrum is connected with
the quantum interference (Fano antiresonance)
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during exciton-plasmon interaction [26]. At the
same time, the average luminescence lifetime
increased from 94 to 115 ns at the wavelength
of 750 nm and decreased from 94 to 16 ns at
the wavelength of 820 nm. This also indicates
the presence of exciton-plasmon interaction.
The enhancement of luminescence at 700 nm
may be accounted for by the Purcell effect, when
there is direct contact between a plasmonic
nanoparticle and quantum dots. A slowdown
in the luminescence decay is explained by a
decrease in the effectiveness of the non-radiative
recombination caused by the difference in the
immediate environment of the QDs.

4. Conclusions

The article suggests a new method for
synthesising hybrid associates based on Ag,S/TGA
QDs, Ag,S/2-MPA QDs, pyramidal AgNPs, and Au
NRs. The study determined the transformation
effects of the luminescence spectra contours
resulting from the quantum interference (the
Fano effect), and the luminescence quenching
occurring when there is direct contact between
QDs and NPs. The observed interaction between
Ag,S QDs and plasmonic NPs indicates the
possibility to regulate the spectrum and the
quantum efficiency of QDs IR luminescence.
However, the results of the latest experiments
definitely indicate the complexity of exciton-
plasmon interaction in the studied systems, as
several effects are observed at the same time,
including the Purcell effect, the Fano effect, and
the photo-induced charge transfer between QDs
and NPs.
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Abstract

The phase equilibria in the Tl Te-TIBiTe,-TITbTe, concentration area of the Tl-Bi-Tb-Te quaternary system were investigated
by using the differential thermal analysis and powder X-ray diffraction techniques. The diagram of the solid-phase equilibria
of this system at room temperature was constructed. It was established that the T1 BiTe ~T],TbTe, section divides the
Tl,Te-TIBiTe,-TITbTe, system into two independent subsystems. It was found that the T1,Te-TI BiTe,~Tl TbTe, subsystem
is characterized by the formation of a wide field of solid solutions with a TL,Te, structure (3-phase) that occupy more than
90% of the area of the concentration triangle. The results of X-ray phase analysis of alloys of the Tl BiTe,~TI,TbTe,~TITbTe,-
TIBiTe, subsystem showed the formation of wide regions of solid solutions based on TITbTe, and TIBiTe, along the section
of TITbTe,-TIBiTe, ((B,- and B,-phases) and made it possible to determine the location of the heterogeneous phase regions
in this subsystem. The parameters of crystal lattices of mutually saturated compositions of the B,-, B,-, and 3-phases are
calculated from powder diffraction patterns.

The paper also presents some polythermal sections, isothermal sections at 740 and 780 K of the phase diagram, as well as
projections of the liquidus and solidus surfaces of the Tl,Te-TI,BiTe,~TI,TbTe, subsystem. The liquidus surface consists of
three fields of the primary crystallization of a (T1,Te)-, 8- and B,-phase. The constructed isothermal sections clearly
demonstrate that the directions of the tie lines do not coincide with the T-x planes of the studied internal sections, which
is characteristic of non-quasi-binary polythermal sections. The obtained new phases are of interest as potential
thermoelectric and magnetic materials.

Keywords: T1,Te-TIBiTe,-TITbTe, system, phase equilibria, solid solutions, powder X-ray diffraction, crystal lattice,
topological insulators
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1. Introduction

Binary and multinary chalcogenides of metals
are of great interest as prospective materials with
different functional properties such as electronic,
optical, thermoelectric, topological insulators et
al. [1-9].

Despite the toxicity of thallium, complex
thallium chalcogenides are closely monitored as
topological insulators [10-15], Weyl semimetals
[16, 17], photodetectors [18, 19], X-ray and
gamma radiation detectors [20, 21], as well as
materials which exhibit abnormally low thermal
conductivity [22-25].

Insertion to the crystal structure of chalcoge-
nides of d- and f- elements can improve their
properties and give them additional functionality,
for example, the magnetic properties [26-29].

For the optimization of the functional
properties of the above materials, it is necessary
to plot phase diagrams of these systems,
especially for the systems consisting of structural
analogues, since it can be expected that they form
wide areas of solid solutions [7, 30-32].

This work is a continuation of our studies
on the phase equilibria in systems based on
thallium-REE tellurides, in which wide areas
of solid solutions with a TL.Te, structure are
revealed, which are of practical interest as
thermoelectric materials with anomalously low
thermal conductivity [32-36]

The aim of the present work is the investigation
of the solid-phase relations in the T1, Te-TIBiTe -
TITbTe, system.

The starting compounds and phase equilibria
in the boundary systems were studied in a number
of works [33, 37-43]

T1,Te melts congruently at 698 K [37], and has
a monoclinic structure (Sp.Gr. C,/C; a = 15.662;
b=28.987; c=31.196A, B = 100.76°, z = 44) [38].

TIBiTe, melts congruently at 820 K [39], and
crystallizes in a hexagonal structure (Sp. Gr.R-3m)
with parameters a = 4.526; ¢ = 23.12 A; z = 3 [40].

TITbTe, compound is structural analogue of
TIBiTe, and has the following lattice parameters:
a=4.416;c=24.27 A; z=3 [41].

T1,Te-TIBiTe, system studied by the authors
of [38] is characterized by the formation of the

T1,BiTe, compound which melts congruently at
830 K. This compound crystallizes in a tetragonal
structure with the following lattice parameters:
a = 8.855; c = 13.048 A, z = 2 [42]. According to
Ref.[39],in the T1,Te-T1 BiTe,system, continuous
solid solutions with a morphotropic phase
transition near T1,Te were detected. Considering
that T1,Te and Tl BiTe, crystallize in different
crystal structures, this statement seems unlikely.
Therefore, the authors of [43] re-studied the
phase relations in the T1,Te-T1 BiTe, system and
showed that the system is a quasi-binary system
of the peritectic type and is characterized by the
formation of limited solid solutions based on the
initial compounds.

T1,Te-TITbTe, system was studied only in
the composition interval of > 80 mol% TI,Te. It
is shown that it is characterized by the formation
of a tetragonal T1,TbTe, compound which melts
with decomposition by a peritectic reaction at 780
K and has the following lattice parameters: a =
8.871; c=12.973A, z=2[35]. The T, Te-T1,TbTe,
subsystem is characterized by the formation
of solid solutions with TL.Te, type tetragonal
structure based on T, TbTe,.

In the T1,TbTe ~TI BiTe, system, continuous
solid solutions based on the starting compounds
were found [33].

In the TIBiTe,-TITbTe, system, it was shown
that despite the isostructural character of the
initial compounds, the system is characterized
by the limited mutual solubility of the initial
components. The solubility based on TIBiTe,
reaches ~45 mol% and the solubility based on
TITbTe, is about 22 mol% [44].

2. Experimental

2.1. Materials and synthesis

Initial binary and ternary compounds were
synthesized by the direct interaction of the high
purity elements, all from Alfa Aesar (Germany):
(thallium, CAS No 7440-28-0; tellurium, 13494-
80-9; bismuth, 7440-69-9; terbium, 7440-27-9).

T1,Te, T1 BiTe,, and TIBiTe,, 10 grams each,
were prepared by the melting of the elements
in evacuated (~10-2Pa) quartz ampoules in
a single-zone electric furnace at 850 K. To

33



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl M MexdasHble rpaHuLbl

S.Z.Imamaliyeva et al.

achieve an equilibrium state, after synthesis, the
intermediate ingot of TIBiTe, was subjected to
heat treatment 700 K for 500 h.

The synthesis of the incongruently melting
compounds, T1,TbTe, and TITbTe,, was carried
out by the ceramic method at 1000 K for 100
h. We used a graphitized ampoule in order to
prevent the reaction of terbium with quartz.
Then the ingots were slowly cooled down to
room temperature, crushed in an agate mortar,
pressed into pellets and the heating procedure
was repeated at 900 K for 500 h.

The purity of the synthesized compounds was
controlled by the differential thermal analysis
(DTA) and powder X-ray diffraction (PXRD)
method.

Samples of the TI, Te-T1SbTe, -TITbTe,
system, 1 g each, were prepared by fusing pre-
synthesized and identified binary and ternary
compounds in evacuated quartz ampoules in a
single-zone electric furnace at a temperature 30-
50° higher than the melting temperature of the
compounds, followed by cooling in a switched
off furnace.

2.2. Methods

The PXRD (Bruker D8 diffractometer,CuK
radiation) was used to control the purity of
the synthesized compounds and intermediate

40
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samples. The analysis was carried out at room
temperature between 10° < 26 < 70°. The lattice
constants were calculated by indexing of powder
patterns using Topas V3.0 software.

DTA was performed using a NETZSCH 404 F1
Pegasus differential scanning calorimeter within
room temperature and ~1400 K depending on
the composition of the alloys at a heating rate of
10 Kxmin~'. The temperatures of thermal effects
were taken mainly from the heating curves.

3. Results and discussion

3.1. Solid-phase equilibria diagram
of the Tl Te-TIBiTe,~TITbTe, system

Fig. 1 presents the solid-phase equilibria
diagram of the T1,Te-TIBiTe,-TITbTe, system.

As can be seen, the stable section Tl BiTe,—~
T1,TbTe, characterized by the formation of a
continuous series of solid solutions [36] divides
this system into two independent subsystems.

T1,Te-T1,BiTe ,~T1,TbTe, subsystem is
characterized by the formation of a wide field of
solid solutions with a T1.Te, structure (5-phase)
that occupy more than 90% of the area of the
concentration triangle. Solid solutions based
on T1,Te (o-phase) form within a narrow region.
The regions of the a- and d-phases are separated
by a two-phase region a + §. It should be noted

£

B,+o
B/
%0

TITbTe, 60

TIBiTe,

mol.% TITbTe,
Fig. 1. The solid-phase equilibria diagram of the Tl,Te-TIBiTe,-TITbTe, system
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that a similar scheme of phase equilibria was
found when studying the T1,Te-T1 BiTe ~Tl ErTe,
system [43].

While studying the Tl BiTe ~TI,TbTe -~
TITbTe,-TIBiTe, subsystem, a number of alloys
from this concentration region were investigated.
Also, we used the results from our previous papers
[36, 44].

The interaction of the 8-phase with solid
solutions based on TITbTe, (B,) and TIBiTe, (3,)

2021;23(1): 32-40
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leads to the formation of wide two-phase (3,+3
and B,+9) fields separated by a B,+B,+d three-
phase area. The location and extent of the
phase regions are confirmed by XRD data. As an
example, Fig. 2 shows PXRD patterns from the
B,+d two-phase (# 1) and B +B,+6 three-phase
(# 2) regions.

Based on the index of the PXRD patterns of
the samples # 1 and # 2, we obtained the following
crystal lattice parameters:

@
2500 -
i #1
A -[3,- phase
2000 |- - @ - 6- phase
L
G
2 L
Z 1500 | »
E .
3
=
1000
L
: a
500 | ® &
A
® @9 ' e
O_IIIIIIA!"IIJIIII ||||||||||||||||\|||||||
10 20 30 40 50 60 70
Diffraction Angle [°26]
2500 | o
- #2 ¢ —Bi-phase
2000 - & — 3,- phase
W . ® — 6- phase
& L
3
8 1500 ®
Z I
w
& - &
E L.
1000 +
i L]
500
L a, AL L, 0 L. a L
i g ¢
gy ‘
DII\ITI’I it s i i I BT
10 20 30 40 50 60 70

Diffraction Angle [°28]
Fig. 2. The PXRD patterns of samples #1 and #2 from the two- and three-phase areas of the Tl BiTe,~Tl,TbTe, -

TITbTe,-TIBiTe, subsystem
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Sample #1: a=4.4883, c=23.580 A (B,-phase);
a=8.8626, c=13.008 A (5-phase)

Sample #2: a=4.4793, c=23.481A (B,-phase);
a=4.4472, c=24.007 A (B,-phase); a=8.8630,
c=13.005 A (5-phase).

A comparison of these data with the results of
[36, 44] shows that sample #1 consists of a two-
phase mixture of a 3,-phase with a composition
of 40 mol% TITbTe, along the section TIBiTe,~
TITbTe, and a §-phase with a composition of
50 mol% TI,TbTe, along the Tl BiTe,~T1,TbTe,
section. Sample #2 consist of a three-phase
mixture of B +B,+6 with the following phase
compositions: B, and [, - respectively, 45 and
77 mol% TITbTe, along the TIBiTe,~T1TbTe,
section, and & — 50 mol% T1,TbTe,. These coincide
with the data in Fig. 1.

3.2. The liquidus surface
of the Tl,Te-TI,BiTe ~TIl,TbTe, subsystem

The liquidus surface of the Tl Te-Tl BiTe -
T1,TbTe, system consists of three fields of the
primary crystallization of the o- and d-phases
and the 3,-phase based on the TITbTe, compound
(Fig. 3). These fields are separated by p,p,” and
p,p,” lines, which correspond to the L+B, <> f3
and L+6 < o monovariant peritectic process.
The solidus surface consists of two areas of

~780 T -
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the completion of crystallization of the a- and
d-phases.

3.3. Some polythermal and isothermal
sections of the phase diagram of the
Tl,Te-TI BiTe ~TI, ThTe, subsystem

In order to confirm the correct construction
of the liquidus surface of the T1,Te-TIBiTe, -
T1,TbTe, subsystem and to refine the boundaries
of areas of primary crystallization of the 5-phase
and TITbTe,, the isopleth sections Tl,Te-[A]
and TI;TbTe, Te-[B] (A and B - are alloys with
compositions 1:1 from the boundary sections
T1,BiTe ,~T1, TbTe, and Tl,Te-T1 BiTe,) of the
phase diagram were constructed.

The liquidus curve along the T1,Te- [A] section
consists of two curves corresponding to the primary
crystallization of the - and 3- phases. Their
intersection point corresponds with the onset of
the monovariant peritectic reaction L+6 < o.

Inthe T1,TbTe,- [B] section, in the composition
range up to ~65 mol% TI,TbTe,, the §-phase
crystallizes from the melt, while in the TITbTe, -
rich alloys the B -phase based on TITbTe, first
crystallizes, then the monovariant peritectic
equilibrium L+, <> & takes place. In the latter
reaction, the 3, -phase is completely consumed and
the excess of melt crystallizes into the d-phase.

< l
TI,TbTe, 20 p', 40

[A] 60 80

mol. % T1,BiTe,

Fig. 3. Projections of the liquidus (solid lines) and solidus (dashed lines) surfaces of the T, Te-T1 BiTe ~Tl,TbTe,
subsystem. Primary crystallization fields of phases: 1 — o; 2 - 8; 3 — B,. Red lines show the studied T1,Te-[A]
and T1,TbTe Te-[B] polythermal sections of the subsystem
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The presence of monovariant peritectic
reactions L+B, <> 6 and L+6 < & (Fig. 3, p,p,’
and p,p, curves) in the Tl,Te-T1 BiTe Tl TbTe,
system should lead to the formation of L+o+6 and
L+B,+0 three-phase regions on the polythermal
sections of T1,Te-[A] and Tl TbTe,-[B], accordingly
(Fig. 4). The very narrow temperature ranges of
these reactions do not allow us to determine these
areas by the DTA method. Taking into account the
well-known principles [45] of the construction
of polythermal sections, the regions L+f,+6 and
L+o+d in the relevant section were delimited by
dashed lines.

The isothermal sections of the phase diagram
are important for choosing the composition of

T,K

800

750

700

LTTe 80 60 40 20 [A]
mol. % TLTe
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solution-melts when growing single crystals by
directional crystallization.

As can be seen, from the isothermal sections
at 740 and 780 K, the first consists of conjugated
liquidus and solidus curves, delimiting single-
phase regions L and 3. These curves are
connected by tie lines and delimit the L + § two-
phase area. The isothermal section at 780 K in
addition to these phase regions, also reflects the
heterogeneous regions L+f,, B,+5, and L+f,+9,
which are delimited taking into account data on
the T, Te-T1,TbTe, and T1,Te-T1 TBiTe, boundary
systems [35, 43].

A comparison of the isothermal (Fig. 5) and
polythermal (Fig. 4) sections of the phase diagram

730 |

TI,ThTe, 80 60 40 20 [B]
mol% TL,TbTe,

Fig. 4. T1,Te-[A] and T1,TbTe-[B] polythermal sections of the phase diagram of the Tl,Te-TIl,BiTe ~Tl,TbTe,
subsystem of the T1-Bi-Tb-Te quaternary system. A and B are equimolar compositions of the Tl ,BiTe ~TIl,TbTe,

and T1,Te-T1BiTe, boundary systems on Fig. 3

Tl Te

20

1 | 1 1
TI,TbTe, 20 40 60 80
mol. % T1,BiTe,

TI,BiTe, TI,TbTe, 20

Tl Te

[
Y/

= 1
P40 60 80
mol. % T1,BiTe,

T1,BiTe,

Fig. 5. Isothermal sections at 740 and 780 K of the Tl,Te-T1 BiTe,~TI,TbTe, subsystem
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of the Tl,Te-T1,BiTe,~T1,TbTe, system clearly
demonstrates that the directions of the tie lines
do not coincide with the T-x planes of the studied
internal sections, which is characteristic of non-
quasi-binary polythermal sections.

4. Conclusion

The character of the solid-phase equilibria in
the T1, Te-TIBiTe,-TITbTe, system is established
by using the DTA and powder XRD. A diagram of
solid-phase equilibria at room temperature of
this system is constructed, as well as a number
of polythermal and isothermal sections and
projections of the surfaces of liquidus and solidus
in the T1,Te-T1 BiTe ~T1,TbTe composition range.
The T1BiTe -T1,TbTe, section, characterized by
the formation of a continuous series of solid
solutions (8-phase), divides the Tl,Te-TIBiTe,~
TITbTe,system into two independent subsystems.
The T1,BiTe,~T1BiTe,-TITbTe,-TI TbTe,
subsystem is characterized by the formation of
the wide areas of the solid solutions based on
TITbTe, (B,-phase) and TIBiTe, (3,-phase). The
homogeneity region of the §-phase covers a large
(>90% of the T1,Te-T1,BiTe ~Tl,TbTe, subsystem
area). The obtained solid solutions 3,, 3,,and d are
of great interest as potential magnetic topological
insulators and thermoelectric materials.
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Abstract

The aim of this work was the formation of multilayer structures of macroporous silicon and the study of their structural,
morphological, and optical properties in comparison with the properties of multilayer structures of mesoporous silicon.

The paper presents the results of the development of techniques for the formation of multilayer structures of porous silicon
por-Si by stepwise change in the current with two-stage modes of electrochemical etching.

The data on the morphology, composition, and porosity of macroporous and mesoporous silicon samples were obtained
using scanning electron microscopy, IR spectroscopy, and X-ray reflectivity. It was shown that with the two-stage growth
of porous silicon layers, the depth of the boundary between the layers of the structure was determined by the primary mode
of electrochemical etching, while the total layer thickness increased with an increase in the current density of electrochemical
etching.

A comparative analysis of the relative intensity and fine structure of vibrational modes of IR spectra indicated a significantly
more developed specific pore surface and greater sorption capacity of mesoporous silicon as compared to macroporous
silicon.
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1. Introduction

The use of porous silicon por-Si as one of
the materials of modern solid-state functional
electronics is due to the presence of many
practically useful functional properties of
this material and its compatibility with most
technological production processes. It is known
that depending on the method of its production,
por-Si can have an extremely large area of specific
surface of pores (up to 500 m?%/g), high reactivity,
and intense photoluminescence (PL) in the visible
range of wavelengths [1-4].

Previously in the 20™ century, before the
concept of “nano” and the nanoscopic scale were
introduced into scientific terminology, according
to the TUPAC classification, pores with a radius
of up to 0.2 nm were called submicropores,
pores with a radius of 0.2-1.0 nm were called
micropores, pores with a radius of 1-25 nm were
called mesopores, and those with a radius of more
than 25 nm were called macropores [5]. Currently
there are different variants of systematisation
of porous materials by their morphology and
physicochemical properties. Regardless of
the size of the pores, porous silicon is usually
characterised by such parameter as “porosity” P,
which is the ratio of the volume of pores to the
total volume of the porous layer of the sample,
as well as by the average size of the structural
elements. With a low value of porosity, the
properties of por-Si are similar to the properties
of crystal silicon, although they can change if the
value increases. For instance, photoluminescence
was found in the samples of por-Si with a value
of porosity of at least 50 % [6].

Depending on the initial material, porosity,
and formation conditions, porous silicon has
a wide range of values of resistivity (1072-
10" Ohm-cm), absolute permittivity (1.75-12),
and refractive index (1.2-3.5) [7]. In a number
of works [1-4] it is shown that changes in the
modes of formation of por-Si and post-processing
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of its surface allow effectively controlling the
morphology, surface composition, and optical
and adsorption properties of por-Si [6].

The possibilities of creating gas sensors,
optical sensors, and moisture sensors were
demonstrated on the structures of porous silicon.
The use of multi-stage modes of formation
of a porous layer on single-crystal silicon can
also be promising for fine adjustment of the
functional properties of its surface and volume
for the further formation of thin layers of such
modern nanoelectronic materials as metal oxide
structures or structures of the A3B5 type on its
surface [1-4, 8-10].

The aim of this work was the study of multi-
layer structures of macroporous silicon and their
structural, morphological, and optical characte-
ristics in comparison with the characteristics of
multilayer structures of mesoporous silicon that
we previously obtained [11].

2. Experimental

Multilayer structures of porous silicon (hence-
forth referred to as “macroporous silicon”) were
formed on the surface of crystal silicon substrates
¢-Si (100) with a resistivity of 0.3 Ohm-cm, doped
with phosphorus. Electrochemical etching (ECE)
was performed in a solution of hydrofluoric acid
and dimethylformamide with the addition of hyd-
rogen peroxide and sulphuric acid while period-
ically changing the current density. At the same
time, the current density gradually changed during
the process of the two-stage ECE. The modes of
electrochemical etching are presented in table 1.

The samples were obtained in the modes
similar to those that were used to synthesise the
samples of mesoporous silicon in our previous
work [11]. Only the composition of the ECE
solution was changed towards a lower content of
hydrofluoric acid. The morphological features of
the samples were studied using scanning electron
microscopy SEM (JEOL JSM 6380 LV).

Table 1. Conditions for obtaining the samples of porous silicon

No. Etching mode Anodic currentzdensity, Etch%ng time,
mA/cm minutes
1 single-stage 15 10
2 single-stage 50 10
3 two-stage 50/15 5/5
4 two-stage 15/50 5/5
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IR spectra of multilayer structures were ob-
tained on a Vertex 70 (Bruker) IR Fourier spec-
trometer using an attachment for disturbed total
internal reflection (ATR) spectroscopy [9] in the
range of 400—-4000 cm™'. IR spectra were collected
two weeks after the samples had been obtained.

To determine the porosity of the surface layer
of por-Si with the thickness of 10 nm, the samples
obtained using single-stage ECE were studied using
X-ray reflectivity (XRR) on a laboratory diffractom-
eter ARL X’TRA (Cu Ko) with Bragg-Brentano ge-
ometry within a small angle range of (20 =0.1-1°).

3. Results and discussion

3.1. Structural and morphological SEM data

Figure 1 presents SEM microphotographs
of cleavages of macroporous por-Si samples

I8akU

c)
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with an average diameter of the main type of
pores of approximately 150-200 nm obtained in
single-stage and two-stage ECE modes with the
following anodic current densities: 15 mA/cm?
(No. 1) and 50 mA/cm? (No. 2), 50/15 mA/cm?
(No. 3) and15/50 mA/cm? (No. 4).

The analysis of the SEM data shows that an
increase in the current density in the specified
range causes an increase in the thickness of the
porous layer and in the size of the pores, but,
unlike mesoporous silicon [11] obtained with
the same ECE modes (Fig. 2), there is no partial
cracking of the porous layer, and the boundary
between the porous layers is less pronounced.
For example, the thickness of the porous layer of
sample No. 1 obtained using a single-stage mode
with the current density of j = 15 mA/cm? was~

Fig. 1. SEM images of cleavages of porous silicon samples obtained in single and two-stage etching modes
a) No. 1,j,= 15 mA/cm?; b) No. 2,j = 50 mA/cm?, ¢) No. 3, j = 50/15 mA/cm?; d) No. 4,j = 15/50 mA/cm?
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Fig. 2. SEM images of cleavages of mesoporous silicon samples obtained in two-stage etching modes: a) No. 208,
J, =50/15 mA/cm?; b) No. 207, j, = 15/50 mA/cm? [8]

15 p, while the thickness of the porous layer of
sample No. 2 obtained with the current density
of j = 50 mA/cm? was ~ 25 p (Fig. 1). The average
diameter of the main type of pores in the samples
was 150-200 nm.

The smaller thickness of the macroporous
silicon layer, as compared to the mesoporous
silicon, as well as the absence of stratification in
the surface layer, can be explained by the lower
concentration of hydrofluoric acid in the ECE
solution. Taking into account the etching time of
10 min, the etching rate of the porous layer was
~ 1.5 py/min and 2.5 p/min for samples No. 1 and
No. 2 respectively, and it increased by 1.5 times
with more than a threefold increase in the
current density (similar to mesoporous silicon).
The average size of vertical pores in mesoporous
silicon was ~ 50-100 nm.

As for samples No. 3 and 4 (fig. 1c, d),
obtained using two-stage modes of changing
the anodic current density, that is in the modes
of decreasing (j = 50/15 mA/cm?) and increasing
(G = 15/50 mA/cm?) the ECE current density, the
thickness of the porous layer of the samples was
~ 15 p and ~ 18 p respectively. An analysis of
the images of sample cleavages indicates that
the depth of the boundary between the layers of
the structure, similar to mesoporous silicon, is
determined by the primary ECE mode [11].

3.2. IR spectra of macroporous and mesoporous
silicon

To obtain information on the composition of
the chemical bonds in porous layers, all samples
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of macroporous and mesoporous silicon were
studied using IR spectroscopy.

Fig. 3 presents the IR spectra of ATR showing
the effect of an increase in the ECE current density
and changes in the sequence of values of currents
during a two-stage ECE on the composition of
chemical bonds of macroporous silicon samples.
Aband of 1000-1200 cm™! corresponding to Si—O-
Si bonds and an intensity mode corresponding
to the vibrations of Si-Si bonds (616 cm™!) are
observed on these IR spectra. The Si—-O-Si
band is shown most clearly and intensively in
sample No. 4 obtained in a two-stage ECE mode,
j,= 15/50 mA/cm?. In addition, a low-intensity
features appear in the IR spectra in the regions of
~900 cm! and 2060-2120 cm~! which are typical
for various configurations of the Si-H and O -
SiH bonds. The presented results correlate well
with the previously obtained results for different
single layer structures of porous silicon [9].

Fig. 4 shows the IR spectra of ATR of
mesoporous silicon samples obtained in the
modes of single-stage and two-stage etching
with a different sequence of changes in the ECE
current values. At first glance, these spectra stand
out due to their significantly higher intensity
and pronounced structuredness of all modes
that were barely visible in the IR spectra of the
macroporous silicon samples presented in Fig.
3. The most intensive and clearly structured
modes in the spectra of mesoporous silicon are
those in the region of 400-1200 cm~! which are
typical for this material [9] and correspond to
the vibrations of the following bonds: Si-Si (616
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cm™), Si-H (664, 906,2100-2250 cm™), Si-O-Si
(490, 1060-1170 cm™), O,~ Si—OH (~ 830 cm™),
0,-SiH (880 cm™).

In addition, there are noticeable bands in
the region of 2060-2120 cm™! on the spectra of
the samples. These bands are typical for various
configurations of Si-H, and O -SiH bonds as
well as adsorbed CO, (2360 cm™). The presence
of these bonds indicates a significantly greater
sorption capacity of mesoporous silicon with a
larger specific surface area of smaller pores as
compared to macroporous silicon.

While comparing mesoporous samples
obtained in single-stage modes (No. 205 and
No. 206), it should be noted that an increased
ECE current density leads to an increase in
relative intensity of absorption bands in the
regions of 750-900 cm™ (Si-H , O,-Si-OH, and
O,~SiH, bonds) and the 1000-1200 cm™' band
corresponding to Si-O-Si bonds. In combination
with the SEM data, this indicates an increase
in the specific surface area of the porous layer
S,, for the samples obtained with a higher ECE
current density. At the same time, increased S|
contributes to a more active interaction of the
material with the environment, which leads
to stronger oxidation of the porous layer and
adsorption of hydrogen and hydroxyl groups on
it[8,9].

6_
5_
3 4- ;
AR ' |
< ] | ,
’.'—"'; IQ;-PSF
ER R P-31%
14 I
| I P=79%
0 || J Ill' 1 v I L
0.1 0.2 03 04 0.5
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Fig. 5. XRR profiles of the samples of macroporous
(the blue curve) and mesoporous silicon (the green
curve) and single-crystal silicon substrate c-Si. The
dotted lines indicate the positions of the critical angles
of total external reflection
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A similar situation is observed when changing
the sequence of changes in the current values
during ECE. The IR spectrum of sample No. 207
obtained in a two-stage mode j, = 15/50 mA/cm?
shows more intensive, as compared to the spectrum
of a single-stage sample No. 205 (obtained
in the mode with minimal current density
J, = 15 mA/cm?), absorption bands 50-900 cm™!
and 1000-1200 cm™! corresponding to Si—O-
Si, Si-H , 0,-Si-OH, and OX—SiHy bonds. These
modes are less intensive as compared to the
spectrum of the mode obtained with maximum
ECE current density (No. 208, j, = 50/15 mA/cm?)
in a two-stage mode.

Thus, a comparative analysis of the relative
intensity and fine structure of vibrational modes
of IR spectra indicated a significantly more
developed specific pore surface and greater
sorption capacity of mesoporous silicon as
compared to macroporous silicon.

3.3. X-ray reflectivity

Fig. 5 shows XRR reflectograms of mesoporous
and macroporous silicon samples (No. 206 and
No. 2) obtained in single-stage modes and a
silicon substrate of single-crystal silicon Si (100)
on which porous layers were formed. The results
show that the intensity of the XRR curves begins
to decrease significantly after passing the critical
angle 6_of the total external reflection (TER) of
X-ray radiation where the intensity of the reflected
X-ray radiation is reduced by half. In this case,
the values of critical angles of TER for the three
studied samples were markedly different. The
critical angle of TER for a single-crystal silicon
wafer ¢-Si is ©_. = 0.223°, which correlates well
with theoretical calculations (0.226°). At the same
time, the values of critical angles for macroporous
and mesoporous silicon are considerably lower: 6 _
»s=0.186° and 6_,= 0.105° respectively.

The porosity (P) of the surface layer of
the samples can be evaluated using ratio (1)
presented in [12]:

P(%)= [1 (8, 45 /6. )2} x 100, 1)

where 6__. is the critical angle of TER of
single-crystal silicon c-Si, 6_, is a critical angle
of TER of the porous layer of the samples of mac-
roporous or mesoporous silicon. In accordance
with ratio (1), the value of porosity of mesoporous
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silicon P =79 % is 2.5 times higher than the cor-
responding value of macroporous silicon P =31 %.

The measurements of the photoluminescence
of porous silicon samples using the technique
described in [13] showed the absence of PL in a
sample of macroporous silicon with porosity of
31 % (sample No. 2) and the presence of typical
PL for sample No. 206 of mesoporous silicon with
porosity of P = 79 %. This correlates with the
results of previous studies, according to which
porous silicon begins to luminesce with the value
of porosity P higher than 50 % [13, 14].

4. Conclusions

The paper presented the results related to
the development of techniques or the two-stage
formation of multilayer structures of porous
silicon with various porosity and various sizes
of pores.

Using scanning electron microscopy, it was
shown that with the two-stage growth of porous
silicon layers, the depth of the boundary between
the layers of the structure was determined by
the primary mode of electrochemical etching,
while the total layer thickness increased with an
increase in the ECE current density.

The average diameter of the main type of
pores in the samples of macroporous silicon was
150-200 nm, while the average diameter vertical
pores in mesoporous silicon was two-three times
less, ~ 50-100 nm.

Comparative analysis of the relative intensity
and fine structure of vibrational modes of IR
spectra indicated that multilayer samples of
macroporous silicon were less oxidated as
compared to the samples of mesoporous silicon
and that the surface of pores contained fewer
bonds of the Si—-OH and Si-H type.

The porosity of the surface layer of mesoporous
silicon P=79 % determined by the X-rayreflectivity
was 2.5 times higher than the corresponding value
of macroporous silicon P=31 %, which correlated
well with the significantly more developed
specific surface of pores and greater sorption
capacity of mesoporous silicon as compared to
macroporous silicon.
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Abstract

The aim of the study is to establish spectral-luminescent interaction effects in mixtures of colloidal Zn .Cd, .S quantum
dots passivated with 2-mercaptopropionic acid and Au and Au/SiO, nanoparticles. The studied samples of Zn .Cd, .S
quantum dots, Au and Au/SiO, nanoparticles and their mixtures were obtained by methods of colloidal synthesis and were
characterised using transmission electron microscopy. The absorption, luminescence and time-resolved luminescence
spectroscopy were used as the main investigation methods. The measurements were carried out at temperatures of 77 K
and 300 K. The spectral-luminescent properties of “free” Zn .Cd, .S quantum dots and those interacting with Au and Au/
SiO, nanoparticles were compared. It was found that the luminescence properties of Zn .Cd .S quantum dots can be
controlled under conditions of changing plasmon-exciton coupling achieved during the formation of a dielectric SiO, shell
on the surface of Au nanoparticles as well as a result of a polymer introduced into the colloidal mixture.
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1. Introduction

Much attention has been recently paid to
attempts to create hybrid plasmon-exciton
nanostructures based on metal (plasmonic)
nanoparticles (NPs), semiconductor quantum
dots (QDs), and/or dye molecules [1-10]. For
such hybrid systems, QDs and dye luminescence
spectra are heavily affected by the presence of
metal nanoparticles (nanoresonators) which
have modes with frequencies similar to the
frequency of the luminescence maximum. Spatial
distribution of the mixture components is also
essential for the resulting spectral pattern. The
variation of these parameters allows adjusting
the modes of plasmon-exciton coupling (weak,
intermediate, and strong), which opens the
possibility to control the parameters of the
spectral-luminescence properties of the emitter
[10-12].

Some sources describe research aimed at
identifying conditions for the formation of
plasmon-exciton nanostructures providing
resonance effects in the modes of weak (Purcell
effect), intermediate (Fano effect), and strong
(Rabi splitting) plasmon-exciton interaction
[1, 2, 6-13]. Moreover, the researchers have
detected plasmon-induced fluorescence
amplification/quenching [9], the plasmon-
enhanced Forster energy transfer [9], and
induced exciton-plasmon-photon conversion
[8]. However, the available results of the studies
of plasmon-exciton interaction do not allow
finding a solution to the fundamental problem
of predicting the final luminescent properties of
hybrid nanostructures.

It is important that there has not been
developed yet a unified approach to creating hybrid
nanostructures to adjust the modes of plasmon-
exciton coupling from weak to intermediate
and strong. Experimental data obtained by
different research teams are contradictory and
vary mainly between fluorescence amplification
and quenching. Moreover, they do not provide
major parameters and physically important
experimental characteristics to explain the
processes of plasmon-exciton interactions. The
absence of detailed experimental data and their
weak correlation with the results of theoretical
calculations are due to the complicated nature
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of plasmon-exciton interactions. Also, the
researchers have not developed the problem of
the formation of QD luminescence quenching
centres when QDs interact with plasmonic NPs,
as well as their role in shaping the final “hybrid”
luminescent properties of plasmon-exciton
nanostructures. Therefore, the development of
techniques to control luminescent properties
of hybrid nanostructures based on plasmonic
NPs and QDs and/or dye molecules is a pressing
problem.

This paper presents experimental data which
show the possibility to control the luminescent
properties of Zn  Cd .S QDs in the near field of
spherical gold (Au) NPs. The research involved
creating special conditions which made it
possible to change a plasmon-exciton coupling
by forming Au/SiO, core/shell NPs and to further
separate the mixture components by introducing
a polymer, which allowed changing the distance
between them.

2. Experimental

Colloidal Zn,.Cd .S QDs passivated with
2-mercaptopropionic acid (2-MPA) were
synthesized using aqueous synthesis techniques
[16,17]. This approach involves mixing aqueous
solutions of precursors for CdBr, (224 mg, 50 ml),
and Zn (ClO,) (242 mg, 10 ml), followed by the
introduction of 2-MPA (230 ul) into the reaction
mixture and adjusting the pH level to 7 with 1 M
of NaOH solution. Then, Na,S aqueous solution
(30 mg, 10 ml) was added to the colloidal
solution.

The synthesis of spherical Au NPs was carried
out by the Turkevich method [14]. 1.4 ml of 1%
Na,C,H.O, solution was added to the boiling
0.01% HAuCl, solution (200 ml). The resulting
mixture was boiled for 30 minutes with constant
stirring. The SiO, shell on the surface of Au NPs
(Au/SiO, core/shell NPs) was formed by Au NPs
surface functionalisation by a monolayer of
(3-mercaptopropyl)trimethoxysilane (3-MPTMS)
with a subsequent formation of dense SiO, layers
by sodium metasilicate (Na,O(SiO,)). For this, 0.4
ml of 0.035% hydrolysed solution of 3-MPTMS
was mixed with 30 ml of solution of colloidal Au
NPs. Then the Na,SiO, aqueous solution (96 mg,
10 ml) was added to the reaction mixture. The
flask with the reaction mixture was placed in a
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water bath at 60 °C and was held there for 6 hours
with continuous stirring.

Hybrid structures were formed by mixing
colloidal solutions of Zn .Cd, .S QDs with Au NPs,
Au NPs in the presence of 4 % polymer solution
of poly-(diallyldimethylammonium chloride)
(PolyDADMAC), and Au/SiO, core/shell NPs in
an approximate molar ratio [v(QDs)]:[v(NPs)] of
~ 10* mole fraction (m.f.).

The size and morphology of Zn .Cd .S QDs,
AuNPs, and Au/SiO, NPs were determined using a
Libra 120 transmission electron microscope (TEM)
(Carl Zeiss, Germany). Absorption properties were
studied using a USB2000+ spectrometer (Ocean
Optics, USA) with a USB-DT light source (Ocean
Optics, USA). The luminescence spectra and the
luminescence decay kinetics of Zn .Cd .S QDs
were studied by a USB2000+ and a TimeHarp 260
time-correlated single-photon counting board
(PicoQuant, Germany) with a PMC-100-20
module (Becker&Hickl, Germany) with the time
resolution of 0.2 ns. AHPL-H77GV1BT-V1BT-V1
diode module with the wavelength of 380 nm was
used to stimulate the luminescence.

3. Results and discussion

3.1. Structural data

The analysis of TEM images showed that
the approach to the synthesis of Zn .Cd .S QDs
ensures the formation of individual nanocrystals
with an average size of 4.0+0.5 nm (Fig. 1a). The
existing dispersion in size in Zn .Cd, .S QDs
ensembles ~ 35% is due to the chosen approach
to colloidal synthesis in aqueous solution.

Fig. 1b and ¢ show TEM images of Au NPs
and Au/SiO, core/shell NPs. It is shown that the
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Turkevich method results in the formation of Au
NPs with a spherical shape. The average diameter
of spherical Au NPs in the ensemble is 20+3 nm
with a size distribution within 30% (Fig. 1b). The
analysis of TEM images of Au/SiO, core/shell NPs
(Fig. 1c) showed the formation of a SiO, shell on
the surface of Au NPs with a thickness of 1003
nm. There was practically no coagulation of Au/
Si0, core/shell NPs.

3.2. Spectral-luminescent properties of mixtures
of colloidal Zn, .Cd, S QDs and Au, Au/SiO,
nanoparticles

A characteristic feature for the exciton
transition [18] in the optical absorption of
Zn.Cd, .S QDs is in the region of 370 nm (Fig.
2a, curve 1). The maximum of the light extinction
spectrum for Au NPs is in the range of 525 nm
(Fig. 2a, curve 2). Adding 4% PolyDADMAC
polymer solution to Au NPs does not influence
the position of the light extinction maximum
in the region of 525 nm. The formation of a SiO,
shell with a thickness of 10 nm on the surface of
Au NPs leads to a long-wave spectral shift of the
maximum of the light extinction spectrum of Au
NPs from 525 to 538 nm as a result of changes
in the total permittivity of the core/shell system
(Fig. 2a, curve 3).

For mixtures of Zn .Cd, .S QDs and Au NPs,
the resulting light extinction spectrum is not
a simple sum of the spectra of the mixture’s
components. The shift of the maximums of the
attenuation bands of the mixture components
and an increase in optical density throughout the
extinction spectrum indicates a strong plasmon-
exciton interaction between the components

c

Fig. 1. TEM images and size distribution’s histogram of Zn  Cd, .S QDs - (a); Au NPs - (b); Au/SiO, core/shell

NPs with a shell thickness of 10 nm - (c)
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Fig. 2. (a) Optical absorption spectra of Zn .Cd, .S QDs (1), extinction spectra of Au NPs, Au NPs (PolyDADMAC)
(2), Au/SiO, core/shell NPs (3), extinction spectra of mixtures of Zn, .Cd .S QDs and Au NPs (4), Zn,.Cd, .S QDs
and Au NPs (PolyDADMAC) (5), Zn,.Cd, .S QDs and Au/SiO, core/shell NPs (6). (b) Luminescence spectra of

15Cd, ;S QDs (1), mixtures of Zn, Cd S QDs and Au NPs at T=300Kand T=77K(2),Zn,.Cd,.S QDs and
Au NPs (PolyDADMAC) at T=300 K (3) and at T=77K(4),Zn,.Cd, .S QDs and Au/SiO, core/shell NPs at T=300

K (5) and at T=77 K (6)

of the mixture (Fig. 2a, curve 4). In case of the
mixtures of Zn,.Cd, .S QDs and Au NPs in the
presence of a PolyDADMAC polymer, as well as
core/shell Au/SiO, NPs, in the resulting extinction
spectra there was an increase in the optical
density in the region of exciton transition of
Zn, Cd, .S QDs (Fig. 2a, curves 5 and 6) which
can be explained not only by a contribution of Au
NPs to the overall spectral contour of the light
extinction, but a weak interaction between the
components of the mixture.

The control of the size and the morphology of
mixture components using the applied synthesis
methods provided a considerable overlap between
Au NPs light extinction peak (525 nm) and Au/
Si0O, core/shell NPs (538 nm) and Zn .Cd .S QDs
luminescence spectrum (570 nm), which is crucial
for the appearance of effects of plasmon-exciton
interaction in the luminescent properties of the
emitter.

For mixtures of Zn .Cd .S QDs and Au NPs,
there was luminescence quenching accompanied
by a transformation of the spectral contour of QD
emission band resulting in a dip in the region
of 525 nm (Fig. 2b, curve 2). At the same time,
the luminescence lifetime was reduced from
21 ns to 4 ns. Lowering the temperature of the
samples to 77 K did not qualitatively change
the luminescent properties of the mixtures of
Zn,.Cd, .S QDs and Au NPs. Such behaviour
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of luminescent properties indicates a complex
character of plasmon-exciton interaction in the
studied mixtures due to several simultaneous
effects, such as the Fano effect [1, 5, 10] and
nonradiative recombination [15, 19] caused
by changes in the immediate environment of
Zn, Cd, .S QDs. Increasing the distance between
Zn Cd S QDs and Au NPs by a PolyDADMAC
polymer led to a decreased quenching of QDs
luminescence intensity, also accompanied by a
transformation of the spectral contour (Fig. 2b,
curve 3). What is more, the luminescence lifetime
did not change. Lowering the temperature
to 77 K contributed to a hypsochromic shift
in Zn,.Cd, .S QDs luminescence band to the
region of 550 nm and 1.5 times increase in its
intensity (Fig. 2b, curve 4) accompanied by an
increase in the luminescence lifetime from 23 to
25 ns. The control of the distance between the
mixture components by means of a SiO, shell
with a thickness of 10 nm on Au NPs surface led
to a slight enhancement of QDs luminescent
properties at a temperature of 300 K (Fig. 2b,
curve 5). At a temperature of 77 K, Zn .Cd, .S QDs
luminescence intensity grew 8 times, whereas
the luminescence lifetime rose from 23 to 40 ns
(Fig. 2b, curve 6). Such behaviour of luminescent
properties can be a manifestation of the Purcell
effect complicated by the influence of the effects
of exciton-phonon interaction, concentration
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quenching, and possible exchange of electronic
excitations which always occur in hybrid systems,
including those involving a SiO, shell [1, 4, 11,
12, 20, 21].

Thus, the spatial distribution of plasmonic
AuNPs and Zn .Cd .S QDs under strong spectral
resonance enables controlling luminescent
properties of Zn .Cd, .S QDs. Obviously, this
is due to switching between the modes of the
plasmon-exciton coupling. Resonance effects
in their pure form are complicated by multiple
interfering factors, such as the electron-phonon
interaction and the resonant nonradiative energy
transfer between the components of the mixture.

3. Conclusions

The study demonstrated new experimental
effects of interaction between Zn .Cd .S QDs
and Au NPs resulting from changes in the
plasmon-exciton coupling between the mixture
components due to the formation of SiO, shells
with a thickness of 10 nm on Au NPs surface and
the introduction of a polymer in the colloidal
mixture. It was shown that the formation of
mixtures of Zn .Cd,.S QDs and plasmonic Au
NPs is accompanied by the intensity quenching,
a transformation of the spectral contour of QD
luminescence, and a decrease in the luminescence
lifetime. Increasing the distance between
the mixture components by introducing a
PolyDADMAC polymer and the formation of SiO,
shell with a thickness of 10 nm on Au NPs surface
block the process of luminescence quenching at
a temperature of 300 K and lead to an increase in
the luminescence intensity at 77 K accompanied
by an increase in the luminescence lifetime.
The obtained data demonstrate the possibility
of controlling Zn .Cd .S QDs luminescent
properties under conditions of changing modes
of plasmon-exciton interaction between the
mixtures components. They also clearly indicate
a complex character of the exciton-plasmon
interaction in the studied mixtures due to several
simultaneous effects, such as the Purcell effect,
the Fano effect, nonradiative energy transfer
from QDs to plasmonic particles, and resonance
detuning.
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Abstract

Thin film semiconductor sensors based on palladium oxide were produced to analyse the concentration of ozone in the air.
The palladium oxide films were obtained by means of thermal oxidation of ~ 20-30 nm metal in air at various temperatures.
The oxide films were studied using electron microscopy and reflection high-energy electron diffraction. The optical,
electrophysical, and gas sensitivity properties of the films were investigated. The study determined the optimal oxidation
annealing temperature that ensures the uniform composition of the films and absence of electrical noise affecting the gas
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oxidation annealing. The study demonstrated the high sensitivity of the obtained films to oxide.
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1. Introduction

At the moment, ozone-based technologies
are widely used for the disinfection of water
in water supply lines, swimming pools, and
indoor water parks, as well as for sewage water
treatment, the bleaching of paper, etc. Ozone is
obtained in large quantities by means of special
on-site generators. However, ozone is very toxic.
The maximum acceptable concentration (MAC)
of ozone in the operational area is 0.1 mg/m3
or ~50 ppb (1ppb - 107 vol. %). For comparison,
the MACs of other toxic gases, including Cl,,
NO,, and CO, NH, are within the range of 300—
3-10* ppb. Therefore, in order to ensure safety at
the ozone generation stations, it is necessary to
organise continuous and multipoint monitoring
of the concentration of ozone in the air. The
existing monitoring devices are based on optical
techniques for ozone detection and have a number
of drawbacks: they are expensive, require a lot of
energy, and are difficult to service. Moreover,
they only analyse the ozone concentration at a
single point, the place where the optical sensor
is located. An alternative solution involves using
semiconductor-based resistive sensors. Devices
with such sensors have a number of advantages:
they do not require consumables and allow
multipoint continuous monitoring of the air in
the operational area.

The production technology of the gas sensitive
layer and the choice of the sensor material largely
determine the sensitivity of the sensor. The sol-
gel method is the most commonly used. It helps to
obtain highly developed surfaces available for the
adsorption of gases. The article describes a thin-
film technology involving the vacuum deposition
of gas sensitive layers, because it combines well
with established microelectronic technologies.
The cost of gas analysers produced using this
technology is significantly lower.

In,0,, WO,, ZnO, and SnO, oxides are most
commonly used as sensor materials for ozone
detection, either in pure forms or with additives.
In our study, we used PdO, which was first
suggested as a sensor material for ozone analysis
in our previous articles [1-3].

The purpose of the study was to optimise the
technology of the production of thin gas sensitive
PdO films that ensure detection of ozone, when
its concentration is below the MAC.
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2. Experimental

Thin PdO films were obtained by thermal sput-
tering of metallic Pd on various substrates: glass
substrates for the study of the optical properties,
alumina ceramic (Al,O,) substrates for the analy-
sis of the electrophysical and sensitivity proper-
ties, KCI single crystal substrates with an amor-
phous carbon sublayer in the experiments con-
ducted using transmission electron microscopy
(TEM). Fixed sputtering parameters, including the
speed of the deposition of the metal on the sub-
strate (~ 1 nm/min), the pressure of the residual
gases in the vacuum chamber (~ 10 Torr), and the
distance between the evaporator and the substrate,
allowed us to obtain metallic Pd films with repro-
ducible thickness. The thickness of the films was
determined by studying the film edge on a single
crystal carbon substrate using a scanning electron
microscope. The thickness of the experimental
samples was ~ 20-30 nm. These metal films were
annealed in air at 240, 400, and 600 °C for one
hour. The obtained films were then characterised.

Optical analysis was performed using an Ocean
Optics fibre optic spectrometer in transmission
mode.

The phase composition and the microstructure
of the films were studied by means of reflection
high-energy electron diffraction (RHEED) and
transmission electron microscopy (Karl Zeiss
Libra 120).

The electrophysical and gas sensitivity
properties of the films were studied on special
alumina ceramic test structures. An alumina
ceramic substrate (2-3 mm) plated with Pt
electrodes used for measuring the resistance of
PdO films is presented in Fig.1.

™

Fig. 1. The test structure used for the analysis of the
electrophysical and gas sensitivity properties of the
PdO films
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On the back side of the substrate a meander
Pt heater was made. It served as a temperature
sensor. The temperature of the sensors during the
experiments was maintained with an accuracy
of 1 °C.

A GS-024-25 ozone generator (‘OPTEC”) was
used in the gas sensitivity experiments.

3. Results and discussion

PdO is a semiconductor oxide of the p-type
with the bandgap of 2.2-2.7 eV [4-6]. The
semiconductor nature of the obtained films
was proved by means of optical spectroscopy
and electrophysical methods. The transmission
spectra of PdO films are characteristic of
semiconductor materials with transmission
rapidly reducing next to the band-to-band
electronic transition Ev-Ec (Fig. 2). A Tauc
plot E-(adhv)? was applied to determine the
bandgap of the semiconductor E, . Extrapolation
of the straight line drawn to the linear region
of the optical spectrum to the X-axis results in
E, = 2.27 eV (Fig. 2), which complies with the
results of previous studies [4-6].

The p-type conductivity of PdO was
determined earlier in the study of the Seebeck
effect in thin films [3]. This is also proved by the

100 +
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Fig. 2. Optical spectra of PdO
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nature of the resistance response of PdO films in
the ozone - oxide gas environment (Fig. 4). The
resistance of the PdO films, as expected from a
p-type semiconductor, reduces in the oxidizing
environment of ozone (Fig. 4) in full compliance
with the known patterns of sensory response [7].

Fig. 3 presents X-ray diffraction patterns and
TEM images of the Pd films in various stages of
oxidation. The analysis of the X-ray diffraction
patterns demonstrated that the initial films
(Fig. 3a) are metallic palladium with no visible
traces of oxide phases. Films annealed in air at
240 °C (PDF card 00-041-1043 [8]) have the same
phase composition.

Increasing the temperature of annealing of
Pd films in air up to 400 and 600 °C results in
the formation of the tetragonal oxide phase of
PdO with the following parameters of the crystal
lattice: a = 0.3036 nm, ¢ = 0.5339 nm (PDF card
00-041-1107).In this case, RHEED does not show
the metallic palladium phase in the films, which
means that the oxidation of palladium is complete
and the film now has a single phase - PdO.

One of the features of the oxidation annealing
is the growth of crystallites both in the Pd film
(Fig. 3b) and in the PdO films (Fig. 3c, d). In this
case the films lose their initial uniform structure.
The growth of crystallites and formation of
gaps in the film proceeds in proportion to the
growth of the annealing temperature. Such
secondary recrystallization significantly affects
the electrophysical properties of the films.
During the oxidation annealing of the films
applied to test structures (Fig. 1) we registered
their current resistance, which monotonously
grew with the growth of temperature. This was
mainly accounted for by the oxidation of metallic
palladium to the semiconductor oxide which has
higher resistance.

It is noteworthy, that at annealing tempera
tures of more than 550 °C, electrical noise was
observed which, according to the microscopic
study (Fig. 3), was directly connected to the
fragmentation of the thin films. We assume that
the increasing fragmentation of the films results
in worse contact between the crystallites, which
causes the electrical noise. At a temperature of
above 600 °C, the noise level and the resistance
grow dramatically. At a temperature of 650-
700 °C, the films fragmentation ends and as a
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Fig. 3. X-ray diffraction patterns and TEM images of the initial Pd film (a) and the films annealed at 240 (b),

400 (c), and 600 °C (d)

result the films lose their electrical conductivity.

The described patterns are characteristic for
the thin films (~ 20-30 nm) described in this
article. The thickness of the films was chosen
because of the ratio of the surface area to the
volume, i.e. the sensory effect of the films
depends on the gas chemisorption. The inner
“exchange” layers of the films remain passive and
shunt the changes in the electrical conductivity
of the surface layers, thus reducing the sensory
effect.

Therefore, the optimal annealing temperature
for PdO thin films should not exceed 550 °C. This
ensures the single-phase composition of the films
and the absence of electrical noise that interferes
with accurate resistance measurements.

The gas sensitive properties of PdO thin
films were studied, when the concentrations of
ozone in the air were 25, 55,90, and 250 ppb. The
operating temperature of the PdO films during
the ozone detection experiments was 150 °C.
The resistance response of the PdO based thin
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Fig. 4. The resistance response of the PdO films to
various concentrations of ozone in the air
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film sensor obtained by means of the described
technology is presented in Fig. 4.

The literature review demonstrated that the
minimal concentrations of ozone registered by
semiconductor sensors are from single digit to
several tens of ppb [9-12]. Fig. 4 demonstrates
that the elaborated technology for the production
of ultrathin layers of PdO can detect significantly
lower concentrations of ozone in the operation
area.

4. Conclusions

In our research, we analysed PdO ultrathin
films and their potential as sensor materials for
the detection of ozone in the air. The films were
obtained by means of thermal oxidation of the
layers of metallic palladium. TEM registered the
fragmentation of PdO films at higher annealing
temperatures, which results in electrical noise
occurring during resistance measurements. The
optimal oxidation annealing temperature is
550 °C. The sensory layers obtained using this
technology can detect ozone at concentrations
significantly lower than 25 ppb.
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Abstract

Nanocrystalline palladium (II) oxide films were synthesised using thermal oxidation in the oxygen atmosphere of the initial
ultradispersed metal palladium layers with a thickness of ~ 35 nanometres that were obtained on SiO,/Si (100) substrates
using the method of thermal sublimation in high vacuum. Using X-ray analysis, it was established that during thermal
oxidation in the oxygen atmosphere within the temperature range T = 670-970 K the values of the a and c parameters of
the tetragonal lattice as well as the unit cell volume of nanocrystalline PdO films increased monotonously with the rise of
the temperature reaching the maximum values at T=950-970 K. It was found that the parameters of the tetragonal lattice
and the unit cell volume of nanocrystalline PdO films decreased as the oxidation temperature increased up to T > 970 K
Based on the ratio of the ¢/a parameters, it was shown that the main contribution to the deformation phenomena of the
tetragonal lattice were mostly due to the increase in the elementary translations along the coordination axes OX and OY.
Based on an assumption that the ionic component of the chemical bond is essential to the palladium (II) oxide structure,
we suggested a method for the calculation of the range of the nonstoichiometry area for nanocrystalline PdO films, using
the reported data on the radii of cation Pd?* and anion O* taking into account their coordination environment. The results
of the calculations showed that nanocrystalline PdO films synthesised with an oxygen pressure of ~ 105 kPa are characterised
by the two-sided homogeneity region in relation to the stoichiometric ratio of the components. The homogeneity region
of nanocrystalline PdO films is characterised by the retrograde solidus line in the range of the temperatures T=770-1070 K.
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1. Introduction

Gas sensors of various types are designed for
the accurate, fast, and reliable determination of
concentrations of toxic and explosive gases in the
atmospheric air [1-3]. Such devices are necessary
for the prevention of technological and household
incidents with explosive gases, as well as for secu-
rity systems in different industrial processes that
use poisonous or flammable volatile substances
[1-4]. The creation of effective resistive gas sen-
sors based on wide-band metal oxide semicon-
ductors is a relevant scientific and technical task
as it will allow producing portable individual de-
vices [5-7]. Over the past fifty years, metal oxide
semiconductors with n-type conductivity have
been the main objects of research and develop-
ment, and tin dioxide SnO, has undoubtedly been
the leader among them [1-3, 5, 6].

Impressive success in the development of
sensors based on n-type semiconductors can
be explained by the results of studying the
physicochemical patterns that describe and
predict the nature of the interaction of the active
layer surface with the molecules of detected gases
[3-4, 8]. It was established that n-type wide-
band semiconductors, particularly SnO,, are
characterised by a rather narrow homogeneity
region [1, 5-6, 8]. As we know [1-2, 3, 9], point
defects are highly significant in the interaction
of the surface of n-type semiconductors with
the molecules of the analysed gases. Various
authors have proved the nature of point defects,
mainly oxygen vacancies, which are responsible
for nonstoichiometry and electronic type of
conductivity of these compounds [1, 5-6, 8, 9].

Over the past decade, there has been a
considerable increase in the interest in the
study of sensory properties of wide-band metal
oxide semiconductors with the p-type surface
and the composites based on them [10]. So
far, the functional properties of metal oxide
semiconductors with p-type conductivity, such
as Cr,0,, Cu,0, PdO, etc., have been studied only
partially despite the fact that these materials
possess great potential when being used in gas
sensors [10]. In a number of publications, it was
suggested that metal oxide semiconductors with
the p-type conductivity would be highly effective
for the detection of such toxic gases as ozone,
chlorine, nitrogen oxide, and sulphur dioxide [10].

2021;23(1): 62-72
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The gas-sensitive properties of nanostructures
based on palladium (II) oxide, which is
characterised by p-type conductivity [11, 12], have
only recently become the object of studies. Over
the past five years, it has been experimentally
proved that nanostructures with different
morphological organisation based on palladium
(IT) oxide possess high sensitivity, sensory
response stability, short recovery period, as well
as good reproducibility of the sensor signal when
detecting hydrogen, carbon monoxide, vapours
of organic compounds, nitrogen (IV) oxide, and
ozone in the atmospheric air [12 -18].

However, as the analysis of the literature
shows, unlike wide-band metal oxide materials
with n-type conductivity, the phase diagram of
palladium — oxide system has not been thoroughly
studied, and the homogeneity region of palladium
(II) oxide has not been experimentally determined
so far [18, 19]. In addition, authors express
different opinions on the nature of point defects
in this compound [12, 18, 20]. The lack of this
information makes it impossible to establish the
mechanisms of interaction of the detected gases
with the surface of nanostructures of palladium
(IT) oxide and largely hinders the practical
application of gas sensors based on them.

Therefore, the aim of this work was to
calculate the range of the nonstoichiometry
area of nanocrystalline palladium (II) oxide films
based on experimental X-ray diffraction data on
the change in the parameters of the tetragonal
crystal lattice depending on the conditions of
their synthesis.

2. Experimental

A two-stage process was used to synthesise
nanocrystalline films of palladium (II) oxide in
the present work. During the first stage, using
thermal sublimation of palladium foil with
a purity of 99.98% in high vacuum (residual
pressure in the reaction chamber ~ 10-° Pa), initial
microdispersed Pd films were obtained on Si (100)
substrates with a buffer layer of the SiO, oxide
with a thickness of d ~ 300 nm without heating.
The method of formation of thin and ultrathin
layers of metallic Pd was described in detail in
previous works [11, 13-16].

As was established in [20], thermal oxidation
of initial ultradispersed layers of metallic Pd in
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dry oxygen in the temperature range of T, =670~
1070 K leads to the formation of single-phase
PdO nanocrystalline films. Taking into account
the experimental data [20], in the present work
the initial heterostructures Pd/SiO,/Si (100) were
thermally oxidised in a dry oxygen atmosphere at
a pressure of p(0,) ~ 1.1-10° Pa in the continuous
flow mode with the oxygen consumption of 5 dm3
per hour. The Pd/SiO,/Si (100) heterostructures
were kept at temperatures T, =570, 670, 770, 870,
1070, and 1120 K for 2 hours and then cooled to
room temperature in a dry oxygen stream.

The change in the phase composition and
crystal lattice parameters of palladium (II) oxide
synthesised using thermal oxidation of Pd/SiO,/Si
(100) heterostructures was characterized using
X-ray diffractometry on DRON-4-07 and Philips
PANanalitical X’Pert devices with CuK_ and
CoK -radiation. Diffraction patterns of the
samples were registered with rotation of the
samples, while the profiles of X-ray reflections
were constructed pointwise with the step of
the counter being 0.01°. The clearly recorded
reflection (400) of the Si (100) substrate served as
an internal standard to prevent accidental errors.

Precise determination of the tetragonal
crystal lattice period of palladium (II) oxide
films was conducted by extrapolating the
diffraction angle to 6 = 90 degrees. For this, an
extrapolation function f(0) was chosen so that the
dependence of parameters a and c on the value
of f(6) was closest to linear. The best results were
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obtained using the Nelson-Riley extrapolation
function [21]. The lattice constants a and c of
the tetragonal structure of nanocrystalline PdO
films were calculated using the MATHCAD 10
software based on an algorithm for solving a
system of quadratic equations with two non-
obvious parameters. The desired value of the
lattice parameters a,and ¢, were obtained using
linear function approximation:

a=kxf(sin®) + a,
c=kxf(sin®) + ¢,

using the least-squares method.

The values of the parameters a and c of the
tetragonal crystal lattice of nanocrystalline PdO
films calculated on the basis of the obtained
experimental X-ray diffraction data, depending
on the oxidation temperature T _, are shown in
figs. 1a and 1b as compared to the values of the
lattice parameters of the ASTM standard [22, 23].
It must be emphasised that heterophase PdO + Pd
films were synthesised as a result of oxidation
of the initial ultradispersed films of metal Pd
at T =570 Kand T, = 1120 K. The samples
synthesised at T = 570 K should be considered
as products of incomplete transformation of the
initial Pd layers into PdO oxide, while the samples
obtainedat T_ = 1120 K are products of the partial
thermal decomposition of nanocrystalline PdO
films. The authors [20] indicated that there were
reflections on the diffraction patterns of the
films synthesised at T, = 1120 K which could

(1a)
(1b)

0.536 /%’N %J I
$2
0.552 N
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b

Fig. 1. Dependences of the parameters a and c of the tetragonal lattice of nanocrystalline PdO films on the
oxidation temperature T, : I —homogeneous PdO films, 2 - heterogeneous PdO + Pd films; 3 - data of the ASTM

standard [22, 23]
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correspond to the structure of palladium (I) oxide
Pd,O [24]. Nevertheless, the formation of Pd,O
cannot be considered fully proved. The number
of low-intensity reflections established in this
work is insufficient for the accurate identification
of the phase.

As Fig. 1a and Fig. 1b show, the dependen-
cies a = f(T ) and ¢ = f(T,) for nanocrystalline
PdO films are characterised by similar behaviour:
the values of both parameters monotonously in-
crease with an increase in the oxidation tempera-
tureup to T_ =970 K, and with a further increase
in T >970 K their sharp decrease is observed. In
this case, the values of the lattice constant a of
nanocrystalline PdO films for the temperature
range T = 770-1070 K, is higher than the value
of the similar parameter of the ASTM standard
[23] (Fig. 1a). The range of oxidation temperatures
where the values of parameter c is higher than
the values of the ASTM standard is more specific:
fromT =870Kto T, =1070K (Fig. 1b). It should
be noted that heterogeneous nanocrystalline PdO
films obtained at T_=570Kand T_ = 1120 K are
characterised by the minimal values of the param-
eters of the tetragonal lattice (Fig. 1a and Fig. 1b).

The results of the calculations of the values
of the tetragonal lattice parameters (Fig. la
and Fig. 1b) indicate that the structure of
nanocrystalline PdO is considerably transformed
when the space group remains unchanged during
thermal oxidation.

1.84 1
1.82 F

1.80

1.78
1.76

2021;23(1): 62-72

Original articles

In this work, the values of the ratio of the c/a
parameters were calculated for a more accurate
estimate of the contribution of changes in the
a and c parameters to the overall picture of
deformation phenomena in the tetragonal lattice
of nanocrystalline PdO films. It is known that
the ¢/a ratio is a parametric feature of crystals of
the middle category and it reflects the degree of
anisotropy of the crystal structure and a number
of physical properties [25].

The change in the ¢/avalues for nanocrystalline
PdO films depending on the oxidation temperature
T, is presented in Fig. 2. As the figure shows, the
¢/a values for all single-phase nanocrystalline
PdO films obtained by oxidation in oxygen in
the temperature range 600 < T_ <1050 K are
significantly lower than the value calculated for
the reference sample from the ASTM database
[23]. On the contrary, the ¢/a values are higher
than the similar value of the reference sample
for heterogeneous samples (PdO + Pd) and
(PdO + Pd + Pd,0).

There is a flat minimum in the temperature
range 800 < T, <850 K on the c¢/a = (T, curve
presented in Fig. 2. The established nature of the
behaviour of the ¢/a = (T, ) curve indicates that
the increase in the tetragonal lattice parameters
of nanocrystalline PdO films is uneven. The main
contribution to the distortions of the tetragonal
crystal structure of palladium (II) oxide occurs
mainly due to an increase in the values of

1.74

1.72

Ratio of lattice parameters ¢/a, arb. unit

1.70

500 600 700 800

900 1000 1100 1200

Oxidation temperature 7, , K

o

Fig. 2. Dependence of the c¢/a ratio of the parameters of the tetragonal lattice of nanocrystalline PdO films on
the oxidation temperature T_: I —homogeneous polycrystalline PdO samples; 2 — heterogeneous polycrystal-
line (PdO + Pd) samples; 3 — data of the ASTM standard [23]
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the a parameter, that is due to an increase in
elementary translations along the OX and OY
coordinate axes. Thus, the deformation of the
tetragonal crystal structure of nanocrystalline
PdO films observed in the oxidation temperature
range 670 < T, < 1070 K is accompanied by a
decrease in the values of the parametric ratio
¢/a, which leads to a reduction in the degree of
anisotropy of the crystal structure.

An analysis of the nature of the transformation
of the tetragonal structure of nanocrystalline
PdO films during their synthesis needs to be
complemented with the calculations of the unit
cell volume of the crystal structure using the
formula:

V =a, (2)

uc

where V- is the unit cell volume; aand ¢ — are
parameters of the tetragonal crystal structure of
palladium (II) oxide. Such calculations allow as-
sessing the average degree of distortion of the
tetragonal structure of nanocrystalline PdO films
depending on the oxidation temperature due to
changes in the values of both parameters a and c.

The results of the calculations are presented
inFig.3asadependence V__=f(T, ). As the figure
shows, the unit cell volume V _of the crystal
structure of single-phase nanocrystalline films
of palladium (II) oxide monotonously grow with
an increase in the oxidation temperature from

0.052 [ %
1
B
Z 0.050 | )
g T <
3
o
£ 0.048 | iy
=
=
-
B 0.046 |
5
0.044

500 600 700 800 900 1000 1200

Oxidation temperature 7, , K

1100

Fig. 3. Dependence of the unit cell volume V__of the
tetragonal lattice of nanocrystalline PdO films on the
oxidation temperature T, : I —homogeneous polycrys-
talline PdO samples; 2 — heterogeneous polycrystalline
(PdO + Pd) samples; 3 — data of the ASTM standard
[23]
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T _=670Kto T =970 K. The maximum values
of vV are found in the temperature range 950 <
T <970K. At the same time, in the temperature
range T, =770~ 1070 K the values of the unit cell
volume V__for homogeneous PdO films exceed
the volume of the reference unit cell ASTM [23].

In the present work, the values of the X-ray
density were calculated for a fuller picture of
the analysis of the deformations in the structure
of nanocrystalline PdO films depending on the
oxidation temperature. As there are two formula
units of palladium (IT) oxide in a unit cell [20, 23],
the X-ray density p, . (PdO) was calculated using
the formula:

2M (PdO)
Vuc ’ NA

where M(PdO) is the molar mass of palladium (II)
oxide; V,__ is the unit cell volume; N, is Avogadro
number.

The results of the calculation using formula
(3) for palladium (II) oxide of stoichiometric
composition in the form of a dependence
Pxay(PdO) = (T, ) are presented in Fig. 4. As the
figure shows, the values p,  (PdO) monotonously
decrease with an increase in the oxidation
temperature in the range of 570 < T, < 970 K.
Minimal values of pXray(PdO) were established
for the oxidation temperature T ~ 970 K Further
increase in the oxidation temperature T, >970K
is accompanied by a sharp increase in the X-ray
density. It should be noted that maximum values
of density were obtained for heterogeneous
samples (PdO + Pd) and (PdO + Pd + Pd,0)
synthesised at T = 570 Kand T, = 1120 K
respectively.

The comparison of the obtained experimental
data on the change in the tetragonal lattice
parameters of nanocrystalline PdO films
synthesised at different temperatures (Fig. 1),
as well as the calculated dependences of the
change in the unit cell volume V= f(T ) and
X-ray density p,  (PdO) = f(T ), presented in
Fig. 3 and Fig. 4 respectively, indicate that the
authors’ suggestions [20] about the causes of
the distortion of the tetragonal of palladium (II)
oxide were appropriate. The increase in the unit
cell volume of the PdO tetragonal lattice with
an increase in the oxidation temperature at the
constant value of oxygen pressure is most likely

Pray PAO) = , 3)
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due to the incorporation of oxygen atoms into the
crystal structure of PdO [20]. It is known [26] that
the surface of nanostructures of wide-band metal
oxide semiconductors adsorbs oxygen molecules.
Moreover, depending on the temperature, the
ionisation of the adsorbed molecules of O, are
observed with the formation of oxygen diatomic
and monoatomic anions: O;, 0~, and O* [26]. The
nature of the ionised oxygen particles depends on
the temperature [26]. It was shown that double-
charged monoatomic anions of oxygen O% are
formed at the temperature of T, > 570 K [26].

The obtained calculation data on the change
in the X-ray density p,, (PdO) of nanocrystalline
PdO films with an increase in the temperature
also support this hypothesis (Fig. 4). A decrease in
the values of density pXray(PdO) can be explained
by the incorporation of oxygen atoms into the
lattice whose atomic mass is 6.6515 times smaller
than the mass of palladium atoms:

A(0) _ 159994
A(Pd)  106.42

3. Methodology for the calculation
of nonstoichiometry areas

In the present work, based on the obtained
experimental and calculation data, we propose
a method for the calculation of the range of the
nonstoichiometric areas of nanocrystalline PdO
films within the above-mentioned hypothesis,
which explains the deformation of the crystal
lattice depending on the oxidation temperature.

Duringthe calculation of the nonstoichiometric
areas of nanocrystalline PdO films, boundary
conditions were established and three main
assumptions were specified.

1. High proportion of the ionic component of
the chemical bond in palladium (II) oxide.

The review of the literature data shows
that, as for its chemical properties, palladium
(IT) oxide is a sparingly soluble basic oxide,
similar to MnO, NiO, FeO, etc. [25. 27, 28]. This
fact indicates that despite the low values of the
coordination numbers in the tetragonal structure:
CN(Pd,) = CN(O,,,) = 4, the proportion of the ionic
component of the chemical bond in palladium (II)
oxide is rather high.

The proportion of the ionic bond in palladium
(IT) oxide can be assessed using the method

= 0.150342. (4)
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Fig. 4. Dependence of the X-ray density Pyray NANO-
crystalline PdO films on the oxidation temperature
T : 1 - homogeneous polycrystalline PdO samples;

oxX

2 — heterogeneous polycrystalline PdO + Pd samples;
3 —data of the ASTM standard [23]; 4 — density values
of polycrystalline PdO samples obtained using the
hydrostatic method [26]

proposed by the authors of [29] based on the
comparison of the relative electronegativity (ENE)
of the elements that form the binary compound
of the AB composition. Within this method,
an elementary substance with semiconducting
properties, for example, single-crystal Si, has a
proportion of ionicity equal to zero, while caesium
fluoride CsF is characterised by a proportion of
ionicity equal to 1 (Fig. 5). The values of relative
electronegativity (ENE) of chemical elements
that form some binary compounds of the AB
composition are presented in Table 1.

A comparison of the values of the relative
electronegativity (ENE) of the elements by the
Pauling scale [30] is shown (Table 1):

Ax(CsF) = x(F) — x(Cs) = 3.98 = 0.79=3.19 (5 a)
Ay(NaCl) = x(Cl) — x(Na) = 3.16 — 0.93 = 2.27 (5 b)
Ay(PdO) = %(0) — y(Pd) = 3.44 — 2.20 = 1.24 (5 ¢)

Using this method [29] and its graphic
interpretation (Fig. 5), it is possible to determine
the proportion of the ionic component of the
chemical bond in palladium (II) oxide. As Fig. 5
shows, based on the value of the difference between
ENE of oxygen and palladium Ay(PdO) = 1.24
calculated using formula (5 c), the proportion
of the ionic component of the chemical bond in
palladium (II) oxide is approximately 39%.
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Table 1. The values of relative electronegativity (ENE) of some chemical elements [30]
and the proportion of the ionic component of the chemical bond in binary compounds

of the AB composition formed by these elements

Relative electronegativity of the elements (ENE) | Difference between ENE Degree of
Compound e
X, T.u. elements Ay, r.u. ionicity, r.u.
CsF x(Cs) =0.79 x(F) =3.98 Ay =3.19 1.0
CsCl x(Cs) =0.79 x(Cl)=3.16 Ay =2.37 0.76
NaF yx(Na) =0.93 x(F)=3.98 Ay =3.05 0.92
NaCl yx(Na) =0.93 x(CD) =3.16 Ay =2.23 0.68
MnO x(Mn) = 1.55 x(0) =3.44 Ay =1.89 0.59
PdO x(Pd) = 2.20 x(0) =3.44 Ax=1.24 0.39
Zn0O x(Zn) = 1.65 x(0) =3.44 Ay =1.79 0.5
ZnS x(Zn) = 1.65 x(S) = 2.58 Ay =0.93 0.28
o~ following parameters of the tetragonal lattice:

0,8 |-

0,6 -

04

02

Fraction of ionic bond, arb. unit
Jun “qJe ‘puoq JU[BAOD JO UOIIBI]

1 1 1 1 1

0,5 1,0 1,5 20 25 3,0
Electronegativity difference Ay, arb. unit

Fig. 5. Dependence of the proportion of the ionic
component of the chemical bond in AB binary com-
pounds on the value of the difference between the
relative electronegativity of the elements calculated
using the method [29]

The obtained values of Ayx(PdO) elements
and the value of the proportion of ionicity allow
concluding that the chemical bond in palladium
(I1) oxide is covalent with a significant proportion
of the ionic component. Therefore, it is quite
reasonable to assume that it is possible to
consider palladium and oxygen particles in the
crystal structure of palladium (II) oxide as ions
with spherical symmetry. For this reason, to
conduct the calculations it is reasonable to use
the data on the ionic radii of elements R(Pd?**) and
R(O%*) presented in Table 2 [30-32].

2. As a sample of palladium (II) oxide,
the composition of which corresponds to the
stoichiometric ratio of the components, we used
a standard from the ASTM database [23] with the
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a=0.30434 nm, c= 0.5337 nm. Thus, the unit cell
volume V) of the standard sample of PdO can be
expressed by the following equation:

VO =2V (Pd*)+2V(0* )+ V, (6)

where V(Pd*") and V(O%) are the volumes of pal-
ladium and oxygen anion respectively; V. is the
total volume of the tetrahedral and octahedral
voids.

3. To calculate the range of the homogeneity
(nonstoichiometry) area of nanocrystalline
PdO films, in the present work we used the
variant of the unit cell of the crystal structure
of palladium (IT) oxide suggested in [20]. This
variant of the representation of the PdO unit
cell (Fig. 6) completely corresponds to the latest
experimental data [23], in particular, to a set of
elements of the space group symmetry (SGS)
P4, /mmc, Pearson symbol tP4, Wyckoff position of
the atoms of Pd and O, as well as their multiplicity
[20, 23].

When calculating the values of deviation
from stoichiometry 6 of nanocrystalline films of
palladium (IT) oxide, we used the concept of the
“effective volume” of the particles of palladium
V_(Pd*) and oxygen V_(O*) in a unit cell. The
“effective volume” of the particles of palladium
and oxygen were determined using the ratio:

2V, (Pd*)+2V,(0)=V2, (7)

where V is the unit cell volume of the standard
of the ASTM data [23].

The values of d were determined when solving
the equation system:
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Table 2. Values of palladium Pd* and oxygen O% ionic radii [30 — 32]

Ion CoordmatclzoNn number Coordination polyhedron Values of ionic radii R, , nm
Pd* 4 Square (rectangular) 0.078 [30]; 0.086 [31]; 0.078 [32]
o* 4 Tetragonal tetrahedron | 0.132[30]; 0.140 [31]; 0.124* [31]; 0.132 [32]

*The values of ionic radius were obtained on the basis of quantum mechanical calculations.

Fig. 6. Unit cell of palladium (II) oxide tetragonal crystal structure (a) and projection of four unit cells on XOY
plane (b) with the indication of the elements of symmetry typical for SG P4,/mmc [20]

Vae(T,) =2V (PA*") + 2V, (0™) + 28 XV, (0)
Vg (Pd™) _ R*(Pd™) ®)
Vg(07) R(0M)

It was solved using MATCAD 10.

The results of the conducted calculations
are presented in Fig. 7 in the form of a
calculated diagram of the homogeneity region
of nanocrystalline PdO films. As the figure shows,
the values of the oxidation temperature T_ are
presented as a function of deviation from the
stoichiometric ratio 6 of the elements in the
composition of nanocrystalline palladium (II)
oxide films. The values & were calculated for two
different values of the radius of oxygen anion
R(0%*) =0.124 nm and R(0O*) = 0.140 nm known
from previous works (Table. 2). The calculation
of the values of deviation from stoichiometry &
using these values of radii of oxygen anion leads
to very similar results (Fig. 7).

According to the calculation results, the
nonstoichiometry area of nanocrystalline
PdO films obtained using oxidation in oxygen
is rather wide and varies in the range from
-0.20 + 0.04 <8 <0.12 + 0.04 mol. f. (Fig. 6). As
Fig. 7 shows, heterogeneous samples (Pd + PdO)
synthesised at T__ =570 Kand T_ = 1120 K are

Minimum oxygen

concentration
1200 ¢

Stoichiometric
ratio PdO
1

—
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I
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L ) . |

0 ; i
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Deviation from stoichiometric ratio 8, mole fraction

Fig. 7. The calculated model of the nonstoichiometry
area of nanocrystalline palladium (II) oxide films pre-
pared by oxidation in the oxygen atmosphere (O,
partial pressure is 105-110 kPa); 1,4 — homogeneous
PdO samples with a deficiency of oxygen atoms; 2,
5—homogeneous PdO samples with an excess of oxy-
gen atoms; 3, 6 — heterogeneous PdO + Pd samples; 1,
2, 3 — calculation for the ionic radius of oxygen O%*
R(0%*) = 0.124 nm; 4, 5, 6 — calculation for the ionic
radius of oxygen R(0%*) = 0.140 nm.
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characterised by the least content of oxygen
atoms (the area of negative values of 0). In the
latter case, nanocrystalline films show all the
signs of thermal decomposition. With the same
value of partial pressure O,, an increase in the
oxidation temperature from T, =570to T, =970-
1020 Kleads to an increase in the concentration of
oxygen atoms in nanocrystalline PdO films, which
is accompanied by an anisotropic increase in the
volume of the unit cell of the crystal structure
(Fig.3) and a decrease in the X-ray density (Fig.4).

Generalisation of the experimental and
calculation data obtained in the present work
allows stating the strong influence of the
oxidation temperature on the change in the
concentration of oxygen atoms in nanocrystalline
PdO films, which leads to the distortion of their
crystal structure.

Altogether, the obtained experimental and
calculated data indicate that the deviation from
stoichiometry can be caused by point defects in
the anion sublattice. As for nanocrystalline PdO
films that were synthesised at T_ = 570-670K, a
deficiency of oxygen atoms can be explained by
the formation of oxygen vacancies V. It is likely
that these vacancies are filled with oxygen atoms
when the oxidation temperature is increased
up to T = 770 K. PdO samples obtained at
T =870-1070 K are characterised by an excess
of oxygen atoms in relation to the stoichiometry
and minimal density values due to embedded
interstitial atoms of oxygen O.. Further increase
in the oxidation temperature leads to a decrease
in the concentration of oxygen atoms in the PdO
films, which indicates the retrograde nature of the
solidus line in this region of the composition and
temperature (Fig. 7).

The results of the conducted calculations
allow stating that single-phase nanocrystalline
PdO films possess a two-sided homogeneity
region in relation to the stoichiometric ratio
of the components. The data obtained in the
present work will contribute to the development
of effective gas sensors with best functional
parameters based on the nanostructures of
palladium (II) oxide.

4. Conclusions

1. Based on X-ray analysis, it was established
that the parameters of the tetragonal structure
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of nanocrystalline films of palladium (II) oxide
monotonously increase with an increase in
the oxidation temperature from T, = 570 K to
T =970Kand decrease at T_ > 970 K.

2. It was shown that the distortions of the
tetragonal lattice of nanocrystalline films of
palladium (II) oxide were mainly due to an
increase in the value of parameter a.

3. Based on the obtained experimental and
calculation data, an assumption was made
that the distortions of the tetragonal lattice of
nanocrystalline palladium (II) oxide films were
caused by the incorporation of excess oxygen
atoms.

4. Based on an assumption that the ionic
component of the chemical bond is essential,
we developed a calculation method for the
nonstoichiometry area of nanocrystalline
palladium (IT) oxide films.

5. Based on the conducted calculations, we
developed a model for the nonstoichiometry
areas of nanocrystalline palladium (II) oxide
films. It was shown that the nonstoichiometry
area is two-sided in relation to the stoichiometric
composition and is characterised by the retrograde
solidus line.
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Abstract

New compounds Li,Ba,Bi.(XO,), (X = Mo, W) were obtained by the ceramic technology. Those are the first representatives
of the ternary molybdates and tungstates Li,Ba,R,(XO,), family, which contain different from the rare earth elements
trivalent metal. The sequence of chemical transformations occurring during the Li,Ba,Bi,(WO,), formation has been
established. The primary characterization of the obtained phases was carried out and their ion-conducting properties were
studied. The synthesized compounds are shown to melt incongruently, isostructural to the lanthanide-containing analogues
(structural type of BaNd,(MoO,),, sp. gr. C2/c) and crystallize in the monoclinic crystal system with unit cell parameters
a=5.2798(1), b = 12.8976(4), c = 19.2272(5) A, B = 90.978(2)° (X = Mo), a = 5.2733(2), b = 12.9032(4), c = 19.2650(6) A,
B=91.512(3)° (X = W). Li,Ba,Bi,(XO,), are found to undergo the diffuse first-order phase transitions at 441°C (molybdate)
and 527°C (tungstate), after that their conductivity reaches values of 10-3-10* S/cm.
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1. Introduction

Currently, the class of ternary molybdates
includes more than 700 representatives,
characterized by a large stoichiometric and
structural diversity, and belongs to the most
dynamically replenished groups of complex
oxide compounds containing a tetrahedral anion
and three different cations. Triple molybdates
of different valence metals not only have a high
material science potential, but also due to the
wide possibilities of varying the elemental and
quantitative compositions are convenient model
objects for establishing genetic relationships in
the series of composition — structure — properties
of compound - properties of materials. A
significant place among them is occupied by
the family of triple molybdates obtained for all
lanthanides and yttrium with the composition
Li,Ba,R.(MoO,),, belonging to the structure type
BaNd,(MoO,), (sp. gr. C2/c, Z = 2) and related to
scheelite. These compounds are shown to possess
promising luminescent and generation properties
[1-3],as well as the properties of solid electrolytes
[1,4]. In particular, the obtained results aimed at
study of Li,Ba,R,(MoO,), (R = La, Gd, Y) doped
with Eu®", Tb%, Er®", Nd**, indicate the prospects
for their use as new photo- and IR-luminophores
and laser materials [2, 5-7]. Since 2009, studies
on the preparation of ternary tungstates of
lithium-barium-lanthanides, isoformular and
isostructural to the Li,Ba,Ln,(MoO,), which are,
like them, are of great not only scientific but also
practical interest started to appear [8-17]. Sizes
and quality of grown crystals Li,Ba,Ln,(WO,),
(Ln = La, Gd, Y) [9-12, 18] doped with Nd*,
Eu®, Tm3 and other ions, allowed proceeding
to a detailed study of the optical-generation
characteristics of these new highly efficient laser
media. Ceramics Li,Ba,La,(WO,),: Eu* [8] and
Li,Ba,Gd,(WO,),: Tb* [15] can be used as red and
green luminophores, respectively.

In this study, the first representatives of the
considered family of phases containing in their
composition a different from the rare earth trivalent
element - ternary bismuth — containing molybdate
and tungstate of composition Li,Ba,Bi(XO,),
(X =Mo, W) were obtained by directed solid state
synthesis. The primary characterization of the
obtained compounds was carried out and their
electrophysical properties were studied.
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2. Experimental

Industrial reagents Li,MoO,, Li,WO,, XO, (X =
Mo, W), Bi,O,, BaMoO,, BaCO, (chemically pure)
were used as source components for the synthesis
ofLi,Ba,Bi (XO,), (X=Mo, W).BaWO, was obtained
by annealing of the stoichiometric mixture of
BaCO, and WO, (600-850 °C, 70 h), Bi,(MoO,), -
by the reaction: Bi,O, + 3MoO, = Bi,(MoO,), (450~
500 °C, 50 h). Tertiary bismuth tungstate does not
exist; it could not be obtained by the solid-state
method, as it was shown in the literature data
[19] and proved by our unsuccessful attempts
to synthesize those. Therefore, in this case the
source component was an oxide mixture of Bi,O,
and WO,. AXO, (A = Ca, Sr, Cd, Pb; X = Mo, W),
required to study of the possibility of realizing
the considered structure in ternary molybdates
and bismuth tungstates with complete or partial
substitution of barium by another doubly charged
cation, were obtained by the interaction of ACO,
(chemically pure and analytical grade) and XO,
by the reaction ACO, + XO, = AXO,+ CO,. The
synthesis conditions were as follows: in case of Ca,
Pb - 500-650 ° C, Sr — 500-750 ° C, Cd — 450-500
°C for 50-60 h; tungstates: Ca, Sr - 600-900 °C,
Cd - 500-650 ° C, Pb - 500-750 °C for 70-80 h.
The single-phase of the synthesized materials was
monitored by powder X-ray diffraction analysis.
The obtained compounds were identified by
comparison with the ICDD PDF-2 database [20].

Powder X-ray diffraction analysis (XRD) was
performed using a Bruker D8 ADVANCE diffrac-
tometer (ACukK_, secondary monochromator, scan-
ning step 0.02076°). Unit cell parameters of poly-
crystalline samples Li.Ba,R (XO,), (X = Mo, W)
was calculated by the selection of an isostructur-
al compound. Unit cell parameters were refined by
the least squares method using the ICDD software
package for preparation of the experimental stan-
dards. The Smith—Snyder F,  criterion was used as a
validation criterion for X-ray patterns indexing [21].

Differential scanning calorimetry studies
were carried out using NETZSCH STA 449C
synchronous thermal analyser,V, .. ..,,,=10%/min.

For the ion-conducting properties investi-
gation the ceramic discs Li,Ba,Bi.(XO,), (X = Mo,
W) were prepared by pressing the powder at
1 kbar and annealing at 680 (X = Mo) or 730 °C
(X =W) for 4 hours. The density of the obtained
tablets was 90-95 % of the theoretical values. The



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

T.S. Spiridonova et al.

disks were in diameter of 10 mm and thickness
of 1.8 mm. In order to prepare electrodes, the
surfaces of the disks were coated with colloidal
platinum, followed by annealing at 660 (X = Mo)
or 710 °C (X = W) for 1 hour. The electrical
conductivity measurements of the samples were
tested using an impedance meter “Z-1500]” at
selected frequencies from 1 Hz to 1 MHz in the
temperature range of 200-650 °C (X = Mo) and
300-700 °C (X = W) with heating and cooling
rates of 2 deg./min.

3. Results and discussion

In the single-phase polycrystalline state, the
triple molybdate Li,Ba,Bi,(MoO,), synthesized by
annealing of stoichiometric mixtures of Li,MoO,,
BaMoO,, and Bi,(M0O,), at 450-550 °C for 150 h,
analogous triple tungstate Li Ba,Bi,(WO,), -
300 hour annealing of Li,WO,, BaWO, Bi,O, and
WO,, taken in a molar ratio of 3: 4: 3: 9, at 550~
700 °C (intermediate homogenization was carried
out every 15-20 h).

According to powder XRD data (Fig. 1), the
sequence of chemical transformations occurring
during the formation of Li,Ba,Bi,(WO,), from a

4)8

I/l
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stoichiometric mixture of oxides and tertiary
tungstates, can be illustrated by the scheme [22]:

LixWOy §50-610°C, e 650-680°C,
Ba—\\-’O 100 h le“'IOT 100 h
s L BaWOy p——
Bl2 0 Bi:WOs
WO -
) 700°C,
BaWw 04 100 h
— LiBi(WOy), —— LisBa:Bis(WOu)s
LizBa:Bia(WOy)s

The formation of Li,Ba,Bi,(MoO,), most likely
also proceeds through the stage of formation of
a double lithium-bismuth compound, but due to
the close temperature ranges of the formation of
intermediate and final products, the appearance
of LiBi(MoO,), in the reaction mixture was not
recorded.

According to the differential scanning
calorimetry (DSC) data, the obtained compounds
melt incongruently at 756 (X = Mo) and 786 °C
(X=W).In addition to BaWO, and LiBi(WO,), and
Bi,WO, the presence of BaMoO, and LiBi (M0O,),,
tungstate was revealed in the cooled melt of
molybdate by XRD analysis.

A A
T00°C
1 . 1 o 1 X 1 v 1 ] 1 . 1
10 15 20 25 30 35 40
26, degree

+BaWO, ® LiBi(WOs): ® Liz2W:07 » Bi2WOs

Fig 1. Powder X-ray diffraction patterns of the reaction mixture Li,WO, + 4BaWO, + 3Bi, 0, + 9WO,, sequential-

ly annealed at different temperatures
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Powder XRD patterns of Li,Ba,Bi,(XO,),
(X =Mo, W) were indexed satisfactory under the
assumption of isostructurality to lanthanide-
containing analogues (in the case of molybdate
F(30)=217.1(0.0035; 39), tungstate — F(30) = 162.3
(0.0047; 39)). The obtained crystallographic
characteristics are shown in Table 1, the results of
indexing of Li,Ba,Bi,(WO,), are shown in Table 2.
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The possibility of realizing a similar structure
in ternary bismuth molybdates and tungstates
by replacing barium with another double-
charged cation A?* was investigated. However,
attempts to synthesize Li,A,Bi (XO,), (A = Ca,
Sr, Cd, Pb) were unsuccessful. The compositions
Li,Ba A Bi,(MoO,), were obtained by the partial
substitution of barium with strontium, cadmium,

Table 1. Crystallographic characteristics of Li,Ba,Bi,(XO,), (X = Mo, W), sp. gr. C2/c, Z = 2

Unit cell parameters s
Compound e bA A 5o Vv, A
Li,Ba,Bi,(M0O,), 5.2798(1) 12.8976(4) 19.2272(5) 90.978(2) 1309.12
Li_Ba,Bi,(WO,), 5.2733(2) 12.9032(4) 19.2650(6) 91.512(3) 1310.38
Table 2. Indexing results of powder X-ray diffraction pattern for Li,Ba,Bi,(WO,),

20 ° || d Al h k 1 A= 20 ° |V |d Al h k 1 As

exp? 0] Texp? =20,,,~ 26 ,.,° exp? 0| Texp? =20,,,-20,_,,°
9.191 | 31 |9.6140| 0 0 2 -0.014 35.032 | 1 |2.5593 (-2 0 2 -0.002
13.723 | 3 | 6.4475| 0 2 O -0.009 35.293| 1 |2.5410 (-1 3 5 -0.004
16.539 | 2 |53555| 0 2 2 -0.013 35.447 | 16 | 2.5303 | 0 2 7 -0.006
18.163 | 2 |4.8802| 1 1 O +0.001 35.527 | 1 |2.5248| 2 0 2 -0.008
18417 | 18 | 4.8134| 0 0 4 -0.004 35900 | 2 [ 24994 | 1 3 5 -0.003
18.637 | 14 | 4.7571 |-1 1 1 -0.004 36.810 | 1 [ 24397 | 2 2 0 -0.005
18857 | 11 | 47021 | 1 1 1 -0.004 37084 | 1 |24223|-1 1 7 +0.004
19501 | 5 | 45482 | 0 2 3 -0.010 37322 | 1 | 24074 0 0 8 +0.001
20.184 | 5 [ 43958 (-1 1 2 -0.002 38.601 | 1 |[23305|-1 3 6 -0.014
20.592 | 1 [ 43097 | 1 1 2 -0.005 38.814 | 1 |2.3182(|-1 5 0 +0.007
22.601 | 10 | 3.9309 [-1 1 3 -0.003 39.056 | 1L | 2.3044 |-1 5 1 +0.000
23.032| 6 [ 3.8583| 0 2 4 -0.002 39.168 | 2 [ 22981 | 1 5 1 +0.000
23.148 | 8 [3.8392| 1 1 3 -0.004 39.268 | 3 [2.2924| 1 3 6 -0.006
25.650 | 66 | 3.4701 [-1 1 4 +0.002 39.382 | 5 [ 22861 2 0 4 -0.012
26.298 | 57 [ 33861 | 1 1 4 -0.001 39.819 | 2 |[2.2620| 2 2 3 -0.010
26.723 | 16 | 3.3332 -1 3 0 0.005 39945 | 2 | 22551 0 2 8 -0.005
26943 | 9 | 33065 0 2 5 -0.005 41.030 | 1 |[2.1980|-2 2 4 -0.004
27.059 | 86 | 3.2926 |-1 3 1 -0.004 41.228 | 1 |2.1879|-1 5 3 -0.006
27.219 [100| 3.2736 | 1 3 1 -0.009 41.384 | 2 |2.1800|-1 1 8 -0.003
27.639 | 8 [3.2248| 0 4 O -0.009 41554 | 1L |2.1714| 1 5 3 -0.011
28.032 | 11 | 3.1804| 0 4 1 -0.009 41879 | 2 [2.1553| 2 2 4 +0.000
28.172 | 51 | 3.1650 |-1 3 2 -0.006 41975| 2 [2.1506| 0 6 O +0.002
28.464 | 45 | 3.1331 | 1 3 2 +0.000 42.245 | 1L | 2.1375| 0 6 1 +0.006
29.167 | 97 | 3.0592 |-1 1 5 -0.007 42946 | 2 (21042 1 3 7 -0.005
29.880 | 63129878 | 1 1 5 -0.003 43041 1 [2.0998| 0 6 2 +0.021
29.982 | 28 | 2.9779 |-1 3 3 -0.002 43.083 | 3 [2.0979|-1 5 4 -0.002
30402 | 26 {29377 | 1 3 3 -0.001 43158 | 1 |2.0944| 0 4 7 +0.024
31.001 | 47 | 2.8823| 0 4 3 -0.001 43.378 | 2 | 2.0843|-2 2 5 -0.001
31.097 | 61 | 2.8736 | 0 2 6 -0.001 44.391 | 25 12.0390| 0 6 3 -0.003
32.998 | 8 | 2.7123 (-1 1 6 +0.000 44,584 | 23 |1 2.0306 | 0 2 9 -0.008
33411 | 14 | 2.6797 | 0 4 4 -0.003 44740 | 2 |2.0239| 2 4 1 -0.033
33781 | 5 | 26512 1 1 6 -0.012 45.180 | 12 | 2.0052 |-2 4 2 +0.005
33.985| 61 | 2.6357 | 2 0 O +0.000 45395 | 2 | 19962 |-1 5 5 +0.001
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End of Table 2
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o A= o A=
20,,,° | VI, | do, A | h k1 26, -26_,° 20,,,° |VI,| dy, A | h ko “26,,-26,,°
45.581 | 1519885 | 2 4 2 +0.001 56.460 | 8 | 1.6285|-2 2 9 -0.006
45881 | 3 |19762| 1 5 5 +0.009 56.557 | 2 | 1.6259 |-3 3 0 -0.029
46.136 | 21 | 1.9659 |-2 2 6 +0.004 56.627 | 11 | 1.6241 | 3 1 4 +0.009
46.190 | 26 | 1.9637 | 0 6 4 +0.004 56.810 | 4 | 1.6193 (-2 6 3 -0.006
46.363 | 25 [ 1.9568 |-2 4 3 +0.003 56.869 | 7 | 1.6177| 3 3 1 +0.006
46.948 | 22 (19338 | 2 4 3 +0.001 57.142 | 6 | 1.6106 -3 3 2 +0.009
47077 | 2 [1.9288| 0 4 8 -0.014 57.309 | 4 | 1.6063| 2 6 3 +0.000
47.147 | 9 |1.9261| 0 0 10 +0.006 57464 | 8 | 1.6024 |-3 1 5 +0.002
47311 | 17 | 19198 | 2 2 6 -0.006 57.651 | 4 | 1.5976 | 3 3 2 +0.003
48.018 | 6 |1.8931 |-2 4 4 +0.001 57.965 | 5 | 1.5897 | 2 2 9 +0.002
48.116 | 4 | 1.8895|-1 5 6 +0.000 58.112 | 2 | 1.5860 |-3 3 3 -0.001
48.447| 3 | 18774 0 6 5 -0.008 58229 | 7 |1.5831|-2 6 4 +0.013
48.680 | 5 | 1.8689 | 1 5 6 +0.003 58.287 | 14 | 1.5817 |-1 5 9 +0.011
48.771 | 7 |1.8657 | 2 4 4 +0.004 58.557 | 2 | 1.5750 |-2 0 10 +0.006
49.270 | 11 | 1.8479 |-2 2 7 -0.003 58.659 | 4 | 1.5725|-2 4 8 -0.007
49.347 | 11 [ 1.8452| 0 2 10 -0.004 58.727 | 4 | 1.5709 | 3 1 5 -0.013
50.249 | 1 [1.8142|-1 3 9 -0.006 58.893 | 13 | 1.5668 | 2 6 4 +0.011
50.481 | 9 |1.8064 |-1 1 10 -0.003 59.043 | 10 | 1.5632 | 1 5 9 +0.000
50.565 | 10 [ 1.8036 | 2 2 7 -0.005 59.148 | 1 | 1.5607 |-1 3 11 +0.002
51.066 | 1 [1.7871| 1 3 9 -0.001 59.302 | 1 | 1.5570| 0 2 12 -0.016
51.198 | 25 | 1.7828 |-1 5 7 -0.001 59.704 | 2 | 1.5475|-3 1 6 +0.001
51.391 | 11 [ 1.7765| 1 1 10 -0.003 59.972 | 1 | 1.5412| 2 4 8 -0.006
51.829 | 24 [1.7625| 1 5 7 +0.000 60.070 | 3 | 1.5389| 0 4 11 0.008
52.069 | 2 [1.7550| 2 0 8 +0.012 60.210 | 3 | 1.5357 |-1 1 12 -0.001
52.558 | 22 [1.7398 | 1 7 0 -0.007 60.459 | 7 | 1.5300 -2 2 10 +0.000
52.746 | 8 |1.7340|-1 7 1 -0.008 60.887 | 1 | 1.5202| 2 6 5 +0.006
52826 | 7 | 1.7316 | 1 7 1 +0.000 61.040 | 1 |1.5168| 0 6 9 -0.003
53.373| 4 | 1.7151 -1 7 2 +0.008 61.181| 2 | 1.5136 | 1 1 12 +0.001
53.558 | 2 | 1.709 | 1 7 2 -0.001 62.057 | 7 |1.4943| 2 2 10 +0.013
53.665 | 2 | 1.7065 | 2 4 6 -0.004 62.150 | 1 |1.4923|-2 4 9 +0.005
54.601 | 1 | 1.6794|-1 3 10 -0.007 62.274 | 1 | 1.4897 |-1 5 10 -0.005
54727 | 1 | 1.6759 |1 7 3 +0.005 62.368 | 5 | 14876 0 8 5 -0.004
55.063 | 2 | 1.6664 |-2 6 0 +0.005 62.465 | 1 |1.4856| 3 3 5 +0.000
55.270 | 7 | 1.6607 -1 1 11 -0.007 63.061 | 1 |1.4729| 1 5 10 +0.004
55.526 | 1 | 1.6536| 0 4 10 0.002 63.220 | 1L | 14696 | 2 6 6 +0.035
55.627 | 8 [ 1.6509 -3 1 4 -0.012 63.908 | 2 |1.4555|-1 3 12 +0.000
55.832 | 3 |1.6453 (-2 6 2 -0.045 64.135| 1 |1.4508 |-3 5 1 +0.008
56.021 | 2 |1.6402 |-1 7 4 -0.030 64.475 | 1L | 1.4440 | 0 2 13 +0.009
56.133 | 1 |1.6372| 2 6 2 -0.005 64.608 | 8 [1.4414| 0 8 6 +0.010
56.208 | 5 [1.6352| 1 1 11 -0.004 64.832 | 6 [1.4369| 0 4 12 +0.003

and lead in the single-phase state. The solubility
limit in similar tungstates was less than 5%.
The ion-conducting properties of the obtained
compounds were studied. It was established that
Li,Ba,Bi,(XO,),undergo phase transformations at
441 (X = Mo) and 527 °C (X = W), which, based
on the presence of temperature hysteresis in
lg (6T)-(10%/T) dependences in the heating -

cooling cycle can be interpreted as the first order
diffuse phase transitions. After the transition,
the conductivity Li,Ba,Bi,(M0O,), reached
values of 3.5 107 S/cm (640 °C) at E, = 1.0 eV,
Li,Ba,Bi,(WO,), — 2.7 10* S/cm (700 °C) at
E_=0.8 eV.Temperature dependence of electrical
conductivity of Li,Ba,Bi,(MoO,), as an example is
shown in Fig. 2. The obtained interdependence
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of the active and reactive components of
the electrical impedance for this compound
(at temperatures before and after the phase
transition), typical for ionic conductors with
blocking electrodes is shown in Fig. 3.

4. Conclusions

Thus, the first compounds of Li,Ba,R.(XO,),
(X = Mo, W) family were obtained with the
structure of BaNd,(MoO,), (sp. gr. C2/c, Z = 2),
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Z = 2), containing different from the rare earth
elements a trivalent metal. The sequence of
chemical transformations occurring during
the synthesis of ternary tungstate of lithium,
barium, bismuth from a stoichiometric mixture
of tertiary tungstates and oxides was established.
Crystallographic and thermal characteristics of
Li,Ba,Bi.(XO,), (X=Mo, W) were determined and
their ion-conducting properties were studied. It
was shown that triple molybdates and tungstates

1-
0 4
(&)
0,
O/
d % 7,
., \'{9
g 17 ‘ ...‘t
& 1 - §"
w &
ﬁ '2 -1 69‘9 “
= D, ®u
. = 100 Hz "u:t“
® 1kHz LY 4
| = *Xa i * 4 A A
10 kHz t28fxa
P ¥ 100 kHz * sl
I . I L ] L ] Y ] ! ] ! 1 ¥
11 1.2 1.3 1.4 , 1.5 1.6 1.7
1000/T, K~
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Fig. 3. Nyquist plot for Li,Ba,Bi,(M0O,), at 673 K (a) and 813 K (b)
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Li,A,Bi (XO,), (A = Ca, St, Cd, Pb; X = Mo, W) with
the structure BaNd,(MoO,), are not formed.
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Abstract

The methods of theoretical description of the patterns of changes in thermodynamic properties depending on the composition
and structure of solution components are a priority direction in the development of the theory of solutions. This article is
devoted to the establishment of relationships between the thermodynamic properties, composition of solutions, and the
structure of their components. The study of the thermodynamic properties of binary solutions formed by a common solvent
(ethylbenzene) and substances of the homologous series of n-alkylbenzenes contributes to the establishment of the
aforementioned relationships. In the production of ethylbenzene and its homologues, solutions based on n-alkylbenzenes
are quite common. Alkylbenzenes are widely used in various fields of science and chemical technology as solvents, extractants,
and plasticisers.

Using the ebuliometric method, we measured the boiling points of solutions of four binary systems formed by ethylbenzene
and n-alkylbenzenes under various pressure values. Compositions of equilibrium vapour phases of the binary systems were
calculated using the obtained isotherms of saturated vapour pressure of the solutions. Using the Runge-Kutta method, the
composition of the vapour phases of the solutions of the systems was calculated by the numerical integration of the Duhem-—
Margules equation on a computer. The obtained data on the vapour-liquid equilibrium became the basis for calculating the
thermodynamic functions of the systems’ solutions. The Gibbs and Helmholtz energy values, the enthalpies of vaporisation
and mixing, the internal energy, and entropy of solutions were calculated. The thermodynamic properties of the solutions
were calculated using a comparison of the values based on two standards: an ideal solution and an ideal gas.

It was found that the values of the Helmholtz energy linearly depend on the molar mass of the substance (the number of
—CH,- groups in a molecule) in the homologous series of n-alkylbenzenes. An increase in the Helmholtz energy values for
n-alkylbenzenes in the homologous series is associated with a linear increase in the molar volume of liquid substances and
an exponential decrease in the saturated vapour pressure of substances. For binary solutions of constant molar concentrations
formed by ethylbenzene and n-alkylbenzenes, the Helmholtz energy linearly depends on the molar mass (number of —~CH,~
groups in the molecule) of n-alkylbenzene in the homologous series. We obtained an equation that makes it possible to
predict the thermodynamic properties of solutions of binary systems with high accuracy. The equation accelerates the process
of studying vapour-liquid phase equilibria and thermodynamic properties of solutions of binary systems by 300 times. The
determined patterns confirm the hypothesis of the additive contribution of functional groups to the thermodynamic properties
of solutions. This hypothesis underlies the statistical theory of group models of solutions. The thermodynamic patterns
determined by this study can also be used to solve a wide range of technological issues in the chemical industry.
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1. Introduction

To determine the relation between thermody-
namic properties, molar characteristics, and the
concentration of the components of solutions, the
data on the properties of binary systems formed
by substances of homologous series are the most
valuable [1]. The existing methods for calculating
the properties of multicomponent systems are
also based on the properties of their binary com-
ponents [2]. In the production of ethylbenzene
and its homologues, solutions formed by n-alkyl-
benzenes are quite common [3,4]. The literature
data on the properties of these solutions are frag-
mentary, since they have been mainly studied for
technological purposes. At various temperatures,
we studied vapour-liquid phase equilibria and
bulk properties of solutions of the binary systems
formed by ethylbenzene (common solvent) and:
benzene, toluene, n-propylbenzene, n-butylben-
zene (the second components of the solutions).
The article attempts to establish the relationship
between the Helmholtz energy values and the
composition and molar mass of the components
of solutions of the ethylbenzene and n-alkylben-
zenes systems. Such relationships were previous-
ly established for solutions of 160 binary systems
formed by substances of organic compounds of
various classes.

2. Experimental

Benzene and ethylbenzene of kh. ch.
(chemically pure) grade, toluene of os. ch.
(special purity) grade, and n-propylbenzene and
n-butylbenzene from Merk of “for synthesis”
grade were purified as recommended in [5] and
distilled without the access of air on a laboratory
rectification column. Residual moisture was
determined by potentiometric titration using

Table 1. Properties of purified substances
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the Fischer reagent [6]. The content of water in
the reagents did not exceed 0.01%. The physical
constants of the purified substances, provided
in Table 1, satisfactorily coincided with the
literature data [7, 8, 9]. The saturated vapour
pressure (P) was measured at the boiling point of
liquid (T) using the Swietoslawski ebulliometers.
The constant pressure in the system was
maintained by an isodromic regulator with a
precision of up to # 6.6 N/m? The saturated
vapour pressure of the solutions was measured
with a mercury manometer using a V-630
cathetometer (GOST 15150-69) with a precision
of # 6.6 N/m?; and atmospheric pressure was
measured with a first-class mercury barometer
with the same precision. The density of solutions
was measured with the Ostwald pycnometers with
a precision of + 0.1 kg/m3[10].

3. Results and discussion

The isotherms of saturated vapour pressure
P = f(x) of the solutions constructed on the basis
of experimental data P= f(T) served as the basis
for calculating the compositions of equilibrium
vapour phases of the systems. Earlier it was
established that at low pressure values the vapour
phase of solutions of the systems is regulated by
the ideal gas laws with the accuracy presented
in our experiment [11]. The compositions of the
equilibrium vapour phases of solutions of the
systems were calculated by numerical computer
integration of the Duhem-Margules equation,
which at T= const and under the condition of the
ideal vapour phase takes the form [11]:

dy=y(1-y)dP/(y-x)P, (1)
where x, y are the mole fractions of the high-
boiling component in liquid and vapour forms; P

Experimental value Literature value
Substance px T,K n% p2o, T,K n
benzene 0.8789 353.3 1.5008 0.8790 353.25 1.5011
ethylbenzene 0.8671 383.8 1.4965 0.8669 383.77 }igg?
STUIIGEH30IT 0.8672 409.4 1.4959 0.8671 409.3 1.4959
n-propylbenzene 0.8620 432.3 1.4916 0.8619 432.4 1.4920
n-butylbenzene 0.8613 456.4 1.4898 0.8609 456.4 1.4898

Designations: p2° -density, g/cm’, T - boiling point K under normal pressure, n, - refractive index at T = 293 K.
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is the saturated vapour pressure of a binary
solution. Analysing the compositions of
equilibrium vapour phases of solutions, we can
see that solutions of the ethylbenzene and
n-alkylbenzenes systems have negative deviations
from the ideal state. The toluene concentration
in the vapour phase of the systems increases with
an increase in the molar mass of the second
component of solution (Table 2). When rectifying
solutions of the systems, the concentration of
ethylbenzene in the vapour phase of the systems
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is higher than the concentration of propyl- and
butylbenzene, and less than the concentration of
benzene and toluene molecules. An increase in
temperature (pressure) increases the concent-
ration of ethylbenzene in the vapour phase of
solutions of the ethylbenzene-benzene and
ethylbenzene - toluene systems. On the contrary,
for ethylbenzene - propylbenzene and ethylben-
zene — butylbenzene solutions, an increase in
temperature decreases the concentration of
ethylbenzene in the vapour phase, since

Table 2. Vapour-liquid phase equilibria and the thermodynamic properties of solutions of the eth-
ylbenzene and n-alkylbenzene systems at T'= 353 K

Parameter ethylbenzene — benzene

X 1.0000 | 0.9000 | 0.8000 | 0.7000 | 0.6000 | 0.5000 | 0.4000 | 0.3000 | 0.2000 | 0.1000 | 0.0000
y 1 0.6102 | 0.4064 | 0.2833 | 0.2011 | 0.1424 | 0.0986 | 0.0648 | 0.0381 | 0.0168 0

P 16.75 | 24.52 | 32.65 | 40.88 | 49.20 | 57.62 | 66.14 | 74.75 | 83.46 | 92.27 | 101.00
Vv 130.5 | 127.0 | 123.5 | 120.0 | 116.5 | 113.0 | 109.5 | 106.0 | 102.5 | 99.0 96.0
G 0.00 |-36.50 | —47.70 | -55.40 | -60.20 | —-62.00 | -60.70 | —55.50 | —45.30 | -28.10 | 0.00
He 0.000 | -2.097 | -2.912 | -3.135| —3.038 | —2.746 | -2.329 | -1.825 | —1.259 | -0.647 | 0.000
Se 0.00 | -5.84 | -8.11 | -8.72 | -8.43 | -7.60 | -6.42 | -5.01 | -3.44 | -1.75 | 0.00
H 39.53 | 36.11 | 34.47 | 33.41 | 32.68 | 32.14 | 31.72 | 31.40 | 31.13 | 30.91 | 30.72
U 36.60 | 35.25 | 34.40 | 33.56 | 32.73 | 31.89 | 31.06 | 30.24 | 29.41 | 28.59 | 27.80
AT 18.21 | 17.80 | 17.37 | 16.93 | 16.50 | 16.06 | 15.62 | 15.19 | 14.75 | 14.30 | 13.85
S 50.69 | 49.43 | 48.26 | 47.11 | 45.98 | 44.85 | 43.74 | 42.64 | 41.55 | 40.48 | 39.51

ethylbenzene - toluene

y 1 0.7942 | 0.6305 | 0.4976 | 0.3878 | 0.2957 | 0.2175 | 0.1506 | 0.0929 | 0.0429 0

P 16.66 | 18.83 | 21.07 | 23.32 | 25.60 | 27.90 | 30.24 | 32.58 | 34.96 | 37.36 | 39.69
\% 130.5 | 128.8 | 127.1 | 125.5 | 123.8 | 122.1 | 120.4 | 118.8 | 117.1 | 1154 | 113.7
G 0.00 |-15.00|-20.40 | -24.40 | -27.00 | -27.90 | —27.00 | -23.90 | —-18.20 | -9.00 | 0.00
He 0.000 |-0.211 | -0.581 | -0.994 | -1.365 | -1.620 | -1.699 | -1.557 | —=1.176 | -0.587 | 0.000
Se 0.00 | -0.56 | -1.59 | -2.75 | -3.79 | —-4.51 | -4.74 | -4.34 | -3.28 | -1.64 | 0.00
H 39.53 | 38.95 | 38.22 | 37.44 | 36.71 | 36.08 | 35.64 | 35.42 | 35.43 | 35.66 | 35.88
U 36.60 | 36.02 | 35.29 | 34.51 | 33.77 | 33.15 | 32.71 | 32.48 | 32.50 | 32.72 | 32.95
AT 18.21 | 18.03 | 17.82 | 17.60 | 17.39 | 17.18 | 16.96 | 16.75 | 16.53 | 16.30 | 16.09
St 52.01 | 50.95 | 49.47 | 47.87 | 46.38 | 45.23 | 44.59 | 44.57 | 45.23 | 46.50 | 47.74

ethylbenzene — n-propylbenzene

y 1.0000 | 0.9540 | 0.9003 | 0.8385 | 0.7673 | 0.6851 | 0.5898 | 0.4783 | 0.3468 | 0.1897 | 0.0000
p 16.66 | 15.67 | 14.72 | 13.77 | 12.85 | 11.93 | 11.04 | 10.16 | 9.293 | 8.426 | 7.621
Vv 130.5 | 132.3 | 134.1 | 135.8 | 137.6 | 139.4 | 141.1 | 1429 | 144.6 | 146.4 | 148.2
G 0.00 |-35.30|-50.60 | —59.30 | -62.80 | —-62.20 | —-57.80 | —50.30 | —39.70 | -26.40 | 0.00
He 0.000 | -0.703 | -0.834 | -0.887 | —0.960 | —1.033 | -1.054 | -0.972 | -0.758 | -0.411 | 0.000
Se 0.00 | -1.89 | -2.22 | -2.34 | -2.54 | -2.75 | -2.82 | -2.61 | -2.04 | -1.09 | 0.00
H 39.53 | 39.85 | 40.22 | 40.69 | 41.04 | 41.10 | 41.18 | 41.19 | 41.28 | 42.06 | 44.02
U 36.60 | 36.92 | 37.29 | 37.76 | 38.11 | 38.17 | 38.25 | 38.26 | 38.34 | 39.13 | 41.08
AT 18.21 | 18.44 | 18.64 | 18.84 | 19.04 | 19.23 | 19.42 | 19.61 | 19.79 | 19.98 | 20.15
S 52.04 | 52.32 | 52.79 | 53.56 | 54.17 | 54.11 | 53.34 | 52.38 | 52.26 | 54.22 | 59.26
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ethylbenzene — n-butylbenzene
y 1.0000 | 0.9830 | 0.9618 | 0.9355 | 0.9022 | 0.8591 | 0.8015 | 0.7207 | 0.5996 | 0.3984 | 0.0000
p 16.66 | 15.24 | 13.76 | 12.32 | 10.91 | 9.53 8.19 6.87 559 | 4.33 3.18
\4 130.5 | 134.0 | 137.5 | 140.9 | 1444 | 1479 | 151.4 | 1549 | 1584 | 161.8 | 165.3
G 0.00 | -57.10 | -83.90 | -97.00 |-100.60| -96.70 | -86.70 | -71.50 | -51.60 | —27.60 | 0.00
He¢ 0.000 | -0.810 | -1.259 | -1.510| -1.609 | -1.584 | -1.451 | -1.225| -0.917 | -0.533 | 0.000
S 0.00 | -2.13 | -3.33 | -4.00 | -4.27 | -4.21 | -3.87 | -3.27 | -2.45 | -1.43 | 0.00
H 39.53 | 39.05 | 39.41 | 39.97 | 40.69 | 41.53 | 42.48 | 43.52 | 44.64 | 45.84 | 47.18
U 36.60 | 36.95 | 37.23 | 37.59 | 38.07 | 38.73 | 39.61 | 40.77 | 42.28 | 44.22 | 46.68
A 18.21 | 18.69 | 19.13 | 19.57 | 19.99 | 20.41 | 20.83 | 21.24 | 21.65 | 22.06 | 22.40
S 52.05 | 51.71 | 51.23 | 51.03 | 51.19 | 51.87 | 53.19 | 55.30 | 58.42 | 62.74 | 68.74

Designations: x and y — mole fractions of ethylbenzene in liquid and vapour phases of the systems, respectfully (x — refers to
solutions of all systems); P — saturated vapour pressure of solutions (kPa); V — molar volume of solutions(cm3/mol); G¢ — excess
Gibbs energy J-mol--K'\; H¢ - excess enthalpy of solutions (k]-mol!); S¢ — excess entropy of solutions (J-mol-*-K!); H — enthalpy
of vaporisation of solutions (k]-mol'); U" - internal energy (k]-mol!); A”— Helmholtz energy of solutions (k]xmol*); S" - entropy

of solutions (J-mol--K™1)

ethylbenzene has a lower enthalpy of vaporisation.
The noted deviations in the vapour phase
equilibrium of the systems are consistent with
Konovalov’s and Vrevsky’s laws [12]. Based on the
obtained P-X-Y-T data, using the known
thermodynamic relations, we calculated the
values of the activity coefficients (7y;) and the
excess chemical potentials of the mixture
components (p°), as well as the values of the
excess Gibbs energy (G¢) for solutions of the

systems [1, 12]:

Y, =Py, /P’x, , (2)
W' =RTIny,, 3)
G° = RT(x,Iny, +x, InY,), 4)

where x, y. are the concentration of the
i-component in the liquid and vapour phase of
the solution; P, P’ are, respectively, the saturated
vapour pressure of the solution and pure
i-component; R is the universal gas constant; 7T,
K. The results of calculations show that for the
components of solutions y, < 1, u¢< 0 for the entire
concentration range. An increase in the molecular
mass of the second component of solutions is
associated with an alternation of negative
deviations in the systems’ properties. The
absolute values of the excess Gibbs energy (G¢ <
0) decrease for the series of ethylbenzene-
benzene, ethylbenzene-toluene solutions and
again increase for the ethylbenzene and

0,5
X - mole

T 0,00

0,6
fraction

0,7

0,8

0,9

-0,20

-0,40

-0,60

-0,80

-1,00

Ge, kJ/mol

-1,20

Fig. 1. Dependence of the excess Gibbs energy (G¢) on the composition of solutions of the systems at T=353 K:
1 - ethylbenzene - benzene; 2 — ethylbenzene - ethylbenzene; 3 — ethylbenzene — n-propylbenzene; 4 — ethyl-
benzene — n-butylbenzene; x — ethylbenzene concentration
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n-propylbenzene, ethylbenzene, and
n-butylbenzene solutions (Fig. 1). The enthalpies
of mixing (excess enthalpies) of solutions (H®)
were calculated by equation (5), using
experimental and literature data [7, 9, 13]:

dlny,
5T )XJ’ ()

where v,,v, are the activity coefficients of ethyl-
benzene and n-alkylbenzene, x, is the mole fraction
of ethylbenzene in the mixture, R is the gas con-
stant. The enthalpy of vaporisation of solutions of
the systems (Hx) was calculated using equation (6):

H, =H°x +H’(1-x)+H¢, 6)

where H),H are the enthalpies of vaporisation
of the pure components H°® is the excess enthalpy
of the solution, x, is the mole fraction of ethylben-
zene in the mixture [13, 14]. When the compo-
nents are mixed, in solutions of the systems, we
can observe exothermic heat effects (H¢ < 0). This
value also alternates with an increase in the mo-
lar mass of the second component (Fig. 2). The
values of the excess entropy of solutions of the
systems (S¢) were calculated using the Gibbs equa-
tion. By analysing the obtained data, we deter-
mined that the concentration relation of the ex-
cess entropy S¢= f(x) of solutions symbatically
imitates the isotherm H¢= f(x) (Table 2). This can
be explained by the affinity of the mechanisms for
structuring solutions of the systems characterised
by correlation distribution functions [15, 16]. In
the Gibbs equation, the predominance of the en-

. dlny
H®=-RT" |:X1(a—Tl)X2 +(1-x,)(
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thalpy component over its entropy component
causes negative deviations in the properties (G <
0) of solutions of the systems (Table 2). We did
not manage to formulate an equation representing
the relation between the values of the Gibbs en-
ergy, enthalpy, and entropy of solutions (calculat-
ed using the standard of an ideal solution) and the
molar mass and composition of the components
of solutions. Calculating the properties of solu-
tions based on the properties of ideal solutions
makes it difficult to assess the intermolecular
interaction (IMI) in solutions. It should be noted
that in pure liquids IMI sometimes has a more
complex nature than in solutions [15, 16]. The
choice of the standard state proposed by Lewis
makes the assessment of IMI in solutions insen-
sitive. For example, for an individual liquid in
equilibrium with vapour, the Gibbs energy change
is:AG=G, -G g = 0. Back in 1935, Rakovskii
wrote that “the path of the Lewis’ school is prac-
tically useful, but it began to dominate research-
ers, obscuring the theoretical side of thermody-
namics from them” [17]. Anumber of researchers
(Bell and Gatty, Hirschfelder, Curtiss and Bird,
Nikolskii, Rowlinson) noted the insufficiency of
the formal description of the thermodynamic
properties of solutions, for example, [18, 19, 20].
The studies of these and some other scientists
contain interesting attempts to assess the contri-
bution of the intermolecular interactions to
changes in the thermodynamic functions of solu-
tions. The possibility of developing a general
approach to assessing the contribution of the IMI

0,40

0,20

0,p0

-150 f
2,00 f
250 f

He ,kJ/mol
3,00 |

350 L

x- molefraction

0,60

Fig. 2. Dependence of the excess enthalpy (H¢) on the composition of solutions of the systems at T = 353 K:
1 - ethylbenzene - benzene; 2 — ethylbenzene - ethylbenzene; 3 — ethylbenzene — n-propylbenzene; 4 — ethyl-
benzene — n-butylbenzene; x — ethylbenzene concentration
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to thermodynamic functions based on these ideas
was considered by Rudakov and the author of this
study in works [13, 21-24]. It is known that the
laws of thermodynamics do not contain the con-
cepts of interaction. These concepts come from
other areas. Using statistical methods, equations
of state, mechanical analogies, we can get an idea
of the interaction between molecules and assess
its influence at thermodynamic parameters. Usu-
ally, the energy of intermolecular interaction is
defined as the work of molecular separation over
an infinite distance. However, the issue may be
solved another way. Molecules may be isolated
from interacting with each other by introducing
an external energy field while maintaining the
distance between them. If the energies of the
“isolated” and “separated” molecules are equal,
then the same work is required to block the inter-
molecular interaction in both cases. In a thermo-
dynamic system, the calculation results also de-
pend on the manner the process is carried out:
whether intermolecular interaction is blocked by
expanding the system to a volume of V— , or at
V = const. The number of ways to carry out the
process increases indefinitely if we take into ac-
count the intermediate cases (between V— o and
V = const), as well as the cases of different heat
exchange with the environment. It is not enough
to say that a standard system without intermo-
lecular interaction is an ideal gas; it is necessary
to determine its state accurately. First of all, it is
necessary to exclude work done against any forc-
es, except for intermolecular interaction, which
leads to the condition V = const. Then we have
two options: 1) adiabatic option, S = const; 2)
isothermal option (T'= const) - when the system’s
entropy changes due to intermolecular interac-
tion, not temperature. These considerations ex-
plain the need to carry out the process under the
condition V, T=const. We assumed two provisions:
the first defines the standard state of the system,;
the second defines the contributions of intermo-
lecular interaction to the change in the thermo-
dynamic functions of a liquid system.

1. The standard state of a system without inter-
molecular interaction at any degree of compression
is an ideal gas at temperature (T), volume (V), and
with the composition of a real liquid.

2. The contributions of intermolecular
interactions to the change in the thermodynamic
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function are determined as the difference
between the values of this function for standard
and real liquid systems:

F =F -F, (7)

where F" is the contribution of intermolecular
interaction to the change in the thermodynamic
function, F - in the real state; F* — in the state of
anideal gas, is considered to be the standard state
for the system. By deduction of F* — F, we obtain
positive values of F'. It should be noted that when
intermolecular interaction in a liquid is blocked,
the sign of F" changes.

Let’s consider a binary liquid solution at
temperature (T), in equilibrium with a saturated
vapour at pressure (P). The molar Helmholtz
energy of a binary solution (A) is defined as follows:

A=xu, +x,u,—-PV, 8)

where x, and x, are mole fractions; u, and p, are
the chemical potentials of the solution compo-
nents P, V are the saturated vapour pressure and
the molar volume of the solution. For the chemical
potential of the solution component, we have:

w=w +RTInp, )

where 1! is a function that depends only on the
temperature; p, is the partial pressure of the
i-component in the solution. Since we do not
know the absolute values of the Helmholtz ener-
gy, we take as the standard state of the system a
mixture of ideal gases of the same concentration
as a liquid binary solution, at the same tempera-
ture (T), and with the same molar volume (V). The
pressure in this standard state is defined as
P*= RT/V, when the molar Helmholtz energy is
defined as (A"):

A" =xu; +x,u, —RT, (10)

where pj;u;, are the chemical potentials of 1 and
2 components in the standard state of the mix-
ture; R is the universal gas constant. For the
chemical potential of a component in the stan-
dard state of an ideal gas, we have:

u; =) +RTIn(x.P"). (11)

As P*= RT/V, equation (11) rearranges to the
following:

RT
w =u’+RTIn XIV .

12)
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We define the contribution of the intermo-
lecular interaction to the change in the mole
Helmholtz energy (A") as a difference of its values
in the standard and real states of the system:

A =A"-A=

=x, (1} — 1)+ %, (u; —p,)-RT+ PV.
Substituting expressions for chemical

potentials (9, 12) into equation (13) and dividing

by RT (which makes the equation dimensionless),
we obtain:

(13)

x,RT PV

In—+x,In=—"-1+—,
RT b,V p,V RT

where are the partial pressure values of 1 and 2
components of the solution. In the extreme cas-
es for purex, = 1 (x,=0) and x, = 1 (x, = 0) com-
ponents, we have:

(14)

A _nRT BV
RT PV T RT
A RT BV, (15)
RT "By, T RT

where P, P,, V,, V, are the pressure and molar
volume of 1 and 2 pure components at T, respect-
fully.

We define the excess dimensionless molar
Helmholtz energy as:

A° A Al A
=— X ——X, .

RT RT RT RT
We take into account that activity coefficient

of a component of solution is defined as . When

combined with equations (14, 15), equation (16)
rearranges as follows:

(16)

A° 1 1 14
ﬁz X, ln—+X2 ln—+X1 lnv'l'
" T2 (17)
+X, ln£+ PV - %AV %5V, .
\%4 RT

Let’s provide two relations of the excess Gibbs
energy (G°) and molar volume (V?) for a binary
solution:

G*=RT(x,Iny, +x,Iny,),
Ve=V-x,V+x,V,. (19)

Taking into account relations (18,19), equation
(17) rearranges to the following:

(18)
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A° G
RT RT

—-In(V*+x,V, +x,V,)+x,InV, +

(20)

PV¢+xV(P-P)+x,V,(P-P)
RT ’

Equation (20) establishes the relation between
the values of the excess Gibbs energy (G® -
calculated using the standard of an ideal solution)
and the Helmholtz energy (A¢ - calculated using
the standard state of an ideal gas). Using the
known thermodynamic relations for internal
energy (U") and entropy (S"), we have [1, 12]:

0A"
S =- :
5.,
oA /T
Ur — —TZ{ ( / )J .
oT
vV, X

After differentiation and transformations, we
got the following for a binary solution:

RT RT
S’:E—R xllnx1 +x,In22 ,
T \%4

+x,InV, +

21

(22)

(23)

— 2 —

p,V D,
U =H-RT+PV, (24)

where are the partial pressure values of 1 and 2
components of the solution; H, V, P are the molar
enthalpy of vaporisation, molar volume, and
saturated vapour pressure of the solution with x,
mole fractions in it. The values of the functions
are interrelated by the Gibbs-Helmholtz equa-
tion: A= U - TS'.

The correlation analysis determined that
the values of A" for n-alkylbenzenes linearly
depend on the molar mass of the substance in
the homologous series:

A"=151.5M+ 2065, R = 0.9993, (25)

where M is the molar mass of n-alkylbenzene. R
is the correlation coefficient. Equation (25) de-
scribes the Helmholtz energy A’ of n-alkylben-
zenes at T'=353.15 Kwith a precision of £ 50 J/mol.
We can explain the linear dependence of the
Helmholtz energy values on the molecular mass
of n-alkylbenzene in the homologous series by
the “similarity” of the molecular-statistical struc-
ture of liquid n-alkylbenzenes, characterised by
the correlation distribution functions [16]. If such
“similarity of structures” exists, then an increase
in the size of molecules of n-alkyl benzenes
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should lead to a decrease in the density of the
liquid, which is consistent with an increase in the
molar volume (V) of n-alkylbenzenes (Table 2).
An increase in the Helmholtz energy values
A" [J/mol] complicates the transition of molecules
from the liquid to vapour phase of systems and
decreases exponentially the saturated vapour
pressure of n-alkylbenzenes (P, N/m?):

A"=-2468.41n P + 42255, R=0.9998. (26)

The analysis showed that the molar volumes
of n-alkylbenzenes (V, m%/mol) linearly depend
on the values of A’ [J/m] of n-alkylbenzenes in

the homologous series:
Ar=121.8-10°V + 2229, R = 0.9992. (27).

50 r

<

U, kJ/mol

45
40 1

35

30

25 F
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Equations (25-27) can be used to predict the
properties of substances in the homologous series
of n-alkylbenzenes. Using equations (14, 23, 24),
we calculated the values of A, U, S of solutions
of the systems (Table 2). The internal energy
values U, characterising the entire scope of energy
spent to block the intermolecular interaction in
solutions, raise with the increase in the molecular
mass of n-alkylbenzene in the homologous
series of n-alkylbenzenes. This can be explained
by the increase in the role of the molecules of
the second component in the intermolecular
interaction in solutions of the systems (Fig. 3).
The values of the solution entropy S, calculated
using the Helmholtz equation, also raise when
the molecular mass of n-alkylbenzene increases

x -mole fraction

0,0 0,2 04

0,6 08 1,0

Fig. 3. Dependence of the internal energy of solutions (U) on the composition of the systems at T = 353 K: 1
- ethylbenzene - benzene; 2 — ethylbenzene - ethylbenzene; 3 - ethylbenzene - n-propylbenzene; 4 — ethyl-
benzene - n-butylbenzene; x — ethylbenzene concentration

24 r A", kJd/mol
22

20

18

16

14

22—

X-mole fraction

0,0 0,2

0,4

0,6 0,8 1,0

Fig. 4. Dependence of the Helmholtz energy (A") on the composition of the systems at T = 353 K: I — ethylben-
zene - benzene; 2 — ethylbenzene - ethylbenzene; 3 — ethylbenzene - n-propylbenzene; 4 — ethylbenzene -

n-butylbenzene; x — ethylbenzene concentration
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(Table 2). Note that solutions of ethylbenzene
and n-alkylbenzene systems demonstrate the
symbatic pattern of the isotherms U = f(X)
and §" = f(X) [21-26]. It is consistent with the
previously studied solutions of systems: benzene -
n-alkylbenzenes, toluene - n-alkylbenzenes,
n-butylbenzene — n- alkylbenzenes, ethanol -
n-alkylethanoates, ethanol — n-alkylpropanoates,
ethanol - n-alkylbutanoates, n-propanol -
n-alkylethanoates, n-propanol, n-butanol, and
substances of the homologous series of aliphatic
ketones; isopropanol, isobutanol and substances
of the homologous series of aliphatic ketones. The
values of the Helmholtz energy (A") for solutions
of the systems also increase with an increase in
the molecular mass of n-alkylbenzene (Fig. 4). An
increase in the values of the Helmholtz energy
characterising the intermolecular interactions,
decreases the saturated vapour pressure of
solutions of the binary systems (Table 2). An analysis
of the obtained data showed that for solutions
with constant molar concentration (x, = const),
the Helmholtz energy (A") linearly depends
on the molecular mass (M) of n-alkylbenzene:
A" =kM + b, (Fig. 5). The values of the coefficients
k and b, of the isotherms A" =k M +b, in turn,
are linearly dependent on the composition of the
systems. The established patterns allowed us to
propose the following equation:

A"=(-0.1500x + 0.1513)M + 16.06x + 2.070, (28)

where: x is the mole fraction of ethylbenzene
(common solvent) in a binary solution; M is the

24 r
oo | A kJ/mol
20
18 |
16 |

14

|_‘|\)oo-|>0'l
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molar mass of n-alkylbenzene. Equation (28)
describes the Helmholtz energy (A, kJ/mol) of
solutions of the systems at T = 353 K with a
precision of # 50 J/mol. The established regularity
of the change in the Helmholtz energy for solutions
of systems of constant molar composition (in the
case of pure components, the condition is x = 0)
can be explained by the “affinity” of the molecular-
statistical structure of such solutions [16].

Above, we considered thermodynamic
functions that characterise the intermolecular
interaction of all molecules in a solution
simultaneously. Let’s consider a function that
characterises the interaction of one molecule
with the rest of the molecules. At T, P = const,
the following derivative is the partial molar
Helmholtz energy:

— 0A”
2],
ox, p

Taking into account the Gibbs equation:
x,RTdInp, +x,RTdInp, - VdP =0, (30)

where p,, p, are the partial pressure values of 1
and 2 components in a solution with x mole frac-
tions of 1 component. After transformations, for
a binary solution with x, mole fractions we have:

- RT V.o
A’ =RTIn ~RT -+ PV,

(29)

= (1)

where V,, p, are the partial molar volume and
partial pressure, respectfully, of i-th component

molar mass

12 :
70 90

110

130 150

Fig. 5. Dependence of the Helmholtz energy (A") on the molar mass of n-alkylbenzene the in solutions with a
constant molar concentration of the ethylbenzene and n-alkylbenzene systems at T=353K: 1 —x=0;2-x=
0.2;3-x=0.4;4-x=0.6; 5-x=0.8, which are mole fractions of ethylbenzene
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Fig. 6. Dependence of values of the partial Helmholtz energy (<<sun_e0051.eps>>) of the second component
of solution on the composition of the ethylbenzene and n-alkylbenzene systems at T = 353 K: 1 — ethylbenzene
- benzene; 2 — ethylbenzene - toluene; 3 - ethylbenzene - n-propylbenzene; 4 — ethylbenzene - n-butylbenzene;

x — ethylbenzene concentration

in a solution with x, mole fractions; V, P are the
molar volume and saturated vapour pressure of
the solution. Note that at x, = 1, equation (31)
coincides with the equation for a pure component
(15).Using equation (31), we calculated the values
of partial molar Helmholtz energy A’ .Itappeared
that the change in the A’ value for the molecules
of the common solvent (ethylbenzene) was insig-
nificant, and the value of A/ for n-alkylbenzene
discretely increases with an increase in its mo-
lecular mass (the number of —~CH, - groups) in the
homologous series (Fig. 6). This regularity con-
firms the validity of the hypothesis underlying
the statistical models of solutions, known as
“group” models [1, 12]. At B, T = const, for the
excess partial Helmholtz energy of the i-th com-
ponent in a solution consisting of x. mass frac-
tions, we obtain:

A=a - -

0y _ (32)
=RTIny, —RT[anV’—%+1]+Pi°Vi° - PV,

where y,,V°,P° are the activity coefficient, mo-
lar volume, and saturated vapour pressure, re-
spectfully, of pure i component; V, V. are the
molar volume of the solution and partial molar
volume of the i-th component in the solution
consisting of x. mole fractions. There is significant
difference between the values of A® and RTIny,
(the values of RTInv, are often used to assess

90

the intermolecular interaction in solutions). This
difference is associated with a change in the vol-
umes of solutions when mixing components. It
is taken into account by the last three terms of
equation (32). From the data presented in Table
2,it can be seen that the role of volumetric effects
increases with an increase in the molecule size
of the solution components. It should be noted
that equation (32) can be used to calculate the
values of the activity coefficients (y) of the solu-
tion components, often used in chemical tech-
nologies.

Then, using the known thermodynamic
relations, we can calculate the values of
chemical potentials, Gibbs energy, and other
thermodynamic functions. It should be noted that
equation (28) was earlier obtained for solutions
of 160 binary systems, formed by various solvents
and substances of various homologous series (for
instance, studies [10, 13, 14, 21-26]). The form of
equation (28) is the same for a wide temperature
range for solutions of all studied binary systems.
To derive equation (28) we need the B X, Y, T -
values and the data on the molar volume (V) of
pure components (reference data) and only two
solutions of the same molar composition. The
accuracy of calculating the Helmholtz energy
for solutions of binary systems according to
equation (28) depends only on the accuracy
of these experimental data. We believe that
the established pattern is of a general nature
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and can be used to predict the thermodynamic
properties of solutions of binary systems formed
by a common solvent and representatives of
homologous series of organic substances.

4. Conclusions

1. The values of the Helmholtz energy
(A" linearly depend on the molar mass of
the substance (the number of ~CH,- groups
in a molecule) in the homologous series of
n-alkylbenzenes.

2. An increase in the Helmholtz energy
values (A" for substances in the homologous
series of n-alkylbenzenes is associated with a
linear increase in the molar volumes of liquid
substances and an exponential decrease in the
saturated vapour pressure of substances.

3. The Helmholtz energy (A") for binary
solutions with constant molar concentration
formed by ethylbenzene and substances of the
homologous series of n-alkylbenzenes linearly
depends on the molar mass of n-alkylbenzene
(the number of —~CH, - groups) in the homologous
series. Equation (28) obtained on the basis of
this pattern describes the Helmholtz energy
for solutions of the systems with deviations
of = 50 J/mol from its values calculated from
experimental data. The determined pattern
confirms the validity of the hypothesis about the
additive contribution of functional groups to the
thermodynamic properties of solutions, which
underlies the statistical models of solutions,
known as “group” models.

4. The determined pattern (equation 28) makes
it possible to predict the thermodynamic properties
of solutions of unexamined binary systems using
the properties of pure components and only two
solutions with the same molar concentration. It
accelerates the process of studying vapour-liquid
phase equilibria and thermodynamic properties
of binary systems approximately by 340 times.
The accuracy of predicting the thermodynamic
properties of solutions using equation (28)
depends on the accuracy of the experimental data
on the properties of pure components and their
two solutions.
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Abstract

The potential for the practical application of bismuth ferrite (BFO) in information storage, microelectronic, and spintronic
devices and in medical sensors of various purpose is limited by the presence of a spin cycloid. Its destruction, including
destruction due to doping with rare earth elements and the transfer of BFO to a nanoscale state, contributes to the occurrence
of ferromagnetism and the manifestation of the magnetoelectric effect. The study was aimed at the synthesis of bismuth
ferrite nanopowder doped with erbium ions.

By spray pyrolysis at a temperature of 760 °C, we synthesised BFO samples with a nominal degree of doping with erbium
ions from 0.05 to 0.20. The data of X-ray diffraction analysis show that there is a small amount of Bi, FeO,, and Bi,Fe,O,
in the doped samples. The shift of the BFO reflections on diffraction patterns towards larger 26 angles is representative of
the incorporation of erbium ions into the crystal lattice of BiFeO,. The morphological characteristics of the samples were
determined using transmission electron microscopy. According to the data of electron probe X-Ray microanalysis, the real
composition of the doped Er Bi, FeO,samples is very close to the nominal.

The particles of Er Bi, FeO, powders synthesised by spray pyrolysis have a nearly spherical shape, the particle-size
distribution is in the range of 5-300 nm, the predominant number of particles have a size in the range of 50-200 nm, and
the agglomeration is weak. The decrease in the crystal lattice parameters and the unit cell volume of Er Bi, FeO, and an
increase in the degree of doping with erbium ions confirm the incorporation of Er* into the BFO crystal lattice to the
bismuth position.
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1. Introduction

Among multiferroic materials, bismuth ferrite
BiFeO, is particularly interesting. The symmetry
of the BFO crystal allows the presence of the linear
magnetoelectric effect and weak ferromagnetism at
room temperature [1-5]. However, bismuth ferrite
in bulk state is characterised by a spin cycloid in
its magnetic structure, with the period of 62 nm.
It completely eliminates the weak ferromagnetism
of BFO and prevents the appearance of the linear
magnetoelectric effect. The inhomogeneity of the
magnetoelectric interaction leads to the induction
of spatial spin modulation of spontaneous electric
polarisation. In the first approximation, the degree
of rhombohedral distortion of the cell, the ¢c/aratio,
can be a criterion for the degree of polarisation.
To destroy the spin cycloid, it is necessary to
decrease the ¢/aratio, thereby reducing the degree
of polarisation, which results in a change in the
spin structure [6-11]. The synthesis of BFO by the
solid-phase method is a rather challenging task,
since the Bi,0,-Fe,O, system is characterised by
the formation of 3 intermediate phases: Bi,.FeO,,,
BiFeO,,and Bi,Fe,O,; single-phase BiFeO, exists in
avery narrow range of compositions, temperature,
and pressure [12-16]. A decrease in the impurity
content in BFO requires long-term heat treatment,
which is accompanied by an increase in the particle
size of the target product. Unlike the solid-phase
method, the synthesis of nanopowders by spray
pyrolysis of aerosols has such advantages as
sufficiently high productivity, purity of the target
product, the ability to control morphology, and
low energy consumption. Therefore, the study was
aimed at the synthesis of BiFeO, by spray pyrolysis
with different degrees of doping with Er*>* ions.

2. Experimental

In this work, crystalline hydrates of
Fe(NO,),-9H,0 (p.a. TU 6-09-02-553-
96), Bi(NO,),-5H,0 (p.a. CAS 10035-06-0),
Er,(SeO,),-8H,0 (pur. TU 1083-63), tartaric acid
C,H.,O, (GOST 5817-77), and nitric acid HNO,
(GOST 4461-77) were used as precursors. The
samples were synthesised by the spray pyrolysis
method similar to the procedure described in [17].
During the synthesis of erbium-doped bismuth
ferrite, the concentration values of bismuth
and erbium ions were calculated using the
stoichiometric ratio: Er® : Bi*> : Fe>*=x:(1-x) : 1,

94

2021;23(1): 93-100

Original articles

where x = 0.05, 0.10, 0.15, 0.20 is the nominal
doping degree.

In accordance with this ratio, crystalline
hydrates of erbium selenate, iron nitrate, and
bismuth nitrate were dissolved in nitric acid.
Tartaric acid C,H,O,, taken at the rate of 3 moles
of acid per 2 moles of metal ions, was dissolved
in distilled water and added to a solution of metal
nitrates. To carry out the synthesis, a laboratory
spray pyrolysis unit was assembled (Fig. 1). The
prepared solution was placed in a dispersant,
where it was transformed into an aerosol with a
particle size of 0.8 to 2.0 ym and was transferred
by an air flow into the reaction chamber of an
MTP-2M furnace, the hottest part of which was
heated to 760 °C. The temperature was controlled
by an OVEN TRM1-Shch1.U.R thermostat with an
error of = 1 °C. The flow rate was 9 1/h. Aerosol
particles were in the reaction zone for about 0.6
s. Influenced by the high temperature, the aerosol
pyrolytically decomposed with the formation of
the target product. The particles were collected by
passing the gas through a glass of distilled water,
then they were filtered off, and dried in air.

- -

t \

1

Fig. 1. The layout of the spray pyrolysis unit: 1 — com-
pressor, 2 — dispersant, 3 - MTP-2M furnace, 4 — a glass
of distilled water to collect the nanopowder

The phase composition of the synthesised
powders BiFeO,, BiFeO,:Er**(5 %), and
BiFeO,:Er* (10 %) was determined by X-ray
diffraction analysis (XRD), using a RIGAKU
SmartLab III X-ray diffractometer with a Co
anode (A = 1.79030 nm). The measurement was
performed with a step of 0.010. To study the
phase composition of BiFeO,:Er*(15 %) and
BiFeO,:Er**(20 %) by XRD, we used an Empyrean
B.V. X-ray diffractometer with a Cu anode
(A = 1.54060 nm). The scanning was performed
within a 26 angle range of 10 to 80° with a step of
0.0200. The size of the coherent scattering regions
(CSR) based on the XRD data of the synthesised
bismuth ferrite samples was calculated using the
Scherrer formula [18]:
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kxA
Dy = 9’
B,y X COS
where: D, —average particle size, A, k- correction

factor (for cubic and orthorhombic structure
k=0.9), A - X-ray tube wavelength, 6 — the position
of the peak maximum, deg., B, , — intrinsic phys-
ical broadening of the diffraction maximum, rad.

The quantitative elemental composition
of the synthesised samples was determined by
electron probe X-Ray microanalysis (EPXMA,
scanning electron microscope JEOL-6510LV with
a Bruker energy dispersive microanalysis system).

The size and morphology of BFO powder
particles were determined using the results
of transmission electron microscopy (TEM,
Carl Zeiss Libra-120 transmission electron
microscope).

For a semi-quantitative assessment of the
content of impurity phases in the synthesised
BFO nanopowders, we conducted a semi-
quantitative analysis of the diffraction patterns
by the corundum number method using the
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formula:
I;(Tla)(
RIR,
(Dk = max
I i

2, RIR,

where: o, — mass fraction of phase k, I, ™~ inten-
sity of the largest reflection of phase k, RIR, -
corundum number of phase k, [™* — intensity
values of the largest reflections of i-phases, RIR, -
corundum number of i- phases.

3. Results and discussion

The data of X-ray phase analysis (Figs. 2 and
3) shows that the synthesised samples are mainly
bismuth orthoferrite BiFeO, (card number 73-0548)
[19]. However, there are single reflections of the
Bi,.FeO,, and Bi,Fe,O, phases (card numbers 46-
0416,72-1832). A semi-quantitative assessment of
the content of impurity phases in the synthesised
samples by the corundum number method
demonstrates a tendency for the increase in the
amount of Bi,.FeO, and Bi,Fe,O, with an increase

BiFeOs
Bi2sFeOss
Bi2FesOs

3000
2000

1000 A

Fig. 2. X-ray diffraction patterns of the samples of BiFeO, (1), BiFeO,:Er**(5 %) (2), and BiFeO,:Er**(10 %) (3).
The reflections of the BiFeO, reference sample are indicated by the dotted line (card number 73-0548)

]
(110)

m - BiFeO;
o - Bi2sFeOso
¢ - BiFesOo

I, mtensity
(EHEEEB LS

10 20 S )
26, deg

50 &0 T 80

Fig. 3. X-ray diffraction pattern of the BiFeO,:Er*"(15%) (4) sample and X-ray diffraction pattern of the
BiFeO,:Er*"(20 %) (5) sample. The reflections of the BiFeO, reference sample are indicated by the dotted line

(card number 73-0548)

95



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl M MexdasHble rpaHuLbl

E.V.Tomina et al.

in the degree of doping of BFO with Er**ions (Table
1), which may be associated with an increase in
distortions of the crystal lattice of bismuth ferrite.
When the diffraction patterns recorded using
the same diffractometer are superposed (Fig. 2
and Fig. 3, respectively), we can see a shift of the
reflections of erbium-doped BFO samples toward
larger 26 angles compared to the undoped BiFeO,
sample. It indicates a distortion of the crystal
lattice caused by the incorporation of an ion with
a smaller ionic radius to the position of an ion
with a larger ionic radius [20]. Since the Er3*ion
radius is 0.089 nm, and the Bi** and Fe3"ion radii
are 0.120 nm and 0.064 nm, respectively [21], it
can be assumed that erbium is incorporated into
the ferrite lattice to the position of bismuth. This
is confirmed by a decrease in the parameters of
the crystal lattice and the unit cell volume in
relation to an increase in the degree of doping of
bismuth ferrite with erbium ions (Table 2).

2021;23(1): 93-100
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The energy dispersive spectra of the synthe-
sised Er Bi, FeO, samples record not only the sig-
nals of Bi, Fe, and O, but also Er (Fig. 4), which
also confirms that erbium ions incorporate into
the BFO lattice. With an increase in the degree of
doping of bismuth ferrite, the intensity of erbi-
um signals in the synthesised samples expected-
ly increases. Nevertheless, the real composition
of the synthesised samples of BiFeO,:Er**(5 %),
BiFeO,:Er**(10 %), and BiFeO,:Er*"(15 %) is slight-
ly different from the nominal (Table 3), which is
explained by the presence of a certain amount of
Bi,.FeO,, and Bi,Fe,O, impurity phases in doped
BFO nanopowders.

The size assessment CSR based on the XRF
data is provided in Table 4. The average CSR of
Er Bi, FeO, sample particles is within the range
of 19 to 27 nm, it slightly raises with an increase
in the nominal degree of BFO doping with Er**
ions from 0.05 to 0.20.

Table 1. The composition of the synthesised samples, calculated by the method of corundum numbers

Samples
Phase, wt.% BiFeO, BiFe()Oz:Er3+ BiFeO%):Er3+ BiFeO%:Er3+ BiFeO%):Er3+
(5 %) (10 %) (15 %) (20 %)
BiFeO, 95.7 % 84.3% 72.6 % 75.4 % 72.1%
Bi,.FeO,, 0.0% 12.0 % 19.1 % 15.7 % 16.4 %
Bi,Fe,O, 4.3 % 3.7% 8.3% 8.9% 11.5%

Table 2 The lattice parameters and unit cell volume of BiFeO, samples: BiFeO,:Er**(5 %), BiFeO,:Er*
(10 %), BiFeO,:Er**(15 %), and BiFeO,:Er*"(20 %), synthesised by spray pyrolysis (calculated for hexagonal

packing)
Lattice Reference sample, BiFeO, BiFeO BiFeO,:Er** | BiFeO,:Er** | BiFeO,:Er*" | BiFeO,:Er**
parameters Card 73-0548 3 (5 %) (10 %) (15 %) (20 %)
a,A 5.58 5.58 5.56 5.55 5.46 5.44
¢, A 13.90 13.85 13.82 13.71 13.67 13.66
V, A 374.81 373.41 370.68 369.09 352.71 350.75

Table 3. Results of the electron probe X-Ray microanalysis for the samples of BiFeO,:Er*'(5 %),

BiFeO,:Er**(10 %), and BiFeO,:Er**(15%)

Nominal composition of samples (N) Er, Bi,,.FeO, Er,,Bi, FeO, Er, Bi  FeO,
Er H 1.00 2.00 3.00
P 1.17 2.24 3.32
Elemental Bi H 19.00 18.00 17.00
composition P 18.07 18.00 15.72
o ’ H 20.00 20.00 20.00
at. % Fe

P 20.09 19.76 20.96
0 H 60.00 60.00 60.00
P 59.83 60.00 60.00

Real composition of samples (R) Er, Bi, o, FeO0, o Er,, Bi,, FeO, Er, Bi,,FeO, .
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Fig. 4. The energy dispersive spectra of the samples: a) BiFeO,:Er** (5 %); b) BiFeO,:Er** (10 %), c¢) BiFeO,:Er**

(15 %), synthesised by spray pyrolysis

Table 4. CSR values of particles of the Er Bi, FeO, samples synthesised by spray pyrolysis

O?iﬁr‘tiilgr:;tﬁfn BiFeO, Er,,Bi,, FeO, | Er, Bi  FeO, | Er,,Bi, FeO, | Er Bi, FeO,
D, 2242 2242 2242 263 3043
D, 1441 162 1622 2122 263
D, 18%2 18%2 2552 2552 2653
D, 1842 1922 2042 2552 273
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According to the TEM data (Fig. 5), the
Er, ,Bi,,.FeO, particles have a nearly spherical
shape, the particle size does not exceed 300 nm,
and the predominant fraction of the particles is
in the range of 51-100 nm. For a sample with a
higher degree of doping with Er ,Bi ,FeO,, a
weakly pronounced agglomeration is observed
(Fig. 6). Although the particle size still does not
exceed 300 nm, most of the particles have a size

in the range of 101-200 nm.

4. Conclusions

We determined that spray pyrolysis makes
it possible to synthesise bismuth ferrite
nanopowders with various degrees of doping
with erbium, which are characterised by

S = i ey

40%
35%
30%

51-100

ot 1 8050
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pronounced crystallinity, a low degree of
agglomeration, a nearly spherical shape, and
a predominant particle size within the range
of 50-200 nm. The shift of the reflections of
bismuth ferrite towards larger values of 26
angles, observed in the diffraction patterns, a
decrease in the lattice parameters and the unit
cell volume of Er Bi, FeO, samples, as well as
anincrease in the degree of doping with erbium
ions indicate the incorporation of erbium ions
into the crystal lattice of ferrite at the bismuth
position.
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relationships that could have influenced the work
reported in this paper.
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Abstract

Using the Bridgman-Stockbarger method, crystals of triple fluoride CaF,-SrF,-BaF, were grown in a composition range
similar to that of CaSrBaF,. The crystals were 10-12 mm in diameter and 50-60 mm in length. The CaSrBaF, crystal is a
new optical material which is transparent in the mid-IR, visible and UV ranges. The uneven distribution of the components
along the length of the crystal did not exceed 10 %. The edge of the absorption band in the IR range was 14.3 um, and the
optical absorption at the wavelength of 200 nm did not exceed 18 % (less than 0.2 cm™!). The refraction indices were 1.4527,
1.4488, and 1.4458 for the wavelengths of 633, 969, and 1539 nm respectively. The crystal melts in the temperature range
of 1150-1210 °C. The CaSrBaF, composition is an appropriate matrix for doping with rare-earth ions in order to obtain
functional single-crystal and ceramic materials of the visible and IR ranges.

Keywords: Calcium fluoride, Strontium fluoride, Barium fluoride, Fluorite, Solid solution, Isomorphism, High entropy
alloys
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1. Introduction

Calcium, strontium, and barium fluorides
crystallise in the fluorite structure with the
following parameters of the crystal lattice: 5.463,
5.800, and 6.200 A respectively. Single crystals
of difluorides of alkaline earth elements are
widely used as photonics materials [1-3] as well
as matrices for doping with rare-earth ions [4-
10]. They are characterised by wide transmission
regions from vacuum ultraviolet to the mid-IR
range. However, the use of pure fluorides can be
limited when designing optical systems [11]. The
use of solid solutions allows varying the physical
properties and characteristics of matrices over a
wide range. Continuous areas of solid solutions
with the valleys on the melting curves are formed
in the CaF,-SrF, [12, 13] and SrF,-BaF, systems
[14, 15]. We grew and studied the corresponding
series of single crystals Ca,_ Sr F, and Sr, BaF,
[16—22]. Isomorphism in the CaF,-BaF, system
is limited [18, 23, 24]. The corresponding
binary solid solutions are of interest as optical
materials for photonics. When isovalent solid
solutions are formed, physical properties of the
crystals significantly change (compared to the
components), including the refractive index [16—
18, 20], vibration spectra [25], and hardness [17,
20]. On the whole, mechanical characteristics of
solid solutions improve, thermal conductivity
decreases, and electrical conductivity increases.
Spectral-luminescent characteristics and cluster
structure of doping REE change in a non-
monotonic way.

In recent years, multicomponent phases
with several isostructural elements in their
composition have been attracting greater
interest. Such compositions containing 5 and
more components were called high-entropy
alloys (HEAs) [30, 31]. According to the third law
of thermodynamics, these single-phase alloys
cannot be stable at low temperatures, although
only slow processes of atomic diffusion and
phase relaxation in some cases help to reveal
their kinetic stability and potential applications.
Homogeneous materials with multicomponent
compositions are usually found in glass [32].
Initially, this term had been used for metal alloys,
but then HEA oxides were also found [33]. The
synthesis of high-entropy fluoride ceramics
CeNdCaSrBaF , was reported [34].
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The purpose of this work was to grow
single crystals of the triple-component solid
solution Ca,_ SrBaF, similar to the CaSrBaF,
composition and to study its properties. The
corresponding composition can serve as a matrix
for doping with rare-earth ions and obtaining a
multicomponent functional material.

2. Experimental

We used shards of CaF, (OST 3-6304-87)
and BaF, optical single crystals together with
the remelted SrF, powder (extra-pure grade) as
the starting substances to grow CaF,-SrF,-BaF,
crystals. It is preferable to choose crystal reagents
along with powder that was remelted under
fluorinating atmosphere, as the reagents do not
absorb moisture and can be stored for a long time.
Each initial reagent was controlled by differential
scanning calorimetry (DSC), X-ray diffraction
analysis (XRD), and electron microscopy.

We grew the crystals of triple fluoride CaF,-
SrF,-BaF, in the composition range similar to
CaSrBaF, on an automated system NIKA-3 under
conditions of induction heating of a six-cell
graphite crucible placed inside the inductor. The
temperature gradient was formed using graphite
pipes and disks as screens that had radial sawcuts
to exclude the heating with the induction current,
which allowed obtaining the temperature gradient
(according to the temperature of crucible wall) of
about 30 °C/cm. The temperature was measured
through the chamber windows using a manual
IR pyrometer. As soon as the crucible was filled
with the mixture, pumping was performed to the
residual pressure of no more than 5-10-2 mbar.
The CF, gas that partially filled the chamber was
used as a fluorinating agent. After that, it was
smoothly heated (for 1.5-2 hours), and when
the operational temperature was reached, the
crucible was removed from the hot area to the cold
area at 6 mm/hour. When the removal process
was finished, the crucible was slowly cooled for
4-6 hours.

We performed a thermal analysis of the
crystals on a Netzsch DSC 404 F1 differential
scanning calorimeter. The measurements were
made in platinum crucibles in a flowing argon
atmosphere. Ground fragments of the seed
boule cone were used as samples. We performed
thermal analysis of all the crystals in the range of
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temperatures of 20-1400 °C in the mode of two
heating-cooling cycles.

The refractive index of the samples of the
crystals was measured on a Metricon 2010 refrac-
tometer. The measurement method was based on
the determination of the critical angle of inci-
dence at which light starts going into the volume
of the sample through the surface of the measur-
ing prism (similar to an Abbe refractometer). This
device allows performing measurements at three
wavelengths: 633, 969, and 1539 nm. The mea-
surements were performed on the crystal sam-
ples with the polished side surface in the region
of 5-10 mm from the seed boule cone.

Spectrophotometers Shimadzu UV-2600 and
Infralyum FT 02 were used to register optical
transmission in the UV, visible, and IR ranges of
the optical spectrum. The measurements were
taken using a dual-beam method in the UV and
visible range and using a single-beam method in
the IR range. The measurements were performed
on the samples with two polished side surface in
the region of 5-10 mm from the seed boule cone.

The elemental composition of the crystals
was studied on a Quanta 200i 3D FEI scanning
electron microscope with the system of energy
dispersive X-ray microanalysis which included
an Apollo X energy dispersive silicon detector
with a resolution of > 131 eV for an MnK line
at 100000 imp/s. The peak-to-background ratio
was no less than 10000/1. The concentration of
the components of the crystals was measured in
three regions along the crystal’s length at the
distances of 1 mm, 20 mm, and 40 mm from the
seed boule cone. Three measurements were taken
at different points of each region, and then the
results were averaged.

3. Results and discussion

We grew a series of crystals that were 10—
12mmindiameter and 50-60 mm inlength (Fig. 1).
The crystals were optically transparent (Fig. 2).
The uneven distribution of the components of
the crystal along the length of the boule did not
exceed 10 % for most of the crystals. The most
uniform distribution was observed on the crystal
of the CaSrBaF, composition (33 mol % CaF, -
33 mol % SrF,-33 mol % BaF,), Fig. 3.

The DSC curves for the sample of the crystal
of the CaSrBaF, composition for the first heating-
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cooling cycle are presented in Fig. 4. The sample
melts in the range of temperatures of 1150-
1210 °C.

The results of the measurement of the
refractive index are presented in Table 1. The
maximum values of the refractive index are
typical for the sample 31 mol % CaF, - 31 mol %

Fig. 1. Photo of untreated boules of triple fluoride
CaF,-SrF,-BaF, crystals in the composition range
similar to CaSrBaF

33, 33CaF 2-33 33SrF2-33,33BaF p

io:

Fig. 2. Photo of a polished triple fluoride CaSrBaF
crystal

6

354

C, at%
/g

33 Ba

32 ¥ T T T ¥ T r 1
0 10 20 30 40
I, mm
Fig. 3. Distribution of the components of a CaSrBaF,
crystal along the length of the boule for the 33 mol %
CaF, - 33 mol % SrF, - 33 mol % BaF, composition
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Table 1. Values of the refractive index n at three wavelengths for crystals of triple fluorides in the

composition range similar to CaSrBaF,

Compositions A =633 nm A =969 nm A=1539 nm
33 mol % CaF, - 33 mol % SrF, - 33 mol % BaF, 1.4527 1.4488 1.4458
40.5 mol % CaF, — 33.6 mol % SrF, - 25.9 mol % BaF, 1.4497 1.4458 1.4430
38 mol % CaF, — 31 mol % SrF, — 31 mol % BaF, 1.4522 1.4483 1.4451
31 mol % CaF, - 38 mol % SrF, — 31 mol % BaF, 1.4520 1.4472 1.4448
31 mol % CaF, — 31 mol % SrF, — 38 mol % BaF, 1.4566 1.4526 1.4491
35 mol % CaF, — 33 mol % SrF, — 32 mol % BaF, 1.4527 1.4486 1.4451
0.2 1,0
2 /
: 0,8 +
0.4 - 2
£ 06+
5 S
© 2
06 £ o041
=
o
& o2-
0.8
T T T T T T T T T 1 D'O I I’ff T 1
800 900 1000 1100 1200 1300 209 250 e e
T.°C A, nm

Fig. 4. Sections of the DSC curves of a crystal sample
of the 33 mol % CaF, - 33 mol % SrF, - 33 mol % BaF,
composition, first cycle: I — heating, 2 - cooling

SrF, - 38 mol % BaF,while the minimum values
are typical for the composition 40.5 mol %
CaF,-33.6 mol % SrF, - 25.9 mol % BaF,.

The transmission spectra for the crystal of
the CaSrBaF, composition in the region of UV
and IR absorption edges are presented in Fig. 5
and Fig. 6 respectively. The measured sample
was 10 mm thick. The spectra are presented
taking into account the Fresnel reflection from
the surfaces of the sample. The edge of the UV
absorption was beyond the operating area of the
spectrophotometer, and the absorption at the
wavelength of 200 nm did not exceed 18 % (less
than 0.2 cm™).

The border region of the IR absorption for the
transmission degree of 0.1 begins from 700 cm™
(14.3 um). 50 % transmission occurred at 12.5 um.

Therefore, the crystal of the CaSrBaF,
composition is a new optical material which is
transparent in the mid-IR, visible, and UV ranges.
A big difference between the temperatures of
liquidus and solidus exceeding 50 °C is indicative
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Fig. 5. Transmission spectrum of a crystal sample of
the 33 mol % CaF, - 33 mol % SrF, - 33 mol % BaF,
composition in the UV and visible range. The thickness
of the sample is 10 mm
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Fig. 6. Transmission spectrum of a crystal sample of
the 33 mol % CaF, - 33 mol % SrF, - 33 mol % BaF,
composition in the IR range. The thickness of the
sample is 10 mm

of the incongruent nature of the melting of this
composition. Consequently, the growth from
the melt of CaSrBaF, crystals of high optical
quality which are suitable for laser applications
can hardly be implemented due to the problems
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with concentration overcooling, instability of
the crystallisation front, and the formation of
a cellular and dendritic substructure [35, 36].
However, this composition can be a suitable
crystal matrix for obtaining upconversion
luminophores [37] and can be used in the
production technology for optical ceramics [38].
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Abstract

Multiplex microsphere-based immunofluorescence assay is a reliable, accurate, and highly sensitive method for the detection
of various biomolecules. However, for the moment, the wide application of the method in clinical practice is prevented by
the high cost of reagents for analysis - magnetic spectrally encoded microspheres. Therefore, an urgent task is the
development of new methods for the synthesis of microspheres with the required properties. The aim of this study was the
creation of new magnetic fluorescent microspheres suitable for use in multiplex immunoassay.

Samples of magnetic fluorescent polystyrene microspheres were synthesized by dispersion polymerization and two-stage
swelling methods. Experimental studies of geometric parameters, fluorescence, magnetic properties of the synthesized
microspheres have been carried out.

The results of the studies have shown that microspheres synthesized by dispersion polymerization are promising for the
use in immunofluorescence analysis. The obtained results can be used for the development of new diagnostic multiplex
test systems based on spectrally encoded microspheres.

Keywords: Immunofluorescence assay, Planar immunoassay, Microspheres, Fluorescence, Dispersion polymerization,
Two-stage swelling
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1. Introduction

Now, fluorescent microspheres arewidelyused
in various methods of immunoassay. Immuno-
fluorescence analysis based on microspheres
has a number of important advantages, such
as the ability to simultaneously detect several
analytes in one sample (multiplicity), a small
sample volume required for analysis, as well as
high accuracy and sensitivity at a high analysis
speed.

Multiplex microsphere-based analysis
methods are widely used in scientific research,
medicine, biology, and immunology. These
methods are used for the detection of nucleic
acids [1], the detection of carcinogens and toxins
in food [2, 3], the detection of organophosphate
pesticides, causing environmental pollution
[4], for the diagnosing of tumour markers [5, 6]
and various infections [7], for the detection of
coronavirus infection COVID-19 [8].

Multiplexity in modern analysis methods is
usually achieved through the use of spectrally-
encoded microspheres [9]. Spectral coding
of microspheres is used for the creation of
different types of microspheres to which the
analysed analytes will correspond, and is carried
out by staining the microspheres with various
fluorescent dyes in different concentrations.
Thus, for example, the use of a combination of
three dyes in different concentrations allows
encoding up to 500 types of microspheres [10].

Primary antibody Ne1 \ Detectable

antigen Ne1

Spectrally encoded
microsphere Ne1

Primary antibody Ne2 \

+ + | =

Detecting
antibody Ne1
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Most methods of multiplex immunoassay are
based on a specific antigen-antibody reaction.
Immunocomplexes are formed on the surface
of optically encoded polymeric microspheres.
For example, the so-called “sandwich” method
involves the formation of immunocomplexes
“primary antibody - detectable antigen - detecting
antibody - fluorescent label” on the surface of
microspheres (Fig. 1).

The reading of fluorescence signals for
identification of microspheres and detection of a
fluorescent label during a multiplex immunoassay
can be performed by different methods.

A widely used approach is based on flow
cytometry, in which particles are analysed in
the flow one by one [11]. In the flow cell, the
particles are irradiated with laser radiation, the
signals of light scattering and fluorescence from
each particle are recorded using detectors based
on photomultiplier tubes (PMT) or avalanche
photodiodes (APD).

Over recent years, flow cytometry has
been replaced by a new method - planar
immunoassay based on fluorescent magnetic
microspheres [12]. In this method, particles are
immobilized in one plane using a magnet, after
which fluorescence is excited using LED and
recorded using a CCD (charge-coupled device)
or a CMOS (complementary metal-oxide-
semiconductor) camera using the necessary light
filters (Fig. 2).

Fluorescent label
/7

Microsphere with
immunocomplex Ne1

Fluorescent label

Detectable
antigen Ne2 / .
+ == .
=
Spectrally encoded Detecting Microsphere with

microsphere Ne2

antibody Ne2

immunocomplex Ne2

Fig. 1. Formation of immunocomplexes on the surface of microspheres in the multiplex immunoassay method
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Analysis of the obtained images in different
fluorescence channels allows identifying
the spectrally encoded microspheres. After
identification of the microspheres, the signal
from the fluorescent label is recorded in the
same way using an appropriate filter. In this
case, the presence or absence of fluorescence
from a certain type of microsphere indicates
the presence or absence of the corresponding
analyte in the sample. In addition, the value
of the fluorescence intensity can be used to
estimate the concentration of the analyte in
the sample, since the fluorescence intensity
depends on the amount of the analyte bound to
the microsphere [13].

Instruments based on the method of planar
immunoassay are more affordable, compact and
reliable in comparison with analysers based on
flow cytometry [14].

Multiplex analysis based on magnetic
spectrally encoded microspheres is a reliable,
accurate, and highly sensitive method [15].
However, currently, the wide application of the
method in clinical practice is prevented by the
high cost of reagents for analysis - magnetic
spectrally encoded microspheres, due primarily
to the closed technology.

The aim of this study was the creation of new
magnetic fluorescent microspheres suitable for
use in multiplex immunoassay.

Magnetic fluorescent polystyrene micro-
spheres samples were synthesized by the methods
of dispersive polymerization and two-stage
swelling within the framework of this study.
Experimental studies of geometric parameters,
fluorescence, magnetic properties were performed

2021;23(1): 108-121
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in order to assess the possibility and prospects of
using the synthesized microspheres in multiplex
immunofluorescence analysis.

2.Experimental

2.1. Reagents

The following reagents were used for the
synthesis of microspheres: styrene, Pur., Russia
(purified by vacuum distillation with preliminary
removal of the inhibitor with an aqueous solution
of NaOH); methyl methacrylate containing 10—
110 ppm of 4-methoxyphenol as inhibitor (99%,
ACROS Organics); divinylbenzene (80% mixture
of isomers, Aldrich), 2-ethoxyethanol, P.A.,
Russia; tetrahydofuran, Pur., China; ethanol,
95%; toluene, P.A., “Reakhim”; Pluronic F-127,
Sigma, BioReagent, CCM = 950-1000 ppm;
azobisisobutyronitrile (AIBN), C.P., Russia;
sodium lauryl sulphate, P.A., “Reakhim”; acetone,
P.A., Russia; polyvinylpyrrolidone (mol. weight -
40,000 g/mol) “Sigma-Aldrich”; magnetic fluid in
kerosene was provided by Nanocomposite LLC,
average particle radius is 9 nm, particles were
stabilized with oleic acid; deionized water, 13—
15 MOhm cm.

2.2. Synthesis of microspheres

The synthesis of polymer particles is based
on the method of dispersion polymerization
(sample No.1) [16-18] and the method of two-
stage swelling (sample No.2) [19, 20]. The main
requirement for polymer particles is based on
the use of “hard” solvents (for example, toluene,
tetrahydofuran) at the stage of introducing
magnetic particles and staining with fluorescent
dyes. Thus, the particles must have a high

Exciting radiation /

for microsphere
identification

- _ Optical filter

‘R Exciting radiation

for registration of
a fluorescent label

Spectrally encoded
microspheres

Magnet

Fig. 2. Planar immunoassay based on fluorescent magnetic microspheres
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crosslinking density in order to avoid dissolution
and excessive swelling.

2.2.1. Synthesis of sample No.1 by dispersion
polymerization method

The synthesis was carried out in a temperature-
controlled reactor at a temperature of 74 °C,
equipped with a rotary stirrer, a reflux condenser,
a funnel for supplying reagents, and a capillary
for nitrogen blow. The stirrer speed was 150 rpm.
Ethanol was used as the reaction medium. The
following reagents were mixed separately on a
magnetic stirrer: 15 ml of styrene and 0.41 g of
AIBN. 0.85 ml of divinylbenzene-80 in 10 ml of
2-ethoxyethanol was introduced 10 min after the
initiation. The SEM of the obtained particles is
shown in Fig. 3a.

2.2.2. Synthesis of sample No.2 by two-stage
swelling method

First, 1 g of the initial polymer particles,
preliminarily obtained by dispersion
polymerization (Fig.4a), with a molecular
weight of about 10,000 Da was dispersed in
50 ml of an aqueous solution of sodium lauryl
sulphate (0.25 wt. %) using an ultrasonic bath
for 30 min. Then an emulsion containing 10 ml
of acetone in 50 ml of 0.25 wt. % sodium lauryl
sulphate solution was added to the solution, and
the mixture was left stirring for 12 hours at a
temperature of 25 °C for the first stage of swelling.

At the next stage, a monomer emulsion,
consisting of 1 ml of styrene, 1 ml of methyl
methacrylate, 2 ml of a crosslinking agent
(divinylbenzene-80) with a dissolved initiator
(AIBN, 1-2 wt. % of the monomers) in 50 ml

LDZ0 x30k  30um TMm-1000_9788

Th-1000_55a2

a
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0.25 wt. % sodium lauryl sulphate solution was
added to the resulting mixture, and left for the
second stage of swelling for 8-12 hours.

For the polymerization, 50 ml of 1 wt. %
solution of the stabilizer polyvinylpyrrolidone-40
was added, the temperature of the mixture
was raised to 70 °C and held for 10 hours. The
resulting suspension was washed with water
(3 times) and ethyl alcohol (3 times) for the
removal of unreacted monomer and small side
particles. The SEM of particles after two-stage
swelling is shown in Fig. 4a.

2.3. Method of introducing magnetic
particles into polymer microspheres

Polymer particles were centrifuged in ethanol
three times for 20 min at 907 g for sample No.1,
and at 403 g for sample No.2, on a ThermoFisher
Heraeus Labofuge 200 centrifuge, after which
they were transferred into butanol-1 and butanol
three more times with the same centrifugation
parameters. Then, a magnetic fluid in toluene was
added drop wise under the action of ultrasound on
a 5 ml vessel in a VGT-1613QTD ultrasound bath
with a volume of 1.3 Lwith an operating frequency
of ultrasonic vibrations of 40 kHz. The particles
were sonicated for at least two hours, after which
they were separated by centrifugation three times
for 20 min at 45 g from the magnetic particles that
were not attached to the spheres. The particles
were repeatedly washed with ethanol and water,
separating them with permanent magnets (Nd-
Fe-B) with pull off forces of 2.35, 8.62, 20.65 kg,
while separating the middle fraction of particles.
For the subsequent staining of the particles, they

L D20 70k  10um TM-1000_DG41 L 021 w50k 20um

Fig. 3. SEM images of: a) original sample No.1 obtained by dispersion polymerization; b) sample No.1 after
application of magnetic particles; c¢) sample No.1 after application of the dye and magnetic particles
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Fig. 4. SEM images of: a) original sample No.2; b) sample No.2 after two-stage swelling; c¢) sample No.2 after

application of the dye and magnetic particles

were transferred into deionized water containing
0.5 wt. % Pluronic F-127.

2.4. The introduction of dyes into polymer
microspheres

Cyanine fluorescent dyes Cy5 and Cy5.5
(Fig. 5) were introduced into particles by the
diffusion method [21]. The dyes were dissolved in
a tetrahydrofuran medium and added drop wise
to a known amount of polymer magnetic particles
dispersed in deionized water containing 0.5 wt. %
Pluronic F-127. The dyes were left to diffuse into
polymer spheres at 40 °C for 6 hours with constant
stirring on a UT-4331S shaker. The spheres were
separated with a magnet and washed with water
several times, after which they were transferred
to deionized water.

2.5. Research methods

The study of the geometric parameters of the
samples was carried out by of optical and electron

microscopy methods, as well as by the dynamic
light scattering (DLS) method.

Scanning electron microscopy (SEM) images
were obtained using a TM-1000 microscope
(Hitachi, Japan).

The optical microscope LOMO BIOLAM
M-1 (LOMO, Russia) was used in the optical
microscopy experiments. Image] software
(NIH, USA) was used for image processing and
automatic analysis. The geometric parameters
of at least 500 particles of each sample were
measured for obtaining statistically reliable
results in the course of automatic image
analysis.

In the dynamic light scattering method,
the investigated liquid dispersion of particles
is irradiated by a laser and the scattered laser
radiation is recorded. Since the particles
are in continuous Brownian motion, local
inhomogeneities of the refractive index appear,

- - =Cyb5 absorption
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—— Cy5.5 radiation
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Fig. 5. Absorption and fluorescence spectra of Cy5 and Cy5.5 dyes
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which, when light passes through the medium,
lead to fluctuations in the intensity of the
scattered light. The diffusion coefficient is
measured based on the analysis of the time
autocorrelation function (ACF) of the scattered
light intensity. The hydrodynamic radius of the
particles is then calculated using the Stokes-
Einstein formula.

The DLS method was used to study synthesized
samples for the presence of large particle
aggregates in them. According to the theory of
light scattering for small particles with radius
R, with a refractive index n, in a liquid with a
refractive index n, scattered radiation intensity
Iis equal to:

16m*R® [ n* -1
I:— _— I , 1
rt (n2+2jwo M

where ris the distance from the scattering region
to the observation point, A is the wavelength of
the incident light beam, n - relative refractive
index (n,/n,), y is the angle between the direction
of polarization of the incident wave and the di-
rection of scattering, I, - the intensity of the in-
cident radiation, — the intensity of the scattered
radiation. From formula (1) it can be seen that
the intensity of the scattered light is determined
by the radius of the particle raised to the sixth
power. Thus, when analysing a mixture of parti-
cles of different sizes by the DLS method, the
intensity of the scattered light from larger parti-
cles will be significantly higher. In this regard, the
method allows registering even small concentra-
tions of large particles in a sample of a liquid
dispersion.

The DLS measurements were carried out
using a Photocor Complex particle size analyser
(Photocor Ltd, Russia). A laser with a wavelength
of 657 nm was used for the measurements. The
measurements were carried out at a temperature
of 23 °C. When calculating the hydrodynamic
radius of particles, the viscosity of water at a
given temperature — (0.9 cP) and the refractive
index of the medium (1.332) were used. The ACF
was measured for a scattering angle of 30°; the
ACF accumulation time was 30 seconds. For each
sample at least 10 measurements were carried
out.

The experimental setup was developed
for obtaining fluorescent images of spectrally
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Original articles

encoded microspheres, the scheme of the setup
is shown in Fig. 6. A sample of the suspension
of microspheres was placed in the optical cell
on an object stage and illuminated with a laser.
CPS635F laser with a wavelength of 635 nm
(Thorlabs Inc., USA) was used to excite the
fluorescence of cyanine dyes. For the registration
of the fluorescence, bandpass filters 661/20 nm
and 700/13 nm BrightLine (Semrock, USA) for Cy5
and Cy5.5, respectively, were used.

Fig. 6. Scheme of the experimental setup for fluores-
cence imaging of microspheres: I — camera, 2 — mi-
croscope lens, 3 — motorized filter wheel, 4 — laser,
5 - cell with a sample, 6 — object stage, 7, 8 — vertical
and horizontal guides, 9 - linear translator for moving
the camera along the axis z, 10 — linear translator for
moving the sample along the axes x, y, z, 11 — linear
translator controller, 12 — PC, 13 — laser power con-
troller

A highly sensitive Kingfisher 6MP CCD
camera (Raptor Photonics, UK) and a 20x
microscope objective were used to obtain
fluorescent images of microspheres. The analysis
of the obtained images was carried out using the
Image] program.

Samples were also analysed in a QuattroPlex
analyser (Aivok LLC, Russia) for the assessment
of the magnetic properties of particles. The device
is designed for multiplex immunofluorescence
analysis based on magnetic spectrally encoded
microspheres. During the analysis, the
microspheres are immobilized in the flow cell
using a magnet, after which fluorescence images
are obtained in different fluorescence channels.
Conclusions about the magnetic properties of
the particles can be drawn based on the obtained
images.
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3. Results and discussion

Despite the significant laboriousness of two-
stage swelling, the method has become one of
the main methods for obtaining particles with
a size of more than two microns [22-24]. The
corresponding theoretical basis of the method
was actively developed due to problems with the
quality of the product obtained by an alternative
method - dispersion polymerization. For the use
of the particles in multiplex immunofluorescence
analysis, they must withstand “hard” solvents
(e.g., toluene, tetrahydrofuran, etc.), which are
used in the diffusion staining method and the
method of introducing magnetite nanoparticles.
Particles meeting these requirements can
theoretically be obtained by the method of
dispersion polymerization: the polymerization is
carried out in the presence of a large proportion
of the cross-linking agent in relation to the basic
monomer. However, a significant disadvantage
of the dispersion polymerization method in the
presence of a significant amount of a crosslinking
agent is uncontrolled aggregation of particles
and a high value of the polydispersity coefficient
of the resulting particles [25]. Over recent years,
it was proposed to add a crosslinking agent
after the end of the nucleation of the primary
particles in order to solve the above problems in
the dispersion polymerization method. However,
the task of determining the optimal moment of
adding the crosslinking agent is not trivial due
to the wide range of conditions under which
synthesis is usually carried out for obtaining the
desired particle size and degree of polydispersity.
Moreover, it remains unclear how the time of
addition of the crosslinking agent will affect
the crosslinking density in the resulting particle
[26]. Therefore, a comparison of the properties
of particles obtained by these two methods
was made for the selection of particles with the
desired properties: the degree of monodispersity,
the proportion of impurities of irregular shape,
magnetic properties, and the variation of
fluorescence brightness.

3.1. Particle size

Micrographs were obtained using optical
microscopy for both microsphere samples. As a
result of automatic image analysis, information
was obtained on the average particle size, which
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was 2.2%0.7 ym for sample No.1 and 6.5+0.4 ym
for sample No.2.

The optimal particle size for use in a
microsphere-based immunofluorescence assay
is determined by instrumental and biochemical
factors. Thus, the possibility of using particles of
small diameter (less than 0.5 um) is limited by the
complexity of their detection, as well as by the
low degree of adsorption of the analyte associated
with the small surface area of the microspheres.
These factors significantly reduce the sensitivity
of the analysis. At the same time, the large surface
area of the microspheres (with a diameter of
more than 9 ym) can cause uneven distribution
of the analyte during the analysis and the high
consumption of expensive reagents (first of all -
antibodies). For example, magnetic polystyrene
microspheres prepared by spray suspension
polymerization have a narrow size distribution,
but a large average diameter of about 10 pum [27].

Therefore, microspheres with sizes of 2.2 and
6.5 um are suitable for use inimmunofluorescence
assays.

3.2. Particle shape

The particle shape different from spherical
complicates the analysis of images in the process
of immunofluorescence analysis and negatively
affects its accuracy [28].

For a quantitative assessment of this
parameter based on the obtained micrographs
of the samples, the coefficient of roundness of
particles was measured k :

k = 4n% , (2)

where A is the area of the particle, and P is the
length of its outer border in the image. Thus, the
value k_= 1 corresponds to a perfect circle, and
the values k_approaching 0 correspond to a more
elongated particle shape.

The measured values of the coefficient of
roundness were 0.90 = 0.02 for sample No.1
and 0.92 # 0.02 for sample No.2. Thus, for both
synthesized samples, the difference between the
particle shape and spherical shape is insignificant
and will not negatively affect the analysis results.

3.3. The degree of monodispersity

Monodispersity of particlesis alsoanimportant
parameter. First, a high degree of monodispersity
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is necessary for accurate identification of
microspheres, since the fluorescence intensity
of an individual microsphere depends on its size.
This is especially important when microspheres
are encoded with different concentrations of a
fluorescent dye.

Second, the accuracy of determining the
analyte concentration will depend on the degree
of monodispersity, since the kinetics of the
reaction on the surface of the microsphere and
the fluorescence intensity of the label depend on
the surface area of the particle [29].

The results of the study by optical microscopy
indicate a rather high degree of monodispersity
for both samples. The coefficient of variation was
7.4% for sample No.1 and 6.2% for sample No.2.

For comparison, the study [30] described
microspheres synthesized by dispersion
polymerization in an alcoholic medium, the
coefficient of variation of the sizes of which
ranged from 14.2 to 21.7%, depending on the
amount of the stabilizer.

3.4. The presence of impurities and particle
aggregates

The presence of particle aggregates can have
a negative effect on the results of immuno-
fluorescence analysis, since such particles during
the analysis will either provide a false signal of
fluorescence or will not be taken into account
in the analysis, depending on the parameters of
the optical system and the parameters of image
processing of the device [31].
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The obtained micrographs of the synthesized
samples contained individual particles of
irregular shape. The relative concentration of
impurities ¢, was measured according to optical
microscopy data:

Nimp [
Cinp = N x 100 %
where N, is the amount of impurities, N is the
total number of particles. Impurities included
particles recognized in images with the coeffi-
cient of roundness less than 0.8 or with the di-
ameter different from the average by more than
30%.

The measured values ¢, ~were 4.1% for
sample No.1 and 8.4% for sample No.2. In this
case, a significant part of the impurities were
large particle aggregates. Since it is difficult to
distinguish particle aggregates from particles
closelylocated in microphotographs according to
optical microscopy data, synthesized samples of
liquid dispersions of microparticles were studied
by the DLS method. The DLS method allows
registering even small concentrations of large
particles in a sample of a liquid dispersion.

As aresult, it was found that the composition
of the liquid dispersion of microspheres of sample
No.2 contains particles of large sizes, while
sample No.1 practically does not contain large
aggregates of particles (Fig. 7).

Sample No.2 was sonicated in an ultrasonic
bath with a frequency of 22 kHz and a power

1 -before ultrasound treatment
-after ultrasound treatment
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Fig. 7. The distribution of the scattered light intensity by particle size for samples No.1 (a) and No.2 (b)
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of 75 W for 5 minutes. As a result of repeated
measurements, it was found that there were
no large aggregates in the dispersion (Fig. 7b).
Thus, it can be concluded that the particles in
sample No.2 are more prone to aggregation in
comparison with sample No.1.

However, surfactants and stabilizers can
be used for the prevention of the aggregation,
moreover, particles used in immunofluorescence
analysis have a shell of carboxyl groups, preventing
particle aggregation [32, 33].

Thus, the revealed tendency to aggregation
of particles in sample No. 2 should be taken into
account in further study with microspheres.
However, it is not a factor preventing the use of
microspheres in immunoassay methods.

3.5. Magnetic properties

For the use of microspheres in planar immuno-
assay, they must have sufficient magnetic
properties, for example, due to the high content
of magnetite [34]. This condition is due to the
need to immobilize the microspheres in the cell
using a magnet for analysis [35].

In this study, the presence of magnetic
properties in samples of synthesized microspheres
was assessed visually using an optical microscope.
A neodymium magnet was brought to the cell
with microspheres in liquid dispersion. After that,
the microspheres of both samples were aligned
along the lines of magnetic induction, which
indicates that the microspheres have magnetic
properties.

The efficiency of immobilization of micro-
spheres in a cell using a magnet was evaluated
by analysing samples in a QuattroPlex device for
multiplex immunofluorescence assay. During the
analysis, the microspheres were immobilized in a
flow cell using a magnet, after which fluorescence
images were obtained in different fluorescence
channels.

As a result of the study, it was found that the
magnetic properties of the microspheres of both
samples allow, firstly, to collect microspheres from
the entire volume of the cell in one plane using a
magnet, and secondly to keep them motionless
for the time required to obtain fluorescent images
in several channels (about 1 minute), preventing
the displacement of microspheres under action
of gravity, which is also important, since the
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displacement of microspheres in images obtained
in different channels does not allow to take them
into account when analysing images during
multiplex immunoassay.

3.6. Fluorescence

Microspheres of each type were stained with
Cy5 and Cy5.5 fluorescent dyes separately and
with both dyes at different concentrations.

We studied such fluorescence parameters
of synthesized microspheres as fluorescence
intensity (brightness of microspheres in the
image) and uniformity of dye distribution.

The brightness of the microspheres in the image
was compared with the brightness of the reference
particles. It should be noted that the reference
particles contained other fluorescent dyes and the
corresponding filters were used to obtain images.
Otherwise, the experimental conditions were
identical. The purpose of this experiment was to
find out whether it is possible to obtain fluorescent
images of samples of synthesized microspheres
with a comparable exposure time in the camera,
and also to draw conclusions about the required
concentration of the dye.

Luminex microspheres with the highest and
lowest dye concentration (regions 12 and 78) were
used as reference.

The resulting 16-bit images contained a
distribution of 2!¢ brightness gradations. The
camera exposure was selected in a way, that the
microspheres with the lowest dye concentration
were distinguishable (that their brightness value
in the image was twice the average brightness
value for background noise), provided that the
microspheres with the highest concentration of
dye were not light-striking the image (i.e. their
brightness value in the image did not exceed
65535 a.u.).

The images were analysed using the Image]
software. Individual particles were identified by
the intensity threshold in the image. Then the
average intensity in the image of each detected
particle was measured. In order to avoid false
recognition of two aggregated particles as one,
particles with a roundness value less than 0.8
were ignored. The roundness value was calculated
using the formula (2).

As a result, for the synthesized samples, the
selected exposure value in both fluorescence
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channels (corresponding to Cy5 and Cy5.5)
was 5 seconds for sample No.1 and 20 seconds
for sample No.2, with a exposure time of 3.5
seconds for reference microspheres. Thus, we
can conclude that for sample No.1 the selected
dye concentrations were close to optimal, and for
sample No.2 the concentration of the dye should
be increased in order to reduce the analysis time.

The uniformity of the distribution of the dye
for individual microspheres of the same sample is
an important parameter, since it determines the
spread of the brightness of the microspheres in
the image. Due to the fact that the dynamic range
of the camera is limited, the maximum possible
number of distinguishable types of microspheres
and, consequently, the multiplexing of the
analysis depend on the spread in the brightness
of one type of microspheres.

Based on the analysis of the obtained images,
the values of the coefficient of variation of the
fluorescence intensity were calculated, which
characterize the variation of the brightness of
microspheres of the same type (Table 1). In [36],
a method for the synthesis of particles with a
high degree of homogeneity and a fluorescence
variation coefficient of 3.7%; was described,
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however, such particles had a large size (from
10 pym) and were not magnetic. Therefore,
Luminex magnetic fluorescent microspheres were
chosen as reference particles for comparison.
The analysis was carried out on 5 fluorescence
images for each sample of microspheres in both
fluorescence channels.

It can be seen that microspheres of sample
No.2 were characterized by a greater variation of
brightness in both fluorescence channels. Thus,
sample No.1 had the most uniform distribution of
the fluorescent dye, which made it more promising
for use in immunofluorescence analysis.

Fluorescence images for a mixture of two types
of microspheres of sample No.1, differing in the
concentration of one dye were also obtained. As a
result, it was shown that it is possible to identify
microspheres with different dye concentration by
brightness in the image (Fig. 8).

Fluorescent images of two types of
microspheres of sample No.1, containing both
fluorescent dyes at different concentrations were
also obtained.

As a result of the analysis of the obtained
images, it was shown that the coefficient of
variation of the fluorescence intensity in the

Table 1. Coefficient of variation of the fluorescence intensity of microspheres

Sample Coefficient of variation of the fluorescence intensity, %
P Cy5 / Dye 1 Cy5.5 / Dye 2
Sample No.1 8.8+0.2 9.4+0.3
Sample No.2 16.1£0.6 19.6%0.8
Reference microspheres 7.4%+0.2 7.9%0.2
¥ | 400
o ;8 @ 300
G 87 24 ob | 2
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a b c

Fig. 8. a) Fragment of the obtained fluorescent image of a mixture of microspheres of sample No.1 with high
and low concentration of the dye Cy5; b) analysis of the same fragment of the image: the upper number is the
number of the particle detected in the image; the lower number is the average fluorescence intensity of the
detected particle; c) the distribution of microspheres with different fluorescence intensities in the resulting
image
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image for both types of fluorescent dyes and
for both samples of microspheres with different
concentrations of dyes was also less than 10%
(Fig. 9).

The low coefficient of variation of the
fluorescence intensity allows encoding a large
number of microsphere types, at least 36 regions,
by introducing different concentrations of a
fluorescent dye. This number is sufficient for the
vast majority of applications of the multiplex
immunofluorescence analysis.

4. Conclusions

As aresult of the studies, it was found that the
microspheres in both samples have optimal sizes
for the use in immunofluorescence analysis and
a high degree of monodispersity, do not contain
a statistically significant amount of irregular
impurities. The magnetic properties of the
microspheres of both samples make it possible to
quickly and reliably immobilize the microspheres
in one plane of the measuring cell using a magnet.
At the same time, the microspheres synthesized by
the two-stage swelling method are characterized
by a larger spread in the fluorescence brightness.
Therefore, from the point of view of the uniformity
of the distribution of the fluorescent dye, the
use of microspheres synthesized by dispersion

800 r
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400

The fluorescence intensity
of the Cy 5.5 dye, arb. units

1
300

200 r
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polymerization seems to be more promising for
use in immunofluorescence analysis.

The possibility of identifying microspheres
with different dyes and different concentration of
dyes in the image was shown. The low coefficient
of variation of the fluorescence intensity makes it
possible to use a large number of types of spectrally
encoded microspheres in immunofluorescence
analysis, and, therefore, to identify a large
number of pathogens simultaneously. The
obtained results can be used to develop new
diagnostic multiplex test systems based on
spectrally encoded microspheres.
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Abstract

2G HTS wires are capable of transferring huge amounts of electrical energy without loss. An increase in the current-carrying
capacity in these materials is possible due to an increase in the thickness of the superconducting layer; however, there is
a problem with the appearance of impurity orientations and other defects with increasing thickness. We have proposed a
solution of this problem by increasing the thickness of the superconducting layer by the MOCVD method using interlayers
of yttrium oxide.

The aim of this study was the production of thick composite films with yttrium oxide interlayers and high critical current
density. In addition, we want to show the effectiveness of the approach of introducing yttrium oxide interlayers for the
reduction of the number of parasitic orientations and defects with an increase in HTS film thickness.

The deposition of YBa,Cu,0, ;and Y,O, films was carried out layer by layer using reel-to-reel MOCVD equipment. A 12 mm
wire of the following architecture was used as a substrate: 200 nm CeO,(Gd,0,)/30~50 nm LaMnO,/5~7 nm IBAD-MgO/50 nm
LaMnO,/50 nm Al,0,/60 pym Hastelloy 276. The resulting films were annealed in oxygen for obtaining the orthorhombic
YBCO phase.

YBa,Cu,O, /Y,0, composites were obtained. In these composites, obtained using the MOCVD method, the amount of side
(cy) orientation of the HTS layer was reduced and high values of the critical current density, exceeding 1 MA/cm at a thickness
of > 2 ym remained. The efficiency of the approach of introducing yttrium oxide interlayers for the increase in the current
characteristics with increasing film thickness was shown. It was found that further thickening of films with interlayers is
prevented by the formation of nanopores, reducing the critical current density.

Keywords: YBCO, MOCVD, Heterostructures, Buffer layers, Y, 0., HTS, Superconductor
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1. Introduction

The last 15 years in the field of applied
superconductivity have been marked by the
development of technology for the production of
long wires, in which the current-carrying layer is
a thin film of high-temperature superconductor
RBa,Cu,O, (RBCO,R=REE,Y) grown epitaxially
on oxide buffer layers covering the base metal
wire. Such materials, called 2G HTS wires (2G
coated conductors), have already proven their
effectiveness in the electric power industry
for the transmission of electricity through
superconducting cables, for production of motors,
generators, current limiters, transformers and
other electrical equipment with record power
and weight and size characteristics [1, 2].
The development of magnets for accelerators
and fusion reactors, 10 MW wind turbines,
superconducting energy storage devices, levitation
bearings, high-resolution medical tomographs
and many other fundamentally new devices for
various fields of technology, from the extractive
industries to aerospace industry is performed
using 2G HTS wires [3-7]. The efficiency of
superconducting materials directly depends
on the critical current density characterizing
them (jc). The high jc values, inherent to RBCO
heteroepitaxial thin films, occur for two reasons:
1) their structure approaches a two-dimensional
mosaic monocrystal with a small misorientation of
neighbouring grains, which reduces the likelihood
of the appearance of the so-called “weak links”
characteristic for polycrystalline HTS ceramics
and strongly limiting jc; 2) their structure
contains a large number of nonequilibrium
defects — misfit dislocations, packing defects,
antistructural defects formed during film growth,
and preventing magnetic vortex creep. However,
along with the listed “useful” defects in RBCO
films, morphological defects reducing the jc
value are often formed. First of all, such defects
include crystallites with the orientation of the
CuO, planes perpendicular to the substrate plane.
It is known [8, 9] that the crystal structure of
the RBa,Cu,0. ; orthorhombic phases (Fig. 1a)

377-8
is highly anisotropic, and the superconducting

current in them propagates along the CuO,,
therefore, the achievement of the maximum jc
values requires RBCO film growth in the <001>
direction, e.g. along the c axis, perpendicular to
the substrate plane (c, in Fig. 1b). The growth of
RBCO films with other axial orientations (a and
b oriented growth, hereinafter not distinguished
by us and denoted as ¢)) not only significantly
reduces the superconducting current [10], but
also prevents a further increase in the thickness
of the c, oriented film.

In many studies devoted to the formation and
properties of superconducting epitaxial ¢, RBCO

001
[

cll i

«001»

el i

Fig. 1. Structure YBa,Cu,0O, ,(a); Schematic picture of
¢, grains heteroepitaxy and further q RBCO grains
growth (b)
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films, the problem of obtaining high jc values
in the upper layers of films with a thickness of
about 1 pm was revealed [11, 12]. With increasing
thickness, the oriented crystallization of the
layers changes from the predominant c, to the
preferential ¢ (Fig.1b). This phenomenon does
not allow an arbitrary increase in the value of
the superconducting current by a proportional
thickness increase of the RBCO layers. Discussing
various physicochemical reasons for switching the
growth direction, it is important to understand
that the c, orientation is thermodynamically
preferable (corresponds to the minimum energy of
the heteroepitaxial system), and the appearance
of thec |—orientation is caused by kinetic reasons.
The deposition of the HTS layer is carried
out by various methods, but in all cases it is
performed on a substrate heated to 750-900 °C.
Increasing the thickness of the HTS layer leads
to a decrease in the actual temperature of the
growth surface and slows down the mass transfer
in the surface layer. Under these conditions (as
well as at an insufficiently high temperature of
film deposition and/or an excessively high rate
of their deposition), the ¢ -orientation becomes
advantageous, since the fastest growth occurs
along ab-planes, which is typical for all layered
crystals. The complete match of the unit cell
(UC) parameters at the interface c"/cl (Fig. 1b)
contributes to the nucleation of crystallites with
a c”—orientation, i.e., crystallites oriented as c L
prove to be an excellent substrate for the growth
of c”—oriented crystallites. The critical nucleus
of cll—oriented crystallites in this situation has a
minimum size, and its formation is characterized
by a minimum energy barrier [13].

According to the literature, for the suppression
of grain growth in the c|—orientation it is
recommended to change the deposition conditions
of HTS layers as their thickness grows, namely:
an increase in the deposition temperature, a
decrease in oxygen pressure (which also increases
the diffusion mobility in R-Ba-Cu-O systems) and/
or a decrease in the deposition rate [14]. Another
approach recommended in [13, 15], proposes the
use of buffer layers with an increased mismatch of
the UC parameters in HTS/buffer layer interface.

In this study, we proposed suppressing
the growth of c -crystallites by introducing
intermediate Y,0, layers of nanometer-scale
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thickness in YBCO matrix. Yttrium oxide forms
heteroepitaxial boundaries with YBCO, since the
difference between UC and YBCO parameters is
small, its introduction should not prevent ¢, YBCO
epitaxial growth. It was previously noted [16] that
in thin YBCO films containing an excess of Y,0,,
the density of ¢ -crystallites decreases. These
features allowed us to assume that laminated
two-phase composites YBCO/Y,O, deposited to
metal wires with biaxially textured buffer layers
can be formed with a predominant c, orientation
of crystallites to a higher thickness than layers of
stoichiometric composition (YBa,Cu,O, ,), and
therefore, with equal thickness, they can have a
higher critical current density.

The deposition of HTS layers was carried
out on moving substrate wires used in the 2G
HTS wire technology by metal-organic chemical
vapour deposition (MOCVD). The peculiarity of
this method is the transport of the film’s metal
components to the reactor in the form of vapours
of metal-organic volatile compounds (precursors).
In presence of oxygen these components
decompose on a heated substrate with the
formation of an oxide film. This method allows
the formation of films, uniform in composition
and thickness, on the substrates of complex
shapes and large area, including the continuous
sputtering of a film on a long metal wire in reel-
to-reel mode. Today, MOCVD technology is one
of the most popular in the production of 2G HTS
wires, and wires obtained using this technology
are not inferior in characteristics to wires formed
by laser ablation [17].

This study presents the results of comparative
studies of the texture, microstructure, and
current-carrying properties of YBCO films and
two-phase laminated YBCO/Y,0, composites of
various thicknesses.

2. Experimental

The deposition of films was carried out using
reel-to-reel MOCVD equipment (Fig. 2). Solid
mixtures of complex compounds of yttrium,
barium, and copper with dipivaloylmethane were
used as precursors: Y(thd),, Ba(thd),(tetraglyme),
Cu(thd),. Since the long-term exposure of the
precursors at high temperatures leads to the
gradual loss of their ability to sublimation,
the sublimation was carried out by the flash
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evaporation of micro-portions of the solid
mixture of the listed precursors. For this, a tablet
(1) obtained by pressing previously purified by
sublimation (in the case of Ba(thd),(tetraglyme) -
recrystallization) and thoroughly mixed
precursors, was placed in an automatic dispenser,
which includes a device for microstepping
the tablet and a knife moving reciprocally in
the direction transverse to the axis of tablet
movement. With the simultaneous movement of
the tablet and the knife, very thin layers of the
precursor mixture were cut off, which turned into
a continuous stream of fine particles. Then these
particles, entrained by the argon flow, entered the
evaporator (2), heated to 335 °C, where they were
instantly evaporated. From the evaporator, the
flow of Ar and precursor vapours were directed
along a metal tube heated to 320 °C (3) into the
hot (T = 350 °C) distributor unit (4), in which it
was mixed with an oxygen flow and divided into
8 equal parts, uniformly distributed along the
entire length of the deposition zone (5). On both
sides of the precursor vapour outlet openings
into the deposition zone, there were outlets for
additional argon flow, which forms gas “curtains”
(8), directing the precursor vapours onto the
substrate wire which is heated to 820-850 °C. A
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reel with the rewind ability (7), driven by a stepper
motor, allowed setting the required rewind speed
(up to 30 mmy/s), and a braking asynchronous
motor on the feed reel allowed to keep the wire
tension necessary for reliable thermal contact
of the wire with the heated “table”. When the
precursors vapours with oxygen reached the
heated substrate wire, oxidative thermolysis
occurred with the formation of an oxide film
on the substrate surface. The gas products
of this reaction, together with the unreacted
vapours of the precursors, were pumped out by
a pump supplied with dust filter. The pressure
of 3.5 mbar was maintained in the reactor by
a control valve at the outlet of the reactor. All
gas flows were controlled by gas flow regulators.
For the deposition of the HTS film, an extensive
preliminary study on the selection of the optimal
gas flows and temperatures for each of the heating
zones of the MOCVD unit was performed.

As substrates, metal wires made of the heat-
resistant Hastelloy 276 alloy, covered with buffer
layers with the following multilayer architecture:
200 nm Ce0,(Gd,0,)/30~50 nm LaMnO,/5-7 nm
IBAD-Mg0/50 nm LaMnO,/50 nm Al,0,/60 pm
Hastelloy were used. The amorphous Al O, layer
prevented the oxidation of the metal wire and
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Fig. 2. MOCVD equipment scheme: Precursor tablet (1), Evaporator (2), Transportation pipe (3), Distributor
4), Wire (5), “Table” (6) with heating, Reel with rewinding (7), “Curtains” (8), Windscreens (9), that restrict

precursor deposition on unheated wire parts
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the diffusion of its components into the HTS
layer during its high-temperature deposition;
the next LaMnO, layer reduced the roughness of
the growth surface and prevented the interaction
of the Al,O, and MgO layers. The biaxial texture
was created in MgO layer applied over LaMnO,
by ion beam assisted deposition (IBAD). The
biaxial texture was transferred epitaxially to the
deposited LaMnO, layer and then to the final
buffer layer of CeO,(Gd,0,) solid solution, which
has a slight mismatch between the UC and YBCO
parameters, also contributing to a decrease in
the number of ¢ |—oriented crystallites in the film
[18-21]. All used substrates were 12 mm wide;
therefore, the absolute values of the critical
current given below refer to this width of the
superconducting layer.

It is known that the MOCVD process of
multicomponent compounds is incongruent,
since the precursors of different metals have
differing values of volatility and thermal
stability. Therefore, the deposition process of
superconducting layers was preceded by the
stage of optimization of the precursors ratio in
the initial mixture of precursors. The elemental
composition of the obtained films, their phase
composition and the superconducting critical
current were studied. Thus, the region of
optimal composition of the films and the molar
ratio of precursors 1(Y):1.18(Ba):1.56(Cu) were
established for the optimal T-pO, deposition
conditions.

When choosing these conditions, we were
guided by the diagram described in [22], while
taking into account the features of the MOCVD
technology used (reel-to-reel unit, the use of a
“table” as a heating element): the temperature
of the heating element was 990 °C, the reel-
to-reel speed was 2 mmy/s, the precursor feed
rate was 9.6 g/h. In all experiments, an oxygen
partial pressure of 1.6 mbar was maintained;
constancy of pO, is extremely important, since
this parameter has the greatest effect on the
elemental ratio in the deposited films. For
samples with intermediate Y,O, layers the
deposition of the latter was carried out at a
temperature of 800 °C, wire reeling speed was 10
mmy/s and Y(thd), precursor feed rate was 3.2 g/h.

During high-temperature film deposition,
the YBCO phase was formed in the non-
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superconducting tetragonal modification with
the composition YBa,Cu,O, .. For the transfer of
YBCO into the superconducting orthorhombic
phase, the obtained samples were oxidized in an
oven at 450 °C and atmospheric pressure with
an additional supply of oxygen and subsequent

slow cooling.

2.1. Study of the elemental and phase
compositions of films, their morphology;
method for the determination of ¢ -oriented
grains concentration

Determination of the phase composition of
the films was carried out using Rigaku D/MAX
2500 and Rigaku SmartLab diffractometers with
a Ge (220)x2 monochromator with a primary
beam using Cu-K, radiation (A = 1.54046 A).
Diffraction patterns were recorded with Bragg-
Brentano geometry (Siemens, Rigaku D /MAX) or
with a parallel beam (Rigaku SmartLab). Scanning
was performed in the 6-26 scan mode with 0.02°
steps. The surface morphology of the films was
investigated using scanning electron microscopy
(SEM) with JEOL and LEO Supra 50 VP (LEO,
Germany) with a magnification up to 200000.

Cross-sectioned samples were prepared
using a Ga* focused ion beam (FIB)" and
HeliosNanoLab™ 600i (FEI, USA) electron-ion
microscope for investigation by transmission
and scanning transmission electron microscopy
(TEM and STEM, respectively). For the prevention
of damage to the sample surface, a protective
platinum layer with a thickness of about 1.5 ym
was deposited on the film surface before starting
the standard procedure for preparing a cross
section by the FIB method. Then the thin sample
was cut out using focused ion beam with Ga*
energy E = 30 keV and current I = 6.5 nA. This
sample was transferred using an Omniprobe
200 manipulator (Omniprobe, USA) directly
in the microscope chamber and welded by the
deposition of tungsten onto a special copper grid.
During the last stage, the sample was successively
thinned using FIB while changing the ion beam
parameters to E = 2 keV, I = 28 pA.

The studies were carried out using TITAN 80-
300 TEM/STEM (FEI, USA) with an accelerating
voltage of 300 kV, equipped with a spherical
aberration corrector, high-angle annular dark-
field detector (HAADF) (Fischione, USA), an
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analyser of characteristic electron energy losses
(GIF, Gatan, USA) and an energy-dispersive X-ray
spectrometer (EDAX, USA).

Since c|—oriented YBCO grains are formed
predominantly in the upper part of the
superconducting layer; the method of X-ray
phase analysis turned out to be insufficiently
informative for their quantitative determination
and even can provide incorrect information
about their content on the surface. Thus, it was
important to develop a quantitative detection
method of q -grains on the surface of the
YBCO film. For the determination of surface
concentration of < -oriented crystallites, the SEM
data were processed using the Image] software,
which allowed distinguishing zones with different
brightness of grey after transforming the original
image into an image with a combination of two
contrasting colours (Fig. 3).

In Fig. 3a c,-oriented grains which on SEM
images look like bright and light stripes can be
clearly seen against the background of ¢, matrix.
Areas occupied by ¢ |—0riented crystallites can be
selected and determination of the fraction of the
surface area occupied by these crystallites can be
performed using the Image] program (Fig. 3b).

2.2. Critical current measurement by the
“Superscan” method

Two methods for the determination of critical
current were used in the study: contactless
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Superscan technique and four probe method
for measuring current-voltage characteristics.
The latter was also used for the calibration of
the Superscan technique, which is described
below. The Superscan method was implemented
using a unit, the design and the measurement
principle of which are shown in Fig. 4a. During
the measurement of the critical current, the wire
was rewound from reel to reel, passing through
a Dewar vessel with liquid nitrogen, where it
cooled and transferred into a superconducting
state, passed between two poles of a permanent
magnet (0.15 T) and then passed through a
head with 9 Hall sensors covering the entire
width of the wire. Since YBCO is a type II
superconductor, the magnetic field penetrates
into the superconducting layer and initiates
an eddy current along the length of the wire.
Hall sensors measured the value of magnetic
induction corresponding to the current in the
wire. The signals from the Hall sensors were
recorded in a file containing all information about
the distribution of current along the width and
length of the wire, the file was analysed using
a computer program. The final presentation
of the results allowed determining the current
distribution of the critical current along the width
(transverse component) and the length of the
wire (longitudinal component) (Fig. 4a). In most
cases, the values of the critical current obtained
in this way were in good agreement with the

Total Area  |Average Size @

487328000 870229

Fig. 3. Calculations of c-oriented grains using the Image] Software: SEM image (up view) of the YBCO film
surface (a), SEM image processing with the same area: c”—oriented grains are white coloured, ¢, grains are

black (b)
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Fig. 4. SuperSCAN method: Operating principle and obtained information (a), the comparison of SuperSCAN
method measurements (b) with 4-point probe measurements of segments 300-400 cm (1) and 4600-
4700 cm (2) (c)
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results of direct measurements of the current-
voltage characteristics obtained by the four probe
method, as it can be seen from Fig.4(b and c). The
data for 1 m long sample are shown; it proves the
reliability of the Superscan technique.

3. Results and discussion

Numerous studies of the structure and
properties of epitaxial films of RBaCuO
superconductorsindicated that jc values of films
strongly depend on the cationic R:Ba:Cu ratio with
the best jc values achieved not in single-phase
films with a stoichiometric cation ratio of 1:2:3,
but in those with a significant deviation from this
composition. Since the YBa,Cu,O, phase does not
have a homogeneity range for cations, impurity
phases appear with a deviation from the ratio of
1:2:3. The resulting phase ensembles containing
the dominant epitaxial phase of YBa,Cu,O,
differ from equilibrium phase ensembles with the
same ratio of elements in polycrystalline powder
compositions or polycrystalline films. Thus, in
the presence of an excess of barium and copper
oxides in equilibrium polycrystalline samples,
the BaCuO, phase coexists with the YBa,Cu,O,
phase [23-25]. However, this impurity phase
was not observed in epitaxial films of (001)
RBa,Cu,0, (R = Lu, Ho, Y, Gd, Nd). In this case,
instead of it, (001)-oriented Ba,CuO, and BaCu,0,
phases were formed, and the latter existed only
until epitaxial contact with the YBa,Cu,0, .
A similar phenomenon was observed with an
excess of yttrium: the non-superconducting
Y,BaCuO, phase was thermodynamically stable
in polycrystalline samples. However, in thin films
with an excess of yttrium in the matrix of the
YBa,Cu,O,  epitaxial film, Y,O, nanoinclusions
with the size of 3-20 nm appeared [25]. These
and similar phenomena were interpreted as a
manifestation of epitaxial phase stabilization
due to the low energy of epitaxial interfaces [26].

Ba,CuO, and BaCu,0, phases formed with an
excess of barium and copper had a negative effect
on the superconducting properties of the epitaxial
HTS film, while Y,0, nanoinclusions on the
contrary improved them, being additional pinning
centres for the magnetic vortices, increasing the
stability of the critical current of the HTS film
in strong magnetic fields. Moreover, the excess
of Y,0, in the film shifted the phase ensemble
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to the YBCO-Y,0,-CuO, region with a lower
melting point, which accelerated diffusion and
suppressed the growth of a-oriented crystallites,
and this, in turn, led to a significant increase in
the critical current density [16]. The foregoing
considerations explain why, during the deposition
of YBCO films, we deliberately made an effort to
obtain compositions with an excess of yttrium,
composing the corresponding mixtures of volatile
precursors and considering the incongruence of
the MOCVD process. As a result of a large number
of iterative experiments, we found the optimal
ratio of precursors 1(Y):1.18(Ba):1.56(Cu), which
provided the highest critical current under the
chosen deposition conditions (at 77 K, H = 0) for
films of the same thickness.

In the XRD spectra of heteroepitaxial YBCO
layers with an excess of yttrium (Fig. 5), Y,0,
impurity in the form of dispersed particles
oriented by the <110> axis perpendicular to
the ab-planes of the matrix of the YBa,Cu,O,
phase, as evidenced by a blurred reflex (440) was
observed. In the context of the present study,
the ratio between the (006) and (200) reflections
of the YBa,Cu,0, phase corresponding to ¢,
and ¢ |—crystallites, respectively, was of interest.
Cuttings of the XRD spectra, including these
reflections for four film samples of different
thicknesses are shown in Fig. 5. The volume
content of the c,-phase (VC) can be determined
through the arearatio of the (200) and (006) peaks,
found by plotting curves, approximating each
peak separately: VC of c”—phase = S| /(S + S").
VC values of c,-phases calculated from the
spectra presented in Fig. 5 were 0%, 2.4%, 7.4%,
and 63.7% for samples 1-4, respectively.

The above procedure for determining the
surface content of the c,-phase according to SEM
data allowed establishing the fraction of the film
surface occupied by ¢ |—crystallites for the same
samples. Microphotographs of the surface of the
films of samples 1-4 are shown in Fig. 6.

These results (Figs. 5 and 6), as well as a
quantitative comparison of the XRD and SEM
results for films of successively increasing
thickness (Fig. 7) allowed us to conclude that
C -crystallites were located mainly on the surface
o% the films and, as the thickness of the film
increased, gradually filled its surface completely.
The dependence in Fig. 7 shows a clear non-
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Fig. 5. XRD graphs for the samples 1-4 with different quantities of ¢ -oriented grains

linear course corresponding to our ideas about
the development of growth of c”—crystallites in
the following stages:

1. The formation of nuclei - at this stage,
the competitive nucleation of crystallites of the
YBa,Cu,0, ; phase in ¢, and c”—orientations and
their initial growth occurred.

2. Extensive growth of nucleated crystallites
of the c | -phases on the surface of the film, as well
as the formation of new nuclei of this orientation.
The development of the process at this stage
is facilitated by three features: a) lamellar
crystallites of the tetragonal phase grow faster
along the base plane ab, than in the perpendicular
direction (single crystals of YBa,Cu,O, . phase
look as thin plates), b) c”—crystallites protrude
above the growth surface and therefore were the
first to meet the flow of the material feeding the
film during the growth of the HTS layer from the
gas phase, ¢) c”—oriented crystallites were easily
formed on c, oriented crystallites, while the
opposite was not observed.

3. Full surface coverage with cl—crystallites,
while there was practically no growth of ¢, phases.

130

The combined action of the factors listed in
the description of stage 2, as the film thickness
increased, led to the growth of colonies of
c |—oriented crystallites, which, as a result, covered
the entire surface of the film, suppressing the
growth of a conductive c, oriented layer.

The results shown in Fig. 7, clearly
demonstrated that surface analysis was the
most important stage in the study of the growth
of YBCO films (more indicative than XRD), since
it allowed understanding whether there is a
possibility of increasing the critical current with
increasing film thickness. Thus, if, according to
XRD data, the volume content of the C- phase
in the film was still not high and it was at the
level of 20-30%, then the surface may already be
so filled with this phase that further deposition
of HTS layers became ineffective in terms of
increasing the critical current. This is illustrated
in Fig. 8, showing the results of measurements
of critical currents (I ) and the microstructure of
the surface of the HTS layer, which was grown in
thickness (h) in 6 consecutive cycles of the YBCO
deposition. It can be seen that at a thickness (h)
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of about 1900 nm, the slope of the dependence I_
(h) changed sharply, and with further thickening
of the HTS layer, its critical current increased
insignificantly (Fig.8a), which was a direct
consequence of the fact that at a thickness of
1900 nm the film surface was almost completely
blocked with ¢ |—oriented crystallites (Fig. 8d).

It was already noted above that the change
in growth from a thermodynamically stable
c, orientation to a kinetically favourable
c"—orientation was promoted by lowering the
temperature of the film growth surface. In
this context it is important to understand the
reasons for this cooling. Assuming that the total
thermal effect of decomposition and oxidation
of volatile precursors of metal components
of YBCO in the MOCVD process is low, it can
be argued that the temperature of the growth
surface reflects the ratio of the heat flux coming
from the heater located under the substrate to
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the radiant energy flux emitted by the heated
wire surface. The dependence of the thermal
conductivity of the YBCO film on its thickness
in the direction perpendicular to the substrate is
difficult to predict a priori, since it is influenced
by many factors. The crystalline anisotropy of
the superconducting phase causes the anisotropy
of thermal conductivity: in the direction of the
c axis (i.e. perpendicular to the substrate) the
thermal conductivity was 4—10 times lower than
along the substrate [27]. The uncertainty in the
value of the anisotropy factor was associated
with the dependence of the phonon thermal
conductivity (it dominates at a high temperature
of film deposition) on the crystallite size of
the film, which depended on the method and
conditions of film deposition, but increases with
increasing film thickness. At the same time, the
fraction of ¢ -crystallites increased, which, as
well as the coarsening of grains, contributed
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Fig. 8. a) The thickness dependence of critical current in YBCO films produced in 6 sequential MOCVD cycles;
b-d - the YBCO film surface evolution with an increase in its thickness (thickness is shown on the images)
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to an increase in thermal conductivity in the
direction of the growth surface. At the same time,
packing defects and plane defects accumulated
in the film at the boundaries of the layers
deposited during successive passes of the wire
through the deposition zone. These defects
were perpendicular to the direction of the heat
flux through the substrate and, according to
[27], reduced the thermal conductivity. However,
the experiment in [27] found an increase in
the thermal conductivity along the normal to
the substrate with increasing film thickness
suggested that the effect of the recrystallization
factor dominated, reducing the grain boundary
scattering of phonons.

Another factor that strongly influenced
the temperature of the growth surface was the
intensity of the light energy flux emitted by it.
The emissivity of the surface, which is at the
maximum for a black body, strongly increased
with an increase in the roughness of the radiating
surface [28, 29]. The roughness itself increased as
the thickness of the HTS crystal layer increased.
The overgrowth of ¢ |—Crystallites, rising above the
average surface height, especially promoted an
increase in roughness, an increase in emissivity,
and a decrease in the temperature of the growth
surface with constant heat supply from the
heater.

Anincrease in the growth surface temperature
by increasing the heater temperature, which
seems to be the simplest solution counteracting
the formation of c|—orientation is not an
appropriate approach. In this approach, it
was difficult to avoid the overheating of the
underlying YBCO layers; the danger of their
incongruent melting increased, since the
deposition temperature was very close to the
peritectic temperature. In addition, when the
temperature rose above 1000 °C a noticeable
degradation was observed in the substrate
(oxidation of its reverse side, crystallization
of the amorphous buffer Al,O,, the Y,O,
layers, causing additional roughness of the
growth surface). Finally, the need for repeated
adjustment of the heater temperature when
applying successive YBCO layers significantly
complicated the process of obtaining HTS wires.

An alternative method of preventing the
growth of ‘ -crystallites is based on the creation
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of mechanical stresses in the growing YBCO
film at the interface with the substrate or with
an additionally introduced buffer layer. It
was previously noted that on perovskite-like
substrates with a minimum lattice mismatch with
the a-parameter of YBCO, it was especially easy to
switch ¢, growth to < -growth (with a smaller film
thickness and at a higher growth temperature)
[30, 15]. On the contrary, films on substrates
with a large parameter mismatch at the interface
with YBCO, for example, on MgO, demonstrated
a stable ¢, growth. These facts prompted some
studies [13, 31], in which GdBCO/Gd,0,/SrTiO,
and YBCO/BaZrO,/MgO heterostructures,
practically devoid of ‘ -crystallites due to buffer
layers with a significant difference in parameters
at the interface, were obtained.

In this study, we have applied the idea of
introducing intermediate layers, causing stresses
in the growing film and thus preventing the growth
of ¢,-crystallites for the increase in the thickness
of tLe HTS layer while maintaining the critical
current density. Yttrium oxide was chosen for the
intermediate layers for the following reasons: first,
it can form epitaxial contacts with YBa,Cu,O,
due to which, under high deposition temperatures,
the chemical interaction typical of polycrystalline
contacts of this system was absent [26]; second, the
epitaxial nature of the contacts allowed preserving
the sharp biaxial texture of the HTS layer, despite
the introduction of a non-superconducting phase;
third, Y,0, is a simple oxide, therefore, during
its precipitation, impairment of the cationic
stoichiometry did not occur.

It is obvious that the development of parasitic
| -crystallites must be controlled during the stage
o% nucleation; however, during subsequent stages
of growth it will be unproductive. Therefore, the
deposition of YBCO and Y,0, layers alternated
starting from a thickness of ~ 100 nm. With the
selected both movement speed of the substrate
wire and the Y(thd), precursor feeding rate, the
thickness of deposited Y,0, interlayers should
have been ~ 10 nm. An XRD of the obtained
composite samples with 4 interlayers of Y,0,
(Fig. 9a) showed a significant decrease in the
number of q -oriented crystallites in the films in
comparison with YBCO films.

The same was evidenced by a comparison
of the XRD data for films of YBCO and Y,0O,
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composites obtained on a large set of samples in
which the thickness of the HTS layers reached 4
um (Fig. 9b): the introduction of Y, 0, interlayers
can significantly reduce the proportion of c,-
oriented crystallites in the film, and this effect
was especially pronounced when the total
thickness of the HTS layer exceeded 1500 nm.
The alternation of YBCO and Y, 0, layers created
an obstacle to YBCO growth in the ¢ -orientation,
since the parameters of the crystal lattice of
Y,0, had a greater mismatch with it than the
c-oriented YBCO film. The deposition of the
upper layer of Y,0, with different UC parameters
creates an additional stress at the interface with
the next YBCO layer, which causes a predominant
growth of ¢, oriented crystallites, despite the
obvious decrease in the surface temperature with
a successive increase in the film thickness

For the control of the surface condition
and understanding of the possibility of further
deposition of HTS- layers with a high current
density, all samples were studied by SEM with
the measurement of the fraction of ¢ |—crystallites
on the surface (Fig. 9c) using the Image] software
package. For all samples, the critical currents were
also measured using the Superscan method. The
results of these measurements are shown in Fig.
10 (a, b).

It was found that with a thickness close to 2
um, with the absence of yttrium oxide interlayers,
C -oriented crystallites with a total film thickness
0% about 2400 nm occupied 98% of the surface,
which was accompanied by the termination of the
growth of the critical current with an increase in
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the film thickness. In films with interlayers the
pattern changed significantly: the formation of
Y,0, layers noticeably decreased the density of -
oriented crystallites; however, after a thickness of
more than 2400 nm, the critical current in films
with interlayers did not significantly increase
(Fig.10a). Since, due to the presence of Y,0,
interlayers such films were thicker than similar
films without interlayers, after recalculation
for the critical current density, the differences
in the current-carrying capacity of films with
and without interlayers were not so large. The
maximum j, 2MA/cm? (77 K, SF) value was
obtained for the composite film thickness of 1850
nm with six Y, O, interlayers (Fig.10b).

The main reason for the decrease in j with a
further increase in the thickness of the composite
superconducting layer, was revealed using a TEM
of cross sectioned samples. The morphology of a
sample formed by successive deposition of ten
YBCO layers with nine Y,0, interlayers with a
total thickness of the composite layer of 2.6 ym
is shown in Fig. 11.

The photo clearly shows the darker YBCO layers
and the lighter Y,0, interlayers with a thickness
close to 10 nm, located almost equidistantly,
as was expected from the conditions of their
deposition. Due to the colour contrast of matrix
and interlayers g -oriented YBCO crystallites
can be distinguished easily: upon deposition the
Y,0, interlayer covered ‘ -crystallites protruding
above the growth surfaces, thus rectangular steps
were formed, some of which are shown in Fig. 11
with arrows. The TEM data of the cross section
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Fig. 10. The graphs of YBCO samples (1) and “YBCO + Y, 0, interlayers” composites (2): Thickness dependen-
cies of: a) critical current (A/12 mm of width, 77 K, SF); b) critical current density (77 K, SF)
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Fig. 11. SEM image of a cross-section of 10 layers of
a YBCO sample with 9 Y,0, interlayers: Y,0, layer
roughness caused by o -crystallites (1); flat Y,0, par-
ticles parallel to the substrate plane (2)

(Fig. 11) were consistent with the SEM results
of the surface of films of different thicknesses
(Fig. 9¢). Indeed, both methods revealed the
formation of C"—crystallites in composite films
in a noticeable concentration, starting with a
thickness of ~ 1 ym.

The good conformity of the interlayers (Y,0,
layers with the uniform thickness covered faces of
d and c,-crystallites), which was a consequence
of the epitaxial nature of these contacts and
low surface tension at the interface. The TEM
results in Figs. 11 and 12 revealed an important
feature of the morphology of composites, which
confirmed the initial hypothesis of this study:
Y,0, interlayers completely cover ¢ -oriented
grains and block their further growth along the
plane ab, during the deposition of the next YBCO
layer on the Y,0, only ¢, -oriented crystallites are
nucleated. This was confirmed by Figs. 11 and 12,
the orientation of the YBCO layers adjacent to |-
crystallite is shown on Fig. 12 by arrows indicating
the crystallographic axes.

In the YBCO matrix, multiple inclusions of
Y,0, nanoparticles predominantly in the form
of flat flakes elongated along the plane of the
substrate were clearly visible. These particles
were formed as a result of the deliberately
enriched composition of YBCO with the yttrium
component in comparison with the stoichiometry
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of 1:2:3 [16]; they must play the role of pinning
centres increasing the stability of the critical
current of a superconductor in a magnetic field.

Starting from a thickness of ~ 1.5 pm,
nanosized pores started to form in the composite
layer. They are clearly visible in Fig. 11 and
enlarged in Fig. 12b. This phenomenon was noted
in [11], but there is still no clear understanding
of the reasons for their formation. The TEM
results allowed proposing the following scenario
for the formation of nanopores. For the gas
phase epitaxial crystallization of films of
multicomponent phases, in particular, YBa,Cu,O, .
itis necessary that each of the components in the
vapour reach the growth surface and be able to
freely move along it due to the surface diffusion
of atoms or ions.

Colonization of the growth surface with
c |—oriented crystallites noticeably changes both
the accessibility of this surface for particles in
vapour and the conditions of surface diffusion.
Between the walls of adjacent c,-crystallites
“wells” with an aspect ratio of > 2 formed (Fig.
12b), the conformal filling of which with a ¢,
YBCO layer becomes difficult. It is known from
the fundamentals of gas dynamics and mass
transfer that a diffusion layer forms above the film
growth surface. This barrier must be overcome by
particles from the gas phase in order to reach the
surface. The thickness of this layer increases at the
lowering of the gas flow rate and it is obvious that
in “wells”, where the flow rate is low, the diffusion
layer has the greatest thickness and provides the
greatest resistance to the penetration of YBCO
components into the growth surface. It should
be noted that the inner surface of nanopores in
the composites obtained by us was conformally
coated with a Y,0,, and in the study [13],
dense filling of spaces between neighbouring
c”—crystallites of YBCO with copper oxide was
noted on TEM-images, i.e., the delivery of the
yttrium and copper components from the vapour
completely ensures the filling of nanopores. It can
be argued with great certainty that the lack of the
barium component prevents the formation of the
HTS phase between neighbouring & -crystallites,
which can be attributed to the high molecular
weight of the particles supplying the barium
component, although their true composition is
unknown.
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Fig. 12. TEM images of the areas with o -oriented crystallites covered by Y,0, layer: c,-oriented YBCO growth
on c"—oriented crystallite is demonstrated (a); Pore formation near o oriented crystallites (b)

cl-crystallites rising above the surface
significantly increased the roughness of the
surface. This contributes to its cooling and
sharply increases the path of surface diffusion
which the adsorbed particles of the components
must pass before they will occupy places with a
local minimum of energy. As a result, the surface
diffusion flux turned out to be insufficient for
providing the conformal growth of the phase,
primarily in the spaces between closely-spaced
vertical c”—crystallites. Comparing the values
of the atomic masses and radii of the cations
composing the YBa,Cu,O, ; phase, it can be argued
that the least diffusion-mobile was the largest
and “heaviest” cation, Ba*, therefore, the local
deficiency of barium (arising from the difficulties
of its delivery through the surface diffusion layer)
cannot be compensated for by its lateral diffusion
movement. Thus, it can be argued that superficial
q -crystallites complicated both successive stages
of gas phase epitaxy of YBCO, which are the
supply of nutrients to the growth surface and
surface diffusion along it. As a result of the close
location of neighbouring ¢, crystallites between
them, places not filled with the crystallizing
YBCO phase arose, i.e., nanopores lowering the
critical current density of superconducting layers
of large thickness.

Conclusions

Heteroepitaxial layers of a high-temperature
YBCO superconductor and laminated composites
YBCO/Y,0,, components of 2G HTS wires, were
obtained in deposition mode on a continuously
moving wire substrate by the MOCVD method.
It was shown that after reaching the YBCO
thickness of ~ 1900 nm, the preferred orientation
of the growth of the YBa,Cu,O, phase in the
surface layer changes, as a result of which the
surface is covered with < -crystallites preventing
the passage of the superconducting current
in the direction along the substrate wire; this
circumstance lowers the critical current density
and does not allow an increase in the current-
carrying capacity by increasing the thickness of
the HTS layer. It was shown that the method of
scanning electron microscopy is more informative
than the XRD for the analysis of the orientation
of surface crystallites. The method for reducing
the concentration q -oriented crystallites in
laminated YBCO/Y,0, composites was proposed
and experimentally tested. It was shown that thin
(~ 10 nm) layers of Y,0, prevent the emergence
and development of c,-oriented crystallites,
they do not impair the highly oriented state
of the HTS matrix, and they allow obtaining
predominantly c,-oriented YBCO layers with a
thickness up to 4 um. Due to this, it was possible
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to increase the critical current by 25-30% and
obtain wires with a current-carrying capacity
of 500 A (12 mm wide, 77 K, in the intrinsic
magnetic field), while maintaining a high critical
current density (j, > 2 MA/cm). Using the TEM
method, it was shown that the main reason for
the decrease in j_ with a further increase in the
thickness of the composites is the formation
of nanopores in the near-surface layer of the
growing film. The reasons for the appearance of
nanopores were analysed and it was concluded
that they were formed due to the proximity of =
oriented crystallites, causing an increase in the
thickness of the diffusion near-surface boundary
layer and inhibiting the surface diffusion flow.
It was suggested that during the formation of
nanopores, the difficulties with delivery to the
surface from the vapour and difficulties in surface
diffusion were characteristic primarily for the
barium component of the HTS.
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of the journal, year of publication, volume (issue), number, pages, and DOI (Digital Object Identifier
https://search.crossref.org/). If a DOI is lacking, a link to the online source of the article must be
indicated. References to dissertation abstracts are acceptable if the texts are available online. It is
vital that our readers can find any of the articles or other sources listed in the reference section as fast
as possible. Links to unpublished literature sources or sources not available online are unacceptable.

2. Experimental

The experimental section (2-3 pages) provides the details of the experiment, the methods, and the
equipment used. The object of the study and the stages of the experiment are described in detail and
the choice of research methods is explained.

3. Results and discussion

Results and discussion (6—8 pages) should be brief, but detailed enough for the readers to assess
the conclusions made. It should also explain the choice of the data being analysed. Measurement
units on graphs and diagrams should be separated with a coma. Formulae should be typed using
Microsoft Office Equation 3 or Math Type and aligned on the left side. Latin letters should be in
italics. Do not use italics for Greek letters, numbers, chemical symbols, and similarity criteria.

All subheadings should be in italics.

Example:
1.1. X-ray diffraction analysis

Example of figure captions in the text of the article: Fig. 1, curve 1, Fig. 2b.

A complete list of figures should be provided at the end of the paper after the information about
the authors.

Figures and tables should not be included in the text of the article. They should be placed
on a separate page. Figures should also be submitted as separate *.tif, *.jpg, *.cdr, or *.ai. files. All
figures should have a minimum resolution of 300 dpi. Name each figure file with the name of
the first author and the number of the figure.
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4. Conclusions

Conclusions (1 paragraph) should briefly state the main conclusions of the research. Do not repeat the
text of the article. The obtained results are to be considered with respect to the purpose of the research.
This section includes the conclusions, a summary of the results, and recommendations. It states the
practical value of the research and outlines further research problems in the corresponding field.

Contribution of the authors

At the end of the Conclusions the authors should include notes that explain the actual contribution
of each co-author to the work.

Example 1:
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Vera A. Logachova — Investigation, Writing — review & editing.
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A complete list of figures should be provided at the end of the paper after the information about
the authors.

Example:

Fig. 1. Dependences of the parameters a and c of the tetragonal lattice of nanocrystalline PdO
films on the oxidation temperature T, : I - single-phase PdO films, 2 - heterophase PdO + Pd films;
3 - data of the ASTM standard [22, 23]

Table 1. The values of relative electronegativity (ENE) of some chemical elements [30] and the
proportion of the ionic component of the chemical bond in binary compounds of the AB composition
formed by these elements
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Fig. 1. Dependences of the parameters a and c of the tetragonal lattice of nanocrystalline PdO
films on the oxidation temperature T_: I - single-phase PdO films; 2 - heterophase PdO + Pd films;
3 - data of the ASTM standard [22, 23]
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Table 1. Values of the ionic radii of palladium Pd?* and oxygen O%* [30-32]

Ion Coordma’g%n number Coordination polyhedron Values of ionic radii R, _, nm
Pd* 4 Square (rectangular) 0.078 [30]; 0.086 [31]; 0.078 [32]
o* 4 Tetragonal tetrahedron 0.132[30]; 0.140 [31]; 0.124*[31]; 0.132 [32]

*The values of ionic radius were obtained on the basis of quantum mechanical calculations.
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