ISSN 1606-867X
elSSN 2687-0711

hittps://journals.vsu.ru/kemf/about

o2




Condensed Matter and Interphases
(Kondensirovannye sredy i mezhfaznye granitsy)

FOUNDER AND PUBLISHER
Voronezh State University

Condensed Matter and Interphases was
founded by Dr. Sci. (Phys.-Math.), Dr. Sci.
(Chem.), Prof. A. M. Khoviv (Voronezh)
under the support of the Kurnakov
Institute of General and Inorganic
Chemistry RAS (Moscow) in January
1999

Registered by the Federal Service
for Supervision of Communications,
Information Technology and Mass Media
(Roskomnadzor).
Certificate of registration
TN No @C 77-28318 from 15.06.2007

The journal is included in the List
of Russian Peer-Reviewed Scientific
Journals recommended by the Higher
Attestation Commission of the Russian
Ministry of Education and Science
that publishes dissertation abstracts
submitted as partial fulfillment
of the requirements for the degrees
of Candidate and Doctor of Chemical
Sciences, Physics Sciences
(as per Russian classification
of graduate degrees)

Condensed Matter and Interphases
is indexed and archived in:
Russian Index of Scientific Citations,
Scopus, RSCI,

Chemical Abstract, EBSCO,
DOAJ, CrossRef

Publisher and Editorial Office:
1, Universittetskaya pl., 394018
Voronezh,

Russian Federation
Telephone: +7 (473) 2208445
https://journals.vsu.ru/kecmf/about
E-mail: kkemf@main.vsu.ru

Date of publication 30 March 2020

All the materials of Condensed Matter
and Interphases are available under
Creative Commons
“Attribution” 4.0 Global License

EXE

© Voronezh State University, 2020

Peer-reviewed scientific journal
Since January 1999
4 times a year

Volume 22, No. 1, 2020
eISSN 2687-0711

EDITOR-IN-CHIEF
V. N. Semenov, DSc (Chem.), Prof. (Voronezh)

DEPUTY-EDITORS-IN-CHIEF:
V. A. Ketsko, DSc (Chem.) (Moscow)
E. P. Domashevskaya, DSc (Phys.-Math.), Prof. (Voronezh)

EDITORIAL BOARD:

N. N. Afonin, DSc (Chem.) (Voronezh)

A. V. Vvedenskii, DSc (Chem.), Prof. (Voronezh)

V. V. Gusarov, DSc (Chem.), Associate Member of the RAS (St. Petersburg)
V. E. Guterman, DSc (Chem.), Prof. (Rostov-on-Don)

B. M. Darinskii, DSc (Phys.-Math.), Prof. (Voronezh)

1. D. Zartsyn, DSc (Chem.), Prof. (Voronezh)

V. P. Zlomanov, DSc (Chem.), Prof. (Moscow)

V. M. Ievlev, DSc (Phys.-Math.), Full Academician of RAS (Moscow)
A. D. Izotov, DSc (Chem.), Associate Member of the RAS (Moscow)
A.N. Latyshev, DSc (Phys.-Math.), Prof. (Voronezh)

A. 1. Marshakov, DSc (Chem.), Prof. (Moscow)

L. Ya. Mittova, DSc (Chem.), Prof. (Voronezh)

G. F. Novikov, DSc (Phys.-Math.), Prof. (Chernogolovka)

S. N. Saltykov, DSc (Chem.), Associate Prof. (Lipetsk)

V.F. Selemenev, DSc (Chem.), Prof. (Voronezh)

V. A. Terekhov, DSc (Phys.-Math.), Prof. (Voronezh)

E. A. Tutov, DSc (Phys.-Math.), Associate Prof., (Voronezh)

P. P. Fedorov, DSc (Chem.), Prof. (Moscow)

V. A. Khonik, DSc (Phys.-Math.), Prof. (Voronezh)

V. A. Shaposhnik, DSc (Chem.), Prof. (Voronezh)

A. B. Yaroslavtsev, DSc (Chem.), Associate Member of the RAS, (Moscow)

International members of editorial board:

M. B. Babanly, DSc(Chem.), Associate Member of the NASA (Baku, Azerbaijan)
T. Bellezze, DSc (Ancona, Italy)

P. M. Volovitch, PhD (Chem.), Habilitation (Paris, France)

V. B. Gorfinkel, DSc, Associate Prof., (Stony Brook, USA)

R. M. Mane, DSc (Kolhapur, India)

Nguyen Anh Tien, PhD (Chem.), Associate Prof. (Ho Chi Minh City, Vietnam)
V. V. Pan’kov, DSc, Prof. (Minsk, Belarus)

F. Scholz, DSc, Prof. (Greifswald, Germany)

M. S. Wickleder, DSc, Prof. (KoIn, Germany)

V. Sivakov, DSc (Jena, Germany)

Responsible secretary
V. A. Logacheva, PhD (Chem.) (Voronezh)



CONTENTS

ORIGINAL ARTICLES

Alexandrov A. A., Mayakova M. N., VoronovV. V.,
Pominova D. V., Kuznetsov S. V., Baranchikov A. E.,
Ivanov V. K., Lysakova E. 1., Fedorov P. P.
Synthesis of Upconversion Luminophores Based
on Calcium Fluoride

Akhmetkhanov R. M., Sadritdinov A. R.,

Zakharov V. P, Shurshina A. S., Kulish E. I.
Studying of Viscoelastic Properties of Secondary
Polymeric Materials in the Presence of Natural
Plant Based Fillers

Belchinskaya L. 1., Zhuzhukin K. V., Barkov K. A.,

Ivkov S. A., Terekhov V. A., Domashevskaya E. P.
Influence of a Weak Pulsed Electromagnetic
Field on the Atomic Structure of Natural
Aluminosilicates Clinoptilolite, Montmorillonite
and Palygorskit

Haiduk Yu. S., Korobko E. V., Shevtsova K. A.,

Kotsikau D. A., Svito I. A., Usenka A. E.,

Ivashenko D. V., Fakhmi A., Pankov V. V.
Synthesis, Structure and Magnetic Properties of
Cobalt-Zinc Nanoferrite for Magnetorheological
Liquids

Grishina E. P, Kudryakova N. O., Ramenskaya L. M.
Characterization of the properties of thin AL, O,
films formed on structural steel by the sol-gel
method

Grushevskaya S. N., Vvedenskii A. V., Zaitseva V. O.
Parameters of Oxide Films Anodically Formed
on Ag-Zn Alloys with Different Concentrations
of Vacancy Defects in the Surface Layer

Zayonchkovskiy V. S., Antoshina I. A.,

Aung Kyaw Kyaw, Isaev E. L., Milyaev 1. M.
X-ray Diffraction Analysis of Thin Metal Films
with Magnetic Layers of Fe-Cr-Co Alloy

Zenishcheva A. V., Semenov V. N., Kuznetsov V. A.,
Kuschev P. O.
Synthesis and Hydration Properties of the
Superabsorbent “Solid water”

Kovalenko L. Yu., Burmistrov V. A.,
Zakhar’evich D. A.
The Composition and Structure of Phases,
Formed in the Thermolysis of Substitutional
Solid Solutions H,Sb, V O,nH,0

11

18

28

39

48

58

66

75

Nekipelov S. V., Mingaleva A. E., Petrova O. V.,

Sivkov D. V., Ob’edkov A. M., Kaverin B. S.,

Bogachuk D. V., Skandakov R. N., Sivkov V. N.
NEXAFS and XPS Studies of Cr/MWCNT

Composites

Parinova E. V., Marchenko D., Fedotov A. K.,
Koyuda D. A., Fedotova Yu. A., Ovsyannikov R.,
Turishchev S. Yu.

Spectromicroscopic Studies of Porous Silicon

Oxide on Silicon Using Synchrotron Radiation 89

Popov P. A., Kuznetsov S. V., Krugovykh A. A.,
Mitroshenkov N. V., Balabanov S. S., Fedorov P. P.

Study of the thermal conductivity of PbS,

CuFeS,, ZnS 97

Sushkova T. P., Semenova G. V., Sheveljukhina A. V.,

Kannykin S. V., Proskurina E. Yu., Nerushev A. V.
Phase Equilibria in the Sn-As—Sb System with
Tin Concentrations of Less than 50 mol%

Tomina E. V., Sladkopevtsev B. V., Dontsov A. L,
Petfileva L. L., Mittova I. Ya.
Influence of Nanoscale Layers of the
Mn,(P,,V,,0,), Chemostimulator-Modifier
on the Process of Thermal Oxidation of GaAs,
its Composition, and Morphology
of the Resulting Films

Yakovleva N. M., Shulga A. M., Stepanova K. V.,
Kokatev A. N., Rudnev V. S., Lukiyanchuk 1. V.,
Kuryavyi V. G.
Microcone Anodic Oxide Films on Sintered
Niobium Powders

SHORT COMMUNICATIONS

Domashevskaya E. P.
To the 90th anniversary of Zhores Alferov,
Nobel Prize laureate and a Full Member
of the Academy of Sciences

84

106

116

124

135
144
146

Anniversary of Professor Pavel Fedorov
Guide for Authors — 2020

2 Condensed Matter and Interphases, 2020, 22(1), 2



Condensed Matter and Interphases
(Kondensirovannye sredy i mezhfaznye granitsy)

Original articles

DOI: https://doi.org/10.17308/kemf.2020.22/2524 eISSN 2687-0711
Received 26 January 2020

Accepted: 15 March 2020

Published online 25 March 2020

Synthesis of Upconversion Luminophores Based on Calcium Fluoride

©2020 A. A. Alexandrov-**, M. N. Mayakova®, V. V. Voronov®, D. V. Pominova®, S. V. Kuznetsov®,
A. E. Baranchikov, V. K. Ivanov<, E. 1. Lysakova?, P. P. Fedorov®

“MIREA - Russian Technological University,

86 Prospekt Vernadskogo, Moscow 119571, Russian Federation

bProkhorov General Physics Institute of the Russian Academy of Sciences, 38 Vavilov str., Moscow 119991, Russian Federation
‘Kurnakov Institute of General and Inorganic Chemistry of the Russian Academy of Sciences,

31 Leninsky prospekt, Moscow 119991, Russian Federation

Abstract

The aim of our study was to synthesize a luminophore based on calcium fluoride doped with rare-earth elements: 5 % Yb
and 1 % Er, using the molten salt synthesis method.

NaNO, was used as a solvent and sodium fluoride NaF served as the fluorinating agent. The obtained samples were analysed
and described using X-ray powder diffraction analysis, energy dispersive X-ray spectroscopy, scanning electron microscopy,
and luminescence spectroscopy.

During the study we also investigated the effect of the synthesis conditions on the phase composition and the particles
morphology. It was determined that single-phase samples (solid solutions based on calcium fluoride) can only be obtained
at a temperature of at least 400 °C, with the optimal exposure time being 3 hours. The composition of the obtained samples
was determined. It differs from the nominal composition and can be described as Ca, ,,(Yb, Er), ,Na, F,. It was demonstrated
that the parallel insertion of sodium and rare-earth element ions increases the solubility limit of sodium fluoride in calcium
fluoride. The luminescence efficiency was 1.21 %.

As a result of this study we obtained a new material with upconversion properties.

Keywords: luminophores, molten salt synthesis, inorganic fluorides, upconversion, nanopowders, rare-earth elements.

For citation: Alexandrov A. A.,Mayakova M. N., Voronov V. V., Pominova D. V., Kuznetsov S. V., Baranchikov A. E., Ivanov V. K.,
Lysakova E. I., Fedorov P. P. Synthesis of upconversion luminophores based on calcium fluoride. Kondensirovannye sredy i
mezhfaznye granitsy = Condensed Matter and Interphases. 2020; 22(1): 3-10. DOI: https://doi.org/10.17308/
kemf.2020.22/2524

1. Introduction a number of upconversion luminophores have

Anti-Stokes luminescence, or upconversion, been synthesized. Fluorides are among the
occurs when a luminophore, excited mostpromising classes of compounds used for
by electromagnetic radiation at a certain synthesizing upconversion luminophores. Due
wavelength, emits radiation with a shorter to low-energy phonons, their mechanical and
wavelength and thus with more energy. This Optical properties, as well as high isomorphic
phenomenon was independently discovered capacity, fluorides are good host matrices
by V. Ovsyankin and P. Feofilov [1] and F. for doping with rare-earth ions. Due to the

Auzel [2] in the mid-1960s. Since then, quite high upconversion efficiency of luminescence
the most commonly used fluoride matrices

include hexagonal modifications NaYF, [3] and

4 Alexander A. Alexandrov,
e-mail: alexandrov1996 @yandex.ru
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NaGdF, [4], as well as fluorides of alkaline earth
techniques, doped with Yb3*, Er®* [3,5-6].

At the moment, there are several common
methods for the synthesis of fluorides, including
coprecipitation from aqueous solutions [7-8],
hydrothermal synthesis [9-10], solvothermal
synthesis [5], the sol-gel method [11], mecha-
nochemical synthesis [12], molten salt synthesis
[13], combustion synthesis (CS) [6], and thermal
decomposition of the precursors [14]. There are
also methods which use ionic liquids as fluorinating
agents, templates, and reaction media [15-16].

It is still important to search for new
upconversion luminophores and develop new
synthesis methods. Upconversion luminophores
are applied in various areas of science and
technology, including biomedicine [17], solar cells
production [18], and thermometry [19]. Other
applications of upconversion materials include
the visualisation of infrared radiation [20] and
synthesis of white light luminophores [21].

The aim of this study was to synthesise an
upconversion luminophore based on a calcium
fluoride matrix with a fluorite structure, doped with
rare-earth elements (REE). Since the method of
coprecipitation from aqueous solutions has certain
drawbacks [6], our aim was also to determine the
optimal conditions for the molten salt synthesis
of single-phase calcium fluoride powders, doped
with ytterbium and erbium. The choice of the
concentrations of the doping rare-earth additives
(5 mol% of Yb* and 1 mol% of Er**) was based on
the fact that the highest upconversion efficiency
of a similar fluorite matrix of SrF, was observed,
when the concentration range of Yb3" was
between 2 mol% and 12 mol%, and of Er** between
0.25 mol% and 2.25 mol% [3,22].

2. Experimental

The starting materials were: calcium nitrate
tetrahydrate Ca(NO,),-4H,0 (Lanhit®, 99.99 %),
yttrium(IIl) nitrate hexahydrate Yb(NO,).- 6H,0
(Lanhit®, 99.9%), erbium nitrate pentahydrate
Er(NO,).- 5H,0 (Lanhit®, 99.99 %), sodium nitrate
NaNO, (Chimmed Group, CP), and sodium fluoride
NaF (Lanhit®, P.A.). All the substances were used
without additional purification.

The samples were obtained by molten salt
synthesis [13]. First, the weighed quantities
of hydrates of calcium nitrate and REEs were

Synthesis of Upconversion Luminophores...

homogenized in an agate mortar. Then, sodium
nitrate was added to the mixture. It acted both
as a solvent and the medium for the chemical
reaction. Next, sodium fluoride was added, which
acted as a fluorinating agent. The mixture was
homogenized, put into a glazed porcelain crucible,
covered, and annealed at a temperature of 300 or
400 °C for 1 or 3 hours. After the crucible cooled
down, the reaction mass was taken out and put in
a polypropylene reactor, where the nitrates were
washed off the samples. The reactor is filled with
900 ml of double distilled water. Next, the anchor
of the magnetic stirrer was put inside the reactor,
and the mixture was stirred for 30 minutes. The
presence of nitrate-ions was determined by the
qualitative reaction with diphenylamine. It was
usually enough to wash the samples three times
to remove the nitrates. After the last washing the
samples were dried in air at the temperature of
60 °C for 4 hours.

The characterisation of the obtained samples
was performed using the X-ray powder diffraction
analysis (XRD), scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy
(EDX), and luminescence spectroscopy. The
XRD analysis was performed using a Bruker D8
Advanced diffractometer (Germany) with CuKo
radiation. The obtained diffraction pattern were
analysed using DifWin and Powder2.0 software
packages (AQ < 10). The size of the particles and
the morphology of the samples were studied
by means of SEM using a Carl Zeiss NVision
40 scanning electron microscope (Germany)
with an Oxford Instruments XMAX microprobe
analyser (UK) (80 mm?) for energy dispersive
X-ray spectroscopy. The spectroscopic analysis
included registering the spectra of upconversion
luminescence and diffusely scattered laser
radiation within the range of 300-1000 nm,
and calculating the upconversion efficiency of
upconversion luminescence. In order to conduct
the measurements we used a combination of
the fibre optic spectrometer LESA-01-BIOSPEC
(BIOSPEC, Russia) with the UnoMomento
software package, and a modified integrating
sphere (Avantes, the Netherlands) connected by
fibre-optic light carriers [23].

To carry out the measurements, the powder
sample placed between two cover slips was put
inside the integrating sphere. The radiation

4 Condensed Matter and Interphases, 2020, 22(1), 3-10



of the diode laser (974 nm wavelength) was
focused on the sample so that the power density
on the surface of the sample was 1 W/cm?.
The integrating sphere had been preliminary
calibrated with LEDs of various wavelengths
and known power, measured with a LabMax®-
TO (Coherent, USA) [24]. The scattered laser
radiation and upconversion luminescence were
captured by optic fiber and transmitted to the
spectrometer. The upconversion luminescence
efficiency was calculated using the formula

S S
BQ= =, 0
P9747ab P9747sc _R)74755
where P’ is the radiation power of the sample in
the visible range, P;, ., is the laser power ab-
sorbed by the sample.

The latter is calculated as the difference
between P}, = - the power of the scattered
radiation of the non-absorbing reference sample
and P;, .. - the power of the scattered radiation

of the studied sample.

3. Results and discussion

In our study the synthesis was performed
several times. The nominal composition of
sample No. 1 was pure calcium fluoride. The
other experiments were conducted in order to
synthesise samples with the nominal composition
Ca,,,Yb, Er using the equation:

0.94Ca(NO,), - 4H,0+0.05Yb(NO,), - 6H,0+
+0.01Er(NO,), - 5H,0+2.06 NaF = 2]
= Cay ., Yb, ,iET, o F, o + 4.11H,0+2.06 NaNO, .

0.0172.06

0.01F2‘06’

0.94 0.05

Table 1. Synthesis conditions and actual yield

Original articles

The conditions of the synthesis process and
the actual yield are given in Table 1.

The X-ray diffraction patterns of the
synthesised samples are shown in Fig.1. The
calculated lattice parameters and the size of
coherent scattering regions (CSR) are given in
Table 2.

The peaks of the cubic phase were indexed on
all the XRD patterns. They correspond to the cubic
fluorite phase of calcium fluoride (JCPDS card
No. 35-0816). Samples No. 2 and 3, in addition to
the cubic phase, demonstrated the peaks of the
hexagonal phase. The XRD patterns of samples
No.4 and 5 demonstrated five peaks. A (200) peak
appeared, which was suppressed in case of pure
calcium fluoride. A broadening of the cubic phase
peaks was observed. The size of the CSRs was
calculated according to the Scherrer equation.

The lattice parameters of the cubic phase of
samples No. 2 and 3 coincide with the parameters of
pure calcium fluoride a = 5.463 A. Samples No.4 and
5 are single-phase. The lattice parameters of their
cubic phases should increase, since their unit cells
contained ions of rare-earth elements [25]. However,
the lattice parameters of samples No. 4 and 5 are
lower than the lattice parameters of pure CaF,. This
means that the crystal lattice was intercalated with
ions with smaller ionic radii, which is quite possible,
since there was a lot of sodium in the system.
According to the EDX results presented in Table 3,
there actually was sodium in the samples, and its
amount is comparable to the number of rare-earth
ions. The concentration of erbium is within the
margin of error for the EDX method.

Sample Sample Annealing Annealing Conceptrations of the starting .
o . materials, mol. (M, Ln)(NO,) : | Actual yield, %
No. code temperature, °C | time, hours ] ¥x
NaF:NaNO,
1 F1804 300 1 1:3:2 87.0
2 F1814 300 1 1:3:2 86.2
3 F1826 300 3 1:3:2 91.2
4 F1699 400 1 1:3:10 77.2
5 F1836 400 3 1:3:2 76.0
Table 2. The results of the XRD analysis
Sample No. Lattice parameter a (cubic phase), A CSR size, nm

1 5.460(1) 32

2 5.463(2) 24

3 5.464(1) 24

4 5.452(1) 23

5 5.455(1) 41

Condensed Matter and Interphases, 2020, 22(1), 3-10 5
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Fig. 1. Results of the XRD analysis. Dots denote the peaks of the hexagonal NaYF, phase. Sample numbers are

the same as in Table 1

Table 3. The EDX results, in atomic percent

Sample No. | Na, at.% | Ca, at.% | Yb, at.%
4 6 88 6
5 6 88 6

Thus, the composition of the single-phase
samples is different from the nominal composition.
Certain lattices contained sodium, which
was inserted together with REEs. Isomorphic
substitutions can be represented as

2Ca** - Na'+Ln*, (3),

where Ln = Yb, Er. This kind of joint intercala-
tion means that the sodium ions had an in-

creased solubility limit. The maximal solubility
in the system NaF - CaF, is 2.2 mol.% [26]. Het-
erovalent isomorphism of this type is common
for NaF - CaF, - LnF, systems [27-28].

SEM photographs of samples No. 3, 4, and 5
and their resolutions are given in Figures 2—4.

Fig. 2 shows a rod-like particle, several
microns in size, with a hexagonal cross-section
surrounded by an agglomeration of particles (a
few dozen nanometres) with no definite faceting,
which implicitly confirms that sample No. 3 is
two-phase. Microphotogaphs in Fig. 3 and 4
demonstrate the morphological homogeneity

6 Condensed Matter and Interphases, 2020, 22(1), 3-10



Fig. 4. SEM photograph of sample No. 5

and high dispersion of particles in samples No. 4
and 5. The particles in sample No. 5 are larger
than those in sample No. 4, which complies with
the calculations of CSR size. The average size of
the particles in both samples is below 120 nm.

The luminescence spectra of samples No. 4
and 5 are given in Fig. 5.

The luminescence spectra of the samples
show green (510-575 nm) and red (625-
670 nm) bands, corresponding to the radiative
transitions of the erbium ions °H,, ,,*S, , — I . ,
and ‘F,, — *I . ,. The upconversion efficiency was
0.02 % for sample No. 4,and 1.21 % for sample No.
5. The difference in the values of upconversion
efficiency may be accounted for by the larger size

Original articles

¥ 200nm

Fig. 3. SEM photograph of sample No. 4

of the particles in sample No. 5 (resulting from
the longer synthesis), which leads to the decrease
in the surface area to volume ratio.

The obtained results lead to several
conclusions. First, when the temperature is
300 °C, two-phase samples are formed. At higher
temperatures the hexagonal phase NaLnF,
disappears from the reaction system. According
to the XRD results, the samples obtained at
400 °C are single-phase. Also, the calculated
lattice parameters are lower than those of calcium
fluoride, even though their crystal lattices were
intercalated with REE ions. Our assumption that
the lattice contained sodium ions was confirmed
by the EDX results. The concentration of sodium
is comparable to the concentration of Yb* and
Er®. Thus, while developing the technology, we
obtained a new material CaF,:Na", Yb*, Er*" with
upconversion properties.

Second, the SEM analysis allowed us to
describe the morphology of the particles of single-
phase powders. The particles are spherical, highly
homogeneous, and have particle size distribution
within a narrow range. When the samples are
annealed for a longer time, the particles continue
growing, and their size reaches 60—120 nm. This
results in a higher volume to surface area ratio,
and hence increased luminescence.

The luminescence spectra confirm the
upconversion properties of the material. When
excited with IR laser at a wavelength of 974 nm,
the material demonstrates two luminescence
bands in the visible range: in the green and

Condensed Matter and Interphases, 2020, 22(1), 3-10 7
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Fig. 5. Luminescence spectra of samples No. 4 and 5. The wavelength of the pumping laser is 974 nm

red spectra. The upconversion luminescence
efficiency of the samples is lower than that of a
similar material obtained by coprecipitation from
aqueous solutions: 1.21 % as compared to 3.11 %
[8]. This is partly accounted for by the insertion
of sodium in the crystal lattice. Nevertheless,
the molten salt synthesis method has a number
of advantages. For instance, the pyrohydrolysis
process is slower, and the EDX results confirm that
the samples do not contain oxygen. The molten
salt synthesis is also easy to perform, does not
involve dangerous reagents, such as hydrofluoric
acid, and there is no need to reconstruct the
precise synthesis conditions to reproduce the
results. Also, the adsorbed water can be removed
without further thermal treatment.

4. Conclusions

During our study, we determined the
conditions for the synthesis of calcium
fluoride powder doped with ytterbium and
erbium ions with upconversion properties.
We obtained a single-phase sample with the
composition Ca,,(Yb, Er), Na, F,, which
differs from the nominal. It was determined, that
the crystal lattice of the obtained solid solution
included sodium ions. The joint intercalation
of sodium and REE ions increases the solubility
limit of sodium fluoride in calcium fluoride up

to 6 mol. % against 2.2 mol. %, as determined
by previous studies. The study demonstrated
that the synthesis conditions influence the
morphology and phase composition of the
particles. Two-phase samples are obtained at
300 °C (CaF, + NaLnF,), and single-phase samples
at 400 °C. The size of the particles increases with
longer annealing time. The obtained sample
demonstrates upconversion properties. When
pumped with 974 nm wavelength laser, green
and red luminescence bands are detected. Due
to its upconversion luminescence properties, the
obtained material can find various applications
in biomedicine.
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Abstract

The purpose of this study was to investigate the rheological characteristics of a polymer composition based on secondary
polypropylene and natural plant based fillers.

A sample of secondary polypropylene corresponding to the primary polypropylene of brand FF/3350 was used in this study.
It is a crushed material from non-standard products produced by injection moulding in the technological production LLC
“ZPI Alternative” (Russia, the Republic of Bashkortostan, Oktyabrsky). Industrial waste products, buckwheat husk, wheat
chaff, rice husk and wood flour, were considered as fillers. The modelling of the processing of polymer materials was carried
out in melt at the laboratory station (plastograph) “PlastographEC” (Brabender, Germany). The physical-mechanical
properties of the polymer composites at break were determined by the tensile testing machine “ShimadzuAGS-X” (Shimadzu,
Japan). Rheological measurements of the polymer composition melts was performed using a Haake Mars III rheometer.

The increase in the viscosity of the polypropylene melt occurring upon addition of fillers to the composition was revealed.
The increase in filler content in the system increased not only the viscous properties, but also the elastic characteristics.
It was established that as the polymer was filled with natural excipients, an increase in the storage modulus occurred,
typical for systems showing elastic properties. Composites, characterized by high values of the storage modulus and
correspondingly increased the values of Young’s modulus were formed, when rice husk and wood flour were used as fillers.
It has been proven that the optimum filler content was a value corresponding to 10 mass.h.

Keywords: polymeric composition, rheology, secondary polypropylene, natural plant based fillers, viscoelastic
properties.
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1. Introduction natural fillers into the polymer matrix allows not

The development and creation of polymer ©only toreduce the cost of production by replacing

composite materials based on secondary polymer
raw materials is a serious scientific task, especially
important when it comes to the use of large-
capacity polymers such as polyethylene or
polypropylene [1-6]. Among the widest range of
fillers used for creating composites, natural fillers,
obtained on the basis of plant materials are of
particular interest [7-13]. The introduction of

04 Elena I. Kulish, e-mail: onlyalena@mail.ru

part of the polymer with cheap raw materials, but
also partially solve the biodegradability issue of
the material, as well as to create a material with
new properties [14-23].

Taking into consideration that the shear
rate values realized in the processes of polymer
processing by extrusion and injection moulding
reach 1000 s7!, the probability of occurrence of
normal stresses caused by the manifestation of

m The content is available under Creative Commons Attribution 4.0 License.
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elastic properties by the polymer melt is very
high. The introduction of a filler to an even higher
degree can complicate processing, due to an
increase in the viscosity of the polymer melt [24].
Moreover, not only an increase in the viscosity,
but also the elastic component of the viscous
flow can take place. The fundamental importance
of determining the elastic component is due to
the fact that the elasticity that can become a
factor determining flow anomalies, such as jet
separation, the Weissenberg effect, etc., which
limit productivity and can lead to spoilage [25-
27].

The aim of this work was a comprehensive
study of the rheological characteristics of the
polymer composition based on secondary
polypropylene (SPP) and plant based fillers. When
choosing a filler, the following requirements were
taken into account:

- low cost and availability;

- environmental safety of biodegradable
products;

— the possibility of grinding with standard
grinding equipment;

- high temperature of thermal decom-
position;

- rapid biodegradation under environmental
conditions.

2. Experimental

In the study, we used a SPP sample corres-
ponding to the primary polypropylene (PP) of
brand FF/3350, which is crushed material from
non-standard products produced by injection
moulding in the technological production
LLC “ZPI Alternative” (Russia, the Republic of
Bashkortostan, Oktyabrsky).

We considered industrial wastes: buckwheat
husk, wheat chaff, rice husk, and wood flour as a
filler. The characteristics of the used fillers are
presented in Table 1. Before mixing, the filler was
dried in an oven at 100 °C for 5 h.

The modelling of the processing of
polymer materials was carried out in the
melt at the laboratory station (plastograph)
“PlastographEC” (Brabender, Germany) for 15
min at a load of 200 N at a temperature of 180 °C.
The amount of loaded polymer composite was
25 g. The deformation-strength properties of the
material were determined on pressed material

Studying of Viscoelastic Properties of Secondary Polymeric...

samples with a thickness of 1 mm. The pressing
was carried out on an automatic hydraulic
press “AutoMH-NE” (Carver, USA) at 210 °C
and pressure was held at 7000 kgf for 3 min.
The physical-mechanical properties of polymer
composites at break were determined according
to GOST 11262-2017 using a “ShimadzuAGS-
X” (Shimadzu, Japan) tensile testing machine
at a temperature of 20 °C and a motion speed
of the movable grip of the tensile testing
machine of 1 mm/min. The melt flow rate
(MFR) was determined at 190 °C with a load
weight of 2.16 kg using a melt flow indexer. The
composition was divided into segments every
30 s, the obtained samples were weighed and
the average weight was calculated. Rheological
measurements were carried out using a Haake
Mars III modular dynamic rheometer at 220
°C in the oscillation mode in the oscillation
frequency range from 0.01 to 100 Hz.

In oscillation mode, an alternating shear
stress with a small amplitude was applied to
the sample t(t)=1,e™ and its deformation
Y(t) = y,e™*® with a phase shift § relatively to the
voltage was registered. Angular velocity m related
to the oscillation frequency was as follows:

o =27f,

where the frequency fin Hz (1 Hz = cycle/s); o —
1/s or rad/s.

The total resistance of the sample to the
applied deformation, called the complex modulus
G*was defined as:

%)
Y (1)

In this equation, the quantities G’ and G”:

G =G +iG” =

G’ =G cosd="2cosd - storage modulus;
Yo

Table 1. Characteristics of the used fillers

Chemical
ition. % Average
Filler composition, 7 diameter
[28-31] ’
— mm
cellulose | lignin
wood flour 42.0 31.0 0.17
rice husk 48.9 19.1 0.20
buckwheat husk 29.4 34.7 0.24
wheat chaff 51.0 19.5 0.19
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G” =G sind=—"sin5 - loss modulus.
Yo

The term “storage modulus” indicates that
the voltage energy was temporarily stored during
the test, but can be returned later. The term
“loss modulus” indicates that the energy used
to initiate the flow is irreversibly converted into
heat (“lost™).

3. Results and discussion

It is well known that according to Newton’s
law, viscosity is a cons*ant that should not
depend on the shear rate * nor on the frequency
of exposure f (during test in the oscillation
mode), i.e. n ~ f*, where n = 0. Index n is
easily defined as the slope of the logarithmic
dependence of viscosity on the oscillation
frequency. However, often the fluid flow
disobeys Newton’s law. For example, during
the flow of pseudoplastic liquids, which include
both solutions and polymer melts, a decrease
in viscosity with an increase in shear rate
(oscillation frequency) is characteristic, and the
nvalue in the power dependence of viscosity on
shear rate or oscillation frequency is n < 1.

The complex viscosity frequency of the
oscillatory action curves in direct and logarithmic
coordinates for a SPP white masterbatch melt
filled with 2 and 10 % mass. wood flour are shown
in Fig. 1. For the rest of the fillers, the curves were
similar.

The analysis of the obtained data suggests that
SPP melts, both in the absence of filler and in their

Original articles

presence, behave like typical pseudoplastic fluids,
the viscosity of which decreases with increasing
oscillation frequency. For all studied fillers, their
addition to the composition leads to a clear
increase in viscosity. Moreover, the more filler
the composition contains, the more significant
is the viscosity anomaly. This is evidenced by
deviations of the slope depending on the complex
viscosity on the frequency determined in the
logarithmic coordinates (Table 2). For all the
studied systems, the slope is non-zero, and the
more filler that was in the composition, the higher
was the value of the slope (in absolute value). The
slope characterizes the degree of manifestation of
the viscosity anomaly. It can be seen that for all
four studied fillers, wood flour, rice husk, wheat
chaff and buckwheat husk, the values of the
slope deviate from the zero value characterizing
a Newtonian fluid.

The accumulated data are presented in
Table 2.

Also, as the filler content in the system
increased, not only the viscous properties of the
system increased, as evidenced by the complex
viscosity values (Fig. 2) and MFR (Fig. 3), but also
the elastic characteristics. This conclusion can be
made based on an analysis of the dependences of
the storage and loss modules on the oscillation
frequency.

It was established that as the polymer is filled
with plant components, a natural increase in the
storage modulus occurs (Fig. 4). This behaviour
of the system is characteristic of systems

Ign,

Fig. 1. Dependence of complex viscosity of SPP determined in oscillatory mode in direct (a) and logarithmic (b)
coordinates containing 2 (1) and 10 (2) mass.h. of wood flour

Condensed Matter and Interphases, 2020, 22(1),11-17 13
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Table 2. Results of investigation of viscosity
anomaly of secondary polymers filled with natural

fillers

Slope as
Filler | 2function
Polymer Filler content, of viscosity
% mass. Versus
oscillation
frequency
2 -0.15
5 -0.16
chaff 10 -0.18
15 -0.21
30 -0.26
2 -0.15
buckwheat > ~0.16
husk 10 -0.17
. 15 -0.18
white. 30 ~0.19
batch 2 —0.15
5 -0.16
wood flour 10 -0.18
15 -0.21
30 -0.27
2 -0.12
5 -0.15
rice husk 10 -0.16
15 -0.18
30 -0.24

exhibiting elastic properties. The highest values
of the storage modulus were characteristic for
composites filled with rice husk and wood flour.
Buckwheat husk and chaff fillers increased
the elastic properties of SPP melt to a lesser
extent.

The value of the loss modulus from the
filler content in the composite passes through a
maximum (Fig. 5).

Moreover, it can be noted that when the filler
content in the composition was higher than 10
mass.h. the general increase in the resistance
of the system to the flow process was due to an
increase in the elastic component of the viscous
flow.

The study of the viscoelastic characteristics of
secondary polymer raw materials in the presence
of natural plant based fillers allowing to analyse
the influence of the nature of the filler on the
resistance of composites to mechanical stress.

Studying of Viscoelastic Properties of Secondary Polymeric...

N.Pas

10 20 30 40 %0

filler comsent, *& man.

Fig. 2. Dependence of complex viscosity determined

at oscillation frequency 0.01 Hz on content of rice husk

(1), wood flour (2), buckwheat (3) and chaff (4) in the
system

MFR, g/10 min.
1
B Qo 4
3
2
s |
!
| | | | |
10 20 30 40 50

filler content, % mass.

Fig. 3. Dependence of MFR of composition based on
SPP at the content of rice husks (1), wood flour (2),
buckwheat (3) and chaff (4) in the system
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Fig. 4. Dependence of the storage modulus determined
at an oscillation frequency of 100 Hz on the content
of rice husks (1), wood flour (2), buckwheat (3) and
chaff (4) in the system

For example, at a qualitative level there is a
correlation of the rheological data determined
in the oscillation mode and the elastic modulus
values from the data of deformation-strength
measurements. It can be noted that by the nature
of the changes in Young’s modulus E that all
the analysed fillers unequivocally affected the
polymer, they undergo an extreme change in the
composition corresponding to 10% mass.h. of the
filler (Fig. 6). The maximum values of Young’s
modulus were revealed for composites filled with
rice husk and wood flour, e.g. for composites with
maximum storage moduli.

Thus, based on an experiment conducted in
the range of oscillation frequencies from 0.01
to 100 Hz, for the analysed SPP sample, the
maximum viscosity values were realized when
rice husk and wood flour were used as filler, and
the minimum values were detected for chaff and
buckwheat husks. Composites, characterized
by high values of the storage modulus and
correspondingly higher values of Young’s
modulus were formed when rice husks and wood
flour were used as fillers. The optimal filler
content had a value corresponding to 10 mass.h.,
which when exceeded, an increase in the elastic
properties of the polymer melt was accompanied

Original articles

10 20 30 40 50
filker content, %% mass,

Fig. 5. Dependence of the loss modulus determined
at an oscillation frequency of 100 Hz on the content
of rice husks (1), wood flour (2), buckwheat (3) and
chaff (4) in the system

E, MPa

2000

1800

1600 |

1400

10 20 30 40 50

filler content, %6 mass,
Fig. 6. Dependence of Young ‘s modulus of the com-
position based on SPP on the content of rice husks (1),

wood flour (2), buckwheat (3) and chaff (4) in the sys-
tem

by a deterioration of the processing properties of
the composites and their deformation-strength
properties.

4. Conclusions

1. The introduction of filler in all studied
cases led to an increase in complex viscosity and a
decrease in MFR. The more filler the composition

Condensed Matter and Interphases, 2020, 22(1),11-17 15
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contained, the more significant was the viscosity
anomaly, i.e., the dependence of viscosity on the
oscillation frequency was stronger.

2. The increase in filler content in the system
increased not only the viscous properties, but also
the elastic characteristics. When the filler content
in the composition was higher than 10 mass.h. the
overall increase in the resistance of the system
to the flow process was due to the increase in the
elastic component of the viscous flow, since the
storage modulus continued to increase, and the
loss modulus started to decrease.

3. Based on the nature of the changes in
Young’s modulus, all analysed fillers possessed
the same action on the polymer. They had
maximum values in the composition region
corresponding to a 10 mass.h. filler. Thus, the
composition of a 10 mass.h. filler should be
considered to be optimal.
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Abstract

Natural and artificial aluminosilicates are relevant research objects due to their wide using in medicine, food and chemical
industries, and in agriculture. The aim of the work is to study the possible changes under the influence of a weak pulsed
electromagnetic field of the atomic structure of powdery samples of three minerals clinoptilolite KNa,Ca,(Si,,Al )0, ,-24H,0,
montmorillonite Ca,, (AIMg),Si,0, (OH),-4H,0 and palygorskite MgAlSi,O, (OH)-4H,0, belonging to the group of natural
aluminosilicates, in which silicon-oxygen and aluminum-oxygen tetrahedra are linked by a common oxygen atom. The
results of studies by X-ray diffraction and ultra-soft X-ray emission spectroscopy showed that 48 hours after exposure of
aweak pulsed electromagnetic field to 71 mT for 30 seconds, the atomic and electronic subsystems of mineral samples still
kept changes.

The influence of a weak pulsed electromagnetic field on the atomic structure of minerals manifested itself differently in
three samples in the form of one or two additional weak superstructural lines in diffractograms. The influence of a weak
pulsed electromagnetic field on the local environment of silicon by oxygen atoms in silicon-oxygen tetrahedra was manifested
in the form of changes in the fine structure of the ultra-soft X-ray emission spectroscopy silicon Si L, ; spectra, indicating
the restoration of stoichiometry of silicon suboxides SiO, ,in the composition of aluminosilicates of the initial powders
into stoichiometry equal to or close to silicon dioxide SiO,, in all three minerals.

Keywords: aluminosilicates, clinoptilolite, montmorillonite, palygorskite, weak pulsed electromagnetic field, crystal
structure, X-ray diffraction, ultra-soft X-ray emission spectra.
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1. Introduction

In the 70s of the last century it was
established experimentally that electromagnetic
treatment quite strongly affects the hydration
of ions. Significant changes in ion hydration are

P4 Domashevskaya Evelina Pavlovna, e-mail: ftt@phys.vsu.
u

observed in dilute solutions in which structural
stabilizer ions are present: ions capable of
forming complexes with water (Ni%", Cu?*, Fe%)
and the most hydrophilic ions (Ca%*, Mg?, Li*)
[1-4]. A different change in the hydration of
para- and diamagnetic ions can be tried to be
associated with a change in the structure of

m The content is available under Creative Commons Attribution 4.0 License.
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water. There are many facts confirming the
weak changes that occur in water systems after
exposure to weak electromagnetic pulses [3,
4]. First of all, water molecules are affected by
weak magnetic fields, the connection of which
with other molecules is somehow weakened.
Molecules that retain strong hydrogen bonds
are most easily exposed.

When an external magnetic field is applied
to diamagnetic materials, one should first of
all expect orientational effects of extended
supramolecular structures and macromolecules
due to the large anisotropy of the diamagnetic
susceptibility of these formations in accordance
with the prevailing ideas about the primary
mechanisms of the magnetic field action on
matter. When an external magnetic field is
applied to diamagnetic materials, one should
first of all expect orientational effects of
extended polymer supramolecular structures and
macromolecules due to the large anisotropy of the
diamagnetic susceptibility of these formations
in accordance with prevailing ideas about the
primary mechanisms of the magnetic field on a
substance.

The influence of weak electromagnetic
pulses can be traced in aqueous systems by some
changes in their physicochemical and physical
properties. The change in the properties of a
homogeneous liquid phase is insignificant. To
a greater extent, magnetic treatment affects
processes associated with phase transformations
or heterogeneous water systems [3, 4]. The
resulting effects are already more noticeable
(in contrast to changes in the homogeneous
liquid phase) and will remain for a long time.
The results of studies of the hydration properties
of clinoptilolite and glaukeonite from the group
of aluminosilicates showed [5] that at relatively
low electromagnetic field intensities, i.e. Under
the influence of the so-called weak magnetic
fields, the sorption capacity and specific surface
area of the samples significantly increase, which
is more noticeable for dilute solutions. At high
electromagnetic fields, the effect decreases and
becomes the opposite.

Aluminosilicates are one of the large groups
of minerals, which, in turn, is included in the class
of silicates. Simply put, silicates contain silicon
and aluminum oxides. Natural species of this

Original articles

group are minerals located in the earth’s crust.
However, there is the possibility of obtaining
them chemically using hydrothermal synthesis,
simulating the natural geochemical processes
that occur in an environment of superheated
aqueous solutions under pressure.

The structural features of zeolites make it
possible to modify their aluminosilicate properties
by various methods without destroying their
crystalline structure, while the modified structures
expand the range of potential applications.

The difference between aluminosilicates
and silicates is that silicon and aluminum have
tetrahedral coordination in them, and part of
the silicon in the aluminosilicate is replaced
by aluminum and/or Na, K, Ca impurity atoms
(Fig. 1). Silicon-oxygen and aluminum-oxygen
tetrahedra, in turn, are interconnected by a
common oxygen atom (oxygen Si-O-Si (Al)
bridge bonds), and this bond is formed by flat
grids, chains, ribbons, rings, three-dimensional
frameworks [6].

These features of the atomic structure of
natural and artificial aluminosilicates allow their
use in medicine, food and chemical industries, in
agriculture, as molecular sieves, catalysts, in water
purification, fine purification and separation of
gases, in the chromatographic analysis of gases
and liquids, etc.

The aim of this work is to study possible
changes in the atomic and electronic structure
after exposure to a weak pulsed electromagnetic
field on the atomic structure of natural
aluminosilicates in the form of clinoptilolite,
montmorillonite and palygorskite minerals by X-
ray diffraction and ultra-soft X-ray spectroscopy
methods.

2. Objects and methods of research

The objects of study of the weak pulsed
electromagnetic field (WPEMF) influence were
powdered samples of three aluminosilicate
minerals. One of them, clinoptilolite has a rigid
skeleton structure, its chemical formula is KNa,
Ca,(SiAl )0, ,-24H,0. It is an aluminosilicate of
monoclinic syngony with a C2/m space group and
unit cell parameters: a = 17.671 A, b =17.912 A,
c=7410A, oo=90°,B =91.59°, y=90° [7].

The next montmorillonite sample has
a layered expanding structure and no less

Condensed Matter and Interphases, 2020, 22(1), 18-27 19
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Fig. 1. Schematic representation of structures: a) clinoptilolite; b) montmorillonite; c) palygorskite

complex chemical formula Ca,, (AIMg),Si,O,,
(OH),-4H,0, the components of which form
a hexagonal crystal lattice with parameters
a=5169 A, b=5.169 A, c=15.02 A, o = 90°,
B =90° v=120°[8].

The third palygorskite sample has the chemical
formula MgAlISi,O, (OH)-4H,0 [9], different from
the two aluminosilicates above, and the layered
ribbon structure of the monoclinic syngony with
the Pn space group and unit cell parameters
a=17.864 A, b=12.681 A, c=5.127 A, o = 90°,
B=92.23°v=90°[9].

The setting for creating weak pulsed
electromagnetic fields (WPEMF) consists of four
main parts: an energy source, energy storage,
key and solenoid. The pulse generator provides
the amplitude of the magnetic field from 0.5 to
120 mT. The pulse shape is half-sinusoidal. The
exposure parameters are as follows: magnetic
induction — 71 mT, pulse repetition period T -
10 ms; pulse supply frequency f — 100 Hz, pulse
exposure time - 30 sec. For electromagnetic
impulse treatment, a bucks with a powder of
aluminosilicate of a certain mass were placed
inside a solenoid, to which a current was applied
to create an electromagnetic field.

Samples of the three listed powdered minerals
both in the initial state and 48 hours after WPEMF
exposure were studied by X-ray diffraction (XRD)
and ultra-soft X-ray spectroscopy (USXES)
methods.

X-ray phase analysis of the samples before
and after irradiation was carried out on a
diffractometer DRON-4-07 with X-ray radiation
CoKo, A= 1.69 A.

The distribution of the state of the valence
electrons of silicon and aluminum in the
valence band of the studied minerals before
and after irradiation was analyzed by the energy
distribution of the local partial density of the Si
and Al valence states by ultra-soft X-ray emission
spectroscopy (USXES) method on a RSM-500
laboratory X-ray spectrometer-monochromator
[10-12]. X-ray emission Si and Al L, .-spectra
were obtained upon excitation by electrons with
an energy of 3 keV, corresponding to a sample
analysis depth of 60 nm [11-13].

3. Results and discussion
3.1. X-ray diffraction

X-ray diffraction data show on Figures 2-
4 the diffraction patterns from powder samples
of three minerals obtained before (upper gray
curves) and 48 hours after WPEMF irradiation
(lower black curves).

Tables 1-3 show the values of interplanar
distances d (A) and intensities I (%) of Bragg
reflections from the studied samples in
comparison with the corresponding values for
minerals from the International Center for
Diffraction Data (ICDD) PDF Card 2012 (last
columns). Of the numerous PDF ICDD maps of
various modifications of each of the minerals,
maps with d (A) and I (%) values that were closest
to our data were selected for comparison. Some
differences even of these closest data from ours
can be explained by the presence in the minerals
of impurities characteristic of this deposit.

Comparison of d (A) and I (%) obtained
before and after WPEMF irradiation presented in
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Figures 2-4 and Tables 1-3 shows that the vast
majority of Bragg reflections characterizing one or
another phase of aluminosilicates of each mineral
retain position on the 26°scale and relative
intensities. However, some weak reflections were
better manifested or even appeared after WPEMF
irradiation.

So, in the diffractogram of clinoptilolite (Fig. 2
and Table 1) after irradiation, two reflections
appeared, corresponding to d = 4.261 A and
d =4.040 A, which are absent not only in the
initial sample, but also in the sample from the
ICDD database [7].

After irradiation of the sample, two
reflections also appeared on the diffractogram
of montmorillonite (Fig. 3 and Table 1), cor-
responding to d = 3.408 A and d = 3.240 A, one of
which is missing in the comparison sample from
the ICDD database [8].

And only on the diffraction pattern of
palygorskite (Fig.4) after irradiation did one weak
reflection appear, corresponding to d = 1.973 A
(I=10 %), which is present in the comparison
sample with a barely noticeable intensity
d=1.964A (I=1%)[8].

All these data indicate that a weak pulsed
electromagnetic field affects the atomic structure
of the crystal lattices of powdered natural
minerals, clinoptilolite, montmorillonite and
palygorskite, a slight deformation of which
leads to the appearance of one or two additional
superstructural diffraction lines.
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3.2. Ultra-soft X-ray emission Si L, ; spectra of
silicon

In solids of any composition under the
influence of electronic or quantum excitation,
electronic transitions arise from the valence
band to vacancies in the core shells of all atoms
of studied material with the formation of the
characteristic X-ray emission valence bands
(XEVB). The XEVB for elements of the third
period, which include silicon and aluminum
of minerals from the class of aluminosilicates,
refers to the region of the ultra-soft X-ray
spectrum (USXES) with nanometer wavelengths
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Fig. 2. Diffraction patterns of clinoptilolite (Sample 1)
before (upper gray curve) and after WPEMF irradiation
(lower black curve)
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Fig. 3. Diffraction patterns of montmorillonite (Sam-
ple 2) before (upper gray curve) and after WPEMF ir-
radiation (lower black curve)
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Fig. 4. Diffractograms of palygorskite (Sample 3) be-
fore (upper gray curve) and after WPEMF irradiation
(lower black curve)
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Table 1. The values of interplanar distances d (A) and intensities I (%) for clinoptillolite samples before
and after WPEMF irradiation in comparison with PDF Card 00-039-1383 [8] for monoclinic clinoptilolite
Clinoptillolite-Ca C2/m, a = 15.838 A, b = 17.912 A, ¢ = 7.410 A, o = 90°, B = 91.59°, v = 90° [7]

No. Before irradiation After irradiation P(]J)lli:nzoe)ltfll(z) ?itoe 3_%31 ?78]3
d A Int. I1(%) d A Int. I (%) d,A Int. I (%)
1 9.972 22 9.829 7
2 8.896 63 8.896 33 8.950 (020) 100
3 8.423 23
4 7.817 25 7.847 15 7.930 (200) 13
5 6.746 12 6.790 11 6.780 (20-1) 9
6 5.940 (220) 3
7 5.590 (130) 5
8 5.219 43 5.232 20 5.240 (31-1) 10
9 5.092 53 5.117 22 5.120(111) 12
10 4.866 14
11 4.659 51 4.628 21 4.650 (13-1) 19
12 4.314 31 4.350 17 4.350 (40-1) 5
13 4.261 15
14 4.040 45
15 3.976 (131) 61
16 3.949 100 3.949 100 3.955 (330) 63
17 3.905 (240) 48
18 3.835 (221) 7
19 3.738 (24-1) 6
20 3.707 (041) 5
21 3.569 20 3.545 12 3.554 (31-2) 9
22 3.408 41 3.408 27 3.424 (22-2) 18
23 3.398 40 3.392 (40-2) 12
24 3.333 22 3.333 23 3.316 (002) 6
25 3.170 32 3.161 36 3.170 (42-2) 16
26 3.066 13 3.074 (13-2) 9
27 2.998 (35-1) 18
28 2.968 41 2.964 40 2.971 (151) 47
29 2.785 23 2.792 26 2.795 (62-1) 16
30 2.725 12 2.725 13 2.730 (26-1) 16
31 2.659 12 2.667 (202) 4

Table 2. The values of interplanar distances d (A) and intensities I (%) for montmorillonite samples before
and after irradiation in comparison with PDF Card 00-013-0135 [8], for hexagonal montmorillonite-15A:
a=5169 A, b=5169 A, c=15.02 A, o = 90°, B = 90°, y = 120° [§]

. .. . . PDF 2012 00-013-0135
No. Before irradiation After irradiation Montmorillonite-15A [8]
d, A Int. I, % d, A Int. I, % d A Int. [, %

1 15.00 (001) 100
2 5.01 (003) 60
3 4.451 100 4.442 100 4.50 (100) 80
4 4.043 30 4.025 50

5 3.77 (004) 20
6 3.408 14 3.50 10
7 3.337 10 3.323 26 3.30 (103) 10
8 3.240 38

9 3.208 36 3.166 50 3.02 (005) 60
10 2.550 34 2.547 16 2.58 (110) 40
11 2.50 (006) 40
12 2.112 40 2.161 19 2.26 (200) 10
13 1.88 (008) 10
14 1.689 15 1.679 39 1.70 (210) 30
15 1.50 (00 10) 50
16 1.494 29 1.495 15 1.493 (300) 50
17 1.289 10 1.277 10 1.285 (221) 20
18 1.240 5 1.243 (310) 20
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Table 3. The values of interplanar distances d (&) and intensities I (%) for palygorskite samples before
and after irradiation in comparison with PDF Card 2012 00-029-0855 [9] for monoclinic palygorskite Pn:
a=17.864 A, b =12.681 A, c=5.127 A, . = 90°, B = 92.23°, y = 90° [9]

No. Before irradiation After irradiation PDF 2012 00_.029_0855
Palygorskite [9]
d, A Int. I, % d A Int., 1% , Int. [, %
1 10.010 100 10.000 100 10.34 (110) 100
2 6.34 (020) 15
3 5.38 (310) 7
4 4.440 100 4.461 52 4.47 (400) 8
5 4.237 40 4.219 37 4.27 (-211) 3
6 4.11 (130) 3
7 3.95 (-301) 1
8 3.65 (420) 4
9 3.45 (330) 1
10 3.323 82 3.328 100 3.35(-321) 2
11 3.230 (-131) 3
12 3.228 32 3.199 25 3.170 (040) 10
13 2.535 51 2.547 30 2.536 (050) 6
14 2.122 17 2.121 10 2.113 (060) 1
15 1.973 10 1.964 (910) 1
16 1.814 22 1.815 10 1.814 (070) 1
17 1.662 10 1.672 10 1.672 (271) 1
18 1.501 26 1.502 14 1.507 (181) 2
19 1.488 (12 00) 2

and energies of up to several hundred electron
volts, measured from the zero Fermi level. In this
case, the distribution of the spectrum intensity
of each element carries information on the
local density of valence states near atoms of a
given sort [10—-13]. Sensitivity to changes in the
chemical environment of the radiating atom is
an advantage of X-ray emission spectroscopy.
By changes of the XEVB fine structure, one can
judge the change in the nearest environment,
which allows not only elemental, but even phase
analysis of the samples [14, 15]. And since in the
study of REP the transition is used the valence
bande-core level transitions, the advantage of
the UMRES method is the relative simplicity of
interpreting the compared to optical band-band
spectra [10-13].

As for the basic elements of the three minerals
of the group of aluminosilicates, silicon and
aluminum, first in Fig. 5 we presented the Al
L2,3 aluminum spectra and Si Si L2,3 spectra
of all three clinoptilolite samples recorded in
a single energy scale successively (Sample 1),
montmorillonite (Sample 2) and palygorskite
(Sample 3) before and after exposure to a weak
pulsed electromagnetic field (71 mTl). The upper
spectra in this figure belong to the reference SiO,
and Al,O, samples.

In the dipole approximation of the selection

rules for X-ray transitions, the Si L, .- and Al
L, ;-spectrareflect the density distribution of the
3s, p (d) states of these elements in the valence
band of the corresponding minerals. In this
case, the second high-energy main maximum of
these spectra corresponds to the hybridization of
valence 3s, p-states with O 2p-states of oxygen,
i.e.reflects ion-covalent bonds of silicon-oxygen
and aluminum-oxygen tetrahedral bonds.
When analyzing the spectra in Fig. 5, we
immediately note only a slight increase in
intensity in the range 60-72 eV compared to the
background at the site of the aluminum Al L, ,
spectra compared to the intense silicon Si L, ,
band. This circumstance is associated primarily
with a significantly lower aluminum content
compared to silicon in the chemical formulas
of all the studied minerals. The next noticeable
increase in intensity with a maximum at 76 eV
corresponds to the so-called long-wave / low-
energy satellite SiL, ; spectrum, which reflects the
interaction of Si 3s, p + O 2s in the O 2s oxygen
subband, i.e. due to the amount of oxygen bound
to silicon. An increase in the intensity in this
region of the weak palygarskite spectrum is due
to the superposition of the Cu M2.3 spectrum of
copper, from which the sample holder is made.
In the following Figures 6-8, we present
separately for each mineral the results of modeling
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-0~ Experiment before radiation
==== Model SiO, ; spectrum

48

-« Cu
b M‘-‘c'ir’h:-,__-‘ a

—@— Experiment after radiation
Reference SiO, spectrum

—A—Cu M, 5 spectrum

E, eV

Fig.5. USXES Al L, ;and Si L, ;spectra of clinoptilolite (Sample 1), montmorillonite (Sample 2) and palygorskite
(Sample 3) before (thin lines with circles) and after WPEMF irradiation (lines with black dots). The uppermost
spectra belong to the reference samples of SiO, and Al O,

Si L, .-silicon spectra using reference spectra of
silicon suboxides of different compositions
and silicon dioxide and subsequent fitting to
experimental spectra [14, 15], which was carried
out to determine the phase composition silicon
oxides in samples before and after exposure
toWPEMF.

The simulation results of Si L, ; spectra
showed that all initial samples contain only
40 % of the stoichiometric SiO, phase, and the

remaining 60 % is silicon suboxide SiO, ,, which
is, in fact, non-stoichiometric dioxide with
numerous oxygen vacancies. Thus, the average
weighted statistically distributed composition of
oxidized silicon in the starting aluminosilicates
is Si0, ,=40 % SiO, + 60 % SiO ..

After WPEMF irradiation (solid lines with
black dots in Figs. 6-8), silicon dioxide SiO2
becomes the predominant phase in all samples.

Moreover, in the irradiated clinoptilolite (Fig. 6)
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Fig. 6. USXES Si L, ;-spectra of clinoptilolite (Sample 1) before (thin line with circles) and after WPEMF irra-
diation (line with black dots)
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Fig. 7. USXES §i L, ,-spectra of montmorillonite (Sample 2) before (thin line with circles) and after WPEMF
irradiation (line with black dots)

10 L = Exp. Sample 3 before radiation T
| e Model SiO, , spectrum ; N Sil23
0,8 - —— Exp. Sample 3 after radiation ? 1L
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Fig. 8. USXES SiL, .- palygorskite spectra (Sample 3) before (thin line with circles) and after WPEMF irradiation
(line with black dots)
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and palygorskite (Fig. 8), the stoichiometric
SiO, phase is unique, and in the irradiated
montmorillonite (Fig. 7) its predominance after
irradiation rose to 80 %, but did not reach 100 %,
as in two other samples.

Nevertheless, a significant healing of defects
in the form of numerous oxygen vacancies in the
silicon-oxygen tetrahedra of the initial minerals
under the influence of WIEMF can occur as a result
of the transition of oxygen ions from air adsorbed
by the samples, or from superstoichiometric
oxygen, from structured water molecules of H,0
or OH groups to vacancy sites.

4. Conclusion

Comparing the experimental results on the
effect of a weak pulsed electromagnetic field on
the powders of three minerals from the group of
natural aluminosilicates that we identified as
clinoptilolite [7] KNa,Ca,(Si,,Al )O. -24H,0, mont-
morillonite [8] Ca_,(AIMg),Si,0,,(OH),-4H,0, and
palygorskite MgAlSi, O, (OH)-4H,0 [9], using two
different methods of XRD and USXES, we can
conclude that both methods, each in its own way,
detected noticeable changes in the samples,
which persist at least 48 hours after WPEMF
irradiation.

The USXES method recorded changes in the
local environment of silicon by oxygen atoms
with a change in the average stoichiometry from
Si0, ,in the initial samples to a near or equal
Si0,. in irradiated samples that occur as a result
of filling vacancies in silicon-oxygen tetrahedra
with oxygen, most likely from adsorbed air.

Unfortunately, it was not possible to register
such changes in aluminum-oxygen tetrahedra due
to the low aluminum content in the samples.

Nevertheless, the local short-range order
changes observed by the USXES method in the
silicon-oxygen tetrahedra affect the atomic
structure of entire crystal lattice of all three
aluminosilicates, and appear as one or two
superstructural lines on the diffractograms of the
samples after WPEMF irradiation.
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Abstract

Anupcoming trend in the application of micro- and nanosized magnetic particles is the development of magnetorheological
fluids for the automatic systems of damping devices in which the particles play the role of a component in the complex
dispersed phase. In the search for magnetic materials for magnetorheological fluids, the most important criteria in choosing
are high shear stress of the suspension based on the particles vs. applied magnetic field and a low value of coercive force.
The aim of the work was to investigate the structure, morphology, and magnetic properties of the nanoscaled powders of
Co, Zn-ferrites and the evaluation of their effectiveness upon the rheological properties of the developed magnetorheological
fluids.

The Co, Zn-ferrite nanopowderwas synthesized by spray-drying technique followed by heat treatment in the presence of
the inert matrix. The features of its morphology were investigated by x-ray diffraction analysis, transmission electron
microscopy, and IR-spectroscopy.

The powdered nanoferrite Co, Zn,..Fe,O,, used as a filler of magnetic fluids, demonstrated values of coercive force
H_ (10 K) = 10.8 kOe, H, (300 K) = 0.4 kOe as well as relative residual magnetization M/M (10 K) =0.75, M /M (300 K) = 0.24.
The proposed synthesis technique allows obtaining crystallized particles of the ferrite with sizes not larger than 50 nm,
which possess high shear stress in magnetorheological suspensions.

The synthesis technique allows controlling the magnetic properties of Co,Zn-ferrite (as a component of magnetorheological
suspensions) by non-magnetic double-charged ion substitution of Co%, i.e. ions Zn?, in Co,Zn-spinel has been developed.
The possibility has been established to decrease the coercive force and increase the magnetization up to the maximum
cobalt content, corresponding to the composition formulae Co .Zn,..Fe,0,. The high value of shear stress (10° Pa) at a
relatively low value of magnetic induction (600 mT and higher) makes the material applicable as a filler for the
magnetorheological suspensions of damping devices.

Keywords: cobalt zinc ferrite, magnetorheological liquids, magnetic nanoparticles.
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1. Introduction such particles are a component of the complex

A promising area for the application of dispersed phase [1,2]. Suph liqui_ds are u§ed asan
micro- and nanosized magnetic particles is the ~active medium for damping devices designed for
creation of magnetorheological fluids (MRF) for ~the protection of vehicles, industrial equipment,

controlled hydraulic automation devices inwhich ~ buildings, and structures from vibrations and
other mechanical influences, as well as for the
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manufacture of various sensors, measuring
elements, electromechanical converters, targeted
drug delivery, and the diagnosis of diseases in
biology and medicine [3-5].

Objects sensitive to the magnetic field can
be obtained based on fluid compositions with
dispersed solid-phase fillers possessing magnetic
properties. In the presence of an external
magnetic field, strong particle structural bonds
are formed along the magnetic field vector in
such compositions, leading to an increase in the
viscosity of the compositions and is a necessary
condition for creating controlled damping
devices.

The magnetic properties of nanopowders,
which can be components of these fluid
compositions, are determined by the chemical
composition, type of crystal lattice, degree
of its defectiveness, particle size and shape,
morphology (for structurally inhomogeneous
particles), and the degree of interaction of the
particles with the surrounding liquid and other
particles. However, it is not always possible to
control all these factors during the synthesis of
nanoparticles of approximately the same size and
chemical composition, therefore, the properties
of nanomaterials of the same type can vary
significantly.

For the use of nanoparticles in damping
devices and biomedicine, their supermagnetic
state with no coercivity, i.e. zero remanent
magnetization, is desirable. In this case, in their
normal state, without exposure to a magnetic
field, they will not form agglomerates due to
attractive interaction.

It is known that the dependence of the
coercive force on the particle size is complex
(Fig. 1) [6]. With a decrease in the size of the
bulk sample, the fraction of the surface energy
of its domain borders increases, and it becomes
comparable with the total volume energy. In
this case, the single-domain state of a sample
or particle is considered energetically more
efficient. Such a state will lead to an increase in
the threshold field of the remagnetization of the
particle and, consequently, to an increase in the
coercive force. This increase is due to a change in
the remagnetization — instead of the mechanism
associated with the displacement of the domain
borders, the rotation of the magnetic moment

Original articles

vector mechanism appears. With a decrease in
the size of single-domain particles, their coercive
force decreases, and at a certain size its value is
equal to zero. This phenomenon is explained
by the influence of thermal fluctuations on the
magnetic anisotropy value and, consequently, on
the coercive force, since the particle anisotropy
energy depends on the angle between the
directions of magnetization and the easy axis of
magnetization. In the superparamagnetic state,
the direction of the magnetic moment vector will
spontaneously change.

It is known that for isolated nanoparticles
with sizes of 1-30 nm, in addition to the
Curie and Neel temperatures, there is also a
blocking temperature on the temperature scale:
T,< T(T,),where T, - Curie temperature, T, — Neel
temperatureT, — blocking temperature. Below the
blocking temperature, the magnetic moment of
the particle retains its spatial orientation, and
the ensemble of particles exhibits magnetic
hysteresis. At temperatures above T, the particle
changes to a superparamagnetic state. In the
region of T, <T <T, the particle has spontaneous
magnetization and a non-zero total magnetic
moment, easily changing the orientation in an
external field [7].

A characteristic problem with the production
of effective nanoscale magnetic particles for MRF
is their significantly lower specific magnetization
compared to micron particles. This is due to a
violation of the magnetic order in the subsurface
layer of ~ 1 nm. In such a layer, the magnetic
moments of atoms usually behave the same as

Bloking
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domain state
2 | Superpara
an )
magnetism
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Fig. 1. The dependence of the coercive force on par-
ticle size
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in spin glasses [8]. Therefore, there is a need
to reduce the contribution of the surface layer
into the specific magnetization of the material
by increasing the fraction of the crystallized
core of the nanoparticle. For this purpose, heat
treatment is usually used, which, in turn, leads
to an aggregation of particles and significant
increase in their size, as well as to the appearance
of residual magnetization and an increase in
coercive force. Therefore, the search for new
methods of influencing the microstructure of
nanoobjects is relevant, for example, the use of
pulsed photon processing was considered in the
study [9].

The hysteretic behaviour of materials
with a high coercive force in an alternating
magnetic field or under dynamic shear loads
leads to a decrease in their effectiveness for
use in damping devices and for biomedical
applications. The influence of the coercive force
is particularly critical when using high-frequency
fields or variable mechanical loads, when the
remagnetization of particles does not have time
to take effect due to the long relaxation time of
magnetic properties.

Cobalt-zinc ferrites are being actively studied
as promising ferrimagnetic materials with
high magnetic characteristics. These materials
are usually obtained by coprecipitation [10-
12] or by the sol-gel method [13], electrostatic
spraying [14] and other methods. The purposeful
synthesis of ferrites for various applications
requires information about the distribution of
metal cations in the crystal lattice, since the
magnetic characteristics of the samples directly
depend on this distribution. Zinc ferrite has a
normal crystallographic structure in accordance
with the distribution of cations in the spinel
sublattices, while cobalt ferrite has a reversible
structure. It is known that structural deviations
lead to a nonequilibrium distribution of cations
in ferrites and cause a change in their magnetic
properties [15, 16]. Thus, the ability to influence
the cation distribution becomes a tool for tuning
magnetic properties [17]. For cobalt-zinc ferrites,
for example, the presence of a non-magnetic
Zn?" ion with a strong preference for tetrahedral
positions will cause the migration of Fe* ions into
the region of octahedral positions, leading to an
increase in the magnetic moment.

Synthesis, Structure and Magnetic Properties of Cobalt-Zinc Nanoferrite...

We are developing dispersed ferrimagnetic
nanosized particles for MRF, which, in addition to
ferromagnetic particles of carbonyl iron, contains
nanosized ferrimagnetic particles, allowing the
enhancement of the magneto-control of damping
liquids [1, 2]. Cobalt-zinc ferrite nanopowders
were chosen as such particles and the analysis of
their characteristics was carried out in this work.
The aim of the work was the investigation of the
structure, morphology, and magnetic properties
of Co,Zn ferrite nanopowders and the evaluation
of their effectiveness in magnetic fields upon the
rheological properties of the developed MRF.

2. Experimental

Based on the highest specific magnetization
the optimal composition of Co,Zn ferrite with
a molar ratio (cobalt and zinc) of 0.65:0.35 was
established [18].

Samples of CoSO,-7H,0 weighing 16.25 g,
ZnCl, weighing 4.26 g, and Fe (NO,), weighing
49.81 g were dissolved in 1.5 | of distilled water.
The solution was stirred with magnetic stirrer for
5 min to obtain complete homogenization. An
ammonia solution was poured into the resulting
salt solution with vigorous stirring and the pH
level was monitored to ensure it remained at 11
using indicator paper. The suspension was heated
to 90 °C. The precipitate was washed by magnetic
decantation, after which the aqueous suspension
consisting of the precipitate of the previous stage
and a NaCl solution in a mass ratio (precipitate -
salt) 1: 5 was prepared.

The cobalt-zinc ferrite nanopowder was
obtained by spray-drying technique. The
suspension was sprayed at a temperature of 220 °C
with a feed rate of 2.5 ml/min with subsequent
high-temperature heat treatment in the presence
of an unreacted inert matrix (NaCl), preventing
the intensive growth of crystallites during heat
treatment. Heat treatment was carried out in
air at 740 °C for 8 h. The spray-drying method
allowed obtaining micro-fine particles of salts
and the products of their decomposition (100-
300 °C). Subsequent annealing of such a product
together with NaCl leads to the formation of the
Co,Zn ferrite phase. Non-agglomerated micro-
fine magnetic cobalt zinc ferrite particles are
formed subsequently after the removal of the
matrix (NaCl) by dissolution.
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X-ray studies were performed using a
DRON-3 diffractometer (Co-K_,-radiation,
A =0.179026 nm). Scanning was carried out in the
range of angles 20 = 6-90°. The sizes of coherent
scattering regions (CSR) corresponding to the
physical sizes of crystallites in polycrystalline
samples were determined by the broadening of
diffraction reflections (Scherrer method).

Crystal density was calculated using the
formula:

d=— (1)

where M - formal molecular weight; a — the lattice
parameter, A; N ' — Avogadro number.

The degree of crystallinity of the samples was
determined using the ratio:

I
(1—I—bjx100 %, 2)

311

where [, - the reflex intensity for the spinel, cor-
responding to the crystallographic direction 311;
I - the intensity of the spectrum background line
of the x-ray diffraction pattern.

Dislocation density & (number of lines per

1 m?) was calculating using the formula:

1
:E_

Scanning electron microscopy was used to
study the surface structure of polycrystalline and
film samples by use of a LEO 1420. Simultaneously
the ratio of the concentration of metal atoms
in ferrite powders and the features of their
distribution on the surface of the particles
were determined by energy dispersive x-ray
spectroscopy (EDX-analysis).

IR-spectra were recorded using an AVATAR
330 spectrometer (Thermo Nicolet) in the
wavenumber region (v) 400-700 cm~! with an
accuracy of = 1 cm~!. Recording was performed
by diffusion reflection using the Smart Diffuse
Reflectance accessory.

The magnetic characteristics were studied
using a Cryogen Free Measurement System
from Cryogenic Ltd, where hysteresis loops were
recorded at temperatures of 2 and 300 K and
magnetic field induction B = 8 T. The weight
of the sample, not including the capsule, was
0.09 g.

§ (3)
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The dependence of the shear stress (t) of the
suspensions on the magnetic induction of the
applied magnetic field was measured using a
Physica MCR 301 Anton Paar rotational viscometer
in constant shear rate mode (Mobil 22 binder, shear
rate y=200s"!, T=20 °C). Powder suspensions in a
binder were prepared using a UZDM-2 ultrasonic
dispersant with a frequency of 44 kHz.

3. Results and discussion

The choice of heat treatment conditions
was determined by the search for the optimal
combination of the solid-phase reaction time
and relative heat treatment temperature for the
prevention of excessive crystallite growth.

Fig. 2 represents TEM-images of the heat
treatment product of the dried precursor
suspensionin NaCl solution after heat treatment
at 740 °C (8 h), before (Fig. 2a) and after (Fig. 2b)
washing away the NaCl. Before washing, the
product was represented by spheres, sometimes
of irregular shape, hollow inside and consisting
of agglomerated particles of the precursor solid
phase and NaCl. The sizes of these particles
were in the range of 0.5-0.9 um. The size of the
spheres was 1.5-3.5 um. The spheres were a
product obtained by drying the drops formed by
spraying a precursor suspension. The water, as a
result of evaporation, shifted the solid phase of
the precursor to the surface of the drops, where
a solid shell formed with the release of volume
inside the spheres. Holes caused by the release
of water vapour appeared in some places on the
spheres.

After dissolving sodium chloride in water,
the dried Co,.Zn . Fe,O, powder consisted of
non-agglomerated particles with sizes up to
50 nm. TEM-images of Co, .Zn . Fe,O, showed
that the particles were well separated from each
other and not agglomerated. The average particle
sizes were 25-30 nm and they were comparable
with the CSR size, calculated according to x-
ray phase analysis (Table 1). The shape of the
particles was faceted in contrast to particles
obtained using other production methods
for Co, Zn-ferrite nanopowders under similar
temperature conditions. The result was due to
the use of the synthesis of individual particles in
an inert NaCl matrix, provided by the proposed
method.
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a
Fig. 2. a) SEM images of Co

0.65
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o 1 3 3 3 2 |

Zn, . Fe O, particles in the NaCl matrix after heat treatment at 740 °C (8 h); b) TEM

images of Co, .Zn . Fe,O, particles after washing away the NaCl)

Fig. 3 demonstrates typical x-ray diffraction
patterns of the material obtained after heat
treatment. It can be seen that after 8 h of
heat treatment at a temperature of 740 °C,
the solid-phase reaction with the formation
of the spinel ferrite structure (space group
Fd3m) was completed. Reflex positions and

Table 1. The structural parameters of the crystal lattice of Co

their relative intensities confirm that the
powders represent only one phase with a
spinel structure. The structural parameters
of the crystal lattice of Co, .Zn . Fe, O, solid
solution heat treated at 740 °C (8 h) are shown
in Table 1. The composition of the nanoparticles
was determined by energy dispersive x-ray

06521, 5sF€,0, solid solution: (lattice constant

a, size of the coherent scattering region D, dislocation density §, crystal density d, crystallinity)

Size of coherent . . . .
Lattice constant a, A | scattering region D, DISIOCHUOZH de_r;mty x-ray denszlty d The degr ee Oof
om dx 102 nm g/cm crystallinity, %
8.3998 20 0.26 5.31 84.5
—l 5 16000 =
14000 -
12000 -
= 3000 |- y
s @ 10000
o o
- -, 8000 |- <3
£ 2000 | £ - & S
£ @ 2 6000 - S = 3
g | 2 ¥
£ ; £ 4000 - - Q
S| w ' 2000 o y P g
I I ) i
0F
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2 Theta, © 2Theta,’
a b

Fig. 3. X-ray powder diffraction spectra of powders of Co, ,.Zn

0esZ, sFe,0, solid solution, after heat treatment at

740 °C: a) for 2 hours; b) for 8 hours (reflexes related to Fe,O, are marked with »)
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spectroscopy. Intensive reflections related to the
o-Fe,O, phase (haematite) were still detected
after 2 h of heat treatment.

Fig. 4 represents a typical IR -absorption
spectrum for Co, .Zn  .Fe O,nanopowders after
heat treatment.

The formation of the spinel structure of
ferrites was evidenced by two main absorption
bands, which were combined vibrational bands
of Me-O bonds in the region of characteristic
frequencies with extrema at 414 and 567 cm™.
First v, usually refers to the octahedral vibrations
of the metal Me_ <O, and the v, band at
567 cm™! corresponds to the internal stretching
vibrations of the metal in the tetrahedral site
Me, . <O [12]. Ahigh degree of resolution of the
absorption bands may reflect a high ordering of
the crystalline structure of the solid solution.

It is known that the absorption bands at
v,=1600 cm™' correspond to vibrations of
adsorbed water [17]. The absorption near 2100-
2300 cm™' may be associated with CO, adsorbed
from air, absorption bands in the range of 1500-
1600 cm~! may be associated with the vibrational
oscillations of the N=0O bond. Weak absorption
bands near 1000 cm™! were due to the presence
of traces of nitrate-ions [11]. Absorption bands
near wave numbers 1640 and 3400 cm™! are
associated with vibrations of O-H bonds [12].
Thus, the IR-spectrum of the sample confirms
the formation of the cobalt-zinc ferrite phase
and the presence of water in the material
structure.

Fig. 5 shows the change in magnetization
for Co,,.Zn . Fe O, nanopowders depending on
the applied field. All prepared samples exhibited
ferrimagnetic behaviour at room temperature.
The obtained values of specific magnetization
powder for Co,,.Zn .. Fe O, coincided with the
specific magnetization of cobalt-zinc ferrites of
the same composition obtained by other methods,
for example, by coprecipitation of inorganic
salts from aqueous solutions (40-70 A-m?kg-!,
[19]), sol-gel method (60-80 A-m?kg~! [20], 60—
90 A-m*kg1, [21]).

We demonstrated that with an increase in the
zinc content in the cobalt-zinc ferrite, an increase
in the saturation magnetization was noted. Thus,
for Co,Zn . Fe,O, Ms = 42.6 A‘m*kg’, but for
CoFe,0,Ms = 25.0-26.0 A-m*kg™".
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Fig. 4. IR absorption spectrum of Co, Zn . Fe,O,
after heat treatment at 740 °C for 8 h
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Fig. 5. Curves of the dependence of magnetization on
magnetic field strength for Co,.Zn ..Fe,O, powder at
various temperatures of 1 - 10K, 2 - 300 K

The magnetic ordering is associated with
superexchange interaction between the ions of
the octahedral (B) and tetrahedral (A) sublattices
of the crystal structure for ferrimagnetic spinel
ferrites.

JAB, JBB and JAA exchange integrals are
usually negative and the antiferromagnetic
A-B interaction is stronger than B-B and A-A
interactions. This leads to ferrimagnetism of the
compound, while B-B and A-A interactions are
suppressed. The spins of magnetic ions will be
parallel in each of the individual B-B and A-A
sublattices, but in two different sublattices they
are antiparallel.

As Zn?' ion substitutes Co?* ion, it pushes
out Fe* ions from tetrahedral A-positions into
octahedral B-positions. While the magnetic
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moment of A sublattice decreases due to an
increased number of nonmagnetic Zn* ions in it,
the magnetic moment of B sublattice increases
due to an increased number of Fe ions* in the
B sublattice. Therefore, when in the present
work the concentration of Zn?* ions increased
from 0 to 0.35, the total magnetization (M_ -
M, ) for Co, Zn Fe,O, also increased due to
an increase in interlattice A-B superexchange
interactions between the magnetic ions of Aand B
sublattices. Magnetic moments of Fe3" ions in
different sublattices of the crystal spinel structure
(octahedral and tetrahedral) will not be mutually
compensated as before.

However, at high levels of doping with Zn?'
ions (x > 0.35) the antiferromagnetic interaction
of Fe ions located in neighbouring positions in
the octahedral sublattice begins. It turned out
that the B-B interaction leads to a decrease in
the total magnetic moment.

The explanation for this phenomenon is
provided by the three-sublattice Yafet-Kittel
model [22], demonstrating that with an increase
in the B-B interaction, the A-B interaction
decreases. When exchange interactions appear in
a ferrimagnet inside B-B or A—-A sublattices, they
already start “competing” with the interlattice
A-B interaction. Most likely, the reason for
such an increase in the interaction in the B or A
sublattices is the appearance of noncollinearity of
spins in the sublattice, leading to a decrease in the
values of the experimental magnetic moment.

According to the two-sublattice Neel model
of ferromagnetism, the theoretical magnetic
moment p, per formula unit in n}, is described as

1y (X) = Mg (x)— M, (%), 4)

Where M,(x) and M, (x) are the magnetic moments
of the B and A sublattice in p,respectively. The
distribution of cations in Co, Zn Fe,O, can be
written as

(@0 Fel, ), [Co%, Fel, |, 0% . 6

1+x

Depending on the concentration of Zn, the
theoretical values of the magnetic moment,
n% in Co, Zn Fe,O, are calculated using the
distribution of cations and magnetic moments
of Fe*", Co*" and Zn* ions, equal to 4.85 p,, 2.78
y, and 0 p,, respectively. Experimental values of
magnetic moments (%), per unit of the formula in

Synthesis, Structure and Magnetic Properties of Cobalt-Zinc Nanoferrite...

Bohr magnetrons (u,), were calculated according
to the ratio:

M M
e — w S s 6
s = 5585 ©

where M, - molecular weight, M, — saturation
magnetization, and 5585 — magnetic factor [22].

It turned out that the theoretical magnetic
moment increases linearly as a function of Zn?*
concentration, and the experimental magnetic
moment increases with the concentration of Zn?*in
Co, :Zn, . .Fe,O,before x=0.35, and then gradually
decreases. For Co,,.Zn, .Fe ,O,composition
nt=4.95pg, and n¥, = 3.01 p,.

The values of the magnetic parameters
obtained for the hysteresis loops are summarized
in Table 2.

Table 2. The parameters of the magnetization curves
of Co,.Zn . Fe O, particles (saturation magnetization
M, adjusted remanent magnetization M /M, coercive

force H)

T,K |[M,Am*kg’'| M/M, | H,kOe
10 52.47 0.75 10.9
50 52.42 0.72 9.0
100 51.67 0.67 5.9
200 48.09 0.47 1.7
300 42.57 0.24 0.46

It was established that in terms of shape they
are close to the known literature data for cobalt
ferrite and are characterized by their significant
rectangularity, which is reflected in the values
of the adjusted remanent magnetization [23].
Saturation magnetization values M_in the
range of 5-300 K were slightly reduced. High
values ofadjusted remanent magnetization can
be associated with monodispersity of particles.
Magnetization M_ values slightly decreased with
a temperature increase in the range of 10-300 K,
while the adjusted remanent magnetization
M /M, (M - residual induction M, - saturation
induction) and coercive force H_values decreased
significantly with the temperature increase, due
to the influence of thermal fluctuations of the
magnetization of individual particles [24].

It is known, that coercivity is associated
with the characteristic constant of the material
anisotropy. At the nanoscale, anisotropy depends
on various factors, such as particle size, exchange
biases, dipole interactions, particle shape, and
crystalline nature. The comparison of H_ for the
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obtained Co,Zn-nanoferrite, with the magnetic
properties of cobalt nanoferrite demonstrated
a significant decrease of H_upon the doping of
Co,Zn-ferrite with zinc. For example, at 300 K,
the coercive force for our Co, ,.Zn . Fe,O, sample
was 2.5 times lower than for CoFe,0, at the same
particle sizes [13]. We obtained the same results
for nanopowders synthesized by aerosol pyrolysis
with the same heat treatment as for spray-drying
technique. For Co, Zn . Fe,O, H = 0.13 kOe,
and CoFe,0,H_= 0.37 kOe [25]. Thus, for the
synthesized Co,Zn ferrite nanoparticles, the
substitution of cobalt atoms by zinc led to a
decrease in anisotropy and, consequently, a
decrease in the coercive force.

The adjusted residual magnetization (M /M)
values of Co,Zn . Fe,O, at different tempera-
tures are presented in Table 2. It was found that
they gradually decrease for higher temperatures.
The Stoner-Wohlfarth model determines that
for low temperatures M /M, = 0.5 for randomly
oriented uniaxial noninteracting particles
ensembles and when the anisotropy of disordered
and noninteracting nanoparticles is cubic, then
M /M= 0.83. In our case, for Co,.Zn .. Fe,O,
samples at temperatures below 200 K, M/M_ is
definitely higher than 0.5 and cubic anisotropy is
more pronounced here. These results show that
coercivity can be regulated and changed in the
structure of Co, Zn-spinels by replacing cobalt
ions with zinc ions.

' i i 1

200 400 600 800 1000 1200 1400 1600
v1s

a
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On the hysteresis loop at low temperatures
(Fig. 5) we also observed a distortion in the curve
of the dependence of the magnetization on the
field strength next to the residual magnetization
in the form of unusual bends. The existence of
such bends is associated with the two-phase
behaviour of the hysteresis loop, interparticle
interactions, etc. [26, 27]. It also seems that
there is an interaction between the hard and
soft anisotropy regimes. In addition, this
phenomenon may depend on the polydispersity
of the sizes, as well as on the shape of the
particles.

The dependences of the shear stress of an MRF
containing 20 wt.% Co, .Zn . Fe O, powder, on
shear rate in the absence of a magnetic field and on
magnetic field induction at a shear rate of 200 s,
T=20 °Cwere measured for the assessment of the
effectiveness of the synthesized particles (Fig. 6).
Ahigh value of shear stress (1000 Pa) at relatively
low values of the magnetic field induction (from
600 mT and above) allowed considering the
obtained material to be suitable for practical use
as a component of MRF filler. It is known that
ferrimagnetic powders with a large value of the
residual magnetization can exhibit a significantly
lower increase in viscosity in a magnetic field.
Thus, for example, zinc-containing an iron oxide
powder at M_(300K) = 95 A-m*kg~' exhibits
insignificant viscosity change in a magnetic field
(about 15 %) [1].

1000 | /,,_m-- ST
800 |
< 600
" I g,
® 400} =
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Fig. 6. The dependence of the shear stress of an MRF containing 20 wt.% magnetic nanoparticles I -

Co. ..Zn

0.65 0.35

magnetic field at shear rate y=200s!, T=20 °C
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From the dependence of the shear stress of
a suspension prepared based on Co, .Zn . Fe,O,
powder, it is also seen that the shear stress of the
suspension increased with increased magnetic
field induction and reached a maximum value
of 1 kPa at 550 mT, which is significantly lower
than for most other known materials based
on doped magnetites and ferrites. In addition,
Co, .Zn, . .Fe,O, powders have high oil absorption
and form stable suspensions. This allows using
them as a stabilizing and modifying filler in
magnetorheological suspensions based on

carbonyl iron in synthetic oil.

4. Conclusions

A technique has been developed that allows
controlling the magnetic properties of cobalt-zinc
ferrite as a component of magnetorheological
suspensions by non-magnetic double charge
ion substitution of cobalt ions, i. e. zinc ionsin
the structure of Co,Zn spinel. The possibility
to decrease the coercive force and increase
magnetization up to maximum cobalt content
corresponding to the composition formulae
Co,.Zn . Fe,O, has been established. For the
synthesis of cobalt-zinc ferrite, a spray-drying
technique followed by heat treatment in the inert
component NaCl matrix has been proposed. The
proposed technique allows obtaining uniform
crystallized cobalt-zinc ferrite nanoparticles
with a diameter less than 50 nm, with a specific
magnetization of about ~ 40 A-m?kg-!, some of
which were in a superparamagnetic state. The
efficiency of Co, ,.Zn_ . .Fe,O,in MRF composition
with the industrial Mobil 22 oil (20% wt.) has
been assessed, the dependence of the shear
stress on the induction of the magnetic field
was investigated. The high shear stress (1 kPa)
with a relatively low magnetic field induction
(from 600 mT and above) allowed us to consider
the obtained material as being promising for
use as an additional functional filler for the
magnetorheological suspensions of damping
devices.

Conflict of interests

The authors declare that they have no
known competing financial interests or personal
relationships that could have influenced the work
reported in this paper.

Synthesis, Structure and Magnetic Properties of Cobalt-Zinc Nanoferrite...

References

1. Korobko E. V., Pankov V. V., Kotikov D. A.,
Novikova Z. A., Novik E. S. Nanodispersed fillers based
on iron oxide for the complex dispersed phase of
magnetically correctable hydraulic fluids. In:
Nanostructures in condensed matter: Collection of
scientific articles, 20-23 August 2018. Minsk: A. V. Lykov
Heat and Mass Transfer Institute National Academy
of Sciences of Belarus Publ.; 2018. p. 156-161. (In
Russ.)

2. DragaSius E., Korobko E., Novikava Z.,
Sermyazhko E. Magnetosensitive Polymer composites
and effect of magnetic field directivity on their
properties. Solid State Phenomena. 2016;251: 3-7.
DOI: https://doi.org/10.4028/www.scientific.net/
SSP.251.3

3. Joseph A., Mathew S. Ferrofluids: synthetic
strategies, stabilization, physicochemical features,
characterization, and applications. ChemPlusChem.
2014;79(10):1382-1420. DOI: https://doi.org/10.1002/
cplu.201402202

4. Genc S., Derin B. Synthesis and rheology of
ferrofluids: a review. Current Opinion in Chemical
Engeeniring. 2014;3(2): 118-124. DOI: https://doi.
org/10.1016/j.coche.2013.12.006

5. Vekas L., Avdeev M. V., Bica D. Magnetic
nanofluids: synthesis and structure. In: Donglu Shi
(ed.) Nanoscience in biomedicine. Springer Berlin
Heidelberg; 2009. 729 p. DOI: https://doi.
org/10.1007/978-3-540-49661-8

6. Frolov G. 1., Bachina O. I., Zav’yalova M. M.,
Ravochkin S. I. Magnetic properties of nanoparticles
of 3D metals. Technical physics. 2008;53(8):1059-1064.
DOI: https://doi.org/10.1134/S1063784208080136

7. Baraton M. I. Synthesis, functionalization, and
surface treatment of nanoparticles, LA: Am. Sci. Publ.;
2002. 236 p.

8.Martinez B., Obradors X.,Balcells L., Rouanet A.,
Monty C. Effect of aluminum doping on structural and
magnetic properties of Ni Zn ferrite nanoparticles.
Physical Review Letters. 1998;80(1): 181-184. DOI:
https://doi.org/10.4236/wjnse.2015.53009

9. Mittova I. Ya., Sladkopevtsev B. V., Mitto-
va V. 0., Nguyen Anh Tien, Kopeichenko E. I.,
Khoroshikh N. V., Varnachkina I. A. Formation of
nanoscale films of the (Y,0,-Fe,0,) on the
monocrystal InP. Kondensirovannye sredy i mezhfaznye
granitsy = Condensed Matter and Interphases. 2019;21
(3): 406-418.DOI: 10.17308/kcmf.2019.21/1156 (In
Russ., Abstract in Eng.)

10. Mayekar J., Dhar V., Radha S. Synthesis,
characterization and magnetic study of zinc ferrite
nanoparticles. International Journal of Innovative
Research in Science, Engineering and Technology.
2016;5(5): 8367-8371.DOI: https://doi.org/10.15680/
IJIRSET.2016.0505268

36 Condensed Matter and Interphases, 2020, 22(1), 28-38



11. Jansi Rani B., Ravina M., Saravanakumar B.,
Ravi G., Ganesh V., Ravichandran S., Yuvakkumar R.
Ferrimagnetism in cobalt ferrite (CoFe,O),)
nanoparticles. Nano-Structures & Nano-Objects.
2018;14: 84-91. DOI: https://doi.org/10.1016/].
nanoso.2018.01.012

12. Manouchehri S., Ghasemian Z., Shahbazi-
GahroueiD.,Abdolah M. Synthesis and characterization
of cobalt-zinc ferrite nanoparticles coated with DMSA.
Chem Xpress. 2013;2(3): 147-152.

13. Singhal S., Namgyal T., Bansal S., Chandra K.
Effect of Zn Substitution on the magnetic properties
of cobalt ferrite nanoparticles prepared via sol-gel
route. Journal of Electromagnetic Analysis and
Applications. 2010;2(6): 376-381. DOI: https://doi.
org/10.4236/jemaa.2010.26049

14. Rajendra S. G., Sang-Youn Ch., Rajaram S. M.,
Sung-Hwan H., Oh-Shim J. Cobalt ferrite nanocrystal-
lites for sustainable hydrogen production application.
International Journal of Electrochemistry. 2011;2011:
1-6. DOI: https://doi.org/10.4061/2011/729141

15. Ladole C. A.Preparation and characterization
of spinel zinc ferrite ZnFe,0,. International Journal of
Chemical Science.2012;10(3): 1230-1234. Available at:
https://www.tsijournals.com/articles/preparation-
and-characterization-of-spinel-zinc-ferrite-znfe204.
pdf

16. Raghuvanshi S., Kane S. N., Tatarchuk T. R.,
Mazaleyrat F. Effect of Zn addition on structural,
magnetic properties, antistructuralmodeling of
Co,_Zn Fe,O, nanoferrite. AIP Conference Proceedings.
2018;1953(1): 030055. DOI: https://doi.
org/10.1063/1.5032390

17. Sawadzky G. A., Van der Woude F., Morrish A. H.
Cation distributions in octahedral and tetrahedral sites
of the ferrimagnetic spinel CoFe,0,. Journal of Applied
Physics. 1968;39(2): 1204-1206. DOI: https://doi.
org/10.1063/1.1656224

18.PetrovaE. G., ShavshukovaYa. A., Kotikov D. A.,
Yanushkevich K. I., Laznev K. V., Pan’kov V. V.
Thermolysis of sprayed suspensions for obtaining
highly spinel ferrite nanoparticles. Journal of the
Belarusian State University. Chemistry. 2019;1: 14-21.
Available at: https://journals.bsu.by/index.php/
chemistry/article/view/1258 (In Russ., abstract in
Eng.)

19. Ranjani M., Jesurani S., Priyadharshini M.,
Vennila S. Sol-gel synthesis and characterization of
zinc substituted cobalt ferrite magnetic nanoparticles.
International Journal of Advanced Research. 2016;4(7):
53-58. DOI: https://doi.org/10.21474/ijar01/1148

20. Lin Q., Xu J., Yang F., Lin J., Yang H., He Y.
Magnetic and miissbauer spectroscopy studies of zinc-
substituted cobalt ferrites prepared by the sol-gel
method. Materials.2018;11(10): 1799. DOI: https://doi.
org/10.3390/mal11101799

Original articles

21.CopollaP.,daSilvaF.G.,Gomide G.,Paula F. L. O,
Campos A. F. C., Perzynski R., Kern C., Depeyrot G.,
Aquino R. Hydrothermal synthesis of mixed zinc-
cobalt ferrite nanoparticles: structural and magnetic
properties. Journal of Nanoparticle Research.
2016;18(138): 1-15. DOI: https://doi.org/10.1007/
s11051-016-3430-1

22. Yafet Y., Kittel C. Antiferromagnetic
arrangements in ferrites. Physical Review Journal.
1952;87(2): 290-294. DOI: https://doi.org/10.1103/
PhysRev.87.290

23. Praveena K., Sadhana K. Ferromagnetic
properties of Zn substituted spinel ferrites for high
frequency applications. International Journal of
Scientific and Research Publications. 2015;5(4): 1-21.
Available at: http://www.ijsrp.org/research-paper-
0415.php?rp=P403877

24.KomogortsevS.V.,PatrushevaT. N.,Balaev D. A.,
Denisova E. A., Ponomarenko I. V. Cobalt ferrite
nanoparticles in a mesoporous silicon dioxide matrix.
Technical Physics Letters. 2009;35(19): 882-884. DOI:
https://doi.org/10.1134/S1063785009100022

25.Komogortsev S. V., IskhakovR. S.,BalaevA.D.,
Kudashov A. G., Okotrub A. V., Smirnov S. I. Magnetic
properties of Fe3C ferromagnetic nanoparticles
encapsulated in carbon nanotubes. Physics of the Solid
State. 2007;49(4): 734-738. DOI: https://doi.
org/10.1134/S1063783407040233

26. Ivashenko D. V., Petrova E. G., Mittova I. Ya.,
Ivanets A. I., Pankov V. V. Synthesis of cobalt-zinc
ferrite nanoparticles by modified aerosol pyrolysis. In:
Alternative Sources of Raw Materials and Fuels: Materials
of the VII International Scientific and Technical
Conference, 28-30 May 2019. Minsk: 2019. p. 120.
Available at: http://aist.ichnm.by/doc/Abstract AICT
2019.pdf (In Russ.)

27. Goziiak, F., Koseoglu, Y., Baykal, A., Kavas H.
Synthesis and characterization of Co Zn, Fe O,
magnetic nanoparticles via a PEG-assisted route.
Journal of Magnetism and Magnetic Materials.
2009;321(14): 2170-2177.DOI: https://doi.org/10.1016/
j.jmmm.2009.01.008

28. Abdallah H. M. 1., Moyo T., Ezekiel I. P.,
Osman N. S. E. Structural and magnetic properties of
Sr, .Co, .Fe,O, nanoferrite. Journal of Magnetism and
Magnetic Materials. 2014;365(9): 83-87. DOI: https://
doi.org/10.1016/j.jmmm.2014.04.041

Information about the authors

Yulyan S. Haiduk, Researcher, Belarusian State
University, Minsk, Republic of Belarus; e-mail:
j_hajduk@bk.ru. ORCID iD: https://orcid.org/0000-
0003-2737-0434.

Evguenia V. Korobko, DSc in Engineering, Professor,
Head of Laboratory, A. V. Luikov Heat and Mass
Transfer Institute of the National Academy of Sciences

Condensed Matter and Interphases, 2020, 22(1), 28-38 37



Yu. S. Haiduk et al.

of Belarus, Minsk, Belarus; e-mail: evkorobko@gmail.
com. ORCID iD: https://orcid.org/0000-0002-2870-
9658.

Kristsina A. Sheutsova, Engineer, A. V. Luikov Heat
and Mass Transfer Institute of the National Academy
of Sciences of Belarus, Minsk, Belarus; e-mail: kristina-
shevcova@lenta.ru. ORCID iD: https://orcid.org/0000-
0001-7360-5965.

Dzmitry A. Kotsikau, PhD in Chemistry,Associate
Professor, Belarusian State University, Minsk, Belarus;
e-mail: kotsikau@bsu.by. ORCID iD: https://orcid.
org/0000-0002-3318-7620.

Ivan A. Svito, PhD in Physics and Mathematics,
Senior researcher of Energy Physics Department,
Belarusian State University, Minsk, Belarus; Email:
ivansvito184@gmail.com. ORCID iDhttps://orcid.
org/0000-0002-4510-0190.

Synthesis, Structure and Magnetic Properties of Cobalt-Zinc Nanoferrite...

Alexandra E. Usenka, PhD in Chemistry, Associate
Professor, Belarusian State University, Minsk, Republic
of Belarus; e-mail: usenka@bsu.by. ORCID iD: https://
orcid.org/0000-0002-2251-619.

Dzimitry U. Ivashenka, Master of Chemistry
Researcher, Belarusian State University, Minsk,
Belarus; e-mail: ivashenkodm@gmail.com. ORCID ID:
https://orcid.org/0000-0002-9149-7213.

Amir Fahmi, Doctor, Professor, University of
Applied Sciences, Kleve, Germany; e-mail: Amir.
Fahmi@hochschule-rhein-waal.de. ORCID iD: https://
orcid.org/0000-0001-5283-4646.

Vladimir V. Pankov, DSc in Chemistry, Professor,
Head of the Department of Physical Chemistry,
Belarusian State University, Minsk, Belarus; e-
mail: pankov@bsu.by. ORCID iD: https://orcid.
org/0000-0001-5478-0194.

All authors have read and approved the final
manuscript.

Translated by Valentina Mittova.
Edited and proofread by Simon Cox.

38 Condensed Matter and Interphases, 2020, 22(1), 28-38



Condensed Matter and Interphases
(Kondensirovannye sredy i mezhfaznye granitsy)

Original articles

DOI: https://doi.org/10.17308/kcmf.2020.22/2527 eISSN 2687-0711
Received 31 January 2020

Accepted 15 March 2020

Published online 15 March 2020

Characterization of the Properties of Thin Al O, Films Formed
on Structural Steel by the Sol-Gel Method

© 2020 E. P. Grishina™**, N. O. Kudryakova?, L. M. Ramenskaya?®

G. A. Krestov Institute of Solution Chemistry of the Russian Academy of Sciences,
1 ul. Akademicheskaya, Ivanovo 153045, Russian Federation

bIvanovo Fire and Rescue Academy of the State Fire Service of the Ministry of the Russian Federation for Civil Defence,
Emergencies and Elimination of Consequences of Natural Disasters,
33 Stroiteley ave., Ivanovo 153040, Russian Federation

Abstract

The sol-gel method was used to obtain single and double layer oxide-aluminium films on the surface of 08kp structural
steel for protection against corrosion. The sol-gel system was prepared according to the Yoldas method by hydrolytic
polycondensation of aluminium isopropoxide in the presence of acetic acid at a temperature of 85-90 °C. The pH, size, and
zeta potential of boehmite particles were measured, and the corrosion behaviour of steel in the resulting colloids was
studied. At room temperature, a boehmite hydrogel layer was applied by immersing the steel samples in a gel, incubating
them in the gel, and drying them in the presence of ammonia vapour for the suppression of corrosion. Heat treatment at
500 °C in an air atmosphere was used for the decomposition of boehmite with the formation of alumina and for the fixation
of the film on the surface of the substrate. A second film layer was applied in a similar manner on top of a fully formed first
layer.

The surface morphology of the obtained films was studied by scanning electron and atomic force microscopy. Electrochemical
research methods - potentiometry, voltammetry, and electrochemical impedance spectroscopy were used for a comparative
study of the anticorrosion properties of single and double layer aluminium oxide coatings on steel in a 3.5% sodium chloride
solution. It was shown that the coatings obtained according to the described scheme have good adhesion to the steel surface.
Compared with the control sample, coated steel electrodes were characterized by a shift in the stationary potential by more
than 0.6 V, and the onset of active electrochemical oxidation by more than 1V in the positive direction. The kinetics of the
anode and cathode processes changed, leading to a decrease in the corrosion current by more than two orders of
magnitude.

The application of the method of electrochemical impedance spectroscopy allowed establishing a 2.5-hour high anticorrosive
efficiency of a double layer oxide-aluminium coating on steel in a solution of sodium chloride.

Keywords: sol-gel method, alumina, films, deposition, structural steel, corrosion.
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1. Introduction

Structural steels, including low-carbon ones,
are known to be one of the most popular structural
metals. At the same time, they are characterized
by low corrosion resistance, therefore products
require effective corrosion protection, which
can be provided, in particular, by oxide (ceramic)
coatings. Ceramic coatings (SiO,, TiO,, ZrO,, AL, O,
and others) are of great practical interest, since
they possess high chemical-thermal stability and
therefore are usually deposited on metals for the
improvement of their characteristics in high-
temperature aggressive environments [1-5]. In
aqueous solutions, these coatings usually have
high electrochemical potentials and are cathode
coatings; therefore, they can only perform their
functions if they do not have pores, cracks, and
form a physical barrier for the penetration of the
solution to the steel substrate [6].

Various methods can be used for the deposition
of oxide coatings on a metal base — chemical or
physical vapour deposition, plasma deposition,
electrophoresis, sol-gel deposition [7-12]. The sol-
gel method of producing oxide films on metals,
based on controlled hydrolytic polycondensation of
organic or inorganic compounds of metals and/or
silicon is of great interest [2, 13—15]. Moreover, the
properties of the deposited layers are determined by
both the size and shape of the synthesized particles,
and their chemical nature. Thin films of aluminium
oxide Al O, are characterized by their excellent
dielectric properties and high thermal and chemical
stability, and therefore are promising materials for
study [16]. However, with the deposition of coating,
for example, on low alloy steel, problems associated
with the corrosive action of the sol-gel system on
the substrate during film formation occur (the stage
of immersion in a colloidal solution and drying of
the layer), shrinkage of the film during drying, and
heat fixing [17]. This leads to a deterioration in
the adhesion of the coating to the substrate, the
penetration of solutions through the through pores
of the coating to the metal/film interface. Multilayer
Al O, films are characterized by more reliable
protective properties [6]. The methods of deposition
the layers and, accordingly, the protective effects
can vary significantly. This work presents the
results of comparative studies of the properties
of protective single layer and double layer Al O,
coatings obtained on 08kp low alloy steel by the
sol-gel method using the Yoldas process.

Characterization of the properties of thin Al203 films formed on structural steel...

2. Experimental

2.1. Production of the sol-gel system

The boehmite dispersion was prepared from
aluminium isopropoxide (AIPO), Acros organics,
98 %, in accordance with the Yoldas process [18].
AIPO was dissolved in hot (85-90 °C) distilled
water with continuous stirring. During dissolution,
the AIPO hydrolysis reaction proceeded with the
formation of boehmite sol AIO(OH):

C,H,,AlO, + 2 H,0 — AIO(OH) + 3 C;H,OH.

Peptization of the obtained particles was
carried out for about 24 h at a temperature of
85-90 °C using acetic acid (chemically pure). The
molar ratio of the components of the reaction
mixture AIPO/N,O/acid was 1/100/0.15. A sol-
gel transition with the formation of a translucent
gel was observed after ~12 h of the incubation
of the solution at the indicated temperature.
Physicochemical characteristics of colloidal
systems were determined using a Kellymeter
pH-009 (I) (Kelly Union Electronics, Hong Kong)
pH meter and a Zetasizer Nano particle size and
zeta potential analyser (Malvern Instruments
Ltd., the UK).

2.2. Preparation of 08kp steel samples

The coating was applied to 08kp carbon
structural steel (composition, %: Fe ~98 %,
C 0.05-0.11; Si up to 0.03; P up to 0.035; As
up to 0.08; S up to 0.04; Mn 0.25-0.5; Ni up to
0.25; Crup to 0.1; up to 0.25[19]). Samples were
degreased in acetone, then in an alkaline solution
at a temperature of 70-75 °C for 30 min, washed
with hot water and dried.

2.3. Deposition of coating

Samples were immersed in boehmite gel,
incubated in it for 3 min, and then removed. The
boehmite hydrogel layer was dried in an air-
ammonia medium at room temperature [17].
Afterwards, the sample with a dried film was heat
treated in an air atmosphere at a temperature of
500 °C for 1 h. In order to obtain a double layer
coating, a second layer was applied over the
thermofixed first layer, dried and heat treated,
in the same manner as the first layer. According
to the literature data [7, 13, 20, 21], as a result
of heat treatments at a specified temperature,
boehmite decomposes with the formation y-AlO..
The introduced organic anions also decompose
into CO, and H,0.
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2.4. Investigation of properties of Al,O, coatings

The morphology of the Al,O, coatings was
studied by electron scanning microscopy, SEM
(scanning electron microscope Vega 3 SBH, Tescan,
Czech Republic) and atomic force microscopy, AFM
(scanning atomic force microscope SOLVER 47
PRO, “NT-MDT “, Russian Federation)

The corrosion properties of the metal/oxide
system (Al O,) were studied in a 3.5% aqueous
NaCl solution at a temperature of 251 °C.
Potentiometric and voltammetric studies were
carried out in a three-electrode electrochemical
cell using a PI 50-Pro-3 pulse potentiostat
with automatic data recording and PS Pack2
software (OO0 “Elins”, Russian Federation). The
reference electrode was a saturated silver chloride
electrode, the loop electrode was Pt. The method
of electrochemical impedance spectroscopy was
used for the evaluation of the protective properties
of the coating at an open circuit potential, the cell
voltage was 10 mV, the frequency range of the
alternating current was 10-2-10° Hz, the counter
electrode was Pt/Pt-black. The studies were
carried out using a Solartron SI 1260A impedance
and amplitude-phase characteristics analyser
(Solartron Analytical, the UK), and ZPlot and
ZView?2 software packages.

3. Results and discussion
3.1. Corrosion behaviour of steel in boehmite
hydrogel

As a result of the hydrolysis of aluminium

isopropoxide, the boehmite dispersion had the
following characteristics: pH = 8, average particle

200 -
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Fig. 1. Change in the potential of 08kp steel samples
in colloidal systems without a peptizer (1) and with
CH,COOH (2) Temperature 23 °C

Original articles

size of 1234 nm, zeta potential of 0.4-0.6 mV. For
the peptization of boehmite particles and sol-gel
transition according to the Yoldas process, acetic
acid was introduced. As a result, the obtained
colloidal solution had a pH of 5, an average
particle size of 300 nm, and a zeta potential of 32—
35 mV. At pH = 8, alloys with a high iron content
were sufficiently corrosion-resistant, however
with increasing acidity, the risk of developing
a corrosion process increased. The change in
the potential of steel samples in the initial
dispersion and AIO(OH) hydrogel is shown in Fig.
1. A multidirectional change of the stationary
potential E_ was observed due to the difference in
the hydrogen ion exponent of colloidal systems. In
a slightly alkaline solution, a gradual refinement
of the potential occurs, while in a slightly acidic
solution, a gradual decrease in the value of E_
during the first 10 min and an abrupt decrease
after 11-12 min of immersion were revealed.
Probably, such changes in the steel potential also
occur in a thin wet boehmite layer even after its
extraction from the colloid, as a result of which
signs of the development of a corrosion process
appeared, specifically a staining of the layer,
which is characteristic of Fe (III) compounds. It
was found that this process negatively affects the
adhesion of the coating to the substrate, and it can
be eliminated by drying the hydrogel layer in an
air-ammonia medium [17].

3.2. Morphology of Al,0,-coatings

The morphology of the initial and heat-
treated steel surface, as well as a single layer
Al O, coating deposited on steel is shown in
Fig. 2. On SEM images, it is seen that the coating
is thin and the initial structure of the substrate is
visible. The film is impermeable to atmospheric
oxygen, and iron oxidation products were not
formed. The AFM image of the coating (Fig. 2d)
showed that the aluminium oxide particles were
uniform in size and shape, and their size did not
exceed 200 nm.

The differences between single and double
layer coatings, both in appearance and in relation
to scratching, are shown in Fig. 3. As can be seen,
the second coating layer was unevenly deposited
on the previous layer. However, higher adhesion
to the substrate and ductility of the coating were
obvious.
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Fig. 2. SEM-images of the initial (a) and thermally oxidized (b) surface of the steel, steel with an aluminium

oxide coating (c); AFM image of the coating (d)

Fig. 3. SEM image of a scratch applied to a single layer (a) and double layer (b) aluminium oxide coating on

steel

3.3. Corrosion behaviour of steel
in a sodium chloride solution

The voltammetry and electrochemical
impedance spectroscopy are highly informative
electrochemical methods for studying the corrosion
behaviour of metals in electrically conductive media
[22, 23]. The corrosion diagrams (Evans diagrams)
of the initial 08kp steel sample and samples with
a single and double layer coating are shown in
Fig. 4. The aluminium oxide films formed on the
steel surface altered the corrosion-electrochemical
behaviour of the metal, studied in a 3.5 % NaCl
solution. As can be seen, the coating contributed to
the shift of the stationary potential of the electrode
in the positive direction by more than 600 mV, it
changed the nature of the anodic and cathodic
processes that occurred at the electrodelelectrolyte
interface. An analysis of the Evans diagram for an
uncoated steel electrode showed that the corrosion
process proceeds with a cathodic velocity control
(due to the occurrence of the oxygen diffusion-
limited current, the restoration of which provides
the cathodic depolarization of the electrode).

Aluminium oxide has dielectric properties,
and the film can isolate the surface of the metal
from the electrolyte. Due to this, the active
electrochemical oxidation of the film-coated
steel was shifted by more than 1 Vin the positive
direction in comparison with the control sample.
The change in the kinetics of the anodic and
cathodic processes together led to a decrease in
the corrosion current by more than two orders
of magnitude. The electrode with a double layer
coating has a slightly more positive stationary
potential, but the nature of the polarization
curves of electrodes with single and double layer
coatings was similar.

The state of the electrode/electrolyte interface
and the changes occurring when the electrolyte
penetrated through the pores of the film to the
metal surface were studied by the method of
electrochemical impedance spectroscopy. The
frequency dependences of the impedance module
|Z| and the phase angle (Bode diagram) of 08kp
steel samples after 0.5 hincubationina 3.5 % NaCl
solution are shown in Fig. 5. As can be seen, the
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a protective coating (I) and with aluminium oxide
single layer (2) and double layer (3) coatings

coated electrodes were characterized by higher
impedance values and phase angle in comparison
with the control sample. An analysis of the
low-frequency part of the impedance spectrum
showed a much more effective protection of
the steel surface with a double layer coating:
f=0.01 Hz| Z | > 10° Ohm cm?,while for electrodes
with a single layer coating and without coating
| Z |1<10* Ohm cm?. In addition, the electrode
with a double layer coating showed alternating
current behaviour close to being purely capacitive
(in a wide frequency range, the phase angle
value approached -90°, and the log |Z| - log f
dependence was linear).

Probably, the single layer coating has a certain
number of transverse pores. Therefore, according
to the nature of the change, the frequency
dependences of the impedance and phase angle
of such an electrode and the initial sample were
similar. The obtained dependences (Fig. 5a, b,
curves I and 2) were modelled by a standard
equivalent electric circuit (EEC) for a corroding
metal with a defective (porous) passive coating
[7], shown in Fig. 6a. At the same time, for steel
with a double layer coating (Fig. 5a, b, curves 3),
EEC for metal with a non-porous coating [24] was
applicable, Fig. 6b. In these equivalent electrical
circuits: R | - electrolyte resistance, CPE - constant
phase element, reflecting non-ideal coating
capacitance, R - resistance of the coating/ layer
of corrosion products, C, - the double layer
capacitance at the metallelectrolyte interface,
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Fig. 5. Frequency dependences of the impedance
module |Z| (a) and phase angle (b) of 08kp steel samples
after 0.5 h exposure in a 3.5 % NaCl solution: without
a coating (1), with an Al,O, coating - single layer (2)
and double layer (3)
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Fig. 6. Models of equivalent electrical circuits of
corroding metal with a non-conductive coating (a) and
metal with an insulating coating (b). Designations of
EEC elements are given in the text

R, — charge transfer resistance, R - resistive
component of the Al,O,-coating. Impedance Z_,.
is represented by the expression [25, 26]:
1
Lepe =
CPE Q( J(D)n

where Q - constant CPE element (F cm=2 s~ (1-7);
o - circular frequency, = 271f (rad s!); j2=-1 and
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n — exponent of the CPE element (shows the de-
pression angle, which characterizes the deforma-
tion of the capacitive loop in the Nyquist plot).
In the case when n = 1, the CPE element is con-
verted into capacitance.

The calculated EEC parameters for a corroding
uncoated steel electrode and for coated electrodes
are presented in the Table. From these data, it
follows that a thin aluminium oxide film prevented
the active development of the corrosion process
and the formation of a loose layer of corrosion
products. However, probably, due to the presence
of transverse pores, within 0.5 h after the start
of corrosion tests, the solution had already
penetrated to the metallelectrolyte interface. By
the end of the test the C; and R_ of the control
sample and the sample with a single layer coating
had similar values.

The double layer coating was characterized by
capacitance values lower by more than an order
of magnitude when compared to a single layer

Characterization of the properties of thin Al203 films formed on structural steel...

coating and a very high value of the resistive
component of the coating, which was associated
with a higher thickness of the oxide layer. The
value of the exponent n > 0.9. The study [27]
demonstrated that for 1> n > 0.9, the value of Q
(F cm~% s4-m) can be equated to the film (coating)
capacitance C,(F cm™) As can be seen from the
Table and Fig. 7, after 2.5 h of contact with a
corrosive medium, the sample with a double layer
coating increased the capacitance by more than
an order of magnitude. This finding indicated the
filling of the pore space of the film with electrolyte
and the actual termination of the protective effect
of the coating. In this case, the alternating current
behaviour of such an electrode resembles the
behaviour of a single layer electrode.

4. Conclusions

Studies have shown the possibility of obtaining
aluminium oxide films with satisfactory adhesion
to the substrate using the sol-gel method on

Table. Parameters of the equivalent electrical circuit of the studied electrodesin 3.5 % sodium chloride

solution depending on immersion time

Time, R, Q, N R, C, R, R,

h Ohm cm? | uF cm2 s~ kOhmcm? | mFcm? | kOhm cm? | kOhm cm?
Uncoated steel
0.5 7,2 311,7 0.75 2,80 21.9 3.7 -
1.0 7,3 353,7 0.76 2,52 16.6 1.9 -
1.5 7,2 387,4 0.76 2,28 13.2 1.5 -
2.0 7,2 418,2 0.76 2,14 12.9 1.6 -
2.5 7,2 457,6 0.76 2,06 13.2 1.7 -
3.0 7,2 492,1 0.76 2,06 13.7 1.7 -
Steel with a single layer Al,O, coating
0.5 4.5 105.9 0.86 3.96 8.1 1.1 -
1.0 4.5 125.7 0.85 2.86 8.5 1.5 -
1.5 4.4 143.6 0.85 2.42 9.4 1.6 -
2.0 4.4 162.4 0.86 2.18 10.3 1.5 -
2.5 4.5 173.6 0.86 1.86 12.2 1.3 -
3.0 4.6 197.0 0.85 1.87 14.0 1.5 -
Steel with a double layer Al O, coating

0.08 8.5 6.10 0.92 7333
0.5 5.8 7.87 0.93 - - - 3994
1.0 5.7 9.29 0.92 - - - 3291
1.5 5.7 10.16 0.91 - - - 2829
2.0 5.7 11.12 0.90 - - - 2514
2.5% 5.6 12.33 0.89 - - - 2083
3.0 5.5 146.6 0.78 10.8 2.3 3.5 -

* this time limits the resistance of the coating to the penetrating effect of the electrolyte
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Fig. 7. Frequency dependences of the impedance
module |Z| (a) and phase angle (b) of 08kp steel samples
with a double layer coating after incubation in 3.5 %
NaCl solution for 0.5 h (1); 1.0 h (2); 1.5h (3); 2.0 h
(4); 2.5h (5)and 3.0 h (6)

low-alloy structural steel. The double layer film
creates a physical barrier for the penetration
of a corrosive solution to the surface of the
metal, the effectiveness of which exceeds 2.5 h.
However, the resulting coatings have a higher
or lower permeability towards the components
of the solution. This was due to the thermal
decomposition and removal of the decomposition
products of organic anions introduced into the
film during the stage of preparation of boehmite
hydrogels. Since the critical diameter of the
acetic acid molecule is 5.1 A (the radius is 2.55 A,
respectively) [28], the pore size formed during
heat treatment of a hydrogel layer exceeds that of
water molecules (1.9 A [29]) and hydrated Cl-ions
(2.28 A [30]). Partial overlapping of the pores of
the first aluminium oxide layer by the deposition

Original articles

of a second layer resulted in the formation of an
effective protective film.
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Abstract

The nature and the properties of oxide films anodically formed on metals and alloys depend on the chemical composition
and energetic state of the electrode surface.

This study was aimed at revealing the composition and the parameters of oxide films formed in 0.1 M KOH on silver-zinc
alloys (up to 30 at.% of Zn) with different concentrations of vacancy defects in the surface layer.

The enhanced concentration of vacancy defects in the alloys surface layer was created by preliminary selective dissolution
of zinc at different potentials in 0.01 M HNO, + 0.09 M KNO.. These alloys were moved into 0.1 M KOH for the formation
of oxide films. The composition of films was monitored by cathodic voltammetry. The film thickness was calculated from
the anodic coulometry taking into account the current efficiency. The latter was determined by cathodic coulometry. The
morphology of the electrode surface was monitored by scanning electron microscopy (SEM).

It was revealed that the concentration of superequilibrium vacancies formed in the surface layer depended on the potential
of the selective dissolution of zinc from the alloy. The peak of Ag(I) oxide reduction was registered on the cathodic
voltammograms of the alloys after their anodic oxidation. The current efficiency of oxide formation on Ag-Zn alloys was
less than 100%. It decreased with zinc concentration in the alloys. The thickness of Ag(I) oxide on alloys did not exceed 25
nm. SEM images showed the uniform distribution of oxide particles along the electrode surface. The shape of the particles
was close to spherical.

The Ag(I) oxide was the main product of oxidation of silver-zinc alloys (up to 30 at% of Zn) with different vacancy defects
of the surface layer. The current efficiency and the thickness of Ag(I) oxide films formed on alloys with an increased
concentration of vacancy defects were less as compared with the current efficiency and the thickness of Ag(I) oxide films
formed on pure silver. However, these parameters were higher as compared with the parameters of Ag(I) oxide films formed
on alloys with an equilibrium concentration of vacancy defects. It was found that the diameter of the Ag(I) oxide particles
decreased, and their quantity on the unit of the electrode surface increased with an increase of the concentration of vacancy
defects in the alloys surface layer.

Keywords: silver-zinc alloys, Ag(I) oxide, selective dissolution, anodic oxide formation.

For citation: Grushevskaya S. N., Vvedenskii A. V., Zaitseva V. O. Parameters of oxide films anodically formed on Ag-Zn
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1. Introduction They are also used in modern semiconductor

Silver and zinc oxides, in particular nanosized ~ technologies and in the manufacture of sensors.
ones, are considered to be functional materials The scope of application for oxide structures is
with the desired properties [1-4]. Structuresof the ~ determined by a set of their main parameters,
oxide/oxide [5, 6] or oxide/metal type [7-10] play depending on the method and conditions of their

a decisive role in anode and corrosion processes. ~ Preparation.
One of the possible ways to obtain the

04 Svetlana N. Grushevskaya, e-mail: sg@chem.vsu.ru oxide phase and control its parameters is the
m The content is available under Creative Commons Attribution 4.0 License.
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anodic oxidation of homogeneous alloys with
different contents of their components. During
the transition from individual metals to alloys,
the composition of oxidation products and
the structure of the oxide film become more
complicated [11-13]. In addition, a number of
side electrochemical reactions can occur at the
potentials of oxide growth; therefore, data on the
current efficiency of the anodic oxide formation
process are required for the correct evaluation of
its thickness. Finally, during the anodic oxidation
of alloys, the possibility of their selective
dissolution (SD) should be taken into account, as
a result of which the electronegative component
predominantly passes into the solution, and the
surface zone of the alloy is enriched with the
electropositive component and superequilibrium
vacancies [14-17]. Due to a significant increase
in the concentration of vacancies in comparison
with the equilibrium concentration, the energy
saturation of the system as a whole also increases,
which can be reflected both in the kinetics of
further oxide formation and in the properties of
anodically formed oxides. The concentration of
vacancy defects in the surface layer of the alloy
can be controlled by changing the conditions of
the SD.

The goal of this study was the calculation of the
current efficiency of the anodic oxide formation and
determination of the composition and thickness of
oxide films anodically formed in 0.1 M KOH on
silver-zinc alloys with different concentrations of
vacancy defects in the surface layer.

2. Experimental

Homogeneous polycrystalline alloys were
made of silver and zinc (metal purity of 99.99 at%)
in vacuum quartz ampoules with exposure at a
temperature of 1273 K for at least two hours and
their subsequent slow cooling. Predicted zinc
concentration N, was from 5 to 30 at% (Table 1).
The phase (a-phase) and chemical compositions of
the alloys were confirmed by X-ray diffractometry
and energy-dispersive microanalysis [18]. Samples

Original articles

were mounted in epoxy resin in such a way that
the working surface with the geometric area S,
from 0.4 to 0.5 cm?remained open (Table 1). The
preparation of the surface of the electrodes for the
experiment included mechanical processing on
abrasive paper, polishing on suede and degreasing
with isopropyl alcohol.

Electrochemical studies were carried out using
an IPC-Compact potentiostat (Institute of Physical
chemistry and Electrochemistry, RAS, Moscow).
Anodic oxide formation and determination of
current efficiency were performed in 0.1 M KOH
(pH 12.89), prepared on double distilled water
from a chemically pure reagent and deaerated
by sparging with chemically pure argon. The
sequence of stages was as follows:

1. Cathodic polarization in an alkaline
solution for 300 s at a potential E, = 1.1 V for
reduction of oxide traces and standardization of
the surface.

2. Potential-controlled and charge-controlled
anodic synthesis of Ag(I) oxide of a specified
thickness (34 nm under the assumption of 100%
current efficiency of the anodic formation of Ag,0)
at potential E_ = 0.56 V. This value was chosen
based on the results of anodic voltammetry and
corresponds to the maximum growth rate of Ag(I)
oxide on silver in 0.1 M KOH [18].

3. Change of alkaline solution in a cell in
a sealed argon atmosphere for the removal of
soluble oxidation products of silver or zinc.

4. Potentiodynamic cathodic polarization at a
scan rate of 1 mV s*! from open-circuit potential
E ,toE.

In a separate series of experiments, after the
completion of stage 2, the dependence of the
open-circuit potential £, from time was recorded
for 20 min, after the solution was changed
(stage 3) and the cathodic potentiodynamic
reduction of the oxidation products remaining
on the electrode surface was performed
(stage 4).

For the determination of the role of super-
equilibrium vacancies before anodic oxide

Table 1. Symbols and the geometric surface of Ag-Zn alloys (a-phase) with different concentration of

zinc N,
N, ,at% 5 10 15 20 30
Symbol Ag5Zn Ag10Zn Agl15Zn Ag20Zn Ag30Zn
Surface, cm? 0.40 0.44 0.43 0.42 0.48
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formation, the potential-controlled and charge-
controlled SD of Ag15Zn and Ag30Zn alloys in
0.01 M HNO, + 0.09 M KNO, (pH 2.16) solution,
prepared on double distilled water from chemically
pure reagents and deaerated by sparging with
chemically pure argon was performed. The
sequence of stages was as follows:

1’. Immersion of the working electrode for
240 s in acid solution under protection potential
E =-1.1V, eliminating the ionization of both
components for the reduction of traces of oxides
and standardization of the surface.

2’. Anodic selective dissolution for 60 s at
potentials Ef* = 0.4V, E;* = 0.5V or E}’ =0.6 V.
Potential values were selected based on the results
of anodic voltammetry (Fig. 1) and correspond
to the thermodynamic stability region of the
electropositive component of the alloy.

On the alloys obtained as a result of stages
1’ and 2’, the oxide was formed with the
subsequent determination of the current effi-
ciency (stages 1-4).

The current efficiency W of the anodic oxidation
process in all experiments was calculated as the
ratio of the cathodic charge of film reduction Q,
to the anodic charge of its formation Q:

¥=Q,/Q, (1)
The determined current efficiency was used

for the calculation of the thickness of the formed
oxide layer:

6.0 i, mA cm?®
| & Agl5Zn
2'0 | E]SD EZSD ESSD
0 Lot il T S T T E’ i
0.2 04 0.6 0.8

Fig. 1. Anodic voltammograms of Ag-Zn alloys in
0.01 M HNO, + 0.09 M KNO,

Parameters of Oxide Films Anodically Formed on Ag-Zn Alloys...

L=Y¥Mq,/ (zFp), (2)
where M and p are the molar mass and density of
the oxide; g, is the density of the anodic charge;
z is the number of electrons involved in oxide for-
mation; F = 96485 C mol-! is Faraday constant.
The control of surface morphology and
composition was carried out using scanning
electron microscope JSM 6380LV with micro-
analysis system INCAx-sight 250 (JEOL, Japan)".
Images were obtained using the secondary electron
mode with an accelerating voltage of 20 kV.

3. Results and Discussion

3.1. Anodic oxidation of Ag-Zn alloys without
preliminary selective dissolution

On chronoamperograms obtained in deaerated
0.1 M KOH on silver and Ag-Zn alloys at a
potential E = 0.56 V, a sharp and then smoother
decrease of current was observed (Fig. 2a). At
times greater than 10-20 s, the current density
reached an almost constant value.

According to (2), for the formation of an
Ag,0 film with an estimated thickness of 34 nm,
assuming 100% current efficiency, it is necessary
to accumulate a charge density of 20 mC cm™2.
Fig. 2a shows that with an increase in the initial
concentration of zinc in the alloy, the polarization
time required for the accumulation of a given
charge density decreased.

With times not exceeding 5-10 s, linear
sections in the coordinates, criterion for diffusion-
limited processes were observed (Fig. 2b).
A similar situation observed for pure silver and its
alloys with gold allowed the authors of the study
[19] to draw a conclusion about the solid-phase-
diffusion control of the anode process. It should
be assumed that on silver-zinc alloys, the anode
process is controlled by mass transfer along the
phase of the growing oxide as well.

In the general case, the recorded current and
charge characterize not only the formation of
Ag,0 oxide

2Ag+20H =Ag,0O+HO+2e, (3)

but also the transition of silver ions into the solu-

tion:

Ag +20H = Ag(OH),” +e". 4)
In addition, zinc oxidation, accompanied by

the formation of an oxide or hydroxide film on the

* Centre for the Collective Use of Scientific Equipment of VSU.
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Fig. 2. Current transients of silver and Ag-Zn alloys in original (a) and Cottrell coordinates (b)

in0.1 MKOHatE = 0.56 V

surface of the electrode and ions in the electrolyte
solution is possible:

Zn+20H =Zn0 + H,0 + 2¢7; (5)
Zn + 20H" = Zn(OH), + 2e7, (6)
Zn +40H™ = Zn(OH)} + 2e". (7

In solutions with a high pH value (> 10),
soluble products are formed:
ZnO + OH- + H,0 = Zn(OH), ;
ZnO +2 OH +H,0 =Zn (OH) *.

@)
)

3.2. Measurement of open-circuit potential

Certain information regarding the nature and
electrochemical behaviour of the oxide or hydroxide
phase formed in 0.1 M KOH can be obtained using
chronopotentiometry in open-circuit mode, carried
out after the end of potentiostatic polarization
(Fig.3). When N, < 10 at.% the open-circuit
potential E of oxidized alloys varies slightly over
time and remains close to the values characteristic
of Ag(I) oxide formed on silver. When concent-
ration of zinc in the alloy increases, the potential
E shifts to less positive values. At the same time,
a rather sharp decrease of potential over time was
observed. Chemical dissolution of Ag(I) oxide can
be the reason for a decrease in E|:

Ag,0 +2 OH- + H,0 = 2 Ag (OH);. (10)

The possibility of this process on silver and
its alloys with gold was confirmed by the results

Condensed Matter and Interphases, 2020, 22(1), 4-13

of the photopotential measurement experiments
[20-22].
3.3. Selective dissolution of Ag-Zn alloys

Chronoamperograms obtained on Ag15Zn and
Ag30Zn alloys in 0.01 M HNO, + 0.09 M KNO, at
various ESP potentials had a similar shape. Typical
current transients are shown in Fig. 4a for Ag15Zn
alloy. During the anodic polarization, the current
dropped to almost zero, reflecting the almost

0.5

E,V

0.4 ¢

0.3

Agl0Zn

Agl5Zn
0.1 Ag20Zn
i Ag30Zn L5
0 T T T T T T 1
400 800 1200

Fig. 3. Potential transients of silver and Ag-Zn alloys
after the anodic oxidation in 0.1 M KOH
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Fig. 4. Current transients of Ag15Zn in original (a) and Cottrell coordinates (b) at different E*in 0.01 M HNO, +

0.09 M KNO,

complete dezincification of the surface layer of
the alloy. The presence of linear sections in the
Cottrell coordinates (Fig. 4b) allows applying SD
chronoamperometry theory for the calculation
of the diffusion coefficient and concentration of
vacancies [15, 16]:

ZAFNADXZSg —%n
= V 12 l-e .

Here: I - current, t - time, z, - the number of
electrons involved in the oxidation of the elec-
tronegative component, N, — volume concentra-
tion of atoms of component A in the alloy,
D, =D, N, - diffusion coefficient of the atoms of
component A in the surface layer of the alloy,
D, - diffusion coefficient of vacancies, N, - con-
centration of vacancies, S, - geometric surface
area of the electrode, V_ — molar volume of the
alloy, R = 8.314 ] K'! mol™! — universal gas con-
stant, T = 298 K — temperature, n — overvoltage.
The values of equilibrium vacancy con-
centrations equal to 2.55-107° and 1.05-10~° at.%
in Ag15Zn and Ag30Zn alloys, respectively, were

I(t) (11)

obtained by thermodynamic calculations using
data on the vacancy formation energy and their
diffusion coefficients in individual metals [16].

Zinc diffusion coefficients D, calculated
according to (11) from the slopes i,t"2-dependen-
cies for each of the alloys increased with
increase in ESP (Table 2). According to the solid-
phase-diffusion mechanism of SD, the reason
for this is an increase in the concentration of
superequilibrium vacancies (Table 2), e.g., the
concentration of vacancy defects in the surface
layer.

3.4. Anodic oxidation of Ag-Zn alloys
after selective dissolution

Chronoamperograms obtained in 0.1 M
KOH on alloys with different concentration of
vacancy defects in the surface layer were similar
in shape to chronoamperograms obtained on
alloys without preliminary SD (not shown in the
figures). Linear sections were also preserved in
the criterion coordinates, indicating the transport
nature of the limitations of the anode process in

Table 2. Diffusion coefficients of zinc D, and concentration of superequilibrium vacancies N,
in the surface layer of Ag-Zn alloys at different potentials ESP

Alloy E®V D, 10%, cm?s™! N, 10%, at%
0.40 3.8 1.0
Ag15Zn 0.50 8.1 2.1
0.60 12.2 3.2
0.40 0.7 0.09
Ag30Zn 0.50 1.1 0.1
0.60 2.7 0.4
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an alkaline environment. Most likely, the nature
of the anodically formed products did not undergo
significant changes during the transition from
alloys without SD to alloys after SD.

3.5. The cathodic reduction of insoluble products
of alloys oxidation

The cathodic voltammograms obtained on
silver and alloys with an equilibrium concentration
of vacancies after the end of anodic oxidation
and change of solution in the cell are shown in
Fig. 5a.

Considering the equilibrium potentials of
processes (3)-(7), we can conclude that the
maximum cathode current at potentials E pgy = 0-32-
0.36 V corresponds to the reduction process of Ag(I)
oxide. A sharp increase in the cathode current
associated with the onset of hydrogen emission
was observed at potentials near —1.0 V, which was
significantly higher than the equilibrium potentials
of formation/reduction of zinc oxide or hydroxide
(~ =1.3 V). Thus, if the products of zinc oxidation
were also present in the oxide film on the alloys,
then it was impossible to detect their presence
using cathodic voltammograms.

When the cathodic reduction was preceded by a
20-minute stage of potential measurement in open-
circuit mode, then the shape of voltammograms in
general did not change (Fig. 5b). However, the peak
of reduction of the Ag(I) oxide sharply decreased
in amplitude, and it was absent on the Ag20Zn and
Ag30Zn alloys. Indeed, on these alloys E value was
below E,_ potentials of the reduction of Ag,0. It
should be assumed that the major volume of the
formed oxide was already chemically dissolved

-0.2 -

Original articles

according to (10) over the period of recording of
the open-circuit potential.

If anodic oxidation was preceded by SD
of alloys (stages 1’ and 2’), then E, and E,0
potentials on cathodic voltammograms were
shifted to more positive values characteristic
for pure silver (Fig. 5c). The cathodic peak of
reduction of the Ag(I) oxide was reliably fixed,
and the absolute values of the maximum current
were much higher than on alloys not subjected

to preliminary SD.

5.6. The current efficiency of the anodic
formation of Ag(l) oxide

The results of calculating the current efficiency
according to (1) and the thickness of the Ag 0
films corrected to this value by (2) formed on
silver and alloys of the Ag-Zn system after various
stages of research are summarized in Tables 3 and
4. Cathodic charge Q, characterizing the reduction
of Ag(I) oxide was calculated according to the
results of cathodic voltammetry (Fig. 5a, b, ¢) in
the potential region from E  up to E=0.20 V.

The current efficiency of anodic oxide
formation on alloys without SD (Table 3) was
lower than on silver, and decreased with increasing
zinc concentration in the alloy. Accordingly, the
thickness of the Ag(I) oxide also decreased from 32
to 5.8 nm during the transition from Ag to Ag30Zn.
The decrease in current efficiency with increasing
zinc concentration can be explained by an increase
in the porosity of the oxide film. As a result, the
possibility of dissolution of silver through the
pores increased, the fraction of the current used for
the formation of silver ions entering the solution

o |5 mA cm” (c)

-0.1

-0.2]
9 Agl5Zn
-0.3
-0.6 1 - E®=04V
084 -0.4 | - Est =05V
= SD
+ EX=06V
-1.04 -0.5)
E
i S . v -1.2 —% : . » 0.6 —f : . ’V.
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Fig. 5. Cathodic voltammograms of silver and Ag-Zn alloys after the anodic polarization at E, = 0.56 V and change
of the solution: (a) without an open-circuit stage; (b) after the open-circuit stage and after the preliminary
selective dissolution of Ag15Zn (c)
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Table 3. Current efficiency W and thickness L of Ag(l) oxide, anodically formed on silver and alloys
without preliminary SD

N at. % Without an open-circuit stage After the open-circuit stage
> ¥, % L,nm ¥ % L* nm
0 94.4 32.0 89.1 30.3
5 70.7 24.0 65.5 22.3
10 39.4 13.0 28.7 9.6
15 28.0 9.5 28.2 9.6
20 24.6 8.4 8.1 2.8
30 16.2 5.8 5.4 1.8

Table 4. Current efficiency WS° and thickness LS of Ag(I) oxide, anodically formed on Agl5Zn

and Ag30Zn after the preliminary SD

N, ,at. % ESP 'V PSP % L, nm
0.4 53.2 18.1
15 0.5 47.9 16.3
0.6 43.3 14.7
0.4 12.4 4.2
30 0.5 8.1 2.8
0.6 3.5 1.7

increased, and the fraction of the current used for
the formation of the film decreased.

After a 20 min exposure in open circuit mode,
the current efficiency values of W* calculated
from (1) and oxide thickness L*determined by (2)
further decreased (Table 3), which confirms the
assumption of the chemical dissolution of silver
oxide in an alkaline medium.

The current efficiency of anodic oxide
formation on alloys subjected to preliminary SD
(Table 4) was lower than that on silver, but higher
than that on alloys without preliminary SD. As
the potential of SD increased, i.e., increased
concentration of vacancy defects in the surface
layer of the alloy, the current efficiency and
thickness of the Ag(I) oxide decreased.

3.7. Morphology of anodically formed films

Comparison of the results of energy-dispersive
microanalysis conducted on the alloys before
the start of their anodic oxidation and after

its completion demonstrated an increase in
the oxygen concentration in the surface layer
(Table 5), which confirms the presence of an oxide
layer on the surface.

The thickness of the oxide intended for SEM
was increased to 120 nm, taking into account
the obtained current efficiency values. Typical
SEM images of the oxidized surface for Ag15Zn
and Ag30Zn without SD (Fig. 6a, b) and for the
same alloys, but subjected to preliminary SD at
the potential E,*° (Fig. 6 ¢, d) are presented. On
the surface of all alloys, individual particles of
the oxide phase can be observed; the particle
shape was close to spherical. Depending on the
initial concentration of zinc in the alloy and the
conditions for preparing the surface for oxidation,
the particles size and quantity on the unit of the
electrode surface changed.

On alloys not subjected to preliminary SD, a
decrease in the particle diameter of the formed

Table 5. The composition (at.%) of the alloy samples before and after the anodic oxidation
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Stage Element Alloy
Ag57Zn Agl10Zn Agl15Zn Ag20Zn Ag30Zn
Before oxidation Ag 93.77 89.32 85.99 77.84 71.36
Zn 6.23 10.68 14.01 22.16 28.64
Ag 54.23 61.66 52.45 38.50 40.27
After oxidation Zn 2.90 8.30 7.81 11.23 15.86
0 42.87 30.03 39.74 50.27 43.87
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Fig. 6. SEM images of Ag(I) oxide, anodically formed on Ag15Zn (a), (c) and Ag30Zn (b), (d) in 0.1 M KOH at
E_=0.56 V without SD (a), (b) and after preliminary SD at E,** = 0.50 V (¢), (d)

oxide with increasing zinc concentration was
revealed (Table 6). Probably this situation was
associated with a decrease in the interatomic
distance of Ag-Ag from 0.409 to 0.403 nm with
increasing N, from 0 to 30 at.% [23]. At the
same time, an increase in the oxide particles
quantity on the unit of the electrode surface was
observed.

Upon transition to alloys subjected to preli-
minary SD, the particles diameter decreased,
and the particles quantity on the unit of the
electrode surface increased (Table 6). In this
case, a decrease in the particle size of the Ag(I)
oxide probably was associated with an increase
in the concentration of vacancy defects in the
surface layer of alloys. It is not possible to
trace a clear trend of decreasing oxide particles

diameter or increasing their quantity on the unit
of the electrode surface with increasing zinc
concentration on alloys after SD.

4. Conclusions

1.Ag(I) oxide is the main product of the anodic
dissolution in an aqueous alkaline medium of
homogeneous polycrystalline alloys of the Ag-Zn
system (a-phase), as well as these alloys, but
subjected to preliminary selective dissolution
of zinc from their surface layer in an acidic
medium.

2. Silver-zinc alloys with enriched to almost
pure silver, but with a structurally-disordered
surface layer, are characterized by increased
current efficiency of the anodic oxide formation
process, as well as a higher thickness of Ag(I)

Table 6. Diameter d of Ag,0 particles and their quantity P on the unit of the electrode surface

Stage Parameter Electrode
Ag Ag5Zn | Agl0Zn | Agl5Zn | Ag20Zn | Ag30Zn

. d, nm 350 200 170 180 200 170
Without 8D ==, 5 13 13 13 21 28 21
oo d, nm _ 95 100 90 90 100

1 P, um-? _ 111 44 101 68 79

o d, nm _ 160 110 110 120 100

2 P, um-? _ 44 59 59 87 70

oo d, nm _ 9 100 95 90 95

s P, um™? _ 70 70 71 67 60
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oxide in comparison with equilibrium alloys of
the same chemical composition. At the same time,
these characteristics turn out to be noticeably
lower in comparison with compact polycrystalline
silver.

3. Ag(I) oxide, anodically formed on silver
and silver-zinc alloys (c-phase) of not only the
initial composition, but also after the selective
dissolution of zinc from their surface layer, is
chemically unstable in an alkaline medium.

4.The diameter of the anodically formed Ag(I)
oxide particles decreases, and their quantity on
the unit of the electrode surface increases with an
increase in the concentration of vacancy defects
in the surface layer of the alloy.
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Abstract

The aim of this study was to determine the phase composition of the structures of permanent magnet films with layers of
a Fe-Cr-Co alloy of micron range thickness, also known as the Kaneko alloy. The information about the phase composition
is necessary for the development of physical and technical approaches for the production of optimal structures with
permanent magnet films on single-crystal silicon wafers, the films being based on a dispersion-hardened alloy with the
magnetization vector in the plane of the silicon substrate.

Three-layer metal films were obtained by magnetron sputtering on a silicon wafer: a dispersion-hardened alloy layer based
on the Fe-Cr-Co system (3600 nm thick), ), a compensating copper layer (3800 nm), and a vanadium adhesion barrier layer
(110 nm). Multilayer films formed on a silicon wafer were subjected to one-minute of annealing in a high vacuum in the
temperature range of 600-650 °C. A qualitative phase analysis of the structures obtained by magnetron sputtering and
subjected to a single-stage thermal treatment was performed using X-ray diffraction.

It was determined that high-vacuum “rapid” one-minute of annealing of the Fe-Cr-Co dispersion-hardened alloy layer in
the temperature range of 600-650 °C does not result in the formation of oxides of the main components or the c-phase.
At the temperature of 630 °C, the maximum intensity of the X-ray diffraction line (110) of the a-phase is observed, which
indicates the formation of a predominantly a-solid solution and serves as a basis for the correct implementation of the
subsequent annealing stages for the spinodal decomposition of this phase.

Keywords: magnetron sputtering, thin films, coercive force, vacuum annealing, phase composition.

For citation: Zayonchkovskiy V. S., Antoshina I. A., Aung Kyaw Kyaw, Isaev E. I., Milyaev I. M. X-ray diffraction analysis of
thin metal films with magnetic layers of Fe-Cr-Co alloy. Kondensirovannye sredy i mezhfaznye granitsy = Condensed Matter
and Interphases. 2020;22(1): 58-65. DOI: https://doi.org/10.17308/kemf.2020.22/2529

1. Introduction [1-4]. Such MICs are used to produce contactless

Bulk permanent magnets are produced from
various materials. However, permanent magnet
films used in microelectronics can only be made
from materials which are suitable for use with
integrated circuit technology. Permanent magnet
films are used to bias magnetically soft active
layers of magnetoresistors of magnetoresistive
integrated circuits (MIC) on silicon substrates

P4 Vyacheslav S. Zayonchkovskiy,
e-mail: zajonc4340@gmail.com

current sensors and read/write heads of disk
drives. The in-plane bias of magnetoresistors is
created in order to neutralise the Barkhausen
effect. The high-quality magnet films described
in [4] were based on precious metals, which
increased the cost of such magnets significantly.
An alternative to using precious metals is to
create magnets using dispersion-hardened alloys
(DHA) based on the Fe-Cr-Co system with micron
range thickness, also known as the Kaneko alloy

m The content is available under Creative Commons Attribution 4.0 License.
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[1, 5], and the Al-Ni-Co system [6]. The properties
of these alloys depend on the properties of phases
formed in them after spinodal decomposition,
as well as the mode of thermal treatment. The
formation of o- and y-paramagnetic phases has
a destructive effect on magnetic properties of
the materials in the two systems [4,5]. Bulk Fe-
Cr-Co alloys have better mechanical properties
than Al-Ni-Co alloys. Furthermore, the only way
to produce Al-Ni-Co ingots used as targets for
magnetron sputtering is by moulding. Fe-Cr-Co
alloys can be mechanically shaped or cut. The
production of Fe-Cr-Co based magnets involves
thermal treatment in a magnetic field, during
which crystalline anisotropy of the o -phase
develops, which results in high coercivity [7]. The
higher the magnetic field during the annealing in
a magnetic field, the higher the coercivity during
the subsequent stepped annealing [8]. In order
to produce high-quality magnets from these
materials, their phase states at various stages of
thermal treatment should be carefully analysed.

[2, 3] describe the properties of Fe-Cr-Co
alloy-based films formed on silicon wafers.
Coercivity H, is the most important property
of hard magnetic materials. Its value in the
submicron thick layers of DHA-based films is high
enough for them to be used in magnetoresistive
MICs. The H,. of the films with multi-micron thick
layers of DHA is significantly lower [9]. For the H,.
of the multi-micron thick layers to be optimal, it is
necessary to control the spinodal decomposition
of the body-centered a-phase of the uniform solid
solution of chromium in iron in the absence of
v- and o-phases. This can be done by analysing
the phase composition of the layers of the above
mentioned films.

The aim of this study was to determine the
phase composition of the layers of DHA in order
to develop physical and technical approaches for
the production of an optimal heterostructure with
a permanent magnet film based on dispersion-
hardened alloy of Fe-Cr-Co of micron range
thickness with a magnetization vector in the
plane of the silicon substrate.

2. Experimental

2.1. The method of obtaining films

Thin metal films were produced using
magnetron sputtering conducted in amodernized

Original articles

vacuum unit UVN-71P3, with three thermal
evaporation sources having been replaced with
three planar magnetrons. The fore-vacuum
pressure was created using a 2NVR-5D rotary
vacuum pump, and high vacuum conditions
were created using an NBT-950 turbomolecular
pump. In order to ensure the high quality of the
residual gases, the lid of the vacuum chamber
and the substrate holder were heated. The
pressure of the residual gases in the vacuum
chamber before the introduction of the plasma-
forming gas (highly pure argon 5.5) did not
exceed 5-10~* Pa. The substrate temperature
prior to the deposition of the adhesion layer
(vanadium) was 200 °C. The temperature was
controlled by means of a temperature sensitive
resistor with a sliding contact. The sputtering
targets were vanadium, copper, and Fe-Cr-
Co alloy disks with a diameter of 90 mm. The
magnetrons were operating with the plasma
current of up to 3 A. In order to reach a highly
effective state, rapid thermal processing (rapid
annealing) was performed in a vacuum furnace
with vacuum created by an oil-diffusion pump.
The residual gas pressure did not exceed 103 Pa.
After the oil-diffusion pump was applied, the
atmosphere in the furnace was reducing.

2.2. Measuring equipment

X-ray phase analysis was performed by a
DRON-7M diffractometer using copper radiation
with the wavelength A, =0.154186 nm [10].

The scanning was performed in step scan
mode with the angular step size of 0.05°, the X-ray
tube current of 30 kV, the anode current of 15 mA,
and the exposure time of 5 sec. The angular scan
range was 10-110°.

2.3. Film structures

The article presents the results of the study
of structures obtained on single-crystal double
side polished silicon wafers KDB-10 with (111)
spatial orientation. For the X-ray analysis square
samples were used with 15 mm sides. First, a 100
nm vanadium layer was deposited on the wafers.
They were then covered with a 3800 nm copper
layer followed by a 3600 nm Fe-Cr-Co layer. The
thickness of the layers was measured by a confocal
microscope NanoFocus,u-Surf modification [11],
based on the patterns obtained by means of
photolithography with subsequent wet etching.
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Concentrations of the main components of the
target (Cr 25wt% and Co 12wt%) were determined
by a X-ray fluorescence portable spectrometer
MetExpert [12]. In our study, we used a target
produced from Fe-Cr-Co alloy in order to obtain
layers of DHA. The bulk alloy based on the Fe-
Cr-Co system was subjected to basic thermal
treatment, which, however, yielded comparatively
low magnetic parameters.

It is possible to sputter a single layer DHA
film on silicon within a wide thickness range (80—
3.800 nm). However, with thicker DHA layers the
bending strain of the round single-crystal silicon
wafer becomes stronger. To reach high coercivity
(HC) values annealing had to be performed, as
it allowed for spinodal decomposition of the
supersaturated solid solution of chromium in
iron. The process was accompanied by partial
decomposition of DHA layers, which became
separated from the underlying layers.

In order to preserve the structure of the film,
a compensating copper layer was introduced,
which has a large deformation range due to the
higher & percent elongation (5__ . =45 %) [13].
However, this layer has low adhesion to single-
crystal silicon, which is why we also added an
adhesion vanadium layer. This layer provides
poor compensation for the modulation of the
crystal lattice of DHA layers (5, = 17 %), [14],
but it has high adhesion to single-crystal silicon
[15] and is compatible with the copper layer [16].
This happens because vanadium does not form
any intermetallic compounds with copper. The
vanadium layer also serves as a diffusion barrier
for copper, preventing direct contact between
copper and silicon.

Most often, when manufacturing bulk
magnets based on various DHA types by means
of high-temperature homogenization and
subsequent quenching, it is necessary to prevent
the formation of undesirable y- and c-phases,
which occur during the cooling of ingots in air
at temperatures over 600 °C [17]. However, for
the composition needed for our experiment
(Fe — 25 wt % Cr —12 wt %Co) this requirement
was optional [18]. The method we used allowed
us to deposit the films by magnetron sputtering
with the temperature of the wafers not exceeding
200 °C, which is enough for the melting of DHA
layers.

X-ray Diffraction Analysis of Thin Metal Films with Magnetic Layers...

3. Results and discussion

Fig. 1 shows an X-ray diffraction pattern of the
metal film deposited on a (111)-oriented silicon
wafer. Very intense (111) and (333) peaks of the
silicon wafer are observed. The maximal peaks of
the sputtered film layers are practically not visible
at this resolution.

To analyse the three-layer metal film we used
X-ray diffraction patterns recorded within an
angle range of 40-94° in order to rule out highly
intense peaks of the wafer (Fig. 2). The scanning
step was 0.05°. In this range of angles 26 a weak
silicon peak (222) is observed. The presence of
peaks of various intensity of reflection (111)
complies with the International Centre for
Diffraction Data PDF-2 (card No. 03-065-1060
ICDD PDEF-2).

The diffraction pattern shows peaks
corresponding to the o-phase of the solid
solution FeCrCo (cards No. 03-065-4664 and
00-034-0396 1ICDD PDF-2). Peak (110) (Fig. 2)
was used to calculate the lattice constant of the
o-phase a = 0.2858 nm, which corresponds to the
lower bound of the range a = (0.286-0.289) nm,
according to [21].

Copper peaks were indexed (Fig. 2). Copper has a
face-centred cubic lattice with the lattice parameter
a = 0.36148 nm [23]. According to [22], Fe-Cr-Co
alloys may contain a y-phase with a face-centred
cubic lattice and the lattice constant a = (0.357-
0.361) nm. The lattice parameters of copper and y-
phase are very similar. It was, therefore, impossible
to separate the copper and y-phase peaks within our
study. The peaks may be separated, for example, by
means of neutron diffraction.

High coercivity values for bulk samples were
obtained only when the annealing temperature
was within the range of 500-700 °C [17]. In order
to determine the phase composition of the DHA
layers after the thermal treatment, we used
samples composed of a single silicon wafer with
a metal film sputtered over it. The samples were
annealed in a vacuum furnace for 1 minute at a
temperature of 600-650 °C [17].

Before comparing the diffraction patterns of
the annealed samples, we needed to make sure,
that they had been recorded under identical
conditions. In order to do this we needed to
identify a diffraction peak that did not depend
on the conditions of the annealing. This was
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Fig. 1. Diffraction pattern of the three-layer metal film on a (111)-oriented single crystal silicon wafer. Scan-
ning step 0.1°, recording interval (10-110)°
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Fig. 2. Diffraction pattern of the three-layer metal film on a (111)-oriented single crystal silicon wafer. Scan-
ning step 0.1°, recording interval (40-94)°

the (222) double peak, resulting from the X-rays
going through the deposited thee-layer metal
film and being reflected by the silicon wafer
(Fig. 3). Figure 3 demonstrates the maximal peak
(222) of the silicon wafer for the samples after
the film sputtering and after the subsequent
annealing at the temperatures of 600, 630, and
650 °C. The intensity of the peak stayed constant,

which proves that the speed of photon counting
during the scanning sessions was the same with
a precision of up to 5 %.

Having established the stability of the
recordings, we could analyse the alterations in
the a-phase composition based on the difference
in the intensity of the diffraction maximal peak
(110). Figure 4 shows that line (110) has the
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maximal integral intensity. This line is present
in the sample annealed at 630 °C.

The profiles of the diffraction line (111)
of the y-phase + Cu in the samples after the
film deposition and subsequent annealing at
the temperatures of 600, 630, and 650 °C are
presented in Fig. 5.

A characteristic feature of the conducted
experiments was the dependence of the intensity

X-ray Diffraction Analysis of Thin Metal Films with Magnetic Layers...

of diffraction maximal peaks of line (110) of the
o-phase and line (111) of the y-phase + Cu on
the annealing temperature (Fig. 6) The maximal
intensity of line (110) of the a-phase is observed
in the sample annealed at 630 °C. At the same
time, line (111) of the y-phase + Cu reaches its
minimum. The thickness of the copper layer
stays constant during the annealing within the
chosen temperature range. Therefore, the

T
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Fig. 3. The intensity of the X-ray diffraction peak (222) of silicon for the samples after sputtering and after
one-minute of isochronous annealing at 600, 630, and 650 °C
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Fig. 4. The intensity of the X-ray diffraction peak (110) of the a-phase for the samples after sputtering and
after one-minute of isochronous annealing at 600, 630 and 650 °C
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alterations in line (111) of the y-phase + Cu
result from the difference in the concentration
of the y-phase. The intensity of this line is
maximal for the sample annealed at 630 °C. This
means that annealing at 630 °C yields the
minimal concentration of the y-phase and the
maximal concentration of the a-phase. When
the annealing time is long, the a-phase
decomposes into phases o, and o, which results

Original articles

in higher coercivity values of the studied
films [1].

The 6-phase is often present in bulk samples
of Fe-Cr-Co alloys, which dramatically decreases
the magnetic characteristics of these alloys.
According to [21], this phase constitute up to 59%
of the sample. For this phase, the most intense
are the diffraction peaks (411) and (410) reflected
from the c-phase planes [24]. The diffraction

110
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Fig. 5. The intensity of the X-ray diffraction peak (111) of the y-phase + Cu for the samples after sputtering
and after one-minute of isochronous annealing at 600, 630 and 650 °C
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patterns of all samples recorded before and
after the annealing do not show any peaks of
the o-phase with a tetragonal B-uranium lattice.
According to card No. 01-089-4790 ICDD PDF-2
[24], peaks (411) and (410) are the most intense
for this structure. According to [21], the lattice
parameters of the o-phase are within the range:
a = (0.8794-0.881) nm, ¢ = (0.4552-0.458) nm.
The calculations based on this data demonstrated
that in CuK  radiation the location of the maximal
peaks (411) and (410) should correspond to the
range of angles 26 (46.91-47.05)° and (41.34-
42.29)° respectively. Peaks of the 6-phase were
observed in the same angular range in [5]. The
diffraction patterns obtained in our experiment
do not show these peaks, which allows us to state
that the concentration of the o-phase in the DHA
layers is below the limit that can be detected using
the method described in this article.

The absence of peaks at the angles 26 = 49.5°
and 26 = 54.2° demonstrates the absence of the
oxide of the main component of the films’ surface
layer - iron oxide Fe,O..

4. Conclusions

1. Indexed diffraction patterns of the
heterostructure of the permanent magnet film
on a single-crystal silicon wafer with a magnetic
layer of Fe-Cr-Co dispersion-hardened alloy
demonstrated the presence of the a-phase whose
concentration reaches its maximum during the
one-minute of rapid annealing at 630 °C.

2. The study determined that the DHA layers
of the composition Fe - 25wt % Cr —12 wt % Co
obtained by magnetron sputtering do not contain
the o-phase. This phase is also not formed after
one-minute of high vacuum annealing at 600-
650 °C.

3. It was also determined that the hetero-
structure obtained by means of magnetron
sputtering does not contain oxides of the main
iron component either before, or after one-minute
of high vacuum annealing at 600-650 °C.
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Abstract

Global warming has posed a number of challenges for agriculture. The key problem is water retention in soil. Existing
irrigation methods are costly and ineffective. To solve this problem, a synthesis of a rare-cross-linked hydrophilic polymer
material with the properties of a pectin-based superabsorbent was conducted.

The paper considers the structure and moisture absorption of the polymer material “Solid water”. The hydration properties
of the superabsorbent in its original state and after contact with pectins were determined using IR spectroscopy. Our
research showed that the water-adsorbing ability is ensured by the presence of short-sized acrylamide residues, fragments
with residues of carboxyl groups and polysaccharide units in the structure. The superabsorbent with pectin as a biodegradable
component is able to retain a portion of water of hydration even during prolonged drying. The effect of the pH of the
medium on the water absorption capacity and swelling of the superabsorbent “Solid water” was shown. This superabsorbent
can be used in different types of soils, as confirmed by the studies conducted in distilled water, as well as in alkaline and
acidic media. The polymer is characterised by the highest swelling values in an alkaline medium due to the electrostatic
repulsion of dissociated carboxyl groups, formed as a result of the hydrolysis of acrylamide. This makes it suitable for use
in leached soils, such as leached black soil (Chernozem) in the Voronezh region.

IR spectroscopy showed the presence of the superabsorbent’s functional groups that form supramolecular structures
including bound water molecules with no additional coordinate covalent bonds present. Thus, the reactions can be
characterised as processes with the elements of system self-organisation.

Keywords: superabsorbent, hydration properties, water absorption, pectin, IR spectra.
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1. Introduction

Abrupt climatic changes of the past few
years have led to global warming, which caused
the expansion of dry regions and increased the
agricultural risk in these areas. Therefore, one of
the key objectives of contemporary agriculture is
maintaining the required level of moisture and
soil fertility for high harvest yields. Irrigation and
application of mineral fertilisers, microelements,
and microorganisms are the methods used to solve

< Anna V. Zenishcheva, e-mail: anvitz@mail.ru

these problems. However, hydro-amelioration
methods applied in the areas with insufficient
freshwater resources are sophisticated, costly, and
inefficient. The application of a large amount of
fertilisers leads to irreversible changes in soil pH,
the risk of soil salinisation and exhaustion and the
pollution of underground water with derivatives
of nitric and phosphoric acids, which negatively
affects the state of the plants that consume such
water [1].

A promising solution of the above-mentioned
problems is the use of new composite organic

m The content is available under Creative Commons Attribution 4.0 License.
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hydrophilic polymer materials capable of multiple
absorption and slow release of the absorbed water
into the soil without changing their properties [2].
Such polymers can be used as water reservoirs for
maintaining the required level of moisture and
various additives in a wide range of temperatures
over a period of several years.

Previously, a synthesis of a rare-cross-linked
hydrophilic polymer material with the properties
of a superabsorbent was conducted with addition
of biodegradable fragments to its structure. When
used in the soil, these fragments decompose,
increasing moisture capacity and saturating
the soil with nitrogen required for the normal
vegetation of plants [3]. Pectin was used as one
of these fragments.

The aim of this work was the development of
synthesis of polymer biodegradable composites
with the properties of a superabsorbent and the
study of hydration properties of the original
material “Solid water”.

2. Experimental

The first stage of synthesis was preliminary
preparation of the solution of the biodegradable
component in a glass reactor at 40 °C and the
redox initiator system H,0,+Fe (SO,), for the
initiation of radical polymerisation. This mixture
was vigorously stirred for 30 minutes and then
the solution of acrylamide and the crosslinking
agent was added to the reactor. The second stage
of synthesis involved stirring for 5 hours at the
temperature of 40 °C.

The obtained rare-cross-linked superabsor-
bents with different content of biodegradable
components and specific additives were dried
in the flow of warm air, and water surplus was
removed using acetone or isopropyl alcohol. The
dried polymer material was ground and used for
tests [3].

Water absorption by the polymer was
determined according to the following method.
Equal samples (0.2 g) of the superabsorbent
were weighed and put into small organza bags.
Water can permeate through this fabric, but is
practically not absorbed by it. Each bag with a
polymer sample was placed in a separate glass
with 500 ml of water. Then the glass was tightly
closed and sealed, and 24 hours later the bags
with the samples were removed from the glasses.

Original articles

The volume of the remaining water was measured
using a measuring cylinder, and the volume of
water absorbed by the sample was calculated
as the difference between the original and the
remaining volume. After that, the calculations
were made taking into account the water
adsorption of 1 kg of the polymer.

IR spectroscopy of the powder samples fixed
by a holder on the sensitive surface of the prism
was conducted on the Bruker Vertex 70v vacuum
FTIR spectrometer using a “Platina” single-pass
ATR adapter.

3. Results and discussion

The specific feature of the structure of the
supersorbent “Solid water” is the result of choosing
special monomers for the synthesis and developing
the conditions of the synthesis itself. Fig.1 shows
one of the possible schematic structures of the
superabsorbent which demonstrates that water-
adsorbing ability is secured by the presence of
short-sized acrylamide residues, fragments with
residues of carboxyl groups and polysaccharide
units in the structure. A necessary condition of
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Fig. 1. Scheme of the polymer
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a considerable amount of water absorbed by a
sorbent is mechanical stability of polyelectrolyte
chains in the processes of association and
reassociation of the solvent molecules.

In this case, one may talk of common
properties of polyelectrolyte chains of the
superabsorbent and intracellular membranes
which are able to ensure smooth transport of
water molecules (Fig. 2).

R-COOH + H,0 = R-COO"H,0*

R-COO" H,0" + nH,0 = [R-COO"H,0"][H,0],
R-N(CH,), + H,0 = R-N"H-(CH,),-OH-
R-N‘H,-(CH,),~OH" + nH,0 = [R-NH-(CH,),~][H,0]

n+2

Fig. 2. General scheme of water absorption by sor-
bents

The integrity of exceptionally thin structures
is maintained in polyelectrolyte chains in the
“Solid water”, as for biomembranes, due to polar
interactions and variance relationships. There is
no data indicating the presence of covalent and
coordination bonds between successive molecules
of lipids and between adjacent lipid and protein
molecules in membranes. A similar effect was
observed during the interaction of polyelectrolyte
chains in the “Solid water” polymer with
amide and —~COOH-groups of neighbouring
chains. The difference in the considered case
is that intracellular membranes are based on
phospholipids while the chains of “Solid water”
are based on polysaccharide residues [4].

It should be noted that polysaccharide chains
in the “Solid water” as well as biomembranes are
capable of self-assembly, which corresponds to
the minimum of free energy in the systems [6, 7].
Pectins play a certain role in the processes of self-
assembly and self-organisation of supramolecular
structures in the superabsorbent.

Synthesis and Hydration Properties of the Superabsorbent “Solid water”

It is known that pectin substances include
polyuronides contained in soluble or insoluble
forms in all land plants and in most algae. Water-
insoluble (at t = 5-15 °C) pectin components
of plants are called protopectin. In fact, pectin
substances are a mixture, and it was possible
to separate its soluble part (25-30 %) from the
insoluble one by water evaporation and further
dissolution of the dried powder in 70° ethanol
[8, 9]. The dissolved component belongs to
polysaccharides (arabanes) (which hydrolise
to 1-arabinose when heated in diluted acids).
Pectin substances that are not dissolved in 70°
ethanol are actually called pectin. The main
monosaccharide forming a part of pectin is D-
galacturonic acid (Fig. 4)

COOCH
0]
OH
OH OH
OH

Fig. 4. D-galacturonic acid

In effect, pectin is partially etherified, that is
containing [-O-CH,] groups, polygalacturonic
acid. Similar to cellulose, as the authors in [8, 9]
believe, pectin has chain structure (Fig. 5).

However, such a widespread opinion may be
considered somewhat simplified. In a number of
cases, pectin chains can be branched (Fig. 6).

The core of the branched molecule (6) has
glycosidic linkage o (1—5) in the branching point
and o (1—4) in the branches.

To confirm the scheme presented in Fig. 1,
IR spectra of the original superabsorbent
from pectin and the superabsorbent after
supplementary interaction with polysaccharide

Fig. 3. The scheme of water and pectin interaction [5]
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were obtained (Fig. 7-9). The obtained results
are presented in Table 1. It was confirmed that
amides play a significant role in the formation
of short-chain fragments in the “Solid water”
polymer. Notably, such effect for the original
pectin-based polymer is confirmed not only by
the presence of amide I absorption bands (3322,
3260, 3185 cm™!) in IR spectra but also by the
presence of maximums typical for (C-N and o,
NH, in amides) amide II (1641, 1610, 1464 cm™)
and amide III (750, 669, 550 cm™) [7, 10-12].

After the interaction with pectin, peaks are
observed in the IR spectra of the superabsorbent.
These peaks are typical for 6-membered pyranose
rings of D-galacturonic acid (1117 cm™) [7, 10—
12].

In the IR spectra of the polymer material
there are absorption bands at 1653 and 1609 cm™!
corresponding to stretching vibrations of the C=0
group (amide I) and combined frequency of
deformation vibrations and the C-N NH group
(amide II) of amide fragments [13]. Wide
absorption bands at 3184-3332 cm™!indicate

Condensed Matter and Interphases, 2020, 22(1), 66-74

the presence of OH and NH, groups of the
biodegradable component [11, 14-16]. On the
other hand, the superabsorbent (SA) can be
characterised as a polymer expressing a bipolar
function in the neutral pH region [15-17].
In this case, the polymer network of a “Solid
water” sample, formed from polysaccharide
units and acrylamide residues, will contain
carboxyl groups forming hydration structures
with water (v 3206 cm™, § 1653 cm™! - stretching
and deformation vibrations of the OH groups
respectively) [15, 16]. Also, short-chain fragments
of the “Solid water” polymer contain the residues
of ~COOH groups not associated with each other
or functioning as dimers (1735, 1309, 1240 cm™)
respectively [10, 12].

As for the the supersorbent “Solid water”,
plausible guesses can be made about the influence
of the pH of medium on water-absorption
capacity and swelling of the polymers. The
polymer network of “Solid water” samples is
formed by polysaccharide units and acrylamide
residues, responsible for the presence of amide
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Fig. 7. IR spectra of the original superabsorbent (starch+acrylamide+2% crosslinking agent) (1 — 3566; 2 - 3332;
3-3184;4-2924;5-2852; 6 — 1653; 7 - 1609; 8 — 1426; 9 - 1351; 10 - 1280; 11 - 1135; 12 - 1080; 13 — 1025;
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Fig. 8. IR spectrum of alcohol-precipitated beet pectin [5] (1 -3756; 2 — 3736; 3 — 3663; 4 — 3524; 5 — 3492,
6 —3452;7-3411;8-3399;9-3307;10-3268; 11 —3263; 12 -3253;13-2948; 14 -1739; 15-1640; 16 - 1618;
17 — 1441; 18 - 1370; 19 - 1329; 20 - 1236; 21 — 1148; 22 — 1102; 23 - 1049; 24 - 1023; 25 — 918; 26 — 831;
27 - 751; 28 — 684; 29 — 620; 30 — 666 cm™)
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Fig. 9. IR spectra of the superabsorbent “Solid water” (pectin + acrylamide + 2 % crosslinking agent), held at
50 °C for 72 hours (1 — 3943; 2 — 3900; 3 — 3881; 4 — 3833; 5 — 3725; 6 — 3587; 7 — 3322; 8 — 3184; 9 — 2924;
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Ta6m. 1. Attribution of absorption bands in the IR spectra of a rare-cross-linked polymer material with
superabsorbent and pectin properties
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and carboxyl groups (Fig. 3). The influence of
the OH groups of polysaccharide groups on
the formation of hydration structures allows
considering moisture absorption as the process
of disordering (destruction) of “water-water”
associates in all the areas of concentration.

However, in case of maximum moisture
absorption, the water structure has to be
considered homogeneous, i.e. water molecules
are in a single frame with partially filled voids
[12, 16]. The presence of carboxyl and amine
groups allows considering superabsorbents as
ampholytes [15, 16] that can exist in cationic
(acidic medium), bipolar (pH = 7), and anionic
forms (scheme 1):

’ /NH3+ H /NH3+ W /NH2
L K RO
COOH coo- *+H COO-
pH<pl pH=pl pH>pl

roe pI — M303JIEKTpMUYECKas TOUKa.

The use of the superabsorbent for water
retention in different types of soils requires the
knowledge of their swelling properties depending
on the pH of the medium. For this reason, the
ultimate swelling capacity of the samples of
various superabsorbents, studied in distilled
water (pH = 6.8+0.2) as well as in acid and alkaline
media, was determined. Such choice of the
condition was due to the fact that soils in which
these sorbents may be used are also characterised
by a wide range of pH values. The results of the
study are presented in Table 2.

Table 2. Degree of swelling of the superabsorbent
sample

Degree of swelling, ®, %
Superab-
sorbent Distilled 0.1M
water 0.1 MHCI NaOH
Solid water, | g4 o 97.10 112.86
type [

The presented data shows that all the studied
samples have almost the same values of the
degree of swelling (m). However, the value o for
the sorbent “Solid water” is slightly lower in
acidic and alkaline environments as compared to
the value obtained in distilled water. In this case,
water structure is influenced by non-electrolytes

Synthesis and Hydration Properties of the Superabsorbent “Solid water”

(hydroxyl groups of polysaccharide units) and
electrolytes (-COO-, Na*, -NH,*, CI") [17, 18].
Among the obtained samples of the sorbents “Solid
water”, the best results in swelling were achieved
with a sample of “Solid water”, synthesised using
a hydrophilic crosslinking agent N,N-Methylene-
bis-acrylamide. This sample is characterised
by the highest values ® in an alkaline medium,
which is accounted for by electrostatic repulsion
of disassociated carboxyl groups formed as a
result of the acrylamide hydrolysis. This makes it
suitable for use in leached soils, such as the black
soil (Chernozem) in the Voronezh region.

Transition from one ionic form to another
occurs with the participation of water molecules
and is accompanied by the formation of the first
hydration layer (short-range hydration) [18]
(scheme 2):

/NH3* . O/H' "+H3O+ /NH3+_‘__O," +OH-
-~
R o R AT - OH-
COOH coo- .
m+1
NH,.| H

+OH- P e
~“on R Q |+ OH, (2)

7 coo-pH

m

Further water absorption by the sorbent (long-
range hydration) occurs due to the formation of
H-bonds between the solvent molecules.

One of the possible options of the formation
of the polymer frame of the superabsorbent “Solid
water” can be related to the formation of SAC-like
macromolecules of the complex polysaccharide-
acrylamide (AA). If we indicate branch I in the
Fig. 10. as X and branch II as Y, the formation
of “polysaccharide (pectin)-acrylamide ” can be
schematically presented in the following way:

The suggested scheme explains to some extent
the superabsorbent’s capacity for hydration and
absorption of considerable in weight amounts of
water [19].

It is confirmed by IR spectra of the original
superabsorbent (pectin + acrylamide + 2 % of
crosslinking agent) presented in Fig. 9. The
specified sample was dried for 72 hours at the
temperature of 50 °C. After such a long heat
treatment, there are absorption bands 3587;
3322; 3184 cm™! present in the IR spectra that
are typical for stretching vibrations of the OH
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where ABN is N,N-Methylene-bis-acrylamide

Fig. 10. Schematic formation of a “polysaccharide
(pectin)-acrylamide”

groups in hydration structures H,0--H,0 (with
weak hydrogen bonds); H,O--HN (with acrylamide
fragments) and H,0--HOOC (D-polygalacturonic
acid) respectively [20, 21]. The maximum of
1744 cm™! shows the vibrations C=0 in non-
dissociated —~COOH groups [11, 15, 16, 21, 22],
which is indicative of incomplete deprotonation
of carboxyl groups in pectin.

Therefore, the superabsorbent with pectin
as the biodegradable component can retain a
portion of hydration water even during prolonged
drying.

4. Conclusions

1. The samples of the superabsorbent “Solid
water” based on acrylamide and N,N-Methylene-
bis-acrylamide with addition of pectin were
synthesised. One of the options of the formation
of macropores in superabsorbents explaining the
maximum water absorption was considered.

2. The influence of the content and nature of
the crosslinking agent on the product swelling was
studied. It was shown that the synthesised polymer
material can reversibly absorb up to 500 ml of
water per one gram of the product, and the swelling
decreases as the degree cross-linking grows. The
superabsorbent with pectin as a biodegradable
component is able to retain a portion of water of
hydration even during prolonged drying.

3. Plausible guesses can be made about
the influence of the pH of the medium on
water-absorption capacity and swelling of the
superabsorbent “Solid water”. The values of
the degree of swelling (w) are almost the same,
however, the value o for the sorbent is slightly
lower in acidic environments as compared to the
value obtained in distilled water. This polymer

Original articles

is also characterised by the highest values ® in
an alkaline medium, which is accounted for by
electrostatic repulsion of disassociated carboxyl
groups formed as a result of the acrylamide
hydrolysis. This makes it suitable for use in
leached soils, such as the black soil (Chernozem)
in the Voronezh region.

4. IR spectroscopy allowed determining
the presence of functional groups of the
superabsorbent participating in the formation
of supramolecular structures containing linked
water molecules. As a result, this leads to the self-
organisation elements of the system.
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Abstract

In compounds, crystallized within the pyrochlore-type structure (sp.gr. Fd3m) of the A_B,X X’ general formula, there could
be doubly or triply charged ions in the place of A cations, quadruply or quintuply charged ions in the place of B cations.
Most works are devoted to the formation of these structures, depending on the nature and sizes of A and B cations, while
little attention has been paid to determining the temperature ranges of their stability. The aim of this work was to study
the thermolysis of substitutional solid solutions H,Sb, V O,nH,0 in the range of 25-700 °C and the determination of the
influence of the nature of B (Sb, V) cation on the stability of pyrochlore-type structures during heating.

Substitutional solid solutions have been obtained by the co-precipitation method. The samples, containing 0; 5 (x = 0.10);
15 (x=0.30); 20 (x = 0.40); 24 (x = 0.48) at% of vanadium have been chosen as subjects of the present research. The changes
in the proton hydrate sublattice in samples, containing different amounts of V** were analysed by IR spectroscopy. The
modelling of the thermolysis process and determination of the phase compositions at each stage was possible using X-ray
phase and thermogravimetric analysis of the samples

It was shown that at temperatures of 25-400 °C, proton-containing groups are removed from the hexagonal channels of
the pyrochlore-type structure. The increase in number of V**ions in solid solutions changed the proton-binding energy
with oxygen ions [BO,] -octahedron, which led to the shift of stage boundaries: oxonium ions and water molecules were
removed at higher temperatures, while hydroxide ions were removed at lower temperatures. An increase in temperature
to over 500 °C led to the structure destruction due to the oxygen removal from [BO,]-octahedrons. The model for the
atomic filling of crystallographic positions in the pyrochlore-type structure for phases, formed during H,Sb, V O nH,0
thermolysis at 25-400 °C, has been proposed.

According to the thermogravimetric analysis, the structural formulas of solid solutions under the air-dry condition has
been determined. (H,0)Sb, V O.(OH)-nH,0, where 0 < x<0.48, 0 <n < 1.1. It has been shown that the temperature ranges
of thermolysis stages were affected by the proton-binding energy with oxygen ions [BO,] -octahedron temperature ranges,
where B =V, Sb, forming the structural frame. It has been found that the studied solid solutions are stable up to 400 °C
within the framework of the pyrochlore-type structure.

Keywords: pyrochlore-type structure, antimony compounds, polyantimonic acid, substitutional solid solutions, thermal
analysis, phase transformations.
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1. Introduction

Compounds crystallizing in pyrochlore-type
structures with a general formula of A,B. X X’
have attracted the attention of scientists for
more than fifty years [1-6]. The reason for this
is elemental diversity. In the place of A cations
there can be doubly or triply charged ions, in place
of cations quadruply or quintuply charged ions,
and as a result, the variety of properties of the
pyrochlores: magnetic [7, 8], photocatalytic [9, 10],
dielectric [11] and others. The authors have paid
a lot of attention to the study of the formation
of the structure depending on the radii of the
ions and their arrangement in crystallographic
site occupancies [1, 12, 13]. Thus, it was shown
that such a structural type for compounds is
preferable when the ratio of the radii A and B
cations is: 1.46 <r(A)/r(B) <1.61 [12, 14]. For
oxide systems in which oxygen atoms are located
at site X, the most important in determining
whether a pyrochlore-type structure will form
are characteristics of [BO,]"-octahedrons [15].
However, little attention has been paid to
studying the stability of compounds crystallizing
in a pyrochlore-type structure during heating.
The features of thermolysis were studied only for
a few compounds [16-20].

In this work, we selected samples of polyanti-
monic acid (PAA) doped with vanadium ions, with
H,Sb, V O,nH,0O composition as a model system.
When atoms are distributed over crystallographic
site occupancies of a pyrochlore-type structure,
the 8b positions remain vacant, in place of
A cations, protons and oxonium ions are located,
and Sb*>, V**ions act as B cations [21]. As a result,
a skeletal plane of a defective structure is formed,
consisting of [BO,] -octahedrons connected by
apexes and having hexagonal channels in which
protons, oxonium ions, and water molecules
are located. Doping of PAA with V** ions leads
to a change in the binding energy of protons
with [BO,]  and, as a consequence, an increase in
proton conduction [22].

According to studies [23-25], proton-
containing groups located in the channels
of the structure have a significant influence
on the stabilization of the PAA phase at high
temperatures. Therefore, the doping of PAA
with V* ions should change the phase stability
during heating. Therefore, the aim of this work

The Composition and Structure of Phases, Formed in the Thermolysis...

was to study the thermolysis of H,Sb, V O,nH,0
substitutional solid solutions in the temperature
range of 25-700 °C, the determination of the
composition and structure of phases at each stage
of thermolysis, the determination of the influence
of the nature of B (Sb, V) cation on the stability of

pyrochlore-type structure during heating.

2. Experimental

Samples were synthesized by coprecipitation
of solutions of sodium vanadate and antimony
trichloride, pre-oxidized with nitric acid, in
an excess of distilled water according to the
procedure described in the study [21]. The
resulting precipitate was separated from the
mother liquor, washed with distilled water until
the negative reaction of filtrate to chlorine ions,
dried in air, and kept at room temperature for a
long time under normal conditions (T = 25 °C,
RH = 60 %). All chemicals used were of analytical
grade.

Ratios of vanadium and antimony (at%) in the
samples were determined based on the data of
ARL QuanT’X X-ray fluorescence spectrometer,
device sensitivity <1 ppm.

In previous studies [21, 26], it was shown
that, within the framework of the pyrochlore
type structure, a substitutional solid solution
H,Sb, V O,nH,O is formed at 0 < x < 0.48.
Therefore, finely dispersed powders containing
according to elemental analysis 0; 5 (x=0.10); 15
(x=0.30); 20 (x=0.40); 24 (x=0.48) at% vanadium
were selected as objects of study.

The IR absorption spectra of the samples were
recorded on a Nicolet 380 IR Fourier spectrometer
in the frequency range from 500 to 4000 cm™!. For
this, the samples were mixed with KBr powder and
pounded to a finely dispersed state, followed by
pressing the mixture in a compressing mould. As
the result, a translucent tablet was obtained.

Phase samples at different stages of
thermolysis were obtained by prolonged heat
treatment of solid solutions in air at temperatures
400 and 650 °C.

Structural studies of the initial and heat treated
samples were performed on a Rigaku Ultima IV
X-ray diffractometer (filtered CuKa-radiation) in
the range of diffraction angles 10 <26 <70 deg.

Thermal studies of the samples were carried
out using Netzsch STA 449F5 Jupiter synchronous
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thermal analyser in air. We recorded the change
in the mass of the sample and rate of its change
during heating at 10 °C/min in the temperature
range 24-700 °C, the balance sensitivity was
100 mg. Samples were weighed on an analytical
balance with an accuracy of 0.0001 g before and
after heating.

For a quantitative assessment of the thermal
decomposition of the samples, the relative mass
change was found Ap..:
Am,

Am,’

where Am, — mass change at the given thermal
decomposition stage, Am, — mass of the final
product.

Based on the amount of removed products
at each stage, the process of thermolysis of solid
solutions was simulated. For the validation of the
selected model, the relative mass change of the
samples was found Ap.:

M

Ay =

Al = =i 2
o =30 @

where AM . - change in the molecular mass of
the thermolysis product at given stage of thermal
decomposition, AM,, —molecular mass of the final
decomposition product - a mixture of two phases
§b,0, 5, @ and VSbO, taking into account the given
V/Sb ratio. The model was selected in a way, that
the discrepancy between Au,. and Au, was the

lowest.

3. Results and discussion

Substantial doping of PAA crystallizing in the
pyrochlore type structure should lead to a change
in the structure of the protohydrate sublattice
while maintaining the charge of the main frame
[21,22].

On the IR spectra of PAA and doped forms,
a wide complex absorption band in the region
of 3700-2700 cm™! (Fig. 1) can be distinguished,
which corresponds to the vibrations of hydroxide
ions and water molecules involved in the vO-H
hydrogen bond [24, 27, 28]. Two maxima can be
detected in this region (Fig. 1): at 3400 cm},
which is attributed to the vibrations of molecules
of loosely bound water, and 3250 cm~'responsible
for the vibrations of hydroxide ions and water
molecules perturbed by the surface field of the
crystal lattice [29-31].

Original articles

The absorption band at 3250 cm~! with an
increasing amount of V** shifts to the region of
lower frequencies (Fig. 1). Thus, for the saturated
solid solution (x = 0.48) the maximum band
has a value of 3200 cm™ (Fig. 1). According to
studies [28, 32, 33], the shift of the frequency of
stretching vibrations of hydroxide ions to the
low frequencies (red shift of collective symmetric
vibrations) upon formation of hydrogen bond was
due to a decrease in the force constant of the O-H
bond itself. Therefore, doping of PAA with V*
ions reduces the energy of interaction of protons
with oxygen anions of [BO,|-octahedron and, as a
result, leads to the weakening of hydrogen bonds
in the hexagonal channels of the structure.

Intheregion of deformation vibrations, intense
absorption bands were recorded on the spectra at
1400, 1640 cm!, corresponding to deformation
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Fig. 1. IR spectra of samples H,Sb, V O,nH,0, where
x:0(1);0.10 (2); 0.48 (3)
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vibrations & (Sb*>-OH) and deformation vibrations
of water molecules, respectively (Fig. 1) [24, 27].
Band intensity at 1700 cm~!corresponding to
deformation vibrations of oxonium ions with
increasing amount of V**> decreases. The region
of deformation vibrations was less sensitive to
the formation of hydrogen bonds of different
strengths than the region of stretching vibrations;
therefore, a shift of the bands of deformation
vibrations to the low-frequency region was not
observed (Fig. 1) [28, 34].

Absorption bands at 770 and 450 cm™!
corresponded to the stretching vibrations of
v (Sb**-0). For doped forms, the appearance of
additional absorption bands corresponding to
V-0 bonds was not observed [35]. The absence
of additional bands confirms the similarity of
the fingerprint region of V-0 and Sb-0O bonds
in complex oxides.

According to thermogravimetric analysis of
H,Sb .V, ,0,nH,0 sample, broad maxima can
be distinguished on the mass change rate curve
at temperatures of 140 (stages I and II), 280
(stage IIT) and 560 (stage V) °C (Fig. 2). According
to published data [24],in the 100 °C region, during
the thermolysis of hydrated oxides and acids
adsorbed water molecules should be removed
(stageI),and at higher temperatures (100-200 °C)
water molecules located near the crystal lattice
(stage II) should be removed. It was believed that
the first broad maximum reflects the superposition

The Composition and Structure of Phases, Formed in the Thermolysis...

of stages I and II (Fig. 2). With an increase in the
amount of V** in solid solution, the maximum in
the mass change rate curve at 400 °C shifted to
the region of lower temperatures, its intensity
decreased (Fig. 3). However, according to the
TG curve (Fig. 2), mass loss was observed in this
temperature range (stage IV). For the clarification
of the thermolysis stages, an X-ray phase analysis
of samples heat treated at temperatures of 400
and 650 °C was carried out.

On the X-ray diffraction patterns of
H,Sb, .,V .0,nH,0 sample after heat treatment at
400 °C (Fig.4), the lines became of low-intensity,
however, the position of the reflections coincided
with the initial X-ray diffraction pattern.

Reflections with odd indices extinguished and
it was also observed for the undoped PAA sample
[24], and indicated the dehydration of compounds
and the rearrangement of the structure [23, 24,
34]. In the temperature range 500-600 °C, the
decomposition of compounds and the formation of
two phases, one of which was Sb,0, , @ the other -
VSbO, phase with the crystal structure of the rutile
type (sp. gr. P4,/mnm) was observed [36, 37].

According to the data of a full-profile X-ray
analysis [26] carried out for H,Sb, V O, nH,0,
0 < x<0.48 solid solutions, Sb*> and V** ions and
were statistically located at the 16¢ positions and
formed [BO,]-octahedrons with oxygen anions
and hydroxyl groups occupying the 48f positions.
Oxonium ions and water molecules statistically

DTA, mV/mg
DTG, %'min - 1.0 |
100 - - ~_0.9
06 |
95| 1
106
04 |
90 02 |
o
85- |
02
3) 3 1
80 T T T T T T T T '014 1%
0 100 200 300 . Ccmo 500 600 700

Fig. 2. Dependences of the change in mass — TG (1), the rate of change in mass — DTG (2) and the change in
heat flux - DTA (3) of the H,Sb ,,V, ,.O,nH,0 sample on temperature
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Fig. 3. Dependences of the rate of change of mass
(DTG)onthetemperatureofsamplesH,Sb, .,V ,.O,nH,0,

1.52 7 048

in which x: 0 (1); 0.10 (2); 0.30 (3); 0.40 (4); 0.48 (5);
Roman numerals -V indicate stage numbers

filled the 16d positions and were located in
hexagonal channels. The change in the X-ray
pattern at temperatures above 500 °C was due to
the removal of protons from the 16d positions
of the structure and the transition of Sb*> and
V*5 ions from octahedral into cubic positions
[24]. Thus, the substitutional solid solutions
H,Sb, V O.-nH,O within the pyrochlore-type
structure were stable up to 400 °C.

For the determination of the phase
composition at different stages of thermolysis,
we used the following assumption [24]: during
thermal transformations, the number of
antimony and vanadium atoms does not change,
water and oxygen molecules are removed in
different temperature ranges. According to
mass spectrometry data [24], in the temperature
range 24 - 500 °C water molecules (18 a.m.u.)
were removed, and in the range of 500 - 700 °C
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Fig. 4. X-ray diffraction patterns of H,Sb, .,V .0 -nH,0

(1) and phases formed after heating at 400 °C (2) and
650 °C (3)

oxygen molecules (32 a.m.u.) were removed. The
calculations of the relative mass change were
carried out using equations 1 and 2, the results
are presented in Table 1.

The experimental and calculated values
of the mass loss were in good agreement
(Table 1) indicating a correct description of the
thermolysis stages. Thus, we were able to deter-
mine the initial composition of the solid solution
(H,0)Sb, .,V ,,0.(0OH)-0.4H,0, its formation
temperature and phase composition at each stage
of thermolysis. The model of the distribution of
atoms over the crystallographic site occupancies
of a pyrochlore-type structure for phases formed
at temperatures 25-400 °C is presented in Table 2.
Water molecules, weakly bound to the structure,
were statistically located at 8b positions.

During stages I and II of thermolysis, adsorbed
water and water molecules were removed from the
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Table 1. The stages of thermolysis of (H,0)Sb

1.52V0.48
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O,(OH)-0.4H,0, according to the proposed model, where

Ay, - relative changes in the mass of the doped sample; Ap . — experimental mass values according to the
TG data, relative to the final mass of the sample; temperature ranges AT of the stages of phase formation

S;a:)g.e Reaction Starg;ntgeemApE ra (t:ure A, % | A, %
I-11 | (H,0)Sb, ,,V,,0,(0H)-0.4H,0 = (H)Sb, ,V,,.0.(OH) + 1.4H,0 24-190 9.11 9.37
111 (Hsb, ,V, ,0,(0H)=Sb .V 0O, (OH)+0.5H,0 200-300 3.25 3.16
IV Sb1.52V0.4804.5(OH) - Sbl.SZVOASOS + OSHZO 300-360 325 3.48
\Y% Sb, 5,V,.4s05 = 0.528b,0, ; , + 0.48VSbO, +0.410, 520-600 4.74 4.57
TOTAL: 24-600 20.35 | 20.58

Table 2. The distribution of atoms according to the crystallographic positions of a pyrochlore type structure

for (H,0)Sb, .,V ,,O.(OH)-0.4H,0 and phases formed upon heating (number of formula units Z = 8)
3 1.52 70485 2
Stages Formation Structural formula 16d 16¢ 48f 8b
temperature , °C
+5 -2
- 25 (H,0),Sb,,V,0,,(OH),3.2H,0 8H,0 125}35 ’ ‘éoo%_ 3.2H,0
. 128b*%, | 40 02
[-1I 190 (H),Sb,V,0,,(OH), 8H 4V 3 OH- -
. . 12Sb*, | 40 02
111 260 (Sb*),Sb ,V,0,,(OH), 2Sb* 4V 3 OH- -
+5
v 360 (Sb*),Sb,,v,0,.,0, 48Sb* 1?}35 > | 48 02 2072

16d positions. In the resulting (H),Sb,,V,0, (OH),
phase the [BO,| negative charge was compensated
by protons located in the 16d positions. Further
heating led to the destruction of the octahedrons
due to the interaction of protons located in the
16d positions with part of the oxygen anions of
the [BO,] -octahedron. In this case, part of the Sb**
ions passed from the 16c into the 16d positions
(Table 2). In the phase forming during stage III
(Sb*),Sb,,V,0,,(OH), Sb* ions are compensated
by the charge of [BO,]-octahedrons. During stage
IV, hydroxyl groups were removed in the form
of water molecules, octahedrons were further
destroyed, and further transitions of Sb*> ions
from the 16c into the 16d positions occurred. The
(S8b*),Sb,V,0,,0, phase was stable due to Sb*’
ions located in the 16d positions. At temperatures
above 500 °C, the removal of oxygen began, which
indicated the reduction of part of the Sb** ions
into Sb*® and the destruction of the structure.
The removal of proton-containing groups
during stages I-III was characterized by endo-
effects, the minima of which in the curves of
the heat flux (DTA) were fixed at 140 and 290 °C
(Fig. 2). With further heating, a small maximum
at 320 °C was recorded: the formation of the
(Sb*),Sb,,V,0,.,0, phase was accompanied by

heat production. At 600 °C, the exo-effect was
associated with the formation of two new phases,
§b,0, 5, and VSbO,.

For solid solutions in which x < 0.48, the same
number of stages was fixed during thermolysis
(Fig. 3),themasslosswas from 18 to 22 %relative to
the final decomposition products. With an increase
in the amount of vanadium, a substitutional solid
solution (H,0)Sb, V O.(OH)-nH,0 contained
lower amount of water in an air-dry state. Thus,
according to thermogravimetric analysis, n = 0.4
for the saturated substitutional solid solution
(x=0.48),n=1.1 for PAA [24].

On the mass change rate curves (DTG) of the
doped samples, the shift of the stage maxima
with an increase in the amount of dopant was
recorded (Fig. 3). The maxima of I and II stages
were shifted to the region of high temperatures,
for the saturated solid solution from 95 to 140 °C.
The maxima of stages III and IV, on the contrary,
shifted to the low-temperature region. The shift
from 300 to 270 °C and 400 to 370 °C respectively
was revealed for the saturated solid solution. The
shift of stages I and II was probably due to the
removal of proton-containing groups at higher
temperatures and the higher bonding force of
the protonhydrate lattice with the crystal lattice.

80 Condensed Matter and Interphases, 2020, 22(1), 75-83



The shift of the maxima of stages III and IV
into the low temperature region was a common
characteristic of doped oxides and heteropoly
acids. Probably, the introduction of vanadium
facilitates the transition of neighbouring atoms
or ions from the main positions into the excited
state, according to the order-disorder theory,
lowers the decomposition temperature [38].
Stage shifts were also recorded on the curves
of heat flux (DTA curves). With an increase in
the amount of V**, the removal of oxonium ions
from the 16d positions (stage I and II) occurred
at higher temperatures and was accompanied by
high energy costs, as was evidenced by the large
minimum area at temperatures of 100-150 °C
(Fig. 5). The transition of Sb*>ions from the 16c to
16d positions, on the contrary, was more beneficial
(Fig. 5, stages III and IV). Thus, the endothermic
minimum of stage III (300 °C) shifted to the lower
temperature region and its area decreased. The
exothermic maximum (370 °C), indicating the

200 300 400 500 600 700
T,°C

0 100

Fig. 5. Dependences of the change in heat flux (DTA)
on the temperature of samples H,Sb, V O nH,0O,
where x: 0 (1); 0.10 (2); 0.30 (3); 0.40 (4); 0.48 (5)
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formation of the Sb, V O, phase shifted to the low-
temperature region with an increasing amount of
V* in the solid solution. In the high-temperature
region, an exothermic peak (600-630 °C) of high
intensity appeared, associated with the formation
of two new phases - Sb,0 130 and VSbO,.

Dueto the electronic structure of the vanadium
ion, the O-V bond is less covalent than the O-Sb
bond [39]; therefore, the proton must form a
stronger bond with the oxygen ion of the [VO,]
octahedron, which was confirmed by the DTG and
DTA data, which showed the shift of stages I and
IT to the high-temperature region (Fig. 3, Fig. 5).
Changes in the binding energy between protons
located in hexagonal channels and oxygen ions
of [BO,]-octahedrons affected the transport of
protons between electronegative atoms. As a
result, the distance between protons and oxygen
ions of [SbO, | -octahedrons increased, and the red
shift of vO-H vibrations of hydroxide ions and
water molecules was recorded on the IR-spectra
(Fig. 1). High proton mobility led to an increase
in proton conductivity with an increase in the
amount of vanadium in the samples [22].

4. Conclusions

It was found that the resulting solid
solutions have the structural formulas
(H,0)Sb, V O.(OH)-nH,0, where 0 < x < 0.48,
0 < n<1.1.Doping leads to a change in the proton-
binding with oxygen ions [BO,] -octahedrons,
where B =V, Sb, forming the structural frame,
changing the temperature ranges of the thermolysis
stages. It has been shown that substitutional solid
solutions H,Sb, V O,nH,0 within a framework
of the pyrochlore-type structure were stable up
to 400 °C. The model describing the sequence of
phase transformations during the thermolysis of
substitutional solid solutions H,Sb, V O,nH,0in
the temperature range 25-400 °C was proposed,
the composition of the phases during each
thermolysis stage was established.
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Abstract

Nanocomposites obtained by MOCVD through deposition of pyrolytic chromium layers of different thickness on the outer
surface of multi-walled carbon nanotubes (MWCNTSs) using the “Barkhos” chromium-organic liquid were studied.. These
pyrolytic Cr coatings have high microhardness, heat resistance, hydrophobicity, and chemical resistance to hydrochloric
and sulphuric acids and alkali melt.

The unique physical properties of chromium coatings as well as chemical resistance in a wide temperature range and large
external surface of MWCNTS offer great opportunities for the possible applications of the studied nanocomposites. An
important problem in this case is the determination of the mechanisms of chromium adhesion to the chemically inert
surface of MWCNTS.

A promising method of studying the interface between the MWCNT surface and the coating layer is ultra-soft X-ray spectroscopy
in the NEXAFS 1s carbon ionization threshold region. However, there are practically no publications on such studies for
chromium compounds due to the superposition of the structure of NEXAFS Cr2p absorption spectra on the NEXAFS Cls
ionization threshold region. In the present paper, nanocomposites were studied by the total electron yield method using the
unique technique of suppressing and measuring the contribution of multiple orders near the C1s absorption edge.

The studies of the nanocomposite (pyrolytic Cr)/MWCNT performed by NEXAFS and XPS methods showed: (i) the initial
MWCNT features are preserved in the composite spectrum; (ii) there is no significant destruction of the outer layers of
MWCNTSs; (iii) the interface between the MWCNT and the pyrolytic chromium coating is a multilayer structure. This structure
includes the outer surface of the MWCNT, the atoms of which form C-0O and C-Cr bonds with the pyrolytic chromium
coating, chromium carbide monolayer, and the chromium oxide (Cr,0,) coating layer. The effective thickness of the chromium
oxide and chromium carbide coating layers is 1.5 and 0.3 nm respectively, were determined for the studied samples.

Keywords: multi-walled carbon nanotube, absorption cross section, photoelectron output depth, metal coating, NEXAFS,
XPS, MOCVD.
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1. Introduction

Composites based on multi-walled carbon
nanotubes (MWCNTSs) with a metal containing
coating offer great opportunities for use in various
scientific and technical applications. The most
common methods of composite synthesis are the
electrochemical reduction of metallic salts using
the sol-gel method, metal organic chemical vapor
deposition (MOCVD), and physical deposition
(electron-beam sputtering, thermal spraying,
etc.). In our earlier studies, it was shown that
MOCVD, due to its technological characteristics,
is the most appropriate method for the synthesis
of MWCNT composites with a metal containing
coating [1-4].

The present paper is devoted to the investi-
gation of an MWCNT composite with a pyrolytic
Cr coating. Unlike pure Cr, pyrolytic Cr coatings
have high microhardness, heat resistance,
hydrophobicity, and chemical resistance to
hydrochloric and sulphuric acids and alkali
melt. Therefore, they can be used in the aviation
(friction joints in aircraft control systems),
petrochemical (anticorrosive coatings highly
resistant to aggressive environments high in
hydrogen sulphide), and steel (foundry and
pressing equipment, thermocouple protection
tubes) industries.

The chemical composition of the MWCNT
outer surface, pyrolytic chromium coating,
and the interface between the coating and the
MWCNT surface was studied using NEXAFS (Near
Edge X-ray Absorption Fine Structure) and XPS
(X-ray Photoelectron Spectroscopy) methods.

2. Experimental

The initial MWCNTSs were synthesized by
MOCVD through thermal decomposition of the
mixtures of ferrocene with toluene in a quartz
reactor in a argon flow at atmospheric pressure.
Deposition of pyrolytic chromium coatings on
the MWCNT surface was also performed by the
MOCVD method using as a precursor the “Barkhos”
chromium-organic liquid, consisting of a mixture
of bis-arene chromium compounds. The details of
the preparation technique of the studied samples
are described in the following works [1, 3, 4].

The study of the initial MWCNT surface, the
chemical composition, and measurement of Cr
coating thickness as well as the study of the Cr/
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MWCNT interface were conducted by NEXAFS
spectroscopy using a a synchrotron radiation
of Russian and German source at BESSY II [5].
Spectral dependence of absorption cross section
in a wide energy range of 250-900 eV and near
the Cls and Cr2p absorption edges of initial
MWCNTSs, Cr/MWCNT composite, and chromium
oxide Cr,O, were measured in the Total Electron
Yield (TEY) mode. The studied samples were
prepared by rubbing MWCNT powder and Cr/
MWCNT composite into the pure surface of a
Cu plate. An additional thin-film Ti filter with
a thickness of 160 nm installed on an Au grid
in front of the sample in the path of incident
radiation was used for the suppression and
estimation of the radiation reflected from a
diffraction grating in multiple diffraction orders
and long-wave diffuse background radiation [6].
The tracking of the contribution of background
radiation is especially important for the Cr/
MWCNT composite as the structure near the
Cr/MWCNT composite absorption edge of the
Cr coating in the second order diffraction is
applied to a thin structure near the NEXAFS Cls
absorption edge of the MWCNT.

XPS measurements of the Cr/MWCNT
composite were performed using the equipment
of the Center for Studies in Surface Science of
Research park of St.Petersburg State University —
Combined Auger, X-ray and Ultraviolet
Photoelectron spectrometer Thermo Fisher
Scientific ESCALAB 250Xi with an ion-electron
system for charge compensation. An X-ray
tube with an Al-anode was used as a source of
radiation. Energetic positions of all peaks were
calibrated against the C1s peak at 284.6 eV

3. Results and discussion

The analysis of NEXAFS C1s spectra (Fig. 1a)
shows that the structures (1* and ¢* resonances)
typical for a initial MWCNT are preserved in the
spectrum of the Cr/MWCNT composite, which
indicates the absence of significant destruction
of the outer layers of MWCNTs. However, an
additional structure A (287.1 eV), B (287.7 eV),
C (288.4 eV), and D (290.4 eV) was observed in
an intermediate region between the n* and ¢*
resonances. The positions of these peaks are in
good agreement with the energetic positions
of the elements of NEXAFS Cls absorption
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spectrum of graphite oxide [7] corresponding to
the ordinary (C-0, band A), epoxide (C-O-C,
band B), and double (C=0, band C) bonds and the
carbonate group [CO,]*" [8]. It should be noted
that in the quantum energy 285-287 eV range
there may be a structure related to the possible
formation of carbides [9], absorption transition in
these compounds may make a contribution to A
and B peak intensity in the C1s-spectra.

The presence of the elements typical for
Cr,O, (Fig. 1b) in the NEXAFS Cr2p edge allows
assuming that the layer of chromium deposited
on the surface is oxidised completely due to
contact with atmospheric oxygen.

According to the data of the NEXAFS Cls
spectra of MWCNT and the Cr/MWCNT composite,
the effective thickness of the oxide coating (Cr,0,)
was assessed according to the ratio:

Ay = Mn(%), (1)

2

A = 1 nm photoelectron escape depth from the
surface of Cr,0,[10]; S, and S, — areas under the
spectral dependence of absorption cross section
of MWCNTs, and the composite Cr/MWCNT, re-
spectively (S,/ S,= 2.6); d = 0.96 nm.
Photoelectron studies are traditionally
used for examining the phase composition of
nanocomposites, in particular they can be used
to determine the presence of the chromium
carbide layer on the MWCNTS surface as well as
to assess the characteristic thickness of the layers
of chromium compounds covering the nanotubes.

Partial cross sections, a.u.
%]
1
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NEXAFS and XPS Studies of Cr/MWCNT Composites

Fig. 2 shows XPS spectra in the Cls and Cr2p
ionization thresholds region, both for the studied
composite and for the initial nanotubes. The
comparison of integral intensities of bands A
in the carbon spectra of the initial MWCNT
and the composite Cr/MWCNT (S ,/S,=1.91)
also allowed assessing the thickness of the
Cr,0, coating that equalled d . = 1.5 nm (in this
case the free path was A = 1.89 nm [11]), which
agrees with the above-mentioned assessment
according to the NEXAFS spectra data. The
appearance of additional B bands, both in 1s
carbon spectra and 2p chromium spectra, should
be noted while examining the XPS spectra of the
composite. Their energetic position correlates
well with the ionization thresholds in chromium
carbides [12-13], which allows assuming that the
carbon atoms of the nanotube interact with the
chromium atoms and Cr-C chemical bonds are
formed. At the same time, taking into account
the free path of photoelectrons in the MWCNT
layer A =3.11 nm [11], the ratio of bands A and
Bin the XPS C1s spectra of the composite allows
assessing the thickness of the carbide layer as
d = 0.3 nm. Thus, the chromium atoms coating
formation process on the nanotube surface is as
follows: at the initial stage, during the process
of MOCVD, chromium atoms form a chemical
bond with carbon atoms on the MWCNT surface
forming a thin layer of chromium carbide that is
covered with a layer of metal oxidised to Cr,O,
when the composite is subsequently exposed to
the air.

TEY, a.u.
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Fig. 1. Spectral dependences of a) the partial absorption cross sections of MWCNTS (1) and the Ct/MWCNT
composite (2) in the NEXAFS region of the C1s absorption edge; b) TEY signals of the Ct/MWCNT (1°) and Cr,O,
(2’) composite in the NEXAFS region of the Cr2p absorption edge
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Fig. 2. XPS spectra a) in the region of the C1s edge of the ionization of the initial MWCNTSs (1) and the Cr/MW-
CNT composite (2) and b) in the region of the Cr2p edge of the ionization of Cr,0, (1) and the Ct/MWCNT

composite (2)
4. Conclusions

The analysis of the data obtained by NEXAFS
and XPS methods allowed establishing that, as a
result of the interaction of chromium atoms with
the outer surface of MWCNT, a multilayer structure
is formed, consisting of the outer surface layer of
MWCNT, a thin layer of chromium carbide covered
with the of chromium oxide Cr,0, layer with an
effective thickness 0.3 and 1.5 nm respectively.
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Abstract

This work is dedicated to microscopic synchrotron studies of the morphology, atomic, and electronic structure of an array
of submicron-sized pores in a SiO, layer on silicon formed with the use of ion-track technology in combination with chemical
etching after irradiation. The research method was photoemission electron microscopy using high-intensity synchrotron
radiation. The method was used in two modes. The use of chemically selective electron microscopy allowed obtaining
morphological information about the studied array of pores. The X-ray spectroscopy mode of the synchrotron radiation of
X-rays absorption near-edge fine structure spectroscopy allowed us to obtain information about the specificity of the local
surrounding of the given atoms from microscopic regions of nanometer and submicron areas of the obtained microscopic
images. The pores had rather sharp boundaries, without a transition layer. The bottom of the pores was a substrate - a
crystalline silicon wafer covered with a natural 2-3 nm thick oxide layer. Ion irradiation and chemical etching did not
significantly affect the structural and phase characteristics of the porous silicon oxide matrix. There was no significant
disordering in the silicon atoms available at the bottom of individual pores. There was no technological contamination.
The efficiency of using ion-track technology in combination with chemical etching after irradiation for the formation of
isolated pores arrays with close submicron range sizes was shown. The obtained results demonstrated the efficiency of the
photoemission electron microscopy method using high-intensity synchrotron radiation for the high accuracy microscopic
scale study of a wide range of objects with the composite structure-phase nature of the surface.

Keywords: silicon dioxide, submicron pores, atomic and electronic structure, synchrotron radiation, XANES, Photoemission
Electron Microscopy, local atomic surrounding.
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1. Introduction

Arrays of porous silicon dioxide on silicon
can be used as effective matrices in a variety of
technological solutions [1-2]. The semiconductor
substrate allows the effective control of the
porous layer formation itself and various
composite structures based on it [3-4]. Such
structures (templates) can be used in a wide
range of areas from semiconductor magnetic
composite devices [5] to optical sensors based
on surface-enhanced Raman scattering [6].
Chemical and electrochemical processes of
nanostructures synthesis in separate pores and
the formation of self-organized particles in the
pores require careful selection of the method for
the formation of the porous layer and the control
of its composition and structure. The ion-track
technology of swift heavy ions in combination
with subsequent chemical etching is a promising
technology for the formation of a porous template
[4-6]. Being relatively simple, this method has a
number of advantages, for example, the ability
to effectively control the density and geometric
parameters of pores according to studies [1-6].

The method of scanning electron microscopy
is particularly effective in the primary morphology
diagnostic of the formed pores arrays. This method
has previously been repeatedly demonstrated
with high resolution, including for template
structures [7]. However, this method is not always
sensitive to the phase composition and does not
allow the effective study of the structure and
the specifics of the local atomic surrounding
specificity in the porous layer. Such studies are
important considering the developed surface
which is accessible to external influences and may
also be subjected to internal reconstruction. X-
ray and electron spectroscopy is an indispensable
tool for accurate and qualitative studies of the
physical and chemical state of a porous layer
as a morphologically complex object with a
pronounced surface and potentially numerous
boundaries [8-11]. The use of synchrotron
radiation sources in the X-ray spectral range
allows increasing the accuracy of experiments
for objects of small sizes and low intensities
of a useful signal [8, 10]. X-ray photoelectron
spectroscopy [10] and XANES - X-ray absorption
near edge structure [8-11] are in demand for
studying the atomic and electronic structure

Spectromicroscopic Studies of Porous Silicon Oxide on Silicon...

of developed surfaces and accessible interfaces
between micro- and nanostructured objects.

X-ray and electron spectroscopy experiments
are usually conducted independently of
microscopic ones, which often complicates the
research. In addition, despite the sensitivity to the
local atomic surrounding, the area of the surface
from which the spectrum is recorded is, at best,
hundreds of micrometres [12]. The real microscopic
approach in terms of obtaining information about
the morphology of small studied objects and their
physical and chemical state as well as their atomic
and electronic structure in a “micropoint” is
implemented in spectromicroscopy methods [13,
14]. Such methods include photoemission electron
microscopy (PEEM - PhotoEmission Electron
Microscopy), including PEEM with the use of
high intensity synchrotron (undulator) radiation
in the soft X-ray range. Earlier, we demonstrated
the effectiveness of using the PEEM method
in the XANES spectrum registration mode for
effective studies of the morphology, specificity of
the atomic and electronic structure, composition
and structure of objects of micron, submicron,
and nanometer sizes in a single experiment [14-
17]. However, the studies were conducted for
structures mainly consisting of different sorts
of atoms, e.g. nickel structures in porous silicon
dioxide matrix with etched tracks [16, 17].

This work presents the results of PEEM
studies of the morphology, atomic and electronic
structure of an array of submicron pores ina SiO,
layer on silicon by synchrotron photoemission
electron microscopy. The array of submicron
pores was obtained using ion-track technology
and subsequent chemical etching.

2. Experimental

SiO, layer with the thickness ~ 500 nm was
obtained by thermal oxidation of c-Si crystalline
silicon wafers of the KDB 40 (100) type (100) in
an O, atmosphere (purity 99.9999 vol. %, 1100 °C,
10 hours). The formation of swift heavy ion tracks
in the SiO, dielectric layer on Si was carried out
at the Hahn-Meitner Institute (Berlin, Germany)
accelerator by irradiating the silicon dioxide layer
with 197Au" ions with an energy of 350 MeV. For
the formation of pores, latent tracks formed after
irradiation of a silicon oxide layer were etched
at 20 °C room temperature in a diluted aqueous
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solution of hydrofluoric acid (the mass fraction
of the acid was 1.35 %). The ion fluence during
irradiation was 1-108 cm2, and the etching time
was 80 minutes.

In this work the por-SiO,/Si structures
were studied by the PEEM method using high-
intensity synchrotron (undulator) radiation
from the BESSY II Helmholtz-Zentrum-Berlin
storage ring (Berlin, Germany). For PEEM studies,
a UE56-2 PGM2 radiation beamline was used,
and the SurICat beamline was additionally used
for XANES measurements of reference spectra
in the “standard” (non-microscopic) mode.
PEEM studies were performed using the Scienta
Omicron Focus PEEM microscope. PEEM data
were obtained by recording the electronic yield
in the region of silicon L, , X-ray absorption near
edge structure (XANES SiL, ;) The measurements
were carried out at room temperature and the
instrumental broadening upon recording the
XANES spectra was ~ 0.1 eV.

XANES spectra in the “standard” mode were
registered using sample compensation (drain)
current technique in the mode of the total electron
yield (TEY) detection. The vacuum in the working
chambers of all synchrotron analytical stations was
10~ Torr. When registering Si L, , XANES spectra,
the analysis depth was about 5 nm according
to [18]. Standard procedures for calibration and
normalization of all spectra obtained using a pure
gold foil signal were used. The reference objects
were: a source crystalline silicon wafer (c-Si) and
an amorphous silicon film (a-Si) on silicon wafer
covered by 2 nm layer of natural SiO, oxide, as well
as thermal SiO, film of 20 nm on silicon wafer.

The XANES method allows obtaining informa-
tion about the distribution of the local partial
density of free electronic states in the conduction
band according to[19, 20]. This makes the XANES
spectroscopy data extremely sensitive to the
specificity of the local atomic surrounding, which
has been demonstrated many times before [8-
11].

PEEM (XANES) data for the por-SiO,/Si
structure were recorded using fields of view
from 100 to 10 pm. Spectra near the L, silicon
absorption edge from regions up to several
hundred nanometres in diameter were considered
for obtaining microscopic data on the local atomic
and electronic structure.

Original articles

3. Results and discussion

XANES spectra registered in the standard
way for a set of reference samples are shown in
Fig. 1. These are the top three spectra. It is easy
to see the presence of a low-energy absorption
edge in the range from 100 to 105 eV of the
reference spectra of crystalline silicon and an
amorphous silicon film. In the first case, the
specified absorption edge was characterized by a
fine structure with two groups of A and A’ maxima
(Fig. 1) corresponding to the spin-orbital splitting
of core Si L, level [21, 22]. A fine structure was
not observed for the amorphous film [21, 22] due
to the smearing of the density of states in the
conduction band. The fine structure of c-Si and
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Fig. 1. Synchrotron XANES Si L, ; spectra of refer-
ences: crystalline silicon c-Si, amorphous silicon a-Si,
silicon dioxide SiO,, together with the spectrum ex-
tracted from the 10 pm microscopic field of view.
Dashed lines highlight the characteristic regions of
the spectra fine structure: A and A’ for “elementary”
silicon; B and C for silicon dioxide. Circles show the
quantum energies at which high-resolution images
were recorded
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a-Si reference samples was almost equivalent
to the SiO, reference sample at synchrotron
radiation quantum energies exceeding 105 eV
(Fig. 1). Sufficiently long-term storage of the
crystalline silicon wafer and a structure with a
film of amorphous silicon under the laboratory
conditions led to the formation of a natural
Si0O, oxide layer with a thickness of ~ 2 nm, the
absorption edge from which we observed. For the
Si0, reference sample the fine structure of this
edge was more pronounced (Fig. 1), especially
near the first double maximum of 106-106.6 eV
(maxima group B) of the molecular orbital * a,
(transitions from 2p, , ., level to 3s state) [23].
The main peak for the SiO, reference sample was
maximal at hv ~ 108.6 eV (molecular orbital 6*t,
transition from 2p, , ., level to 3p state), indicated
in Fig. 1 as C. It was also more pronounced
compared to the natural oxide on c-Si and a-Si.
The high intensity of the characteristic maxima
of the spectrum of silicon dioxide (hv > 105 eV)
was obvious since it corresponded to a denser
package of the main structural unit of silicon
dioxide, the SiO, tetrahedron for the thermal
oxide film (middle order), compared with a more
“loose” layer of natural oxide [23].

The fourth curve in Fig. 1 corresponds to the
XANES SiL, , spectrum obtained integrally, which
was extracted for only 10 ym of the field of view
(FoV) of the microscopic image of the surface area
(shown in Fig. 2). The following characteristic
features of this spectrum can be easily seen. A
small “influx” in the region of A and A’ maxima
indicates a weak X-ray spectral signal from silicon
atoms, which are not bound to oxygen atoms and

FoV 10um

FoV 10um

hv=99eV hv=101eV

Spectromicroscopic Studies of Porous Silicon Oxide on Silicon...

possibly present in an ordered state (A’ “influx”).
The oxide part of the spectrum according to the
position of the main spectral features (B and C), as
well as the distribution of their relative intensities,
indicates that the surface layer was mainly silicon
dioxide, close to the thermal dioxide based on
the package density. This is certain, since the
original film was obtained by thermal oxidation.
Thus, damage caused by irradiation with gold ions
and subsequent chemical etching did not affect,
at least “macroscopically”, the nature of the
local atomic structure and the electron-energy
spectrum of the oxide film.

The electron microscopy images of the
studied surface area from which the XANES Si
L, ; spectrum (shown in Fig. 1) was obtained are
shown in Fig. 2. Three images were obtained
with high resolution in the X-ray spectral region
of synchrotron (undulator) quantum energies
preceding the absorption edge of “elementary”
silicon (99 eV, the “background” part of the
XANES spectrum), after the specified absorption
edge (101 eV), and in the region of the main
silicon dioxide peak (108.2 eV).

In all three images, the observed picture
was practically identical. This result is quite
understandable, since images using the PEEM
method are formed due to different electronic work
function leaving the surface layer of the sample
during excitation by quanta of the corresponding
energies [13].In our case, these energies are close,
since in addition to the morphology studies,
we were interested in the specifics of the local
silicon atoms surrounding (see below). According
to the X-ray spectral characteristic of the entire

FoV 10um

hv=108.2eV

Fig. 2. PEEM electron microscopic images of the por-SiO,/Si sample surface recorded at different quantum
energies of synchrotron (undulator) radiation in three characteristic X-ray spectral regions: a — (hv = 99 eV);
b - (hv=101eV)and c — (hv = 108.2 eV). The field of view was 10 um
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field of view (Fig. 1) for quantum energies before
the edge of “elementary” silicon absorption
and immediately after this edge (99 and 101 eV,
respectively), the increase in intensity was
barely noticeable. At the same time, the relative
intensity variation for the edge of “elementary”
silicon and SiO, was quite significant (Fig. 1, lower
spectrum). Therefore, the image shown in Fig. 2
(c) is, in our opinion, characterized by higher
sharpness. However, it should be noted, that the
main features of the surface morphology of the
studied area were preserved in all three images.

The surface contained an array of spherical
objects with close diameter values of ~ 300 nm.
Presumably, these objects are voids or pores,
which follows from the lower signal intensity
from these areas (dark shades), and the fact
that the etching mode assumed reaching the
wafer. The edges of the pores were sharp, which
indicates an extremely small difference in pore
width at the base and at the top, as well as an
almost unchanged surface morphology around
the pore, even due to a noticeable “etching” of
the SiO, film surface. Mainly separated pores
were formed. However, individual cases of the
merging of 2—4 pores and the formation of voids
of several micrometres in size can be noted.
This distribution was not accidental and it was
a consequence of the selected etching mode
(etching reagent composition, etching time)
and the inhomogeneous distribution of 197Au*
ions. However, with the fluence used, despite
the arbitrary nature of the distribution of latent
tracks, etching of the irradiated silicon dioxide
film practically did not lead to pore fusion.

Finally, a separate formations of random
location with sizes less than 100 nm were
observed on residual, non-etched SiO, surface
areas. This distribution pattern may indicate
that the observed features correspond to the
intrinsic defects of the original thermal SiO, film.
Such defects were characterized by sizes smaller
than the latent ion track and therefore were less
susceptible to etching.

Before proceeding to the real “micropoint”
spectra, extracted from surface regions of interest
(ROI) of submicron sizes, the following should be
noted. We used the PEEM method in the XANES
SiL, ; spectroscopy mode for morphology studies
with simultaneous reference to the analysis of

Original articles

the local surrounding of silicon atoms in the
“micropoint”. Here, the registration of the XANES
spectrum using the PEEM method involves the
accumulation of a set of images for each specified
quantum energy value in the detecting spectral
range. In our case, this range was 95-115 eV, at
0.1 eV increment step. Extraction of the XANES
spectrum from the image ROI area (desired
surface part) occurs by recalculating the relative
intensity of the signal from the desired ROI from
the entire sequence of the registered microscopic
images stack in a single scale.

A set of characteristic individual surface areas
not exceeding a diameter of 250 nm each is shown
in Fig. 3a. In the same figure (Fig. 3b), we present
the XANES Si L, , spectra extracted from each of
the designated ROL. The first two sections, ROI1
and ROI2, respectively, were selected outside
the pores and provide an idea about the surface
property of the residual, non-etched thermal
SiO, film. ROI3 is a surface region selected in the
centre of a massive surface part of several merged
pores. ROI4 corresponds to the centre of a three
merged pores region with the common external
boundary. Finally, ROI5 represents the inner part
of a single pore.

The character of the main features distribution
of the ROI1 and ROI2 spectra suggests their
complete coincidence, as well as their similarity
to the reference spectrum of the SiO, thermal
film. Thus, the surface of the film that was
not affected by the collision with the ion and
subsequent chemical etching did not undergo
noticeable transformations with respect to the
local surrounding of Si atoms. The relatively weak
signal characteristic of all ROIs was particularly
noticeable on the pre-edge background and it
was a result of the low spectrum extraction area
dimensions (~ 250 nm).

XANES SiL, , spectra extracted from the ROI3—
ROI5 sections differed from the fine structure
of the ROI1 and ROI2 spectra. In the quantum
energies range above ~ 100 eV, a pronounced
absorption edge was observed, indicating the
presence of silicon atoms not bound with oxygen
atoms. The fine structure was indistinguishable
due to the low intensity, however, the flatter shape
of A-A’ regions was closer to the c-Si reference.
This result confirms that pores in silicon dioxide
were formed down to the wafer, the corresponding
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Fig. 3. a — PEEM image of the studied surface area with a field of view of 10 microns, registered at the energy
of synchrotron (undulator) radiation quanta hv = 108.2 eV with designated spectra extraction ROI with a di-
ameter of ~ 250 nm. b - Synchrotron XANES Si L, ; spectra of individual submicron surface regions from the
ROI indicated on the microscopic image. The characteristic fine structure maxima identical to the XANES Si

L, . spectra of the reference samples are shown

area of which provides such X-ray spectral signal.
The presence of B and C features indicates a
natural oxidation of the silicon surface at the
bottom of the pores. The shape of the observed
features in the “oxide” region corresponds to the
reference spectra for ROI3 and ROI4. In the case
of ROI5, the maxima were deformed, possibly
due to a noticeable local redistribution of the
potential within the area near the pore that had
a pronounced surface relief. This redistribution
of the surface potential, obviously, affects the
signal statistics, causing deviations in the form
of the registered (extracted) absorption edge fine
structure. Nevertheless, all the main features
peculiar to “elementary” silicon and its dioxide
were observed. The ratio of the relative intensities
of these edges, according to data [18], and the dip
in the energy region between the features B and C,
suggest the natural origin of the oxide layer with
thickness ~ 2—3 nm on the surface of the bottom
of individual pores. Thus, even individual SiO,
pores in their array in the por-SiO,/Si structure
had sharp vertical boundaries separating the
silicon oxide walls from the bottom of the silicon
wafer pore. We did not find any traces of transition
layers or other transformations of the physical
and chemical state of the studied structure of
the array of spherical pores formed in a layer of
thermal silicon dioxide on a c-Si wafer.

4. Conclusions

For the first time, in a single experiment, the
morphology and atomic and electronic structure
of porous silicon oxide on silicon formed by
irradiating the SiO, film with 197Au+ions with an
energy of 350 MeV and its subsequent chemical
etching were studied. The PEEM method with the
use of high-intensity synchrotron (undulator)
radiation in two complementary modes: physico-
chemically selective electron microscopy and
spectroscopy of the X-ray absorption near edge
fine structure with high lateral and energy
resolution was used for studies.

It was shown that the pores formed in the
por-SiO,/Si structure had rather sharp and almost
vertical borders, without a transition layer. At
the bottom of the pores was a substrate — a
crystalline silicon wafer covered by a natural
oxide with a thickness of ~ 2-3 nm. Despite
the conducted ion irradiation and subsequent
chemical etching the porous silicon oxide matrix
did not undergo noticeable structural-phase
transformations. Significant disordering and
technological contamination were not revealed
for the silicon wafer atoms at the bottom of the
pores. Thus, ion-track technology in combination
with irradiation followed by chemical etching
is effective for obtaining arrays of the isolated
submicron range pores of identical sizes. Por-
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Si0,/Si structures can be used as a convenient
matrix for further controlled functionalization
of the developed surface.

The extremely high efficiency of the PEEM
photoemission electron microscopy method for
study of a wide range of the objects characterized
by composite structural-phase state of the surface
layer with high accuracy and on a microscopic
scale was demonstrated.
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Abstract

It is necessary to know the values of the thermal conductivity coefficient of a semiconductor material to assess the possibility
of its application as a thermoelectric. The thermal conductivity of natural minerals of galena (PbS), chalcopyrite (CuFeS,),
and ZnS ceramics was studied using the absolute stationary method of longitudinal heat flux in the range of 50-300 K.
The samples were homogeneous, had low impurity content (the chemical composition of the samples was controlled by
the X-ray fluorescence method) and were characterized by high electrical resistivity (p >9-10-2Ohm-m at room temperature).
It corresponds to the electronic component of the thermal conductivity k, < 1-10~* W/(m-K). The results of the thermal
conductivity measurements are presented graphically and in tabular form. All the dependences are shown to be decreasing.
The thermal conductivity values (W/(m-K)) at 50 K amount to 10.9 for PbS, 62 for CuFeS,, and 73-98 for ZnS. At 300 K the
values are 2.48, 10.5 and 18.6 — 18.8 W/(m-K), respectively.

All the studied materials have much worse thermal conductivity than pyrite (FeS,). The obtained data was compared to the
data available in literary sources. The temperature dependence of the thermal conductivity of galena is low, its low thermal
conductivity is favourable for thermoelectric applications.

The thermal conductivity of chalcopyrite, which was detected in this study, appeared to be the highest among the
corresponding literature data. The high thermal conductivity of zinc sulphide correlates to its wide variability depending
on the structural features of the material. The temperature dependences of the mean free path of phonons were calculated.
The values of this characteristic, estimated for the melting temperature, for PbS and for ZnS, in particular, significantly
exceed the size of an elementary crystal cell, which is unusual.

Keywords: mineral, galena, chalcopyrite, ceramics, zinc sulphide, thermal conductivity, temperature dependence.
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1. Introduction

Sulphides are a vast class of compounds with
a semiconductor nature of electrical conductivity
[1]. It is necessary to know the values of the
thermal conductivity coefficient to determine the
scope of application of a solid material, including
its application as a thermoelectric [2]. The feature
of this characteristic is its considerable variability
depending on temperature, impurity composition,
and structural features of the material. The
existing theoretical concepts of heat transfer
processes do not allow reliable and accurate a
priori estimates of thermal conductivity, and the
experimental method is the only reliable way to
determine it.

So far, a number of experimental studies
researching the thermal conductivity of pyrite
(FeS,) [3], galena (PbS) [4-9], chalcopyrite (CuFeS,)
[10—-14],and zinc sulphide [15-19] are known. The
results obtained in these studies vary greatly in
the absolute value of thermal conductivity as well
as in the nature of its temperature dependence.

The aim of this study was to conduct an
independent research of temperature dependence
of the thermal conductivity of the natural
minerals of galena and chalcopyrite (Ural region),
and also of synthetic zinc sulphide ceramics.

2. Experimental

Thermal conductivity in the range of 50—
300 Kwas measured using the absolute stationary
method of longitudinal heat flux. The experimental
equipment and methods are described in [20].
PbS and CuFeS, samples were about 9x9x24 mm

Fig. 1. Photo of a galena monolith with a piece cut off
for a sample

Study of the thermal conductivity of PbS, CuFeS,, ZnS

in size, see Fig. 1, 2, ZnS — 5x5x40 mm. The
measurement error for the value of thermal
conductivity was no more than = 5 %.

The chemical composition of the samples was
controlled using the X-ray fluorescence method
on “SUR-01 Renom”. The X-ray tube had copper
anode, its voltage was 30 kV, and its current
amounted to 4800 pA. A vanadium filter (100 pm)
was used.

X-ray phase analysis was performed using the
DRON-7 diffractometer with cobalt anode of the
tube (A_=1.79021 A).

The PbS sample was cut from a homogeneous,
monolithic piece of galena (see the photo on
Fig. 1) with a mass of about 0.5 kg. The study
of its chemical composition did not reveal any
impurities with an accuracy of 0.01 wt. % with
respect to Pb. In this regard, the resistivity
measured at room temperature turned out to be
p = 9-10-2Ohm-m. This is a sufficiently high value
that, using the Wiedemann-Franz-Lorentz law,
the electronic component of thermal conductivity
k. < 1-10* W/(m-K) can be considered negligible
compared to the experimentally determined.

The CuFeS, sample (see the photo on Fig. 2)
was cut from a homogeneous, monolithic piece
of chalcopyrite. The X-ray powder diffraction
pattern of this sample is given in Fig. 3. It is
almost identical to the diffraction patterns
obtained in [13].

The results of the chalcopyrite sample
chemical composition study are given in Table 1.
The probes were taken from different parts of the
sample.

R )
EeIS. 16 17 1t 20 21778

Fig. 2. Photo of a chalcopyrite monolith with a piece
cut off for a sample
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Table 1. Content (wt%) of chemical elements in
the chalcopyrite sample

Element Probe number
1 2 3 4
Fe 35.03 40.29 39.97 38.09
Cu 60.61 59.48 59.71 60.98
Zn 0.00 0.00 0.00 0.359
Ar 0.213 0.107 0.325 0.338
Mn 0.151 0.117 0.00 0.280

We can see little deviation in the chemical
composition in terms of homogeneity and the low
impurity content. The resistivity and electronic
component of the thermal conductivity at room
temperature were close to those determined for
galena.

One of the zinc sulphide samples (OO0
PromLab, Nizhniy Novgorod, Russia) was obtained
using the method of chemical deposition from the
gas phase by the reaction between zinc vapour
and hydrogen sulphide. The sample carved for the
thermal conductivity measurement was 5x5x40 mm
in size, its major axis was perpendicular to the
growth direction of the material. Zinc sulphide
of the FLIR grade is a highly purified material
(its chemical purity of metal impurities is 6N), its
electrical conductivity is, consequently, very low.
The average grain size is about 10 pm, the density
is more that 99.99 % of the theoretical value. The

10000
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material is suitable for optical applications in IR
equipment and its transparency is in the range
of 1-13 um. In the visible range, ZnS scatters
radiation due to the presence of an insignificant
share of the hexagonal wurtzite phase alongside
with the cubic sphalerite phase.

The second sample of zinc sulphide was
submitted by A.G. Soldatov. (Minsk, Belarus,
Scientific Production Centre of Material Studies)
After fabrication for the measurement, it
had dimensions of 8x6x20 mm. Its electrical
conductivity was negligibly low.

3. Results and discussion

In Fig. 4 there is a temperature dependence
graph of the thermal conductivity k(T) of the galena
sample. For comparison, the results obtained by
the authors of other studies are also given (the
coordinates of the k(T) points were obtained by the
method of digitization of the shown graphs).

It can be seen that in the region of nitrogen
temperatures our k(T) values are close to those
obtained for one of the few synthesized single
crystals in [9]. However, they are significantly lower
than those given in [4]. Low-temperature thermal
conductivity is known [21] to be particularly
sensitive to various structural features of the
material. It should be noted that extrapolation
of our data to the T > 600 K area (dotted line in

2000 =
~ — /‘\2
N~ jwe - mﬁw
0 1 1 1 1 1 1
20 40 60 80 100

20, degrees

Fig. 3. Powder diffraction pattern of the chalcopyrite sample
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Fig. 4. Temperature dependence of the thermal con-
ductivity of galena: (1) [4], (2) [9], our data (3), (4) [8],
(%) 161, (6) [5], () [7]

Fig.4) almost matches the data in [5, 6]. This
allows us to evaluate the latter as common to the
PbS crystalline matrix.

The k(T) curve, obtained in [7], turns down.
And in the sector of the highest temperatures
when describing the behaviour of thermal
conductivity by k(T) ~ T" function, the parameter
value is n > 1.1, which seems doubtful, especially
taking into consideration the very low values of
thermal conductivity. In the aforementioned study
the thermal conductivity was determined from the
temperature conductivity using the temperature
dependence of the heat capacity, calculated by
Debye’s theory. However, it is well known that
actual behaviour of thermal conductivity of many
compounds differs significantly from that of
Debye’s theory. Indeed, as shown in [22, 4], the PbS
thermal conductivity increases sharply when the
temperature reaches room values and continues
to increase until the melting point [23].

The authors [8] used their own heat capacity
data to define the behaviour of thermal
conductivity, which, in our opinion, are in doubt.
We associate the k(T) downward curve, obtained
in this study, with this circumstance.

In Fig. 5 there is a graph of temperature
conductivity of the mean free path of phonons
I[(T) in galena. It was determined from Debye’s
expression

100
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Fig. 5. Temperature dependence of the mean free path

of phonons in PbS

k= Cv-l/3, (1)

where C is the thermal conductivity of a volume
unit, vis the mean free path of phonons (sound).
The phonon thermal conductivity model can be
provisionally used not only for monocrystals but
also for significantly disordered media. We used
our data regarding thermal conductivity, their
extrapolation to the area of high temperatures,
thermal conductivity data from [4] and [23] for
our calculations. The value v = 2040 m/s from [5]
was taken as the average speed of sound.

It can be observed that the temperature
dependence [(T) is relatively low. In the 50-
300 K temperature range the [ value changes by
only one order of magnitude. Such behaviour
of I(T) indicates a significant manifestation of
phonon scattering, which is characteristic for
the polycrystalline compound of the material.
In the range of melting temperature, the value
I, obtained by extrapolation, is 2 times higher
than the parameter of the PbS crystal cell.
Note that for many monocrystals with different
matrix chemical compositions and structures,
the minimum value of [, determined similarly, is
close to the cell parameter or comparable to the
average interstitial distance in the crystal [24, 25].
It seems to be difficult to explain the obtained
large value of [ . for galena. As follows from the
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equation (1), the restrictions on the choice of heat
capacity components effective for heat transfer
can only lead to an increase in the calculated
values of 1. Bipolar contribution to the measured
PbS conductivity noted in [5,6] in the context of
our sample with small impurity content should
be negligibly low.

The results of the thermal conductivity
measurements of chalcopyrite are presented in
Fig. 6. For comparison there are also given the
data of other authors (the coordinates of the k(T)
points were obtained by the digitization of the
graphs in the figures).

It can be seen that the current data regarding
the thermal conductivity of chalcopyrite varies
significantly. The thermal conductivity of the
natural sample examined at temperatures below
room temperature is significantly higher (Fig. 6,
curve 1) than that of the synthesized samples.
Taking into account the small impurity content it
clearly indicates a lesser degree of disorder in the
structure. The temperature behaviour of our graph
k(T) is close to that defined in [12] (curve 4).

Slowing down of the k(T) dependency decrease,
revealed in [11] (curve 2) is, apparently, due
to the non-lattice contribution to the thermal
conductivity. In study [13] the chalcopyrite
sample synthesized by melting-annealing-
sintering process was studied, which had Fe/Cu
atomic ratio of 1.005. We used the heat capacity
(Const(T) defined using Dulong-Petit law to
calculate the thermal conductivity from the
measured temperature conductivity. In fact,
the heat capacity of chalcopyrite increases with
temperature. According to the data in [26] it is
close to the limit value of 3Rx4 =100 (J/(mol-K)
already at room temperature, which is far from
melting temperature, and it continues to increase.
These data were in good agreement with the
high temperature results obtained in [27]. This
is probably why the k(T) graph of the authors
[13] (curve 6) in our Fig. 6 with the selected scale
has an unusual shape, in that it bends sharply
downwards. In the range of room temperature, the
exponent n in the expression k(T)~T"is more than
one and for the highest temperatures n > 2.

The results of the thermal conductivity
measurement of the sample of Cu,. Fe . S, .
[14] (curve 5) are the closest to the data in [13].
In that study the authors took into account

Condensed Matter and Interphases, 2020, 22(1), 97-105
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the experimentally determined temperature
dependence of heat capacity. However, no
numerical heat capacity data are given in that
article.

A possible explanation for the great decrease
in high temperature heat conductivity reported
in [13, 14] may be the proximity to the Neel
temperature T, = 823 K [28, 29].

The authors of study [10] examined a
polycrystal that did not undergo a complete
annealing procedure after synthesis. The glass-
like nature of the temperature dependence of
its thermal conductivity (curve 3)) is associated
with the inhomogeneity of the sample. But the
positioning of the two k(T) points close to room
temperature raises questions about possible
changes in the experimental method or the
quality of the sample, and also about the shape
of a part of the graph which can be extrapolated
to the sector of elevated temperatures.

In Fig. 7 there is a graph of temperature
dependence of the mean free path of phonons in
the studied chalcopyrite sample in accordance
with expression (1). The calorimetric data from
[26, 27] were taken into account. The value

k, W/(m-K)

1 L \ I
100 300

Fig. 6. Temperature dependence of the thermal con-
ductivity of chalcopyrite: (1) our data, (2) [11], (3) [10],
(4 [12], (5) [14], and (6) [13]
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Fig. 7. Temperature dependence of the mean free path
of phonons in chalcopyrite

v = 2040 m/s determined in [13] was taken as the
average speed of phonons.

A slowdown of the growth of [(T) in condition
of the decrease in temperature from T = 100 K
demonstrates the manifestation of phonon-defect
scattering. In the range of room temperature, the
I(T) value decreases rapidly, namely in proportion
to T-'¢. Extrapolation of the graph to the melting
temperate range of CuFeS, gives us the [ . value,
which is an intermediate between the values of a
and c parameters of the crystalline lattice of this
compound.

The results of the thermal conductivity
measurements of two ZnS samples are presented
in Fig. 8. The zinc sulphide thermal conductivity
data of other authors were also presented there
(the numerical data of [16,17] were used, in other
cases the coordinates of the k(T) points were
obtained by digitization of the curves presented
in the figures in the articles).

Significant differences in the given graphs
indicate strong sensitivity of the ZnS thermal
conductivity to the impurity composition and
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Fig. 8. Temperature dependence of the thermal con-
ductivity of ZnS: (1), (2), (4), (9), (10), (11) [18], (3) [15],
(5) [17], (6) and (7) our data, and (8) [16]

structural features of the material. The k(T)
curves of monocrystalline ZnS samples studied
in [15,18] are given above the other ones. Based
on a slightly higher thermal conductivity in
the sector of the lowest studied temperatures,
it can be argued that the Luguevs [18] sample
(Fig. 8, curve 1) had the most perfect structure.
Moreover, the polycrystalline ZnS sample [18]
also demonstrates (curve 2) a higher thermal
conductivity at low temperatures than Slack’s
monocrystal [15] (curve 3). In this regard, we
note that phonon scattering at the boundaries of
crystalline grains with cubic symmetry may be
insignificant even at sub nitrogen temperatures
[30]. In study [16] the object of the research
was the natural mineral of sphalerite, which
can explain the features of the obtained k(7T)
dependence.

As for our samples, their k(T) curves are located
between the graphs for a monocrystal studied by
Krueger [17] (curve 5) and porous polycrystals
from [18] (curves 9, 10, 11). The k(T) graphs that
we obtained have indications of their reaching the
low temperature maximum. It is known that with
an increase in the structure defectiveness, this
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maximum decreases and usually shifts toward
higher temperatures [21].

The lesser low temperature thermal
conductivity of the sample by OOO PromLab
(curve 7), taking into consideration its chemical
purity, can be explained by phonon scattering
due to the presence of the hexagonal wurtzite
phase in it.

In Fig. 9 there is a graph of temperature
conductivity of the mean free path of phonons
I[(T) in this sample. The calorimetric data from [31]
were taken into account, the value of v = 2.86 km/s
calculated using the elastic modules from [32] was
taken as the average speed of sound.

It can be observed that in the temperature
range of 100-300 K the obtained dependence
is satisfactory described by the power function
T-1¢1, Moreover, in the room temperature range,
the value of [ remains significant (~ 102 A).
Note that it is 2 times smaller than the [ value
determined in [18] by another method, provided
that the difference in thermal conductivity is
only ~ 1.5 times. Extrapolating our I(T) graph to
the ZnS melting temperature range gives us the
value of I . which is almost 4 times higher than
the lattice parameter a. This circumstance seems
to indicate the features of the phonon-phonon
interaction in this compound.

The data presented in Table 2 demonstrate
a contrasting difference in the values of the
thermal conductivity coefficient of the studied
compounds. We should note the high value of
the thermal conductivity of chalcopyrite, which
indicates the ordered arrangement of cations in
the lattice. The very low thermal conductivity
of galena attracts attention, being unusual for
compounds with a simple lattice (such as sodium
chloride). This property means it is favourable
for the development of thermoelectric materials.
The high thermal conductivity of zinc sulphide
favours its use in photonics.

Original articles
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Fig. 9. Temperature dependence of the mean free path
of phonons in the ZnS sample

4. Conclusion

Thus, experimental data were obtained that
substantially complement the concepts of the
thermal conductivity of the natural minerals
of chalcopyrite and galena, as well as synthetic
ceramics of zinc sulphide. These data indicate
the fundamental prospects of natural sources of
raw materials for instrument engineering. The
low thermal conductivity of galena means its use
is favourable for thermoelectric applications. On
the other hand, the wide variability of the thermal
conductivity coefficient of these compounds
depending on the state of the material was
revealed. In the future, it is planned to expand the

Table 2. Thermal conductivity values of the studied sulphides at different temperatures

ZnS ZnS
T,K PbS CuFeS, PromLab (Minsk) FeS, [3]
50 10.9 62 73.2 98 900
100 5.6 46.5 60.0 64 207
150 4.02 27.8 40.9 41.6 106
200 3.27 18.8 29.5 30.0 73
250 2.79 13.6 23.1 23.3 58
300 2.48 10.5 18.6 18.8 48
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research into the thermal conductivity of natural
sulphide minerals from various deposits.
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Abstract

Tin- and antimony-based alloys, including SnSb and other compounds of the AVBY type, are used for the production of
anodes for Li*- and Na‘ion batteries. Multicomponent solid solutions allow varying the properties of the material and
improve the technical characteristics of the anodes. There is very little information in the literature about solid phase
solubility in the Sn—As-Sb system, and the phase diagram of the system has not been studied yet. The aim of this paper
was to study the polythermal sections SnAs—Sb and SnAs-SnSb using the X-ray diffraction analysis (XRD) and differential
thermal analysis (DTA), as well as to construct a phase equilibria scheme for the Sn—As—Sb system with the range of tin
concentrations of less than 50 mol%.

The alloys of the polythermal sections SnAs—Sb and SnAs—SnSb were obtained from pre-synthesized binary compounds
and then subjected to homogenizing annealing. The obtained powdered samples were then investigated using differential
thermal analysis (DTA) and X-ray diffraction analysis (XRD).

The XRD results showed that all the studied alloys were heterophase mixtures of solid solutions (SnAs), (SnSb) and o,
where o is a solid solution of tinin the As, Sb _phase. The concentration range of solid solutions based on binary compounds
at room temperature was below 10 mol %. The DTA demonstrated that in several alloys of the two sections the first
endothermic effect was observed at the same temperature (393+2 °C). This temperature corresponds to the peritectic process
involving the above-mentioned phases: L + o’ <> (SnAs) + (SnSb).

Using the DTA method and the XRD data, T-x diagrams of polythermal sections SnAs—Sb and SnAs—SnSb were constructed.
The coordinates of the invariant peritectic equilibrium L + o < (SnAs) + (SnSb) were determined; a scheme of phase
equilibria in the Sn—As—Sb system with the range of tin concentrations of less than 50 mol % was proposed. To construct
a complete scheme of phase equilibria in the ternary system, it is necessary to further investigate the SnAs-Sn,Sb, and
Sn,As.—-Sn,Sb,sections.

Keywords: Sn—As-Sb system, solid solutions, phase equilibria.
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1. Introduction

The latest technological advancements
stimulate the research and development of new
high-energy, reliable, and long lifespan devices
for energy conversion and storage. Owing to their
natural abundance, low cost, and environmental
benignity, sodium- and potassium-ion batteries
are a promising alternative to commonly used
lithium-ion batteries [1-3]. However, the low

P<  Tatiana P. Sushkova, e-mail: sushtp@yandex.ru

energy density and poor life cycle stability
limit their commercial applications [2, 4]. The
development of high-performance electrode
materials is one of the key issues in the production
of next-generation alkali-ion batteries.

Anodes based on alloys including Si, Ge, Sn,
P, As, Sb, and Bi, have been actively investigated
over the past few years [2,4-22]. The intermetallic
compound SnSb is one of the best materials for the
production of anodes for Li*-ion batteries and is a

m The content is available under Creative Commons Attribution 4.0 License.
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promising material for the production of Na*-ion
batteries [4-10]. There are two reasons for this.
First, SnSb contains two elements active toward
Li. Hence, the uptake and release of lithium ions
occurs in the presence of two lithium phases. The
formation of a more stable compound of lithium
and antimony Li Sb results in an increase in
volume, which is buffered by the ductile phase
of tin. This prevents any significant alterations in
the volume that may lead to the decomposition of
the anode material [5-7]. Second, the SnSb phase
has a layered crystalline structure (rhombohedral
lattice, space group R-3m) [23, 24], which allows
for easy intercalation of of ions of alkali metals
into the interlayer space.

Some other compounds of type A'VBValso have
layered structures [25-27], and were tested as
anode materials and intercalates [11-22, 28]. For
instance, tin phosphide Sn P, has the same crystal
lattice [26] as SnSb, and is one of the best anode
materials for Li*- and Na*-ion batteries [11-16].

One of the ways to enhance the technical
characteristics of anodes is to increase the
number of elements in the system and to use
solid solutions based on pure compounds, rather
than the compounds themselves. Modifying
the composition of a solid solution we can
significantly extend the functional characteristics
of the material. This means that it is important
to analyse the nature of phase equilibria in
multicomponent systems. It was determined
that a continuous series of solid solutions Sn P, -
Sn,As.and substitutional bounded solid solutions
based on SnAs and SnP, [29-32] is formed in the
system Sn—As-P. Taking into account that Sn,P.,
Sn,As,, Sn,Sb, and SnSb have identical crystal
lattices [24-26], while phosphorus, arsenic, and
antimony are electronic analogues, and the atoms
of As and Sb are close in size (the system As—Sb
demonstrates complete miscibility [33]), we can
expect the formation of ternary solid solutions in
the system Sn—As—Sb as well.

To date the phase diagram of this system
has not been well studied. [34] mentions that
the earliest study, published in 1919, suggested
the possibility of existence of a ternary chemical
compound, but its crystalline structure was not
determined; later studies did not confirm this
suggestion but indicated high miscibility of
rhombohedral SnSb and cubic SnAs. It is therefore
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important to study the phase equilibria in the
ternary system Sn—As—Sb.

The binary systems limiting the ternary system
Sn—-As-Sb, contain four chemical compounds.
Arsenide Sn,As_decomposes peritectically, while
SnAs melts congruently [35]. The composition
and structure of the two intermediate phases of
the system Sn-Sb still cause a lot of controversy.
All the previously published versions of the phase
diagram of Sn-Sb are thoroughly analysed in
[23]. In this study, we used the phase diagram
described in [24], which is based on a rigorously
conducted experiment using a set of modern
research methods. According to [24], SnSb and
Sn,Sb, have incongruently melting phases with
wide homogeneity regions. Therefore, none of
the sections of the studied ternary system can
be quasi-binary.

The aim of this paper was to study the
polythermal sections SnAs—Sb and SnAs—SnSb
using X-ray phase analysis (XRD) and differential
thermal analysis (DTA) and to construct a phase
equilibria scheme for the Sn—-As-Sb system
with the range of tin concentrations of less than
50 mol%.

2. Experimental

The alloys whose compositions correspond
to the polythermal sections SnAs—Sb and SnAs—
SnSb were obtained in two stages. The binary
phases were preliminary obtained by means of
direct melting of simple chemical substances:
Sn-5N tin (99.999 %), As-5N arsenic (99.9997 %),
and Sb-000 antimony (99.99%). Arsenic was
preliminary purified from oxides by vacuum
sublimation. The samples were weighed using
electronic scales AR2140 (measurement error
+1-103g). The alloys were synthesized in quartz
ampoules vacuumed to the residual pressure
of 5-10-*hPa. The three-component samples
underwent homogenizing annealing at 300 °C
for 150 hours. The samples were then cooled in
the furnace.

X-ray phase analysis was performed using an
ARLX’TRA diffractometer with Bragg—Brentano
©-0 focusing geometry. The source of radiation
was an X-ray tube with a copper anode which
had the following characteristics: maximum
capacity - 2200 W; A(Cu-K_)) = 0.1541 nm;
MCu-K_ ) = 0.1544 nm. The X-ray patterns were
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made with a step size of 0.04° and a counting time
of 3 seconds per step. The error for determining
the interplanar distances d, ,was below 5-10~*nm.
The obtained patterns were interpreted using
the Powder Diffraction File of the International
Centre for Diffraction Data (ICDD PDF-2, 2012).

Differential thermal analysis (DTA) was
performed using a furnace with a programmed
heating rate of 5 deg./min and chromel-alumel
thermocouples. The signal received from the
thermocouples was digitized and processed
by the MasterSCADA software package. The
reference sample was calcined aluminium oxide
placed in a Stepanov quartz vacuumed vessel
of approximately the same size as the quartz
ampoules containing the studied substances.

The calibration benchmarks for the system
were pure substances: tin (232.1 °C), tellurium
(449.7 °C), and antimony (630.9 °C) [36]. The
error for temperature measurement was below
+2°. Since the alloys of the studied system have a
tendency to undercool, the temperature of phase
transformations was determined by the heating
curves.

3. Results and discussion

Fig. 1 demonstrates X-ray powder diffraction
patterns of certain alloys of the polythermal
section SnAs-Sb. When the concentrations
of antimony in the samples are low, the
diffractograms show peaks attributable to three
phases: solid solutions based on tin monoseride
(SnAs) and antimony monoseride (SnSb), and

Phase Equilibria in the Sn—As-Sb System with Tin Concentrations of Less than 50 mol %

tin solid solution in the phase As,_Sb (o).
Since the alloy containing 10 mol% of Sb was
not single-phase (Fig. 1a), we can conclude that
the concentration range of the SnAs-based solid
solution along the section SnAs—Sb at room
temperature is below 10 mol%.

The peak shift occurring due to the alteration
of the alloy compositions indicates the formation
of a SnAs-based solid solution. It is even
better demonstrated by the increase in the
interplanar distances and the cubic lattice
parameter (Table 1). The samples with antimony
concentrations of less than 50 % demonstrated
few (SnAs) peaks which were of very low intensity,
since (SnAs) is formed in these alloys only during
secondary or tertiary crystallization and in very
small quantities.

The lines corresponding to the solid solution
(SnSb) and shifted toward greater angles as a
result of substitution of antimony atoms with
smaller arsenic atoms, were observed in the X-ray
powder diffraction patterns of all the samples.

For all the samples, the 100% intensity
line corresponded to the solid solution o’.
The number of peaks of this phase increased
with higher concentrations of antimony in
the alloys. A significant shift of the lines
following the alteration of the composition of
the samples indicated a significant difference
in the composition of this phase. This resulted
from the change in the direction of the connodes
connecting the melting point and the composition
of the crystallised o/-phase.

Table 1. Interplanar distances (d, nm) and the lattice parameter (a, nm) of the SnAs-based solid

solution present in the alloys of the section SnAs-Sb

SnAs The composition (mol. f. Sb) of the alloys of the section SnAs— Sb
hkl d 0.10 0.20 0.30 0.40 0.50
111 0.3306 0.3308
200 0.2862 0.2869
220 0.2024 0.2042 0.2054 0.2045 0.2045
311 0.1726 0.1730 0.1749 0.1752
222 0.1652 0.1655 0.1686
400 0.1431 0.1433 0.1470 0.1473 0.1474
331 0.1312 0.1319 0.1332 0.1332 0.1332 0.1349
420 0.1280 0.1281 0.1299
422 0.1168 0.1170 0.1198 0.1198 0.1196
511 0.1101 0.1102 0.1113 0.1134
Lattice 0.5725 0.5735 0.5799 0.5824 0.5900 0.5977
parameter, a
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Fig. 1. X-ray powder diffraction patterns of the polythermal section SnAs-Sb: a — 0.10, b — 0.70 mol.f. Sb.

Designations: e — (SnSb), m — (SnAs), A — o

The study of the second polythermal
section SnAs-SnSb by means of XRD analysis
demonstrated that the samples also contained
three solid solutions: (SnAs), (SnSb), and o’
(Fig. 2). (SnAs) peaks were dominant in the
samples with less then 20 mol% of SnSb (Fig. 2a).
Then their number and intensity decreased, and
the most intense lines corresponded to the solid
solution (SnSb) (Fig. 2b). Table 2 presents the
calculations of the lattice parameters of the solid
solution based on tin monoseride. It is impossible
to evaluate the composition of the solid solution
using Vegard’s law, since SnAs and SnSb have
crystal lattices of different types.

The peaks of phase o are present in the X-ray
powder diffraction patterns of all the samples, but
their number and intensity are relatively small.
Judging by the absence of single-phase alloys, we

Condensed Matter and Interphases, 2020, 22(1), 106-115

can conclude that the solid phase solubility along
the section SnAs-SnSb at room temperature is
below 5 mol%.

Differential thermal analysis demonstrated
that in several samples of the studied sections
the first endothermic effect was observed at
nearly the same temperature of 393%2 °C (Fig. 3).
In order to interpret the experimental results of
the DTA correctly and construct T-x diagrams
of the sections, we analysed the crystallization
processes of the alloys.

Fig. 4 shows the representation of the
T-x-y diagram of the ternary system limited
by binary systems. The polythermal section
SnAs-Sb intersects the fields of primary
crystallization of the SnAs-based solid solution
and the solid solution o. For the alloys whose
compositions correspond to the absegment,
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Fig. 2. X-ray powder diffraction patterns of the polythermal section SnAs—SnSb: a — 0.05; b — 0.90 mol.f. SnSb.
Designations: e — (SnSb), m — (SnAs), A - o

Table 2. Interplanar distances (d, A) and the lattice parameter (a, A) of the SnAs-based solid solution
present in the alloys of the section SnAs-SnSb

SnAs The composition (mol. f. SnSb) of the alloys of the section SnAs — SnSb
hkl d 0.05 0.10 0.20 0.30 0.40 0. 60
111 0.3306 0.3306 0.3306
200 0.2862 0.2865 0.2866 0.2876
220 0.2024 0.2026 0.2029 0.2028 0.2040 0.2043
311 0.1726 0.1728 0.1729 0.1740 0.1753 0.1758
222 0.1652 0.1654 0.1654 0.1680 0.1687
400 0.1431 0.1433 0.1434 0.1437 0.1437 0.1439
331 0.1313 0.1316 0.1317
Lattice
0.5725 0.5730 0.5732 0.5742 0.5780 0.5829 0.5909
parameter, a
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primary crystallization is carried out according to
the L < (SnAs) scheme; secondary crystallization
corresponds to line e U, (L < (SnAs) + o);
the process ends at U,. For the alloys whose
compositions correspond to the bcsegment,
primary crystallization occurs in the solid
solution o (its composition is different for
different alloys); then the figurative melting
point falls either on the curve e,U,, or the curve
p,U,, along which the peritectic process L+ o’
< (SnSb) occurs. For one of the compositions,
secondary crystallization does not occur, and the
figurative point falls directly on U..

Thus, for all the alloys of the section SnAs-—
Sb the crystallization process ends at U,, which

lies outside the trapezium As—SnAs-SnSb-Sb. It
is at this point that the temperature is 393%2 °C,
which allows for the peritectic transformation
L+ o < (SnAs) + (SnSb). On the T-x diagrams of
the polythermal sections (Fig. 5) U, corresponds
to the horizontal, below which there are only
solid phases.

The polythermal section SnAs—SnSb also
intersects the fields of primary crystallization of
solid solutions (SnAs) and o’. The sequence of
the crystallization processes of the alloys whose
compositions correspond to segments ad and df
is the same as that of the alloys corresponding
respectively to segments as and éc on the section
SnAs-Sb. TheT-x diagram of the section SnAs-

Condensed Matter and Interphases, 2020, 22(1), 106-115 111
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Fig. 4. Scheme of phase equilibria in the Sn—As—Sb ternary system

SnSb is shown in Fig. 5b. The second horizontal
at the temperature of 408+2 °C is accounted for
by the fact that after primary crystallization of
(SnAs) the figurative melting point falls at the
same point (d) on the monovariant curve e,U,,and
secondary crystallization of several alloys begins
at the same temperature.

The triple points on T-x diagrams of the
sections (Fig. 5b) correspond to points b and d
on the curve e U, (Fig. 4). Thus, the results of
the DTA allow to determine the coordinates
of the monovariant equilibrium line e U,. This
curve intersects the section SnAs-Sb at the
temperature of 500+2 °C and the composition
(SnAs) .Sb ... It intersects the section SnAs—

112

SnSb at the temperature of 408+2 °C and the
composition (SnAs),, (SnSb) .

Theline startingat U, (Fig.4) separates the fields
of primary crystallization of phases (SnAs) and
(SnSb). The eutectic process L <> (SnAs)+(SnSb)
occurs along this line. This process should end
at a four-phase equilibrium point. But in order to
determine the character of this equilibrium we
need to analyse the polythermal sections SnAs—
Sn,Sb, and Sn,As.~Sn Sb..

Assuming that a continuous solid solution is
formed between Sn,As, and Sn,Sb, (which is quite
probable, since they have the same crystalline
structure and similar lattice parameters), we can
suggest that the second four-phase equilibrium
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point U, corresponds to the peritectic process
L+ (SnAs) < (Sn,As,), (Sn,Sb,) + (SnSb).

4. Conclusions

The analysis of polythermal sections SnAs—
Sb and SnAs-SnSb by X-ray phase analysis
demonstrated that all the alloys include three
phases, specifically solid solutions based on
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SnAs and SnSb, and a solid solution of tin in
phase As, Sb (a’). The concentration range of
the solid solution based on tin monoarsenide
along the section SnAs—Sb at room temperature
is below 10 mol%; the solid phase solubility
along the section SnAs—SnSb is below 5 mol%
on both sides. Using the results of the differential
thermal analysis and the XRD data T-x diagrams
of polythermal sections SnAs—Sb and SnAs—-SnSb
were constructed. It was determined that at a
temperature of 393+2 °C the invariant peritectic
equilibrium L + o <> (SnAs) + (SnSb) is present
in the ternary system Sn—-As-Sb. To construct a
complete scheme of phase equilibria in the ternary
system, further investigation of the SnAs-Sn,Sb,
and Sn, As_—Sn, Sb,sections is necessary.
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Abstract

Chemostimulated thermal oxidation is one of the approaches to the formation of functional nanoscale films on an A"BY
surface. In order to obtain the desired result, it is necessary to reasonably choose an object that can act as a chemostimulator
of the process or a modifier of the structure and properties of films formed as a result of oxidation. The use of complex
compounds capable of combining both of these functions seems to be effective. The purpose of the study was an investigation
into the effect of nanoscale layers of the Mn, (P V, ,O,), chemostimulator-modifier on the process of thermal oxidation of
GaAs, its composition, and morphology of the formed films.

The object of study was gallium arsenide (100) with nanosized layers of manganese vanadate-phosphate Mn,(P,,V,,0,),
deposited on its surface. In order to increase the speed of the process and ensure the high chemical homogeneity of the
product, it was proposed to use microwave activation of the synthesis of the chemostimulator-modifier Mn, (P, ,V,.,0O,), and
its further deposition onto the surface of the semiconductor by the spin-coating method. The formed Mn, (P, ,V,,O,),/GaAs
heterostructures were thermally oxidized in the temperature range 490-550 °C for 60 min in an oxygen stream. The thickness
of the growing films (by laser and spectral ellipsometry), their composition (X-ray phase analysis, Auger electron
spectroscopy), and surface morphology (atomic force microscopy) were controlled.

Studies of the kinetics of thermal oxidation of Mn,(P,,V, ,0,),/ GaAs heterostructures showed that the determining process
is the solid-phase reaction, limited by diffusion in the solid phase, and the transit character of the chemostimulator without
the catalytic effect occurs. It was revealed that manganese vanadate-phosphate promoted an increase in the growth of the
formed film by an average of 70-220% compared to the standard oxidation of GaAs, leads to the intensification of secondary
interactions of the oxides of the substrate components with the products of thermolysis of Mn (P V, ,O,), and the absence
of segregation of arsenic in the film in a non-oxidized state.

Thermal oxidation of Mn,(P,,V,,0,),/GaAs heterostructures results in the formation of nanoscale (50-200 nm) films with
a fairly pronounced relief. Further study of the electrophysical characteristics of the films is necessary, since composition
data suggest they possess a dielectric nature. This can be used in practice for the formation of films on the surface of ABY
with functional purposes and with widely varying characteristics.

Keywords: gallium arsenide, manganese vanadate-phosphate, nanoscale films, chemostimulated oxidation, microwave
synthesis.
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1. Introduction

Heterostructures on gallium arsenide are
widely used in technologies for the production
of microwave integrated circuits, various
optoelectronic devices, and field-effect transistors
[1-6]. The result of the appearance of gallium
arsenide microelectronics was the creation of
efficient and powerful injection lasers and LEDs
based on GaAs/GaAlAs heterostructures in the
wavelength range of 600-900 nm [7-9]. Moreover,
the variety of objects formed on the GaAs surface
and possessing a wide range of properties is
extremely large: quantum dots, one-dimensional
nanostructures, and thin films. In the latter
case, the application of a wide variety of oxides,
sulphides, nitrides, and complex compounds
is possible, and now there are a number of
physical and chemical methods for the creation
of such A™BY based thin-film heterostructures
[10-13]. However, the problem of synthesizing
functional nanoscale films by relatively simple
and technologically advanced methods has not
yet been solved.

The formation of functional nanosized
films on the GaAs surface by thermal oxidation
requires the use of reasonably selected synthesis
chemostimulators and film modifiers [14, 15].
Chemostimulators change the semiconductor
oxidation mechanism and prevent segregation
of arsenic in a free state at the inner boundary
of the film. Modifiers in the process of thermal
oxidation are embedded in the film, enabling
its rapid growth, and a targeted change in its
composition and nanostructure.

The use of complex compounds in the
process of thermal oxidation of ABY seems to
be effective. Their cationic component includes
a chemostimulator. An anionic component
can act as a modifier, by being included in the
composition of the film (phosphates, sulphates,
etc.) as a group, and can also contain a second,
additional, chemostimulator (for example,
vanadates). In this case, there is an additional
opportunity to fine-tune the regulation of the
synthesis processes using the combined effects
of the chemostimulator-modifier. In this study,
manganese vanadate-phosphate Mn,(P .V ,0,)
was chosen as a chemostimulator-modifier.
Manganese oxides are effective chemostimulators
of the oxidation processes of A"'BY[16]. Vanadate
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groups VO?, isostructural to arsenate anions
AsO}" [17], are ready fragments of films formed
during the oxidation process. In addition, oxygen
compounds of vanadium, are able to exhibit the
function of a chemostimulator even in the anionic
component [18]. The doping of manganese
vanadate with phosphorus ensures the inclusion
of phosphate groups PO}~ exhibiting dielectric
properties in the films [19].

The purpose of the study was the investigation
of the effect of nanoscale layers of the chemo-
stimulator-modifier Mn, (P, V, ,0,), on the process
of thermal oxidation of GaAs and the composition
and morphology of the formed films.

2. Experimental

The synthesis reactions of manganese
vanadate-phosphate Mn,(P,,V ,0,), from a
solution of precursors was carried out under
the influence of microwave radiation (operating
frequency 2450 MHz, P___of source — 800 W) [20].
Vanadium (V) oxide V, O, (analytical grade, Russian
Federation Purity Standard TU 6-09-4093-88) was
dissolved in an excess of a 20 % NaOH solution
(analytical grade, Russian Federation Purity
Standard GOST 432877),whichled to the formation
of sodium metavanadate NaVO,. Na,HPO,-12H,0
(analytical grade, Russian Federation Purity
Standard GOST 4172-76) and MnCl,-4H,0
(International Purity Standard analytical reagent)
solutions were added to a NaVO, solution for
the synthesis of Mn,(P,,V,,0,),. Exposure to
microwave irradiation of 600 W was performed
for 10 min. The resulting suspension was cooled
to room temperature and the Mn,(P .V, ,0,),
precipitate was separated from it using a vacuum
filter. Then the precipitate was washed, dried, and
annealed at a temperature of 400 °C for 2 hin a
muffle furnace (SNOL 8.2/1100).

The phase composition was determined by X-
ray phase analysis (XRDs) using an ARL X’TRA
diffractometer in continuous mode. The angular
range of the study was in the range from 10 to
80 ° (CuK , c A = 1.540562 A) at 25 °C. The size of
the coherent scattering regions (CSR) according
to X-ray phase analysis (XRD) for the synthesized
Mn, (P, ,V,,0,), powder was calculated according
to the Scherrer equation [21]:

kx\

Dy =",
B,y COSO

hd =
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where D, - average particle size, A, k- correction
factor (for cubic and orthorhombic structure
k =10.9), A - X-ray tube wavelength, 6 — the position
of the peak maximum, deg., B, , — intrinsic physi-
cal broadening of the diffraction maximum, rad.

Monocrystal (100) gallium arsenide wafers
of AGTSCh-1 grade were used as semiconductor
substrates. GaAs was doped with zinc, the
concentration of the main charge carriers was
11.5-10'8-2.5-10 cm™3. For the creation of
Mn,(P,,V,,0,,/GaAs heterostructures with
nanosized vanadate phosphate layers, the spin
coating method was used [22]. Distilled water was
added to the Mn,(P .V ,0,), powder. Dispersion
was then carried out in an ultrasonic bath (VU-09-
“Ya-FP”-0) for 15 min. A small amount of gelatine
was added for the improvement of the adhesion to
the substrate during spin-coating application. The
final solution was stirred at 80 °C for 15 min with
a magnetic stirrer (Magnetic Stirrer MSH-300).

Before the formation of thin-film hetero-
structures, the GaAs semiconductor substrates
were treated with concentrated HF (49 %) for
10 min [23].

The thermal oxidation of Mn,(P .V, ,0,),/GaAs
heterostructures was carried out in a flowing
quartz reactor of a horizontal resistive heating
furnace (MTP-2M-50-500) with temperature
control with an error of 1 °C (ARIES TRM-201).
The process was carried out in flowing oxygen
(medical (99.5 %) GOST 5583-78, National
product classification code: 21 1411 0200) with
a volumetric flow rate of 30 1 /h (linear gas flow
rate in the reactor was 10 cm/min). Oxidation of
the samples was carried out in the temperature
range 490-550 °C for 60 minutes.

The thickness of the deposited layers of vanadate
phosphate and films grown by thermal oxidation
was measured using a LEF-754 laser ellipsometer
(LE, accuracy * 1 nm) and an Ellipse-1891 spectral
ellipsometer (SE) [24]. According to the LE and SE
data, the layer thickness of Mn,(P ,V,,0,),on the
semiconductor surface was 251 nm.

The elemental composition of oxide films on
GaAs and the distribution of components based
on their thickness were determined by the Auger
electron spectroscopy (AES) method using an
ESO-3 spectrometer with a DESA-100 analyser,
determination accuracy * 10 %. In this study, the
layer-by-layer etching of films by argon ions was
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used for obtaining information on the distribution
of elements along the film depth.

The imaging of the samples was performed by
atomic force microscopy (AFM) using a Solver P47
Pro (NT-MDT) scanning probe microscope with
the HA_NC Etalon cantilever.

3. Results and discussion

Microwave activation of the synthesis of a
chemostimulator modifier Mn.(P,,V,,0,), for a
significant increase in the speed of the process
and provision of high chemical homogeneity of
the product was proposed in studies [25-27].

According to the study [28], decomposition
of crystalline hydrates of 3d-elements in the
microwave field was carried out in several stages
to the oxide phase. Initially, crystalline hydrate
solutions absorb microwave radiation due to
the water of crystallization. At temperatures of
130-180 °C, hydrolysis of salts starts, with the
formation of oxo- and hydroxo- compounds
as intermediate products. Fine oxide particles
that are formed after decomposition of salt
compositions are uniformly distributed over the
reaction volume and are able to actively interact
with each other. A significant contribution is
also made by the specific “non-thermal” effect
of microwave radiation associated with the
generation of ion currents at intercrystalline
boundaries, the intensity of which increases
significantly in highly dispersed systems.

XRD results of synthesized Mn,(P .,V ,0,),
powder in addition to the presence of the target
phase showed the presence of impurities in the
form of Mn,(PO,), (d,,, = 2.8745 A; 1.8610 A)

hkl

and V,0, (d,, = 4.3611 A; 4.0797 A; 3.3979 A;
2.7566 A). Despite the excess of sodium hydroxide
during the synthesis of metavanadate, it was
not possible to fully use V,0,, which according
to the literature [29] can be observed in similar
reactions. However, the presence of vanadium (V)
oxide in the synthesized nanocrystalline powder
is not a drawback, since previously [18]an effective
chemostimulating effect of V,O, by the catalytic
mechanism was revealed in the processes of
thermal oxidation of A™BY semiconductors. The
average size of the CSR was 30 nm.

The kinetic characteristics of the oxidation
processesof Mn,(P .V, ,0,),/GaAsheterostructures
processed using the equation d = (kt)", are
presented in Table 1.
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Table 1. Kinetic parameters of the equation d = k"t" for the process of thermal oxidation

of Mn,(P, V,.0,),/GaAs heterostructures

Chemostimulator- Oxidation Maximum relative
modifier temperature n, . An, nm""min! EAE, k]/mol increase
range, °C of film thickness,%
Mn, (P .V ,0,),/GaAs 490-550 0.39+0.01 156 220
GaAs (standard) 450-550 0.56+0.01 110 -

Duringthethermal oxidationofMn,(P, V,.,0O,),/
GaAs heterostructures the value of n_ was less
than 0.5, indicating that in this temperature
range the determining process is the solid-phase
reaction, limited by diffusion in the solid phase
[16]. The EAE value of the studied process was
somewhat higher (156 kJ/mol) compared with the
intrinsic thermal oxidation of GaAs (110 k]/mol).
It is typical for a solid-solid reaction without a
catalytic effect and indicates the transit nature
of the action of the chemostimulator in the
considered process [14].

The relative increase in film thickness g
during chemically stimulated thermal oxidation
of Mn,(P,,V,,0,),/GaAs (Table 2) in comparison
with the intrinsic oxidation of the semiconductor
was calculated by the formula:

Ad

Mn (By.1 V0,904 )2/ GaAs .100 %
’

Ad

g:

GaAs

where Ad,; - o0 109042604 ~ ChANGe in the thickness
of the film formed in the process of thermal oxi-
dation of the studied heterostructures with a
deposited chemostimulator layer minus the
thickness of the latter,and Ad_,, - change in the
oxide film thickness during intrinsic oxidation of
gallium arsenide.

When the chemostimulator-modifier
Mn,(P,,V,,0,), was used over the entire tempera-
ture-time range, an increase in the growth
of the formed film by an average of 70-220 %
was revealed compared with the oxidation of
GaAs. This, apparently, was due to both the

incorporation of ready isostructural phosphate
and vanadate groups into growing films, and the
effective chemostimulating effect of the cationic
component of vanadate phosphate and V,0,
detected in the initial powder.

Films formed by the oxidation of
Mn,(P, V,,0O,),/GaAs heterostructures contained
MnAsO,, Mn,(VO,),, Mn,(PO,),, GaAs, GaAsO,
(Table 3). With an increase in the oxidation
temperature, the intensities of the reflections
of gallium arsenate and manganese arsenate
were observed, confirming the intensification
of the secondary interactions of the oxides of
the substrate components with the products of
thermolysis of the chemostimulator.

The analysis of the distribution profiles of
elements along the depth of the film formed by the
oxidation of Mn (P, V| ,0,),/GaAs heterostructure
in the regime of 510 °C, 60 min, demonstrated
(Fig. 1) that the film was enriched with oxygen
(up to 50-60 %) over the entire thickness. This
indicates the absence of segregation of arsenic
in the film in an unoxidized state (which is an
attribute of the process of intrinsic thermal
oxidation of gallium arsenide), and hence the
effective chemostimulating effect of manganese
vanadate-phosphate. The presence of gallium
and arsenic on the film surface confirms their
significant diffusion into the chemostimulator
layer. Phosphorus in the film was practically
not fixed, which was probably associated with
its small amount due to evaporation in the form
of oxides and the detection limit of elements

Table 2. Relative increase in oxide film thickness during thermal oxidation of Mn,(P ,V ,0,),/GaAs
heterostructures in comparison with the GaAs standard

Relative increase in thickness as a function of oxidation time, %
O6paser -
T, °C/t, min 10 20 30 40 50 60
530 68 83 84 82 83 90
Mn.(P .V .0,)./GaAs
3% 0170974%2 550 69 90 115 190 196 220
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Table 3. Composition of films formed by the thermal oxidation of Mn, (P, V, ,0,),/GaAs heterostructures

(XRD data [30])

s
1.7829 51.195 MnAsO,
1.3898 67.320 Mn,(VO,),
Mn%(gg)-l;é)f%)é/l ic;f‘As’ 3.5777; 2.7806 24.867; 32.166 Mn,(PO,),
3.2541 27.386; GaAs
1.6299; 2.0674 56.406; 43.752 GaAsO,
1.7909 24.823 MnAsO,
Mn,(P,,V,,0,),/GaAs, 3.2542 27.385 GaAs
530 °C, 60 min 3.5840; 2.774 24.823; 32.204 Mn,(PO,),
2.0679 43.739 GaAsO,

70 5 Concentration,
atomic %

40
Etching time, min

50 60 70 80 90

Fig. 1. Auger profiles of the distribution of elements in the film formed by the oxidation of an Mn (P, V, ,0,),/GaAs

heterostructure at 510 °C, 60 min

by the Auger electron spectroscopy method.
With further propagation into the film, oxidized
gallium and arsenic exist in the form of gallium
arsenate, which correlates with XRD data.
According to AFM data for a non-oxidized
Mn,(P, V,,0,),/GaAs heterostructure, the
average difference in the relief height was
about 15 nm (Fig. 2). For Mn,(P,,V,,0,),/GaAs
heterostructure, oxidized at 490 °C for 60 min,
the difference in the relief height decreased to 8-
10 nm. The average grain size was within 200 nm
(Fig. 3a, b) With an increase in the oxidation
temperature to 550 °C, the films had more
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expressed relief (Fig. 3c, d) The height difference
increased to 20-25 nm, the average grain size
increased to 300 nm.

Thus, nanoscale (thickness range of 50-
200 nm) films with a fairly expressed relief
were formed during the thermal oxidation of
Mn,(P .V ,0,),/GaAs heterostructures. As the
oxidation temperature increased, the grain
structure of the films became more expressed.

4. Conclusions

The chemically stimulated oxidation of
gallium arsenide with a nanoscale layer of
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Fig. 3. AFM images of the films surface (a, c) and profile (b, d) formed by the oxidation of Mn.(P .V ,0,),/GaAs
heterostructures at 490 °C, 60 min. (a, b) and 550 °C, 60 min. (c, d). The size of the scanning area is 3x3 um?
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manganese vanadate-phosphate on the surface
proceeds via a transit mechanism. This was
evidenced by the EAE value of the process (of the
order of 156 kJ/mol), which was somewhat higher
in comparison with the standard oxidation of
GaAs (~ 110kJ/mol). According to the XRD results,
V,0,, a chemostimulator with a pronounced
catalytic mechanism of action, initially present
in the starting vanadate-phosphate was not
detected in the films, which confirms the absence
of a catalyst regeneration cycle V,0, <> VO,.Films
formed by the oxidation of Mn,(P .V, ,0,),/GaAs
heterostructures were in the thickness range of
50-200 nm. They mainly contained manganese
and gallium arsenates and had expressed relief
with a grain size in the range of 200-300 nm.
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Abstract

Information on the anodizing of sintered powders (SP) of niobium is limited by the study of the growth of barrier-type
films. The formation of a nanostructured anodic oxide film (AOF) on the surface of powder particles should lead to a
noticeable increase in the specific surface of the sample and an increase in the chemical activity of the material. In view
of the above, the study of the anodic nanostructuring of sintered niobium powders is of high importance and offers
opportunities for creating new functional nanomaterials. This paper was aimed at the study of the anodizing process of
sintered Nb powders in a fluorine-containing aqueous electrolyte 1 M H,SO, + 1 % HF.

The objects of the study were samples of sintered Nb powder with a specific area of S, =800 cm?’/g. Anodizing was conducted
ina 1 MH,SO, + 1 % HF electrolyte with various values of current density j.. Surface morphology before and after anodising
was investigated by scanning electron microscopy (SEM) and atomic force microscopy (AFM). X-ray diffractometry was
used to study the phase composition. Kinetics of the growth of anodic oxide films (AOF) on the surface of sintered Nb
powders SP in galvanostatic mode was studied. The optimal conditions were defined for obtaining U (t) voltage-time
transients, characteristic of the formation of self-organised porous anodic oxide films (AOF). It was established that anodizing
at current density values j = 0.10-0.20 mA/cm? leads to the formation of a Nb,O, oxide film on the surface of sintered
powders SP with a regular-porous layer adjacent to metal and a crystalline microcone layer over it. The microcones (up to
0.6 um high, up to 2 um in effective base diameter) consist of branched fibrils with a diameter of ~18-30 nm, connected
on top.

It was established for the first time that anodizing of sintered niobium powders in a fluorine-containing aqueous electrolyte
leads to the formation of an oxide film with an upper crystalline microcone layer on the surface of powder microparticles.
The suggested method for surface processing can be used for the development of biocompatible powder implants.
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1. Introduction

It is known that the anodizing of Ta, Nb, Al, Ti,
and other metals in weak acid water solutions that
do not dissolve the oxide film being formed leads
to the formation of thick (or barrier-type) anodic
oxide films (AOF) with dielectric properties on
their surfaces [1]. Self-organised oxide films with
regularly located nanosized structural elements
(tubes or pores) can also be formed on the
surface of metals and alloys by electrochemical
anodizing in electrolyte solutions. Self-organised
AOFs are usually divided into two groups:
porous and tubular with different morphological
characteristics [2, 3].

Previous research showed that the synergy
of the processes of the oxide film growth and
dissolution implemented during the anodizing
of niobium in fluorine-containing electrolytes
also lead to the formation of self-organised
nanoporous anodic oxide films [4-13]. The
interest in nanoporous AOFs formed on Nb can be
explained by such properties as high specific area,
good adhesion to the substrate, biocompatibility,
antibacterial, and catalytic activity. Such AOFs
can be effectively used in gas sensors, catalysts,
electrolytic capacitors, and electrochromic
devices as well as in thin-film lithium-ion
batteries, etc. [11, 13-17].

According to [15, 18-30], the anodizing
of niobium foil in fluorine and phosphate
containing aqueous and non-aqueous (organic)
electrolytes can also help to obtain oxide films
with a surface layer consisting of an ensemble
of nanonstructured microcones. The oxide films
with such morphology obtained by the anodising
of niobium in fluorine-containing aqueous
solutions were mentioned for the first time in
papers [18, 19]. In a series of articles [21-23], it
was shown that microcones can also be obtained
by anodizing in a hot glycerine electrolyte with
additives K, HPO,and K.PO,.It was established that
microcones have crystal structure corresponding
to orthorhombic T-Nb,O, [29] in contrast to self-
organised AOFs that tend to be X-ray amorphous.
Specific features of the structure of microcones
have not been thoroughly studied yet, although
it is shown that they consist of dendritic fibres of
nanosized diameter connected on top [28-30].
Their large surface area, morphological regularity,
and crystal atomic structure make them appealing
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for different applications. In particular, new
biomedical applications, fabrication of the
surfaces with regulated wettability, and the use
as photoanodes in dye-sensitised solar cells
are considered [28, 29]. The relative lack of
information on crystalline microcone anodic
niobium oxides provides motivation for the
further study of their formation.

There is no agreement on the mechanism
of initiation and development of microcones of
crystalline Nb,O, during anodizing. Only first
model representations, based on the initiation
and development of crystalline oxide nuclei on
the metal/oxide interface, have been suggested
[21,29]. Most researchers agree that the initiation
and growth of microcones of crystallites Nb,O,
with the formation of nanostructured microcones
occur under a strong electric field in the presence
of fluoride ions (with NaF and/or HF in aqueous
electrolytes) or phosphate ions (with K, HPO, +
K.PO, in organic electrolytes) with a rather long
time of anodizing and/or increased temperatures
of the electrolyte (T ~ 160 °C).

Previously, the growth of nanoporous and
nanotubular AOFs obtained on the surface of
metal foil and tin was studied. Exceptions are
the works dedicated to the formation of bioactive
anodic oxide coatings on the surface of porous
titanium [30—-32] and sintered powders of TiAl [3,
33-35]. Information available on the anodizing
of sintered powders (SP) of niobium is limited by
the study of the growth of barrier-type films. The
formation of a nanostructured anodic oxide film
(AOF) on the surface of powder particles should
lead to a noticeable increase in the specific area
of the sample and an increase in the chemical
activity of the material. In view of the above, the
study of the anodic nanostructuring of sintered
niobium powders is highly important and offers
opportunities for creating new functional
nanomaterials.

This paper was aimed at the study of the
anodizing process of sintered Nb powders
in a fluorine-containing aqueous electrolyte
1 MH,S0, + 1 % HF.

2. Experimental

The objects of the study were samples of
sintered powder (SP) of Nb. The pressed niobium
powder [36] was sintered at T=1850°C for 1 h. As
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a result, cylindrical samples with specific area of
Spec= 800 cm?/g were obtained.

The samples were preliminarily degreased in
acetone and ethanol in an ultrasonic bath, washed
in distilled water, and dried in the air at room
temperature. Anodizing was conducted at room
temperature using a three-electrode cell with a
tantalum cathode and platinum counter electrode
in the fluorine-containing aqueous electrolyte
1 M H,SSO, + 1 % HF. Anodizing was conducted
in galvanostatic mode with various values of
current density j, = 0.05, 0.1, 0.15, 0.20 mA/cm?.
The process lasted 1 and 2 hours.

During the growth of the AOF, voltage-time
transients U (t) were recorded using an electronic
recorder “ERBIY-7115” connected to a computer.
The detailed description of the anodising
technique is presented in the works [33, 37, 38].

Surface morphology of the samples before
and after anodising was investigated by scanning
electron microscopy (SEM) on high-resolution
microscopes Mira (Tescan, Czech Republic) and
S-55009 (Hitachi, Japan). Due to the fact that
the anodised samples are non-conductive, their
surface was preliminarily sputtered with gold.

At the same time, the elemental composition
was assessed by energy dispersive X-ray analysis
(EDXA) using a Thermo Scientific attachment
(USA). The data was collected for 5-10 areas,
including those of microscopic size (up to
50x50 um?) as well as the “dots” of 50x50 nm?
and 10x10 nm?. The areas were chosen according
to the previously obtained SEM images of the
surface with further quantitative analysis of the
elemental composition. The thickness of the
oxide films was assessed by SEM images of the
samples.

At the same time, atomic force microscopy
(AFM)was used to study the structure of the surface
of the samples. The studies were conducted in air
on a Solver Next (ZAO NT-MDT, Russia) scanning
probe microscope (SPM) in tapping mode. High-
resolution diamond-like carbon tips (NSGO1)
with the length of 125 pm, resonance frequency
of 87-230 kHz, and curvature radius of the needle
of 10 nm were used. The size of the scan area
varied in the range from 1 to 25 pm?taking into
account the inhomogeneous surface relief of the
powder samples. Generally, fairly homogeneous
areas were selected for surface scanning. From 2
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to 5 areas of the surface were scanned. Using the
image processing module, Image Analysis P9, of
the SPM Solver Next, a primary image processing
was conducted (first, filtration using a Gaussian
3x30.391 linear filter and a Hybrid Median non-
linear filter, then image skew was corrected using
the Fit Lines method of Flatten Correction 1-D
for colour correction), and size distribution of
the image objects (using Grain Analysis) was
assessed [39].

X-ray diffractometry was used to study the
phase composition. The samples were studied
using the X-ray technique before and after
anodising on a D8 ADVANCE (Bruker, Germany)
automated diffractometer using CuKo. radiation
in the angular range 26 = (10-90)° with 0.02°
step. To identify the phase composition of the
AOF, a set of d-spacings, calculated according
to the experimental data, was compared to the
corresponding values for Nb and crystalline
modifications of niobium oxides. For that
purpose, a search programme EVA with a PDF-2
(Powder Diffraction File; Kabekkodu, 2007)
database was used.

3. Results and discussion

Anodizing of sintered Nb powders in a
fluorine-containing aqueous electrolyte was
conducted for the first time. Initial conditions
for the formation of anodic oxide films (AOF)
were chosen using the data, obtained during the
study of anodizing of niobium foil. According to
[4], in order to obtain nanoporous AOFs in the
water solution 1 M (10 wt%) H,SO, with addition
of (0.5-2) wt% HF, it is preferable to use the
voltstatic mode at the voltage U = 20 V, room
temperature of the electrolyte T=T = (20-25) °C,
and the process durationt_from 30 min to 1 h. The
use of such conditions of niobium foil anodising
allowed obtaining a self-organised porous AOF
with the diameter of open pores dp ~ 10-30 nm
and the thickness & not exceeding 450-500 nm
[12].

Taking into account this information, an
electrolyte, 1 M H,SO, +1 % HF, was selected
for the anodizing of sintered powders (SP). By
varying the current density and anodizing time
of the galvanostatic process, it was established
that at the current density values in the range of
J,=0.05-0.20mA/cm?and t, = 1-2 hours the type
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of voltage-time transients U, (t) is typical for the
formation of self-organised porous AOFs (Fig. 1).
There are successively distinguished sections of
U (t) curves that correspond to different stages of
the formation of oxide films: growth of a barrier
layer, initiation and self-organisation of pores, and
the steady-state growth of the porous layer [2].

As j, increases, both the growth rate of
voltage at the stage of formation of the barrier
layer and the time of transition to steady-state
growth increase. For instance, if the time of
transition to the stage of steady-state growth
is approximately 2 hours with j = 0.05 mA/cm?
(Fig. 1, curve 1), then with bigger values of j_it
takes from 40 minutes to 1 hour. In all the cases,
the value of steady-stage voltage is similar to
the value U™ ~ 70 V. However, U ** tends to
decrease slightly with the growth of j . It should
be noted that the presence of numerous voltage
peaks at the stage of the steady-state growth
of pores is characteristic of U (t) obtained at
J,= 0.20 mA/cm? (Fig. 1, curve 4). Such voltage
behaviour can be caused by a local breakdown
in the barrier layer [21].

During the next stage, a microscopic study of
the surface morphology of the samples of sintered
Nb powders before and after anodizing at j =
0.10 mA/cm? (t, = 1 hour) was conducted using
SEM. Fig. 2a shows that the microparticles have
irregular shapes with linear dimensions from 10
to 40 um. The study of the elemental composition
using EDXA showed the presence of O in the
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quantity from 1.8 to 7.0 wt% alongside Nb on all
the studied areas.

SEM overview images of sintered Nb powders
show that the surface morphology changes
after anodizing: a multitude of continuously
located microinhomogeneities appear (Fig. 2b).
A more detailed study (Fig. 3) revealed that the
discovered objects are closely located cone-
shaped formations with sizes ranging from 0.4 to
2 pm, the so-called microcones (Fig. 3a). In their
turn, microcones consist of branched (dendritic)
fibres of nanosized diameter ~18-30 nm (fig. 3b,c)
connected on top.

Fig. 3a shows that the AOF on the surface of
the particles has a heterogeneous structure. From

Fig. 2. SEM images of the surface of sintered Nb powder samples before (a) and after anodizing in the 1 M H,SO, +

1 % HF solution for 1 hour with j_ = 0.1 mA/cm? (b)
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Fig. 3. SEM images of the surface of the anodizing samples of sintered Nb powders obtained at various mag-
nifications. Anodising conditions: j = 0.1 mA/cm? t =1h, T=T,

the side adjacent to the substrate, there is a self-
organised porous oxide film of approximately 1
pm consisting of barrier and porous layers. On
top of it, there is an inhomogeneous microcone
layer. The height of the microcones varies from
~0.1 to 0.6 um. As Fig. 3d shows, there are round
fragments of ~ 2-8 nm in the body of nanofibers
that the microcones consist of. Therefore, it
can be assumed that the nanofiber has a “fine
texture”.

Computer processing of the SEM images of the
surface area S = 50 um? (Fig. 4a) allowed assessing
the distribution of microcones by size, more
specifically by effective base diameter d_ (Fig. 4b).
It is evident that there are microcones on the
selected surface area with d_ranging from 0.45 to
1.85 pm. As the type of distribution demonstrates,
~ 40 % of the microcones have d_ in the range
of 0.7-0.9 um and ~ 30 % in the range of 1.0 to
1.3 ym. There are also ~ 30 % of the objects with
0.4pm<d <0.7 um. The weighted mean value of
the effective base diameter equals (d ) = 0.85 um.
Thus, a significant variation of the value d is
typical for the microcone layer of AOF.
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The elemental composition of the AOF was
identified by EDXA (depth of analysis up to 1 pm)
for the regions of different sizes. Fig. 5 shows the
results for the analysed area S = 15 pym?. According
to the obtained data, Nb and O form a part of the
AOF (Fig. 5b). Also, an insignificant amount of F
was found in some areas. The presence of F can
be caused by the inclusion of fluorine-containing
complexes into the porous oxide layer of AOF
during its growth [15]. The values of weight percent
of the elements C, = 70 wt%, C = 30 wt%, (Fig. 5b)
show that the composition of the AOF corresponds
quite well with Nb,O.. The obtained result was
close to the EDXA data received during the study
of the composition of the microcone layers formed
by the anodizing of Nb foil in fluorine-containing
aqueous electrolytes [19, 25, 30].

Then, the phase compositions of the samples,
before and after anodizing, were studied using
the X-ray method. X-ray patterns of all the
studied samples after anodizing show a number
of low-intensity additional lines in addition to
the reflections from the niobium substrate. The
identification of diffraction lines on the X-ray

Condensed Matter and Interphases, 2020, 22(1), 124-134
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Fig. 5. a) SEM image of the surface area after anodizing; b) EDAX spectrum and composition of the analysed

area

patterns of the anodized sintered powders is quite
a complicated task, firstly, due to the low intensity
of diffraction lines and, secondly, due to the
coincident positions of several Bragg reflections
for different crystalline phases of niobium oxides.
Nevertheless, the comparison of the obtained
values of d-spacings with the tabular data allows
for the conclusion that the phase composition
corresponds to the orthorhombic modification
T- Nb,O,, which correlates to the results of the
comprehensive study of the atomic structure of
microcone AOFs on niobium foil in the work [28].

In our previous works [38, 39] it was shown
that the AOF formed on the surface of sintered Nb
powder possesses super-hydrophilic properties,
high corrosion resistance in the solution
modelling blood plasma, as well as improved
protein adsorption. Therefore, the products made
from sintered niobium powder and anodised
by the developed technology can be used as
biocompatible implants.

Condensed Matter and Interphases, 2020, 22(1), 124-134

At the same time, atomic force microscopy
(AFM) was used to study the structure of the
surface of the samples before and after anodizing
at different values of j . The appearance of AFM
images of sintered Nb powder demonstrates
that the surface has quite a developed relief and
is characterised by the presence of elongated
(“fibrous”) formations. The width of the “fibres” is
in the range from 80 to 160 nm and the length is in
the range from 200 to 300 nm. A similar structure
of sintered Nb powders is also revealed on SEM
images of sintered Nb powders [37]. It appears
that such surface morphology can be explained
by special aspects of the production of cylindrical
samples from sintered niobium powder.

After anodizing for 1 hour atj =0.05 mA cm?,
of the surface relief practically does not change,
which is likely to be related to the fact that
the barrier layer of the AOF is formed during
this period of time (Fig. 1, curve 1). When ¢, is
increased to 2 hours (Fig. 6b), a change in the
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Fig. 6. AFM images of sintered Nb powders before (a) and after anodizing in 1 MH,SO, +1% HF with different
values of current density: b) 0.05 mA/cm?,t = 2 h; ¢) 0.1 mA/cm? (t = 1 h)

relief is observed. In addition to the surface areas
characterised by the presence of regular open
pores (d ~ 10-20 nm), there are also unevenly
located microcones of different sizes. Effective
base diameters of d range from 150 to 600 nm.
The height of the microcones varies from 50 to
300 nm. It follows that after 2 hours of anodising
atj, =0.05 mA/cm?, a porous oxide film is formed
on the powder microparticles with individual
microcone formations on its surface.

As Fig. 6¢ shows, the morphology of the
AOF formed at j, = 0.1 mA/cm?® for ¢, = 1 h is
similar to that revealed by SEM (Fig. 3a). Closely
located microcone formations of different sizes
are observed on the surface of the AOF. The
assessment of sizes of the bases of the microcones
provides values ranging from 0.3 to 1.3 ym and
heights of 0.3-0.6 um, which correlates well
with the data obtained when processing the
corresponding SEM images (Fig. 3, 4).
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AFM images of surface areas of the AOFs formed
for 1 hour at high values of current density 0.15
mA/cm? and 0.2 mA/cm? are presented in Fig. 7a,
b. Ensembles of round microcone formations with
the height of 0.6 uym are observed on the surface
of the AOF. It should be highlighted that while the
result of anodizing at j, = 0.05 mA/cm? (t, =2 h)
on top of the regular porous layer of the AOF is
only the presence of individual microcones, at
J,=0.10-0.20 mA/cm? (¢, = 1 h) they completely
cover the surface of the film.

The analysis of the distribution of the
microcones by effective base diameters of d, for
surface areas with S = 25 um? (Fig. 7c) shows that
for the AOFs formed at j, = 0.15 mA/cm? (Fig. 7a),
~ 80 % of the microcones have values of d_in the
range from 0.2 to 0.4 um, while the weighted
mean value of the effective base diameter equals
(d) = 0.34 um. For the AOFs obtained atj, =0.2 mA/
cm?, the value of d_ for ~ 50 % of the microcones
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Fig. 7. AFM images of the surface of sintered Nb powders after anodizing in 1 M H,SO, +1% HF (t, = 1 h) with
different values of current density: a) 0.2 mA/cm?; b) 0.15 mA/cm?; c) corresponding distributions of oxide

microcones by size

is in the range from 0.2 to 0.3 pm, while ~ 20 % of
them have 0.3 ym < d_< 0.4 um. In this case, the
weighted mean value is (d ) = 0.29 pm. As for the
AOFs formed for 1 hour atj, =0.15and 0.20 mA/cm?,
the microcone layer is characterised by a more
homogeneous distribution of microcones by sizes
as compared to the same distribution for the AOF
formed at j, = 0.1 mA/cm?® (Fig. 4).

Such microstructures were previously found in
the surface layer of the AOF during the anodizing of
niobium foil in different electrolytes [7, 15, 18-20,
26, 29, 30], including aqueous solutions of H,SO,
with the addition of HF [18, 20, 26]. Generally, in
order to obtain a continuous microcone layer, the
anodizing of these electrolytes was conducted
in voltstatic mode with the voltage from 20 to
60V and at room temperature, but with a higher
concentration of HF (1.5-2 wt%) or an increased
duration of the process ¢ = 5-12 h.For example, in
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[26], when anodizing niobium foil in the electrolyte
1 M H,SO,+ 1 wt% HF with the voltage U =60V,
a microcone layer with d ~ 3-5 pm was formed
during ¢, = 5 h. Also, the size of the microcones
formed on the foil in the electrolytes of similar
composition is much bigger as compared to the
microcone layers on sintered Nb powders.
Therefore, the anodizing of sintered Nb
powders at j, = 0.1-0.2 mA/cm? in a fluorine-
containing aqueous electrolyte (1 M H,SO, +
1 % HF) at room temperature for 1 hour forms
a continuous crystalline microcone layer on the
surface of the AOF. In order to obtain AOF with
similar morphology on the surface of niobium
foil, it usually requires either considerable time
of anodizing or increasing the temperature
of the electrolyte [20, 21, 26]. Existing ideas
[21, 29] about the initiation and development
of microcones in the process of anodizing of
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niobium foil consider field crystallisation on the
metal/AOF barrier layer interface as the main
reason for their development. In the process of
anodising of sintered Nb powders, the number
of nuclei of the crystalline oxide phase of Nb,O.,
formed under a strong electric field at the
metal/oxide interface alongside with the growth
of the barrier layer of AOF, will be much higher
than in the process of anodizing foil. Apparently,
this is caused by the developed relief of powder
grains (high specific area of the sintered powder)
as well as by substantial presence of oxide in
their surface layer [40, 41], which is confirmed
by EDXA results.

Therefore, in the process of anodizing
sintered Nb powders in a fluorine-containing
aqueous electrolyte in galvanostatic mode,
with a current density in the range of j, = 0.1-
0.2 mA cm? a multilayer oxide film is formed on
the surface of powder microparticles in the form
of a complex of barrier and regular nanoporous
layers adjacent to the substrate and upper
crystalline microcone layer. Therefore, it can
be said that using the developed technique of
galvanostatic anodizing of sintered Nb powders,
a new type of oxide crystalline microstructures
can be obtained.

4. Conclusions

The anodizing of sintered niobium powder
in the fluorine-containing aqueous electrolyte
1MH,SO,+ 1 % HF in galvanostatic mode
was studied for the first time. Through the
study of the kinetics of growth of an AOF, it
was established that the anodizing process
(,=0.05-0.20 mA/cm?, t = 1-2 h, T=21-25 °C)
is characterised by transients of U (t) typical
for the formation of porous and tubular anodic
oxide films. Using SEM and AFM methods, it was
established that anodizing of sintered niobium
samples under such conditions leads to the
formation of a heterogeneous AOF with a total
thickness of about 2 pm on top of a regular porous
oxide layer of which there is a layer consisting
of crystalline nanostructured microcones.
The super-hydrophilicity, corrosion resistance
in biomedia, as well as high level of protein
adsorption confirm the potential of the suggested
anodic modification technique for the creation of
biocompatible powder implants.
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Short communications

To the 90th anniversary of Zhores Alferov,
Nobel Prize laureate and a Full Member of the Academy of Sciences

E. P. Domashevskaya

Voronezh State University, 1 Universitetskaya pl., Voronezh 394018, Russian Federation

Zhores Ivanovich Alferov was born on 15 March
1930 in Vitebsk, Belorussian SSR, Soviet Union. He
graduated from secondary school No. 42 in Minsk
and was awarded with a gold medal for academic
excellence. Later he was admitted without entrance
exams to the Faculty of Electronic Technology
at Ulyanov (Lenin) Leningrad Electrotechnical
Institute, which he graduated from in 1952.

From 1953,heworked asajuniorresearcher at Ioffe
Physico-Technical Institute of the USSR Academy of
Sciences in the laboratory of Vladimir Tuchkevich
and contributed to the development of first Soviet
transistors and germanium power devices. In 1961,
he earned a PhD degree in Physics and Mathematics.
In 1970, Zhores Alferov received a Doctor of Science
degree in Physics and Mathematics. In his thesis, he
generalised the results of research of semiconductor
heterojunctions. In 1972, Zhores Alferov received
the title of professor, and a year later he became the
head of the Department Branch of Optoelectronics
at Leningrad Electrotechnical Institute.

In 1979, Zhores Alferov was elected a full
member of the USSR Academy of Sciences (currently
Russian Academy of Sciences).

Between 1987 and 2003, he served as the
director of Ioffe Physico-Technical Institute of the
USSR Academy of Sciences, and was its research
director till 2006. Around this time, in 1988, Zhores
Alferov became the dean of the newly founded
Faculty of Physics and Technology of St. Petersburg
Polytechnic University.

From the early 1990s, Zhores Alferov was
actively involved in the study of properties of low-
dimensional nanostructures, including quantum
wires and quantum dots. In 1990-1991, he was
elected vice-president of the USSR Academy of
Sciences and president of the Leningrad Scientific
Centre. From 2003, he was the chair of the
academic organisation “St. Petersburg Physics and

Technology Research and Education Centre” of
the Russian Academy of Sciences. He was editor
in chief of the journal “Technical Physics Letters”
(Pisma v Zhurnal tekhnicheskoi phisiki). His other
titles include honorary full member of the Russian
Academy of Education, vice-president of the
Russian Academy of Sciences, and the president of
Saint Petersburg Scientific Centre.

He was also editor in chief of the journal
“Semiconductors” (Phisika i tekhnika polupro-
vodnikov), member of the editorial board of the
journal “Surface: physics, chemistry, mechanics”
(Poverkhnost: Phisika, khimia, mekhanika), and
member of the editorial board of the journal
“Science and Life” (Nauka i Zhizn). He was also
on the boards of the RSFSR society “Knowledge”
(Znanie).

Zhores Alferov was the author of over five
hundred papers, three monographs, and fifty
inventions. His Hirsh index was 52. His research has
had a great impact on the development of physics
and informatics.

As a deputy of the State Duma of the Russian
Federation, he initiated the establishment of the
Global Energy Prize in 2002 and was the Head of the
international award committee till 2006. He was the
rector and organiser of the new Academic University
in St. Petersburg. On 5 April 2010, Zhores Alferov
was appointed the head of the innovation centre
Skolkovo and from 2010 he was a co-chairman of
the Skolkovo foundation advisory committee.

Zhores Alferov was a Soviet and Russian
physicist, Russian Nobel Prize laureate in Physics
who received the prize in 2000 for the development
of semiconductor heterostructures and the creation
of fast opto-electronic and microelectronic
components. He was a full member of the Russian
Academy of Sciences, an honorary member of
the Academy of Sciences of Moldova (from 2000),

m The content is available under Creative Commons Attribution 4.0 License.
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an honorary member of the Azerbaijan National
Academy of Sciences (from 2004), an international
member of the National Academy of Sciences of
Belarus, an honorary member of the Armenian
National Academy of Sciences (from 2011), and
an honorary doctor of Voronezh State University
(from 2013).

Scientific cooperation between Voronezh
physicists and Zhores Alferov goes back to the early
1970s and international conferences dedicated
to chemical bonds in semiconductors and solids
which were regularly held in Minsk by Nikolai
Sirota, the Director of the Institute of Solid-State
Physics and Semiconductors and full member of
the Academy of Sciences of the Belorussian SSR.
Among the participants of these conferences were
many prominent American and European scientists.
In 1970, at one such conference in Minsk, Evelina
Domashevskaya, a young physicist from VSU, heard
a plenary presentation dedicated to semiconductor
heterostructures based on A’B® semiconductor
compounds by Zhores Alferov, a young and well-
known scientist from Leningrad who had just
completed an internship in the USA. Later, VSU
physicists developed scientific connections with
the Zhores Alferov’s laboratory at Ioffe Physico-
Technical Institute (Leningrad) and even sent
their students to the laboratory for a few months
to complete pre-graduation practical trainings and
internships. Evelina Domashevskaya supervised such
trainings and internships. Ivan Arsentiev, a graduate
of the Department of Solid-State Physics, was among
the Voronezh students who had a chance to take part
in such programmes. After graduating from VSU,
he returned to work at Alferov’s laboratory at Ioffe
Physico-Technical Institute and became a laureate
of the Lenin Komsomol Prize as one of the leading
engineers who contributed to the development of
heterostructure technologies. He received a Doctor
of Science degree and is now working as a leading
researcher at Ioffe Physico-Technical Institute of
the Russian Academy of Sciences (St. Petersburg). At
present, he is the head of the joint laboratory of Ioffe
Physico-Technical Institute of the Russian Academy
of Sciences and VSU on the side of the Russian
Academy of Sciences. On VSU’s side, the head of the
joint laboratory is Pavel Seredin, a young Doctor of
Sciences, who in 2012 defended his doctoral thesis
“Substructure and optical properties of epitaxial
A’B® heterostructures” supervised by Evelina
Domashevskaya. His research was based on objects
developed at the “Semiconductor Luminescence
and Injection Emitters” laboratory at Ioffe Physico-
Technical Institute.
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Zhores Alferov holding his diploma of honourable
doctorate from Voronezh State University (10 Septem-
ber 2013)

As a result of the many-year cooperation with
Ioffe Physico-Technical Institute we have held
in Voronezh a number of seminars dedicated to
heterostructures. One of them was held just before
Zhores Alferov was awarded a Nobel Prize in 2000.
It took place at a recreation facility at a picturesque
site along the River Usmanka in the Voronezh
region. Among the participants of the seminar
were scientists from leading research centres in
St. Petersburg, Moscow, and Nizhny Novgorod as

The organising committee of the Heterostructures
seminar in 2000. From left to right: E. P. Domashevs-
kaya, head of the Department of Solid-State Physics
of Voronezh State University, Zh. I. Alferov, director of
loffe Physico-Technical Institute of the Russian Acad-
emy of Sciences, full member of the Russian Academy
of Sciences (chair of the organising committee), I. N
Arsentiev, leading researcher at Physico-Technical
Institute of the Russian Academy of Sciences (gradu-
ate of VSU’s Faculty of Physics), and N. N. Bezryadin,
head of the Department of Physics of Voronezh State
University of Engineering Technologies (graduate of
VSU’s Faculty of Physics).
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Zhores Alferov and Evelina Domashevskaya at the
meeting with laureates of the Nobel Prize dedicated
to the 300th anniversary of St. Petersburg, 18 June
2003

well as developers of semiconductor equipment
and heterostructures. The participants of the
conference and Zhores Alferov had a trip to the
then lively operational site of NPO “Elektronika”.
Zhores Alferov even expressed his admiration for
its site and equipment.

Short communications

In 2003, already a laureate of the Nobel Prize,
Zhores Alferov organised a major International
Conference of Laureates of the Nobel Prize in
Natural Sciences dedicated to the 300th anniversary
of St. Petersburg. The event was held in the office
of the Praesidium of St Petersburg Centre of the
Russian Academy of Sciences and the Concert hall of
the Winter Palace. Evelina Domashevskaya received
an invitation to the event.

Later, the laureate of the Nobel Prize, Zhores
Alferov, came to Voronezh in 2007 and gave lectures
in lecture halls of Voronezh State University and
Voronezh State Technical University which were
flooded with visitors.

The following year, in 2008, a scheduled
International Heterostructures and Nanostructures
Symposium took place in St. Petersburg at the
academic organisation “St. Petersburg Physics and
Technology Research and Education Centre” of the
Russian Academy of Sciences. At the event, Evelina
Domashevskaya presented the results of joint study
of atomic and electronic structure of epitaxial A’B®
heterostructures which were obtained at Ioffe
Physico-Technical Institute of the Russian Academy
of Sciences and became the basis of the doctoral

Zhores Alferov, a Nobel Prize laureate, gives a lecture dedicated to heterostructures in Levitskaya Physics
lecture hall. In the background, there is a mural depicting Maria Levitskaya surrounded by her students (VSU,
21 November 2007)

Condensed Matter and Interphases, 2020, 22(1), 135-143

137



E. P. Domashevskaya

Dedicated to the 90th anniversary of Zhores Alferowv...

The team of the Department of Solid-State Physics and Nanostructures and Zhores Alferov after his lec-
ture in laboratory 25 (VSU, 21 November 2007)

The personification of friendship and scientific coop-
eration between Voronezh and St. Petersburg science.
Zhores Alferov and Evelina Domashevskaya just after
the lecture by Zhores Alferov in Levitskaya Physics
lecture hall.

dissertation of Pavel Seredin, the youngest Doctor
of Sciences at the Faculty of Physics, who is now a
professor (in the photo from 2007 he is standing
behind Zhores Alferov).

On 9 September 2013, the Academic Council of
Voronezh State University awarded Zhores Alferov
with the gown and diploma of honourable doctorate
of Voronezh State University during his lecture
“Breakthrough technologies in the second half of
the 20th century and their present role”.

“I am very grateful to be awarded the title of the
Honorary Doctor of Voronezh State University. This is
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Professor E.P. Domashevskaya presenting the results
of joint research of Voronezh State University and
Physico-Technical Institute of the Russian Academy
of Sciences at the International Heterostructures and
Nanostructures Symposium in St. Petersburg, 2008,
headed by Zhores Alferov
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K.WN. Andpépos
MpopbkliBHbIE TEXHONOIMWU

BeKa

Zhores Alferov, Evelina Domashevskaya, and Ivan  Nobel Prize laureate Zhores Alferov and VSU Rector
Arsentiev in the room of the chairman of the organis-  Dmitry Endovitsky during the lecture, just after Zhores
ing committee before the beginning of the Interna-  Alferov was awarded with the gown and diploma of
tional Heterostructures and Nanostructures Sympo-  honourable doctorate of Voronezh State University
sium (St. Petersburg, 2008)

The audience at the lecture of Zhores Alferov, Honorary Doctor of VSU, in the VSU auditorium on 6 September
2013. In the first row, fifth from left is his wife, Tamara Alferova, a well-known Voronezh beauty, a daughter of
Georgy Darsky, a famous Voronezh solo singer from the musical theatre. Tamara Alferova accompanied her
husband on his last trip to Voronezh.

Condensed Matter and Interphases, 2020, 22(1), 135-143 139



E. P. Domashevskaya

Dedicated to the 90th anniversary of Zhores Alferowv...

Zhores Alferov after receiving the diploma of honourable doctorate of Voronezh State University surrounded
by university staff and students. To his left is Rector Dmitry Endovitsky and to his right is Professor Evelina
Domashevskaya, Honoured Scientist of the Russian Federation

a great honour for me,” responded Zhores Alferov in
response to the award given by Dmitry Endovitsky.

As usual, the lecture of Zhores Alferov during
the extended meeting of the University Academic
Council was held in the VSU auditorium, which was
tightly packed with visitors.

During his last visit, at the invitation of the
VSU rector, Zhores Alferov and his wife Tamara

At the VSU museum (from left to right) Arkady Mina-
kov, director of the VSU library, Zhores Alferov, full
member of Russian Academy of Sciences, Dmitry En-
dovitsky, VSU rector, and Evelina Domashevskaya

140

spent about a week in Voronezh and visited VSU
and many of its sights in the near vicinity of the
city.

At the VSU museum and its rare books section,
Arkady Minakov, director of the VSU library, showed
the honorary guests unique and ancient tomes,
many of which were inherited from the library of
Yuriev university. Zhores Alferov eagerly listened
to the remarkable history of our university and he
keenly studied the exhibits, photos, and most of all
the ancient tomes.

The following day, after the meeting with the
Governor of the Voronezh region, Alexei Gordeyev,
the guests visited VSU’s nature reserve “Galichya
Gora” which had been founded by scientists from
the Faculty of Biology in 1925 in the area which
now belongs to the Lipetsk region but used to be
a part of the Voronezh region and prior to this
to the vast Voronezh governorate. At the nature
reserve the guests enjoyed the Indian summer,
the welcoming Russian nature and its unique
dwellers who are looked after by remarkable
people, the staff of the nature reserve. These
people are dedicated enthusiasts who live far from
civilization.
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Zhores Alferov, Tamara Alferova at the nature re-
serve “Galichya Gora”

The same day, they visited the D.M.Venevitinov
museum which is located in the poet’s ancestral
mansion in Novozhivotinnoye.

This eventful week of the last visit to Voronezh
finished with a trip by Zhores Alferovand VSUrector  Against the background of the monument to Venevi-
Dmitry Endovitsky to our famous “Venevitinovo”  tinov: Zhores Alferov, Tamara Alferova, and the direc-
recreation facility where the scientist gave a talk  tor of the museum (first to the left)

Zhores Alferov and VSU Rector Dmitry Endovitsky (in the centre) surrounded by VSU lecturers and school
teachers at the “Venevitinovo” recreation facility
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and met VSU deans and lectures and teachers from
schools supervised by the university.

On 14 September 2018, when VSU celebrated
its centenary, The Park of Scientists was opened
next to the university’s main building. The park has
a Walk of Nobel Prize Laureates whose names are
associated with Voronezh, including two writers,
Ivan Bunin and Mikhail Sholokhov, and three
physicists: Pavel Cherenkov, VSU graduate, Nikolai
Basov, graduate of Voronezh school No. 11 located
near VSU, and Zhores Alferov, Honorary Doctor of
VSU. The monuments embodying the discoveries
and achievements of the Nobel Prize laureates

Dedicated to the 90th anniversary of Zhores Alferowv...

were created by a young Voronezh sculptor, Maxim
Dikunov, who belongs to a family of well-known
sculptors from Voronezh, the Pak-Dikunovs.

On 1 March 2019, soon after the end of the
festivities dedicated to the anniversary of VSU, we
received news of the death of Zhores Alferov, our
teacher and dear friend. On the following day, a
mourning stand was installed in the university and
VSU Rector Dmitry Endovitsky gave a mourning
speech in front of the teachers and students. He said
that he was grateful of destiny and providence that
had brought the genius scientist and great patriot
of Russia to our glorious university.

=

The opening ceremony for the Park of Scientists and the Walk of Nobel Prize Laureates on 14 September 2018
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The name of Zhores Ivanovich Alferov, the
Grand Citizen and Genius Scientist, has sank deep
into the mind of Voronezh State University and
the glorious city of Voronezh and will remain there
forever.

Note: The biographical data about Zhores Alferov
presented in the beginning of the article was taken
from the website of Ioffe Physico-Technical
Institute.
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Anniversary of Professor Pavel Fedorov

On 16 April 2020, we celebrate the 70th
anniversary of Professor Pavel Pavlovich Fedorov,
DSc in Chemistry, chemical process engineer
specialising in crystallography and crystal physics,
the Head of the Department of Nanotechnologies at
Prokhorov General Physics Institute of the Russian
Academy of Sciences.

Pavel Fedorov’s research is based on his
deep knowledge of physicochemical analysis, he
combines methodologies in inorganic chemistry,
crystallography, and photonics. His scientific
interests are focused on material science and
involve the chemistry of inorganic fluorides,
crystal growth, thermodynamics of heterogeneous
equilibria, crystal chemistry, nanotechnologies,
etc. He has developed new functional materials in
the form of single crystals, glass, glass ceramics,
ceramics (including laser ceramics), powders,
nanomaterials, composites to be used as lasers,
scintillants, luminophores, construction, optical,
and acoustooptical materials, solid electrolytes,
and materials for biomedical application. Pavel
Fedorov keeps in mind scientific objectives and
their possible applications and is also inclined to
set and solve more general problems. Among his
recent works are projects dedicated to the principles
of the synthesis and evolution of nanoparticles
assemblages, including proofs of non-classical
mechanisms of crystal growth as a result of the
coherent intergrowth of nanoparticles.

Pavel Fedorov is regularly involved in teaching,
scientific, and organisational activities. He has
supervised over 40 graduation papers, 9 PhD
theses, and has consulted on 3 doctoral theses.
He is well-known for his ability to create research
teams, including informal teams. He is excellent at
engaging young people in scientific work.

Pavel Fedorov is a laureate of the Prize of the
USSR Academy of Sciences and the Academy of
Sciences of the Czech Republic 1989. He has been
awarded with a medal “850 Years of Moscow”, a
Guo Moruo medal of the Academy of Sciences of
the People’s Republic of China, and certificates of

-—

the Federal service for intellectual property “Top
100 of the best inventions in Russia” for 2012 and
2013. Pavel Fedorov is a member of the Council of
the International Organisation for Crystal Growth,
research councils of the Russian Academy of
Sciences in physical chemistry, condensed matter
physics, and inorganic chemistry.

Pavel Fedorov is very committed to his research
and studies in science. He has published over 900
papers (according to Web of Science, his Hirsh index
is 38) and has made over 35 inventions.

Among his papers are the following mono-
graphs:

1. Popov P. A., Fedorov P. P. Teploprovodnost
ftoridnykh opticheskikh materialov [Thermal conduc-
tivity of fluoride optical materials]. Bryansk:
“Desyatochka” group; 2012. 210 p. ISBN 978-5-
91877-093-1.

2. Bekker T. B., Fedorov P. P. Fazoobrazovanie
i rost kristallov v chetvertoi vzaimnoi sisteme Na,
Ba, B // O, F [Phase formation and crystal growth

m The content is available under Creative Commons Attribution 4.0 License.
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in a tetradic reciprocal system of Na, Ba, B // O,
F]. Novosibirsk: Siberian Branch of the Russian
Academy of Sciences Publ.; 2016. 217 p. ISBN 978-
5-7692-1477-6.

3.Fedorov P.P. Arkhaicheskoie myshlenie: vchera,
segodnya, zavtra [Archaic thinking: yesterday, today,
tomorrow]. 3rd edition: modified and updated.
Moscow: LENAND; 2017. 344 p.

4. Fedorov P. P. Gde prokhodit granitsa mezhdu
naukoi i Izhenaukoi? Kolichestvenny kriterii i priznaki
Izhenauki. [Where is the boundary between science
and pseudo science? Qualitative criteria and
indications of pseudo science]. Moscow: LENAND;
2019. 146 p. ISBN 978-5-9710-6505-0.

5. Fedorov P. P. Etudy po fiziko-khimicheskomu
analizu [Exercises in physicochemical analysis] /
Collected papers. Moscow: Nauka; 2019. 191 p.ISBN
978-5-02-040205-8.

The team of the Faculty of Chemistry have
known Pavel Fedorov for a long time: he is the
Head of the panel “Physicochemical analysis” at

Short communications

the All-Russian Conference with International
Participation “PHYSICAL AND CHEMICAL
PROCESSES IN CONDENSED MATTER AND
INTERPHASE BOUNDARIES” which is organised
and held in Voronezh State University every three
years. His plenary presentations have always been
of a very high standard. They have opened the way
to many interesting discussions and have attracted
a lot of young scientists.

Pavel Fedorov is a member of the editorial board
and a reviewer of the journal “Kondensirovannye
sredy i mezhfaznye granitsy” (Condensed matter and
interphases). He provides consultation and support
aimed at promoting the journal in international
citation databases. We would like to thank him for
his thoughtfulness and his assistance in preparing
each issue of the journal.

We would like to congratulate Professor Fedorov
with his anniversary and wish him good health, every
success in his scientific, organisational, and teaching
activities for the honour of Russian science.

The team of the Faculty of Chemistry and the editorial board
of the journal “Condensed matters and interphase boundaries”
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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 are 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
2.1. 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.

Example:
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Fig. 5. Luminescence spectra of samples No. 4 and 5. The wavelength of the pumping laser is 974 nm
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Example:

Table 1. Synthesis conditions and actual yield

Sample | Reference Annealing Annealing | Concentrations of the starting materials, | Actual yield,
No. number | temperature, °C | time, hours mol. (M, Ln)(NO3)x:NaF:NaNO, wt%
1 F1804 300 1 1:3:2 87.0
2 F1814 300 1 1:3:2 86.2
3 F1826 300 3 1:3:2 91.2
4 F1699 400 1 1:3:10 77.2
5 F1836 400 3 1:3:2 76.0

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.
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