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Abstract: In this review, the current state of ZnO-Cd based materials for photocatalytic applications is
summarized. Relevant technological synthesis methods such as pulsed laser deposition, magnetron sputtering,
electrodeposition, sol-gel, metalorganic chemical vapor deposition, evaporating, spray pyrolysis, reflux are
considered, and recent developments in effective and reproducible synthesis technology of nano- and
microstructured zinc oxide, doped with cadmium and solid solutions of Zn1xCdxO for photodecomposition of
organic pollutant molecules are discussed. The synthesis technology and level of Cd doping has a significant effect
on the structure and morphology of zinc oxide and, as a result, on the optical and photocatalytic properties. The
figures of merit, the theoretical limitations and rational control of the concentration of the cadmium alloying
impurity is necessary to create a material with balanced optical properties and photocatalytic activity. Lastly, the
importance of doping ZnO by isovalent Cd impurity significantly improves its photocatalytic properties due to a
narrowing of the band gap, a decrease in the rate of recombination of electron-hole pairs, which increases the
efficiency of spatial charge separation, the formation of active oxide radicals and an increase in the specific surface
area. Thus, ZnO-Cd based materials are the most promising photocatalytic materials for organic pollutants.

Keywords: zinc oxide; cadmium doping; morphology; nanostructures; optical properties; photocatalysis.
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Introduction

Toxic organic air and water pollutants pose a
significant danger to both human health and the eco-fauna
as a whole. In this regard, the development of the latest
environmental technologies for quick and safe
deactivation of organic pollutants is a particularly relevant
scientific task. Currently, the main efforts of the world
scientific community are focused on the development of
photocatalysis technology as a highly productive process
of decomposition of organic compounds under the
influence of light. Therefore, the realization of a reliable
and reproducible synthesis of materials with high
photocatalytic properties becomes important.

Due to its unique physico-chemical properties,
biocompatibility and availability of synthesis methods,
wide bandgap (~ 3.3 eV) zinc oxide is one of the most
promising photocatalytic materials of the future [1]. Due
to its multifunctional properties, ZnO is promising for use
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in solar cells, medical equipment, automotive industry,
semiconductor industry, optoelectronics, biomaterials and
for photocatalytic applications [2,3,4,5,6]. From an
industrial point of view, ZnO is considered a very
important material due to a number of advantages, such as
low production cost, efficiency and non-toxic catalyst and
environmental safety [7]. ZnO has high radiation
resistance, good thermal properties, structural stability,
biological compatibility, and effective optical absorption
in the UV range [8]. It can be doped with impurity
elements to obtain films with high conductivity and
optical transparency [9,10]. However, the main
disadvantage of zinc oxide is that this semiconductor
material is able to effectively absorb light exclusively in
the ultraviolet region of the optical spectrum, which
significantly limits its use for photocatalysis.

Over the past 20 years, researchers have studied the
alloying effect of Cd, Cu, Mg, Mn, Ni in zinc oxide on its
optical properties. Among the above-mentioned alloying
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elements, especially Cd provides the smallest bandgap
value in the material, so it has many applications in
industry and the environment protection. Bandgap tuning
is desirable for wavelength stability and achieving a
bandgap that matches the visible spectrum. Mosquera et
al. [11] found that the band gap decreased from 3.21 eV to
3.11 eV as the evidence of influence Cd on the sample
increased. With the correct Zn/Cd ratio, the band gap can
be reduced to 2.92 eV [12,13,14].

I. Technological methods of synthesis of
ZnO-Cd thin films (nanomaterials)

To date, several research articles have been published
on the synthesis of the ZnO-Cd system using a variety of
deposition methods, such as pulsed laser deposition (PLD)
[5,15,16,17,18,19], electrodeposition [20,21,22],
hydrothermal  synthesis [21,20], sol-gel process
[11,12,22,20,21,22,23,24], direct current [13,14,25] and
radiofrequency magnetron deposition [27,28], spray
pyrolysis (SP) [3,22,26,27,28,29], thermal co-evaporation
[22, 36], molecular beam epitaxy (MBE) [2,5,36], remote

plasma-enhanced metalorganic chemical vapor deposition
(RPE-MOCVD) [5,37,38], ion layering (SILAR) [34,39],
spin-coating [4,40] and even reflux method [42] (Fig. 1,
2).

The article [22] describes the production of ZnO-Cd
films by the SP method. This method is based on the
preparation of homogeneous precursor solutions from
salts, thin films of which are deposited on preheated
substrates (Fig. 3). During the processes of deposition of
thin oxide film, both chemical and thermal reactions
occur. Using SP, relatively uniform films are grown with
very high growth rates of the order of several hundreds of
nanometers per minute. Therefore, it is an attractive and
widely used method in industry for covering large areas.

Among the listed methods, sol-gel is a simple and
suitable for large-area deposition method, which is
useness for almost any transparent conductive films. The
spin-coating technique is simple, as it does not require a
vacuum or high temperature to deposit the films. The
technology of films deposition by this method is shown in
Fig. 4.

Magnetron Sputtering
Physical
Physical Layer
Deposition
Sol-gel
Nanomaterials Chemical
Synthesis Methods
Spray Pyrolisys
Thermal Evaporation
Hybryd

Metalorganic Chemical
Vapor Deposition

Fig. 1. General scheme of nanomaterial synthesis methods [43].

Physical
Synthesis .

method Chemical

ZnO Hybrid

nanoparticles
Antibacterial
activity
Application

Photocatalyc
activity

Fig.2. Synthesis methods of zinc NPs and their potential use [43].
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Spray Gun
A pray
Precursor Compressed
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Thermocouple
Pl
Steel Plate _Jﬁ— Power
supply

Fig. 3 Scheme of the installation for obtaining thin
films by the spray pyrolysis method [22].

Il. Physical properties of thin films of
the ZnO-Cd system

2.1.Microstructure and chemical composition of

ZnO-Cd thin films.

The article [43] proposes growing nanostructures
(NS) by the evaporation method on anodic aluminum
oxide (AOA) substrates with gold (Au) particles deposited
on it. SEM images of the obtained NS are shown at Fig. 5.

It was established that temperature is a key factor in
the morphology of catalytically grown ZnO NS. At the
higher temperature (700 °C), only ZnO nanowires were
formed. At the lower temperature (680 °C) nanobelts
appeared. ZnO nanocombs were formed when the
temperature was 660 °C.

Undoped and doped ZnO samples (Fig. 6) with
different doping concentrations (1-5% by weight of Cd )
are labeled CZ0-0, CZ0O-1, CZ0-2, CZ0O-3, CZ0-4, and
CZO-5, respectively. Sample CZO-0 deposited at 450 °C

Sewp 0T paeadey

Fig. 4. Block diagram of deposition of ZnO:CdO
sol-gel thin films by the spin-coating method [27].

on a glass substrate (Fig. 6, a), consists of various tiny
spherical grains. A similar morphology is observed for
sample CZO-1. For the CZO-2 sample, the morphology of
which is shown in Fig. 6, ¢, the grain density is higher, and
the grain size is 50 nm. Surface morphology changes with
3% Cd doping (Fig. 6, d). Agglomeration of grains is
observed on the surface of CZO-3 films. With a higher
cadmium doping of CZO-4 and CZ0O-5 samples, a smooth
surface covered with many spherical grains of 80-100 nm
in size was observed. Among all the samples, the CZO-2
film shows a well-distributed granular morphology [40].

SEM images presented in the article [39] for undoped
and Cd-doped ZnO films are shown in Fig. 7. It can be
seen from this figure that the surface of the zinc oxide film
is rough and consists of large and faceted grains (Fig. 7,
a), and the thin ZnO-Cd film consists of almost hexagonal
crystallites, mainly oriented perpendicular to the surface
of the substrate, that is, along the ¢ axis (Fig. 7, b). This
change in the shape of the grains is probably related to the
inclusion of cadmium, which disrupts the arrangement of
atoms.

Fig. 5 SEM images of ZnO NSgrown on substrates filled w1th Au partlcles at a— 700 °C b 680 °C;
C- 660 °C [44]

Fig. 6. SEM |mages of Cd ZnO thln fllmsdep05|ted by pyroly5|s sputterlng W|th dlfferent concentrations
of Cd doping: a— CZ0-0; b — CZO-1; ¢ — CZ0-2; d — CZ0O-3; e — CZ0O-4; f— CZ0-5 [40].
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The authors [42] synthesized ZnO and ZnO-Cd
nanoparticles by the reflux method. ZnO nanoparticles
were obtained, as well as nanoparticles with 5 % and 10 %
by weight fraction of cadmium doping.

In Fig. 8 shows X-ray patterns of synthesized undoped
Zn0O and doped ZnO with different Cd content. All the
obtained peaks are in good agreement with the hexagonal
crystal structure of ZnO. No other impurity peak was
observed in the X-ray pattern, indicating ZnO
nanocrystals that have a pure hexagonal crystal structure.
No impurity peaks were observed. The observed ZnO
diffraction reflections appear at 31.71 °, 34.41 °, 36.24 °,
47.52°, 56.6 °, 62.8°°, 66.3°, 67.9°, 69.1°, 72.4° and
76.9 ° and correspond to the orthogonal planes (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004)
and (202), respectively.

—— ZnO
= 5% Cd-doped
g = —— 10% Cd-doped
=ay7 a S & a s ~
T il S = £ = 2 8
= 1T e = g )
E
=
£
:- l L
E I A 1 A
=
| L
A A A .
L v L v L v L . L
20 30 40 50 60 70 80
26 (degree)

Fig. 8. Combined X-ray patterns of synthesized thin films
[42].

An increase in the Cd content causes decreasing in the
intensity of all diffraction peaks. This decrease is
explained by the effect of defects created by cadmium ions
included in the structure of the ZnO lattice. Compared to
the pure ZnO film, the intensity of the (002) peak
decreases for Cd-doped ZnO films, which is confirmed by
the X-ray patterns in Figure 8. It is worth noting that the
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relative intensity of the (101) peak increases for Cd-doped
ZnO films. Thus, doping with cadmium leads to the loss
of the predominant orientation along the ¢ axis . These
observations, combined with a decrease in the relative
intensity of the (002) peak, confirm that the inclusion of
Cd increases the degree of polycrystallinity of the films.
Therefore, the synthesized nanocrystals retain a stable
hexagonal ZnO phase.

The grain size of the samples was calculated using
Scherrer's formula. The obtained crystallite sizes of the
(002) plane of pure ZnO, ZnO doped with 5 % Cd, and the
ZnO sample doped with 10 % Cd are 32.19, 48.23, and
57.94 nm, respectively. It is shown that doping with
cadmium leads to an increase in the size of crystallites.

To investigate the overall morphology, the as-grown
undoped and cadmium-doped ZnO nanoparticles were
examined by SEM, and the results are shown in Fig. 9.

In Fig. 9, a, shown that undoped ZnO is synthesized
in nanocrystalline structures of high density. The SEM
image shows a polycrystalline morphology of
nanocrystalline size with interconnected grains present on
undoped ZnO nanoparticles. In Fig. 9, b shows highly
agglomerated particles with a size of 400-500 nm for ZnO
samples doped with 5 % Cd. It should be noted that the
samples look like particles oriented in different directions.
In Fig. 9, ¢ shows highly agglomerated quasi-spherical
particles with a size of 600-700 nm for a ZnO sample
doped with 10 % Cd. Some of them connected together to
form secondary particles derived from tiny particles with
a high surface tendency to cluster. It is obvious that the
crystallite size gradually increases with increasing Cd
doping. The full array of one crystal structure is in the
range of 2 um [42].

Quite the opposite result, in contrast to those shown
in Fig. 8 [42] demonstrated the samples synthesized in
[35] by the SP method. The samples in this paper
demonstrated an increase in the intensity of the (002) peak
when doped with cadmium (Fig. 10). This behavior
indicates a decrease in the level of crystallinity of the
structure.

In Fig. 11 shows that the positions of the diffraction
peaks systematically shift towards smaller angles with
increasing cadmium concentration. This testifies to the
successful replacement of Zn?* by Cd?* ions.
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Fig.9. SEM photograph of nanoparticles synthesized by the method dephlegmation: a — undoped ZnO; b — ZnO
doped with 5 % Cd; ¢ — ZnO doped with 10 % Cd [42].

a)

(101)

(002)

20 25 0 35 40
(
1000
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¢ ‘ ;
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10. X-ray diffraction of Zn..xCdxO thin films with different atomic fractions of doping:

a—0%; b —5%; c - 10 %; d — 20 % [35].

Fig.
—20% 34.17°/\ (002)
—10%  34.21° (002)
S
s
E
2 34.32° (002)
3
£
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33. 3.5 5.0
20 (degrees)

Fig. 11. Shift of the (002) peak position of Zn;.,CdxO
when the level of cadmium doping changes [35].

The resulting structure was studied by SEM. The low-
magnification image shows the uniformity of the
formation of the microstructure without any holes or
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cracks. At higher magnification, it can be observed that
the film consists of densely packed and randomly arranged
lamellar structures. When adding 5 molar Cd %, the
surface is modified with grains of arbitrary shape, as
shown in Fig. 12, b. Increasing the cadmium concentration
to 10 and 20 molar % results in a thin films with a grainy
morphology. This granularity in structures can be
observed in Fig. 12, c,d . These results show that the
concentration of cadmium changes the surface
morphology of the films. The resulting structures are of
great importance due to their high specific surface area
and adsorption capacity. In general, SEM image in Fig. 12
can be called similar to the results shown in Fig. 7 [39].

2.2. Optical properties

Optical transmission spectra of Cd-doped ZnO thin
films synthesized by the sol-gel method is considered in
the article [28]. In Fig. 13 shows the transmission spectra
of samples with different molar Cd %, as well as PL
spectra.

The films are 198, 205, 180, and 140 nm thick with a
cadmium weight fraction of 0 %, 0.45 %, 0.51 %, and
0.56 %, respectively. All films demonstrate transparency
of 80-90 % in the visible and infrared regions of the
spectrum. High transparency is associated with good
structural homogeneity, crystallinity and thickness.

It was found that the transparency decreases if the
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,.30_9'an

Fig. 12. SEM image of Zn1.,CdxO with different atomic fraction of doping:
a) — 0 %,; b) — 5 %; c) - 10 %; d) - 20 % [35].
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Fig. 13. Spectra of ZnO thin films with different levels of Cd doping:
a) — optical transmission spectra; b) - PL spectra [28].

annealing temperature is more than 450 °C. On the optical
transmission spectra at cadmium concentrations of 0.51 %
and 0.56 % in Fig. 13, a, an interference pattern is
observed, which is characteristic of thin films [16]. Also
at 370 nm, a sharp absorption edge is observed, which
shifts towards a higher wavelength with doping
increasing. This red shift of the absorption edge indicates
a decrease in the optical bandwidth of ZnO thin films [28].

PL excitation spectra were recorded for emission at
385 nm, equivalent to the optical transmission band of
3.22 eV of the ZnO film in this study. The corresponding
photoluminescence spectra are shown in Fig. 13, b.

A similar PL spectrum is observed when studying the
sample that was synthesized in [17] by the method of
pulsed laser deposition on a quartz substrate.

Experimental PL spectra of Zn1.4CdxO with different
concentrations of Cd are shown in Fig. 14. At Cd
x =0.074 and less, the near band edge (NBE) emission
peak shows a red shift from 381 nm to 426 nm or from
3.252 eV to 2.908 eV. When the Cd concentration is
further increased to 0.151, a very broad emission band
extending from 400 nm to 530 nm in visible range of the
PL spectra.

PL spectra of undoped and Cd-doped ZnO
nanostructures synthesized by the evaporation method
were measured and shown in Fig. 15 [44]. The curve in
Fig. 15, a with the center of the emission band at 494 nm
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and the curve in Fig. 15, b with the center at 505 nm refer
to undoped ZnO samples and ZnO-Cd in accordance.

x=0.151

x=0.024

x=0
1 i 1 n 1
400 500 600

x=0.044

PL Intensity (a.u.)

700

Wavelength (nm)
Fig. 14. PL spectra of Zn;«CdxO films with different
concentrations of Cd [17].

The green emission band around 500 nm arises as a
result of the recombination of holes with electrons
occupying a singly ionized oxygen vacancy. According to
the PL emission band on the ZnO curve, the emission band
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of ZnO nanostructures doped with cadmium has a red
shift. In opposite to [17] at [28], no emission in the 375
nm region was detected, which could be a consequence of
the high density of oxygen vacancies.

700+ 505

600

6) ZnO-Cd

a) Zno

PL Intensity
w P w
(=] (=] o
e . 2.9

200

300 350 400 450 500 550 600 650 700 750
Wavelength(nm)

Fig. 15. PL spectra of undoped and Cd-doped ZnO

nanostructures [44].

In Fig. 16, all samples show similar broad emission
bands with different maxima associated with exciton
recombination [29], edge emission (NBE), as well as
maxima from transitions from deep defect levels, such as
oxygen vacancy traps. The specific peak, its position and
the corresponding mechanism observed in the resulting
Zn1.xCdyxO (0 < x < 1) structure are given in table 1.
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Fig. 16. PL spectra structure of Cd1xZnxO (0 <x < 1) [45].

PL spectra of the Zn1. xCdxO structure with cadmium
content 0 < x <1, can be seen in Fig. 20. More detailed
information on PL mechanisms and peaks is given in table
1.

CdO sample has two peaks at 422 and 448 nm, which
correspond to undoped CdO. Since CdO is a direct-band
semiconductor nanomaterial, a slight shift of the exciton
emission peaks is observed when substituted with zinc. In
addition, with increasing Zn content, the emission edge by
recombination of excitons in ZnO (sample Zne2CdogO),
shifts toward shorter wavelengths. In Fig. 16, it can be
seen that the shift of the emission peak of CdO is
insignificant compared to the shift of the exciton peak of
ZnO [45].

Table 1.

Description of observed PL peaks in the structure Zni.xCdxO (0 <x < 1) [1]

Peaks of FL

Mechanism
radiation

CdO Cdo_gzno_zo Cdo,sZﬂoAO Cdo,4Zno,50

Cdo,4zno,eo Zn0O

1 - - 387 382

The edge emission of

380 378 undoped ZnO is
associated with the

recombination of excitons

2 | 422 420 419 417

The emission is associated
415 - with charge transfer in
undoped CdO

3| 448 - - -

The emission is associated
with transitions of charge
carriers from the defect
level of internodal
cadmium to the valence
band

4 - 486 486 486

The emission is associated
with the transitions of
486 486 charge carriers from the
defective level of
internodal zinc to the
valence band

5 - 520 520 520

The emission is associated
520 520 with singly ionized
oxygen vacancies (Vo)
existing in Zn;xCdxO
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In Fig. 17 shows the transmission and absorption
spectra of ZnO and ZnggCdo10 films, which were
synthesized by the spin-coating method. It can be seen that
both films have a transparency of 80-90 %. It was also
found that cadmium doping causes a slight decrease in
transmission in the visible region. ZnO-Cd film shows a
shift of the absorption edge by about 80 nm compared to
the ZnO film [30]. A similar result was obtained in [17],
where the films were synthesized by pulsed laser
deposition method.

Undoped ZnO shows absorption at 367 nm. This is
shown in Fig. 18. After adding 5 % and 10 % Cd to ZnO,
it shows a higher absorption band at 377 and 385 nm,
respectively. Undoped ZnO and ZnO doped with
cadmium have a large optical transmission window in the
region of 400-800 nm. No visible absorption band was
detected in this region. A wide transparency area is
nessessary for fabrication nanodevices and is applicable to
optoelectronics.

The energy gap width (Eg) of undoped ZnO and Cd-
doped ZnO nanoparticles is shown in Fig. 19, were
calculated according to the formula:

)

where h — Planck's constant,

100 T T T T T T T T

80

ZnO
Zn, Cd O

0.9 0.1

60 4

40

Oy,

Transmittance (%)

20
j T
400

0 T
500

300

T T T T
600 700 800 900

Wavelength (nm)
a)

1000

¢ — speed of light,
A — wavelength.

The appropriate values of the energy gap width of
undoped ZnO and Cd-doped ZnO nanorods are shown in
Fig. 19. It can be seen that with an increasing level of
cadmium doping, the edge of the fundamental absorption
decreases. The value of Egfor undoped ZnO is 3.24 eV. It
decreases to 3.21 eV for ZnO doped with 5 % Cd and to
3.18 eV for ZnO doped with 10 % Cd. This decrease can
be explained by the large difference in E4 values for zinc
oxide and cadmium oxide [34,37,38,40].

The effect of an increased dose of doping, which was
considered in [37] on optical properties, can be seen in Fig.
20 and Fig. 21.

Optical analysis in the wavelength range of 200-800
nm at room temperature of CdO-ZnO films deposited on
a glass substrate is shown in Fig. 20, a. All films have a
high transmittance in the visible area, which decreases
with an increasing concentration of cadmium impurity.
This change was a consequence of the large gap in
electronic band structure of CdO and ZnO. The ZnO thin
film has the highest transmittance, while the minimum
transmittance was observed in the CdO film in the visible
region.

From the dependence (a4v)? to Ao for the films shown
in Fig. 20, b, received values of 2.10, 2.40, 3.01 and 3.20
eV. This sequence corresponds to thin films of CdO, No.1,

4.0
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ﬁ ¥ T
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N

0.5

0.0
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Fig. 17. Spectra of ZnO9Cdo.10 thin films : a) — optical transmission; b) — absorption spectra [41].
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Fig.18. Absorption spectra of undoped and Cd-doped

Zn0 nanoparticles [42].
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Fig. 20. Summary graphs of the optical characteristics of the obtained samples: a — optical transmission spectra;
b — dependence of (a#v)?to hv [25].

No.2 and ZnO. The width of the energy gap is inversely
proportional to the concentration of Cd in the thin film.
The electron binding energy of CdO may be responsible
for the narrowing of the bandgap because, due to the large
atomic radius, conduction electrons require less energy to
move into the valence band compared to ZnO.

PL spectra of CdO-ZnO at room temperature are
shown in Fig. 21. Wide mission peaks were observed in
the 380—440 nm region, which corresponds to excitonic
emission near the band edge. The spectrum also shows
emission in the visible region centered around 720 nm (red
light), as shown in Fig. 21. The maximum intensity of the
PL peak for red light was observed for thin film Nel with
a ratio of Zn:Cd = 3:1. This emission occurs due to the
transition of electrons from the bottom of the conduction
zone to the level of vacancies - defects in the crystal
structure of CdO and ZnO.

+ CdO
NO1 (Cd:Zn = 3:1)
N22 (Cd:Zn = 1:3)
—=— Zn0

PL Intensity (a.u.)

400 450 500 550 600 650 700 750 800 850

Wavelength (nm)
Fig.21. PL spectra of CdO-ZnO thin films [25].

It is also appropriate to consider the study optical
properties of Zn1xCdyO thin films in the article [36], in
particular to investigate the spectra of optical
transmittance and the dependence of (ahv)? to hv for the
films that were deposited by spray pyrolysis method. The
corresponding curves are shown in Fig. 22.

Comparing the graphs shown in Fig. 20, a, and Fig.
22, a, you can see the similarity of the results obtained by
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different methods and at different doping concentrations.
In addition, films synthesized by the spray pyrolysis
method show greater transparency in the ultraviolet
spectrum (Fig. 22, a, c).

Thin films were deposited by synthesized by the DC
and RF reactive magnetron co-sputtering Zn;xCdxO in the
article [30]. The peculiarity of this work is that it used two
metal targets made of undoped zinc and cadmium. 80 W
was applied to the zinc target and to modulate the molar
fraction of cadmium in the structure, the power applied to
the cadmium target was varied from 0 to 120 W. Table 2
shows the ratio of the composition of elements in
Zn1xCdxO films applied at different powers of sputtering
a cadmium target (Pcq). Using the method of energy
dispersive X-ray spectroscopy, it was found that the Cd
content increases with an increase Pcg.

As a result of increasing the proportion of cadmium in
the structure, the width of the energy gap decreases. This
is demonstrated in Fig. 23.

On the basis of all considered materials and synthesis
methods, a summary table can be compiled that will
demonstrate the effect of cadmium doping on the width of
the energy gap (Table 3).

2.3 Photocatalytic activity

Photocatalysis appears to be an interesting approach
to water purification with the possibility of using sunlight
as a sustainable and renewable energy source (Fig. 24).
This technology is based on the use of a semiconductor
that can be excited by light with an energy higher than the
band gap, inducing the formation of electron-hole pairs
that can participate in redox reactions. Nanoscale
semiconductors typically have high activity and high
degree of functionality, large specific surface area, and
size-dependent properties, which making them suitable for
water treatment applications.

In recent years, most photocatalysts have been
specifically designed for applications under sunlight, but
many researchers have focused their attention on UV-
active systems. Thus, nanoscale semiconductors sensitive
to UV and visible or sunlight should be considered.

Some publications have demonstrated a better
photoresponse for ZnO compared to TiO, for the
photocatalytic decomposition of some dyes in water [43].
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Fig. 22. Optical transmission spectra (a), dependence (a/v)?to v (b) and appearance of deposited
Zn1.xCdxO thin films (c) [35].

Table 2.
Composition of Zn;xCdxO films according to energy dispersive analysis [300mmu6ka! 3akyiagka He onpeaeseHa.]
Atomic fraction, %
Pca, W 0 Zn Cd
20 50.68 48.67 0.65
40 51.24 47.45 1.31
60 51.59 46.07 2.34
120 51.99 40.48 7.53
Table 3.
Comparative analysis of different doping concentrations and different synthesis methods [18]
Ca](c:ii?wnl]u;r:] Egggi'gll[)}othe Synthesis technique v?/? dn'c(rj],g;\r; Link
x = 0.45 atomic 3.20
x = 0.51 atomic Sol-gel method 3.19 [28]
x = 0.56 atomic 3.15
X = 16 atomic 2.75
X = 25 atomic Pulsed laser deposition 24 [17]
X = 50 atomic 2.19
x =10 atomic Sol-gel spin coating 2.66 [41]
XX: 150?10;?; Reflux method gié [42]
i ; g; xg:ﬂm:zgﬂz Sol-gel spin coating method 2;' [25]
x = 0.65 atomic 3.21
X = 31 atomic High-frequency reactive magnetron 3.16 [30]
X = 2.34 atomic sputtering 3.07
X = 7.53 atomic 2.82
xxz_foa;?on;?c Pulsed laser deposition 2%27 [19]
X = 5 atomic 3.2
x = 10 atomic Spray pyrolysis method 2.91 [35]
X = 20 atomic 2.82

Several literature studies determined the method of doping
Zn0-Cd to achieve a good photocatalytic effect. Despite
this, the properties and the mechanism behind have not
been fully explained [43]. It should be noted that the
improvement of photocatalytic efficiency is closely

related to structural properties, such as morphology,
particle size, crystal orientation, degree of crystallization
and oxygen defects, which greatly affect the activity and
stability of photocatalysts [44].

Effect of doping with Cd ions on the photocatalytic
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properties of ZnO nanoparticles obtained by the
deposition method is described in [47].
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Fig. 23. Dependences (ahv)? to hv for Zni«CdxO films at
different sputtering powers of the cadmium target [30].
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To study the photocatalytic activity of ZnO-Cd
nanostructures, the absorption spectra obtained during the
degradation of crystal violet in an aqueous solution at
ambient temperature were used (Fig. 25). The dye solution
containing photocatalyst was exposed to UV irradiation
with a 6 W mercury lamp and samples were collected at
regular intervals to determine the photocatalytic behavior.
The sample was centrifuged for 3 minutes at 2500 rpm to
separate the catalyst particles from the aqueous phase to
determine the degree of discoloration.

In Fig. 25, and in the Table 3 shows the percentage
degradation of crystal violet for undoped ZnO and Cd
doped ZnO with different molar fractions during 120 min
of illumination.

The results showed that the best dye degradation in
cadmium-doped ZnO catalysts occurs in the following
order: 0.5 mol %, 0 mol %, 2 mol %, 1.5 mol %, 1.0 mol
% cadmium doping. It can be concluded that the

=
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o
D

Fig. 24. Photocatalytic mechanism of degradation of crystal violet using ZnO - Cd nanoparticles [47].
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Fig. 25. a — diagram of photocatalytic degradation of crystal violet depending on the time of irradiation;
b — a graph of the dependence of the concentration of crystal violet at different molar ratios of ZnO doped with Cd

[47].
Table 3.
Influence of molar fraction of cadmium on photodegradation of samples [47]
Duration of photocatalysis, min
30 | 60 | 90 | 120
Biodegradation, %
Cd=0% 56.88 73.57 85.17 92.47
Molar fraction Cd=0.5% 66.14 75.87 90.4 92.13
of Cd. mol % Cd=1% 36.88 63.85 73.94 79.08
' Cd=15% 5.82 62.0 71.0 81.0
Cd=2% 42.56 60.91 77.24 86.23

229



R. I. Didus, D. V. Myroniuk, L. A. Myroniuk, A. I. levtushenko

implantation of 0.5 mol % cadmium improves the
photocatalytic activity of ZnO in the crystal violet due to
the increased charge separation potential. Excessive
inclusion of Cd leads to an increase in the rate of
recombination of electrons and holes, which leads to a loss
of photocatalytic activity. The authors of the article [47]
suggested that this may be due to the presence of cadmium
nanoparticles in the volume of zinc. The presence of a Cd
impurity of more than 0.5 molar % in the photocatalyst
leads to a decrease in the efficiency of the photocatalyst.
Undoped and cadmium doped ZnO samples were able
to degrade the crystal violet dye, as seen by the decrease
in concentration, which indicated that the chromophoric
groups of the dye were converted to intermediate products.
Fig. 25, b shows that more than 80 % of the dye
decomposes within 120 minutes in ZnO-Cd nanoparticles.
The results in Fig. 26, and showed that nanoparticles
of the ZnO-Cd series can destroy approximately from 53
to 67 % of alizarin red (AR) dye during irradiation with an
ultraviolet lamp. In Fig. 26, it is shown that a significant
decomposition was observed in the ultraviolet in the
absence of a catalyst. The rate of decomposition reached
84 % in 120 minutes. These results show that a series of
Zn0O-Cd compounds can be effectively used to destroy
cationic dyes, but not anionic ones.
The work also investigated the influence of the
100

a) —a— 7n0
—e— 0.5 mol % Cd-ZnO
—4— 1.0 mol % Cd-ZnO
—v— 1.5 mol % Cd-ZnO
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80
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catalyst dose in the range from 0.5 mg to 3.0 mg on the
decomposition of crystal violet. In the Table 4 shows the
efficiency of dye degradation. Increasing the amount of
catalyst in the range from 0.5 mg to 2.0 mg led to an
increase in photocatalytic degradation. This suggests that
the rate of degradation improves with increasing amount
of catalyst. In turn, this result can be caused by an increase
in the number of active centers on the surface of the
catalyst. Since a higher dose of catalyst blocks the rays of
the ultraviolet lamp from penetrating the solution, it also
leads to a decrease in catalytic activity.

The pH level is one of the most important factors that
can affect the process of dye degradation on the surface of
the photocatalyst. The influence of different pH values in
the range from 2 to 12 (in acidic, neutral and alkaline pH
environments) on the efficiency of dye degradation was
investigated. The obtained dependencies were presented
in the Table 5.

In an acidic environment, the degradation efficiency
of crystal violet was 90%, but in an alkaline environment
it was higher and amounted to 100 % for 12 pH (Fig. 27).
The efficiency of crystal violet decomposition was
increased from 85% at pH 8 to 100% at pH 10 in pure ZnO
solution. 100% decomposition was achieved in less than
60 min at pH 12. During the same time, 0.5 mol % Cd in
the ZnO structure allows the dye to be decomposed by

100

6) —— AR-UV

80

204

Photocatalytic degradation

0 20 40 60 80 100
Time in minutes

120

Fig. 26. Percentage diagram of the photocatalytic decomposition of alizarin red with:
a — different concentration of the catalyst in UV; b — only in UV without catalyst [47].

Table 4.
Influence of the catalyst content on the photodegradation of samples [47]
Duration of photocatalysis, min
30 | 60 | 90 | 120
Biodegradation, %

0,5 69.2 77.6 87.2 90.4

Catalyst content, 1 66.14 75.87 90.4 92.15
mg 2 79.6 86.2 95.6 100

3 69.6 77.7 88.5 88.5

Table 5.
Influence of the acidity of the medium on photodegradation of samples [47]
Duration of photocatalysis, min
30 | 60 | 90 | 120
Biodegradation, %

2 71.28 82.12 88.26 92.15
pH level 4 48.62 73.39 83.3 93.76
6 44 80 85.13 86.23
8 59.81 85.87 88.44 94.31

10 64.4 100 100 100

12 100 100 100 100

230



Features of technological synthesis and properties of ZnO-Cd based materials for photocatalytic applications. Review

approximately 94 % at pH 8, 100% at pH 10 and 12 in 60
and 30 minutes respectively.

Fig. 27. Results of photodegradation of crystal violet [47].

From the Table 4 and 5 clearly show that 2 mg of the
catalyst doped with 0.5 mol % Cd at pH 10 and 12 have a
higher decomposition efficiency for 60 min and 30 min
compared to 1, 1.5 and 2 mol % Cd in the ZnO structure.

The photocatalytic activity was also studied in the
article [23]. ZnO and ZnO-Cd nanoparticles were
synthesized by the hydrothermal method.

The photocatalytic activity of hydrothermally
synthesized ZnO doped with cadmium was evaluated by
testing the degradation of rhodamine B. The diagram of
the decomposition of the ZnO-Cd photocatalyzed dye is
shown in Fig. 28. Also, for comparison, a graph of dye
decay on a sample of undoped ZnO is given. The time
diagrams demonstrate a significant enhancement of the
photocatalytic activity when ZnO is doped with cadmium
using the hydrothermal method.

=8=Zn0
=8=Cd-ZnO

[Dye] (ppm)

60 80 100

40
Time (min)

Fig. 28. Photocatalytic degradation of rhodamine B [23].
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In Fig. 29 residual concentration of methylene blue
(MB) was obtained for all samples and compared with the
results decomposition of MB without a photocatalyst. It
was observed that the MB dye decomposed by 99% within
180 minutes using the Cdo2ZnosO sample as catalyst,
while only 28, 48, 65, 88 and 94 % of the dye decomposed
when the zinc samples were used x = 0; 0.2; 0.4; 0.6 and
1 in Cd1-xZnxO, respectively, as a catalyst under the same
experimental conditions [45].
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Fig.29. Graph of the residual concentration of methylene
blue (MB) during photocatalysis by structures with

different content of cadmium doping [45].

Conclusions

Materials based on ZnO and cadmium, are gaining
increased attention as promising photocatalytic material
and can be successfully applied for organic dyes
degradation. This review considers the influence of
cadmium doping on morphology, structure and optical
properties of ZnO obtained by various techniques. It was
discussed that Cd-doping modifies the characteristics of
ZnO and enhances its suitability for photocatalysis due to
suppressing the recombination rate of electron-hole pairs,
increasing charge separation efficiency, and improving the
production rate of hydroxyl radicals. The band
engineering of ZnO toward visible range by Cd-doping
leads to the increased ability to absorb more irradiation of
the solar spectrum. Additional research is needed to
evaluate how photocatalyst properties of Cd-doped ZnO
correlate with their optical properties. It was shown that
Cd-doped ZnO is the perspective multifunctional material
for wide-scale environmental, technological, and
biomedical applications.
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P. L. dixyce, 1. B. Muponok, JI. A. Mupontok, A. . €BTyeHko

Oco00TMBOCTI TEXHOJIOTIYHOI0 CHHTE3Y Ta BJIACTHBOCTI MaTepiaJiB HA OCHOBI
Zn0O-Cd nist poTOKATATITHYHOIO 32CTOCYBAHHS.
Orasia

Inemumym npobnem mamepianosnascmea im. M. @panyesuna HAH Yrpainu, Kuis, Ykpaina, romanik619@gmail.com

Y mpoMmy Orjsai y3araabHEHO MOTOYHHMN CTaH MaTepianmiB Ha ocHOBI ZnO-Cd s ¢oToKaTamiTHIHUX
3aCcTOCYBaHb. PO3TIsIIaroThes BiAMIOBIHI TEXHOIOTIYHI METOAU CHHTE3Y, TaKi K IMITYJIbCHE JIa3epHE OCAKCHHS,
MarHeTpOHHE PO3MIWICHHS, €IEKTPOOCAIKEHHS, 30JIb-Tellb, METAJIOOPTaHIYHE XiMiYHE OCaKEHHS 3 MapoBOi (asu,
BUNIAPOBYBAHHS, PO3MIIIOBAIBHUNA IIpOJi3, a TAaKOX OCTaHHI pO3poOKH B €QEKTHUBHIM Ta BiATBOPIOBaHIH
TEXHOJIOT1] CHHTE3y HaHO- Ta MIKPOCTPYKTYPOBAHOTO OKCHJY I[HHKY, OOTOBOPIOIOTHCS JIETOBaHI KaaMieM TBep/i
po3urHu Zn1xCdxO i poToposmamy MOJEKYJl OpraHiuHMX 3a0pyaHioBadiB. TEXHOJIOTis CHHTE3y Ta DPiBEHb
JIETYBaHHs KaJIMi€EM iCTOTHO BIUTMBAE Ha CTPYKTYPY Ta MOP(OJIOTiI0 OKCUTY IIMHKY i, SIK HACJIJIOK, HA ONTHUYHI Ta
(doTokaTaiTH4HI BIacTUBOCTI. [IOKa3HUKN TOOPOTHOCTI, TEOPETHYHI OOMEXEHHs Ta paliOHaJbHHH KOHTPOIb
KOHIICHTpAIIii JIETYyI04Y0i JOMIIIKA KaJMit0 HEOOXiqHI sl CTBOPEHHS MaTepiany 31 30aJaHCOBaHUMH ONTUYHUMH
BJIACTHBOCTAMHU Ta (HOTOKATATITHYHOI aKTUBHiCTIO. Hapemri, BaxiuBicTe neryBaHHS ZnO i30BaJ€eHTHOIO
nomimkoro Cd 3Ha4HO MOKpaIIye Horo GpoTOKATATITUYHI BIACTHBOCTI 3a PaxXyHOK 3BYXKEHHS 3a00pOHEHOI 30HH,
3HIKEHHS [IBHIKOCTI PEKOMOIHAIi eNeKTPOHHO-IIPKOBHX Map, IO MiIBUINYe e€()EeKTHBHICTH MPOCTOPOBOTO
PO3MiJICHHS 3apsiiiB, YTBOPEHHS aKTUBHUX OKCHIHHMX PAJUKANTIB i 301bIICHHS MTUTOMOT MOBEpXHi. TaKMM YHHOM,
Marepiany Ha ocHOBI ZnO-Cd € Hal0iIbII EPCIeKTUBHUMH (POTOKATATITHYHUMH MaTepiaiaMy JUIsl OpraHiYHUX
3a0pyIHIOBAYiB.

KorouoBi ci1oBa: okcu HMHKY; JIeTyBaHHS KaaMieM; MOPQOJIOTis; HAHOCTPYKTYPH; ONTHYHI BIACTHBOCTI;
(doTtokaraiis.
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Establishing the relationship between crystal structure and transport properties is an important issue that is
directly connected with the applicability of functional materials. In this work, we present the analysis of the crystal
structure, chemical bonding, and electronic and thermal transport properties of CuxMeHf3Ss (Me — Mn, Fe, Co, Ni)
compounds. The increase of weighted mobility in the Mn — Fe — Co — Ni series as well as the change of the
dominant scattering mechanism of charge carriers from scattering on point defects to the scattering on acoustic
phonons explains the best electronic transport in CuzNiHf3Ss. Moreover, bonding inhomogeneity between the
covalent 8(Co — S) and §(Hf — S) from one side, and more ionic 8(Cu — S) interactions from the other side leads to
low lattice thermal conductivity in Cu2MeHf3Ss (Me — Mn, Fe, Co, Ni) materials. The work also suggests the link
between the occupation of the octahedral 16d site and the thermoelectric performance of the investigated
thiospinels. Particularly, the best thermoelectric performance is observed in the case of the presence of two valence
electrons in the d-level of atoms in octahedral voids, which can be essential for further enhancement of the

thermoelectric performance in thiospinels.
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Introduction

Development of the new materials with ultralow
thermal conductivity for thermoelectrics and thermal
barrier coatings is among the hot topics in modern
materials science [1-4]. However, materials with low
thermal conductivity usually contain heavy and hazardous
elements [5-8], which is in contradiction with the required
low weight of thermoelectric devices [9,10] and even
more crucial for the thermal barrier coatings used for the
protection of aircraft turbines [4]. However, a lot of recent
works show that ultralow thermal conductivity can be
achieved even in materials consisting of lightweight
elements through the crystal structure complexity
engineering and chemical bonding hierarchy [3,11-15].
Among the most successful approaches for the reduction
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of lattice thermal conductivity are the phonon-liquid
electron-crystal (PLEC) concept (which is based on the
liquid-like  behavior of  superionic  conductors)
[2,12,13,16], bonding anisotropy in layered structures
[8,17,18], lattice anharmonicity induced by the lone-pair-
electrons [5,19-21] and bonding inhomogeneity [22-24].
Following the market requirements, sulfides attract more
attention recently and they are frequent objects of current
investigations [25-28].

A lot of promising environmental-friendly sulfides
with low thermal conductivity were explored recently.
Among them, special attention was devoted to the binary
copper-based sulfides CuyS [29], chalcopyrites [30,31],
ternary Cu-Sn-S semiconductors [32,33], colusites [34],
tetrahedrites [13,35], argyrodites [12,36], and some others
[37]. However, often low thermal conductivity in these
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compounds is caused by weak chemical bonding which in
turn leads to the low thermal stability of the majority of
these compounds (e.g. CuzS, Cu-rich tetrahedrites, and
argyrodites) [2]. This reason restricts the wide utilization
of such materials for energy converters and thermal barrier
coatings due to the structural degradation of the materials
at elevated temperatures [38,39]. Therefore, the effective
compromise between disturbed phonon transport and the
thermal stability of materials is still a great challenge.
Ternary and quaternary transition metal thiospinels are the
perspective materials that can effectively meet both
requirements [40,41].

The phases based on the MgAl,O4 crystal structure
type attract special attention. The structure of spinels with
the general formula AB2X4 is based on the diamond
structure. The 8a site of A atoms corresponds to the
diamond structure, B atoms occupy the 16d site, and X
atoms are in the 32e site. The unit cell of the AB2X4
structures can be expressed as AsBisXz. The cations
occupy one-eighth of the tetrahedral sites and half of the
octahedral sites. Such a structure favors the low thermal
conductivity in the Cu,MeHf;Sg materials (Me = Mn, Fe,
Co, Ni) [9]. However, the finding of the correlation
between the crystal structure and the transport properties
of the spinel structure is an important task.

Aiming to find stable materials with low thermal
conductivity, this study is dedicated to the investigation of
the relations between the crystal structure of Cu,MeHf3Ssg
and electronic and thermal transport properties. With this
goal, we performed the analysis of structural parameters,
chemical bonding, charge carrier mobility, and lattice
thermal conductivity. The effective engineering of carrier
mobility is crucial for designing electronic devices, while
low thermal conductivity is necessary for efficient energy
converters and thermal barrier coatings.

I. Experimental details

The concentration tetrahedron of the sulfide systems
Cu — Me — Hf — S (Me — Mn, Fe, Co, Ni) is presented in
Fig. 1.

Fig. 1. Quaternary diagram Cu — Me — Hf — S and the
quasi-ternary section Cu,S — MeS — HfS; (Me — Mn. Fe,
Co, Ni).

The quaternary sulfides Cu,MeHf3Sg are formed in the
quasi-ternary systems Cu,S — MeS — HfS; that are one of
the possible sections of the concentration tetrahedron. The
CupMeHf;Sg  sulfides can be obtained by various
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techniques:

a) synthesis from the elementary substances Cu, Mn,
Fe, Co, Ni, Hf and S;

b) interaction of the binary sulfides Cu,S, MeS (Me —
Mn, Fe, Co, Ni) and HfS; taken in the ratio of 1:1:3;

¢) the CuMnHf;Sg and CupFeHf3Sg sulfides can be
synthesized from the Cu;MeS; (Me — Mn, Fe) and HfS;
sulfides taken in the ratio of 1:3.

In the present work, we obtained the samples for
investigation from high-purity elements. The total mass of
a sample was 3g. Co-melting of the elements was held in
evacuated ampoules (residual pressure 1072 Pa) in an MP-
30 programmable electric muffle furnace in two stages.
The first stage was heating to 1423 K (heating rate
12 K/h); exposure to 1423 K for 4 h; cooling to room
temperature (cooling rate 12 K/h). At the second stage to
obtain homogeneous samples, pre-synthesized ingots
were ground into powder and pressed into tablets. These
were again placed in evacuated containers, reheated to
773 K at the rate of 12 K/h, annealed at this temperature
for 500 h, and quenched into room-temperature water
(without depressurizing the containers).

Phase identification was performed with a BRUKER
D8 Advance X-ray diffractometer using CuKa-radiation
(A=1.5418 A, A26 =0.005° 26 range 10 — 120°) with
Bragg-Brentano geometry. Rietveld refinement of the
crystal structure was performed in the WinCSD program
package [42]. Visualization of the crystal structure utilized
VESTA program [43].

Quantum chemical (QC) calculations were performed
using the Firefly QC program package [44], which is
based on the GAMESS (US) source code [45]. The
calculations were performed based on the hybrid
functional B3LYP that used the Becke GGA functional for
the exchange energy, and the Lee-Yang-Parr GGA
functional for the correlation energy [46,47]. For the
calculations, we employed lattice parameters, symmetry
information, and atomic coordinates obtained during the
crystal structure refinement of the Cu,CoHf3Sg and using
literature data for CuCo,Ss and CuHf,S4 compounds. The
basis sets for the self-consistent calculations can be
obtained from the authors. The analysis of the chemical
bonding for the investigated materials was performed by
the electron localization function. For this purpose, the
electron localization function (ELF) maps were calculated
and visualized using the specialized module implemented
in ChemCraft [48] and Vesta [43] software.

I1. Results and discussion

2.1. Chemical bonding analysis in the Cu2MeHf3Sg
(Me — Mn, Fe, Co, Ni) sulfides

Multicomponent chalcogenides are interesting objects
from the point of view of the nature of chemical bonding.
To a large extent, the nature of the bond is determined by
the features of the crystal structure. It is known that the
spinel structure can be represented as a stacking of face-
centered unit cells in which sulfur atoms form a three-
layer closest packing of the ABCABC type (Fig. 2).
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Fig. 2. Closest-packed structure of Cu,MeHf3Sg (Me—Mn,
Fe, Co, Ni) compounds.

To consider the nature of chemical bonding in the
CuMeHf;Sg (Me — Mn, Fe, Co, Ni) structure, we
employed the data on atomic and ionic radii (Table 1).
From the results of the calculation of experimental
diffraction patterns, it can be seen that the Cu — S bond has
mostly covalent component, with the bond ionicity
increasing in the Mn — Fe — Co — Ni series of the
CupMeHfsSg  compounds. The opposite situation is
observed for the Hf — S bonds where the covalent

component increases in this series. For the Me — S bond,
the ionicity fraction increases in the Mn — Fe — Co —
Ni series. Considering the above analysis, an important
role in the structure plays the Me metal atoms, which cause
the strengthening of the ionic component. If we consider
the formation of these phases from the point of view of a
three-component system, it is appropriate to compare the
values of interatomic distances (Table 2) of the
experimentally obtained starting phases Cu.S, HfS;, MnS,
FeS, CoS, and NiS (Table 3). Hence, in binary
compounds, the covalent component prevails.

The crystal structure of the quaternary phases
Cu,MeHf3;Sg (Me — Mn, Fe, Co, Ni) has cubic symmetry.
The calculated and experimental diffractograms of the
compounds are presented in Fig.3. Having the crystal
structure with high symmetry of the structural elements, it
is simplier to find the relationship between crystal
structure and properties because each elements (atomic
site, plane etc.) is responsible for appropriate properties

The lattice parameter a changes substantially in the
Mn—Fe transition. The stable d°-state in which all
electrons of the d-sublevel are valence electrons
transforms to dS-state with 4 valence electrons with
subsequent reduction of valence electrons (Co—d’, Ni—d®).
Thus, Ni atoms have only two valence electrons. Hf atoms
also have a d>state (two-valence electron state).

Table 1.
Data for analysis of the nature of chemical bonds
Electron Electron N
configuration of | r*cov, A | meta, A ion, A configuration r(Me) r(MeZ_X)+
- +r(S) r(s%)
atoms of ions
Cu [Ar]3d*%4s? 1.17 1.28 0.98 (Cu*h [Ar]3d*04sP 2.19 2.8
Mn [Ar]3d°4s? 1.17 1.30 0.91 (Mn*?) [Ar]3d34s? 2.19 2.73
Fe [Ar]3d®4s? 1.17 1.26 0.80 (Fe*?) [Ar]3d*4s? 2.19 2.62
Co [Ar]3d74s? 1.16 1.25 0.78 (Co*?) [Ar]3d°4s? 2.18 2.6
Ni [Ar]3d®4s? 1.15 1.24 0.74 (Ni*?) [Ar]3d®4s? 2.17 2.56
Hf [Xe]4f“5d%6s? 1.44 1.59 0.82 (Hf*) [Xe]4f145d%s? 2.46 2.64
S [Ne]3s23p* 1.02 - 1.82 (S?) [Ne]3s23p° —
*- Bokiy G. B. Kristallokhimiya. Izd. Tretye. pererabotannoye i dopolnennoye. izdalstvo «Naukay. 1971 g.. str. 400
Table 2.
Interatomic distances in the Cu,MeHf;Sg (Me — Mn, Fe, Co, Ni) structure
Bond 6(Me -X )exp, A
CuMnHf3Sg CuzFeHfsSg Cu2CoHf3Sg CuzNiHf3Sg
Cu-S 2.302 2.318 2.334 2.344
Hf - S 2.571 2.538 2.524 2.511
Mn-S 2.571
Fe-S 2.538
Co-S 2.524
Ni-S 2.511
Table 3.
Interatomic distances Me — S
Compound Bond d(Me — X)exp, A
Cu,S (Fm-3m) Cu-S 2.3155
HfS, (P6s/mmc) Hf - S 2.51278
MnS (P63/mmc) Mn—S 2.4264
FeS (P63/mmc) Fe-S 2.4529
CoS (P6s/mmc) Co-S 2.3412
NiS (P6s/mmc) Ni-S 2.3779
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Accordingly, the filling of the 16d site with Hf and Ni
atoms contributes to the reduction of the thermal
conductivity of Cu,MeHf3Sg thiospinels. The change of
lattice parameters, interatomic distances, atomic
coordinates, and bond angles of the compounds are
presented in Fig.4(a)(b).

The interatomic distances d(Me/Hf — S) decrease with
the decrease of Me atomic radii, whereas the 3(Cu-S)
distance increases which indicates increasing bond
ionicity. The arrangement of atoms in this structure
indicates that the change in the 32e site coordinates should
be considered since the first coordination environment for
this site consists of (Me/Hf) and Cu atoms. The analysis of
graphical dependence (Fig. 4(b)) indicates that the 32e site
shifts in the direction of the 16d site in which the Me/Hf
statistical mixture is located. Moreover, the Cu — S —
(Me/Hf) angle decreases in the Mn — Fe — Co — Ni
series, and the decrease is almost linear. At the same time,
the value of the (Me/Hf) — S — (Me/Hf) angles increases
linearly in the Mn — Fe — Co series, stabilizing at 90° for
CUzNingSg.

238

Mn Fe Co Ni Mn Fe Co Ni
a (— T T T b r T T ]
@) 234 | .o (®) 93 | 7 - (Me/Hf) - S - (Me/H) 1
P . -~ 1
= ,n[ - 92 _-¥ w 4
8 7 g Q -5(Cu-8) — 9 ¥ i
g B -7 e - 4
g 230F @ gz ool ]
- - ’E‘a = .
2 } f } ] E } 1 f }
g 258 |- 2 [ & - Cu—S—(Me/Hf) 1
E N g 125f B
B o5c ~ -8(Memf-8)| R L . 4
E 2,55 . 1l R ]
L - 2 e
250 k- Sy B Sde o L]
- AL - |
- 123
— . \ L : ! 1 ! !
= T T T T i o| T l l\ T
— L = - © -x, v, zcoordinate of § -
5 10.40 n‘\ E 0.750 x, v, = coordinate ol
z - N 2 B 1
21035 A 207471 &L 4
g - o L “~o ]
g e £ TThe
21030 | ~~m 50744 Ts-0 ]
E ! I 1 ! < E_1 I L L
Mn Fe Co Ni Mn Fe Co Ni

Me in Cu,MeHfS, Me in Cu,MeHf,S,
Fig.4. The change of lattice parameter and interatomic
distances (a), atomic coordinates and bond angles (b) of
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The nature of the change in isovalent parameters of
atoms is ambiguous. This can be ascertained by analyzing
the dependence of thermal oscillations of atoms on the
qualitative composition of the studied sulfides (Fig. 5). It
can be concluded from the presented dependences that the
largest oscillations are shown by copper atoms. It is worth
noting that the respective Bis value is stabilized at 1.03 A2
in the CupNiHf3Sg structure. Expectedly, the lowest Biso
value is for heavy Hf atoms. The value of the isovalent
parameter of S atoms has a tendency to increase in the
structure of Cu,MnHf3Sg, Cu,FeHf3Ss, and Cu,CoHf3Sg
while this parameter is decreasing to 0.70 A? in the
CuzNiHfsSg structure. Clearly, copper atoms will have the
largest effect on weighted mobility.

@B -Cu
1.1 o -Hf
10| A-°
= 09 |
2
B as |
0.7 V
0.6 ] ] ] ]
Mn Fe Co Ni
Me in Cu,MeHf,Sg

Fig. 5. Dependence of isovalent atomic parameter on
composition.

The weighted mobility of state-of-the-art
thermoelectric materials decreases with temperature as
T7%2 pecause the electrons are scattered by phonons [49].
To calculate the weighted mobility for Cu,MeHf3Sg
samples, we used numerical data of temperature-
dependent Seebeck coefficient and electrical conductivity
from our previous work [9]. The change of weighted
mobility of the Cu,MeHf3Sg phases (Fig. 6(a)) shows that
the increase of mobility with temperature indicates, that
the carrier scattering on defects (ionized impurities or
grain boundaries) is dominating [49]. The low mobility
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Fig.6. The properties of Cu;MeHf;Sg (Me — Mn, Fe, Co, Ni): a) weighted mobility, b) thermal conductivity, and (c)
the composition and thermal conductivity at 300, 400, 500, and 600 K.

below room temperature could be a sign of grain boundary
scattering. However, in contrast with Cu;MeHf;Sg (Me —
Mn, Fe, Co) phases, CuzNiHfsSg shows decreasing
tendency of weighted mobility above 400 K, suggesting
that electrons are mainly scattered by phonons as in the
state-of-the-art thermoelectric materials [50]. Such a
tendency of weighted mobility together with its highest
values in the series indicates the best electronic transport
in CuaNiHf;Ss.

Fig. 6(b) shows the lattice thermal conductivity (kiat )
of the studied Cu,MeHfsSg samples after sintering. All
specimens possess very low thermal conductivities, in the
range of 0.7-1.2 W m™ K at 300 K, decreasing to 0.4—
0.7 W m~ K- at 673 K which are among the lowest values
observed in spinel-type materials. Fig. 6(c) shows the
compositional dependence of lattice thermal conductivity
at selected temperatures for Cu,MeHf3Sg. The values of
Kiardecrease in series Mn — Fe — Co and slightly increase
for the Ni-contained sample.

Interestingly, such a compositional dependence of
lattice thermal conductivity reflects well the deviations in
bond angles and atomic coordinates from its ideal values,
asitis shown in Fig. 4(b). This observation suggests a very
strong interconnection between the crystal structure
distortion and lattice thermal conductivity in the
investigated materials. For the deeper analysis of
electronic and thermal transport in Cu,MeHf3;Sg materials
and their structural origin, we performed the analysis of
chemical bonding between atoms in studied thiospinels.

We decided to start the analysis of chemical bonding
from the ternary thiospinels CuCo0,S4 and CuHf;S.. In the
CuCo,S, structure, the overlapping of electron clouds
between Cu-S atoms is weaker than for Co-S, suggesting
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a more covalent nature of Co-S bonds. However, in the
case of CuHf,Ss, the overlapping of electron clouds
between different cations and anions is very similar,
suggesting small bonding inhomogeneity. To understand
the chemical bonding environment in Cu,MeHf3Sg (Me —
Mn, Fe, Co, Ni), we calculated the electron localization
function (ELF). The visualized 3D maps of the ELF sliced
on the planes [1 0 1] and [1 0 -1] are shown in Fig. 7.

In order to calculate the electron localization function
(ELF) maps for disordered Cu,CoHf3Sg with the statistical
occupation of the 16d site by Co/Hf, we created a
structural model with a random distribution of Co and Hf
over this site.

This analysis indicates that the electron clouds of Co
and Hf atoms strongly overlap with chalcogen atoms
highlighting the existence of strong covalent bonding
between d(Co — S) and d(Hf — S). In this pair of bonds,
3(Co — S) shows slightly stronger overlapping of electron
clouds than 8(Hf — S) in Cu,CoHfsSs. The overlapping of
electron clouds between §(Co — S) and 8(Hf — S) is much
stronger in Cu,CoHf3Sg compared to CuCozS4 [51] and
CuHf,Ss (Fig. 6 a-c). On the other hand, the weaker
overlapping of electron clouds between Cu and S atoms
reveals a more ionic nature of chemical bonding between
them. Such bonding inhomogeneity between the covalent
3(Co—S) and d(Hf-S) from one side, and more ionic
3(Cu—S) interactions leads to low lattice thermal
conductivity in Cu,MeHfsSg (Me — Mn, Fe, Co, Ni)
materials.

Moreover, even if the bonding inhomogeneity is
present in the CuCo,S4 structure, this material shows quite
high values of sound velocity (vi=4377m s%
vi= 2367 m st) which leads also to relatively high lattice
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Fig.6. Bonding analysis in Cu,CoHf3Sg (a), CuCo2S4 (b), and CuHf,S4 (c) by means of electron localization function
(ELF) with isosurface value of 0.02 e bohr sliced on the planes [1 0 1] and [1 0 -1], respectively.

thermal conductivity in this material (ranging from
1.48 W miK? at 323 K to 0.57 W m'K'* at 723 K) [51].
Interestingly, strong bonding inhomogeneity observed in
Cu,CoHf3Sg leads to the lowering of its sound velocity
(vi= 4072 m s%, vy = 2172 m s1) as was hypothesized by
Grin [22], this fact causes a significant lowering of lattice
thermal conductivity in the material (ranging from
0.78 W mK at 298 K to 0.50 W mK at 673 K). This
work confirms that bonding inhomogeneity can be
effectively used to disturb thermal transport in functional
materials.

Conclusions

The analysis of the crystal structure of Cu,MeHf3Sg
(Me —Mn, Fe, Co, Ni) sulfides indicates that if the 16d site
in spinel structures is occupied by a d-element, then the
number of electrons in the d-sublevel is important.
Additionally, the formation of a statistical mixture in this
site has an important effect on the electronic properties.
Specifically, it was established that the best electronic
transport is observed in the presence of the same two
valence d electrons in both [1Ni:3Hf] atoms. Moreover,
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random occupation of the 16d site by Me/Hf atoms in
Cu;MeHf;Sg (Me — Mn, Fe, Co, Ni) leads to a strong
bonding inhomogeneity and one of the lowest lattice
thermal conductivity in materials with spinel structure
type. The best thermoelectric performance of Cu,NiHf3Sg
can be explained by its highest weighted mobility
described by electron scattering on phonons and the low
lattice thermal conductivity due to strong bonding
inhomogeneity.
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Omnexcanap CumiTiox!, Okcana Copoka?, Oner Mapuyk?

BruinB KpUCTAJIYHOI CTPYKTYPH TA XiMIYHHUX 3B’A3KIB HA eJIEKTPOHHI Ta
Tem10Bi BaacruBocti y mmineasax CuMeHf;Sg (Me — Mn, Fe, Co, Ni)

YDaxynomem ximii, exonozii ma papmayii, Boruncoruii nayionansuuii ynieepcumem imeni Jleci Yipainxu, m. JIyyok, Yepaina,

Smitiukh.Oleksandr@vnu.edu.ua
2Jgano-DpanxiecoKuii HayioHanbHuil Meouunuii yuisepcumem, leano-Dpanxiscok, Ypaina

BcTaHOBIIEHHST B3a€MO3B’SI3KIB MK KPHCTAIIYHOIO CTPYKTYPOIO Ta TPAaHCHOPTHUMH BIACTHBOCTSAMH €
B)XJIMBOIO MPOOJIEMOI0, IO Oe3MocepeHbO OB’ s3aHa i3 3aCTOCYBaHHAM (YHKIIOHAIBHUX MarepiaiiB. Y wii
poOOTi HAMK TPEACTaBICHO aHAJI3 KPHCTANIYHOI CTPYKTYpPH, XIMIiYHHX 3B’S3KiB, CNEKTPOHHHX Ta TEIUIOBHX
TpaHCIOPTHUX BiaactuBocteit cronyk CuzMeHfsSs (Me — Mn, Fe, Co, Ni). 36i1bIeHHs pyxanBoOCTi HOCIIB 3apsiay
B pany Mn — Fe — Co — Ni, a Takox 3MiHa JOMiHYIOUOr0 MEXaHi3My pO3CitOBaHHs HOCIiB 3apsiy Bin
POCitOBaHHA Ha TOYKOBHX JAe(pEeKTaX 10 PO3CIIOBaHHA Ha aKyCTHYHHX (DOHOHAX MOSICHIOE HalKpamuil pyx
enektpoHiB y cronyi CuzNiHf3Ss. Okpim 11p0ro, HEOAHOPIAHICT 3B’s13KiB MiK KoBaneHTHUM st 8(Co —S) i
8(Hf—S) 3 omuoro Goky Ta Oimbmr ioHHEM st 3(Cu—S) 3 iHOIOT CTOPOHM NPU3BOANTH O HHU3BKOI
TeronposinHocTi B Matepianax CuzMeHf3Ss (Me —Mn, Fe, Co, Ni). Y po6oTi Takox IPONOHYETHCS OTIISIX 3B’ A3KY
Mix 3aiiHaATICTIO OKTepryHOi 16d TICT i TepMOENeKTPHYHHME MTapaMeTpaMu JOCIIKeHHX Tiomimineneil. BapTo
3a3HAYNTH, 10 HAWKpalll TepMOENEKTPUYHI MapaMETPH CIIOCTEPIraloThCs y TOMY BUIAIKy, KOJH B CyMIIIi
MIPUCYTHI /IBa BAICHTHUX €JIEKTPOHH Ha O-TiApiBHI aTOMIB, 10 3adMAIOTh OKTASIPUYHI MO3HIIil, 10 MOXe OyTH
BaXITMBHUM JIJISI TOJABIINX JTOCTIKEHB 3 METOIO TIOKPAIIEHHs TEPMOCIEKTPUIHUX TIapaMeTpiB TiOIIiHeeH.

KiouoBi cioBa: HEOTHOPIMHICT 3B’SI3KiB;, KpUCTANidYHAa CTPYKTYpa, PYXJUBICTH HOCIIB 3apsmy;
TEIJIONPOBIIHICTh; TETPapHi Cybdiny.
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Introduction

Recently, iron (Fe) and its oxides (FesO4 and Fe;O3)
have attracted the field of research due to their potential
applications [1-10]. The most stable known Fe state due to
having lower Gibbs free energy and wide spread oxide
phase of iron is a-Fe;O3. They have been employed in
technology due to their non-toxicity and low cost as the
members of catalysis, magnetic storage, anticorrosive
agents and gas sensors. The crystal structure of a-Fe;Os is
rhombohedral or hexagonal with the space group R3c or
D®34 [11]. The magnetic state of bulk a-Fe,Os particles is
“canted antiferromagnetic (weak ferromagnetism)”
between 263 K and Neel temperature (~ 950 K) [12,13]. It
is because of their unique structural property of hematite
that the rhombohedral (1 1 1) planes form the layers of
Fe®* ions (T = 950 K to 260 K). These planes are separated
by layers of oxygen (O?") ions. The spins of Fe®* ions
remained parallel in any (1 1 1) plane, i.e., ferromagnet,
but adjacent planes are antiparallel, i.e., antiferromagnet.
The canting between (111) plane produces
uncompensated magnetic moments of Fe3* spins between
adjacent planes. Thus a weak ferromagnetism (or canted
antiferromagnetism) is observed in hematite. The spin
moments are completely turned perpendicular to the
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(1 1 1) plane below a typical temperature Tm ~ 260 K,
known as Morin temperature, and a-Fe;Os; becomes a
normal antiferromagnet [12,13]. This transition is a first
order magnetic phase transition, which is dependent upon
strain, particle size, crystallite, change at lattice
parameters, and particle shape. Compared with bulk a-
Fe,Os, the effects of lattice expansion, strain, defects,
unpaired spins and broken symmetries have a grounded
new magnetic behavior in nano sized a-Fe;Os. In this
paper, we present the synthesis along with the magnetic,
ac conductivity and dielectric properties of hematite
nanocrystallites.

I. Experimental Details

Fe,O3 nanoparticles were synthesized by co-
precipitation method. The metal nitrate
Fe(NQOs)s 0.02 mole were added into 100 ml distilled
water. A water solution of sodium hydroxide 50 ml with
molarity 2 M were slowly added into the iron solution
above. Precipitate is formed immediately. The precipitate
was washed thoroughly with distilled water then filtered
and dried at 80°C for overnight. After drying, the
hydroxed precipitate flakes were ground into powder. This
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powder was segregated into different parts and heated for
3 h at different temperatures ranging from 550°C to
1000°C in air. The ramping rate was set 2°C/min. and the
cooling rate was 5°C/min. After above procedure, the
powders were pressed into pellets (10 mm diameter and
1~2 mm thickness) and annealed at the corresponding
temperatures. These pellet samples were polished to
produce a flat uniform surface and electrode with silver
paint, then applied an AC voltage source for dielectric
measurement.

I1. Results and discussions

The a-Fe;O3 samples were prepared by co-
precipitation method, and annealed in five different
annealing temperatures Ta (550, 650, 750, 900, and
1000°C). The obtained nanocrystallites are of
Rhombohedral structure with space group R3-c [11]. X-
ray diffraction pattern of the different annealing
temperatures Ta (550, 650, 750, 900, and 1000°C) samples
are shown in Fig. 1 and no impurity being revealed. All
the obtained samples are revealed Rhombohedral structure
with space group R3-c [11]. The refined lattice constants
are decreasing slightly from a=5.028A, and
c=13.744 A for Ta=550°C to
a=5.024 A, c=13.713 A for Ta = 1000°C as shown in
Table I. The average crystallite sizes (determined from the
XRD peak width employing the Scherrer relation) were
found to be ~ 33 nm to ~ 110 nm with increasing annealing
temperature from 550°C to 1000°C, which is indicated in
Fig 1.
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'—‘Ml w“

" 1 " 1 " 1 " 1
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d=65nm | i || [
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Fig. 1. X-ray diffraction pattern of the a-Fe;O3

nanocrystallites with different annealing temperatures and
corresponding crystallite sizes.

Figure 2 shows the typical SEM micrographs for
a-Fe,0; particles prepared at different Ta’s (a) 550°C and
(b) 1000°C. The particle size and the morphology changes
with Ta were observed. These microstructures were
strongly influenced by Ta for all the particles.

The temperature dependence of magnetization of

Table 1.
The lattice constants of a-Fe;Osnanocrystallites
Ta =550°C Ta=650°C Ta=750°C Ta=900°C Ta=1000°C
d=33nm d=48nm d=65nm d=90nm d =110 nm
a=5.028 A a=5.027 A a=5.027A a=5.024 A a=5.024 A
b=5.028 A b=5.027 A b =5.027A b=5.024 A b=5.024 A
c=13.744 A c=13.726 A c=13.721 A c=13.714 A c=13.713 A
V=347.459 A3 V=346.866 A3 V =346.739 A® V = 346.149 A® V =346.124 A®

i e i4
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Fig. 2. SEM photos of thea-Fe O3 samples of (a) 33 nm and (b) 110 nm.
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a-Fe,0s with different Ta’s was depicted in Fig. 3. It
revealed a magnetic transition around 265 K, named
Morin transition for higher crystallites size of 110 nm
(Figure 3a) whereas this transition is decreased with
decrease in crystallites size for 33 nm particles the
transition is at 252 K as shown in Fig. 3(b) [12,13].
Moreover, the magnetization value has increased with
increase in crystallite size as observed in these
nanocrystallites, which is related to quantum effects like
surface effects.

(a) d= 110 nm
@0.2_|||I...I|||||--lnnn
3
£
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=
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Fig. 3. Temperature dependent magnetization of

o-Fe203(a) 110 nm and (b) 33 nm size crystallites.
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Fig. 4. ¢'-T and tand-T relation of all nanocrsytallites of
o-Fe;O3 at 1.5 kHz frequency.

Figure 4(a) shows the temperature dependent
dielectric permittivity £(T) at 1.5 kHz frequency for
a-Fe;03 with all crystallites sizes. £(T) curves indicate
that the & value increases with increasing crystallite size,
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which indicates the enhanced grain boundary. The
imaginary part of dielectric loss tan&(T) as a function of
temperature at 1.5 kHz frequency for a-Fe;O; with all
crystallites sizes as depicted in Fig. 4(b).

Figure 5(a) shows the temperature dependent
dielectric permittivity at different fixed frequencies for
a- Fe,O3 with crystallites size of 33 nm. Below 250 K,
£(T) is independent of temperature and frequency,
indicates intrinsic static dielectric constant value of
gs~ 7.1. Above 250 K, small increase in £'(T) is observed.
Figure 4(b) shows the data of loss tangent (tand) as a
function of temperature with selected test frequencies for
33 nm size crystallites of a-Fe,Os. The tand(T) curves also
exhibit similar behavior like &(T) curves and absence of
peak below measured temperature range.
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Fig. 5. &"-T and tand-T relation of 33 nm nanocrystallites
of a-Fe,0s3,

Figure 6 shows the temperature dependent dielectric
permittivity at different fixed frequencies for a-Fe;O3 with
crystallite size of 110 nm. Below 250 K, &(T) is
independent of temperature and frequency and a small
increase of intrinsic static dielectric constant value were
observed of es ~ 19. Above 250 K, small increase in £'(T)
is observed. Figure 6 shows the data of loss tangent (tand)
as a function of temperature with selected test frequencies
for 110 nm size crystallites of a-Fe»Os. The tand(T) curves
show a dielectric relaxation, where the step like increase
in &(T) curves. The relaxation is shifted to higher
frequency with increasing temperature.

Increase in & of all samples rapidly with temperature
at low frequencies could be either due to interfacial
polarization or due to the accumulation of charged species
at grain boundaries or dipolar polarizations which are
strongly temperature dependent. The dispersion occurring
in lower frequency regime may be attributed to interfacial
polarization due to the charge accumulated at grain
boundaries. The other reasons for dispersion may be due
to space charge polarization, Maxwell Wagner, long range
structural order and defect relaxations. The shifting of step
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like dispersion to higher frequency region in the real part
of the complex dielectric constant indicates that Maxwell
Wagner relaxation mechanism was responsible for
dispersive and large dielectric constant at low frequencies
[14]. The dielectric behavior of such a material consists of
a conducting or (semiconducting) grain separated by a
more insulating grain boundary. The permittivity
dispersion is insignificant at higher frequencies because
atomic, electronic and molecular polarizations are
responsible for high frequency permittivity which is
independent of measured frequency range. The increase of
£ with the rise in temperature over the entire frequency
range could be attributed related to the thermally activated
process like charge carrier transportation.
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Fig. 6. ¢-T and tand-T relation of 110 nm nanocrystallites
of o-Fey0s.

The AC conductivity ocac as a function of test
frequency f for different temperatures are shown in Figure
7 for a-Fe;O3 with crystallite size of (a) 33 nm and (b)
110 nm. The oac(f)curves show different behavior in two
ranges in all crystallite sizes. First, there is a strong rise at
low frequencies. This is the grain-boundary blocking
effect. Secondly, the conductivity does not increase as
rapidly at high frequency. It is the bulk conductivity
relaxation in which we are primarily interested. The cac
in the high frequency range can be described by “universal
dielectric response” (UDR) [15]

Oac = Opc + 0of* 1)
Where opc is the dc bulk conductivity, g, is a constant, f
is the rest frequency, and the exponent s is smaller than 1.
Equation (1) is a common feature for all amorphous
semiconductors and some other disordered systems. It is
typical of thermal assisted tunneling between localized
states.
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Fig. 7. Arrhenius plots for the observed relaxations of
a-Fe203 of 110 nm size crystallites.
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Fig. 8. Frequency dependent AC conductivity at fixed

temperature of a-Fe;Oznanocrystallites (a) 110 nm and (b)
33 nm.
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Conclusion

We report synthesis along with magnetic, ac
conductivity and dielectric properties of hematite
nanoparticles. As prepared Fe,Os crystallizes in corundum
structure which belongs to the rhombohedron system
(space group R3-c). The magnetization data shows a
typical Morin transition, Ty = 265 K for 110 nm
crystallites, whereas this transition is decreasing with
decreasing crystallite size, Ty = 252 K for 33 nm. The
value of magnetization is increased with increasing
crystallite size. The enhanced dielectric permittivity was
observed in higher hematite crystallite size. The overall
dielectric response has revealed conduction mechanism is
due to the extrinsic contribution from the dominant
Maxwell-Wagner polarization.
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CuHTe3, MArHITHI, IPOBIAHICTH 3MiHHOI0 CTPYMY Ta JieJJeKTPUYHI

BJIACTHUBOCTI Ta XapaKTCePUCTHKHU HaHOKpI/ICTaJIiTiB reMaTurty

Ximinuuti paxynomem, Yuieepcumemy Kpiwnu, Mavininamuam 521004, Anoxpa-Ilpadew, Indis,; dachuru@gmail.com

VY crarTi HaBeIeHO iH(OPMAIIiIO PO CHHTE3 Ta MarHiTHI BIACTHBOCTI, MPOBIIHICTE 3MIHHOTO CTPYyMY, a TAKOXK
JlieIeKTPHYHI BIACTHBOCTI HAHOKPHUCTAIITIB reMatuty. OtpuMannii Fe2O3 kpucTamizyeTsest B CTPYKTYpi KOPYHAY,
10 HAJIEXKHUTH JI0 CUCTEMH pOMOOE/IPIB 13 MPOCTOPOBOIO rpymoro R3-C. JlaHi HAMAarHiYeHOCTI MMOKa3ylOTh TUIIOBUI
niepexig Mopina, Tn = 265 K urst kpucraniTis 110 HM, TOAI K LIeH Tepexi] SMEHITY€ETHCS 31 3MEHIIIEHHSIM PO3MIpy
kpuctanity, Tn=252K mns 33 um. BenuunHa HamarHiueHocTi 30UTbLIyeThCs 31 30UIBLICHHAM pPO3Mipy
kpuctaiiTis. [TinBuIIeH] AieNeKTpUIHA NPOHUKHICTB i IPOBIIHICT 3MiHHOTO CTPYMY CIOCTEpIiTrallics y KpUCTaIIiB
reMaTuTy OIIBIIKMX PO3MipiB. 3aranbHa JieleKTpHYHA BiAMOBIAb MOKa3aja, 1[0 MeXaHi3M IIPOBiTHOCTI 3yMOBIEHHI
30BHIIIHIM BHECKOM JOMiHYIOUOi nossipu3anii Makcseiia-Baruepa.

KuwouoBi cioBa: Hanokpucramu rematuty; Touku Cole-Cole; mienexktpuuni BracTHBOCTI; 3MiHHA
MIPOBIIHICTB; IMITEIaHC.
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Introduction

Obtaining protective surfaces is one of the key tasks
for ensuring the safety of both human health and technical
systems. Among the many existing approaches to tackle
this problem for metals, the irradiation treatment of
surfaces can be selected. The popular approaches in this
domain are: (i) laser treatment, (ii) irradiation with ions,
(iii) processing with electron beams. The focus of current
research is on obtaining hardened surfaces of metal plates
by irradiating them with high-current relativistic electron
beams (HCEB). Relativistic energy of electrons provides
a deeper influence into the material (a hundred microns at
0.3-0.5 MeV for light metals), while intensive currents
induce extreme volumetric thermo-mechanical conditions
[1,2]. This technology can be an efficient tool of
modification of the metallic surface to the required
performance characteristics: microhardness, abrasion
resistance, corrosion resistance, etc. Also, they could be
further combined with additional techniques like electro-
erosive alloying to enhance the surface properties [3].

At the same time, it is known [2, 4] that the HCEB
treatment has a heterogeneous impact on the metals due to
its radiation, temperature, and shock-wave effects. In this
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case, the depth of the modified layer significantly exceeds
the average range of electrons in the material. Thus, the
microstructure together with such an indicator as the value
of microhardness, change significantly along the depth. It
is stipulated, that interlayers can dampen possible external
impacts. It is also found that the pretreatment of aluminum
alloys with HCEB leads to a significant improvement in
their superplastic deformation [5]. The dislocation density
distribution over the volume of the irradiated material and
their spatial orientation change even more unpredictably.
Considering the above list of effects that occur during the
irradiation of HCEB metal plates from the point of view
of the possibility of obtaining impact-resistant materials,
we can say that they represent certain technological
prospects. The protective property of the material depends
on its ability to convert the kinetic energy of the striking
object into its own internal energy, as well as into the
energy of its own deformations in all directions, with the
exception of the direction in which the protected object is
located. It is possible to approach the implementation of
such requirement by creating an anisotropy in the
microstructure of a solid material utilizing HCEB.

Since we are dealing with a non-homogeneous
distribution of the characteristics of an object, it is possible
to use the apparatus of fractal analysis as a macro tool to
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evaluate the effect the HCEB irradiation by examining the
fractures of the irradiated materials and the reference
material. The fractal analysis can provide quantitative
descriptors of the objects under study. The relative change
of those descriptors actually is a result of the change in the
microstructures and their corresponding fracture
mechanisms. A common fractal descriptor is a fractal
dimension D. It denotes changes in complexity in the
surface under study. The more complex is the surface
(e.g., roughness, visible features), the more complex is the
distribution of the fractal dimension [6]. However, one
should be aware about that changes in D may not actually
result in changes in particular mechanical properties and
vice-versa as the techniques used to calculate D can be
insensitive to the provided changes. For example, a
hardness could change while a fractal dimension stays
almost the same.

2 aluminum alloys were selected for study: AMg6
alloy of the Al-Mg system and D16 of the Al-Cu-Mg
system. These alloys are commonly used in aerospace
domain and for special light-vehicle production. These
alloys were also studied by our team and results were
presented in [7], and thus suited for this case study to
investigate their fractures using fractal analyses.

I. Materials and methods

The aluminum alloys D16 (91.9% Al; 4.8% Cu; 1.5%
Mg; 0.8% Mn; impurities Fe and Si up to 0.5%, wt.%) and
AMg6 (92.197% Al, 0.1% Cu; 6% Mg; 0.6% Mn; 0.4%
Fe; 0.4% Si; 0.2% Zn; 0.1% Ti; 0.003% Be, wt.%) were
used in the current research [7]. The samples of irradiated
materials were prepared in a form suitable for subsequent
mechanical deformations in various modes.

Irradiation was carried out on the TEMP-A pulsed
electron accelerator NSC KIPT [1] with the current -2 KA,
electron energy of 0.3 MeV, and the pulse duration around
5 us. The irradiation was conducted in the vacuum.

To prepare the samples for fractographic analyses, the
samples were broken at a room temperature and the
fractures were studied using a JEOL JSM-840 scanning
electron microscope.

Fractal character of the SEM images of fractures was
studied as per methodology described in [8]. Variation of
intensity in the grayscale SEM images of microstructures
is a composite characteristic property which depends on
the fracture roughness, grain structure, and on the
scanning properties such as illumination (signal) and
focus. If it may be assumed that the microscope imaging
conditions are optimal, then the fractal analysis can be
performed for the SEM images to describe the target
microstructures.

Fractal dimension analyses were conducted using the
in-house software package based on the Clarke’s
triangular prism surface area method (TPSAM) and spin-
off methods [9, 10]. Basically, Clarke extended the
Mandelbrot approach to an area grid. TPSAM enables
calculation of the fractal dimension of a digital surface by
plotting virtual prisms on the surface using the pixel gray-
level values. The surface area A is covered with the
triangular prisms on a square window with a step size
6. Then, a least square regression of A- § though the data
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points is plotted for multiple & on the log-log scale [11]:

A(8) = N(6)62 = K§*P (1)
Log(A) =K+ (2—-D)Log(6) 2)
D=2-8 (3)

where N(6) is a number of steps performed, K is a
constant, D is a fractal dimension, while g is a slope of the
regression line. If there is no slope of the line log(D)-
log(8), then D tends to the theoretical value of 2. In other
terms, a grayscale image is considered as a matrix of
certain x xy pixel size, while a gray-scale intensity (1..256)
of an image is considered as a height. Thus, it is possible
to cover the image with virtual prisms and calculate a
fractal dimension map as described above.

The corresponding software package was previously
developed in Pascal/Delphi [12]. For calculations in this
research, the original TPSAM method was selected on the
squared windows 4x4 pixels with a sliding step of 1 px.
The data A- § was calculated increasing the step size &
from 1 to 4 px. A starting point for a 1 px prism was taken
as a top left corner of an image, selection of such starting
point was assumed to have a negligible effect as the
calculation was done with a sliding step of 1 px in X & y
directions. Next, a slope of a regression line was
calculated. Small window size minimized blurring and
smoothing of the features. TPSAM method is known to
underestimate or distort the fractal dimension D, thus the
tests were conducted to establish such effects. In general,
the possible over- or underestimations of the fractal
dimension are of less importance because the fractal
analyses are used for comparison between samples, and in
the case if we need to make a correction for the
underestimation, it is advised to refer to the study in [13].
Regarding error of calculations of fractal dimensions, it is
possible to estimate it directly from computations,
however, it makes the computations more complex, and it
is harder to relate to them. It was recommended to do
actual tests on images, if a fractal dimension tends to some
theoretical expected value. The authors followed the latter
approach.

The necessary visualizations and data post-processing
were performed in Python 3, incl. the library plotly v5.11.
The scripts were written in the Jupyter notebooks which
facilitates development due to user friendliness and
collaboration between the developers.

I1. Discussion

Prior to analyses, the tests of fractal calculations were
performed. As the data objects for analyses are SEM
images, it was necessary to establish how the algorithm
calculate the fractal dimension D for some simple cases.
For example, Fig. 1a shows the test sample 1 which is a
cropped piece of the SEM image of the relatively flat
fracture surface and the test sample 2 which is also a piece
of SEM image but out-of-focus sample surface. The
sample 1 was actually taken from Fig. 2b and the sample
2 was from Fig. 2a. Having calculated the fractal
dimensions, the fractal maps were obtained. As the
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sampling window was 4x4 pixels, the actual smoothing
effect was not large compared to the cases with large
sampling windows like 10x10. However, as the algorithm
slides across 2 dimensions of the SEM image while
processing the grayscale intensity, some blurring appears.
The blurring effect is noticeable on the sharp boundaries.
For example, the sample 1 has a white background due to
cropping. This boundary blurs on the fractal map. Thus, it
is important to have high-resolution images and to
minimize a sampling window size while trying to explore
small objects with higher accuracy.

When the fractal maps are calculated, one can plot a
distribution of fractal dimensions against number of
pixels. Such fractal distributions are presented on Fig. 1b,
but they are also normalized on the maximum value of
frequency of pixels in each distribution to enable relative
comparison between the samples. The bin size of fractal
dimension for all our distributions is 0.01. The sharp peak
at D~2 for the sample 1 corresponds to the white
background of the cropped image. Basically, a flat 2-
dimensional surface should have no features and no
complexity. When the pixel intensities start to variate, D
grows. The flat fracture surface of the sample 1 has a
second peak at D~2.37. The sample 2 has a wide peak at
2.46, which is characterizes a more chaotic object. It

"SEM ) Fractalm'ap" SEM ~Fractal map
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y (px)
y (px)
3
=

appears, that the method is sensitive to the small variations
of intensities or noise as expected [10]. Noisier SEM
images will have a wider peak at D~2.5. It is seen that the
calculated value at the peak D~2, tends to the theoretical
value at D~2. A calculation error can be estimated as a full
width at a half maximum, and it was around ~ 0.01
(however, for that particular test a bin size for a fractal
dimension distribution was taken at 0.002). The relative
error of all calculations of fractal dimensions in this
research was assumed to be around ~ 0.01.

During calculations of D, the actual values are not
limited within a max theoretical value of 3 and a min value
of 2. The Clarke’s algorithm may not fit properly the
actual surface with the virtual prisms, thus, leaving for
some errors. So, the values might be a little lower than 2
or higher than 3 for few points on the large SEM image.
With those assumptions, it is now possible to proceed to
analyses of the real fractograms.

Fig. 2 shows the fractogram of the AMg6 alloy. On
the left side of Fig. 2a, the target surface is melted by the
beam, which is characterized by grain elongated
perpendicular to the surface. This is a common
recrystallized microstructure of the melted zone (MZ) due
to directional crystallization. The thickness of the
recrystallized MZ reaches ~ 100 pm at the epicenter of

Fig. 1. Tests on pieces of SEM images (a) and their corresponding (b) distribution of the normalized frequency of
the calculated fractal dimensions of the SEM images, where (1) is the test sample 1, (2) is the test sample 2.

SEI 20kV x800 10pm

Karazin National University Amg irrad WD:20 I:310 No:4874 5.03.13

a

SEI 20kV x800 10pm

Karazin National University

b
Fig. 2. Fractograms of the fracture of the AMg6 alloy. (a) irradiated material, near-surface area, (b) reference
material in the central part of the sample

Amg irrad WD:20 I:610 No:4885 5.03.13
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irradiation, however, the beam melts up to the depth of
around 500-600 pm but most of the material is lost due to
ablation into the environment. The elongated grains have
a thickness of ~1-5 pm, and traversing the whole MZ. On
the right side of Fig. 2a, there is a rough globular
microstructure. This is a heat-affected zone (HAZ), which
was impacted by the thermal and shock-wave effects of
the beam. The microhardness of such irradiated area is
20% higher compared to the reference material as reported
elsewhere [7]. Apart from recrystallization effects, the
formation of compression-tension waves in the target
volume contributes to the change of microstructure as it
was discussed in [14]. The fracture mechanism of MZ is
brittle with clear intercrystalline cracks and between MZ
and HAZ. In the latter case, the cracks appeared
confirming a poor adhesion between the recrystallized
layer and HAZ base, Fig. 2a.

Fig. 2b shows a fragment of the central part of the
plate. This part was not affected by the HCEB irradiation
and it represents the reference material. The reference
alloy AMg6 has the faceted microstructure of a size 2-
8 um. Its fracture mechanism is of predominantly ductile
mode with elements of brittle fracture. There are many
fine independent dimples with a diameter ~2 pm,
uniformly distributed across the fractogram. Presence of
hardening phase in terms of small particles with a size 0.5-
3 um was noticed on the facet boundaries. It is assumed
that those are Al.Mgs, (Fe, Mn)Ais, M@»Si as found in

x (px)

5]

o

[15].

In general, the HCEB irradiation resulted in formation
of the thin brittle surface layer of recrystallized material.
The mechanical properties at MZ deteriorated in terms as
a protective layer. It is known, that HCEB processing of
the materials results in some residual compressive
stresses, which actually lead to lower adhesion of the
melted zone of material to the bulk material. The stresses
were estimated to reach around 80-150 MPa [16].

The fractal dimension maps of the SEM images on
Fig. 2, are presented on Fig. 3a-b. The gray scale color bar
is characteristic similar for both, and it is omitted for
Fig. 3b. It is seen, the fractal analysis is a powerful tool for
edge detection. It clearly highlighted the grain boundaries
and the fracture cracks as the dark features which are
visible on the gray ‘noise’ background. The normalized
frequency distributions revealed the differences in the
fractal dimension for the MZ, HAZ and the reference
material. It appeared, the faceted microstructure of the
reference material has a larger contribution of the edge
boundaries, thus leading to a shift to lower D values. The
melted zone itself has the highest contribution of the
background noise as it is featureless compared to others
judging on its peak position and width with trails. HAZ
with the faceted-globular microstructure has intermediate
distribution of fractal dimensions due to its nature of
formation. To illustrate the difference between ‘noise’
background and the edge features, Fig. 3d was built by

y (px)

y (px)

Fig. 3. Calculated fractal dimensions of the SEM images for the AMg6 alloy: (a) irradiated material, (b) reference
non-irradiated material. The color bar of the fractal dimension D is included in (a) for illustrative purposes. (c)
shows the distribution of the normalized frequency in the areas: 1) MZ, 2) HAZ, 3) non-irradiated reference. (d)
illustrates a filtered fractal dimension map for (b), where D < 2.2.
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Fig. 4. Fractograms of the D16 alloy: a) irradiated (HAZ) zone, b) non-irradiated reference.

o
L

Fig. 5. Distribution of the normalized frequency of the calculated fractal dimensions of the SEM images in the
areas: 1) irradiated (HAZ) zone, 2) non-irradiated reference of the D16 alloy.

filtering the Fig. 3b data set for D < 2.2. Some differences
between the backgrounds (D>2.2) for all zones can be
found, but it is currently unclear what is an actual effect of
the SEM imaging conditions and the actual
microstructures, and it requires some future
investigations.

The study of the fractures of the D16 aluminum alloy
were started earlier by the team in [7]. As it can be seen in
Fig. 4a, the fracture of the irradiated part of the target was
accompanied by the release of internal stress energy,
which manifested itself in the deformation at the
mesoscale level. The reference material is presented on
Fig. 4b, the fracture went in a predominantly brittle mode
with intergranular fracture and fine dimples. The
irradiated material has the ductile mechanism of fracture
in the heat-affected zone, accompanied with large deep
dimples and tear ridges. From the point of view of
absorption of external shock energy, the irradiated
material may be better as a protection layer. Fractal
dimension analyses (Fig. 5) revealed the shift of the
distribution to lower D values, both in terms of a peak
position and a higher-D trail. The shift in the fractal
dimension distribution is basically contributed by the
change in the fracture mode and thus, in a presence of
more edge features. Based on the results from the AMg6
alloy and the D16 alloy, it appeared that the more brittle
aluminum alloys are, the higher is the contribution of
noise, and the higher ductile microstructures have the
SEM fractograms with the distributions significantly
contributing at D~2.
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It is suggested, that the nonlinearity of the behavior of
the mechanical properties of the aluminum alloys can be
extended by considering the fractal dimension of the
microstructure, i.e. their fractures. In such case, the
behavior may follow the modified Hall-Petch expression
as described by Tian et al. in [17]:

k

ra-2

F

g = Z(l + (4)
where F is the applied force to the crystalline object with
a section of size A, k is a constant, r is a size of crystallites
or grains, and «a is a fractal dimension. It becomes the
classic Hall-Petch relationship when a=5/4. In general, it
is hypothesized, that the fractal dimension influences on
the local mechanical properties, and it could be useful to
do tensile testing, or pico- or nano-hardness testing in
future to confirm the relation. Also, more solid
understanding of the fractal descriptors of the fractures
and the microstructure, could assist with prediction of
materials failure. However, it is still unclear how the
calculated fractal dimensions should be used as the
distributions have large contribution of noise, chaotic
variations of SEM imaging conditions. A possible
improvement is extraction of components from the fractal
dimension distributions as on Fig. 3: noise/background as
a gaussian distribution with a peak around D~2.4-2.5, and
contribution of other features with peaks at D~2-2.3. More
studies are planned to be conducted in this field by our
team.
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The possible application domains of fractal analyses
of microstructure images could be extended to more
simple matters as it simplifies the edge detection for the
grain boundaries and other high-contrast features. For
example, the automated analyses of microstructure can be
implemented if combined with other methods. Such
approach may provide the details on the fracture
mechanisms, comparisons of microstructures, quantitative
description of the microstructures.

Conclusions

Modification of the surfaces of aluminum alloys by
processing with high-current relativistic electron beams
changes the microstructural nature of their near-surface
layer. HCEB processing of the AMg6 alloy caused
embrittlement of the melted area. The heat-affected zone
of the materials also went through substantial changes in
microstructure. HAZ in D16 alloy became more ductile
compared to the reference material. The fractal analyses
revealed the distinct differences of the alloys before and
after modification in terms of fractal dimension of the
SEM images of their fracture surfaces. More ductile
sample areas appeared to have a larger contribution of
fractal dimension close to 2, compared to more brittle
microstructures due to abundance of edge features in the
former case.
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The E. coli inactivation using hydrogen peroxide (H202) and cobalt ferrite granulated catalyst was investigated
in a fixed-bed flow reactor. The CoFe204 catalyst was synthesized by the co-precipitation method, granulated, and
annealed at 1150°C. X-ray diffraction analysis was used to identify the crystal structure of the catalyst. CoFe204
catalyst demonstrates good catalytic activity for bacteria inactivation in the presence of H202. An increase in the
hydrogen peroxide concentration increases the inactivation efficiency. The reactor demonstrates the E. coli
inactivation of 99.94% at the H202 hydrogen peroxide concentration of 15 mM and initial bacterial concentration
of 6:10% CFU/L. The water disinfection using a fixed-bed reactor demonstrates the broad prospects for industrial

use.
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Introduction

Clean water is becoming less available to people [1].
Contamination of water with  chemical and
microbiological pollutants prompts people to solve this
problem, namely to find new effective methods of
cleaning and disinfection. Chemical pollutants are quite
dangerous, but microbiological ones, which include
bacteria and viruses, pose a greater danger due to their
rapid spread among humans. That is why it is important to
use innovative and highly effective methods for
wastewater disinfection, which contains a large number of
various pathogenic microorganisms.

Advanced oxidation processes are promising for
polluted water disinfection [2,3]. Reactive oxygen species
effectively neutralize the microorganisms that can harm
people [2,4]. Fenton systems, as demonstrated by recent
studies, are more effective, ecological, and economical
compared to ozonation, UV irradiation, electrochemical
oxidation, and sonolysis [5,6]. The catalyst plays an
important role in the Fenton processes. It should be non-
toxic, and effectively decompose used oxidants into free
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radicals (*OH, *OOH), which are responsible for the
pathogens’ inactivation. The most common option for
hydroxyl and hydroperoxyl radicals generating is the
decomposition of hydrogen peroxide [1,7]. Iron oxides
and spinel ferrites have met these requirements [6,8]. For
example, cobalt ferrite has been tested in real wastewater
and found to be excellent in peroxymonosulfate (PMS)
activation and Escherichia coli and Enterococcus sp
bacteria disinfection [1].

The hydroxyl radicals formed during the catalytic
decomposition of H2O, possess a strong oxidizing effect,
are toxic for biomolecules, and, therefore, easily damage
the cell walls of microbes, organelles, and DNA. In
addition, these radicals show a much higher reaction rate
than chlorine, ozone, or potassium permanganate [5,9].
The effect of hydrogen peroxide on bacteria inactivation
is evidenced by many studies [2,10-12]. L. Fernandez et
al. [2] inactivated E. coli bacteria using magnetite-based
nanoparticles. It was shown that the inactivation
percentage increased with increasing H.O, concentration.
Copper ferrite also actively generates hydroxyl radicals,
which resulted in cell membrane damage and inactivation
of E. coli (100 %) and S. aureus (96.4 %) bacteria [10].
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I. de la Obra Jiménez et al. [8] have chosen iron oxides
(hematite, magnetite) as heterogeneous catalysts for
Fenton processes. The disinfection of municipal
wastewater in reactors with natural catalysts was
evaluated. The research was carried out at neutral pH, in
the periodic and continuous flow modes. As a result, the
authors obtained a complete inactivation of E. coli
bacteria, namely a reduction of E. coli by 5-log. It is
important to note that different types of inactivation
mechanisms were observed in this case, but the
heterogeneous Fenton process is the key. Therefore, water
disinfection using the Fenton processes effectively solved
the polluted water problems.

The complete wastewater treatment technology
includes two processes: the degradation of organic
toxicants and water disinfection. To date, there is a very
small amount of research dedicated to E. coli inactivation
using fixed-bed flow reactors. G.D.L.P. Vargas et al. [13]
have shown that the rate of Escherichia coli inactivation
increases with an increase in pH and H»O2 concentration.
The presence of dissolved pollutants in domestic
wastewater decreases the effectiveness of E. coli
inactivation.

The key factors in evaluating whether a treatment
technology is suitable for industrial use are cost and
energy consumption. The paper [14] describes a
microbubble-gas plasma reactor that produces a large
amount of oxygen reactive species and nitrogen reactive
species for the bacteria inactivation in sewage. The reactor
reduces more than a 5-log of E. coli after 30 minutes at an
energy consumption of 68 kJ/L. The addition of humic
acid reduces the rate of E. coli inactivation: the
inactivation of E. coli at the humic acid concentration of
0.0015% was less than 50% compared to the inactivation
in pure water. L.Y. Ozer et al. [15] have used a fixed-bed
reactor to investigate the antimicrobial properties of the
nano-silver-4  wt.%-kaolin  (nAg-4-Kn)  composite
deposited onto borosilicate glass beads (BGB). The tests
were conducted in a fixed-bed reactor on effluent taken
from a secondary sewage treatment plant. The results
showed complete disinfection of the wastewater, which
was maintained for several days. The nAg-4-Kn/BGB
composites demonstrated high stability, which was
confirmed by the composites’ stability on the BGB
surface. C. Pablos et al. [16] investigated the
photocatalytic inactivation of Escherichia coli bacteria by
titanium dioxide in a fixed-bed reactor. The efficiency of
the reactor was studied and compared with the results
obtained in batch mode. In both cases, photocatalytic
inactivation was successfully achieved, for a 6-fold
reduction in bacterial concentration. A fixed-bed reactor
increases the rate of inactivation with increasing treatment
time. It can be explained by the fact that the fixed bed
reactor requires a longer irradiation time to completely
inactivate the bacteria. It allows the use of a continuous
process without the need for particle removal, making this
immobilized system a good alternative for the successful
scale-up of water disinfection technology. I. Thakur et al
[17] have presented a low-cost Fe-TiO, composite for E.
coli disinfection prepared by mixing clay with foundry
sand and fly ash. The constant leaching of iron ions in
acidic conditions into the solution led to the double effect
of photocatalysis and photo-Fenton in the purification
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system. The composite beads were used 30 times and
accompanied by a decrease in their photoactivity by only
11%. The corresponding results represent high prospects
for dual technology for E. coli inactivation. The study [18]
describes a reliable device for water disinfection using
silver nanoparticles (AgNP), immobilized on the glass
surface, in a continuous flow mode. It was found that the
cleaning efficiency increases with an increase in the
reactor contact time. A minimal release of silver
(100 pg/L) into the treated water was observed throughout
the test period.

Thus, the effectiveness of flow reactors depends on
various factors such as reactor volume, catalyst nature,
and treatment time. Bacterial inactivation is influenced by
a range of different parameters: temperature, pH, and
hydrogen peroxide concentration [19]. The peroxide
technique has already demonstrated high efficiency in
wastewater treatment due to the reactive oxygen species
(ROS) formation [11]. Today, it is important to evaluate
the suitability of the flow mode for industrial-scale use,
maintaining the high efficiency of bacterial inactivation. It
is assumed that the integration of flow reactors into the
wastewater treatment system will ensure efficient and
rapid treatment of effluents. Therefore, the aim of this
work is to investigate a flow fixed-bed reactor filled with
CoFe;04 catalyst and H,O, for water disinfection.

I.  Experimental

1.1. Chemicals and microorganisms

CoCl;-6H20 (Carlo Erba reagents), FeCls-6H,0
(Carlo Erba reagents), NaOH, and hydrogen peroxide
(31.5 %) were obtained from SferaSim (Ukraine). The
model bacteria were Gram-negative, non-spore-forming
bacteria Escherichia coli (ATCC 35218).

1.2. Catalyst preparation and characterization

CoFe;04 nanoparticles were synthesized by the co-
precipitation method. The precise amounts of iron(ll1)
chloride (27.05 g) and cobalt(ll) chloride (11.91 g) were
used as a source of Fe®* and Co?" cations, respectively.
Metal salts were dissolved in 500 mL of water and the
resulting solution was stirred for 30 minutes at 90°C. After
that, a NaOH solution (5 M) was added dropwise as a
precipitant to obtain a solution pH of 14. The mixture was
further stirred with an overhead stirrer at 600 rpm for
30 min to complete the reaction. During the entire
synthesis process, the solution was heated at 90°C in a
water bath. The resulting black precipitate of CoFe,04 was
separated using a magnet, washed three times with
distilled water, and dried at room temperature. The
obtained CoFe;O4 powder was pressed into pellets, the
pressing process is described in detail in our previous
work [11]. Pellets with a diameter of 10 mm and a
thickness of 3 mm were sintered for 6 hours at 1150 °C.
The sintered tablets were crushed into granules with a size
of 0.2-3 mm and filled into a flow-through reactor with an
inner diameter of 21 mm and a length of 60 cm. The total
mass of granules in the flow-through reactor was 445 g,
and the filling volume was 130.5 mL.

The phase analysis of the catalyst was performed by
X-ray diffraction analysis (XRD) using a Rigaku MiniFlex



Nazarii Danyliuk, lvanna Lapchuk, Tetiana Tatarchuk, Roman Kutsyk, VVolodymyr Mandzyuk

600 diffractometer. The CuKo radiation at a wavelength
of 1.5406 A with the scan step of 0.02° (20) and the scan
speed of 1°/min was applied.

1.3. Bacterial inactivation tests

Gram-negative Escherichia coli bacteria were plated
on a sterile nutrient medium and cultivated for 24 hours at
37°C. The bacterial dilution was used to prepare the
desired concentration of the bacterial solution. A bacterial
suspension was prepared from the former colonies, serial
dilutions were carried out, and 1 mL of the suspension was
added to 1 L of distilled water. As a result, concentrations
of 102 and 10 CFU/L were obtained. To inactivate E. coli,
a series of hydrogen peroxide solutions with a
concentration of 2.5, 5, 10, and 15 mM were used in the
experiments. The initial bacterial solution and H20;
solution were simultaneously fed into the reactor at a
constant speed of 1.25 mL/min. To study the effect of
temperature on E. coli inactivation, the experiments were
performed at 20°C and 25°C. Residual bacteria were
cultivated for 24 hours at 37°C. Endo's medium helps
identify E. coli bacteria by forming red colonies. Colonies
were counted and the inactivation percentage was
calculated according to the formula:

% inactivation = [1— Nouw/Nin] x 100% (€3]

where Ni, and Noyt are the concentration of bacteria at the
inlet and outlet of the reactor.

I1. Results and discussion

2.1. X-ray analysis

X-ray diffractograms of as-prepared and calcined at
1150 °C CoFe;04 samples are shown in Fig. 1. The
diffractograms contain peaks with indices (111), (220),
(311), (222), (400), (422), (511), (440), (533) and (622),
which belong to the face-centered cubic crystal structure
of spinel [20,21]. It can be seen that the rise in annealing
temperature leads to significant peaks’ narrowing. The
narrow peaks of the CoFe;04 (1150 °C) sample confirm
the formation of particles with a high degree of
crystallinity. The detected XRD peaks correspond to the
space group Fd3m. The lattice parameters equal
a = 83749 A and a = 8.3628 A for as-synthesized
CoFe;04 and CoFe20s-1150°C, respectively. The
crystallite size (D) was calculated by the Scherrer method
using the formula: D = k-M/(B1/2-cos), where k is the
Scherrer constant that takes into account the shape of the
particles (k= 0.94), A is the X-ray wavelength (nm); B1s IS
the width of the peak at its half maximum (in radians); 6
is an angle for peak (311) (in radians). The calculated
crystallite sizes of CoFe;04 and CoFe,04-1150°C samples
are approximately 14 and 98 nm, respectively.

2.2. Inactivation of bacteria E. coli using the
catalytic decomposition of H20:

The catalytic activity of CoFe,O, was studied on
opportunistic bacteria Escherichia coli. The work focuses
on water disinfection using a reactor filled with a spinel
ferrite catalyst using low concentrations of peroxide,
which will reduce the negative effects on human health
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[1,22]. It is known that the CoFe,O4 catalyst can
effectively decompose H.O, to aggressive free radicals.
These reactive oxygen species, as researchers have shown,
are the main reason for the destruction of bacteria, their
cell walls, DNA, and internal organelles [16]. Figs. 2a-f
show the main results of this study. The initial bacterial
suspensions contained 7-102 and 6-10° CFU/L of E. coli
bacteria. The concentration of hydrogen peroxide varied
from 2.5 to 15 mM. Studies at room temperature showed
a reduction of E. coli bacteria in water by 1.81-log and
1.96-log at a concentration of 15 mM H,0, for 7-10% and
6-10° CFU/L E. coli, respectively (Fig. 2a-b). The
inactivation percentage increases with increasing
concentration of hydrogen peroxide and is equal to more
than 98 % at 15 mM of H,0, (Fig. 2e). Thus, the higher
the concentration of H,0», the greater the number of ROS
generated on the catalyst’s surface [16].

311 .
~ 20000 CoFe,0, (calcined)
3
S 15000
>
@ 10000 - 440
c 511
3] 220
£ 5000 400
IS 299 422 533
111 1 622
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T T T T T T
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G 4000 1
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Fig. 1. XRD patterns for as-prepared and calcined at
1150 °C cobalt ferrites.

30 60 70 80

In addition, it was found that temperature change has
a significant effect on bacteria inactivation. Conducting
research on the catalytic activity of cobalt ferrite under
conditions of elevated temperature, namely 25°C, is more
favorable for E. coli inactivation (Fig. 2c-d). This is
evidenced by the inactivation %, which is equal 99.89% at
the initial concentration of E. coli 7-10> CFU/L and
99.94% at 6-10° CFU/L in the presence of 15 mM H,0;
(Fig. 2f). Presumably, as the temperature increases, the
catalyst more actively decomposes H,O; and generates a
higher amount of hydroxyl and hydroperoxyl radicals,
which inactivate gram-negative E. coli bacteria.

Fig. 3 shows the impact of experimental parameters
(initial H,O, concentration and temperature) on the E. coli
inactivation. An increase in the H,O, concentration and
temperature from 20 to 25 °C causes a gradual increase in
the inactivation effectiveness. The maximum efficiency of
E. coli inactivation is observed at [H202]o = 15 mM and
T = 25°C. The E. coli inactivation was mostly caused by
hydrogen peroxide, which is a ROS source. It should be
emphasized that the catalyst, prepared from sintered
CoFe;04 granules, requires rather low concentrations of
H,0, (10-15 mM) for the complete inactivation of E. coli
bacteria.



(a)

Bacteria inactivation using spinel cobalt ferrite catalyst

(B) 4o,

(c)

4 0
6000 20°C 20°C 6000 - 250(:
5000 32, 5000
4000 o 4000+
a 5 241 o
3 3000 B 3 3000-
5 ——6*10° CFUIL . 5
2000 ——7*102 CFUIL o 2000 - —«— 6*10° CFUIL
1000+ 0.8 , 10004 —=—T7*10% CFUIL
——6*10° CFUIL
0 0.0 —— 77102 cFUIL o] T
0 3 & 9 12 15 0 3 & 9 12 15 0 3 & 9 12 15
[H,0,], mM [H,0,], mM [H,0,], mM
(d) (e) (f) [ J6+10° CFUIL 0
40 25°C [ J6*10° CFUL 20°C 25°C
100 I:I 7*102 CFU/L 100 D7*102 CFUIL
3.2
S 80 s 9
524 8 g
2 % > 2
& g 60 g »
21.61 g £
= = 404 2 40
0.8-
——6*10° CFUIL 20 20
0.0] —— 7102 CFUIL
r r r r r r 0- H 0=
0 3 8 9 12 15 25 5 10 15 0 25 5 10 15

[H;0,], mM

[H,0,], mM

[H,0,], mM

Fig. 2. (a) The E. coli bacteria inactivation at (a, ¢, €) 20 °C and (b, d, f) 25 °C: (a, c) bacteria count at the outlet of
the reactor depending on the H,O, concentration; (b, d) the log inactivation; (e, f) disinfection efficiency.

Inactivation (%)

b)

8
==

8

8

e

B 8

Inactivation (%)
=]

=

Fig. 3. (a, b) 3D graphs showing the impact of experimental parameters ([H202]o and T) on the E. coli inactivation:
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Conclusions

Water disinfection using a flow fixed-bed reactor
filled with CoFe.QO4 granules showed good efficiency at an
initial bacterial concentration of 7-10% and 6-10° CFU/L.
The tests were performed at different hydrogen peroxide
concentrations (0, 2.5, 5, 10, and 15 mM) and different
temperatures (20°C and 25°C). The maximum efficiency
of the flow reactor is observed using 15 mM H,O2: the

259

inactivation of E. coli is more than 99 % at the initial E.
coli concentration of 7-10? CFU/L and 6-10° CFU/L. The
contact time of 52.5 min was sufficient for the E. coli
inactivation. This approach can be used to treat industrial
wastewater without adverse effects on the environment.
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Hazapiit Janumok!, IBanna Jlamayk?, Tersna TaTapuyk?,
Poman Kyiuk?, Bojgogumup Manaszok?

InakTuBanisa 6akTepiii 3a 10NOMOT0K0 IMNMIHEJbHOT0 KOOAJIbT-(DEPUTHOTO

KaraJjizaTopa

! Ipuxapnamcoxuii nayionansuuil ynieepcumem iveni Bacuna Cmeganuxa, Isano-®panxiecok, Yrpaina,
danyliuk.nazariy@gmail.com
2 Jeano-Ppanxiscokuil Hayionarsruti meduunuti ynieepcumem, leano-@panxisecox, Ypaina, rkutsyk@ifnmu.edu.ua

B pobori mocmimkeno inaktuBamio Oakrepiii E. coli 3 Bukopucranusm mepokcuay Boanwo (H202) i
TpaHyJIbOBaHOTO KaTajizaropa (epuTy KoOambTy B NMPOTIYHOMY peakTopi 3 HepyxomuM mmapom. Karamizatop
CoFe204 cuHTE3yBall METOJOM CIIBOCA/DKCHHS, TpaHymoBany Ta BimnmamoBamu mpu 1150°C. Jlns aHamizy
KPHUCTAIIIYHOT CTPYKTYpH KaraiizaTopa BHKOpHCTOBYBaiu X-npomeHeBuil anami3. Karamizatrop CoFe20s
MPOJIEMOHCTPYBAB XOPOIIY KATaNITHYHY AaKTHBHICTh INOJO iHAaKTWBamii Oakrepiii y mpucytHOcTi H202.
30UIbIIeHHS KOHIIEHTPALil HEepOKCHAY BOJHIO MiABHINYE e(peKTUBHICTh iHakTHBauii. Peakrop memoHcTpye
inaktuBarito Gakrepiit E. coli ma pisui 99.94% npu KoHUeHTpauil TEPOKCHAY BOAHIO 15 MM i mouaTkoBiit
KoOHIeHTpanii 6aktepiii 6-10° KYO/n. 3He3apaxeHHS BOMM 3a JOMOMOTOKD PEAKTOPA 3 HEPYXOMHM IIapOM
JEMOHCTPYE LIMPOKI MEPCHEKTUBH AJIsI HOro IPOMHCIIOBOTO BUKOPHCTAHHSI.

KuarouoBi ciioBa: peakrop 3 Hepyxomum mapom; E. coli; ko6anpToBuii heput; mepoKCH/ ] BOAHIO; IHAKTHBALIis
OakTepii.
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The possibility of obtaining nanocrystaline lead sulfide by an electrolytic method using lead electrodes is
demonstrated, and the influence of temperature on the synthesis process is investigated. Based on the results of X-
ray diffraction studies, the chemical and phase composition of the obtained samples is determined, as well as the
parameters of the unit cell of the crystals lattice. The size of the nanocrystallites and the magnitude of residual
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Introduction

Lead sulfide (PbS) belongs to narrow-bandgap
chalcogenide semiconductors, it has a band gap 0f0.41 eV
and crystallizes in a cubic crystal system [1]. Due to this,
PbS bulk crystals and thin films are widely used in IR
detectors, in particular for detecting radiation in the
wavelength regions from 1 to 3 pm, which can operate in
the temperature range from 77 to 300 K [2]. Due to its
unique optoelectronic properties, lead sulfide is also one
of the traditional photovoltaic materials [3], and promising
for numerous applications in modern optoelectronic
devices [3-5], for applications in global positioning
systems, software radio systems, environmental
monitoring satellites, etc.

In recent years, interest in the development of
semiconductor nanostructured materials has been growing
rapidly due to their unique physical and chemical
properties [6-12]. This is due to their potential application
in the field of solar cells of a new generation,
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optoelectronic devices, photoconductors, sensors, and
infrared detector devices. The attractiveness of PbS
nanocrystals stems from the dependence of their
properties on size, shape, doping, tunable surface
chemistry, and the low cost synthesis. The synthesis of
PbS nanocrystals with different morphologies and the
corresponding effect on material properties is of great
importance in the process of finding new applications in
electroluminescent devices, such as light-emitting diodes
[7-9]. PbS nanocrystals are especially attractive for
devices related to infrared radiation since the energy of
their first exciton transition can be easily varied from
visible to infrared ranges [7]. Lead sulfide has a large Bohr
radius (18 nm) [7], and therefore strong quantization
effects can be achieved even for relatively large sizes. The
possibility of multiphoton absorption in PbS is extremely
useful for the efficiency increase of photoelectronic
devices [10]. PbS has a huge potential also in the field of
electrochemical biosensors, as well as effective
antimicrobial drugs [6, 11].


https://www.scopus.com/affil/profile.uri?afid=60108457

Physical properties of nanocrystaline PbS synthesized by electrolytic method

Semiconductor nanocrystals are obtained by various

methods, such as laser sputtering, electrochemical
deposition, thermal and magnetron  sputtering,
mechanical-chemical crushing, chemical deposition,

molecular beam epitaxy, synthesis in colloidal solutions,
hydrothermal synthesis, electric discharge in water, etc.
[12, 13]. In the synthesis of nanomaterials, the choice of
research methods is of great importance, especially for
controlling dimensional and structural characteristics. It is
known that transmission scanning microscopy, optical
studies, and X-ray structural analysis are the main
methods of studying the dispersion of particles [1,14-17].

I. Experiment and materials

Lead sulfide was obtained by the electrolytic method
in an open glass electrolyzer with lead electrodes. A
stabilized direct current source was used to power the
electrolyzer. Distilled water and the following reagents
were used to prepare the electrolyte: sodium thiosulfate
(NazS;03 5H,0), sodium chloride (NaCl), and sodium
carbonate (Na,COs). Electrolyte concentration was the
next: 12.5 g/l in the case of using Na,S,03; 0.625 g/l in the
case of NaCl; 6.25 g/l in the case of Na,COs. The synthesis
process was carried out at the temperature of the
electrolyte, which varied from room temperature to 100 C.
The duration of the synthesis process was 3 hours, and the
current density was 1.3x102 A/cm?. For uniform use of
the electrode material, the direct current was reversed after
30 min. After the end of the electrolysis process, the
electrolyte was filtered using a paper filter and the
resulting powder was washed with five times the volume
of distilled water. Samples were air-dried at room
temperature.

X-ray studies were carried out on a DRON-4
diffractometer using CuK, radiation at room temperature.
Scanning of XRD pattern was performed according to the
Bragg-Brentano scheme (6-20). The anode voltage and
current were 41 kV and 21 mA, respectively. The scanning
step of the XRD pattern is 0.05, and the exposure time is
5s.

For a detailed analysis of experimental XRD patterns,
each experimental reflex was described by a Gaussian
function, as a result of which the following information
was obtained: angular position 20, FWHM (full width at
half maximum) B, the integrated intensity I. Obtained
results were used to interpret experimental XRD patterns
and calculate the sizes of nanocrystallites.

Raman light scattering spectra of samples were
studied in the backscattering geometry at room
temperature. Experimental spectra were recorded using a
single-stage spectrometer MDR-23 (LOMO) equipped
with a cooled CCD detector (Andor iDus 420, UK). Laser
radiation with a wavelength of 457 nm (diode-pumped
solid-state laser, CNI Laser) was used as an excitation
source for Raman spectra.

I1. Results and discussion

Figure 1 shows experimental XRD patterns of
samples obtained by the electrolytic method using
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different compositions and temperatures of the electrolyte.
Using the known interplanar distances and the Wulff-
Bragg formula [17,18]:

2d-sin@ =k- A,

where d — interplanar distance; 6 — diffraction angle; k —
order of the diffraction maximum; A — wavelength of X-
ray radiation, the angular positions of the 20 reflexes for
lead sulfide were calculated. Experimental characteristics
of X-ray pattern reflexes (angular position and intensity)
were compared with calculations and literature data [6, 17,
19, 20]. It was established that the XRD patterns of the
samples shown in Fig. 1 (a) and Fig. 1 (b), contain intense
reflexes corresponding to PbS and, accordingly, have the
following angular positions 2 6 with Miller indices:
26.1(111); 30.2 (200); 43.2 (220); 51.1; (311); 53.5 (222);
62.7 (400). Thus, using an electrolyte based on Na,S,03 at
room and 98 C temperatures allows obtaining lead sulfide
without a noticeable content of other compounds.

wmmd

c

Intensity, a.u.

50 60

20 40

20, degree
Fig. 1. XRD patterns of samples synthesized by the
electrolytic method: a — electrolyte is made using
Na,S,0s, electrolyte temperature is 98 C; b —electrolyte is
made using NaS,0s, the temperature of electrolyte is
23 C; ¢ — electrolyte made using Na;COs, the electrolyte
temperature 20 C; d — electrolyte is made using NaCl, the
temperature of the electrolyte is 98 C.
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The above XRD patterns (a) and (b) show low-
intensity reflexes that do not belong to PbS. It can be
assumed that they may refer to lead carbonate and oxide,
since we previously showed [21, 22] that when trying to
keep cadmium sulfide and zinc oxide by the electrolytic
method at room temperature, in addition to these
semiconductor nanocrystals, cadmium carbonate and
hydrozincite are formed, respectively. Therefore, in this
work, two control samples were synthesized - when using
an electrolyte based on sodium carbonate and sodium
chloride. The XRD patterns of these samples are shown in
Fig. 1 (c) and Fig. 1 (d), respectively. A detailed analysis
of these patterns showed that there are reflections on them
that belong to PbCO3 and two modifications of lead oxide.
Thus, when obtaining lead sulfide by the electrolytic
method, carbonate and lead oxide are minor impurities.
Carbon dioxide, which is necessary for the lead carbonate
formation, is one of the gases dissolved in electrolytes
during the electrolysis process since an open electrolyzer
is used in our case.

Parameters of the elementary cell are fundamental
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values in the identification of crystalline substances, as
well as in the determination of chemical bond lengths, the
study of transitions from one crystalline phase to another,
component composition of solid solutions, and the nature
of defects in crystals. The accuracy of determining
crystallographic parameters of the sample is affected by
several factors, including absorption and refraction of X-
rays in the sample, a divergence of the primary beam,
dispersion, Lorentz factor and polarization, temperature,
etc. [18]. Therefore, it is best to use single crystals to
determine the crystallographic parameters of alloys. In the
case of nanocrystalline samples, the task is complicated by
the large FWHM and low intensity of the peaks in the
XRD pattern. In addition, even in the region of large
diffraction angles, separation of K> doublet is not
observed. Therefore, we used the extrapolation method to
estimate the parameters of elementary cells, since almost
all systematic errors of X-ray measurements tend to zero
at the diffraction angle 6 = 90 [18]. Nanocrystalline PbS
obtained in this work, the XRD patterns of which are
shown in Fig. 1 (a)-(b), crystallizes in the sphalerite
structure, and therefore, using the Wulff-Bragg formula
and the quadratic form for cubic crystal system [18], it is
possible to calculate the value of unit cell parameter:

1/d? = (h2 + k2 + 1) /a?,

where a is the crystal lattice parameter; h, k, | are indices
of Miller planes.

As an extrapolation function, we used the function
[17, 18]

£(8)=0.5(cos? 6 /sin 0 + cos? 0 /).

Figure 2 shows the dependence of the unit cell
parameter of PbS nanocrystals determined from various
reflections on the value of the extrapolation function. A
slight deviation of experimental points from linear
dependence is visible, and therefore extrapolation line was
found by the method of least squares. Calculated values of
unit cell parameter are equal to a = 0.5938 nm and
a = 05935 nm for samples obtained at electrolyte
temperatures of 98 °C and 23 °C, respectively, which is in
good agreement with the literature data for single-crystal
lead sulfide a = 0.5936 nm [20].

The results of processing experimental XRD patterns
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were also used to calculate the size of nanocrystals using
Debye—Scherrer formula [23]:

D =0.891/(B - cosB),

where A is the wavelength of X-ray radiation; B is the
FWHM of the reflex; 0 is the diffraction angle. The
physical value of the FWHM is calculated by the formula:

B = (B — B2,

where B is the experimental value of the FWHM of the
XRD reflex FWHM; B, is the instrumental value of the X-
ray reflex FWHM. The instrumental value of the X-ray
reflexes FWHM was determined based on the analysis of
XRD patterns of silicon and Al,Os3 reference powders,
which were obtained under the same conditions.

Using Debye-Scherrer formula, the nanocrystallite
size was calculated from all six reflexes and the average
value of obtained results was found. As a result, the
following sizes of nanocrystals were obtained: 25.9 nm for
the sample synthesized at a temperature of 98 °C and 18.8
nm for the case of 23 °C.

The use of Debye—Scherrer formula is based on X-ray
reflex FWHM dependence on the particle size, and
FWHM increases as size decrease. In addition, it is known
that FWHM is affected by mechanical stresses that arise
due to defects in a crystal structure. In the case of
nanocrystals, defects can appear because a significant part
of atoms in them is on the surface, therefore, as the size of
nanocrystals decreases, the contribution of surface atoms
(surface stress) will increase.

Therefore, to determine the size and mechanical
stresses that may be inherent in PbS nanocrystals, we used
Williamson-Hall method [24]. In this method, the FWHM
of the reflex is described by the following formula:

B =0894/(D cosf)+4ctg?,

where A is the wavelength of X-ray radiation, and ¢ is the
relative elongation. In the last formula, the first term
shows contribute to the FWHM is caused by the
dimensional effect and the second — by mechanical
stresses. We write the last dependence in the form:

B cos8 =0.891/D + 4 £sin 6.

b
0.594 -
20.592
o
0.590 -
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o

Fig. 2. Graphical extrapolation to determine the crystal lattice parameter of nanocrystalline lead sulfide, obtained at
the temperature of the electrolyte: 98 C —a, 23 C —b.
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According to Hooke's law, during elastic
deformations, the magnitude of mechanical stress is equal
to:

oc=E-¢,
where E is Young's modulus. Having determined the

relative elongation from Hooke's law, we obtain the
dependence:

B-cosd =0.891/D+4-0-sinb/E.

If this dependence is plotted in the coordinate system
<4 sinb/E, B cosb>, then we get a straight line from which
we can find the nanocrystal size D and the magnitude of
mechanical stress 6. For single crystals, Young's modulus
will depend on the direction inside the single crystal, that
is, on the values of the Miller indices (h k 1) and the type
of crystal system. This dependence for the cubic system is
described by the formula [18]:

E_l = 511 - (2 511 - 2 512 - S44)(h2 k2 + kz l2 + lz hZ)/(hz + k2 - l2)2 y

where s11, S12, Sa4 are coefficients of elastic compliance.
Using the known values of the coefficients of elastic
compliance for the cubic modification of lead sulfide
s11=1.23-10"2 pa’l, s12 =-0.33-10%2 Pal,
44 =4.0-10? Pal [25], as well as the Miller indices of
reflections observed on the experimental XRD pattern, we
previously calculated the values of Young's moduli
depending on the direction inside the single crystal.
Figure 3 shows the use of the Williamson-Hall
method to determine the size of nanocrystals and
mechanical stresses for two samples. The figure shows the
deviation of experimental points from the linear
dependence, and therefore the extrapolation line was
found by the method of least squares. As a result of using
the Williamson-Hall method, the size of PbS nanocrystals
was found to be 36.6 nm and the value of mechanical
stresses was 1.3x108 Pa (tensile stress) for the samples
obtained at a temperature of 98 C, as well as 39.4 nm and
2.5 x108 Pa for a temperature of 23 C. The sizes of
nanocrystals calculated by Williamson-Hall method are
larger than the sizes obtained based on Debye—Scherrer
formula. Mechanical tensile stresses for the sample
synthesized at a temperature of 23 C are almost two times
higher than for the sample obtained at a temperature of 98
C. The latter may indicate that nanocrystals obtained at
room temperature have significantly more defects.
Similar results were obtained by the authors of [1],
who studied the properties of PbS thin films formed on
glass substrates by a chemical method using solutions of
lead acetate and thiourea at room temperature. The sizes
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of nanoparticles in work [1] were also determined by
Debye-Scherrer and Williamson—Hall methods and their
values varied from 19 to 23 nm. The authors of the paper
[11] studied nanoparticles of lead sulfide obtained by
centrifugation of a lead chloride solution and sulfur
powder. When the temperature changed from 10 to 40 C,
an increase in size from 10 to 25 nm was observed.

Figure 4 represents Raman spectra of two samples of
lead sulfide nanocrystals synthesized by the electrolytic
method at temperatures of 98 and 23 C, XRD patterns of
which are shown in Fig. 1 (a, b), respectively. The figure
shows that the spectra of these samples are quite similar.
the observed Raman bands were best fitted with a
Gaussian function, from which frequency, FWHM, and
integral intensity was obtained. The spectra contain two
intense scattering bands with a frequency position of 153
and 218 cm'?, as well as bands of low intensity — 88, 191,
and 243 cm'™. In addition, the FWHMs are slightly larger
at the synthesis temperature of 23 C than at the
temperature of 98 C: 11.4 and 10.7 cm’, respectively, for
the band of 88 cm?, 8.2, and 7.9 cm™ for band 153 cm™.
In the case of a band with a frequency of 218 cm™, they
are the same and equal to 5.2 cm™.

Bands with frequencies of 88 and 218 cm™ can be
attributed to scattering by transverse (TO) and
longitudinal (LO) optical phonons at the center of
Brillouin zone [26]. The scattering band of LO phonons
for PbS is not active in Raman light scattering spectra but
is active in IR spectra. It can be manifested in Raman
spectra, as noted by the authors of works [27-29], under
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Fig. 3. Results of using Williamson-Hall method for PbS nanocrystals obtained at the temperature of the electrolyte:
98 C—a,23C-h.
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conditions of resonant or quasi-resonant excitation of
Raman spectra due to electron-phonon interaction. In
addition, the authors of [30] observed an absorption band
at LO phonons (210 cm?) in the IR spectra. The same
opinion on the nature of these scattering bands is held by
the authors of works [30, 31].

)\ ,,

Intensity, a.u.

1

a

100 150 200 250 300 350 400
Raman shift, em”
Fig. 4. Raman spectra of samples synthesized using
NazS,0s-based electrolyte at temperatures:
a-98C;b-23C.

In [27], the authors studied Raman spectra of natural
PbS and calculated the dispersion curves of lead sulfide
for three important directions of Brillouin zone: [100],
[111], and [110], as well as the total density of phonon
states based on the dispersion curves. They suggested that
the band at 190 cm? is due to the combination of TO + LA
phonons along the A or X direction, and the band at
155 cm? is due to the combination of TO + TA phonons
along the X direction. The authors of the work [31]
compared Raman spectra of polycrystalline and
nanocrystalline PbS and observed a higher value of the
scattering frequency for LO phonons in NC, 210 cm®,
compared to a bulk crystal, from 206 cm. In our samples,
the frequency of the corresponding band is even higher,
218 cm'?, although the size of NC is much larger than in
[31], about 20 nm. Therefore, the frequency position of
this band in our nanostructures can be determined not by
the size effect, but by the dominant contribution of
phonons from different dispersion branches of phonons
[27].

In [31], thin films of lead sulfide obtained by the
chemical method were studied, and scattering bands with
frequencies of 148, 192, and 201 cm™ were recorded in
Raman spectra. The authors of this paper believe that the
band with a frequency of 201 cm? corresponds to
scattering by LO phonons of the center of Brillouin zone,
and the band with a frequency of 192 cm™ corresponds to
scattering by surface phonons. The nature of the band with
a frequency of 148 cm is not discussed in [32].

In [33], it is believed that the scattering band of
151 cm® is due to the combination of TO + TA phonons,
and 194 cm™ is due to surface phonons. When studying
PbS films in [34], Raman spectra were interpreted as
scattering by LO phonons (210 cm™) and surface phonons

(205 cm™). An alternative explanation for the origin of the
band at 153 cm™ could be the PbO phase [35], but its
spectrum is expected to contain a band in the region of
270-280 cm?, almost equally intense, which is not
observed in the spectra of our samples.

For the weak band at 243 cm?, it is currently
impossible to establish the origin. In some works, weak
bands in the range of 240-260 cm™ were also observed,
but their nature was not discussed [28].

It is known that PbS nanostructures can undergo
significant oxidation, both during synthesis and
measurement of Raman spectra since the oxidation is a
photostimulated process [36]. However, in the spectra of
nanocrystalline PbS obtained in this work by the method
of electrolytic synthesis, there are no bands of any of the
oxide forms, at least for samples synthesized using an
electrolyte based on Na;S,0s (Fig. 4).

Conclusions

This work shows the possibility of synthesizing
nanocrystalline lead sulfide by the electrolytic method
using lead electrodes and an electrolyte based on sodium
thiosulfate. When the temperature of synthesis
(electrolyte) increases, the size of PbS nanocrystals
increases, and the mechanical tensile stresses acting in the
them decrease. The results of Raman scattering spectra are
correlated with the results of X-ray structural studies.

Mazur N. — Ph D;

Lysytsya A. — Ph D., Associate Professor of the department
of ecology, geography and tourism of Rivne State
University of Humanities;

Moroz M. — Dr. Sci, Associate Professor of the
Department of Chemistry and Physics of National
University of Water Management and Environmental
Management;

Nechyporuk B. — Ph D., Associate Professor of the
Department of Physics and Astronomy and Teaching
Methods of Rivne State University of Humanities;

Rudyk B. — Ph D., Associate Professor of the Department
of Chemistry and Physics of National University of Water
Management and Environmental Management.

Dzhagan V. - Doctor of Physical and Mathematical
Sciences, Professor at Department of Optics and
Spectroscopy of Institute of Semiconductor Physics NAS
of Ukraine;

Kapush O. — Ph D;

Valakh M. - Doctor of Physical and Mathematical
Sciences, Professor at Department of Optics and
Spectroscopy of Institute of Semiconductor Physics NAS
of Ukraine;

Yukhymchuk V. - Doctor of Physical and Mathematical
Sciences, Professor at Department of Optics and
Spectroscopy of Institute of Semiconductor Physics NAS

of Ukraine.

[1] N. Choudhury and B.K. Sarma, Structural characterization of lead sulfide thin films by means of X-ray line profile
analysis, Bull. Mater. Sci., 32 (1), 43 (2009); https://doi.org/10.1007/s12034-009-0007-y.



https://www.scopus.com/affil/profile.uri?afid=60108457
https://www.scopus.com/affil/profile.uri?afid=60108457
https://www.scopus.com/affil/profile.uri?afid=60108457
https://doi.org/10.1007/s12034-009-0007-y

Physical properties of nanocrystaline PbS synthesized by electrolytic method

[2] A.B. Rohom, P.U. Londhe, P.R. Jadhav, G.R. Bhand, and N.B. Chaure. Studies on chemically synthesized PbS
thin films for IR detector application, J. Mater. Sci. 28, 17107 (2017); https://doi.org/10.1007/s10854-017-7637-
4.

[3] M.H. Jameel, S. Saleem, M. Hashim, [et al], A comparative study on characterizations and synthesis of pure lead
sulfide (PbS) and Ag-doped PbS for photovoltaic applications, Nanotechnology Reviews, 10, 1484 (2021);
https:doi.org/10.1515/ntrev-2021-0100.

[4] Th. Bielewicz, S. Dogan, and Ch. Klinke. Tailoring the Height of Ultrathin PbS Nanosheets and Their Application
as Field-Effect Transistors. Small 11(7), 826 (2015); https:doi.org/10.1002/smll.201402144.

[5] D.J. Asunskis, I.L. Bolotin, A.T. Wroble, A.M. Zachary, L. Hanley. Lead Sulfide Nanocrystal-Polymer
Composites for Optoelectronic Applications. Macromol. Symp., 268, 33 (2008);
https:doi.org/10.1002/masy.200850807.

[6] L.F. Koao, F.B. Dejene, H.C. Swart, Synthesis of PbS Nanostructures by Chemical Bath Deposition Method, Int.
J. Electrochem. Sci., 9, 1747 (2014);

[711. Moreels, K. Lambert, D. Smeets, D. De Muynck, T. Nollet, J. C. Martins, F. Vanhaecke, A. Vantomme, C.
Delerue, G. Allan, and Z. Hens, Size-Dependent Optical Properties of Colloidal PbS Quantum Dots, ACS Nano,
3(10), 3023 (2009); https://doi.org/10.1021/nn900863a.

[8] M. Mozafari, F. Moztarzadeh, Controllable synthesis, characterization and optical properties of colloidal
PbS/gelatin core-shell nanocrystals, Journal of Colloid and Interface Science, 351, 442 (2010);
https://doi.org/10.1016/j.jcis.2010.08.030.

[9] M. Scheele, D. Hanifi, D. Zherebetskyy, S. T. Chourou, S. Axnanda, B. J. Rancatore, K. Thorkelsson, T. Xu, Z.
Liu, L-W. Wang, Y. Liu and A. P. Alivisatos, PbS Nanoparticles Capped with
Tetrathiafulvalenetetracarboxylate: Utilizing Energy Level Alignment for Efficient Carrier Transport, ACS Nano,
8(3), 2532 (2014); https://doi.org/10.1021/nn406127s.

[10] L. Cheng, Y. Cheng, J. Xu, H. Lin, Y. Wang, Near-infrared two-photon absorption upconversion of PbS/CdS
quantum dots prepared by cation exchange method, Materials Research Bulletin 140, 111298 (2021);
https://doi.org/10.1016/j.materresbull.2021.111298.

[11] A.K.Mishra, S. Saha, Synthesis and characterization of PbS nanostructures to compare with bulk, Chalcogenide
Letters, 17(3), 147 (2020); https://doi.org/10.15251/CL..2020.173.147.

[12] D.V. Talapin, J.-S. Lee, M.V. Kovalenko and E.V. Shevchenko, Prospects of Colloidal Nanocrystals for
Electronic and Optoelectronic Applications, Chem. Rev., 110, 389 (2010); https://doi.org/10.1021/cr900137k.
[13] S.V. Kershaw, L. Jing, X. Huang, M. Gao and A.L. Rogach, Materials aspects of semiconductor nanocrystals

for optoelectronic applications, Mater. Horizons, 4, 155 (2017); https://doi.org/10.1039/C6MHO00469E.

[14] M.T. Dieng, B.D. Ngom, P.D. Tall, M. Maaza, Biosynthesis of Zns(CO3).(OH)s from Arachis Hypogaea Shell
(Peanut Shell) and Its Conversion to ZnO Nanoparticles, American Journal of Nanomaterials, 7(1), 1 (2019);
https://doi.org/10.12691/ajn-7-1-1.

[15] Ankita, S. Kumar, S. Saralch, D. Pathak, Nanopowder and Thin Films of ZnO by Sol Gel Approach, J. Nano -
Electron. Phys., 11(4), 04027 (2019); https://doi.org/10.21272/jnep.11(4).04027.

[16] O.Z. Didenko, P.E. Strizhak, G.R. Kosmambetova, N.S. Kalchuk, Synthesis and Morphology of the ZnO/MgO
Low-Dimensional Quantum Systems, Physics and Chemistry of Solid State, 10(1), 106 (2009);

[17] M. Basak, Md. L. Rahman, Md. F. Ahmed, B. Biswas, N. Sharmin. The use of X-ray diffraction peak profile
analysis to determine the structural parameters of cobalt ferrite nanoparticles using Debye-Scherrer, Williamson-
Hall, Halder-Wagner and Size-strain plot: Different precipitating agent approach,. Journal of Alloys and
Compounds 895, 162694 (2022); https://doi.org/10.1016/j.jallcom.2021.162694.

[18] A. Guinier, X-ray Diffraction in Crystals, Imperfect Crystals, and Amorphous Bodies. Dover publication
incorporation, New York, 1994.

[19] S. Rajathi, K. Kirubavathi, K. Selvaraju, Structural, morphological, optical, and photoluminescence properties
of nanocrystalline PbS thin films grown by chemical bath deposition, Arabian Journal of Chemistry 10, 1167
(2017); https://doi.org/10.1016/j.arabjc.2014.11.057.

[20] M. Wati and K. Abraha, A Study on Fabrication and Structural Characterization of PbS Thin Films, American
Journal of Biochemistry and Biotechnology, 13(4), 208 (2017); https://doi.org/10.3844/ajbbsp.2017.208.214.
[21] N.B. Danilevska , M.V. Moroz , B.D. Nechyporuk , N.E. Novoseletskiy, V.O. Yukhymchuk, The Influence of
Technological Modes on the Physical Properties of Cadmium Sulfide Nanocrystals Derived by the Electrolyte
Method, Journal of Nano- and Electronic Physics, 8(2), 02041 (2016); https://doi.org/10.21272/jnep.8(2).02041.

[22] A.V. Lysytsya, M.V. Moroz, B.D. Nechyporuk, B.P. Rudyk, B.F. Shamsutdinov, Physical Properties of Zinc
Compounds Obtained by Electrolytic Method, Physics and Chemistry of Solid State, 22(1), 160 (2021);
https://doi.org/10.15330/pcss.22.1.160-167.

[23] N.B. Danilevska, M. Moroz, N. Yu. Novoseletskyy, B.D. Nechyporuk, b B.P. Rudyk, The influence of
technological modes on the physical properties of zinc oxide nanocrystals derived electrolyte method, Journal of
Physical Studies, 20(3), 3601-1 (2016); https://doi.org/10.30970/jps.20.3601.

[24] V.D. Mote, Y. Purushotham, B.N. Dole, Williamson-Hall analysis in estimation of lattice strain in nanometer-
sized ZnO particles, Journal of theoretical and applied physics, 6(1), 2251 (2012); https://doi.org/10.1186/2251-
7235-6-6.

[25] B. Huntington. The Elastic Constants of Crystals. Solid State Physics. 7, 213-351 (1958).

267


https://doi.org/10.1007/s10854-017-7637-4
https://doi.org/10.1007/s10854-017-7637-4
https://doi.org/10.1021/nn900863a
https://doi.org/10.1016/j.jcis.2010.08.030
https://doi.org/10.1021/nn406127s
https://doi.org/10.1016/j.materresbull.2021.111298
http://dx.doi.org/10.15251/CL.2020.173.147
https://doi.org/10.1021/cr900137k
https://doi.org/10.1039/C6MH00469E
https://doi.org/10.12691/ajn-7-1-1
https://doi.org/10.21272/jnep.11(4).04027
https://doi.org/10.1016/j.jallcom.2021.162694
https://doi.org/10.1016/j.arabjc.2014.11.057
https://doi.org/10.3844/ajbbsp.2017.208.214
https://doi.org/10.21272/jnep.8(2).02041
https://doi.org/10.15330/pcss.22.1.160-167
https://doi.org/10.30970/jps.20.3601
https://doi.org/10.1186/2251-7235-6-6
https://doi.org/10.1186/2251-7235-6-6

N.V. Mazur, A.V. Lysytsya, M.V. Moroz, B.D. Nechyporuk, B.P. Rudyk, V.M. Dzhagan, O.A. Kapush etc.

[26] T.D. Krauss, F.W. Wise, Raman-scattering study of exciton-phonon coupling in PbS nanocrystals, Phys. Rev.
B, 15(55), 9860 (1997); https://doi.org/10.1103/PhysRevB.55.9860.

[27] P. G. Etchegoin, M. Cardona, R. Lauck, R. J. H. Clark, J. Serrano, and A. H. Romero, Temperature-dependent
Raman scattering of natural and isotopically substituted PbS, Phys. stat. sol. (b) 245(6), 1125 (2008);
https://doi.org/10.1002/pssb.200743364.

[28] A.G. Kontos, V. Likodimos, E. Vassalou, I. Kapogianni, Y.S. Raptis, C. Raptis, P. Falaras, Nanostructured
titania films sensitized by quantum dot chalcogenides, Nanoscale Research Letters, 6(1), 266 (2011);
https://doi.org/10.1186/1556-276X-6-266.

[29] A. Milekhin, L. Sveshnikova, T. Duda, N. Surovtsev, S. Adichtchev, D. R. T. Zahn, Optical Phonons in
Nanoclusters Formed by the Langmuir-Blodgett Technique, Chinese Journal of Physics, 49(1), 63 (2011);

[30] J.S. Arunashree, N. P. Suresh, S. Sujesh, K.P. Vaishnav, Vishnu, S. Vishnu, M. Prabhakaran, V.V. Ison and
C.O. Sreekala, Surface Modified Lead Sulphide Quantum Dots for In Vitro Imaging of Breast Cancer Cells
Adopting Confocal Raman Spectroscopy, Int. J. Chem. Sci.: 14(4), 1844 (2016);

[31] A. V. Baranov, K. V. Bogdanov, E. V. Ushakova, S. A. Cherevkov, A. V. Fedorov, and S. Tscharntke,
Comparative Analysis of Raman Spectraof PbS Macro- and Nanocrystals, Optics and Spectroscopy, 109(2), 268
(2010); https://doi.org/10.1134/S0030400X10080199.

[32] O. Portillo-Moreno, R. Gutierrezerez, M. Chavez Portillo, M.N. Marquez Specia, G. Hernandez-Telleza, M.
Lazcano Hernandez, A. Moreno Rodriguez, R. Palomino-Merino, E. Rubio Rosas, Growth of doped PbS:Co?*
nanocrystals by Chemical Bath, Revista, Mexicana de Fisica, 62, 456 (2016);

[33] M. Cheraghizade, R. Yousefi, F. Jamali-Sheini, A. Saaedi, Comparative study of Raman properties of various
lead sulfide morphologies, Majlesi Journal of Telecommunication Devices, 2(1), 163 (2013);

[34] K. K. Nanda, S. N. Sahu, R. K. Soni and S. Tripathy, Raman spectroscopy of PbS nanocrystalline
semiconductors, PHYSICAL REVIEW B, 58(23), 15405 (1998); https://doi.org/10.1103/PhysRevB.58.15405.

[35] M. Cortez-valadez, A. Vargas-ortiz, L. Rojas-blanco, H. Arizpe-chavez, M. Flores-Acosta, R. Ramirez-Bon,
Additional Active Raman Modes in a-PbO Nanoplates, Physica E: Low-dimensional Systems and Nanostructures,
53, 146 (2013); https://doi.org/10.1016/j.physe.2013.05.006.

[36] J. L. Blackburn, H. Chappell, J. M. Luther, A. J. Nozik, J. C. Johnson, Correlation between Photooxidation and
the Appearance of Raman Scattering Bands in Lead Chalcogenide Quantum Dots, J. Phys. Chem. Lett., 2 (6), 599
(2011); https://doi.org/10.1021/jz2000326.

H.B. Masyp!, A.B. JIucuus?, M.B. Mopo3?, b.J1. Heunnopyx?, B.I1. Pynux3, B.M.
Jlxaran!, O.A. Kanymr!, M.S. Banax!, B.O. IOxumuyk?

Di3uYHI BJACTHBOCTI HAHOKPHUCTAJIYHOIO CYJab(}iay CBUHII0O OTPUMAHOTO
€JIEKTPOJITUHYHUM METO10M

Y Inemumym izuxu nanienposionuxie iveni B.€C. Jlawxapvosa HAH Vipainu, m. Kuis, Vipaina
kapush-olga@ukr.net
2 Pignencokuii Oepocagnuti 2ymanimapnuil ynieepcumem, m. Pisne, Ypaina
SHayionanvnuii ynisepcumem 600H020 20chodapemea i npupodokopucnysanns, Piene, Yxpaina
4 @axynomem ¢pizuxu, Kuiscoxuii nayionanonuii ynieepcumem imeni Tapaca Illesuenxa, Kuis, Yxpaina

JlocmimKeHo MOXKITUBICTh OTPUMAHHS HAHOKPHUCTATIYHOTO CYIb(iAy CBHHIIIO €IEKTPOTITHIHUM METOIIOM 3
BUKOPUCTaHHSIM CBHHIIEBHX EJICKTPOJIB Ta BCTAHOBJECHO BIUIMB TEMIepaTypu Ha mporec cuHTe3y. Ha ocHOBi
HPOBE/ICHUX PEHTTCHOCTPYKTYPHUX AOCHI/DKEHb BU3HAUCHO XiMIYHMH Ta (a30BMil CKIIaJ OTPUMAHHUX CIIOJIYK Ta
po3mip HaHOkpHcTamiTiB Meromgamu JleGas-Illeppepa ta BimpsimcoHa-Xomra, a TakoX BH3HAUEHO HapaMerp
CNIeMEHTapHOI KOMIPKH JIOCHIIKYBaHHUX KPHCTaliB. Pe3ynbTaTH pEHTTEeHOCTPYKTYPHHX JIOCHIIKECHBb
TTOPIBHIOIOTHCS 3 JAHUMH, OTPUMAaHUMH 31 CIIEKTPiB KOMOIHALIITHOTO PO3CiIOBaHHS CBITIIA IIMX 3Pa3KiB.

KorodoBi ciioBa: cynbdig CBHHIIO, pEHTTEHOCTPYKTYPHI JOCITIPKEHHS, pO3MipH HAHOKPHCTAIIB, Gopmyna
Jebas-1eppepa, meTox Binpsmcona-Xoia, komOiHaniiHe pO3CilOBaHHS CBITIA.

268


https://doi.org/10.1103/PhysRevB.55.9860
https://doi.org/10.1002/pssb.200743364
https://doi.org/10.1186/1556-276X-6-266
https://doi.org/10.1134/S0030400X10080199
https://doi.org/10.1103/PhysRevB.58.15405
https://doi.org/10.1016/j.physe.2013.05.006
https://doi.org/10.1021/jz2000326

PHYSICS AND CHEMISTRY
OF SOLID STATE

V. 24, No. 2 (2023) pp. 269-277

Section: Chemistry

PACS: 546.26:544.18

Vasyl Stefanyk Precarpathian
National University

®@I3UKA I XIMIA TBEPAOT O TIVIA
T. 24, Ne 2 (2023) C. 269-277

Ximiuni HayKku

ISSN 1729-4428

Yu.V. Grebelnal, E.M. Demianenko?!, M.I. Terets?, Yu.l. Sementsov2, V.V. Lobanov?,
A.G. Grebenyuk?!, V.S. Kuts?, S.V. Zhuravskyi', O.V. Khora!, M.T. Kartel!

Quantum-chemical studies of the interaction of partially oxidized
graphene-like planes with each other

!Chuiko Institute of Surface Chemistry of National Academy of Sciences of Ukraine, Kyiv, Ukraine, teretsmariya@gmail.com
2Ningbo University of Technology, Ningbo, China, ysementsov@ukr.net

Using the methods of quantum chemistry, the energy effects of the interaction of partially oxidized graphene-
like planes with each other and the effect on this characteristic of the nature of the functional groups present in the
oxidized graphene-like planes, as well as the dimensions of the graphene-like planes themselves, were clarified. It
was established that the reaction between the hydroxyl and aldehyde groups of two interacting graphene-like planes
is the most thermodynamically probable, regardless of the dimensions of the graphene-like planes. The reaction
between two carboxyl groups of different graphene-like planes is the least thermodynamically probable. To create
nanocomposites by interacting graphene-like planes with each other, it is necessary that the graphene-like planes

contain hydroxyl and aldehyde groups.

Keywords: oxidized graphene-like planes, chemical reaction, pyrene, coronene, density functional theory

method, cluster approximation.

Received 22 January 2023; Accepted 16 May 2023.

Introduction

Creation of sp-hybridized carbon-carbon composite
nanomaterials is a promising direction of modern science
[1-4]. Nanocomposites with the specified properties, as
evidenced by the literature, can be created in a wide
variety of ways, in particular, in the interaction of sp2-
hybridized carbon materials with inorganic compounds
and metals [5, 6], with polymers [7, 8], as well as with low
molecular weight organic substances [9, 10]. Also, when
obtaining new sp?-hybridized carbon-carbon composite
materials with unique properties, it was recently possible
to obtain functionalized carbon materials [11-14], in
particular, partially oxidized forms of graphene [15, 16].
One of the promising ways of creating carbon
nanocomposites presented in [17] is its result in the
production of large-scale graphene sheets by dispersing
graphene particles with certain functional groups in
organic solvents.

Another approach to the experimental creation of
carbon nanocomposites is based on the so-called
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crosslinking of graphene sheets [18-20], that is, on the
covalent interaction of different graphene-like planes
(GLP). In particular, work [21] even proposed the concept
of so-called conformational engineering, which consists in
the construction of new composites from sheets of
oxidized graphene. It was reported in [22] that
dehydration, for example, by vacuum drying an aqueous
solution of graphene oxide (GO), causes irreversible
spontaneous cross-linking of its sheets. Dehydrated GO
films retain their structural integrity in water, and they can
no longer re-disintegrate into individual layers after
stirring. At the bilayer level, after dehydration, folded GO
sheets are fixed, which do not dissociate together even
after sonication. Spectroscopic studies confirm the
formation of new chemical bonds, suggesting a
condensation-esterification reaction between GO sheets.

To find out the features of the creation of new carbon
nanocomposites, computer modeling methods are
successfully used, in particular, calculation schemes of
quantum chemistry [23-26], as well as molecular
dynamics [27-29].
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It is known that the process of creating a composite
material based on thermally expanded graphite (TRG) and
carbon nanotubes (CNTSs) consists in simultaneous
deagglomeration of CNTs and intercalation of natural
graphite [30]. This procedure can be carried out in two
ways: electrochemical (anodic) or chemical oxidation. In
our previous works [31-33], it was shown that the process
of creating a carbon nanocomposite TRG-CNT occurs as
follows: graphite oxidized to the first stage was
hydrolyzed, washed to neutral pH, dried and heat-treated
at a temperature of ~1000°C in a gas horizontal industrial
furnace. Next, the obtained TRG nanocomposite powder
was rolled on horizontal rolls. It was assumed that the
formation of sp2-hybridized carbon-carbon composites is
related not only to the effect of physical factors (pressure,
temperature) on the starting material, but also to the
chemical interaction of individual partially oxidized GLPs
with each other. Since there are various oxygen-
containing functional groups on the surface of partially
oxidized carbon graphene materials, which are capable of
exhibiting significant chemical activity [34]. But it
remains unknown how covalent bonding of GLPs is
possible during the formation of sp?-hybridized carbon-
carbon composite materials. Therefore, the goal of the
work was to find out the interaction energy of partially
oxidized graphene-like planes with each other and the
effect on this characteristic of the nature of functional
groups that are present in oxidized GLPs using quantum
chemistry methods.

4

h

I. Objects and calculation methods

Polyaromatic pyrene molecules with different
functional groups on their periphery were considered as
models of partially oxidized GLPs, while the functional
groups were chosen so that the carbon atom near them had
a different degree of oxidation, the lowest near the
hydroxyl group (Fig. 1, a,d,qg), higher - in carbonyl (Fig. 1,
b,e,h). and the largest - in carboxyl (Fig. 1, c,f,i).

Inaddition, in order to take into account the size effect
of GLP on the energy parameters of the studied reactions,
graphene-like planes with a gross composition of C24H12
(coronene) were used (Fig. 1, d—e). and Ca2Hae (Fig. 1, e—
9)-

Calculations were performed using the GAMESS
program (US) [35] within the framework of the density
functional theory (DFT) with the B3LYP functional [36,
37] and the 6-31G(d,p) basis set, taking into account the
Grimme D3 dispersion correction [38, 39] . This
calculation method has proven itself well in modeling
graphene-like clusters [40].

I1. Results and their discussion

The first of the considered reactions consists in the
interaction of GLP with a hydroxyl group on the periphery
with the same graphene-like plane (Fig. 2). At the same
time, there is an interaction of two hydroxyl groups of
different GLPs with the release of a water molecule and
the formation of a reaction product in which the GLPs are

i

Fig. 1. Equilibrium geometry of partially oxidized GLPs of different sizes, with hydroxyl (a, d, g),
aldehyde (b, e, h), and carboxyl (c, f, i) groups.
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covalently connected to each other by an oxygen bridge.

GLP-OH + HO-GLP — GLP-O-GLP + H-0.

According to (Scheme 1), a hydrogen atom of one
hydroxyl group (Fig. 2, a) interacts with an oxygen atom
of another hydroxyl group (Fig. 2, b), as a result of which
the bond between C-O atoms of the last group is broken
and a water molecule is formed (Fig. 2, d), and the oxygen
atom of the other hydroxyl group forms a covalent bond

This reaction can be represented by scheme 1:

(Scheme 1)

with the carbon atom of the second GLP. In this way, a
product is formed (Fig. 2, c), which consists of two
chemically bonded GLP planes with the help of an oxygen
bridge.

The energy effect of reactions was calculated
according to formula (1):

AEreact = [Etot(GLP—O-GLP) + Eot(H20)] - 2 Eotf(GLP—OH), 1)

where Eiwt(GLP-O-GLP) is the total energy of the
interaction product of two GLPs with hydroxyl groups,
Etwt(H20) is the total energy of the reaction product — H,0O,
Ewt(GLP—OH) is the total energy of the GLP with a
hydroxyl group.

The energy effect of this reaction (Scheme 1),
calculated by formula (1), has a positive value and is
+22.2 ki/mol (see Table).

When using larger GLP models, the reaction products
are localized (Fig. 3), similar in structure to the previous
case (Fig. 2, c).

As can be seen from Figures3, a and 3, b, despite the
different sizes of the GLP, the reaction products obtained
are similar to each other. It should be noted that the two
GLPs in the reaction products are not located in a common
plane, but placed at a small angle. For the smallest model
(Fig. 2, c), the angle between the planes is 64.4°, for the
product consisting of two coronene planes (Fig. 3, a), this
angle is much larger and reaches 90.2°, and for the largest
by the size of the reaction product (Fig. 3, b), the angle
between the GLPs is similar to the previous one and is
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equal to 90.3°. This may indicate that the further increase
in the size of GLPs with hydroxyl groups will have almost
no effect on the angle between the planes. Therefore, in
the reaction products (Scheme 1), the GLPs are located
almost perpendicular to each other, regardless of the size
of the initial GLPs. This non-coplanarity of the two GLPs
is apparently caused by a significant repulsion of a pair of
closely spaced hydrogen atoms of neighboring graphene-
like planes, one from each of them (see Figs. 2 and 3). As
the size of the graphene-like planes in the reaction product
increases, their mutual repulsion increases, as can be seen
from the distances between the hydrogen atoms of
different GLPs (2.8 A for pyrene, 3.3 A for coronene, and
3.5 A for the maximum size GLP).

The energy effect of the reaction during product
formation (Fig. 3, a), calculated according to formula (1),
also has a positive, but much smaller value, as in the
previous case, and is +1.3 kJ/mol. A similar value of the
energy of the formation of the product of the reaction
involving the maximum-sized GLP among those
considered in the work is even closer to 0, but it is slightly
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Fig. 2. Equilibrium geometry of the molecules of the starting substances (a, b) and reaction products (c, d) of the
interaction of two GLPs with a hydroxyl group on the periphery,
(here and further the distances between atoms are given in A).
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Fig. 3. Equilibrium geometry of the molecules of the reaction products of two graphene-like planes
(Co4H12 — (a), Ca2H1e — (b)) with hydroxyl groups.
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smaller than the previous one and is only +0.1 kJ/mol (see
the Table).

Next, the reaction between GLP with a hydroxyl
group on the periphery and a graphene-like plane

GLP-OH + HOC-GLP — GLP-OC-GLP + H20.

According to this scheme, the oxygen atom of the
hydroxyl group (Fig. 4, a) interacts with the hydrogen
atom of the aldehyde group (Fig. 4, b). As a result, the C—
O bond between the hydroxyl group and GLP is broken,
and, in turn, the H—C bond in the aldehyde group is broken
with the formation of a water molecule. At the same time,
the carbon atom of the first GLP (Fig. 4, a) interacts with

containing an aldehyde group was considered (Fig. 4). In
this reaction, the hydroxyl group of one GLP interacts with
the aldehyde group of another GLP according to scheme
2:

(Scheme 2)

the carbon atom of the aldehyde group of the second
graphene-like plane (Fig. 4, b) with the formation of a
reaction product (Fig. 4, c¢), in which the two GLPs are
covalently linked between themselves through the
carbonyl group (>C=0).

The energy effect of reactions was calculated
according to formula (2):

AEeacet= [Etot(GLP —OC— GLP) +Et(H20)] - [Etat(GLP —OH) + Eio(HOC-GLP)], (2)

where Ewt(GLP —OC- GLP) is the total energy of the
interaction product of the hydroxyl group of one GLP with
the aldehyde group of another GLP, Eit(H20) is the total
energy of the HoO molecule, Eiwt (GLP—OH) is the total
energy of the GLP with a hydroxyl group, Ew(HOC —
GLP) is the total energy of GLP with an aldehyde group.

As the results of the calculation according to formula
(2) show, the energy effect of the reaction (Scheme 2), in
contrast to similar values for the reaction (Scheme 1), has
a negative value, for the product of the reaction, in which
the graphene-like planes are the smallest, is -17.1 kJ /mol
(see Table).

When using the coronene molecule (Fig. 1, d, €) and
the molecule with the composition Cs2H1s (Fig. 1, €, C) as
starting GLPs for the reaction (Scheme 2), reaction
products are formed (Fig. 5), the molecules of which are
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similar in structure to those considered above (Fig. 4, c).
In the molecules of the reaction products (Scheme 2), as
can be seen from these figures, the GLPs are located
relative to each other not perpendicularly, as in the
reaction products (Scheme 1), and not parallel, but at an
acute angle. In particular, for the structure depicted in
fig. 4, c, this angle is 47.8°, for the product from coronene
derivatives (Fig. 5, a) it is slightly larger and has a value
of 53.3°, and for the product of the reaction with GLP of
the maximum size (Fig. 5, b) , is 54.2°.

The energy effect of the reaction (Scheme 2),
calculated according to formula 2, during the formation of
a product from coronene derivatives (Fig. 5, a), in contrast
to the similar value (-17.1 kJ/mol), where in the molecule
of the reaction product (Scheme 2) graphene-like planes
are the smallest, has a value close to 0 and is +0.5 kJ/mol.
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Fig. 4. Equilibrium geometry of the molecules of the starting substances and reaction products of the interaction of
two GLPs that contain hydroxyl and aldehyde groups.
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Fig. 5. Equilibrium geometry of the molecules of the reaction products of two graphene-like planes
(C24Hi2 — (@), C42H1s — (b)) with hydroxyl and aldehvde aroups.
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With a further increase in the size of the GLP during hydroxyl group on the periphery and GLP with a carboxyl

product formation (Fig. 5, b), the energy effect slightly group on the periphery was investigated. In it, the

decreases in absolute value to -0.9 kJ/mol. hydroxyl group of one GLP interacts with the carboxyl
Subsequently, the reaction between GLP with a group of another GLP according to Scheme 3:

GLP-OH + HOOC-GLP — GLP-O-OC-GLP + H0. (Scheme 3)

According to this scheme, similar to the reaction the first GLP (Fig. 6, a) interacts with the oxygen atom of
discussed above (Scheme 2), the oxygen atom of the the carboxyl group of the second graphene-like plane
hydroxyl group (Fig. 6, a) interacts with the hydrogen (Fig. 6, b) with the formation of a reaction product
atom of the carboxyl group (Fig. 6, b), as a result of which (Fig. 6,c), in which the two GLPs are covalently linked
the C—O bond between the hydroxyl group and GLP in the between themselves through the ester group (-O-C(=0)—
molecule of the starting substance (Fig. 6, a), while the H— ).

O bond in the carboxyl group breaks with the formation of The energy effect of reactions was calculated
a water molecule. At the same time, the carbon atom of according to the formula:

AEreact = [Etot(GLP-O-OC-GLP) +E(H20)] - [Etat(GLP-OH) + Eiot( HOOC-GLP)], 3)

where Ewi(GLP-O-OC-GLP) is the total energy of the these reaction products is that the GLPs are located in one
interaction product of the hydroxyl group of one GLP with plane, regardless of the size of the graphene-like planes
the carboxyl group of another GLP, E(H20) is the total used, which is due to the occurrence of a hydrogen bond
energy of the H,O molecule, Ei( HOOC-GLP) is the total between the hydrogen atom of one GLP and the carbonyl
energy of the GLP with the carboxyl group. oxygen atom of the other. The length of this bond is

As the results of the calculation according to formula 2.152 A, which is characteristic of the case when the
(3) show, the energy effect of the reaction (Scheme 3), hydrogen atom of the C—H bond takes part in the hydrogen
similar to the analogous reaction values (Scheme 1), has a bond. This approximately O<e*H distance is also preserved
positive value, which is for the product of the reaction, in when using larger GLPs, in particular, in the product

which the GLP is the smallest (Fig. 6, c), +26.0 kJ/mol where coronane is used as the GLP, this distance is
(see Table). 2.118 A (Fig. 7, ), and for the product in which the GLPs
When using larger GLP models (C24H12 and Ca2Hig), are of the maximum size - 2.110 A (Fig. 7, b).
molecules of the reaction products are formed (Fig. 7), The energy effect of the reaction (Scheme 3) when a
similar in structure to the previous one (Fig. 6, c). coronene molecule is used as a GLP is also positive and is
An interesting feature of the molecular geometry of 4.1 kJ/mol smaller than the similar value for the same
‘\‘:( : ” ® w ™
o S s ce 2192 oy
€ ¢ LN . A < » °| 1 b ”
" & = c < T c €
b c c ¢ .?
c c c 2, “ . o 5, & - c @ | . o + U\®/ﬁv
c c c \ c € ¢ ‘e
w c c < 3 ¢
@ c c p 5 " . c C\ v 9 X
c c 2 “ c & . . o
© c - e & c - “ U
a b é d

Fig. 6. Equilibrium geometry of molecules of starting substances and reaction products of the interaction of two
graphene-like planes containing hydroxyl and carboxy! groups.
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Fig. 7. Equilibrium geometry of the molecules of the reaction products of two graphene-like planes
(Ca24Hi2 — (), Ca2His — (b)) with hydroxyl and carboxyl groups.
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reaction, in which a pyrene molecule was used as
graphene-like planes, and is +21.9 kJ/mol. If the GLP is
dominated by a larger molecule, in particular CazHie
(Fig. 7, b), then the energy effect is also a positive value,
which has a value of +19.9 kJ/mol (see Table).

GLP —-COOH + HOOC- GLP — GLP —CO-O-OC- GLP + H,0.

According to this scheme, the hydrogen atom of the
carboxyl group of the molecule of the first starting
substance (Fig. 8, a) interacts with the oxygen atom of the
acid center of the carboxyl group of the molecule of the
second starting substance (Fig. 8, b). As a result, the C-O
bond between the hydroxyl group and the carbon atom in
the carboxyl group of the molecule of the second starting
substance is broken, while the H-O bond in the carboxyl
group of the molecule of the first starting substance is
broken (Fig. 8, a) with the formation of a water molecule.

And finally, for comparison, the interaction of two
GLPs with carboxyl groups on the periphery of each of
them is considered. This reaction can be represented by
scheme 4:

(Scheme 4)

At the same time, the oxygen atom of the acid center of
the carboxyl group of the molecule of the first starting
substance interacts with the carbon atom of the carboxyl
group of the molecule of the second starting substance
(Fig. 8, b) with the formation of a molecule of the reaction
product (Fig. 8, c), in which two GLPs are covalently
connected connected to each other through a symmetric
group (-C(=0)-0-C(=0)-).

The energy effect of reactions was calculated
according to formula (4):

AEreact = [Etot(GLP —CO-O—-OC-GLP) + Eio(H20)] - 2 Eit(GLP —COOH), 4

where Eit(GLP —CO-O-OC- GLP) is the total energy of
the interaction product of two GLP s with carboxyl groups,
Ewt(H20) is the total energy of the reaction product — H»O,
Ewt(GLP —COOH) is the total energy of the GLP with a
carboxyl group.

The energetic effect of the GLP reaction with two
carboxyl groups (Scheme 4) when using pyrene molecules
as graphene-like planes, calculated according to formula
(4), is the maximum of all previously considered and
amounts to +74.5 kJ/mol.

When the size of these graphene planes increases,
molecules of the reaction products are formed (Scheme 4),
which are also similar in spatial structure to each other
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(Fig. 9,a and 9, b) and the reaction product molecule with
carboxylatedpyrene molecules (Fig. 8).

As can be seen from these figures, in contrast to the
molecules of the products of the HP reaction with
hydroxyl and carboxyl groups (Scheme 3), in all these
molecules of the reactio n products (Scheme 4), the
graphene-like planes are not parallel to each other, but
form some angle between them, like and in the molecules
of products of the reaction of HP with hydroxyl and
aldehyde groups (Scheme 2) (Fig. 4, ¢ and Fig. 5). In
particular, the angle between graphene-like planes in the
smallest pyrene-containing reaction product (Fig. 8,c) is
77.2°. In the larger product, in which the GLP was

Fig. 8. Equilibrium geometry of molecules of starting substances and reaction products of the interaction of two
graphene-like planes with a carboxyl group on the periphery.
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Fig. 9. Equilibrium geometry of the molecules of the reaction products of two graphene-like planes
(C24H12 — (@), Ca2His — (b)) with two carboxyl groups.
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Table
Energy effects of the interaction of partially oxidized graphene-like planes with each other.
Nos.cﬁeanitelon Interaction scheme o AEreag’ (IH<J/m0I)C .
16110 241112 4217116
1 GLP -OH + HO-GLP—GLP-O-GLP + H,0 +22.2 +1.3 +0.1
2 GLP-OH + HOC-GLP—GLP-OC-GLP + H,0 -17.1 +0.5 -0.9
3 GLP-OH + HOOC-GLP—GLP-O-OC-GLP + H;0 +26.0 +21.9 +19.9
4 GLP-COOH+HOOC-GLP—GLP-CO-O-OC-GLP+H,0 +74.5 +70.6 +69.3

dominated by coronene molecules, the corresponding
angle is slightly smaller and has a value of 54.7°. For the
reaction product of the maximum size, this angle is almost
the same as the previous one and is 55.9°. Such non-
coplanarity is caused by the presence of closely spaced
oxygen atoms with a significant negative charge on each
of them in the considered molecules.

The energy effect of the reaction (Scheme 4) for the
crown-containing product also has a positive value, which
is +70.6 kd/mol, and for the reaction product of an even
larger size, this value is even smaller and its value is
+69.3 kJ/mol (see Fig. Table).

It can be seen from the table that, regardless of the size
of the GLP, the lowest absolute value of the energy effect
with the participation of the same oxygen-containing
group is characteristic of the reaction of the interaction of
the GLP with hydroxyl and aldehyde groups (Scheme 2).
It should also be noted that for all the considered reactions
except the reaction (Scheme 2), with an increase in the size
of the GLP, the magnitude of the energy effect decreases.
The greatest dependence of the energy effect on the size
of the graphene-like planes is observed for the reaction
(Scheme 1) of the interaction of the GLP with hydroxyl
groups. In this case, the values of AErec.decrease from
22.2 for pyrene-containing GLPs to 0.1 kJ/mol for Cs2H16
GLPs. For the reaction (Scheme 2), with an increase in the
size of the graphene-like planes, on the contrary, the
energy effect increases by 16.2 kJ/mol, from -17.1 to -
0.9 kd/mol. For the reaction of the interaction of a
hydroxyl group with a carboxyl group in graphene-like
planes, AErects differ by 6.1 kJ/mol when the size of the
GLP changes from the minimum to the maximum. And
with the interaction between two carboxyl groups
(Scheme 4), similar values change by only 5.2 kJ/mol.

Conclusions

Therefore, as evidenced by the analysis of the results
of quantum chemical calculations, the reaction between
the hydroxyl and aldehyde groups of two interacting GLPs
is the most thermodynamically probable, regardless of the
dimensions of the graphene-like planes.
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like planes with each other, it is necessary that the
graphene-like planes contain hydroxyl and aldehyde
groups.
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In this work, a high-accuracy setup was developed for the characterization of thermoelectric devices in the
temperature range of 300-900 K. The output parameters of the thermoelectric devices, including the thermoelectric
efficiency Z, Seebeck coefficient S, and internal resistance r, were measured. A technique, block diagram, and
computer tools for automated measurement and preliminary processing of experimental data were developed for
automated studies of the properties of semiconductor materials and thermoelectric power conversion modules. The
developed tools were shown to have high efficiency. The complexity of the process of measuring the main electrical
parameters of semiconductor materials was significantly reduced, and the accuracy of the obtained results was

increased.
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Introduction

Due to the increase in energy demand and depletion
of natural resources, the development of energy harvesting
technologies has become tremendously important [1]. The
application of thermoelectric devices, which convert heat
directly into electrical energy, has led to significant
progress in the development of cost-effective,
environmentally-friendly, and fuel-saving energy sources
for power generation, refrigeration, temperature sensors,
and thermal management [2—10]. The high reliability and
long operational lifespan of thermoelectric (TE) energy
converters make them ideal for use in the space industry,
gas pipeline systems, medical devices, and consumer
electronics [4,5,11,12].

The efficiency of such TE converter is determined by
the following equation [4,12,13]:

_ AT J1+(ZT)gp-1

=4 _ 1
nmax Th \/m+;_; ( )

where Th and T. are the hot and cold sides temperatures at
the ends of TE converter, respectively, AT = Ty — T¢, and
(ZT)av is the average dimensionless TE figure of merit,
which is determined as:

1
(ZT)ay = ThT.

2
7T = =77, ©)

[t 2T - dT @)

where S is the Seebeck coefficient, ¢ and « are electrical
and thermal conductivity.

Theoretical studies have shown that the most accurate
ZT value can be obtained using the Harman method [14].
There are many modifications of this method [15,16] that
allow for the direct estimation of the TE figure of merit on
a single sample. However, the use of measurements based
on the Harman method, especially at high temperatures,
has certain disadvantages [27]:

1. The effect of parasitic heat transfer between the
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sample and its environment has been determined to be
critical to the measurement accuracy.

2. This effect of parasitic thermal phenomena
increases  rapidly  with increasing measurement
temperature.

3. To determine thermoelectric parameters, it is
necessary to use correction factors of up to 80% of the
measured ZT value, which cannot be reliably estimated for
arbitrary temperatures and sample sizes.

To measure parameters of the thermoelectric devices,
direct methods were chosen, in which a heat flux is passed
through the thermoelement due to a certain temperature
gradient created between the heater and the cooler. Direct
methods require a gradient heater, precise temperature
gradient maintenance and measurement, and the
accounting of heat fluxes and losses, which may introduce
considerable errors in the estimate of the thermoelectric
figure of merit. The design and analysis issues of devices
concerning these problems are discussed in [18,19]. The
use of general tools for studying thermoelectric properties
poses several difficulties, primarily with regards to
adapting measurement techniques and integrating such
tools into pre-existing laboratory complexes [20].

The peculiarity of the developed method is the use of
two identical samples placed on both sides of the heater
and cooled by the same water radiators.

Due to the properties of semiconductors, n-type and
p-type materials have Seebeck coefficients of opposite
signs, respectively [21]. Consequently, thermoelectric
modules are composed of two distinct semiconductor
materials that are interconnected electrically in series and
thermally in parallel [21], as shown in Fig. 1.

Fig 1. Thermoelectric module [21].

Thermoelectric devices available in the market
typically comprise a series of thermocouples sandwiched
between hot and cold plates that conduct heat. In order to
maximize their efficiency, modern modules are sometimes
segmented or cascaded, wherein a single leg can
incorporate several materials consecutively. The rationale
behind this approach lies in the fact that thermoelectric
modules frequently experience temperature gradients of
several hundred degrees, and given that the figure of merit
of a given material may vary considerably across a range
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of temperatures, using more than one material becomes
advantageous [21]. Additionally, the metal-semiconductor
junctions present in a thermoelectric module are ohmic
contacts, thereby rendering the device essentially
symmetrical and enabling it to pump heat or current in
either direction.

I. Development of setup

The development and widespread use of
thermoelectric generation as a user-friendly technology
for direct energy conversion is mainly limited by a small
efficiency factor. Presently, scientists in the field of
thermoelectricity are primarily focusing on increasing the
thermoelectric efficiency Z across a wide range of
operating temperatures (300-900 K). The quality of a
thermoelectric material is determined by a set of key
parameters, including the Seebeck coefficient, electrical
conductivity, and thermal conductivity. Moreover, for a
thermoelectric converter to be fully functional, it must also
possess a range of electrical and operational
characteristics, such as internal resistance, generated
current and voltage, thermoelectric power, heat capacity,
and other performance metrics.

For the purpose of measuring all the aforementioned
parameters, direct methods have been selected, whereby a
heat flow is directed through a thermoelement in response
to a temperature gradient generated between the heating
and cooling elements. A noteworthy aspect of the
developed methodology lies in the use of two identical
samples positioned on either side of the heating element,
and subsequently cooled by identical water radiators. The
measuring cell is shown schematically in Fig. 2.

AN INARAINARAE
OOCOCOCKS |+

Fig. 2. Schematic representation of the measuring cell.
1 —copper electric heater with thermocouple, 2, 3 —copper
water radiator with thermocouple, 4, 5 — thermocouples or
single samples of thermoelectric material, 6 — electrical
contacts, 7 — heat shield, 8 — clamping pins, 9 — nuts,
10 — spring washers, 11 — vacuum cap, 12 — vacuum
gasket, 13 — base, 14 — fitting for pumping, 15 — fittings
for water supply and drainage, 16 — fluoroplastic
insulation.

The use of a water-based cooling system allowed to
maintene the stable temperature of cold junction. To
achieve uniform heating of cylindrical or rectangular
samples, a miniature copper heater with low power output
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was designed and coupled with a tubular heat shield made
of tantalum. This configuration was effective in in
reducing the impact of parasitic heat loss, which is often
challenging to accurately account for in thermoelectric
measurements.

To diagnose ready-made thermoelectric energy
conversion modules with a size of 40x40 mm, a
rectangular copper heater with a size of 40x40x8 mm is
made, which contacts the hot surfaces of the thermocouple
through the thermal interface. The general view of the
measuring cell is shown in Fig. 3.

Fig. 3. General view of the measuring cell with installed
thermoelectric elements.

The design further allows for the installation of an
extra heater on two threaded racks, positioned at the
interface level of the two radiators. This feature enables
the investigation of film thermomodules, wherein the cold
junction is secured between two radiators while the hot
junction is pressed against an additional copper plate that
is heated by the extra heater.

All electrical contacts are routed through two sealed
connectors located in the base. The setup supports up to 5
thermocouples, with one placed in the heater, another in
the radiators, and two more that can be drilled into the
sample for additional control of heat fluxes. When
investigating the electrical properties of semiconductors,
fundamental parameters such as electrical conductivity,
thermoelectric power, and thermoelectric EMF are
measured.

The principle of determining the coefficient of
thermal conductivity of stationary methods is based on the
measurement of heat flux and temperature difference
according to [22]

_ qd _ Pd
T2-T1  S(T2—T1)

Here q is the heat flux; P - measured power of the
electric heater; S is the area of the sample; T»-T; is the
temperature difference between two opposite surfaces of
the sample; d is the thickness of the sample. Usually, the
geometry of the sample and the configuration of the
measuring system have the strongest effect on the value of
the thermal conductivity. It is possible to implement
comparative methods in which the amount of heat that has
passed through the test sample is determined from the
known parameters of the reference sample, which is in
similar conditions. The method is quite well developed for
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different materials in a wide range of temperatures: from
a few degrees to ~ 1000 K.

Il. Design of software and hardware for

automated studies of the properties of
thermoelectric energy conversion
modules

The computer system designed for measuring
electrical parameters was developed with special attention
given to the versatility of solutions, which allows for the
study of both massive and film thermocouples, as well as
the diagnosis of thermoelectric modules. The block
diagram of the measuring system can be found in Fig. 4.

Cold water is running through two copper radiators, it
can be both flowing tap water and water cooled by means
of the cooling thermostat. The cooling thermostat is
constructed on the basis of 12 V Peltier elements. The set
temperature of the hot side is maintained by the
microcontroller by means of a precision PID thermostat,
the power of which is accurately measured and can be kept
constant, regardless of changes in external conditions or
the resistance of the heater. Feedback is carried out using
chromel-alumel thermocouples. The thermostat maintains
the set temperature with an accuracy of 0.1 K. It is also
possible to connect additional thermocouples drilled in the
sample, to accurately measure small temperature
gradients.

The measuring system is based on the UNI-T
UTM1805A digital multimeter, which supports data
output to a computer and provides a resolution of 1 uV
with an accuracy of 0.015% in the DC voltmeter mode and
has an automatic range selection function. The control
device for the system is a STM32F303 microcontroller,
programmed in C language, and communication with the
computer is enabled through the USB-UART converter,
coupled with a text command interpreter that facilitates
two-way data exchange between the device
microcontroller and control programs on the computer.

The thermo-EMF recording process on the samples is
executed sequentially with the aid of a switching unit
integrated with a reed microrelay. The system allows for
the measurement of voltage from each differential
thermocouple individually, or to take an average of the
readings. Furthermore, thermocouples can be connected in
series to obtain the sum of the thermo-EMF of both
thermocouples. The Seebeck coefficient is then
automatically calculated.

The measurement of thermoelectric power is
enhanced by the implementation of a load block, which
enables the determination of the operational parameters of
thermoelements. Additionally, studying the Peltier effect
under load presents further opportunities for analyzing
heat transfer parameters, particularly in determining
thermal conductivity.

The computer program provides automated control of
the measurement process, registration of data from a
digital voltmeter, pre-processing and visualization of data.
The program is developed in Delphi programming
language. The measurement results of each sample are
recorded in separate MS Excel-compatible files with the
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possibility of further continuation of the experiment. The
setup exhibits high reliability, stability, and precision of
results during prolonged and regular operation.

I11. Experimental research and discussion
of the obtained results

Let us examine the operational capabilities of the
computerized measuring system through a concrete
illustration, where a series of industrial thermoelectric
elements of the TEKB-1-1-(15.4-6.0-51.4)-40-71 type
were studied. Experimental data on the thermoelectric

power, maximum power, and efficiency concerning the
temperature difference applied to the module for the
studied modules are shown in Fig. 5.

In Table. 1. comparison of measured and passport data
for two thermoelectric modules TECB-1-1-(15.4-6.0-
51.4)-40-71 is presented. The relative measurement error
does not exceed 2%.

Upon analysis of the results and comparison of the
calculation results with experimental measurements, it
was observed that the measurement methods selected, and
their hardware and software implementation, despite the
relative simplicity of the implemented algorithms,
demonstrated high efficiency. The implementation of the
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Fig. 4. Block diagram of a computer system for automated diagnostics of thermoelectric modules.
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Fig. 5. Dependences of thermoelectric power (curve 1), maximum thermoelectric power (curve 2), efficiency (curve
3) and ZT (curve 4) on the temperature difference applied to the module. A — corresponds to sample Ne3 placed at
the bottom of heater, o — sample Ne4 placed at the top of the heater.

Table 1.
Measured and passport electrical parameters of industrial modules.
Sample s, 1/Q cm S, uV/K r, Q (25 °C) r, Q (50 °C) Zx10% K*!
Measured Passport M P M P M P M P
(M) (P)

3 1006 1000- 222.3 | 220-225 | 2.13 2.12 232 | 230 | 2.85 | 2.88
1020

4 1005 1000- 222.8 | 220-225 | 2.17 2.17 234 | 234 | 285 | 284
1020
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computerized measuring system significantly reduced
time and labor costs for experimental measurements, and
facilitated automated diagnostics and fault detection of
thermoelectric modules.

The advantage of the implemented research method is
the automation of both the measurement process and the
pre-processing of the result during the experiment,
depending on the material under study. Furthermore, the
representation of the acquired data through graphical
dependencies makes it possible to visually detect errors,
defective samples, even during the measurement process.
In contrast to general-purpose tools and mathematical
software packages, which offer much broader data
processing capabilities, the development of specialized
tools, despite the limited set of models, integrates well into
the developed measuring system and provides information
on electrical properties of the material with minimal effort
and reduces time required. for measurement and
processing.

Conclusions

characterization of thermoelectric devices.

2. The method, flowchart, and computer tools for
automated measurement and  pre-processing  of
experimental data for automated studies of the properties
of semiconductor materials and thermoelectric modules of
energy conversion have been presented.

3. The developed tools were used for experimental
research of thermoelectric modules with known
characteristics, and their high efficiency was
demonstrated. The use of these tools significantly reduced
the complexity of the process of measuring the basic
electrical parameters of semiconductor materials and
increased the accuracy of the obtained results.

The work was partially performed within the project
of the Ministry of Education and Science of Ukraine
«Elements of hybrid sensor microsystems for biomedical
applicationsy (State registration number 0122U000858).
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Po3po0ka BHCOKOTOYHHMX NPOrPaAaMHO-ANIAPATHUX 32C00iB 115
aBTOMAaTH30BAHOI'0 BU3HAYCHHS XaPAKTEPUCTHK TEPMOECJIEKTPHYHHUX
IPUCTPOIB
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VY po6oTi po3po0JIEHO BHCOKOTOYHY YCTAHOBKY [UIs BH3HAYCHHS XapaKTEPHUCTHK TEPMOCNEKTPUYHUX
npwiagiB B xiama3oHi remneparyp 350-600 K. Bynu BuMipsiHi BUXiIHI TapaMeTpl TEPMOETICKTPHYHHX MTPHUIIAIIB,
BKIIIOUAIOYX TEPMOEIEKTPHYHY HOOpOTHICTE Z, koedimieHT 3eebexka S 1 BHyTpimHiA omip r. Po3pobieno
METOJAUKY, CTPYKTYPHY CXeMY Ta KOMIT FOTE€PHI 3aCO0M aBTOMaTH30BAaHOTO BIMIPIOBAHHS Ta IOTIEPEIHB0T 00pOOKH
EKCIIepUMEHTAIBHUX JaHUX JJIsI aBTOMAaTH30BaHHUX JOCHI/PKEHb BIACTHBOCTEH HaIliBIIPOBITHUKOBUX MaTepiaitiB i
MOJYJIB TEPMOENEKTPUYHOTO nepeTBopeHHs eHepril. [Toka3aHo BHCOKY e(eKTHUBHICTH PO3pOOJIEHUX 3aco0iB.
3HAaYHO 3MEHIIEHO TPYAOMICTKICTH IPOLECY BHUMIDIOBaHHS OCHOBHHX  €NEKTPUYHHX  IIapaMeTpiB
HAaMiBIPOBITHUKOBHUX MaTepiajiB, a TAKOXK ITiIBUIICHO TOUHICTh OTPUMAHUX PE3yNIbTATIB.

KiwouoBi ciioBa: TepMoeneKTpHKa, TEPMOEIEKTPHUYHI Marepiand, TEePMOENeKTpHuYHa e(eKTHBHICTb,
BUMIipIOBaJIbHA TEXHiKa, BHCOKOTOYHI aBTOMAaTH30BaHI BUMIpIOBaHHS
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Intermetallic compound DysNi2.43Snos was prepared by arc melting and annealing at 873 K. It was
characterized by X-ray powder diffraction, differential thermal analysis, and electron probe microanalysis. The
crystal structure of low temperature DysNi2.43Snos phase belongs to the orthorhombic HosCo02Ga structure type
(space group Immm, a = 0.93116(1) nm, b = 0.94993(1) nm, ¢ = 0.98947(1) nm). Crystal structure refinements
showed the deviation from the ideal 6:2:1 stoichiometry corresponding to the formula DygNi2.43Snos. It exhibits a
sequence of magnetic phase transitions; antiferromagnetic ordering sets in at 60 K, while further order-order
magnetic phase transitions take place at lower temperatures.
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Introduction

The search of new intermetallics with useful magnetic
properties has brought lot of attention to compounds
containing rare earths (R), d-metals (M), and p-elements
(X) such as Si, Ga, Ge, Sn, In, Pb. In the R-rich region of
the R-M—X ternary systems (M = Co, Ni; X = Ga, In, Sn,
Pb) two series of isotypic compounds Ri:MeX (cubic
Smi2NigIn-type) and RsM2X (orthorhombic HosCo,Ga-
type) were identified and studied previously [1-8]. Both
types of crystal structures are characterized by the
antiprismatic-tetragonal coordination of the smaller atoms
(Co, Ni) and by significant shortening of interatomic
distances between rare earths and d-elements and between
M atoms. The relationship between SmiNigln and
HosCo,Ga structure types is described in Ref. [8]. In the
HosCo,Ga structure, the rare earth atoms form metal
bonded framework yielding several types of high
coordination polyhedra encapsulating the atoms of the
transition metals and X elements [4]. Depending on the
ratio of the size of the atoms M and X, the tendency for
disorder in particular crystallographic sites is observed in
these structures. For example, the compounds
TheC0235Sn065 [9], H06C02.1351N0865 [6], ErsCo2.191N0 81
[10], and ReM2+xPbix (M = Co, Ni) [8] are characterized
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by statistical mixture of M and X atoms in the 2a site,
while in the original HosCo,Ga structure type it is
occupied exclusively by Ga atoms. In DysC025Snos, the
Co atoms occupy three crystallographic sites, and only 2c
position is occupied by the Sn atoms [11]. Study of
isotypic compounds with bismuth [12] showed that unlike
the HogCo,Ga prototype, the 2a position is occupied by
Co atoms and authors propose the formula Ri2CosBi
(equal to RsCo25Bios) which reflects the occupancy of
crystallographic positions in the structure.

Taking into account that the complex magnetic
behavior arises from the connection of f- and d-electrons
in rare-earth intermetallics with transition elements, the
properties of stannides Ri12NigSn and RsM,Sn were
explored. A study of magnetic properties revealed that the
R12NigSn intermetallics exhibit ferromagnetic ordering for
Gd and Tb compounds with Tc 85K and 95K,
respectively [1]. The temperature dependencies of the
magnetic susceptibility measured earlier in the range 78-
293 K for RsNi2Sn compounds (R = Th, Dy, Er, and Tm)
showed that they obey the Curie-Weiss law with effective
magnetic moments close to free R®* ion values [5, 7].

The isotypic stannide ErsNi>Sn has been investigated
as potential material for the lower temperature stage of
Gifford-McMahon cryocooler [13]. Refs. [14,15]
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suggested, based on specific-heat data and magnetic
measurements of ErsNizSn giving estimates of isothermal
entropy change and magnetocaloric effect, that this
compound can serve as material for cryogenic devices.
Neutron diffraction study of ErgNiSn showed a complex
non-collinear commensurate antiferromagnetic structure
[16], in which the magnetic moment values of Er atoms
are significantly reduced.

The present work aims to determine structure
characteristics and magnetic properties of DysNi2.43Snos.
In addition, magnetic behaviour of the binary DysSns is
presented.

I. Experimental details

Polycrystalline samples for investigation were
prepared by direct arc melting of the constituent metals
(dysprosium, purity 99.9 wt.%; nickel, purity 99.99 wt.%;
tin, purity 99.999 wt.%) under purified argon atmosphere
(Ti as a getter) in a water-cooled copper crucible. Weight
losses of the initial batch did not exceed 1 wt. %. Two
pieces of the alloys were annealed separately in the
evacuated quartz ampoulesat T =873 Kand T = 1073 K
for 720 hours and then quenched in cold water. The
synthesized and annealed samples are stable under
ambient conditions. The chemical composition of the
prepared samples was examined by Scanning Electron
Microscopy using JEOL-840A scanning microscope.

X-ray powder diffraction data were collected using
STOE STADI P powder diffractometer (Cu Kay radiation,
angular range for data collection
6.000 <260<110.625/0.015). FullProf Suite program
package [17] was used for the determination of the crystal
structure parameters.

Differential thermal analysis (DTA) was used to
check the temperature range of the stability of the
compound (LINSEIS STA PT 1600 device, argon
atmosphere). Sample was heated up to 1173 K, at a rate of
10 K/min. The weight losses during heating (TG) were
less than 0.2%.

The magnetic susceptibility was measured in external
magnetic fields up to 9 T in the temperature range from 2
K to 300 K using a Quantum Design PPMS extraction
magnetometer. The grains of the sample were fixed in
random orientation preventing rotation of individual
grains under the influence of a magnetic field. The specific
heat measurements were performed on a bulk sample in
the same temperature range using a Quantum Design
PPMS microcalorimetry setup.

The magnetic behavior of the DysShs compound was
measured using an extraction method in the magnetic
fields up to 10 T in the temperature range 2 K to 300 K.

I1. Results and discussion

2.1. Formation of compounds and crystal structure
refinement

Taking into account the literature data and general
stoichiometry 6:2:1 for the ReNi;Sn series, a
polycrystalline sample with nominal composition
Dye7Ni22Sni1 was prepared. X-ray phase analysis of the
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sample showed the presence of the main phase DysNi,Sn
with the HogCo,Ga structure type and a small amount of
additional binary phase DysShs (MnsSis structure type,
a= 0.88863(1), ¢ = 0.64873(1) nm). According to the
electron probe microanalysis (EPMA) data, the
determined composition of the main phase is
Dyes.62Ni2767Sns 71, meaning lower Sn concentration in
comparison with the ideal 6:2:1 stoichiometry. As the next
step, we prepared a new sample with the nominal
composition DygsNi2sSne. In order to synthesize a single-
phase sample we used two different temperatures of
annealing, namely 873 and 1073 K. The phase analysis of
the sample annealed at 873 K proved the existence of
orthorhombic phase with the HosCo,Ga structure type,
while a phase with the cubic Sma12NigIn structure type was
identified in the sample annealed at 1073 K. To confirm a
polymorphic transition we have studied the sample by the
differential thermal analysis. The DTA curve measured in
the heating and cooling regimes is shown in Fig. 1. Two
thermal peaks are more visible on the cooling curve at
1098.5 K and 1015.3 K, respectively, which can be
associated with the formation of the cubic phase and next
polymorphic transition to the orthorhombic one. Thus, we
can stay that orthorhombic phase is stable up to ~ 1015 K.

10241 K—— ~7
) |
11182K ¥

DTA (V)

1098.5K

10153K

— — ?,\,‘17

370 470 570 670 770 970

Temperature (K)

Fig. 1. DTA plot for DygsNi2sSns sample.

870

n Evaluation V'

Analysis of X-ray powder diffraction pattern of the
DyssNizsSns sample annealed at T = 870 K showed the
presence of a single phase with orthorhombic HosCo,Ga-
type (space group Immm, a 0.93116(1) nm,
b =0.94993(1) nm, ¢ = 0.98947(4) nm). Refined atomic
coordinates and displacement parameters for HosCo,Ga-
type phase are listed in Table 1. The refinement of the site
occupancies showed that in this structure Ni atoms fully
occupy the 4j position and both 4g and 2a positions for Ni
atoms are occupied partially (Table 1). Thus, the chemical
formula should be written as DysNiz.43Snos, what is in a
good agreement with EPMA data (Dyese2Ni27.675ns571).
Obtained stoichiometry is close to the previously studied
TbeCOz,ssSﬂo_es [9] and R5M2+be(In)1.x (M = CO, NI)
[6,8,10] compounds, which are characterized by a lower
concentration of the p-element compared to the ordered
HosCo,Ga-type phase.

Crystal chemical analysis of the stannide
DysNi2.43Sno s showed that this structure can be presented
as a framework of Dy atoms forming prismatic and
icosahedral polyhedra filled with the smaller Ni and Sn
atoms (Fig. 2) The analysis of the interatomic distances in
the DysNiz.43Sng s structure showed a significant variations
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Table 1.

Atomic coordinates and isotropic displacement parameters for the DygNiz.43Snos compound
(Reragg = 0.039, Rp = 0.011, Ryp = 0.015)

Atom | Wyckoff x/a y/b zlc *Biso-102 (NM?) Occupancy
position
Dyl 8n 0.2924(2) 0.1821(2) 0 1.17(8) 1
Dy2 8m 0.3030(2) 0 0.3233(1) 0.49(8) 1
Dy3 8l 0 0.1903(2) 0.2146(2) 0.84(8) 1
Nil 4j 1/2 0 0.1233(6) 1.72(2) 1
Ni2 4q 0 0.3633(7) 0 1.57(6) 0.95(1)
Ni3 2a 0 0 0 1.62(1) 0.96(1)
Sn 2c 1/2 1/2 0 0.88(1) 1

of the sum of the corresponding atomic radii

(ra(Dy) = 0.177 nm, ra(Ni) = 0.125 nm): for shorter Dy-Ni
distances Dy1-Nil — 0.2849 nm; Dy2-Ni2 — 0.2847 nm;
Dy3-Ni2 — 0.2821 nm and Nil-Nil distance 0.2440 nm.
The shortening in interatomic distances in DysNi2.43Sngs
is similar to the shortening in the prototype HosCo,Ga [4]
and in other isotypic intermetallics with Sn or Pb [8, 9].

Fig. 2. Atomic columns in DygNiz 43Sno 5 structure formed
by Dy atoms. The smaller Ni and Sn atoms are inside
prismatic and icosahedral voids.

It should be pointed out that the crystal structure of
DyeNi2.43Snos can be derived from the WAIy» structure
type by an insertion of Ni and Sn atoms into binary WAl
[7]. Both compounds are characterized by similar 3D-
framework structure built by Dy and Al atoms,
respectively (Fig. 3).

The analysis of the structures HogCo.Ga [4] and the
isotypic ReM2+xX1x intermetallics (M = Co, Niand X = Ga,

In, Sn, Pb, and Bi) [5-12] illustrated the role of the size of
the X element in structural disorder. The HosCo.Ga
structure is completely ordered, small Ga atoms occupy
two crystallographic sites 2c and 2a fully. Crystal
structures of the related compounds with larger X atoms
show that the crystallographic position 2a, occupied only
by Ga atoms in HogCo,Ga-type, is strongly susceptible to
accommodate statistical mixtures with d-metals, what
results in a deviation from the ideal stoichiometry 6:2:1.
This fact was observed for the compounds ThsC02.355n0 65,
H05C02.1351N0 865, ErsC02.191N0.81, ReM2:xP(Bi)1x [6, 8-12],
and finally for DysNi2.43Sng s.

2.2. Magnetic and heat capacity measurements

For the Dys7Ni2Sn11 sample we performed magnetic
susceptibility measurements in magnetic field of 0.05 T,
2T, and 4 T in the temperature range 2-300 K. The field
dependence of magnetization was measured in magnetic
fieldsup to 9 T for temperatures T = 2, 20, and 40 K. Fig. 4
shows that the high temperature Curie-Weiss behavior
extends down only to 60-70 K and below this temperature
the values of x(T) become field dependent. In the
paramagnetic state the temperature dependence of the
inverse magnetic susceptibility y(T) is well described by
the Curie-Weiss law with the value of effective moment
10.60 pe/Dy, i.e. close to the value for free ion
Dy®*(10.65 pug) (Fig. 5). The paramagnetic Curie
temperature 4, = 26 K is lower than the transition
temperature  but still positive, which indicates
predominant ferromagnetic interactions. Temperature
behavior of the magnetic susceptibility exhibits a kink,
pointing to an antiferromagnetic ordering below about

Fig. 3. Model of DysNiz.43Snos (a) and WA (b) structures.
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60 K (see Fig. 4). However, y(T) still increases below this
temperature (at least in low magnetic fields) and another
Kink is visible at T = 27 K, which may suggest presence of
a magnetic phase transition of the order-order type. A
smaller anomaly see particularly for the 2 T data can be
distinguished at 19 K. The »(T) measurement in very low
magnetic field (0.05 T) reveals a small ferromagnetic
component developing below T = 60 K. As the size of the
increment in the inset of Fig. 4 is = 6x10° m¥/mol f.u., i.e.
< 0.5 pg/f.u., it means less than 0.1 us/Dy. Hence we most
likely encounter a defected antiferromagnetic structure
with incomplete cancelation of sublattices, related most
likely to the statistical occupancy of several
crystallographic sites. Although the magnetism has be
related to Dy only and no Ni moments are anticipated, the
defected Dy environment brings randomness into the
RKKY interaction, yielding certain features of magnetic
glass, as magnetic history phenomena in antiferromagnet.
This suggestion is corroborated by the fact that there is
residual magnetization of 2 pg/f.u. when returning to zero
field from a high field state in yoH =9 T at T = 2 K (see
Fig. 6).

4

Dy¢Ni, ,3Sng 5

[X)

N

7(10° m¥mol f.u.)

100

7 (10° m¥mol f.u.)

1;0 2(I)0 2;0 3(;0
T(K)

Fig. 4. Temperature dependences of the magnetic

susceptibility (T) of DysNi243Sngs in various magnetic

fields. Detail of low-field data are shown in the inset.

L L
50 100

The magnetization curve measured at T = 2 K (Fig. 6)
exhibits a metamagnetic process starting at poH= 3 T,
which brings the total magnetization to the level of
25-30 pe/f.u. It is still only a half of the theoretical total
magnetization of 60 pg/f.u. The related broad hysteresis
becomes narrower but it is still observed at 20 K, shifting
the metamagnetic transition to lower fields, while both
hysteresis and metamagnetic transition disappear at 40 K.
The total magnetization achieved can be naturally affected
by anisotropy, the type and strength remain unknown. For
example, only 50% of total magnetization is measured if a
strongly anisotropic material with uniaxial anisotropy is
measured in the form of randomly oriented polycrystal.
Therefore it is also impossible to determine with certainty
whether the metamagnetism is of the spin-flip or spin-flop
type. Even in the first case, the distribution of orientation
of individual grains with respect to the field direction can
cause a spreading of the transition over a large field range.
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Complementary information can be obtained from the
temperature dependence of specific heat at constant
pressure, Cy(T). It exhibits a clear phase transition at
T=62 K, which remains practically unchanged in
magnetic field of 2 T (Fig. 7).

External magnetic field of 9 T, i.e. exceeding the
critical metamagnetic field, removes the magnetic phase
transition and the related entropy is displaced to higher
temperatures as in ferromagnets. Therefore we can assume
that the state above the metamagnetic transition
corresponds to field-aligned paramagnetic state, however
not necessarily with full collinearity of magnetic
moments. The slope of M(H) in 9 T indicates that the
alignment process would continue even to much higher
fields. At low temperatures one can use the Cp/T(T?) plot
to determine the Sommerfeld coefficient of electronic
specific hear yas the intercept of extrapolated line with the
vertical axis (see inset). For DysNi2.43Sngs we can make
only a very approximate estimate yielding y = 200 mJ/mol
f.u. K2 The linear part is actually short, limited from
below probably by the nuclear heat capacity component of
Dy [18].

As presence of a small amount of DysSns in the
sample has been indicated, a question is whether some of
the anomalies observed can be associated with such
spurious phase. Therefore we prepared DysSns sample,
annealed at T = 873 K, and its magnetic behavior
determined. According to X-ray analysis, DysSns
crystallizes in the MnsSis structure type (space group
P63/mcm) with refined lattice parameters a = 0.88633(1),
€ =0.64873(1) nm. The maximum in the temperature
dependence of the magnetic susceptibility in the
temperature range 2-100 K indicates an antiferromagnetic
ordering at Tn=20 K (Fig. 8,a). Analysis of the
temperature dependence of the inverse magnetic
susceptibility showed that the paramagnetic Curie
temperature is @p = 14 K, calculated effective moment
10.71 pg/Dy is close to Dy®*. The field dependencies of
the magnetization are displayed in Fig. 8,b. At low
temperatures they reveal rather fast initial increase and a
weak tendency to saturation in fields exceeding 5-6 T. It
can be interpreted as canting of Dy moments starting from
low fields already. Therefore the antiferromagnetic
transition is eliminated in the field of 1 T. Hence DysSn;
cannot be taken responsible low-temperature anomalies
seen in y(T) for DysNiz43Sngs in the field of 2 or 4 T.
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Fig. 8. Temperature dependence of the magnetic susceptibility of DysSns it various magnetic fields (a);
magnetization vs magnetic field at different temperatures (b).

Considerable anomalies concerning the magnetic
ordering of impurity phase DysSns; were not observed in
the temperature dependence of magnetic susceptibility of
DyeNi2.43Snos. Taking into account this result we can rule
out contribution of impurity phase DysSnz in the
magnetism of the DygNi».43SNno s Stannide.

Conclusions

Structure refinements of the DygNi».43SNnos compound
confirmed that this compound belongs to the
orthorhombic HogCo.Ga structure type but contrary to the
prototype HogCo,Ga compound a significant deviation
from the 6:2:1 stoichiometry has been observed. This
deviation is caused by the exclusive presence of Ni atoms
at the 2a site and a partial occupation of the 4g and 2a sites
by Ni atoms. The phase situation is, however, affected by
annealing.

The results of the magnetic and heat capacity
measurements indicated a magnetic transition at 60 K
connected with antiferromagnetic ordering. Further order-
order phase transitions have been observed at lower

temperatures. The calculated effective magnetic moments
in paramagnetic state is closed to the value for free ion
Dy?*, indicating a main role of rare earth in the magnetism
of DysNi2.43Sngs. Statistical occupation of several Ni sites
yields a glassy behavior and magnetic history phenomena.
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CTpyKTypHi gociimkernnst i MaraeTusm craniay DysNi243Snos

Ylvsiscoruii nayionanvhuii ynicepcumem im. I. @panxa, JIveis, Yrpaina, lyubov.romaka@gmail.com
2Iucmumym docnidocens meepoozo mina, |\FW-/Ipezoen, qpesden, Himeuuuna
3Kageopa ¢izuxu meepoozo mina, Kapnie ynicepcumem, Ilpaza 2, Yexis

Inrepmeranin DysNi243Snos oTpuMaHHii METOZOM €IEKTPOAYrOBOrO IUIABJICHHS 1 TOMOTCHI3YH04Oro
BigmamroBanHs 3a Temmeparypu 873 K. Cmomyka mocimimkeHa METOZaMH PEHTTEHIBCHKOI An(pakToMerpii,
Ju(EepeHIliaTbHOTO TEepPMIYHOTO aHaNi3y 1 eHepromucrepciiiHoi cmekrpockomii. Kpwucramiuna crpykrypa
Hu3bKoTemieparypHoi ¢a3u DyeNiz43Snos Hanexuts 10 opropomGiunoro crpykrypHoro Tty HoeCo02Ga
(mpocroposa rpyma Immm, a = 0,93116(1) um, b = 0,94993(1) um, ¢ = 0,98947(1) um). CTpyKTYpHi pO3paxyHKH
3aCBIIYMIIH BIIXMIICHHS BiJ ifeaibHOi crexiomerpii 6:2:1, mo Bianosigae dpopmyini DyeNiz43Snos. s crionyku
BCTaHOBJICHO MOCJIIOBHICTh MarHiTHUX (ha30BUX MEPEXOiB; aHTU(EPOMarHiTHe BHOPSIKYBaHHsS BHHUKAE MPHU
60 K, momanpmri MarHiTHI (ha30Bi mepexoqu NOPIIOK-TIOPSIOK BiTOyBalOThCS 3a HIKYUX TEMIIEparyp.

Kurouosi ciioBa: Inrepmeraniny; Kpucraniuna crpykrypa; MarsiTHI BaacTuBocti; [InToMa TEmIoeMHiCTb.
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Introduction

The widespread use of metal 1D-systems is due to
their unique optical features associated with the regulation
of electromagnetic radiation absorption by changing the
size, shape and material of the studied samples [1].
Modern technologies allow experimentally obtaining and
measuring the optical properties of metal nanowires in
various spectral ranges. The theoretical study of the
mentioned nanostructures is of interest in connection with
the possibility of explaining the position and magnitude of
the optical absorption maximum. The ability to adjust the
energy and optical characteristics of 1D structures is a
promising task from the point of view of using the latter
in the form of high-speed switches in the creation of
information transmission and processing systems, optical
photosensors [2,3], etc.

Recently, studies of composite materials based on
two-layer nanostructures have attracted considerable
attention. The formation of an oxide layer on the metal
wire surface makes it possible to regulate more effectively
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the position of the surface plasmon resonance (SPR) by
changing both the oxide layer thickness and the metal core
radius [4]. In turn, the application of a metal layer on the
dielectric core leads to the appearance of two frequency
maxima of optical absorption due to the surface plasmons
hybridization [5]. An intuitively simple model (which is
easily extended to multilayer structures) allows to explain
the emergence of two resonance maxima due to the
plasmon resonance splitting into low-energy symmetric
and high-energy antisymmetric modes caused by the
interaction of the dielectric core (hollow) with the metal
shell inner wall on the one hand and, due to the connection
of the metal layer outer wall with the surrounding
dielectric medium on the other side. It is obvious that the
plasmons interaction with each other directly depends on
the metal shell thickness.

In contrast to the above-mentioned types of two-layer
structures, bimetallic systems are characterized by a wide
spectral range of the SPR shift due to the difference in the
scattering and absorption of light by different metal
fractions. Au and Ag are usually used as metals for
bimetallic wires due to the ease of obtaining and
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controlling the parameters of such structures.
Experimental growth of Ag@Au nanowires with
adjustable optical properties is presented in works [6,7]. A
theoretical study of the light wave absorption cross-
section of the Ag@Au and Au@Ag 1D-systems using the
quasi-static theory is given in [8]. Along with Au and Ag,
noble metals Pd and Pt are widely used as photocatalysts.
In [9], the oxidase-like properties of PA@Pt nanowires
were experimentally studied. The chemical synthesis of
Pt@Ag nanowires and their subsequent use as
electrocatalysts are discussed in [10].

In connection with the broad prospects of using
bimetallic 1D systems as light-stable color filters,
polarizers, optical sensors [11], for biological labeling and
surface Raman scattering [12], the study of their optical
parameters is a relevant task. The purpose of this work is
to calculate the composite absorption coefficient based on
bimetallic nanowires and analytical estimates the plasmon
resonance maxima shifts depending on the composition
and sizes of the core and shell metal fractions.

I. Basic relations

Let’s consider a composite that consists of a dielectric
matrix with permeability em and cylindrical bimetallic
inclusions with a total radius of R = R¢ + Rsh (the length of
the wire L is assumed to be much greater than R), where
Rc is the radius of the metal core covered with a layer of
another metal with a value of Rs. The absorption
coefficient of the composite is determined by the ratio
[13]:

w 3/2 1 Im égc_
n(w) == Pen* ¥y N
J J 2
(Re Ec—sht 5 sm) +imeg_gp
J

where o is the frequency of the incident electromagnetic
wave; c is the speed of light; § is the volume content of
cylindrical layered systems; P; is the depolarization factor;
J=XY,2, Ree._qy and Ime._y are the real and
imaginary parts of core-shell system dielectric function.

g (w) = &(w) + igy(w) = &7

(@) = &5 (W) + iz, (W) = &5,

£.sn — the component responsible for the contribution of

the ionic backbone of the core and shell metals,

. ﬁ,hez

i =+/-1, wzl(cy shy = SOC;ZS’I bulk plasma frequency,
. -1

g — electric constant, 7 g, = (4n73 on/3) -

concentration of conduction electrons, g sy — average

2 2
_ YpiTefro

Fig.1. — Geometry of the problem.

Let us assume that an electromagnetic wave is
incident on a cylindrical two-layer nanowire
perpendicular to wire axis (the movement of electrons
along the axis of the wire is neglected), as a result of which

the wave vector lies in the plane xy and
P,=0, P,=P,=(1—PF,)/2.Then

_ 8w, 3/2 Im &1p(c-sh)
mp(@) = 3¢ Bem (Re £1p(c—sh)+&Em)?+Im €2pc_sp) )

The expression for the dipole polarizability of a
cylindrical monosystem has the form:

€1D(c—-sh)~€m

®)

A1pic—sh) = .
1b(e=sh) €1D(c-sh)tEm

On the other hand, the polarizability of such a system
is found by solving the Laplace equation in a cylindrical
coordinate system

16(pl
r or

0%¢;
dr?

=0 (i=123)

taking into account the boundary conditions at the
boundary of media

(pllr:Rc = ‘P2|r=RcF ®2lr=r = @3lr=r;

dp,

99 99, e 22
SUor |—

g, =+ £ ; 903
¢ or r=R¢ sh-ar r:RC'

=g, ,
R or ly=g

where ¢; and &g are the dielectric functions of the metal
core and shell, respectively:

, wfn(c)feff(c)
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1+“’2T§ff(c) w(1+wzr§ff(c))'
2 2 2

_ OpUsmTeffish) 4 ; “plish)Teff(sh)
1+“’275ff(sh) w(1+wzr§ff(sh))'

distance between conduction electrons, m”. effective

c,sh™
-1 — -1
electron mass, Torf(c,sh) = Thutk(c,sh) + Y1 (c,sh) (@)
— effective relaxation time, 7py k(¢ sh) — relaxation time in
the bulk metal, yip(sn) is the decrement of the

attenuation of the dipole plasma oscillations of the
cylindrical metal core and shell, respectively.
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For a metal particle in the elongated ellipsoid form of
rotation (that is, at 0 <ep, <1, where e, is the eccentricity

3
3
16€p

(wpz(c,sh))z
w

__ VUF(csh)
YC,sh(w) T IN

(ep(l + 2e§)(1 - 65)1/2 - (1 - 463) arcsin ep),

of the spheroid), the parameter y based on the kinetic
approach is calculated as [14]

(4)

where vg . 1) is the Fermi velocity. At the boundary condition, when e, — 1, the expression for the attenuation decrement
of dipole plasma oscillations of a metal nanowire takes the form;

9MVFE(c,sh)

2
Wpl(csh
Vin(esn () = Taicetd (2R 5)
Substituting the solutions of the Laplace equation into the boundary conditions for polarizability, we get
i _ (ec+esn) (Esn—em) +BE(ec—esn) (EsntEm) (6)
1b(e=sh) = (ect+esn) (esn+em)+BE (ec—esn) (Esn—em)’

where B = R./R =1 — Ry, /R is the volume content of the core material. When & = &sn expression (6) turns into a

relation for the dipole polarizability of a continuous nanowire.

Equating (3) and (6), we have

(ec+esn)+BE(ec—esn)

Re ng(c—sh)

FID(e=sh) = Eoh (o e (ec—esn)’ ()
By substituting the Drude function and separating the real and imaginary parts, we finally get
X(—)X(+)53(5%+5§+5§+5‘2;)+X(2—)(2525384+€1(8§—82))+x(2+)£1(£§+s§)
N (81)((—)+E3X(+))2+(82X(—)+84X(+))2 (8)
)((_))((+)£4(£§+£§+£§+£Z)+)((2_)(2£1£3£4—£2(8§—SZ))+)((2+)£2(£§+£Z) ©)

Im €1D(c-sh) =

where yy = 1F B2

At the boundary condition, when the layer thickness
Rsh — 0, we have Re &1pc-sn) = &1 and
Im &1pc—sn) = &; a8 Rw— R and B, =0 we obtain
Re €1p(c-sn) = €3 and Im €1D(c-sh) = €a-

I1. Calculation results

The calculations of the absorption coefficient 7ip(w)
were carried out for bimetallic nanowires with the
Ag@Au and Au@Ag structure, located in Teflon
(em = 2,3). The parameters of the metals are given in Table
1.

Let's trace the dimensional dependence of the
composite absorption coefficient based on 1D-systems.
Figure 2 shows the frequency dependences of #ip(w)
which are calculated using relation (2) taking into account
the formulas of the dielectric function real and imaginary
parts (8)—(9) for a bimetallic Ag nanowire covered with a
layer of Au (Ag@Au). For clarity, we introduce the
following notations: 7%wsp-), Awsp+y — surface plasma
frequencies of the first (low-frequency) and second (high-
frequency) resonances. Figure 2 demonstrates the
presence of one resonance maximum Ziwsp+ ~ 3,6 eV
(curve 1), which corresponds to the Ag monowire
Rsh = 0 nm. The presence of a Au metal layer at a constant
value of the Ag core radius R causes the appearance of

2 2
(e1x(—)+eax(n) +(e2x(oy +eax )
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the second resonance peak Ziwsy-) = 2,8 eV. An increase
Rsh (curves 2—4) leads to a slight shift of both maxima
towards low frequencies. At the same time Ziwsp-) shifts
slightly faster in contrast to Zwsp(+), as a result of which
there is a "repulsion” of the absorption coefficient
maxima. It is obvious when Ry is fixed and R increases
(curves 1'—4"), a smooth shift of resonance peaks towards
high frequencies should be expected.

The absorption coefficient of the composite based on
Au@Ag 1D-systems is shown in Figure 3. The results of
the calculations also demonstrate the presence of two
resonance maxima in the considered frequency range.
However, an increase in the Rs, value of the Ag shell
(curves 2—4), in contrast to the Ag@Au structure, leads
to linear shift Zwsp+) to the region of lower frequencies,
while Ziwsp-) moves towards high frequencies. Thus, the
frequency absorption peaks are "attracted" to each other.
A significant increase in the thickness of the shell
neutralizes the influence of the core and leads to a gradual
merging of the maxima into one, which will correspond to
the plasmon resonance frequency of the Ag monowire.

An increase in R; of the Au core (curves 1'—4'") leads
to red shift of icwsp-). At the same time, Ziwsp+) Undergoes
a blue shift. The "repulsion™ of resonance maxima from
each other is observed.

Comparing Figures 2(a) and 3(a), we can conclude
that the low-frequency peak 7iwsp-), which shifts from 2,76
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Table 1.

Parameters of metals (ap — Bohr radius; m* — the electron effective mass is given for a 3D metal; m, — electron mass;
h =h/2z —Planck’s reduced constant)

Parameters Is, 8o [15] m*/me [16] e” [17] Toulk, 10715 [15] hapl, 8V
Au 3,01 0,99 9,84 29 9,07
Ag 3,02 0,96 3,70 40 9,17
5 T T T T
10'| 7 —R.=10; Ry= 0 nm al |I'~R=0;Ry=10nm ) b
2—R.=10; Ry=5nm i 2~ R=5; Ry= 10 nm P
3—R~=10; Ry= 10 nm / 2 3'-R~=10; Ry= 10 nm v
44— R=10;R;=20nm s 4"~ R=20; Ry= 10 nm ‘3
10 A 3 - g
( 4

2
10

ho, eV

6 0,2

6
ho, eV

Fig. 2. — Frequency dependence of the absorption coefficient of the composite based on Ag@Au bimetallic
nanowires: a — Rc = 10 nm; Rsn = 0; 5; 10; 20 nm; b — R¢ = 0; 5; 10; 20 nm; Rsh = 10 nm.
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Fig. 3. — Frequency dependence of the absorption coefficient of the composite based on bimetallic Au@Ag
nanowires: @ — Rc = 10 nm; Rsh = 0; 5; 10; 20 nm; b — R¢ = 0; 5; 10; 20 nm; Rsh = 10 nm.

to 2,62 eV in the Ag@Au nanowire, has the same origin
as the high-frequency maximum Zwsp+) in the AU@Ag
structure, which shifts from 4,3 to 4 eV. Both maxima are
a consequence of the plasmon interaction of the outer shell
wall and the dielectric matrix em. In turn, Awspy in the
Ag@Au nanowire and Awsp-) in AU@AQ also have the
same origin, which is the result of the surface charges
induction of the inner shell wall and the core.

It is known that resonant oscillations of free electrons,
which are weakly connected to the cation lattice,
determine the frequency of SPR. As shown in [8], the
stronger the bond between electrons is, the greater the
energy of the SPR is and the higher the frequency is. On
the contrary, weak electron coupling reduces the SPR
value and shifts the resonance towards low frequencies.
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Thus, in the Ag@Au structure, Ag electrons move to the
Au shell as a result of the "attraction"” of positive charges.
This leads to a decrease in electron coupling and a red shift
of the maximum (Awsp+) I Figure2 (a)). Instead, the blue
shift of the maximum of the Au@Ag nanowire (ficwsp— in
Figure 3(a)) occurs due to the repulsion of the Au core
electrons from the negative charges of the Ag shell.

Thus, a characteristic feature of a two-layer bimetallic
nanowire is a frequency shift of resonance maxima due to
variations in the ratio of the values of the core radius and
the shell thickness. However, in order to be able to
estimate the SPR position and their frequency shifts, it is
possible to go another way. For this, it is sufficient to
consider formula (6). It is known that the polarizability of
the 1D-system will be zero if the following condition is
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fulfilled for the numerator in (6):

gm_gsh_ 2 € T Esp

Em T Ean e+ gg

The fact that polarizability is equal to zero means the
invisibility of the wire metal core together with the shell.
In the case of equating the denominator (6) to zero, we
obtain the condition for the occurrence of plasmon
resonance. Due to the large number of parameters, we will

perform analytical calculations taking into account some
approximations. Let us assume that wr>>1 and the
dielectric constant is also a real value (at the same time,
Em = 1)

2
w
pl(c,sh)
gesn(w) =1 — Tl
Substituting the last expression into the denominator
(6), we have

2 2 2 2 2 _
4w, — wSZP(4wpl(sh) + zwpl(c)) + Wyisn) (wpl(c)(l + B2) + wpysmy(1 — Bcz)) =0,

where the substitution o = ws, is introduced.

Then the resonance in (6) occurs at the following frequencies:

1
1 — =
Wper) =5 (szzvl(sh) + whie) F (40pusm B2 (Wpisny = @pio)) + w;fz(c))2> (10)

It follows from (10) the presence of two surface
plasmon resonances in the bimetallic 1D-system.
Considering boundary conditions g. = 0 (absent core) and
Pc = 1 (absent shell), we obtain the following results:

Wpl(sh) w?]l(sh)"'wlzjl(c)
Wspol g o =g Al wgp|, =T

“pl)
w _ =
sp(=) | =1 NG

and wepen|, = Opicey

The minus sign "-" leads to the equality of the
frequency of the first resonance wsp-) with the frequencies
of the localized surface plasmon of the shell and core. As
a result, the frequency range for the first resonance at
0<p:<1 varies within
Wpi0)/ V2 € Wsp(oy < Wpi(spy/V2. As for the last two
results, they testify to the equality of the frequency of the
second resonance Wsp(+) to the value

\/(wzznl(sh) + w?,,)/2 and bulk plasma frequency of the

shell wpisny. It is obvious that the solutions wsp+) at fc = 0
and Bc =1, indicating the absence of a surface plasmon,
have no physical meaning, since they are a consequence
of the boundary conditions which are used to obtain

relation (6). Therefore, the frequency range of the second
resonance lies in the region

wpl(sh) < (l.)sp(+) < \/(wlzjl(sh) + w;l(c))/Z

Let's continue further evaluation judgments for the
Ag@Au bimetallic structure. By substituting the value of
wpieshy (See Table 1), we obtain for wsy—) a shift towards
low frequencies when S — 0 (increasing Rsn), while wsp(+)
moves towards high frequencies. There is a "repulsion" of
maxima from each other. On the contrary, when . — 1
(increasing R¢), there is an "attraction™ of resonance peaks.
However, for Au@Ag, when pf.— 0, the maxima
converge, and when S. — 1, they move away from each
other. It is obvious that the fulfillment of the condition
Wpi(c) > Wpi(sh) at fc — 0 leads to the "removal™ of the
maxima; wpyc) < Wpish) 1S responsible for their
"convergence". It can be argued that to determine the SPR
shifts depending on the value of g, it is sufficient to
calculate the bulk plasmon frequencies wpic) and wpigsh),
while neglecting other constants (zoui, em and ).

It is interesting to compare the results of the study of
the thin bimetallic wires absorption coefficient with
similar results for bimetallic spheres. The starting point
can be considered the polarizability formula for a layered
0D-system [18]:

_ (ec+2€5n)(esh—Em) +BE (ec—&sn) 2Esntem) (11)

aOD(c—sh) -

Equating (11) to

(ec+2&5p) (sp+2em)+2BE (ec—sp) (Esn—Em)’

€0D(c—sh)~€m

aOD(C_Sh) - €0D(c—sh)t2&m
we get
_ (ec+2e5p)+2BE (ec—£sn)
SUD(C—Sh) - sSh (£C+2‘€Sh)_ﬁg(‘gc_85h) . (12)

For the case of a spherical coordinate system (P, = P, = P, = 1/3), the absorption coefficient of the composite takes

the following form
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3/2

Im &op(c-sh) (13)

9
Nop(w) = Twﬁem

2 2
(Re SOD(C_Sh)+2£m) +Im E(Z)D(c—sh)

and the real Re gyp(c—sny and Im gyp(.—sp) imaginary parts of the bimetallic nanoparticle dielectric function

&lez(e2+e2)+2¢82 (2828384 +&1 (s%—22))+q(£§+£2)(£1§+2£3€)

Re €op(c-sh) =

(e18+€36)2+(e28+£46)?

5554(5%+£%)+2§’2(2£1£3£4—£2 (832,—&%))+§(£?2, +£3) (20 +2£4%)

, (14)

Im gOD(c—sh) =

(18 +£36)%+ (28 +€46)2

) (15)

where the following notations are entered: § = 1 — 83, { =1+ 2B3 i ¢ =2+ 3.
To calculate the attenuation decrement of spherical nanoparticle dipole plasma resonances, we use the expression

givenin [19]

2
_ vasn (9 (4 _ vesh
yOD(c,sh)(w) - 9 (w) <1 (u stn

where ve g = Up(c,sny/2Rc,sn 1S the frequency of electron
oscillations from one potential wall to the opposite one.
Note that for the case of a nanoparticle in vacuum at
frequencies w = wpl/x/§ and v.gp < w we obtain a
well-known result
Yob(c,sh) (a’) = 3UF(c,sh)/4Rc,sh-

The differences in the indicators of the bimetallic
cylinder and the sphere (Fig. 4) are related to the
dimensionality of the systems, which is expressed in a
significant difference in the forms of the dielectric
function real and imaginary parts. Small low-frequency
"stochastic™ oscillations #7op(w) are a consequence of the
presence of a parenthesis in expression (16). As for the
position of the resonance peaks, it is comprehensively
explained by the conditions of the SPR, which follow from
the denominators of ratios (2) and (13):

Re &1p(c-sny = —€m;  Re &pc-sny = —2&m.

It should be noted that the maximum /iwsy— in
Figs.4(a) and 3(a) (at Rsh — ) is the result of the
interaction between the shell inner wall and the core, while

v:h +2 (V;—Sh)z (1 — cos v:’Sh)), (16)

hesp+ arises as a result of the induction of surface charges
at the separation boundary metal shell and external
dielectric medium. However, when R, — oo (Figs.4(b) and
3(b)), similar regularities are not observed. Indeed, the
interaction between the shell and the core is determined by
the maxima of Zicwsp-) for the wire and Awspe) for the
particle. In turn, ziwsy+ in the case of a cylinder and fiwsp(-)
in the case of a sphere is responsible for the connection of
the shell outer wall and em. It is clear that the given
regularities of bimetallic systems are "conditional". Real
estimates of the position of the SPR maximum can be
made only for monosystems. In the case of two-layer
structures, the assessment of the predominance and
influence of the shell and core metal fractions is a difficult
task due to the consideration of a large number of
constants included in the Drude formula and their
subsequent "mixing™" due to the substitution of the latest
equation in the expression for the polarizability of
bimetallic systems.

Figure 4 demonstrates the "merging" of #opo(w)
maxima with increasing Rsn, While increasing R leads to
their "repulsion”. It is quite obvious that the given nature
of shifts of the 0D-systems SPR is similar to that presented

5 U T T
1017 —R.=10; Ry=0nm I'=R:=0; Ry= 10 nm ) 2
2—R=1 2'-R=15; Ry= 10 nm ,,»4
3—R=10; 3'= R:=10; Ry= 10 ny '
1k R.= 10; 2 | |4~ R=20; R4=

1 ho,,
10 l

0,2 2 4
ho, eV

6 0,2 2

ho, eV
Fig. 4. — Frequency dependence of the absorption coefficient of the composite based on bimetallic Au@Ag
nanoparticles: @ — Rc = 10 nm; Rsh = 0; 5; 10; 20 nm; b — R¢ = 0; 5; 10; 20 nm; Rsy = 10 nm.
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in Figure 3 for the case of 1D-systems. Again, using the
previous judgments and equating the denominator (11) to

zero, we obtain the equation for the plasmon frequencies
for a bimetallic nanoparticle

1
1 — 2\z
Wp) =5 <3w1271(sh) + whie T (80 (Opicsm ~ Whice) + (@feemy + Vo)) > : 1n

whence the conditions of plasmon resonances
corresponding to the limiting cases are the following:

_ (Upl(sh)
wsp(—)|BC=0 N

202 +w?
— ’ pl(sh) pl(c).
and wSp(+)|Bc=0 = —3 )

_ Ypl©) _
Wsp()| o1 g3 and wsp(+)| Bo=1  @pi(sh):

Substitution of the values of the shell and core metals
bulk plasma frequencies for the case of a bimetallic
nanoparticle leads to similar conclusions about the SPR
shifts that were obtained for the case of a nanowire. It is
obvious that similar regularities in the position of
resonance maxima should be expected for multilayer
systems when calculating the optical characteristics of the
composite.

Conclusions

Based on the Drude-Lorentz theory, the ratio of
frequency dependences for polarizability, dielectric
function real and imaginary parts of bimetallic 1D-
systems was obtained. Taking into account the obtained
expressions, the electromagnetic radiation absorption
coefficient of the composite based on inclusions in the
form of bimetallic nanowires was calculated. The

presence of two frequency maxima of the absorption
coefficient is shown, which is the result of the interaction
of the shell inner wall surface charges and the core on the
one hand, and the shell outer wall with the dielectric
matrix on the other. The ability to control the composite
optical characteristics by changing the core radius and the
shell thickness is demonstrated.

The influence of the elemental composition on the
optical characteristics of 1D-systems was investigated.
When the shell thickness increases, for the Ag@Au
structure optical absorption maxima are "repelled”, while
for Au@Ag the maxima are "converged". The resulting
equation for the frequency shift of the surface plasmon
resonances of bimetallic nanowires indicates the presence
of two limiting cases that determine the position of the
optical absorption peaks. Fulfillment of the condition
Wpi(c) > Wpy(shy 1€ads to "repulsion” of the maxima with
an increase of the metal layer thickness. At the same time,
when wpc) < Wpysn), there is a “convergence” of
resonance maxima. As a result, the character of the shift
of surface plasmon resonances is evaluated by comparing
the values of the core and shell bulk plasma frequencies.

Analogous judgments can be extended to systems of
other dimensions. In particular, for OD-systems, the
characters of the calculated dependences are similar to
those obtained for the case of bimetallic nanowires.

Koval A.0. — PhD student.
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YacToTHIi 3CyBH NOBEPXHEBUX IUIA3MOHHUX PE30HAHCIB IIPU 00UYMCICHHI
Koe(illicHTY MOTJIMHAHHS KOMIIO3UTY Ha OCHOBI OiMeTaiunnx 1d-cucrem

Hayionanvnuii ynisepcumem "3anopizvka nonimexuixa”, eyn. JKykoscokozo, 64, 60063 3anopisicoca, Ypaina
2Hayxoso-eupobuuuuii komnnexc "Ickpa”, eyn. Mazicmpanvna, 84, 69071 3anopiscocs, Yrpaina, andrej.koval@ukr.net

B poGoti mpoaHami30BaHO TOTJIIMHAHHS EJIEKTPOMArHITHOTO BHUIPOMIHIOBAaHHS KOMIIO3UTOM Ha OCHOBI
OiMeTaivHUX HAHOIPOTIB. 3 BUKOpHCTaHHAM Teopii Jpyne-JlopeHma oxepxaHo CIiBBIIHOUICHHS TS YaCTOTHUX
3aJIe)KHOCTEH TOJIIPU30BHOCTI, AIHCHOI Ta YSBHOI YacTHH AienekTpu4Hoi ¢yHKUii mapysatux 1D-cucrem.
INoka3aHo, MmO CTPYKTypa y BHIJISIII METaJeBOro sApa, HMOKPUTOrO MIApOM IHIIOTO MeTaily, HPU3BOAUTE 0
pO3IIEIUICHHs Ta IOSBH JBOX MaKCHMYMIB y YacTOTHIM 3anexHocTi koedirieHTy mornuHanHs. [TomoxxeHHs
MaKCUMYMiB BU3HAYAIOTHCSI CKIIaJOM OiMETaTiYHNX HAHOAPOTIB 1 06’ €MHUM BMiCTOM MeTaltiB. Brumms po3mipHoCTi
CHCTEM OLIHIOETHCS NUIIXOM IOPIBHSIHHS YAacCTOTHHX 3aleKHOCTEH KOe(illieHTy IMOTIIMHAHHS KOMITO3UTY Ha
OCHOBI OiMeTaNiYHIX HAHOAPOTIB Ta HAHOYACTUHOK. Po3paxyHku npoBeaeHi 1t HaHoapoTiB AG@AU ta AU@AQ,
3aHypeHuX y Te(IIoH.

KiawuoBi cioBa: OimeramiyHuii HaHOAPIT, MMOBEPXHEBHH IUIA3MOHHHH pPE30HAHC, MOJSPU3OBHICTD,
nienexTpuyHa QyHKIs, Koe(ilieHT MOTIMHAHHS.
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An analysis of technologies that allow creating microrelief structures on the surface of sapphire substrates has
been carried out. It is shown that the most effective method of forming relief structures with submicron dimensions

is ion beam

etching through a protective mask formed by photolithography. The main problems in creating a

microrelief on the surface of sapphire substrates are the removal of static electric charge in the process of ion beam
etching of the substrates, as well as obtaining a protective mask with windows of specified sizes, through which

etching of the sapphire substrate is performed.
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Analysis of the state of the problem

Microrelief structures on the surface of sapphire
substrates are widely used in the manufacture of LEDs,
diffractive optical elements and long-term data storage
media. Most of epitaxial structures for LEDs are grown on
profiled sapphire substrates allowing get high efficiency
of light output from LEDs. It is known that the profiled
substrate scatters the emitted light at the interface of GaN
and sapphire and this improves the efficiency of light
removal. The efficiency of LEDs grown on profiled
sapphire substrates is about 1.5-2 times higher compared
to the case of employing the flat sapphire substrates [1-3].

Microrelief diffraction optical elements (DOEs) are
formed on sapphire substrates, designed to function at
high radiation powers and temperatures [4-6]. To create
the microrelief diffraction optical elements on the surface
of sapphire substrates, both photolithography methods [4]
and the method of laser ablation with femtosecond pulses
of ultraviolet radiation are used [5,6]. The micro-profiled
sapphire substrates are also proposed to be used to create
media for long-term data storage. When creating micro-
relief diffraction optical elements on the surface of
sapphire substrates and long-term data storage media,
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special attention should be paid to the formation of
elements with submicron strictly defined dimensions. The
tolerance for the size of the elements in the horizontal
plane should be 30-50 nm, and 20-30 nm in depth.
Particularly strict requirements for the size of microrelief
elements must be met when manufacturing media with a
microrelief structure [7, 8].

The formation of relief on the surface of the sapphire
substrate is difficult due to its high chemical resistance. In
recent years, several methods of forming a microrelief on
the surface of a sapphire substrate have been proposed.
These methods of creating a relief on the surface of a
sapphire substrate can be divided into two groups. The
first one concludes in forming a microrelief in the material
of the substrate itself. And the second one provides
obtaining a microrelief image in the material applied to the
surface of the sapphire substrate. In the first group of
methods, the application of chemical etching to create
microrelief structures on the surface of sapphire substrates
should be highlighted. To profile sapphire one can use
etching in a mixture of acids
H>S04: H3PO4 (HzSO4Z H3PO4 = 3: 1) with employing a
mask made of SiO; (the temperature of the acid mixture is
higher than 300°C). The output pattern on the surface of
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the SiO-, layer to be applied to the sapphire is formed either
by the method of standard photolithography (to obtain
microrelief elements of submicron sizes) or by annealing
the deposited nickel layer which leads to the formation of
submicron islands that served as a mask during SiO;
etching [2].

The rate of chemical etching of sapphire is 1 pym/min.
[9]. The method of nanosphere lithography can be used to
create a microrelief on the surface of sapphire substrates
[6]. A mask during sapphire etching can be quasi-ordered
hemispherical gold drops of 0.5-3 um in size, formed in a
controlled manner on the surface of sapphire by heating
the sputtered solid layer of gold above its melting
temperature. The uniqueness of gold as a mask material
for this technology should be especially emphasized. Gold
is the only metal that combines the necessary chemical
resistance with a fairly low melting point. Relief elements
have the shape of triangular pyramids. The height of relief
elements and their density on the surface can vary
significantly depending on the process parameters [1, 2].
Although this method is effective, it is potentially
dangerous for the health of operators [9]. To obtain relief
structures in the material of sapphire substrates, dry
etching in inductively coupled plasma through a mask
formed by photolithography is also used [2]. High-
frequency  ion-chemical  etching of  sapphire
(fe = 13.56 MHz) was also reported in CFs medium
(Tetrafluoromethane) [4]. The high chemical resistance of
sapphire makes it necessary to apply the dry etching of
multilayer masks [9]. One of the layers of the mask is often
a layer of metallic chromium, which is necessary to reduce
the electrification of the processed sapphire substrate (the
specific electrical resistance of sapphire is 101° Ohm cm)
[10]., A compensation of the charge on the surface in
contact with the plasma is necessary during plasma
etching of the sapphire substrates.

To obtain sapphire substrates with regular microrelief
on the surface it is suggested to use methods that do not
utilize the photolithography technique. Such methods are
advisable to apply in the manufacture of diffractive optical
elements and optical media for long-term data storage. In
one of the options for manufacturing microrelief structures
on the surface of sapphire substrates, there is proposed to
apply metal to them through stencils with a diameter of
holes in the range of 0.2-40 um by the method of vacuum
sputtering and subsequent annealing to form a regular
microrelief of sprayed metal on the ultra-smooth surface
of sapphire plates [11]. Long-term optical data storage
media can be produced by direct laser writing on a layer
of photoresist being deposited on a film of chromium on a
sapphire substrate [12].

I. The research methods

lon beam etching of sapphire substrates through
windows in organic positive photoresist does not allow
obtaining microrelief structures with a depth of more than
70-80 nm. Increasing the etching time leads only to an
increase in the size of the elements in the horizontal plane.
Such a problem does not arise during ion beam etching of
substrates made of silicate glass, on which elements with
a depth of 150-200 nm were being formed. The main
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problems in creating a microrelief on the surface of
sapphire substrates are that its etching rate is much lower
compared to other materials (for example, silicate and
quartz glass). Accordingly, it takes more time to etch
sapphire, which leads to a significant accumulation of
charge on its surface. Thus, in the process of ion-beam
etching of sapphire substrates in order to obtain
microrelief structures of given sizes, it is necessary to
ensure the avoidance or removal of such surface static
electric charge.

To form microrelief structures with submicron
dimensions on sapphire substrates by ion beam plasma
etching there is proposed to use two-layer masks
(conductive layer of chromium and layer of positive
photoresist). The masks were being formed by the method
of direct laser recording on positive photoresist films and
subsequent selective chemical etching of photoresist and
chromium layers in various etchants. The scheme of the
process on obtaining microrelief structures on the surface
of sapphire substrates is demonstrated in Fig. 1.
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on the surface of sapphire substrates: 1- layer of
photoresist; 2- chrome layer; 3- substrate; 4- windows in
the photoresist; 5 - windows in chrome.

The process of obtaining microrelief structures on the
surface of sapphire substrates includes several basic
operations:

- direct laser recording on the layer of positive
photoresist of the given structure;

- selective etching of the layer of positive photoresist
in alkaline etchant;

- selective etching of the chromium layer through the
windows in the photoresist layer;

- ion beam etching of the sapphire substrate through a
double-layer mask.

The selective chemical etching of the photoresist layer
on the surface of the sapphire substrate was carried out
with an alkaline etching agent (0.7-1.0% KOH) for
10-20 seconds. The etching time was determined by
obtaining the required value of the relative intensity of the
diffracted laser beam on the microrelief structure. The
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selective chemical etching of the chromium layer through
the windows formed in the photoresist layer was
performed with a standard etching agent based on cerium
sulfate and sulfuric acid (cerium sulfate — 200 ml,
hydrochloric acid — 100 ml, sulfuric acid — 10 ml, distilled
water — up to 1000 ml ) [13].

The plasma chemical etching was used to form a
microrelief structure in the sapphire substrate. The scheme
of the plasma chemical etching installation is presented in
Fig. 2.

Fig.2. Scheme of the device of plasma chemical etching
of sapphire substrates :

1 —work piece; 2 — electron emitter (tungsten filament); 3
— electron cloud; 4 — neutralized ion beam; 5 — ion beam;

6 — focusing coil; 7 — grounded electrode;
8 — alive external gas source; 9 — alive internal gas source;
10 - isolator with gas input; 11 - isolator;
12 — gas input.

The applied technology [14] differs from the known
technology of forming microrelief structures in sapphire
substrates [4] in that the etching was carried out using a
direct current discharge.

Il. Experimental studies on the formation
of microrelief structures on sapphire
substrates

The formation of the image in the layer of positive
photoresist was carried out by the method of direct laser
recording followed by selective chemical etching in an
alkaline solution, and the control of recorded microrelief
structures was made with using the analysis of the
intensity of the diffracted beam. Fig. 3 shows the image of
the surface of disks obtained by the method of direct laser
recording on a layer of positive photoresist.
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Fig. 3. The disk surface after direct laser recortﬁg of
submicron structures on the photoresist layer and selective
chemical etching of the photoresist.

The deviation of the length of the depressions formed
in the process of direct laser recording and selective
chemical etching does not exceed 40-50 nm, and the width
of the depressions - 100 nm. One of the main problems of
obtaining microrelief structures on the surface of sapphire
substrates is the presence of a residual layer of positive
photoresist in pits formed after recording and selective
chemical etching of the photoresist layer with an alkaline
etching agent. As our experiments have shown, the
formation of microrelief structures of a given depth is
strongly influenced by photoresist residues in micro-holes
(pits), through which the chrome layer is etched.
Increasing the time of selective etching of the chromium
layer on samples with remnants of photoresist in the
micro-holes does not allow obtain the recess of the
required uniform depth. Etching in an ultrasonic field
helps to the uniform chromium etching [15].

The use of ultrasound-assisted etching requires the
use of substrates with minimal mechanical stresses. The
presence of micro-cracks and significant mechanical
stress leads to the destruction of the substrate in the
process of ultrasonic treatment. Fig. 4 demonstrates the
image of the surface of the sapphire substrate after
selective etching of the chromium layer through the
windows in the photoresist layer with remnants of the
photoresist in the micro-holes.

The effect of incomplete removal of the photoresist is
the reason for the distortion of the micro-relief structure
and the formation of micro-holes with a stepped shape and
different depths. The incomplete removal of the
photoresist in the micro-holes is associated with
insufficient exposure of the samples and a local change in
the properties of the photoresist layer after exposure. The
appearance of a residual layer of positive photoresist was
observed during laser recording of ring chromium
templates and is associated with the fact that due to the
relatively high transparency of the photoresist layer.

Thus, a significant portion of the energy of the
recording laser beam is absorbed by the chromium film
under the photoresist. This leads to heating of the chrome
film and, accordingly to a decrease in the sensitivity of the
photoresist. As a result, the photoresist film may be
underexposed near the chrome-photoresist border. As a
result, a thin residual layer of acid-resistant positive
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photoresist is formed on the bottom of the microelements,
which prevents the etching of chromium by acid etching.
The effect of the residual layer of photoresist on the
bottom of the microelements on the etching process of the
chromium layer can be almost completely eliminated by
optimizing the concentration of the etching agent.
Experiments have shown that for selective etching of
elements recorded on a photoresist film with a thickness
of 0.5 pm applied to a chromium film, the optimal
concentration of KOH should be 1% [16]. To avoid the
formation of a residual layer of photoresist on the bottom
of the microelements, we also increased the concentration
of KOH to 1%. This made it possible to carry out more
homogeneous etching of chromium through the windows
in the positive photoresist. Further selective chemical
etching of the chromium layer made it possible to obtain a
two-layer mask through which etching of the sapphire
substrate was carried out (Fig. 5).

Fig.4. The surface of the sapphire substrate after selective
etching of the chromium layer through the windows in the
photoresist layer with photoresist remnants in the micro-
holes.

Extraction of electric charge from the surface of the
sapphire substrate during its plasma chemical etching was
performed by grounding the metal layer of the protective
mask using conductive paste. The compensation of the
electric charge on the surface of the sapphire substrate
made it possible to form relief structures with a depth of
120-200 nm by plasma chemical etching through a two-
layer protective mask. The thickness of them was 160 nm
of a layer of positive photoresist Shipley 1813 and a 30 nm
layer of chromium. The plasma chemical etching of
sapphire substrate through a two-layer protective mask
was made in the following modes: residual pressure in the
vacuum chamber- 2*102 Pa; the operating pressure of the
Freon(CF4) - 4*10? Pa; etching time -12.5 minutes; the
current of ion beam - 1A; accelerating voltage - 2.2 kV;
the lens current —76 mA; the angular speed of the carousel
with substrates - 20 rpm. Fig. 6 shows the image of
sapphire substrates after the plasma chemical etching
through a two-layer mask - the layers of positive
photoresist and chromium.
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Fig. 5. The disk surface after chemical etching of the
chrome layer (image of a two-layer mask on the surface of
the sapphire substrate).
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Flg 6. Optlcal image of the surface of sapphire substrate
after plasma chemical etching through a two-layer mask:
a layer of positive photoresist and a layer of chromium
(obtained with use of NEOPHOT 2).

Fig. 7 demonstrates the images of ASM from the
surface of the sapphire substrate after plasma chemical
etching. It shows that the depth of the microrelief structure
is 157 nm.

After the plasma-chemical etching process was
completed the double-layer mask was stored on the
surface of the sapphire substrate which made it possible to
obtain microrelief structures of greater depth.

Conclusions

1. The formation of submicron relief structures on the
surface of sapphire substrates is an urgent problem. A
significant number of technologies are proposed to solve
them. In most of the proposed technical solutions, the use
of multi-layer protective masks is proposed.

2. One of the main problems during the creation of a
regular microrelief on the surface of sapphire substrates is
the obtaining of a protective mask through which etching
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Fig.7. ASM image of the sapphire disk after the plasma-chemical etching (the pit depth is 159 nm).

of the sapphire substrate is being carried out. Deviations
from the specified shape of the holes in the protective
mask affect the quality of the micro-relief structure of the
sapphire substrate.

3. The most promising and technological method of
creating a regular microrelief on the surface of sapphire
substrates is plasma chemical etching of sapphire
substrates through windows in multilayer protective
masks.

4. An alternative method for micro profiling of
sapphire substrates is the technology of microrelief
formation in an additional layer applied to the surface of
the sapphire substrate. This technology can be considered
promising for the creation of long-term data storage
media.
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®opMyBaHHA CyOMIKPOHHUX pebePHUX CTPYKTYP Ha NOBepxHi candipoBux
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Inemumym npobnem peecmpayii ingpopmayii HAH Vipainu, Kuis, Yrpaina, kryuchyn@gmail.com

IIpoBeneHo aHami3 TEXHONOTIH, SIKi TO3BOJIIIOTH CTBOPIOBATH MIKpOpeNbe(HI CTPYKTYpH HA IOBEPXHI
candipoBux miakaagok. [Tokazano, 1m0 HalOIIbII epEKTUBHUM METOAOM (OPMYBAHHS pelbe(HUX CTPYKTYp i3
CyOMIKpOHHHMH pO3MipaMH € HOHHO-TIPOMEHEBE TpPaBJICHHS dYepe3 chopMOBaHY MeronoM ¢ororitorpadii
3axucHy Macky. OCHOBHI NpoOJeMH IIpU CTBOPEHHI MiKpopenbedy Ha ITOBEpPXHI CandipoBHX MiAKIATOK
HOJIATAI0Th Y BUJAJIECHH] CTATUYHOTO €IEKTPUYHOTO 3apsiay B Ipolieci HOHHO-IIPOMEHEBOT0 TPABICHHS MiAKIA10K,
a TaKOXK OTPUMAHHI 3aXHUCHOI MacKH 3 BIKHAMU 33IaHUX PO3MIpIB, Uepe3 SIKy 3A1HCHIOEThCS TpaBIeHHs candipoBoi
M IKIaIKHA.

Kurouogi ciioBa: canuposi miakiIagky, ceIeKTUBHE TPABICHHS, MIKpOpenbeHi CTPYKTYpH, 3aXHUCHA MAcKa,
MpsIMUH Ja3epHUl 3amuc.
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Introduction

Nowadays, the production of new polymer composite
materials with improved performance properties is crusial
[1]. Fluorine-containing materials are among the most
popular in various industries [2].

The object of study of this work is the technology of
obtaining composites based on polytetrafluoroethylene
and carbon fibers. The use of PTFE as a matrix affects the
antifriction properties of the resulting composite
materials.

PTFE composites are widely used due to the unique
characteristics of polytetrafluoroethylene. Among its
advantages are high heat resistance, high friction
coefficient, the highest chemical resistance among
thermoplastics, the ability to be used at low temperatures,
and durability [3].

Among all the fillers, carbon fibers are the most
effective because of their mechanical properties and light
weight [4]. The use of carbon fibers significantly improves
the wear resistance and increases the heat resistance of the
composite material.

Generally, according to already known technologies,
to obtain composites polytetrafluoroethylene powder is
mechanically mixed with fillers, followed by pressing and
sintering. However, this method has a number of
disadvantages due to the high melt viscosity of PTFE.
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Therefore, it is reasonable to develop the technology of
consecutive chemo-mechanical activation of PTFE and
carbon fiber samples before their mixing [5].

Technological progress shows that the use of chemo-
mechanical activation technology is promising for
improving the antifriction properties [6, 7] of polymer
composite materials, as it increases their toughness,
stiffness, thermal conductivity, and heat resistance, which
increases the reliability and durability of products made
from such materials.

According to the CMA technology, carbon fiber was
pretreated with a 20 % aqueous solution of flame
retardants, annealed at high temperatures (723-2673 K),
surface intermediate compounds were removed, pressed,
kept at a special temperature, conditioned, crushed, and
mixed with polytetrafluoroethylene at ultra-high speeds
(5000-25000 rpm) in crushers, mills, dismembrators, or
disintegrators [8]. At the last stages, the PTFE composite
blanks were pressed and sintered.

For the mechanical activation of carbon materials, we
used a crusher KDU-2.0 "Ukrainka" (with a knife speed of
n = 1440 rpm), a crusher MRP-1 (with a knife speed of
n=7000 rpm), and MRP-1M (with a knife speed of
n = 7350 rpm). The MPP-1 and MPP-1M were used for
ultrafine grinding of the components and mixing the
composition [9].


mailto:oks.pavlykivska@gmail.com

The features of chemo-mechanical activation technology of polymer composite materials production

I. Technological parameters for matrix
preparation and modification

Polytetrafluoroethylene (PTFE-4) with fibrous,
spherical, and scaly particle shapes was used for the study.

First, PTFE blanks obtained by pressing are molded
in the cold and then sintered in an electric furnace at 365-
385 °C. This helps to harden the polymer and increases its
strength under friction.

PTFE samples obtained by pressing and injection
molding have the following physicomechanical properties
at room temperatures [10]: density 2150-2220 kg/m?,
tensile strength 14-35 MPa, bending strength 14-18 MPa,
compressive strength 10-12 MPa, elongation at break 250-
500 %, compressive elastic modulus 700-800 MPa,
bending elastic modulus 470-850 MPa, specific impact
strength without notching > 100 kD/m?, HB hardness 30-
40 MPa, Vick's heat resistance 373-383 K, brittleness
temperature < 4 K, glass transition temperature 153 K,
melting point 590 K, decomposition temperature > 688 K.

Polytetrafluoroethylene is also undergoing structural
modification [11]. The polymer passes mechanical
activation, shock wave and electromagnetic treatment, and
radiation exposure.

For the mechanical grinding of dry PTFE powder, the
MRP-1M crusher was used with the following parameters:
sample load: 120 + 20 g, productivity - 0.6 kg/h, chamber
volume - 0.4 m3, knife diameter - 0.345 m, maximum
linear knife speed Vmax = 130 m/s. The number of
rotations of the knife (working body) was:
n =5000 min?, n = 7000 min, n = 9000 min‘, crushing
time: 3 min, 5 min, 8 min. It was determined that the
optimal rotation frequency is equal to n = 9000 min and
the time interval is equal to T =5 min (Table 1), at which
the maximum indicators of the physicomechanical and
tribotechnical properties of the polymer are obtained.

As a result of mechanical activation, the tensile
strength increases by 2.6 times, the relative elongation at
break by 4.3 times, and the wear rate decreases by 1.85
times compared to non-activated PTFE [12].

I1. Chemical, thermal and mechanical
activation of the filler

It is known that the introduction of carbon fibers as
fillers affects the tribotechnical properties of
polytetrafluoroethylene, which was studied in [13]. It was
found that the wear resistance is higher compared to that
of pure PTFE.

The carbonized carbon fibers obtained from organic
hydrate cellulose (HC) tissue were studied. The carbon
fiber dispersions were pretreated with a mixture of flame
retardants Na;BsO;-10 H,O and (NH4):HPQ,, taken in
equal amounts. Next, the carbon fiber was heat-treated in
an environment of natural gas CH4 by passing through a
Tammany Furnace and dry nitrogen Np, gradually
increasing the temperature from 723 K to 2673 K, and the
types of fibers were obtained, which are given in (Table
2), where HC is hydrate cellulose, Tc is the final
temperature of carbonization or graphitization, LM is low-
modulus carbon fiber. The classification of fibers is given
in [14].

Thus, from the initial hydrate cellulose fabric at a
temperature of 723 K in methane (CH.), a partially
carbonized UT-4 fabric with the following characteristics
was obtained (Table 3). By further annealing the UT-4
fabric at 1123 K in a CH4 atmosphere, a carbonized UTM-
8 fabric with the following characteristics was obtained
(Table 3). The UTM-8 fabric was heat-treated at 2673 K
in an N atmosphere and a graphitized TGN-2m fabric was
obtained. The resulting fabric had the following
characteristics (Table 3). After the heat treatment, the
carbon fiber fabric TGN-2m contained the most carbon
(99.2 %) compared to UT-4 and UTM-8.

After grinding in MRP-1, the dispersions of UTM-8
carbon fibers were treated with a solution of
NazB4O7-10H20 + (NH4)HPO, in a 1:1 ratio and heat-
treated sequentially at temperatures 1123 K, 1473 K,
1623 K, 1873 K, 2273 K, 2573 K, 2673 K ina dry nitrogen
environment and carbon fibers TGN-T850, TGN-T1200,
TGN-T1350, TGN-T1600, TGN-T2000, TGN-T2300,
TGN-T2400 were obtained, accordingly. Graphitized
TMP-3 fibers were obtained from TGN-2m by applying a
pyrocarbon coating in N2 at 2673 K. However, filling with
such a fiber leads to a decrease in the antifriction

Table 1.

The effect of mechanical activation on PTFE properties

Modes of mechanical Tensile strength,, opp,, | Relative elongation at break Wear rate I-10°®,
activation MPa 3, % mmé/N-m

Not activated 9.5 96 1133
=23 min, n =5000 rpm 10.2 240 1080
=25 min, n =5000 rpm 21.6 416 930
=8 min, n = 5000 rpm 17.3 280 800
=23 min, n = 7000 rpm 10.7 270 970
=5 min, n =7000 rpm 23.5 423 820
=8 min, n = 7000 rpm 18.2 358 717
=3 min, n = 9000 rpm 19.6 290 890
=5 min, n = 9000 rpm 24.8 415 610
=38 min, n =9000 rpm 18.0 340 720
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Table 2.
Carbon fibers
Mark Source organic fiber Type of carbon fiber Tk, K
uT-4 HC LM 723
UTM-8 HC LM 1123
TGN-2m HC LM 2673
TMP-3 (Pc: 12% pyrocarbon) HC LM 2673
TKK-1 (Pk: 0,2-3,0 % SiC) HC LM 2673
TKC-1 (Pk: 0.8-4.0 % ZrC) HC LM 2673
TGN-T850 HC LM 1123
TGN-T1200 HC LM 1473
TGN-T1350 HC LM 1623
TGN-T1600 HC LM 1873
TGN-T2000 HC LM 2273
TGN-T2300 HC LM 2573
TGN-T2400 HC LM 2673
Table 3.
Characteristics of carbon fibers at the stage of their production [6].
Fiber characteristics uT-4 UTM-8 TGN-2m
tensile load of the fabric (on the warp), N/cm 100-160 70-240 150-160
breaking load of the fabric (by weft), N/cm 15-30 20-100 25-35
Carbon content, %. 60-70 66-72 99.1-99.3
Hydrogen content, %. - - 0.2-04
Boron compounds content, %. 0.2 3.0-3.6 0.4
Phosphorus content, %. 0.5 3.0-3.6 0.002
Sols content, % 1.5 21-26 0.45-0.55
Fiber strength at break, GPa 0.2-0.3 0.5-0.6 0.45-0.50
Tensile modulus of elasticity, GPa 3-4 30-50 30-50
Relative elongation at break, %. 4.5-6.5 4.5 1.2-1.3
Fiber diameter, pm 11-14 10-12 8-9
Thermal conductivity, W/(m-K) 0.08-0.09 0.08-0.12 0.14-0.16

properties of composites [15].

To fill the composite, carbon fiber material (CFM) in
the form of fabric and fiber was introduced into the matrix
material at a certain temperature regime (T\=723-3073 K)
[16].

Mechanical activation. Previously, the CFM in the
form of fabric or ribbon was crushed in a crusher KDU-
2.0 "Ukrainka" (number of crushing hammers - 90,
number of knives - 3, number of rotations of working
bodies n = 1440 rpm, capacity - 200 kg/h). The obtained
fiber fractions were 3.0-15.0 or 0.5-8.0 mm. [17].

According to the CMA technology, the carbon fibers
were mainly crushed in the MRP-1 (knife diameter -
0.205 m, maximum linear knife speed Vmax = 78 m/s, knife
rotation frequency f = 120 s (117 s%), knife rotation
number n = 7000 rpm).

Mechanical crushing of the fiber was also carried out
in a crusher MRP-IM (sample load: 120 + 20g,
productivity - 0.6 kg/h, knife speed n = 7350 rpm, chamber
volume - 0.4 md, knife diameter - 0.345 m, maximum
linear knife speed Vmax = 130 m/s). The MRP-1M was also

used as a composition mixer.

The CMA technology is based on high knife speeds,
which crush both the fiber and the composition; the tests
were carried out from 2000 to 12000 rpm.

The carbon fibers pre-ground in MRP-1 or MRP-1M
(to a bulk density of 40-160 kg/m?) were subjected to fine
grinding in a ball mill. For grinding, the carbon fiber
dispersion was loaded into the ball mill chamber, the
working part of which had a volume of 92.66 cm? of steel,
a diameter of 65.5 mm, and a height of 27.5 mm. Thirty-
five balls of steel SCH-15 with a diameter of 12.7 mm
were placed in the mill chamber (filling the working part
of the mill with 48 volume %). The number of mill
rotations ranged from 20-30 to 125-175 per minute. The
tests were carried out for 5-2050 hours in a humid air
environment.

The carbon fibers were also subjected to intensive
mechanical grinding in a D-160 Z crusher from Alpine
(capacity - 20-40 kg/h, rotor diameter 0.160 m, number of
pins (fingers) on the rotor disk - 316). RPM range:
3000 rpm, 5000 rpm, 7000 rpm, 9000 rpm, 11000 rpm,
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14000 rpm, 17000 rpm, 19000 rpm, 22500 rpm. The
length of the carbon fiber is Lo < 5 mm, ¢; = 40-150 pum.
[18]. However, it was found that the grinding of carbon
fiber in a dismemberer is not effective.

The technology and final heat treatment temperature
have an impact on pH. For example, for partially
carbonized fibers, the pH is in the range of 4.8-6.4, for
carbonized fibers 6.4-7.8, and for graphitized fibers 7.3-
8.3. The pH is also affected by the time of fiber crushing.
As the crushing time increases, the pH decreases.

During the heat treatment of fibers, the flame
retardants applied to the fibers decompose (above 373 K)
according to the scheme:

(NH4)2HPO4 — H3PO4 + 2NH3?

With a gradual increase in temperature, H3PO4 loses
water and polymers of the composition (HPO3s), are
formed.

Filling composites with low modulus carbon fibers
increases the isotropic roughness of the contact metal
surfaces by /m, = 0,043 — 0,143um [19].

The activation of carbon fibers by zirconium dioxide
ZrO; + 3 % Y03 at 700°C significantly affects the
intensity of volumetric wear of fluoroplastic carbon fiber
reinforced plastic [20].

I11. Mixing of components and technology
of composite materials production

For mixing polymer powders and fibers, a crusher
with high-speed submersible working knives MRP-1 with
n = 7000 rpm was used. To do this, in one case, long fibers
0.6-6 mm long were added to the polymer composition,
which was crushed in a crusher KDU-2.0 "Ukrainka". And
in the second case, the fibers, after being crushed in the
KDU-2.0 "Ukrainka" for 3-30 minutes before mixing the
polymer composites, were crushed in the MRP-1 to
lengths of 20-500 pm, and then mixed with PTFE powder
and molybdenum disulfide in the MRP-1 for 5 minutes.

This mixing technology results in not only mechanical
mixing. Due to the additional grinding of the polymer
composition components, triboactivation of the mixture
particles occurs [21].

The resulting slurry was subjected to cold pressing
under a pressure of Pp = 50.0-70.0 MPa to obtain blanks.
The next process was sintering the blanks in air at 638 K.
The heating-cooling rate was 40 K/h.

The resulting material (GOST 12015-66, GOST
12019-66) was left at room temperature for 15 days for
testing. After aging, the material was conditioned for 24
hours.

IV. Research of physical and mechanical
properties

The physico-mechanical properties of the composite
material based on polytetrafluoroethylene are influenced
by the parameters of carbon fiber distribution [22],
technological parameters [23], the content of the
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components of the composite material [24, 25].

A study of the influence of technological parameters
on the physical and mechanical properties of composite
samples is given in [26]. Using the methods of
mathematical planning of the experiment, it was found
that the intensity of wear is most affected by the mixing
time of the composition. The content of low-modulus
carbon fiber, the time of its preliminary grinding, and the
mixing time also affect the friction coefficient, tensile
strength, impact strength, and mechanical properties. The
content of solid lubricant in the composition affects the
tensile strength.

It has been found that the type [27] and shape of
carbon fiber [28], composition and degree of preliminary
deformation [29] affects the wear resistance and thermal
conductivity and, accordingly, the thermal properties of
PTFE composites. The orientation of the fibers also affects
the thermophysical properties [30,31].

The concentration of fillers in the composite has a
significant impact on the wear rate. With an increase in the
content of carbon fiber in the polymer matrix, an increase
in wear resistance is observed, but, having reached a
certain optimal concentration, it begins to decrease due to
the gradual destruction of components [32].
Amorphization processes occur when the concentration of
carbon fiber is in the range of 3-4 %, the maximum wear
resistance is achieved at a content of 15 % [33].

The study of physical and mathematical properties by
UV spectroscopy [12] showed an increased concentration
of CF, groups in PTFE after mechanical activation. The
tests were performed on a Specord 75 IR
spectrophotometer. An increase in the speed during the
activation of PTFE contributes to an increase in the end
groups of CF; in its composition.

The pH-metric analysis of the aqueous extracts of
carbon fibers UT-4 (Tx = 723 K), UTM-8 (Tx= 1123 K),
and TGN-2m (T = 2673 K) is given in [8]. The studies
have shown that the pH change is most affected by the
time of crushing and the type of fiber. The pH of the
aqueous extracts of the initial carbon fibers have the
following values (Fig. 1). After additional grinding for
5 minutes to a bulk density of 80 kg/m? in MRP-1, the pH
of the aqueous extracts of carbon fibers decreases relative
to the original fibers by 0.3, 0.43, 0.50, respectively, for
UT-4, UTM-8, and TGN-2m. Thus, any
thermomechanical activation of carbon fiber leads to a
decrease in the pH of aqueous fiber extracts.

Work [34] found a linear relationship between the
wear resistance and friction coefficient of PTFE-based
carbon fiber reinforced plastics filled with short, randomly
arranged carbon fibers and the mechanical and
thermophysical properties of adjacent surfaces. Wear
intensity studies were conducted at the HT1-72 installation
[18]. The analysis of the test results shows that wear
resistance does not depend on the hardness of adjacent
friction surfaces, but is significantly affected by the plastic
deformation energy of the adjacent surface of the
counterbody and the tensile deformation energy.



0.V. Komashko, H.O. Sirenko, M.B. Skladaniuk

m original fiber

after 5 minutes of grinding MRP-1

4,55

O R N W b U1 OO N 00 O

6,77

uT-4

UTM-8

TGN-2m

Fig. 1. pH of water extracts from the initial carbon fibers (exposure for 15 min. at 293 K,
tub modulus 33) and after 5 min. grinding in MRP-1.

The thermographic analysis. Carbon fibers with a
final heat treatment temperature of 1123, 1473, 1623,
1873, 2273, 2573 K, which were previously crushed in a
crusher to a bulk density of 0.04 g/cm?3, were studied.
These fibers were annealed in the temperature range of
293-953 K. Additionally, the fibers were ground for 200
hours in a ball mill and also annealed at 293-953 K. The
results of the thermographic analysis are given in Table 4
and Table 5.

After annealing the initial fiber, the temperatures of

the exo-effect onset Tomax (Table 4) and peak Tmax (Table
5) shift to the high-temperature region. After an additional
200 hours of dispersion of the original carbon fiber, these
indicators shift to the low-temperature region, but after
annealing the chopped fibers, there is a shift of these
indicators to the high-temperature region. Probably, the
complexes formed on the surface of carbon fibers are
converted into gas as a result of thermal effects.

The temperature of the onset of the exo-effect (Tomax) Of the studied carbon fibers TGN-T Tepled
. Tomax
quglmh;:rtai[ﬁit?fem Before annealing After annealing
carbon fiber, K Starting point After 200 h of grinding | Starting point After_ 20.0 hof
grinding
1123 406 386 520 510
1473 543 390 640 540
1623 582 396 662 545
1873 610 400 680 550
2273 645 405 700 600
2573 675 410 729 610
Table 5.
The temperature of the peak exo-effect (Tmax) Of the studied carbon fibers of TGN-T
Final heat treatment . Tomax ,

temperature of Before annealing After annealing

carbon fiber, K Starting point Aﬂgrrir?c?%g of Starting point | After 200 h of grinding
1123 620 542 757 713
1473 798 584 795 728
1623 825 605 825 735
1873 870 615 860 742
2273 876 635 878 760
2573 880 650 903 770
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Fig. 2. Dependence of the interlayer distance on the final heat treatment temperature
of the initial fibr of TGN-T and the fiber after 200 h of grinding in a ball mil.
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Fig. 3. Dependence of the thickness of the hexagonal layer package on the final heat
treatment temperature of carbon fibers TGN-T.

Mechanical grinding and the temperature of the final
heat treatment (Ty) of carbon fibers lead to the
improvement of the turbostrata structure. Fig.2 shows that
with an increase in the final heat treatment temperature of
TGN-T carbon fibers from 1123 to 2673 K, the interlayer
distance d (002) decreases for the original fiber and
significantly decreases after 200 hours of mechanical
activation in a ball mill. The length of the package of
layers of L,(100) hexagons (Fig.3) increases significantly
after 200 h of mechanical dispersion but decreases with
increasing Tk. Therefore, thermomechanical activation
contributes to the formation of an ordered two-
dimensional structure of carbon fibers and increases the
wear resistance of the polymer composite.
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Conclusions

It has been summarized the impact of CMA
technology on the properties of composite materials,
which are obtained by the authors and many researchers in
this scientific area.

The complex application of chemical treatment,
mechanical grinding and activation of fillers and matrix
have a positive effect on the mechanical and tribotechnical
properties of the polymer composite.

Composite materials obtained by CMA technology
have higher strength and wear resistance than materials
produced using traditional technology.

It was revealed that chemo-mechanical activation
increases the thermal stability of composites based on
polytetrafluoroethylene, and also  affects its



0.V. Komashko, H.O. Sirenko, M.B. Skladaniuk

supramolecular structure, changing from disordered to
more organized.

It is determined that the mechanical activation of
carbon fibers and PTFE polymer matrix increases by 10-
25 % the physico-mechanical properties of the
composition as a whole, which has a further effect on
friction and wear.

A comparative analysis of tribotechnical parameters,
tensile strength characteristics before and after chemo-
mechanical activation was carried out.

The optimal temperature conditions of operation were

Thus, CMA technology is effective and can be used
for industrial realization.
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Oc00,1MBOCTI XeMO-MeXaHO-aKTUBANIITHOI TEXHOJIOTI OJIePKAHHS MOJJiMEPHUX
KOMIIO3UTHUX MaTepiaiiB

Ipuxapnamcokuii nayionanenuil ynieepcumem imeni Bacuns Cmeganuka eyn. Lllesuenxa, 57, m. leano-@panxiscok, 76018,
Vipaina, oks.pavlykivska@gmail.com

[TpoBeneHo orisaa poOIT MO JOCHTIHKEHHIO TPOIECiB OJICPIKAHHS TTOJIIMEPHUX KOMITO3HTIB 32 XEMO-MEXaHO-
akTHBaliiiHOIO TexHouorielo (XMA-TexHonoriero). 3poblieHo aHaji3 Ta y3araJlbHEHHS METOIB JOCIHIMIKEHHS i
BUTNIPOOYBaHHS KOMITO3UIIIMHUX MarepianiB Ha ocHOBI mouiterpadropermieny (I[ITDE) i ByrieneBux BOJIOKOH.
Bcranosneno BB XMA- TexHOJOTIT Ha cTpyKTYypYy 1 BnactuBocti [ITOE-koMmo3uTy.

KiawuoBi cioBa: momiMepHHIT KOMIIO3UT, MONITETPa(TOPETHIICH, BYTJCIEBI BOJIOKHA, XEMO-MEXaHO-
AKTUBALilHA TEXHOJIOTIS.
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This work attempts to replace the sandwich core's traditional shape and material with a cellular pattern, where
the cells have a regular shape, distribution, and size. The contribution of this paper is to design two structures, one
open-celled and the other closed, and to evaluate the performance of sandwich plates with lattice cell core as it is
used for many industrial applications, particularly in automobile engineering. The new theoretical formulations are
constructed for two structures to find the free vibration characteristics. The results of the new design are compared
with the traditional shape. Derivation of equations to predict mechanical properties based on relative density with
the chosen shapes, specific vibration equation of three-layer sandwich plate, and substitution by equation using
excel sheet. Results are promising, and the effectiveness of cellular pattern theoretical analysis estimation.
Limitations and error rates for the mechanical properties come through the empirical equations, and their ratio to
the relative density values are higher depending on the behavior of the core material. Findings reveal, with open
cell decrease in modulus of elasticity by (PLA: -90.4%) and (TPU: -90.4%), increases natural frequency by (PLA:
44.5%) and (TPU: 46.4%), as for closed-cell decreases in the modulus of elasticity by (PLA: -66.9%) and (TPU: -
64.4%), increases natural frequency by (PLA: 36%) and (TPU: 37.7%). Converting a solid substance or replacing
a foam form with a cellular pattern is one way to better performance and save weight through the selected cell

pattern in absorbing the energy of the vibration wave.

Keywords: sandwich plate, free vibration, lattice structural, strut section, closed and open cell, relative density.
Received 17 November 2022; accepted 8 June 2023.

Introduction

Composite structures are essential in energy
absorption, weight reduction, and structure protection.
Hence such arrangements received attention for their
potential to resolve the instability problem. Various
studies have revealed the mechanical behavior of
sandwich structures using different techniques, such as
using the reinforcement of polymer core materials and
functionally graded materials [1-2]. Abud Ali et al. [3]
presented a review of the behavior of composite
structures. Cellular materials are widely used in nature to
build structures that can withstand heavy loads while
being lightweight [4]. Industrially, some of the most
common engineerings utilize cellulosic materials,
including those in the aviation and automotive sectors and
building and industry packaging; the low density and
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excellent stiffness- and strength-to-weight ratios make
them ideal for various applications [5]. These cells
comprise interconnecting plates or struts that create the
cell's borders and faces. The simplest are honeycomb and
corrugated, 2D arrays of forms that pack to occupy a
planar space, and 3D cellular materials, such as foam,
which are used more often [6].

Foams are solid-gas mixtures after manufacture, a
cellular solid with many sizes and forms results. High
mechanical qualities and low density make foams useful
[7]. Open-cell foams are utilized as sound absorbers,
filtering, and mattresses. Closed-cell foams are stiffer and
used in construction, such as sandwich panels and thermal
insulation [8]. Usually, structures include minor faults that
differ in size and dispersion based on the material and how
it was treated [9]. The structures change depending on cell
parameters such as relative density, size, shape,
geometrical, wall thickness, and distribution between
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struts and faces. Numerous previous studies have revealed
the compressive and tensile strength properties of
polyurethane foam and polyurethane rigid foam [10].
Maiti et al. (2016) used compressive strain coupled with a
time-temperature superposition utilizing a minimum arc
length-based method to forecast the long-term
performance of the two types of foams [11]. Three-
dimensional (3D) printing has recently been highly used
to analyze sandwich structures with various applications
[12]. 3D printing was explored for creating the lattice
cores of these sandwich structures [13]. Lipton and Lipson
(2016) presented a method for causing viscous thread
instability while implicitly extruding material to produce
cellular architectures. Cellular structures manufacture
foams for applications ranging from bioengineering to
robotics and food printing [14].

Ge et al. (2018) designed cellular structures model
that was 3D printed with thermoplastic polyurethane.
Flexibility & energy absorption of 3d printed foam were
evaluated experimentally [15]. The mechanical behavior
of octet-truss microstructures of three distinct octet
structures is examined experimentally and numerically by
Bagheri et al. [16]. Elasticity modulus increases with
increasing strut radius. Results were found to be
consistent. Moreover, Guo et al. (2019) presented a new
technique to study pyramid lattice core sandwich plates.
Theoretical analysis with Hamilton's concept establishes
motion's equation. The design of lattice cells will benefit
from the new technique [17]. The octahedrons, truncated
octahedrons & stellated octahedrons as porous cells are
made by selective laser melting. It's experimental, and
simulations work. The results indicated that the
octahedron configuration has the highest mechanical
performance [18].

Leietal. (2019) created two kinds of multi-layer cores
using AISil0Mg materials, performed numerically and
experimentally. Strut position and constructed angle
change in strut diameter deviation [19]. Wang et al. (2019)
experimental work examine the behavior of sandwich
panels with different types of lattice cores using
galvanized sheet metal and 3d printed lattice cores. Lattice
& graded lattice cores absorb more energy than solids
[20]. In their experimental work, Azmi et al. (2019)
checked the damage amount & position to see how it
affects the natural frequencies of the lattice structure.
Increasing damage reduces the natural frequency, and
natural frequency values rise as it moves away from the
clamped edge [21]. Qi et al. (2020) designed an innovative
hybrid sandwich composite of pyramidal truss core
reinforced by carbon fiber using finite element models.
The study verifies an improvement in the characteristic of
the hybrid joining insert [22]. Bonthu et al. (2020) created
a 3D-P of a syntactic foam cored sandwich (skin-core-skin
printing in sequence at once). This study included
optimizing printing conditions and producing high-quality
sandwich structures without flaws [23].

Monteiro et al. (2021) found out how sandwich
panels' flexural behavior is affected by lattice topology
with numerical and experimental methodologies. Relative
density constant (0.3). Several lattice geometries have a
potential alternative to standard construction [24]. Ma et
al. (2021) reported a review study on sandwich panels'
features and impact behavior based on cores lattice and
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loading conditions as compression. Application and future
development have been forecasted [25]. Wei et al. (2021)
explored the vibration properties of an octahedral lattice
core sandwich, representing theoretical and numerical
study. Outcomes coincide perfectly with an octahedron
core's natural frequencies by adjusting its cell [26]. Guo et
al. (2021) investigated vibration analyses and passive
control of sandwiched beams by 3D printed lattice.
Theoretical results confirmed empirically, literature
findings and simulation showed how 3D printing could
create complex lattice cores [27]. The optimal design of
core characteristics and skins is also discussed for
inhomogeneous [28] and soft polymers [29]. To predict
the stability of isotropic composite plates reinforced by
different types of powder, Chiad et al. (2020) developed a
combined finite element and experimental work [30]. A
three-dimensional FEA model predicts the flexural
behavior of sandwich structures adhesively bonded to a
polymeric foam core consisting of fiber-composite skins
(also termed face sheets) [31].

Moreover, studies have been conducted to analyze
static and dynamic behaviors of composite structures such
as plates and shells [32-34]. Ambreen Kalsoom et al.
(2021) investigated the stiffness and damping
characteristics of the sandwich beam with 3D printed
thermoplastic composite face sheets using higher-order
beam theory based on various parameters such as support
conditions, non-homogeneous magnetic flux, geometrical
properties [35]. Roman Lewandowski et al. (2021)
conducted numerical studies on dynamic characteristics
for composite sandwich beams made from elastic and
viscoelastic layers based on refined zig-zag theory [36].
Al-Waily et al. proposed a dynamic analytical model of
the composite plates reinforced with  hybrids
nanomaterials additives [37]. Studies also focus on static
and dynamic experimental works of specific components
of the sandwich structure [38]. Recently, many
investigations have been proposed to improve the
sandwich panel design methods using isotropic face sheets
and functionally graded cores. Njim et al. (2021)
investigated analytical and numerical investigation of free
vibration behavior for sandwich plates with functionally
graded porous metal cores and homogenous skins based
on classical plate theory [39] and the finite element using
the Rayleigh-Ritz [40].

Among the literature on sandwich panels with
composite faceplate and foam core, most studies focus on
the behavior of core material. However, previous research
investigated low-density cellular structures and their
application as an alternative to solid materials
concentrating on maintaining or improving performance.

The current research includes the experimental and
theoretical study of free vibration analysis of a sandwich
plate with two sides of aluminum metal and foam core.
The study aims to replace the irregular cells foam of the
core with a regular cellular structure, where the cells have
a standard shape, distribution, and size. Two
configurations are employed, one open-cell and the other
closed. The theoretical analysis of the two structures is
carried out to obtain the free vibration characteristics
based on various parameters using mechanical properties
obtained from the experimental work. The findings of this
study are essential in the automobile industry. The
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numerical results presented herein for the cellular core
sandwich plate are not available in the literature and
hence, should be of interest to future research directions.

I. Structural core

For the structural core to differ from the solid, values
of the modulus of elasticity and the poison ratio, need to
be derived as an equation in a different direction. The
geometrical structure of cellular solids is defined by the
cells' form, size, and distribution. 3D cellular solids like
foams have greater complexity than 2D honeycomb
structures. But studying two-dimensional structures helps
us comprehend three-dimensional structures like foams.
The relative density p; of a cellular solid is one of its most
essential properties [41],

Po

Pr 1)

Where, p* and p, are the cellular and outer
(connected solidly) material densities, respectively. The
cell wall thickens with relative density. The outer
material's volume fraction is shown in Fig. 1,

_ Y
po_F

@

.

m v

V—°, Since that m* = m,. The outer
(o]

As the density of the foam p* =

and density of the

outer material p,
material's volume fraction po can be written as,
./

mg m* p*
=—— = —= 3
P p_o/p* o=V €)
The inner material's relative density matches the outer
material's volume fraction p; = % Also, note that,

_V*—Vi_ _ Vi
Y Mog-v=1-Y

\'%

(4)

Po

It will seem more like a solid substance with isolated
pores if the relative density is more significant than, p, >
0.3.

| 4 — %
2
)
v

Fig. 1. One cell of cellular structure.

Closed Cell Design
Closed-cell foams have walls, unlike open-cell foams.
The proposed for the close cell cubic is symmetric in all
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directions, as illustrated in Fig. 2. The way of defining the
relative young's modulus is,

_ Ec
=5

E; ©)

Fig. 2. Closed cell structure.

Where E and E. represents Young's modulus of the
cellular and solid materials of the closed structure,
respectively. The cells are designed to be having same
mechanical properties in the x and y directions, as
illustrated in Fig. 3. The cell of the foam is symmetric, as
shown in Fig. 4, and the characteristics of a rectangular
strut with lengths (t) are,

P Vi _2Vis_ 4 _3Vis
; =1 v 1 8c3 c3 (6)
-1 =1 3
Vis—gAh—g(c—tcosy) (7
So, the final equation would look like this,
p* (c—tcosy)3
E - 1 3 (8)
a,
ETRILARE

g

Fig. 3. Closed-cell in x-y direction to conclude young's
modulus.

N
N
A ]
L2 _

=-— X
Fig. 4. The closed-cell area (eighth cells).

Modeled an isotropic closed-cell foam and provided
an estimated foam Young's modulus linked to the solid
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Young's modulus as a function of the proportion of solid

material in struts ¢ by [8], E

a*

(Pz (1 _ (c—tcosy)3)2 n

B . (12)
c c—tcos
B 0*\2 0" par(1-2v") 1-9) (1_ c3 * )
Ee & 2(P (1 — )2 4 Patl=2v)
Ec - Cl(p (Po) + Cl(l (P) Po + Eo(l—p—*) (9) . . . .
And since the cell is symmetrical in the x and y
o direction then, the equation becomes,
* f
Ge = 20D (10)

_ 3\2
* * * ’ (1 (C tz:SY) )
C; = C{ = 1 and the last term in Eq. (9) can be neglected E; =Eg =Ec=

c (13)
. . (c—tcosy)3
as it almost equals zero, also atmospheric pressure p,; = 1-¢) (1 T )
0.1 Mpa, then the equation goes,
Percentage of the strut from the total material forming
EE 5 (P NP the solid part of the core structure (¢). To obtain the
B P (Po) t0-o Po (11) following equation, the free vibration equation was
o ) derived based on Kirchhoff's theory of a three-layer
By substitution Eq. (8) in Eq. (11), get,

sandwich plate (two faces of plates and a core) [42, 43],

2 2
hs3+hs he hs3+hs he

2Eg 3 2 4Es 3 2
™4 1-vg? hghg? (1+vs) hshg?

(5) 2 2 + =

B (ne hg®

\ +1—vf2(12 +Gr 3
Wmn = \

(14)
- L 2pshs+pehy .
The new modified equation, instead of after the back substitution of the equations,

hs® hs’he hs® hs’he
ZES2 3 2 4Eg 3 2
m 4 1-vg hshfz (1+vg) hshfz
(Z) 2 2 + A
B¢ (h® L[
_ +1_V22< 12 +Ge| —

@mn = 2pohetpihy (15)

Open Cell Design

Most open-cell foams lack walls. Procedures remove
cell membranes physically or chemically. Applying the
same approach for open cells, proposing cell cubic
symmetric in two directions as illustrated in Fig. 5. They
were using the same equation only by adopting
mechanical properties for open-cell. The same way in
defining relative young's modulus as mechanical the same
in x and y directions as illustrated in Fig. 6. As shown in
Fig. 7, the chosen open cell has three areas,

Fig. 5. The open cell structure.
P _ Vo _ 4Wos) _ Vos

o V* 4c2h ~ c2h (16)

Wy
L Vv v A I 4 A A i T o
Vo, = t<<c —(C—E))‘}‘(C —(C—t))) 17) 87\\ .‘q_;qi:\qi\q ) :ﬂ;@@ﬁv&ﬂ%ﬂt
2 2 — oz _ ¢t I/ N/ / N/ / N/ | / :‘_
(B2 ) 7 7 v O A A A B
ravavava YA 4 A va A e

So, the final equation is going to be,

l ) >
RRR& X
o1 t((c2 - (c —%)) + (2= (c— t))) Fig. 6. Open the cell in the x-y direction to conclude
oo = @n (18) young's modulus.
+2 (V22 + (h— 202 - ——)
tany
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—-—C—-—{

Fig. 7. closed-cell (quarter cell).

As a result, [8] calculated the open-cell foam's elastic
constants using the cubic model,

B (p_*)2
Ec 1

Po (19)

Ec, =B =E¢ =

t2

Using the same equations (14) and (15) to compete for the
natural frequency.

I1. Results

For a rectangular sandwich plate, a=b = 30cm.
Using two Faces with a thickness of hg = 1lmm of
aluminum alloy (Al 1100-H12) has E; = 68.9 Gpa,
ps = 2710 kg/m?® & vy = 0.33. The core part with a
thickness of hy = 14mm. The material to be adopted in
the core structure is polylactic acid (PLA) and
Thermoplastic polyurethane (TPU). The tensile test is
carried out to find mechanical properties according to
ASTM. Hence, standard specimens for PLA and TPU
material are used as raw materials in 3D printing machines
to make structural foam, depending on ASTM D638 for
plastic materials [44, 45]. Two types of samples adopted
rigid and non-rigid plastic specimens for the record, as
illustrated in Fig. 8. According to the standards, five
samples of each material, with the dimensions listed in
Table 1.

Table 1.
ASTM D638 for plastic rigid (PLA) and non-rigid
(TPU).
Measurements PLA (mm) TPU (mm)
Lo 165 115
L 33 20
Wo 20 19
\ 12.5 6
R 76 14
Ri - 25
Thickness 3 3
Gauge length 50 25

[

(2= (c—-1)

2c?
+(h — 2t)2
t

(
\
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«_ _ Ef
Ge = 2(1+vf) (20)
As C; = 1 and v* = 0.3, the equation goes,
Ge 3 (P_*)Z (1)
Ec 8 \po
2
. t{(c2=(c—2 +[c2—(c—t)]>
% ~ zih (< ( 2)) (22)
c c t

+t2 (V22 + (h— 202 —

)

And since the cell is symmetrical in the x and y
direction then, the equation becomes,

tany.

C2

t))+ n

c—-
2

(23)

|
)

tany

I_‘"‘-l

— Wo —

"

a. Rigid specimen
Lo

f —

2 oL 1]
’é L/‘\ . T
b. Non- rigid specimen
Fig. 8. ASTM D638 specimens.
Table 2.
Printing parameters of all specimens.
Printing setting PLA TPU filament
filament
Nozzle dia. 0.40mm 0.50mm
Layer thickness 0.28mm 0.25mm
Infilling density 100% 100%
Infilling pattern lines lines
Printing temp. 200° C 228° C
Bed temp. 60° C 65°C
Printing speed 50mm/sec. 25mm/sec.

As the average results, PLA has a young's modulus
magnitude of 1.175 Gpa and a density of 1360 kg/m?,
while TPU has a young's modulus magnitude of
0.833 Gpa and a density of 1450 kg/m?. Printed specimens
are illustrated in Fig. 9 before and after testing. First,
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choose the cell dimension to build the core for open and
closed cells. The selected cell is cubic in shape with a
length of 14mm. The other dimension to be calculated like
strut thickness, with a critical relative density as p,. > 0.3.
Table 3 shows the selected strut thickness results as well
as the calculated young modulus. In comparison with
PLA, the stiffness of TPU polymer type decreases with
thickness.

Before fracture

TR

4 |
' 4

After fracture
a. PLA material

Before fracture

After fracture
b. TPU elongation 300 % material

Fig. 9. Tensile specimen before and after testing .

As can be seen from the results, the fundamental
natural frequency increases as a function of relative

density. Table 4 compares the natural frequency results
between the traditional shape with open and closed cells
at he 0.014 (m). Based on the results, it is evident that the
new design has a distinct improvement in natural
frequency. According to Table 5, closed-cell designs
adopting varying strut thicknesses produce different
results. According to the table, natural frequency and
Young modulus increase as the proportion of solid
material in struts ¢ decreases, furthermore the PLA
samples showing significantly higher stiffness than TPU
samples.

The natural frequency to elasticity modulus relation is
illustrated in Fig. 10 for open cells and Fig. 11 for closed
cells, while the connection to relative density is presented
in Fig. 12 for available cells and Fig. 13 for closed cells.
Fig. 14 shows the strut thickness effect on the natural
frequency.

I11.Discussion

With the Derivation of equations for extracting and
converting mechanical properties from relative density,
Young's modulus, stiffness modulus, and Poisson ratio.
Relying on the equation for extracting the natural
frequency, we discuss the results as follows,

Figures (10) and (11) show the relationship between
the natural frequency and the modulus of elasticity. The
connection is inverse with the decrease in the modulus of
elasticity, so the natural frequency increases, and this
decrease comes after converting the solid material into

Table 3.
Open cell design results adopting varying strut thickness ranges
Mat t, mm Oy E¢, Gpa Ve G¢, Gpa pi kg/m? w, rad/sec
11 0.163 0.031 0.3 0.012 222.21 6046.38
1.2 0.181 0.038 0.3 0.015 245.68 5933.88
13 0.198 0.046 0.3 0.018 269.59 5825.61
14 0.216 0.055 0.3 0.021 293.91 5721.44
5 15 0.234 0.064 0.3 0.025 318.64 5621.23
a 1.6 0.253 0.075 0.3 0.029 343.73 5524.85
1.7 0.271 0.087 0.3 0.033 369.17 5432.16
1.8 0.290 0.099 0.3 0.038 394.94 5343.01
1.9 0.310 0.113 0.3 0.043 421.02 5257.27
2 0.329 0.127 0.3 0.049 447.38 5174.80
11 0.163 0.022 0.3 0.009 236.91 5973.81
1.2 0.181 0.027 0.3 0.010 261.93 5858.01
13 0.198 0.033 0.3 0.013 287.43 5746.78
14 0.216 0.039 0.3 0.015 313.36 5639.96
2 15 0.234 0.046 0.3 0.018 339.72 5537.38
= 1.6 0.253 0.053 0.3 0.020 366.48 5438.88
1.7 0.271 0.061 0.3 0.024 393.60 5344.27
1.8 0.290 0.070 0.3 0.027 421.08 5253.41
1.9 0.310 0.080 0.3 0.031 448.88 5166.13
2 0.329 0.090 0.3 0.035 476.99 5082.28
Table 4.
Comparison the result of the traditional shape with the open and closed cells at h; 0.014 (m).
Mat. EZ, Gpa ps (kg/m3) Or Ve pc (kg/m®) o (rad/s)
PLA 1.175 1360 1 0.38 1360 5239.38
TPU 0.833 1450 1 0.35 1450 5080.74
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Table 5.
Closed-cell design results adopting varying strut thickness
t El . G} w
Mat mm ? Pr G;;a Ve Gpca kg%n3 rad/sec
1.1 0.22 0.298 0.236 0.3 0.091 404.85 5321.43
1.2 0.24 0.321 0.249 0.3 0.096 437.04 5217.62
1.3 0.26 0.344 0.262 0.3 0.101 468.51 5121.86
1.4 0.28 0.367 0.274 0.3 0.105 499.25 5033.24
5 1.5 0.30 0.389 0.285 0.3 0.110 529.27 4951.00
o 1.6 0.32 0.411 0.296 0.3 0.114 558.59 4874.48
1.7 0.34 0.432 0.305 0.3 0.117 587.21 4803.14
1.8 0.36 0.452 0.315 0.3 0.121 615.14 4736.48
1.9 0.38 0.472 0.324 0.3 0.125 642.39 4674.07
2 0.40 0.492 0.333 0.3 0.128 668.97 4615.55
1.1 0.22 0.298 0.236 0.3 0.091 431.64 5233.64
1.2 0.24 0.321 0.249 0.3 0.096 465.96 5128.41
1.3 0.26 0.344 0.262 0.3 0.101 499.51 5031.51
1.4 0.28 0.367 0.274 0.3 0.105 532.28 4941.98
2 1.5 0.30 0.389 0.285 0.3 0.110 564.30 4859.01
= 1.6 0.32 0.411 0.296 0.3 0.114 595.56 4781.93
1.7 0.34 0.432 0.305 0.3 0.117 626.07 4710.13
1.8 0.36 0.452 0.315 0.3 0.121 655.85 4643.12
1.9 0.38 0.472 0.324 0.3 0.125 684.90 4580.46
2 0.40 0.492 0.333 0.3 0.128 713.24 4521.75
foam that permeates every air cell, as seen in fig. (12) and 8030
(13). The difference between the rigid material (PLA) and —#—0penecdl -FLA
the non-rigid (TPU) is evident as the tough material comes 3850 —#— Open edll - TEU

at a higher frequency.

T
¥ 5630
050 "%
g
= M50
3830 g
T
& 3530 2230
E
2 30 5030 '
g 22 272 322 3 422 472
250 pf* (kg/m3)
Fig. 12. Natural frequency to relative density for open cell.
5050
0.02 0 0.06 (.08 0.10 012
Ef* Gpa 500 —8—Closad Call -FLA
Fig. 10. Natural frequency to elasticity modulus for open —— Closad Call - TEU
cell. -, 3100
H
. =
3300 ——Clossd Call - FLA £ 800 A
—#—Clozed Call - TRU £

- 5100 4700
w
= .
geu 4500 .
g 400 430 il 350 &0 850 LUt

4700 pf? (kez'm3)

\u\'\h Fig. 13. Natural frequency relation relative density for
4500 » closed-cell.
023 025 027 029 031 033
Ef*Gpa
Fig. 11. Natural frequency to elasticity modulus for closed

cell.
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Fig. 14. Natural frequency to strut thickness with two cell
types (Open & Closed) and two materials (PLA & TPU).

For open lattice cells, depending on the relative
density as a regulator. When the relative density (0.3) at
(t=1.9mm) compared to solid matter, the percentage
decrease in the modulus of elasticity by (PLA: -90.4%)
and (TPU: -90.4%), increases the natural frequency by
(PLA: 44.5%) and (TPU: 46.4%). One more time, a closed
lattice cell with the same relative density (0.3) at (t =
1.5mm) compared to solid matter. Percentage decrease in
the modulus of elasticity by (PLA: -66.9%) and (TPU: -
64.4%) increases the natural frequency by (PLA: 36%)
and (TPU: 37.7%). Converting a solid material into a
cellular one to reduce weight loses some properties. The
properties can be compensated by adding a nanomaterial
or by filling the cellular part with another material and
turning it into a hybrid structure.

Conclusions

After reviewing the results in tables and charts and
discussing the results as in the previous text, the following
is concluded,

The effect of converting a solid material or replacing
a foam form with a cellular pattern is very effective.

The choice of cell shape and pattern determines their
performance. The regular shape in both directions makes
the material isotropic and homogeneous

Selection between closed and open-cell depends on
the application, and it is preferable to use a closed-cell in
the sandwich because it offers much performance.

The open-cell structure can be converted into a closed
one by filling the attached space with another material,
such as foam, which makes the core a hybrid shape that
offers the performance the engineer aspires to.

Effectiveness of cellular pattern theoretical analysis
estimation and possible use in various applications

The results of this investigation can be used in various
engineering applications such as retractable car roofs, the
floor of electric cars to isolate the cabin from the battery
placed under the vehicle, and electric motor covers for
electric cars.

Nomenclature

Symbols Definition
a Plate length in x-direct (m)
b Plate width in y-direct (m)
c Half of the cell length or width (m)
E, face layer young's modulus (Pa)
Ef core layer young's modulus (Pa)
E; cellular core material young's modulus (Pa)
Ec solid material young's modulus (Pa)
Gy core layer rigidity modulus (Pa)
G cellular core layer rigidity modulus (Pa)
hy Upper face layer height (m)
hs lower face layer height (m)
D Inner volume fraction
Do Outer volume fraction
t The thickness of the cell frame (m)
v* cellular material Volume (m3)
outer (connected solid) material Volume
Vo 3
(m?)
V; inner (air) Volume (m?)
Vi Inner air volume (m3)
Vs Outer frame volume (m3)
Wmn Natural frequency (rad/s.)
Vs face layer Poisson's ratio
vy cellular Poisson's ratio
Pr Relative density
p* cellular material density (kg/m3)
Py face layer density (kg/m3)
Ds core layer density (kg/m3)
outer (connected solid) material density
P (kg/m3)
@ the proportion of solid material in struts
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AHaJi3 BiOpauii 6araTtomaposoi IVIACTHHH i3 BiIKPUTOIO
Ta 3AKPUTOI0 KOMIPpKaM#

Kagpeopa mexaniunoi inocenepii, inocenepnuti paxyromem, ynieepcumem Kygu, Ipax
2Minicmepcmeo npomuciosocmi ma minepanie, Jlepocagna komnanisa supobnuymea 2ymu ma wun, Ipax
8Vuisepcumem Anv-@apaxioi, konedac mexniuHoi inxcenepii, Ipax

VY poboti 3xificHeHO cripoOy 3aMiHUTU TpaaWLiiHy (OpPMY Ta MaTepiall CEpIEBHHH CEHJBIYAa CTUIBHUKOBOIO
(dopMoI0, y SIKif KIITHHU MalOTh NPaBUIBHI GopMy, pO3IOALT Ta po3mip. Ixes miei crarTi monsrae B po3poOii ABOX
CTPYKTYp, OZIHA i3 SKUX 3 BIJKPUTOIO KOMIPKOIO, a iHIIA i3 3aKPHUTOI0, a TAaKOX B OLIHII €(EeKTUBHOCTI CEHJBIY-
IUTACTHHY 13 TPATKOBOIO KOMIPKOIO CEPIIEBHHH, IO BHKOPHCTOBYETHCS ISl 0AaraThOX NPOMHCIOBHX 3aCTOCYBaHB,
30KkpeMa B aBTOMOOineOynyBanHi. HoBi Teopernuni ¢opMmymoBaHHS MOOYyHOBaHI Ui JBOX CTPYKTYp IS
3HAXO/KCHHS XapaKTEPUCTHK BUILHUX KONMMBaHb. Pe3ynpTaTu Takoi Moeli MOpiBHIOIOTHCS 13 TPAAULIIIHOIO (OPMOIO.
BuBeneHi piBHSHHS IS IPOTHO3YBAaHHS MEXAHIYHMX BJIACTHBOCTEH Ha OCHOBI BIJHOCHOI T'yCTMHH 3 BHOpaHUMH
(dopmamu, crienudiuHe piBHAHHS BiOpallii TPUIIAPOBOI CEHABIU-TIMTH Ta PO3B’A3aHO 32 A0MOMOroro tabmuip Excel.
Bararoo0imsrounmu € 1 pe3ynbTaty, i OliHKa e()eKTHBHOCTI TEOPETHYHOT0 aHai3y KIITHHHOI CTPYKTYpu. OOMEKeHHS
Ta 4acToTa MOXHMOOK JUI1 MEXaHIYHHUX BJIACTHBOCTEH BUIUIMBAIOTH 3 €MIIIPUYHHUX PIBHSHB, 1 iX CHIBBIZHOLICHHS /O
3Ha4YeHb BITHOCHOI I'yCTHHH € BUIIUM 3AJIKHO BiJ MOBEIIHKH MaTepiany cepleBUHH. BUCHOBKU BKa3yloTh, IO MPH
BIJIKDUTHUX KOMIpKaX CIIOCTEpIiraeThes 3HIKEHHS Monyist mpyxknocti Ha (PLA: -90,4%) i (TPU: -90,4%) ta
30iabIIeHHs BinacHol yactotu Ha (PLA: 44,5%) i (TPU: 46,4%), Tozi K 1)1 3aKPUTUX KOMiPOK MOAYJIb MPY>KHOCTI
3MeHuryeTbest Ha (PLA: -66,9%) 1 (TPU: -64,4%), a takox 30ijblyeThest BaacHa yactoty Ha (PLA: 36%) i (TPU:
37,7%). IlepeTBOpeHHsT TBEp0i PEYOBHHM ab0 3aMiHa MIHOMIACTOBOI ()OPMHU CTITHLHHKOBOIO (POPMOIO € OJHUM i3
CrOCOo0iB TMOKPAIIMTH NPOXYKTUBHICTH 1 3a0IMIQAWTH Bary 3aBIsKH BUOpaHill CTIMBHUKOBIM KOHGIrypamii mpu
TIOTJIMHAHHI eHeprii BiOpariiHoi XBHII.

KorouoBi cioBa: ceHBIU-IIINTA, BUTBHI KOJIMBaHHS, KOHCTPYKIIiSl KOMIPKH, pO3MipHA CEKIlisl, 3AKPUTI Ta BIAKPHTI
KOMIpKH, BiTHOCHA IIUIBHICTb.
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Properties porous silica glasses are systemized in this review. Also the methods of formation of the
nanoparticles’ ensembles of the substances, which are useful for the microelectronics, are described. Porous silica
glasses are perspective due to their chemically resistance, mechanical strength and development of their inner
surface. Own electrical resistance is too big for the porous glasses’ specimens with standard sizes, that’s why ones
use them as matrixes for luminescence type of sensors mainly. The luminescent properties’ dependence on the
molecular structure of investigate substances (such as dyes and metal oxides), as well as on the nanoparticle
ensemble technological formation condition is studied. It is revealed to which certain gases dyes of the specified
type are sensitive and why it occurs in such manners. It is shown due to which of the described nano-size systems’
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SEensors.
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Introduction

Typically, the luminescent centers of the materials
suitable for use as active elements of fluorescent gas
sensors are located near the surface. This is
understandable, because the changes in the gas
composition of the environment primarily affect the near-
surface matter layers. Therefore, in order to achieve these
changes best registration, it is necessary to strive for the
maximum possible development of the substance surface,
which is able to be an active element of the gas sensor.
This development can be achieved by dispersing the
substance to nanometers (or almost molecular level in the
case of a molecular crystal), because it is known that the
total surface area of many small particles is always much
larger than the surface of one large particle of the same
volume. It should be emphasized that it is impossible to
work fruitfully with nanometer size individual particle, so
they should be placed in a system of some test tubes of
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appropriate size. The role of such a system of nano-sized
tubes can be played by a matrix that contains small voids
in the through pores form. This forms an ensemble of
nanoparticles, consisting of these matter small particles
and the matrix in which they are placed. Since the matrix
is a part of the ensemble, it must meet certain restrictions,
due to which its presence will not affect the test substance
gas sensitivity and, moreover, will positively affect its
luminescent properties. One of the main such limitations
is chemical inertness, i.e. the matrix should not chemically
interact with the test substance and change its (or its own)
chemical composition. Secondly, it must have a fairly
strong skeleton, which will prevent both the nanoparticle
ensemble aggregation and the created system mechanical
destruction. Finally, it should be non-luminescent (or glow
in areas of the spectrum that are not relevant to the test
substance). Some authors use polymers [1-2] or gelatin [1,
3] as a matrix. These compounds do not luminesce and are
quite chemically inert. Due to their structure peculiarities,
they are able to hold the clusters of the substance formed
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inside them. However, these clusters can have arbitrary
sizes and shapes, and their growth will not be restraining
by polymer or gelatin, but on the contrary, they themselves
will uncontrollably form the matrix skeleton. Porous
silicate glass with nanometer-sized through voids is
devoid of this defect. The interpenetrating pores size, can
vary from a few nanometers to several hundred
nanometers. In addition, compound quartz skeleton is
quite durable, and therefore limits the particle size that are
formed, because they cannot exceed the pores size. The
glass columnar structure allows influencing both the pores
inner surface and the nanoparticles created inside them. In
most cases, these nanoparticles are conveniently created
by saturating the matrix with certain substances solutions.
Thus, porous silicate glass perfectly meets the
requirements for the matrix, but it does not exist in nature.
However, it can be obtained from two-phase sodium-
boron-silicate glass by a not very sophisticate technology

[4].

I. The porous silicate glass types and
their creation technology

Two-phase sodium boron silicate glass has a rather
complex chemical formula SiO2>x [Na,OxB,03]. Such
glass melting temperature exceeds 750°C. In addition, the
melting temperature of the glass silicate component is
much higher than the melting temperature of the sodium
borate complex, and therefore there exists a temperature
at which the glass sodium borate component is in a liquid
state, while its silicate component is simply very hot. This
state corresponds to a temperature of 650°C. If the burden
for two-phase glass melting, which is brought to 750°C, is
cooled adiabatically to 650°C, so that the phase separation
occurs at the indicated temperature, the sodium borate
complex will still melt, forming large bubbles, which will
form a silicate skeleton. Due to the melt viscosity, it is kept
in such conditions for several hundred hours, until the two
phases are completely dissolved in each other, and then
slowly cooled to room temperature. The obtained two-
phase glass is enough large (up to hundreds of
nanometers) areas of interposed silicate and sodium borate
phases. These phases, specifically, show unequal chemical
resistance, so that a mixture of hydrofluoric, nitric and
glacial acids can completely erode the sodium borate
phase, with almost no effect on the silicate phase, which
leaves a quartz skeleton with through voids in place of
etched borate phase. These voids are quite large, however,
due to mutual dissolution, rather small, sandy SiO;
particles got into the sodium borate phase, which after its
etching must settle inside the resulting pores. Such settled
sandy particles are called residual silica gel. Chemically,
they are completely identical to the quartz skeleton and
differ from it only in fineness. The resulting glass is
conventionally called porous glass type C. Such glass is
unsuitable for a number of applications, because due to
large enough holes it will form test substance particles of
significant size, so to achieve significant deployment of its
surface will remain impossible.

To form smaller pores in the glass, it is necessary to
change slightly the two-phase glass technological modes
creating. The burden, for its melt should be adiabatically
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cooled to a lower temperature, which is close to the
sodium borate phase melting temperature, but some lower
than it (about 490°C). If the burden is kept at this
temperature for hundreds of hours, it will lead to the
formation of sodium-borate phase of relatively small
bubbles and, after cooling to room temperature, the phases
will separate, resulting in two-phase glass with small
(about tens of nanometers) areas of interwoven silicate
and sodium borate phases. After etching the unstable
sodium borate phase as described above, enough fine-
grained silicate glass is formed, which will also contain
residual silica gel in the pores. The resulting glass is
conventionally called porous glass type A.

The presence of silica gel inside the pores, depending
on a particular scientific problem conditions, can be both
desirable and harmful. Thus, the presence of silica gel
makes the glass more fine-grained, but at the same time
reduces the free space for the nanoparticle test substance
formation. On the other hand, the presence of silica gel
improves the glass adsorption properties, but deteriorates
its mechanical properties (due to gel swelling in a humid
environment, the sample may deform [5-7]). Although
special treatment can improve the glass mechanical
properties, but it will not always have a positive effect on
its other properties [8]. Within the problem of the surface
substance suitable expansion as some sensor active
element, the separative ability of silica gel is certainly
useful, which prevents the aggregation process of particles
formed an ensemble in the pores [1, 9]. However, for cases
where the presence of silica gel in the pores is harmful, the
lixiviate techniques, have been developed in [10], can be
used. In this manner the glass can be depleted with silica
gel or this technique quite deprive the glass of this
formation. According to this technique, the finished glass
is etched in an alkaline etchant based on KOH. This
etchant interacts enough quickly with finely divided silica
gel and acts much more slowly on solid (at least porous)
matrix walls. Due to this, most of the silica gel is removed,
while the walls of the matrix skeleton are only slightly
etched [4, 11]. The type A glass treated in this way is
conventionally called the type B glass, and the type C
glass is called the type D glass.

Figure 1 shows the results of the structure of all 4 the
above noted types glasses investigation using an electron
microscope. It is noticeable that of A and B type glasses
are fine-porous ones, while the pores in C and D type
glasses are much larger. Residual silica gel particles in the
images corresponding to A and C glasses look like white
spots. In C type glass they are larger, in B type glasses they
are almost imperceptible (this confirms that the leaching
technique leads only to the depletion of glass by silica gel
[4, 11]), and in type D glasses they do not exist at all.

Figure 2 shows the pore-sizes distribution spectra for
all these types of glasses. One can see that two main
fractions of pore sizes exist for every type of glass.
However, anyone of types contents a small amount of
pores with size from about 10 nm to more 100 nm.
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Fig. 1. Electron microscopic images of structures for four types of porous glass.
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Fig. 2. Typical pore-size distribution for four types of porous glass.

Il. The structure of the dyes based on
the 4-valent tin

It’s useful to pay special attention to the dyes based
on the 4-valent tin among the materials, which can be used
as active elements for the luminescence gas sensors.
According to [12], these macromolecular compounds are
the most sensitive to the environment gaseous
composition. The molecules of this group dye consist of a
coordination node with a ligand, which may show
different dentition, and a hydrazide fragment with a
certain type substituent. It is expedient to consider the dye
molecule in this way, because the coordination node is a
more stable formation and remains unchanged during
chemical transformations, while the substituent
composition and its placement in the hydrazide fragment

can be changed by simple chemical reactions.
Coordination nodes can be of two types:
tetradimethylaminobenzaldehyde and
dihydroxynaphthaldehyde (denoted by the ligand

{SnCIs,ON} and {SnCls0:N}, respectively). Ligand
{SnCI,ON} is single-dentate and has a zwitter-ionic
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structure with a negative charge, which is delocalized in
the fragment N=C-0O, and ligand {SnCl;0,N} is double-
dentate with a negative charge, which is concentrated in
the O-Sn-O area. The structural formulas of both
coordination nodes are shown in Figure 3 [13].

The hydrazide fragment in Fig.3 is not indicated. It is
a conventional benzene ring with a substituent of
nicotinoyl or benzoyl type. In the first case, a certain
nitrogen group is built directly into the benzene ring (i.e.,
one of the benzene ring carbon is actually replaced by
nitrogen). This, of course, leads to the appearance of a
localized charge near the substitution, which is
compensated by the opposite charge in the coordination
node; therefore, the corresponding molecule will exhibit
the properties of the dipole. In the second case, the
hydrogen atom in one of the benzene ring positions is
replaced by an amine or hydroxyl group, which is also
accompanied by a charge redistribution within the
coordination node to maintain the electro-neutrality of the
molecule. Isomeric dyes that differ only in the substituent
position relative to the hydrazide fragment are called dyes
with different tautomeric form. The substituent position in
each tautomeric form is indicated by a number. For this all
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Fig. 3. Coordination nodes structural formulas of {SnCI,ON} (left) and {SnCIs02N} (right).

6 carbon atoms in the corresponding benzene ring are
numbered, as "1" is a carbon atom having a bond that
connects the hydrazide fragment with the coordination
node. Other positions are successively denoted by
numbers from the natural series from "2" to "6"
counterclockwise. Therefore, substitution cannot occur at
position "1", because it will destroy the molecule. The
results obtained in [4] show that the dye molecules have
no intramolecular bonds (at least hydrogen ones), so the
tautomeric forms are invariant with respect to the reading
direction of carbon atoms in the benzene ring of the
hydrazide fragment. Therefore, the dyes in which the
substitution took place at position "2" or at position "6"
are completely equivalent and have the same
photoluminescence spectra. The same is true of dyes with
substitutions at positions "3" or "5". A direct consequence
of this equivalence is the dye molecule additional
rotational symmetry, which leads to additional electron-
rotational levels suitable for the radiative transition.
Because of this, the dyes luminescence intensity with a
substituent in position "4" is the lowest, because there are
no additional levels for them. In addition, the interaction
of the substituent with the coordination node also
increases the luminescence intensity and the stronger the
closer is the substituent to the coordination node.
Therefore, the dyes luminescence with substitution in
position "2" (or "6") is always more intense than when
substituted in position "3" (or "5") [14].

The dyes luminescence is a consequence of the
radiative transitions between the electron-vibrational
sublevels of the first excited and ground singlet dye
molecule electronic states. These states system occurs
when the molecules are sufficiently mobile relative to
each other, which occurs in solutions due to the interaction
of the dye molecule (or its part) with the surrounding
solvent molecules. The solvent does not affect the energy
of the radiation, but, depending on the solvent absorbency,
can affect its intensity. As demonstrated in [4, 13], the
absorption capacity of the standard organic chemistry
solvent dimethylformamide (CHs),NCO, which is usually
abbreviated as DMFA, is the lowest, so it is in it that dyes
based on tetravalent tin complexes glow most intensely.
But the dye molecules in the solution are separated from
the environment by the vessel and, with the exception of
those on the surface of the solution, passivate each other.
Thus, only a small part of the dye molecules has direct
contact with the environment and this should significantly
reduce the sensitivity of their luminescence to the
composition of the surrounding atmosphere. Thus, the dye
in solution is unsuitable for use as an active element in gas
Sensors.

However, dyes can glow not only in solutions but also
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in the dry state, if the dye is dispersed in a suitable model
environment. As a model medium, it is advisable to use
porous silicate glass, in which the average size of the pores
is comparable to the size of the dye molecules. When the
pores in such glass are saturated with a dye solution in
DMFA, it disperses almost to the molecular level, and its
nanoparticle glow centers will come into direct contact
with the particles of gas contained in the environment, so
they can react to changes in its composition. In this case,
the presence of residual silica gel inside the pores, which
will play the role of separation material between the dye
molecules, will allow to get rid of the effect of its
molecules mutual matching. From the above it is clear
(and confirmed by the results of a number of works [9, 15-
19]) that the role of the model medium will be best played
by porous A type silicate glass. In this case, the glow will
occur due to the dye molecules interaction with the model
medium inner surface and silica gel particles penetrate
between the dye molecules, leading to the formation of
aggregations, which are the centers of non-radiative
recombination through the source channels. In addition,
for more nanoparticle uniform distribution in the pores,
majority of the solvent is removed after impregnation with
additional low-temperature annealing, and due to its
almost absence, the emitted light quanta possible
absorption is eliminated. Therefore, the dye nanoparticle
ensemble luminescence intensity inside the acceptable
type porous matrix always exceeds the photoluminescence
intensity of the same dye in the corresponding solution.

We investigated the photoluminescence spectra
excited by the ultraviolet laser LCS-DTL-374QT
(wavelength A = 355 nm, power 15 mW) and recorded on
a standard setup, which consisted of a quartz
monochromator SF-4, a photomultiplier PEM-79 with
sensitivity 280+850 nm, as a photodetector, and a selective
amplifier that was synchronized with the excitation laser
frequency. The result was transmitted to the computer
monitor via an analog-to-digital converter using USB-
oscillography software. In order to ensure obtained results
comparability in terms of intensity, the installation in each
measurement was calibrated with a mineral origin
luminophore by type LDP-2mA, which is characterized by
constant luminescence and complete degradation absence.
The width of the monochromator slot and the
enhancement limits were kept constant, therefore, it can
be argued that the obtained spectra were comparable in
relative units, if the unit luminescence intensity is
considered to be the luminophore luminescence.

Analysis of the photoluminescence spectra of dyes
based on the 4-valent tin both in DMFA solution and in
the form of nanoparticle ensembles in a porous matrix
showed that they in all cases have a Gaussian shape with
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one maximum and are almost entirely determined by their
intensity and its maximum position. As mentioned above,
the luminescence intensity of any dye in the form of a
nanoparticle ensemble has always exceeded its intensity in
solution. The greatest increase in luminescence was
observed in the case of the benzoyl type hydroxyl
substituent. The spectra remained hyperchromic relative
to the dye in solution, whereas in the case of a benzoyl
type amine substituent or nicotinoyl substitution there was
a spectrum shift in one direction or another. This explains
the highest glow intensity for dyes with hydroxyl
substitution. For them, the additional energy that arises
during the nanoparticle ensemble formation is spent
entirely on the luminescence intensity amplifying, while
in the case of amine substitution, part of it is spent on the
photoluminescence spectrum maximum shifting. The
detailed analysis of the luminescence spectra of all
tautomeric forms for dyes with both types of coordination
nodes and any substituent is given in [4].

I11. Concentration dependence of
luminescence for the dye
nanoparticles ensemble

The dye nanoparticle ensemble luminescence
intensity depends on the concentration of the solution used
to create the specified ensemble. To identify this
dependence regularity, consider how the luminescence
intensity of the dye solution in DMFA changes with
increasing concentration. There are two competing
processes: illumination and light absorption. The first
process causes an increase in the luminescence intensity
due to an increase in the luminescence center quantity
(see, for example, [20]) due to the greater of the dye
molecule number in the concentrated solution. This
process is almost linear and at low concentrations the
luminescence intensity increases from zero to some limit
value, which is called the saturating solution limit
concentration. After this concentration excess, the second
process associated with concentration quenching begins to
prevail [20-21]. There are so many molecules in the
solution that they begin to merge into aggregations, which
are centers of nonradiative recombination through the
source channels. The solution luminescence intensity
decreases according to the parabolic law. Fig.4 (left)
shows a model image of the described dependence. It
should be noted that according to the Frank-Condom
principle, both processes occur simultaneously, and
therefore the dye concentration intensity dependence in
solution at low concentrations is almost linear, and after
excess the concentration limit is almost parabolic.

When the matrix is saturated with dye solutions of
appropriate concentration to create an ensemble of
nanoparticles, similar processes occur in the obtained
system. However, for the case of a nanoparticle ensemble,
there are certain changes in the described dependence. An
almost linear curve section at concentrations below the
limit is converted to a "piece-linear". Such a "piecewise
linear" increase in the dye nanoparticle ensembles
photoluminescence intensity in a porous matrix at low
saturating solution concentrations may be due to the
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inhomogeneity the different sizes pores fraction filling in
porous glass during this ensemble formation. At
impregnating solution relatively low concentration in the
matrix pores there is a relatively small quantity of
nanoparticles. They will enter the smallest pores alone,
dispersed to an almost molecular level, so they will not
aggregate (i.e. no leakage channels will appear). As far as
even in fine-grained A type glass there is always a certain
number of rather large pores, many dye nanoparticles will
get into them, but their fusion in aggregation will prevent
the surrounding on all sides silica gel particles, and they
will settle separately on the pores’ walls. The
luminescence intensity increases rather slowly with
concentration increasing. When the impregnating solution
concentration reaches certain "average" values, similar
processes continue, but the dye molecules’ quantity
increases [21]. Therefore, more radiative recombination
centers appear inside the pores, and this leads to the
luminescence intensity increase acceleration with
increasing concentration (see, for example, [4, 21]). The
solution limiting concentration in the case of the
nanoparticle ensemble remains the same as it was in the
solution, and its excess again leads to the absorption
processes in the system prevalence. However, due to the
solvent practical absence inside the pores of the matrix,
this can hardly be explained by the concentration
quenching. At such high concentration impregnating
solution, small particles in large pores will be so many that
they will merge into aggregation at the stage of their
formation [22-23], and silica gel particles will not have
time to interfere with this process, but will envelop the
already existing aggregations (see e.g. [9, 22]). In this
case, the largest (about hundreds of nanometers) pores will
be filled, in which the silica gel will only partially
passivate the dye molecules surface. Solvent residues after
annealing will also be concentrated mainly in the specified
size pores. Therefore, most of the dye found in large pores
will behave as if in solution, i.e. there will be the
photoluminescence intensity decrease, which will
approach the value typical for the solution. A comparison
of the luminescence intensity of the 2NH3{SnCIl.ON} dye
concentration dependences in DMFA solution and in the
form of the nanoparticle ensemble in A type porous silicate
glass is shown in Fig. 4 and testifies to their complete
similarity.
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Fig. 4. The 2NH3z{SnCI,ON} dye nanoparticle ensemble
luminescence concentration intensity dependence in
DMFA solution (left, model curve) and as a nanoparticle
ensemble (right, experimental curve).

It can be seen that at solution low concentrations the
nanoparticle ensemble glow intensity is insignificant;
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then, through the different size pores unequal filling rate
(see e.g. [4, 21]), it increases nonlinearly and the
corresponding curve slope changes. At a concentration of
0,5x103gmol/l  (the saturating solution limiting
concentration), luminescence becomes maximum. When
the solution saturating concentration exceeds the limiting
one, the photoluminescence intensity decreases, as in the
case of the solution.

IV. The dye nanoparticle ensemble gas
sensitivity

The luminescence properties of obtained ensemble of
nanoparticles of the dyes based on the 4-valent tin
complexes can differ sufficiently depending on
technological conditions of it formation and on structure
of dye molecules. Taking this fact in to account it’s useful
to observe which species of dyes are sensitive to one of
other gas and why it’s so for further use of these systems
as active elements of gas sensors. One of such sensor
important properties is the reproducibility of their
properties, which should ensure their reusability.
Therefore, it is undesirable to be based on direct chemical
interaction of the dye substance with gaseous impurities
present in the environment, and should proceed from these
dyes molecular structure and the peculiarities of the nano-
size system formation based on their chemical
composition. The gaseous contaminant presence will be
fixed by changing the ensemble photoluminescence
intensity, therefore, we will consider such nano-size
systems that have the highest initial glow. Therefore,
taking into account the above-described properties of dyes
and matrices, we will form ensembles of nanoparticles in
porous A type silicate glass and use DMFA solutions of
dyes with tautomeric form "2".

Nanoparticle ensembles in this sense can be used as
active sensor elements not of any gases, but of gases which
contain the same chemical elements, as in a dye molecule.
Such gases will not chemically interact with the
nanoparticle ensemble elements, however, their presence
in the atmosphere will create artificial conditions for
changing the system luminescent properties. In this case,
after entering the unpolluted atmosphere, these artificial
conditions will disappear, and the system alone or with the
help of simple processing will restore its original glow.

As is clear from the studied dye structure description,
their molecule consists mainly from benzene rings
assemblage. The rings that make up the coordination node
are perfect and therefore chemically quite inert, while in
the only ring of the hydrazide fragment there is a
substitution of a hydrogen (benzoyl) or carbon
(nicotinoyl) atom for a certain amine or hydroxyl
complex. Thus, the substituent in the hydrazide fragment
is a certain analog of the substitution impurity in the
semiconductors, so it can be a luminescently active center.
In turn, between the coordination node perfect benzene
rings contains a ligand based on Sn and CI. It is a certain
analogue of interstitial impurities in semiconductors and
can also be luminescently active and sensitive to some
gaseous substances in the environment. Due to its zwitter-
ionic structure, the ligand provides a certain charge
distribution within the coordination node, and hence the
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entire dye molecule.

Thus, the dye nanoparticle ensemble based on a
tetravalent stannum in a A type porous glass can, by
changing its luminescence intensity, detect the gas
presence in the environment that can affect the substituent
or cause the charge redistribution in the dye molecule.
There are two such gases: ammonia, which is very similar
in structure and chemical composition to the benzoyl-type
amine substituent, and hydrogen chloride vapor, which
dissociates perfectly in water, forming negatively charged
Cl ions. We were able to detect sensitivity namely to these
gases in our study.

As can be seen from the right part of Fig. 4, sensitivity
to ammonia should be expected from a nanoparticle
ensemble based on 2NH3{SnCI,ON}, if it is created by A
type porous glass impregnation with a solution in DMFA
with a concentration of 0.5x10° gMol/I. In this case, the
luminescence intensity achieves the maximum value and
the specified concentration exceeding leads to a
luminescence weakening. However, the ingress of the
sample formed under these conditions into the ammonia
medium should lead to an increase in the nitrogen
concentration in the pores, which is equivalent to the
creation of a nanoparticle ensemble at a saturating solution
concentration exceeding the limit. This will reduce the
luminescence intensity of the sample [4, 24-25].

To experimentally confirm these considerations, the
initial  luminescence  intensity of the sample
2NH3z{SnCI,ON} in the form of a nanoparticle ensemble
formed under these conditions was first measured, and
then it was immersed in an atmosphere containing
ammonia. Measurements were repeated immediately after
immersion and after 10 minutes in the specified
atmosphere. Then the sample was transferred to a pure
atmosphere and kept in it for 24 hours. Next, its
luminescence intensity was measured again, immediately
and after 10 minutes of low-temperature (at 240°C)
annealing. The result in the form of a histogram is shown
in Fig. 5. Histograms show that the dye after immersion in
the atmosphere containing ammonia sharply and steadily
reduces luminescence intensity and it is possible to restore
initial intensity only after annealing.

To explain this result, it should be mentioned that the
nitrogen inside the coordination node is in an inactive
state. Therefore, we can assume that the dye
2NH3{SnCI,ON} initially contains active nitrogen only in
the substituent, its amount in the ensemble is determined
by the impregnating solution concentration, which is the
limit and corresponds to the maximum luminescence.
After immersion in ammonia, the amount of active
nitrogen in the system increases, and it behaves as if it was
formed from a solution with a higher concentration, which
corresponds to a lower luminescence intensity (as is well
seen in Fig.4). The change durability is probably due to
the formation of ammonia-stable bridges within the pores,
which is equivalent to the aggregation formation that are
leakage channels. Short-term low-temperature annealing
breaks these bonds and the system luminescence is
practically restored. This model is confirmed by an
attempt to perform the same experiment with the
20H{SnCI;ON} dye nanoparticle ensemble. This
ensemble shows almost complete insensitivity to
ammonia, because the dye on the basis of which it is
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formed, initially does not contain active nitrogen, so it
does not interact with ammonia [24-25].
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Fig. 5. Sensitivity of the photoluminescence intensity of
the 2NH3{SnCI;,ON} dye nanoparticle ensemble to
ammonia:

1 - initial sample in a pure atmosphere;

2 - in an atmosphere containing ammonia;

3 - for 10 minutes in ammonia;

4 - 1 day after returning to pure atmosphere;

5 - after 10 minutes of low-temperature annealing

Ammonia sensor was patented recently [26] works on
described principle.

It should be noted that the hydrazide fragment is
resistant to other aggressive media, so it is impossible to
detect any other gases that may be present in the
environment by their interaction with the hydrazide
fragment.

The influence of the environment composition on the
ligands in the coordinated nodes may be traced by the
changes of glow intensity of dye nanoparticles’ ensemble
if the atmosphere contents the HCI vapors. Recall that
chlorine is contained only in the ligands of dye
coordination nodes, moreover in different amounts for
different types of forms and choose a dye-based system
that it will glow the brightest, so it will be easiest to notice
changes in its luminescence. Such system is the dye
nanoparticle ensembles with a benzoyl type hydroxyl
substituent with a tautomeric form "2". Fig. 6 shows the
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luminescence spectra of 20H{SnCIsO;N} (left) and
20H{SnCI,ON} (right) dyes in a pure atmosphere and in
one containing hydrogen chloride vapor. These dyes
coordination nodes differ in the ligand dentance hence the
charge distribution in the molecule. Ligands are as a whole
an electro-neutral molecule placed between the
coordination node benzene rings, which in some of its
parts carries both a negative and a positive charge, which
is localized on non-neighboring atoms. Thus, a specific
ligand in the system creates a certain charge balance in it.
In the HCI vapors presence in the atmosphere, which are
enriched in negative ClI-ions, this balance is disturbed [24-
25], which determines the sensitivity of the system to these
vapors.

The spectra in Fig. 6. show that the initial luminous
intensity of the 20H{SnCl;0,N} dye exceeds the glow
intensity of the 20H{SnCI,ON} dye almost three times,
and hoth are sensitive to the presence of HCI vapors in the
atmosphere. However, if the 20H{SnCI,ON} dye reduces
the intensity of its luminescence slightly (about 20%), the
luminescence of the 20H{SnCI;O;N} dye decreases
significantly and becomes approximately the same as that
of the 20H{SnCI,ON} dye in a pure atmosphere.

The study of the glow decrease kinetics of the samples
in the atmosphere of HCI vapors showed that the decrease
of the luminescence intensity of both nanosize systems
occurs abruptly after a short latency period. Measurements
were performed at a wavelength corresponding to the
maximum of glow (as can be seen from Fig. 6, for
20H{SnCI30,N} it is 468 nm, and for 20H{SnCI,ON} it
is 510 nm). Fig. 6 shows the corresponding Kinetic spectra.

The vertical line on the graph corresponds to the
moment when the charge redistribution in the system
based on the 20H{SnCI;0,N} dye begins. It can be seen
that to the left of it the decrease in glow intensity for both
systems is insignificant and almost the same. But for a
system with a two-dentate ligand, it is smoother, and for a
system with a one-dentate ligand, it occurs a little earlier
and a sharp jump.

The presence of a latent period is probably due to the
fact that, unlike the substituent, the ligand is inside the
molecule and is shielded on all sides by perfect chemically
inert benzene rings. So until the HCI molecules begin to
interact with it and change the charge distribution, it takes
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Fig. 6. Luminescence spectra of nanoparticle ensembles of 20H{SnCl30,N} (left) and 20H{SnCIl,ON} (right) dyes
in a pure atmosphere and in one containing HCI.
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minutes. For the 20H{SnCI30,;N} dye with a two-dentant
ligand, this time is slightly longer, because the interaction
with HCI in this case is to saturate the system with a
negative charge to a state that is typical for
20H{SnCI.ON} dyes with a single-dentate ligand. After
reaching this state, the system begins to glow as a
20H{SnCI.ON} dye, i.e. abruptly reduces its
luminescence intensity. In the case of a nanoscale system
based on the 20H{SnCI,ON} dye, no significant charge
redistribution occurs, so for it the latency period is less
long and the decrease in intensity is insignificant.

It would seem that similar processes should take place
in dyes with an amine substituent, but for this type dyes
the charge redistribution is mostly compensated by the
luminescence maximum shift in one or another direction
at a constant intensity. And such a shift can be caused not
only by charge redistribution, but also by many other
factors [4], so if it occurs, it does not necessarily indicate
the appearance of HCI vapor in the atmosphere, and such
systems are not suitable for fixing these vapors.

In conclusion, we note that the initial charge
distribution for both systems can be restored by the sample
heat treatment in the same mode as in the case of
2NH3{SnCI,ON} dye nanoparticle ensemble interaction
with ammonia. Apparently, this treatment is sufficient to
remove foreign gases from any porous system to get rid of
their impact.

From the above results, it is cl clear that the role of the
HCI vapor sensor active element will be best played by the
20H{SnCI;ON} dye nanoparticle ensemble in porous A
type silicate glass. The sensor of HCI vapor in the
environment was discovered on the base of such
nanoparticles’ ensemble exactly [27].
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Fig. 7. Photoluminescence intensity reducing kinetics for
the dye nanoparticle ensemble of dyes with one-dentant
(20H{SnCI,ON}) and two-dentant (20H{SnCl30:N})
ligand in the presence of HCI vapors in the environment.

V. Carbon treatment of the porous glass
and it using in sensors

Carbon treatment method [28-29] is an alternative
way to get rid of porous glass from silica gel. It is based
on the fact that porous glass is almost pure silicon dioxide,
and because carbon is similar in chemical properties to
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silicon, but is more active, it is able to displace it from the
oxide at appropriate temperatures. Silica gel and silicate
skeleton, are chemically identical and differ only in
dispersion. Thus, under certain conditions, carbon will
displace silicon from the oxide, primarily in silica gel, as
a more dispersed formation. Carbon treatment consists of
two stages: primary and secondary. In the initial stage,
anyone type of glass is saturated with a solution of a
substance containing carbon. The best in this case is
glucose: it is well soluble in water and when heated to
180°C is easily reduced simply in the voids of matrix to
carbon in the form of highly dispersed graphite with the
release of water. The process is described by a known
equation

CsH120¢ - (t) — 6C + 6H,0,

lasts about a day and its completion can be judged
visually by the sample blackening. A type glass treated in
this way is conventionally called a type glass, and C type
glass is called y glass. B and D types of glass, which was
lixiviated, are initially removed of silica gel, so these
glasses don’t require total carbon treatment. However,
primary carbon treatment is able to reduce the electrical
resistance of pore glass specimens by several orders of
magnitude due to the inbuilt of conductive phase
consisting of graphite nanoparticles into it. Such a
conductivity increasing may be useful for the certain
applications of this type of glasses. One designates these
glasses after the primary carbon treatment as B; and D;,
respectively.

The porous glasses, as every other porous system, are
able to soak spontaneously with water vapors due to the
atmosphere always contains some amount of humidity.
The water vapour reduces the electrical resistance of the
system sufficiently, and this fact suggests to use of porous
glass as an active element of resistive humidity sensor. It
confirms by the fact every type of glass contains some
amount of pores of size-range from about 10 to more 100
nm (see Fig.2). Presence such large size-range of pores
corresponds to condition of hydrophilicity of system at
large humidity range [30]. However, electrical resistance
of the porous glasses is too big and it hinders to use a
nanosize system on their base in such manner. This
resistance can reach some teraohms for the standard size
specimens 1x0,5x0,1 cm® and its decreasing due to
humidity change will be invisible in this background.
That’s where the primary carbon treatment helps us, that’s
why it reduce the system resistance by several orders of
magnitude due to conductive properties of graphite.

It must be noted that not any type of glasses suitable
for using as matrix for active element of humidity sensor.
So, the A-glass isn’t appropriate one that’s why the
resistance of « glass, which was formed after annealing,
keeps it high value, if amount of the soaked glucose is too
less. At the other hand, excess of soaked glucose together
with big amount of residual silica gel will score the pores
after annealing and the system will lose it moisture
sensibility. In the case of y-glass, in addition, it’s difficult
to obtain a reliable contact due to high roughness of
surface [31]. Inside D;-glass the conductive phase is able
to shunt the specimen. So, namely Bi-type of glasses
appropriate to use as matrix for humidity sensor. This
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glass contains fine pores mainly and it is depleted with
silica gel. Besides its surface haven’t high roughness.
After formation of graphite nanoparticles’ ensemble in B-
glass a graphite layer creates on the surface of obtained
Bi-glass. A reliable contact may be putting in to this layer
with help of conductive paste. The change of the resistance
of obtained system will quite correlate with moisture of
environment.

Fig.8 shows a typical dependence of resistance of the
graphite nanoparticles’ ensemble in Bi-glas on moisture.
This ensemble was formed by immersion of glass in the
40% water solution of glucose during a day with following
anneal by 180°C during 2 hours. Contact for such system
was putting in with silicone paste. All measurements was
performed at the room temperature. One can see that the
reduce of the system resistance by increase of relative
moisture of environment from 10% to 99% achieve two
order of magnitude.
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Fig. 8. Resistance dependence of graphite nanoparticles’
ensemble in B1 porous glass on humidity of environment
at the room temperature.

It can be note that similar isotherms may be graphed
at some temperature and they almost don’t change. This
statement is true just at negative temperature, because at
such temperature the moisture of the air determines by ice
sublimation. And besides the separate nanoparticles of
water, which was absorbed by system, are divided with
silica gel and graphite nanoparticles, that’s why
temperature of environment is indifferent for them and the
state of aggregation doesn’t exist for such nanoparticles’
ensembles.

Formation of ohmic contact to the pore glass
specimen is another application of the primary carbon
treatment. It could investigate correlation between
luminescence properties of nanosize system in the pore
matrix and electrically ones. Primary carbon treatment
may be particular to reach such aim.

Using primary carbon treatment a standard specimen
deeps with butts 5 x 0.5 mm? into glucose solution on the
depth 0.5+1 mm with the help of clamp-like holder. It
creates the conditions, which almost respond to the tusk of
diffusion from a constant source. According to the second
Fick’s low on the step of dopant spin-on into the system
there arises concentration of glucose Cy on the distance x
during the time t:
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C, = Cyerfc (ZL\/E)

Here Cq is initial concentration of soaked solution.
Factor D is certain analog of diffusion coefficient, which
is called saturation coefficient. It’s different from
diffusion coefficient sufficiently, that’s why in contrast
with last one it describes infiltration of enough big glucose
molecules into voids of of porous glass. These voids are
very big in comparison with interatomic distances (see
Fig.2). Corresponding coefficient depends on type of
glass, namely on of it porosity, pore-size distribution,
presence of residual silica gel and amount of this
substance, as well as on temperature of soaking.

Fig.9 shows us schematically the glucose distribution
inside wafer of the porous glass after soaking of specimen
at both butts with this substance. Depth of immersion of
the wafer into solution indicates with dotted line. Let’s
note that both curves don’t show the configuration of
profile of soaked glucose, but they image the reduce of it
concentration by distance from source of soaking only.

Let’s note also that the error function complement
convergences too slow by an attempt of series expansion.
That’s why one usually applies the McLaurin series
expansion to estimate analytically of concentration of
glucose, which was soaked on a small distance from it
source. However, one must use asymptotic mapping of
this function for the case of big distances. The first case
gives us:
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Although the convergence of these series is too slow,
it’s able to keep some first terms only in these

cumbersome expression for any specific tusk. So we have
for small x:
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Furthermore, the wafer of porous glass, which was
soaked from both butts with glucose according above
manner, must be annealed to decompose penetrated
glucose in pores thermally. Simultaneously drive-in step
of graphite diffusion takes place. It’s certain analogue of
the tusk about diffusion from a limited source. If the
glucose concentration at the butts of the wafer coincided
with Co before the thermal decomposition, and the
concentration in the arbitrary point x determined by above
equation and was equal Cy, then new concentration at the
time t will determine by expression:

2
Cx ~C 12(Dt) ]

x4
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Fig.10 shows graphite nanoparticles’ distribution in
ensemble, which was formed by the above annealing.
These curves don’t correspond again to graphite
configuration in porous glass. They shows just the reduce
of graphite amount by drifting apart the butts of wafer.

Comparison of the Fig.9 and Fig.10 shows us that the
graphite particles in ensemble in contrast of glucose
nanoparticles are concentrated near the butts of wafer
mainly. And specified concentration quickly fade away by
drifting apart them. Thus, areas with heightened
conductivity arise at the butts of wafer. Presence of these
areas don’t affect to the conductivity of remaining part of
specimen anyhow. Treating these areas of the wafer with
silicone paste or other one we can form an ohmic contact
to the pore glass specimen. Arising conductive areas
present an a-glass, which smoothly passes into A-glass (or
in case of other types of glass we have a pass B1 into B or
y into C or Dyinto D).

C = Cxexp(
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Fig. 9. Glucose distribution in in the porous glass wafer.
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Fig. 10. Distribution of graphite nanoparticles in the
formed ensemble.

It must be noted that the glasses of a- and y-types are
not currently used by themselves: they cannot serve as a
matrix to create ensembles of nanoparticles, because their
pores are completely filled with carbon. As carbon
conducts electricity well, they are actually just constant
resistors, with indefinite resistance. However, they give an
opportunity to dispose of residual silica gel, if they will
anneal additionally, in other words will perform secondary
carbon treatment.

This annealing temperature regime corresponds to the
silicon displacement from the oxide without simultaneous
pores’ collapse (i.e. within 300 + 400°C). This produces
chemically inert carbon dioxide. This gas is heavier than
air and therefore lingers in the pores for a while,
preventing oxygen from entering there. As a result, the
reduced silicon atoms, which are unable to oxidize, will
begin to crystallize into silicon nanocrystallites, which
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will settle on the dangle bonds, which will appear on the
walls of pores in the "stem" form due to the etching of the
silicate skeleton. The completion of the reaction can be
fixed visually by restoring of the sample transparency.
During secondary carbon treatment, almost all silica gel is
converted into silicon clusters, while the leaching
technique application leads only to the original glass
depletion with silica gel to almost complete sample
dissolution, if the leaching lasts long enough [4, 11]. Thus,
carbon treatment is an alternative way to remove silica gel
from pores. After secondary treatment, o glass is called j-
type glass, and y glass is called -type glass. It should be
noted that these types of glasses differ in many respects
from type B or D glasses, respectively [11]. This is, in
particular, due to the change in the matrix structure during
carbon treatment (as opposed to leaching): as a result,
silicon clusters appear on the slot walls, similar in
structure to porous silicon obtained by laser ablation [32].
As a result, extraneous peaks appear in the glass
luminescence spectra, which correspond to porous silicon
and are located in areas of the spectrum that may be
significant for the test substance. Therefore, f and J type
glasses are not usually used as a matrix to create
nanoparticle ensembles of, although their absorption
properties are applicable to other applications, such as
ophthalmic bioprosthetics [33-34].

Conclusion

Photoluminescence of dyes based on tetravalent
stannum complexes is possible not only in solutions but
also in the dry state, if they are formed in the form of a
nanoparticle ensemble inside a fine-porous matrix
containing residual silica gel in the porous. Silica gel
inhibits the formation of aggregations and this leads to an
increase in the glow intensity compared to the solution.

The luminescence intensity of all tautomeric forms of
this type dyes increases when the substituent of any nature
approaches to the coordination node due to the emergence
of additional electron-rotational levels suitable for the
radiative transition. This effect does not depend on the
coordination node and is true for both solutions and
nanoparticles.

When forming an ensemble of the dye nanoparticles
in a porous matrix, the increase in the concentration of the
impregnating solution first leads to an increase in the
intensity of the glow, and after exceeding the
concentration limit, photon absorption processes begin to
prevail over their radiation, and the luminescence weakens
to typical for solution.

There are two types of luminescence centers in the
dye molecule: a substituent in the hydrazide fragment,
which is analogous to the substitution impurity in the
semiconductor, and a ligand in the coordination node,
which plays the role of the interstitial impurity. The
substituent is responsible for the sensitivity to ammonia
and the ligand is responsible for the sensitivity to HCI
vapors.

The dye nanoparticle ensemble sensitivity to
ammonia shows itself in the luminescence intensity
decrease in comparison with photoluminescence in a pure
atmosphere, if the dye contains an amine substituent of the
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benzoyl type. The effect is probably related to the
formation of bridges within the matrix pores, which are
the leakage channels.

The dye nanoparticle ensemble sensitivity to HCI
vapors shows itself in the switching of the system's
luminescence to a lower intensity due to the negative
charge redistribution in it under the action of excess
chlorine ions if the dye contains a benzoyl-type hydroxyl
substituent.

In both cases, in the extraneous gases presence, the
attenuation of glow compared to photoluminescence in a
pure atmosphere is quite stable, however, the initial
intensity can be restored by short-term low-temperature
annealing, which provides multiple use of active dyes
nanoparticle ensembles as gas sensor active elements.

gel from the pores of glasses. It concerns to the glasses,
with contain this substance. Residual silica gel transforms
into silicon clusters, which settle on the walls of pores.

Primary carbon treatment leads on creation of the
conductive layer inside all the types of porous glasses. It
allows to reduce own electrical resistance of standard-size
specimens sufficiently. After such treatment these
specimens may be used as active element of resistive
humidity sensors.

Partial primary carbon treatment of the standard
specimens of porous glass allows to form ohmic contacts
on the butts of the sample for subsequent applications.

Lepikh Ya.l. — DSc, Professor;
Doycho I.K. — PhD, Senior Researcher.

Through carbon treatment of porous glass, which
consists of two steps, one can dispose of the residual silica
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SLI Jlenix, LK. [{oiiko

BiacTtuBOCTI KpeMHe3eMHHUX MOPUCTUX CTEKOJI 3 AHCAMOJISIMY HAHOYACTHHOK
AeSIKMX CIoJayK. Orisia

Misiceidomuuii naykoso-Haguanvrull Qizuxo-mexuiynuti yenmp MOH ma HAH Yxpainu npu Odecvkomy HAyioHanbHOMY
yuigepcumemi imeri 1.1 Meunuxosa, m. Odeca, Vrpaina, ndl_lepikh@onu.edu.ua

Y npoMy OMIsAl CHUCTEMAaTH30BaHO BIACTHBOCTI INMAPUCTUX CHIIKATHUX cTekod. OmmcaHo meroau
(dopMyBaHHS y MINIapHHAX AaHCAMOJIB HAaHOYACTHHOK DPEYOBHH, IO BHKOPHCTOBYIOTHCS Yy MIKPOEIEKTPOHIII.
ImapucTi CUITIKATHI CTEKJIA € MEPCIIEKTUBHUMH B I[bOMY CEHCI 3aBJISKU BIACHIM XiMiYHINi CTIHKOCTi, MEXaHIYHIN
TPUBKOCTI Ta TapHiii PO3TOPHYTOCTI CBO€I BHYTPIIIHBOI TMOBepXHi. [IpoTe, BIACHWIA ENEKTPUYHHUHA OIIp
CTAHJAapPTHUX 3pa3KiB L€ pEUOBHMHU € HAATO BEIHWKHM, 1 Uepe3 Le y CeHCOpHIi 11, 3a3BH4Yali, BUKOPHUCTOBYIOTh
HEePEBAKHO SIK MATPHIO AJIA CEHCOPIB JIIOMIHECLHEHTHOTO THUILy. JOCHi/KEHO 3ajeXHICTh JIOMIHECHEHTHHX
BIIACTHBOCTEH CHCTEMH SIK BiJl MOJIEKYIIIPHOI OYIOBH TOCITIKYBAHUX PEYOBUH (Ha KIITAIT OApBHUKIB 400 OKCHIIB
MeTaJIB), TaK i Bil TEXHOJOTIYHUX YMOB (hopMyBaHHS aHCAMOJIiB HAHOUYACTHHOK. BusiBIIeHO, 110 sIKMX caMe ra3iB €
YyTJIMBUMH OapBHUKH KOHKPETHOTO THITY i YOMY BOHHM IOBOJATH cebe came TaKuM YMHOM. IIpoJieMOHCTpOBaHoO,
3aBISKHU SIKMM BJIACTHBOCTSM PO3TIIIHYTHX HAaHOPO3MIPHHX CHCTEM BHHHUKA€ 3a3HAUCHA ra304yTIHBICTE. Jlo Toro
XK, 3aBIIKH OCOOJMBOCTSAM OYHOBHM INNAPUCTHX CHIIKATHUX CTEKOJ, y TXHI IIMApUHH MOXKHa BOYIOBYBATH
MPOBiIHY (a3y HUITXOM crierianbHol 00poOku. [Ticns 3a3Ha4eHOi 0OPOOKH CTEKIa MOXKYTh BHKOPHCTOBYBATHCS
SIK MaTpULs JUIst GOPMYBaHHS CEHCOPIB PE3UCTUBHOTO THITY.

Ku1rouoBi cji0Ba: kpeMHe3eMHE TIOPUCTE CKII0, JIFOMIHECIIEHIIIs, CCHCOPH ra3y, CEHCOPH BOJIOTOCTi, 00poOka
BYTJICIIEM, OMIYHI KOHTAKTH, OapBHUKH.
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Using the planar structures "Ni layer - chalcogenide amorphous film - Ni layer" and "graphite probe -
chalcogenide amorphous film graphite probe" samples, the influence of mercury vapor on the electrical resistance
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mercury is caused by the formation of HgSe crystalline inclusions in their matrix.
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Introduction

While studying the electrical and optical properties of
semiconductor materials, it was found that the exposure of
amorphous selenium films in mercury vapor leads to an
increase in their electrical conductivity in 5-6 orders of
magnitude [1]. The revealed impact is evidence of the
possibility of using this material as an active element of
sensitive sensors for detecting mercury vapor. The author
of this academic study considers that the reason for the
significant increase in the electric conductivity is most
likely stipulated by the formation of crystalline inclusions
of mercury selenide (HgSe) in the Se amorphous matrix.
At the same time, it is assumed mercury selenide that
appears because of the interaction of mercury with
amorphous selenium is a non-stoichiometric compound
(Se atoms predominate). A similar conclusion suggests
itself upon the results of the study we have conducted with
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the structure and morphology of the surface of amorphous
selenium films, which are modified with mercury by
methods of the X-ray diffraction analysis, Raman
spectroscopy and scanning electronic microscopy (SEM)
[2-4]. On diffraction patterns of the Se amorphous films
exposed to mercury vapor, we have found the reflections
whose intensity is growing with increasing exposure time
[2, 4]. The position of these reflections well agrees with
the position of reflections on diffraction patterns of HgSe
crystal received via the hydrochemical method using
aqueous solutions of various substances such as HgCly,
SeClsand (N2H4-H20) [5], Hg(CH3COO).i SeCls [6] in the
presence of NoHs-H2O, Hg(NOs), and Na;SeSOs [7]. In
Raman spectra of the Se amorphous films modified with
mercury, we have found weak bands [3] typical of similar
spectra of HgSe Nanocrystals that were obtained by
chemical deposition of Hg and Se vapors in zeolite matrix
with the mostly spherical pores of Nd-Y [8]. Inclusions of


mailto:center.uzh@gmail.com

V.M. Rubish, V.K. Kyrylenko, M.O. Durkot, V.V. Boryk, R.O. Dzumedzey, I.M.Yurkin, M.M.Pop, Yu.M. Myslo

another phase also clearly appear on SEM images of
surfaces that are modified with mercury from the selenium
amorphous films [2]. The research results presented in
scientific papers [2-4], with considerable reliability, allow
us to state that the structure of the phase, which is forming
in the matrix of Se amorphous films upon their
modification with mercury, corresponds to the HgSe
structure in cubic modification.

The Se-Te, Se-Sb and Se-As amorphous films, with a
low content of Te, Sb and As (up to 15 at. %), may be used
as promising materials for creating sensors for detecting
mercury vapor in the environment. In comparison with the
Se films, the films of these systems have higher softening
and crystallization temperatures and, respectively, they
are more stable and resistant to spontaneous crystallization
[9-11].

We should note that the results of the studies
presented in [1-4] concern the static mode of mercury
modification of the selenium amorphous films. The
measurements were done in a certain period, after
exposure to the amorphous films in the mercury vapor. In
terms of the practical application of selenium-containing
amorphous films, the study of their electrical properties in
the process of modification with mercury is of the most
interest. In addition, we should specify that the rate of
mercury evaporation and, respectively, mercury
concentration and saturated vapor pressure in a certain
volume shall be determined by the size of the open surface
of a mercury drop and temperature [12]. Respectively,
these parameters will significantly affect the formation
rate of HgSe inclusions and the electrical resistance of the
films.

In connection with the above, the study of the impact
of temperature, mercury concentration, and chemical
composition on the electrical characteristics of the
amorphous Se-Te (Sb, As) system is of certain interest.
We devote this scientific paper to solving these precise
issues.

I. Experimental Methodology

We have conducted the studies of the graphs of
dependency of the electrical resistance (R) of the
amorphous films of the Se-Te, Se-Sb and Se-As systems
(with low content of Te, Sb and As) on the time (t) of
exposure in mercury vapors, using special hermetic
containers, in the temperature range of 287-296 K, on
planar structures such as the ‘“Ni layer - amorphous
chalcogenide film (ACF) — Ni layer” and structures such
as the “graphite probe (GP) - amorphous chalcogenide
film (ACF) —graphite probe (GP)”. The pressure of
saturated mercury vapor at such temperatures is 0.066-
0.152 Pa, while the concentration is 5.6-13.3 mg/m?.

To study the electrical properties of structures such
as the “Ni layer-ACF-Ni layer”, we have used a combined
method [13], which makes it possible to measure the R(t)
dependency of films at changing the time of their
modification with mercury. The sequence of operations
for making planar samples such as the “Ni layer-ACF-Ni
layer” is as follows. On the glass substrate, we applied the
semi-transparent Ni layer, which is 50-150 nm thick. The
0.3-0.4 mm gap was forming on the layer by scribing. For
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this, an elliptical scriber was applied. Amorphous Se and
SeioxTex films, which are 150-300 nm thick, were applied
to the gap area via a mask. We obtained the amorphous
films of these compositions by a method of vacuum
evaporation of vitreous Se and polycrystalline alloys such
as Se1ooxTex (3<x<15) from quasi-closed effusive cells on
glass substrates with a nickel layer.

In several experiments to study the impact of mercury
vapor on the electrical resistance of amorphous films of
systems such as Se-Sb and Se-As we applied such
structures as “GP-ACF-GP”. The probes’ diameters were
0.5 mm while the distance between them could be variable
from 2 to 5 mm. Such structures have the advantages of
the simplicity of high-quality cleaning of contact surfaces
in the measuring system and constructively built-in
stability of the distance between probes. It is important to
simplify the structure of samples such as “GP-ACF-GP”
because of the absence of the stage of sputtering of metal
cords. In this structure of the measuring cell, the thickness
of the chalcogenide film was approximately 1 mcm.

Il. Experimental Results

Fig. 1. shows the graphs of dependence of the
electrical resistance of planar samples such as the “Ni
layer-Se film-Ni layer” from the time of their modification
with mercury at various ambient temperatures and
mercury concentration (the beginning of activating the
amorphous selenium by mercury is marked on figures
with an up arrow (1)). The thickness of the selenium film
(dse), the surface area of the mercury drops (Swg) and the
temperature, at which we measured the dependency of
samples’ resistance at the time of their modification with
mercury, are specified directly in the figures. The
thickness of the Ni layer was 60-70 nm. In the
experiments, we applied the vessels in which the surface
drop area was 7 and 70 mm?.

As you can see from Fig. 1., there is a latent period
during which the resistance of the planar sample remains
almost unchangeable. The period duration depends on
mercury concentration and temperature and ranges from
several minutes to one hour. Later, the resistance of the
planar samples reduces sharply (by 4-6 orders of
magnitude). For some structures of samples, we found a
reduction in resistance by almost 7 orders of magnitude
[14]. With the temperature rise, the duration of the latent
period reduces and the rate of resistance increases. The
same picture is also observed with an increase in mercury
concentration. We got similar results (a sharp reduction in
resistance by 4-6 orders of magnitude) while using
samples such as “Cr layer - Se film - Cr layer” [15]. Such
a course of dependency R(t) may be explained from the
point of structural changes, which occur in the Se
amorphous films at their modification with mercury. In
[16, 17], based on Raman studies, we concluded that the
matrix of the Se amorphous film is built both by elements
of the Segrings and the elements of the helical Se, chains.
During the latent period, the interaction of the Se and Hg
atoms occurs. Such interaction ends with the formation of
the HgSe ‘island-bridge’ structure in the Se subsurface
layer. The studies’ results of the Se amorphous films,
which are modified with mercury, [2-4] do not negate this
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Fig. 1. The graph showing the dependence of the electrical resistance of planar samples such as the “Ni layer — Se
amorphous film - Ni layer” from the time of exposure to the mercury vapour (there are explanations in the figure
and in the text).

conclusion. Subsequently, the increase in the time of
exposure of films in the mercury vapor leads to a
significant increase in the islands’ sizes and strengthening
of the bridge connection between them. By this, we can
explain the impact of a sharp reduction in the electrical
resistance in samples such as the “Ni(Cr)layer - Se
amorphous film - Ni(Cr)layer” modified with mercury.

Fig. 2. shows the graph showing the dependence of
the sample resistance from the time of activation by
mercury, for the case when the mercury concentration
changed within the measuring (vessels with different Sygq
were alternately introduced in and removed from the
measuring container). The moment of the vessel’s
removal in Fig. 2. is marked by an arrow down (|). We
can see that when the vessels with mercury are introduced
into the measuring container, the graph showing
dependence R(t) shows the sections where the resistance
of the sample reduces sharply. The rate of changing the
resistance of the sample decreases significantly at a
reduction in the dynamic concentration of mercury, i.e.
when we change the vessel with the Hg surface area of 70
mm? for the vessel with Spg=7 mm2. On the graph showing
the dependence of the electrical resistance of the sample
such as the “Ni layer - Se film - Ni layer” from the time of
its exposure to mercury vapor, some sectors are available
where the resistance practically does not change (after
removing the vessels with Hg), allows us to assert about
the ability to keep in “memory” the mercury
concentration, which the sample has absorbed before
removing the vessels with mercury from measuring
container.

Fig. 3. depicts the graph showing dependence R(t) for
the samples such as the "Ni layer - Seigo-xTex film - Ni
layer”. Just like for the Se amorphous films, modification
with mercury of the amorphous films such as the
SeigoxTex (x=3, 5, 10 and 15) leads to a reduction in their
electrical resistance by 4-6 orders of magnitude. We can
see that with an increase in the Te concentration in the
composition of films of the Se-Te system, the resistance
variation value reduces during the transition from a high-
resistance state to a low-resistance state while the
transition time and latent period increase. This may show
a reduction in the instability of the structural network of

337

films in the Se-Te system when the Se atoms are replaced
by the Te atoms. As we have noted above, the structural
network of the selenium amorphous film is built up by
elements of Seg rings and Sen chains. When the Se atoms
replace the Te atoms in SeigoxTex films, the tellurium
atoms statically and uniformly replace the Se atoms in
these chain groups. This, in turn, leads to a reduction in
the Se, length and, consequently, to a reduction in the
quantity of Se atoms, which can interact with mercury. As
in the case of the selenium amorphous films, HgSe [17]
inclusions are formed in the amorphous matrix if the
SeiooxTex films are exposed to the mercury vapor. Such
formation leads to a sharp decrease in the electrical
resistance of planar structures such as the “Ni layer -
SeiooxTex film - Ni layer”. According to Raman studies,

we did not find the HgTe inclusions in the
Seioox Tex films modified with mercury [17].
109 a T=296K ,
Syg=7 170 nm
dyi =125 nm
= =
5 107 70 mm2 7 mm dg, =200 nm
=
10° 4 H
27 2
7 mm? { mm
10° . .
0 1 2 3
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Fig. 2. The graph showing the dependence of the electrical
resistance of planar samples such as the “Ni layer-Se film-
Ni layer” for the case when the concentration of mercury
changed within the resistance measuring (there are
explanations in the figure and in the text).

Experiments proved that the course of the graph
showing the dependence of planar structures such as the
“Ni(Cr) layer-ACF-Ni(Cr) layer” practically does not
depend on the thickness of the chalcogenide film. We
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Fig. 3. The graph showing the dependence of the electrical resistance from planar samples such as the
“Ni layer —Seigo T €x film — Ni layer” from the time of exposure to mercury vapour.

remind that the thickness of chalcogenide films such as
SeigoxTex (0<x<15) in these experiments was 150-
300 nm. This allows us to conclude that the change in the
electrical resistance of such planar structures is mainly
determined by changes in the surface -electrical
conductivity of chalcogenide films. This conclusion is
confirmed by the results of studies of the impact of
mercury vapor on the electrical resistance of chalcogenide
films while using the samples such as “GP- ACF-GP”.
The thickness of chalcogenide films such as the
Se100xSb(As)x (x=0, 3, 7) was 1 mcm in these experiments.
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Fig. 4. The graph showing the dependence of the electrical
resistance from planar samples such as “GP- ACF-GP”
from the time of exposure to mercury vapor.

The graph showing the dependence of the electric
resistance of some samples such as the
“GP-Se100xSb(As)x film- GP” from the time of their
exposure to the mercury vapor at the temperature of 283-
287 K are shown in Fig. 4. We can see that the graph
showing dependency R(t) of samples such as the “GP-
Se100«Sb(AS)x films-GP” are similar to the same graphs of
the dependency shown in Fig. 1 and Fig. 3. Given the
results of above studies, we may assume that the reduction
in the electrical resistance of such samples as the “GP-
ACF- GP”, which are modified with mercury, is stipulated
by the formation of the HgSe crystalline inclusions at the
surface layer of chalcogenide film. It is seen from Fig. 4,
that with an increase in the content of Sb and As in the
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composition of films, the latent period, during which the
resistance practically does not change, increases. In this
case, the time of transition from the high-resistance state
to the low-resistance state also increases. As for the
SeinoxTex films, this fact is stipulated by the reduction in
the length of the Se, chains due to the formation of such
structural elements as Sb(As)Ses, [10], in which the
heteropolar Sb-Se bonds and As-Se bonds have more
stability than homopolar Se-Se bonds of. Respectively, the
quantity of the Se atoms, which may interact with Hg
atoms to form HgSe, is much fewer.

Conclusions

Having studied the graphs of dependence of electric
resistance of amorphous films such as the Se, SeigoxTex,
Se100xShx and Seio-xAsx from the time of exposure to
mercury vapor, we have found as follows.

There is a latent period during which the resistance of
the samples is practically unchanged. Depending on the
mercury concentration, the temperature and the chemical
composition of the films, the above duration period may
range from several minutes to one hour.

A further increase in exposure time of chalcogenide
films in mercury vapor leads to a reduction in their
electrical resistance by 4-7 orders of magnitude.
Reduction in electrical resistance is mainly determined by
an increase in the electrical conductivity of the films
because of forming crystalline inclusions of mercury
selenide in their surface layers.

The time of the film’s transition from a high-
resistance state to a low-resistance state reduces with
increasing the temperature and mercury concentration.
When the content of Te, Se and As increases in the films,
the time of transition increases while the value of the
variable resistance reduces.

The obtained results show the possibility of using
amorphous films of the Se-Te, Se-Sb and Se-As systems
as sensitive elements of the electric sensors for detecting
the mercury vapor.
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BruiuB napiB pTyTi HA eJIEKTPUYHUIN OMIP XAJLKOTeHIIHUX aMOP(HMX ILUTIBOK

Ynemumym npobrem peccmpayii inghopmayii HAH Yipainu, Yoceopoo, Yrpaina, center.uzh@gmail.com
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8 Vowczopoocvruil nayionansuuil yuisepcumenm, Yoiczopoo, Ypaina

3 BUKOPHCTAHHSM IUIAHAPHUX CTPYKTYp «map Ni-xanskoreninaa amopdHa rutiBka-map Ni» Ta 3paskis
«rpadiToBUi 30HA-XaNbKOTEHIIHa amMop(Ha IUTIBKa-rpadiTOBMH 30HI» MOCTIIKEHO BIUIMB MHapiB PTYTi Ha
€JIEKTPUYHKI OImip aMOp(HUX IUIiBOK cucTeM Se-Te, Se-Sh i Se-As. BeraHosiieHo, 1110 BATPUMKA 3pa3KiB B apax
PTYTI OpU3BOOUTH A0 3MEHIICHHS IX €JIEKTPHYHOTO Omopy Ha 4-7 MOpsIKiB. 3 MiABHIICHHSAM TeMIIEpaTypH i
KOHIIEHTpamil pPTyTi 4ac Iepexoqy 3 BHCOKOOMHOTO CTaHy B HHU3BKOOMHHH 3MeHHIyeThcs. IIpu BBeneHHI B
amopGHwmii cenen Te, Sb Ta AS i 30inbIIeHH] X KOHIEHTpAIT y CKJIa/Ii IUTIBOK Yac MEePEXo/y 3pOCTae, a BeMMInHa
3MIHH OMOpPY 3MCHIIYEThCS. BCTaHOBIICHO, 110 3MiHA ONOPY BH3HAYAETHCS B OCHOBHOMY 3MIiHOIO IIOBEPXHEBOI
SIIEKTPOIIPOBITHOCTI XaJNbKOTEHITHNUX IUIIBOK. 3MEHIICHHS EJIIEKTPHYHOIO OIOpYy CEICHOBMICHHX aMOp(HHX
UTiBOK, MOZM(IKOBAaHUX PTYTTIO, BUKIMKaHe ()OPMYBAHHSIM B X MaTPHUL KpUCTANIIYHUX BKIoueHs HQSe.

KoarodoBi cioBa: xanbKoreHimHi aMOpQHI IUIIBKY, EIEKTPUYHUH oOmip, MOIU(IKyBaHHS IUIBOK PTYTTIO,
CeJIeHI PTYTi, CEHCOPHU HAsIBHOCTI PTYTHHUX MapiB.
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The purpose of the article is to discuss the methods of
synthesis and thermomechanical processing, structural
features, as well as the use of alloys based on nitinol in
modern high technologies.

A very extensive literature review of works in the
field of research of materials with a memory effect does
not allow us to consider them all in detail. Therefore, the
following is only a brief part of all available literature in
this area.

Modern scientific progress is unthinkable without the
search and creation of new materials with functional
properties. Such promising materials include shape-
memory alloys. This contributed to the extensive
popularity of this material for a wide range of applications

[1-5].
Shape memory alloys (SMAS) are such kinds of alloys
whose technical properties contribute to solve

complicated challenges in the modern world. SMAs have
2 main technical properties used in modern industry:
shape memory effect and superelasticity. The shape
memory effect helps SMAS to recover their initial shape
during the thermomechanical cycle. Superelasticity helps
SMAs to resist extra-large loads without plastic
deformation during only mechanical cycles [1-3].

SMAs are used in a wide variety of applications in
modern industries. They are used as dental wires, in
joining broken bones using metal plates, and in the

341

construction  of  sensitive medical devices in
bioengineering applications [4]. They are also used as
tubes and wires in applications with hot fluids. SMAs are
ideal as they can return to their original shape even in a
heated environment [1,2 ].

SMAs are applied also in civil engineering, for
instance, in bridge construction. SMAs reduce vibrations,
hence damping the natural frequency of different
structures. This vibration-damping property has also been
used in jet engines and launch vehicles [4]. One potential
application for SMAs with high working temperatures is
decreasing airplane noise [5]

Fig. 1 shows the application of SMAs in medical and
jet engines aerospace engineering.

Nitinol (NiTi) is one the most famous alloy among the
SMAs family and consist of a nearly equal amount of
nickel and titanium. Despite the fact that the region of
homogeneity of this alloy is 50-56 at %Ni, from a
technical point of view, alloys from the region of 50-
52 at% Ni are the most applicable (Fig. 2) [6].

Therefore, in the literature, there are a number of
works devoted to the study of alloys from this range of
compositions  [6-12]. Usually, to improve the
thermomechanical properties, these alloys are alloyed
with a third element: hafnium, zirconium, and silicon [13-
17]. More complex compositions are also used [18, 19].
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Fig 1. Application of shape memory alloys [4,5].

The rapid development of new technologies imposes
the most important and diverse requirements on materials.
However, traditional methods for discovering new
materials, such as empirical trial and error and density
functional theory (DFT), usually require a long research
time. Machine learning (ML) can significantly reduce
computational costs and reduce research time; i.e. it is one
of the most efficient ways to replace DFT calculations and
repetitive lab experiments. Machine learning is used to
discover new materials, predict material and molecular
properties, study quantum chemistry, and design drugs
[20-23].
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Fig 2. Phase diagram of the Ni-Ti binary system [6].
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A number of investigations are devoted to
manufacturing and applications of NiTi-based alloys by
using ML. In [7, 22-25], the dependences of transition
temperatures from features were investigated in NiTiHf
and NiTiFeCuPd alloys by using various ML methods. In
[22] Gauss Process Regression was used to predict
transition temperatures of nitinol-based alloys. Authors of
[23] used the artificial neural network to find the best
parameters for manufacturing NiTi-based alloys. It was
found that cutting parameters, such as feed rate, cutting
speed, and depth of cut have a significant influence on the
machining process of this alloy. Deep Learning was
applied to predict the conventional vyield strength,
conventional tensile strength, and unit elongation of
binary nitinol [24]. It was obtained that, Deep Learning
showed higher performance as compared with Random
Forest which also was used in this article.

The study [25] presents the optimization of cutting
parameters, such as feed rate, cutting speed, and depth of
cut, to obtain appropriate and acceptable values for critical
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outputs, such as cutting forces, tool wear, surface
roughness, and dimensional deviation of machined parts.
This study showed that the developed empirical model can
predict the main results of turning operations with high
accuracy. Cutting speed has been shown to play a critical
role in controlling output data such as tool wear, surface
roughness, and cutting forces (Fig. 3). With a lower
cutting speed, relatively higher feed, and depth of cut,
material removal rate can be maximized when machining
NiTiHf HTSMA.

The optimization of parameters of electrochemical
machining was investigated by using a deep neural
network, Taguchi regression, and response surface
method. The results obtained by the authors were
compared among each other and discussed in the work [7].

In the literature, there is a huge number of works
devoted to various methods of manufacturing and heat
treatment [27-35], the study of the influence of chemical
composition on phase formation and transformation [35-
41], crystal structure [41-46], thermomechanical
properties [45-48], improving and optimization of
manufacturing parameters [30, 49-53].

Let's briefly discuss some of these works.

The machinability of Ti—rich NisggTizo2Hf20 and Ni-
rich NisogTize2Hf20 high-temperature shape memory alloy
(HTSMA) wires were investigated in the 750-825°C
temperature range [8]. Tensile testing and differential
scanning calorimetry have been used to determine the
thermomechanical  behavior of hot-rolling alloy
solutionized and then aged NiTiHf wires. It was obtained
that, the ideal temperature of rolling for Ni-rich NiTiHf
wires is over H-phase dissolution temperature (about 800°
C). The reason for such a temperature is to prevent the
wire from getting more brittle because of the H-phase
effect and restrict compositional instability at the surface
of the wire caused by HfO,. The properties of oxide layers
created during the rolling process and then heat treatments
have been compared to solve several problems related to
NiTiHf wire processing.

A new combinatorial alloy synthesis method
(suspended droplet alloying- SDA) has been proposed for
effective alloy discovery [26]. In this method, a laser is
used to melt alloyed or elemental wires fed at a controlled
rate to get a specific chemistry. The synthesized sample
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was subjected to heat treatment for various periods of
time. The microstructural and chemical inhomogeneity
was assessed using quantitative electron microscopy and
X-ray diffraction. In addition, the phase transition
temperatures of the samples were compared to cast and
heat-treated (reference) samples (Fig. 4). As a rule, long-
term annealed samples showed a limited local deviation
from the target chemical composition (+1 wt.%) while
showing an expected phase distribution with the fairly
homogeneous microstructure. According to this work, the
original sample has a lower temperature of
transformations due to chemical inhomogeneity, while the
heat-treated samples have a similar transformation
temperature to the reference sample.
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Fig. 4. Influence of the heat treatment time on the
transformation temperatures and peak height, in
comparison to the reference Tiso.4Niags Sample (marked as
a reference on the left of the figure) [26].

NiTi-20Hf HTSMA with the composition of 50-
51%Ni has been manufactured and tested by using thermal
cycling, heat treatments, and hardness testing [49]. For all
conditions, transformation temperatures have been
measured, and has been observed negative correlation
between transformation temperature and Ni content up to
50.5%. However, above 50.5% Ni content,
transformation temperature has increased or has been
stable depending on the homogenized condition or age.
Similar behavior has been observed in hardness test
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results. Above 50.5% Ni contents, NiTi-20Hf alloys have
illustrated higher hardness results in 550°C for 3 h aging
conditions

Laser powder bed fusion was extensively investigated
in the shape memory alloys field, primarily NiTi alloys to
adapt microstructures and create complex geometries [30].
However, according to the authors, the processing of
HTSMA still remains unknown. This paper investigated
the dependence of the functionality of this alloy on the
effect of process parameters (PP). Microstructure and the
shape memory properties of additively fabricated high-
temperature NiTiHf alloys were characterized over a large
range of PP (hatch spacing, scan speed, and laser power,)
and correlation with energy density was found. The results
will help for optimizing fabrication parameters in future
works related to HTSMA.

Authors of [34], for the first time, laser welding has
been used to increase the strength of Ni-rich NiTiHf
HTSMA. Initial material aged at 500 °C for 3 h, then air
cooled. After these heat treatments, defectless joints with
conductive ~ weld  conditions  were  obtained.
Microstructural  properties, facilitated by using
synchrotron X-ray diffraction and microscopy, showed
that at room temperature, the melting zone consists of a
single-phase martensitic structure. However, in base
material melting zone consists of martensite and H-phase
precipitates. Loading at constant temperatures (30 °C for
martensite, 200 °C for austenite) both of phases showed
equal strength and nearly perfect superelasticity.

In [41], the microstructure and mechanical properties
of rapidly solidified Tiso-x2Nisox2Hfx (x=0, 2, 4, 6, 8, 10,
and 12 at.%) and Tiso.y2Nisoy2Siy (y = 1, 2, 3, 5, 7, and
10 at.%) shape memory alloys (SMAS) were investigated.
The sequence of the phase formation and transformations
in dependence on the chemical composition is established.
Rapidly solidified Ti-Ni-Hf or Ti-Ni-Si SMAs are found
to show relatively high yield strength and large ductility
for specific Hf or Si concentrations, which is due to the
gradual disappearance of the phase transformation from
austenite to twinned martensite and the predominance of
the phase transformation from twinned martensite to
detwinned martensite during deformation as well as to the
refinement of dendrites and the precipitation of brittle
intermetallic compounds. The authors show a formation of
continuous series of solid solutions exists between the
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Fig. 5. Powder XRD difractograms of the rapidly solidified (a) Ti-Ni-Hf and (b) Ti-Ni-Si samples [41].

HfNi and NiTi phases at the high temperatures (> 1448 K)
(Fig. 5).

Scanning electron microscopy, transmission electron,
and X-ray diffraction (XRD) were used to investigate how
the amount of zirconium (0-20%) affects to morphological
features of martensitic transformation and phase
composition of ternary Ni-Ti-Zr alloys [44]. In a large
range of temperatures, the electrical resistivity of ternary
Ni-Ti-Zr alloys was measured and critical temperatures
were calculated. In addition, based on XRD data the
complete diagram of martensitic transformations B2 «
B19' of ternary Ni-Ti-Zr HTSMA which occurs in a range
between 32-50 K has been constructed. It was shown that
the increasing amount of Zr in alloys results in increasing

martensitic transformation temperature.

Conclusion

In this article, a number of works on nitinol-based
alloys, their synthesis, heat treatment, crystal structure,
and thermomechanical properties are considered and
analyzed. However, the presence of a large number of
unexplored problems requires further research in these
areas.
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Using the method of low-temperature nitrogen adsorption/desorption, the porous structure of nanoporous
carbon materials obtained by alkaline activation of light industry waste (walnut shells) with subsequent thermal
modification was investigated. The optimal relationship between temperature and modification time has been
established. It is shown that an increase in the modification temperature reduces the transition time of micropores
into mesopores and leads to a decrease in the specific surface area and total pore volume. Thus, the material obtained
at a modification temperature of 400 °C and a holding time of 120 min is characterized by the maximum specific
surface area of 940 m?/g. It has been investigated that an increase in the time of temperature modification leads to

an increase in specific electrical conductivity.
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Introduction

The study of sorption properties of materials with a
highly developed surface is currently receiving the
greatest attention of researchers due to the wide scope of
their application [1-3]. The main advantage in this type of
research is precisely those materials that, along with a
highly developed surface, would have such characteristics
as a wide range of applications, variability between the
possibility of controlling their properties both during
acquisition and adjusting certain parameters in subsequent
modification. Activated carbon materials obtained from
raw materials of vegetable origin (wood sawdust, nuts,
fruit stones, rice husks, etc.) have an undeniable advantage
when used in such research. Along with the properties
mentioned above, these materials also have such an
important property as environmental friendliness [4]. And
this property is currently the main advantage of these
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materials and makes them practically the main materials
for research. Among the numerous advantages of this raw
material, one should also include the wide-scale scope of
their application: from the medical field (sorbents, blood
purification, etc. [5]) to industrial applications
(purification of drinking water, material for
electrochemical power sources, etc. [6,7]).

The aim of the research is to obtain carbon materials
based on food industry waste with controlled sorption
properties and to adjust their properties using
thermochemical activation for use as electrodes of
electrochemical capacitors.

I. Materials and methods of research

Depending on the fields of application, researchers try
to achieve specific properties of the developed surface,
such as the ratio of the sizes of macro-, meso- and
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micropores of carbon materials during the carbonization
of raw materials. However, the correction of these ratios
is usually acquired during their further modification
through chemical and thermal activations. This is
primarily related to the structure of the raw material,
subsequent modification and composition of the precursor
during chemical processing and thermal activation of the
finished material [8]. Heat treatment and chemical
activation usually take place at different temperature and
time regimes depending on the raw material using
dehydrating agents (phosphoric acid, zinc chloride,
potassium hydroxide) [9].

Preparation of nanoporous carbon materials (NCM)
was carried out by the method of thermochemical
activation. At the first stage, mechanically crushed walnut
shells were poured into an autoclave and heated to 300-
350 °C at a heating rate of 10 °C/min and held at this
temperature for 30 min. The obtained carbonate was
mechanically crushed to a fraction of 250 pm and mixed
with water and potassium hydroxide in a weight ratio of
1:1:0.5. The resulting mixture was stirred for 30 minutes
and dried in vacuum oven at a temperature of 70-80 °C for
48 hours. After complete drying, the obtained material
was poured into an autoclave, placed in a furnace and
heated to 900 °C at a heating rate of 10 °C/min and held at
this temperature for 30 min. Cooling was carried out with
the furnace turned off. After complete cooling, the carbon
material was washed with distilled water to neutral pH. In
this way, we obtained thermochemically activated carbon
material (L). Additional thermal activation was performed
to open the internal porosity and increase the specific
surface area of the carbon material. At the next stage, the
obtained carbon material was subjected to thermal
activation in an air atmosphere. Activation was carried out
at a temperature of 400 °C for different time intervals from
30 to 240 min in steps of 30 min. The samples were
numbered according to the time of thermal activation
(LH30-LH240). For example, sample LH90 is a material
thermally activated for 90 min at a temperature of 400 °C.
According to the described method, series of carbon
materials activated at a temperature of 450 °C (series —
LD) and 500 °C (series — LH) were obtained.

Nitrogen adsorption/desorption  isotherms  for
evaluating the porous structure of the carbon material
were obtained using a Quantachrome Autosorb Nova
2200e sorbtometer. Calculations were performed using the
Brunauer-Emmet-Teller (BET) method for specific
surface area, complementary Barrett-Joyner-Halenda
(BJH) methods, Density Functional Theory (DFT), and
the t-method for pore size distribution.

The content of chemical compounds in the studied
materials was determined by burning the carbon material
at a temperature of 1000 °C. The analysis of the
composition of the obtained ash was carried out using the
"EXPERT 3L" alloy elemental composition analyzer.

I1. Results and discussion

The basis for calculating the values of the specific
surface area (Sger), the specific surface area of micropores
(Smicro) @nd mesopores (Smeso), as well as the value of the
total pore volume (Vs) and the volume of micropores
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(Vmicro), as well as the distribution of pores by the
dimensions were the analysis of sorption isotherms [10-
12]. Before the measurements, the samples were degassed
at a temperature of 180 °C for 18 hours. Nitrogen
adsorption/desorption isotherms for the studied carbon
materials obtained by thermal treatment at a temperature
of 400 °C with different exposure times of this treatment
are shown in Fig. 1. All isotherms belong to the 1l type of
isotherms according to the IJUPAC classification and are
characteristic of the formation of a polylayer on the
surface with a high adsorption potential. A hysteresis loop
is observed on almost all isotherms, which is associated
with sorption processes in sub-nanopores (pore size
between 0.1 and 1nm according to the IUPAC
classification [13]). The presence of a hysteresis loop for
the investigated carbon materials and changes in its
dimensions also indicate the presence of a relative number
of mesopores. There is an open hysteresis loop, that is, a
divergence of the adsorption/desorption curves in the
region of low pressures for the carbonized material that
was not subjected to heat treatment. It is characteristic of
materials that retain the adsorbate over the entire range of
relative  pressures. Changes in the shape of
adsorption/desorption curves indicate the development of
a porous structure during heat treatment of carbon
materials. Isotherms of other series with different
temperatures and time of heat treatment have similar
shapes, so they are not given in this paper.
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Fig. 1. Nitrogen adsorption isotherms of the obtained
samples.

The parameters of the porous structure of the obtained
materials are shown in the table 1. The specific surface
area was determined by the BET method [14]. Several
complementary methods were used to estimate the pore
size distribution. The BJH method is usually used to
determine the size distribution of mesopores (correctness
interval is 3-60 nm), while using the desorption curve in
the pressure range of (0.4-0.967) p/po [15]. The
mesoporous  structure was developed for all the
investigated materials of the LH series. The share of
mesopores in the total volume of pores calculated by the
t-method is 72-95 %. For samples of the LH series, the
growth of micropores occurs up to 120 min, after the
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Parameters of the porous structure of the obtained materials of the LH series Teble
Specific surface area
SAPIe | Sser, | Sweor | S | cndlg | omire | o | VmgVE | VesaVie g nm
m2/g | m?g m2/g
L 707 528 179 0.709 0.081 0.628 0.114 88.6 4.016
LH 30 831 460 371 0.709 0.156 0.553 0.220 78.0 3411
LH 60 868 445 423 0.695 0.173 0.522 0.249 75.1 3.203
LH 90 897 419 478 0.708 0.196 0.512 0.277 72.3 3.156
LH 120 940 443 497 0.727 0.201 0.526 0.276 72.4 3.092
LH 150 875 636 239 0.835 0.101 0.734 0.121 87.9 3.819
LH 180 782 576 206 0.761 0.086 0.675 0.113 88.7 3.896
LH 210 707 624 83 0.764 0.039 0.725 0.051 94.9 4.32
LH 240 511 511 - 0.613 - 0.613 0.000 100.0 4.795

specified time, the total volume of micropores decreases
due to their burnout and transition to mesopores, the
volume fraction of which increases by 40 %. At the same
time, a decrease in the total specific surface area is
observed both due to the transition of mesopores into
macropores and due to the combustion of carbon material
(Fig. 2). A further increase in exposure time leads to an
uneven redistribution of macro- and mesopores. For the
sample aged for 240 min, there are practically no
micropores, and the percentage of material yield by mass
is 33 %. The maximum volume of mesopores is observed
for materials with a heat treatment time of 150-210 min.
The decrease in the percentage mass of the material for the
sample of the LH series is presented in Fig. 2.
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Fig. 2. Dependence of the mass of the obtained NCM on
the time of temperature exposure (LH series).

T
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For series of materials with a higher temperature of
thermal modification, a decrease in the time of
temperature influence on the maximum value of the
specific surface area and the maximum volume of
mesopores is observed. Thus, the peak value of the
specific surface area with increasing activation
temperature shifts toward decreasing activation time. For
the LD series, the maximum value of the specific surface
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area is 910 m?/g (heat treatment time 90 min), and for the
LF series it is 870 m?/g (heat treatment time 60 min).
However, the maximum value of the specific surface area
for higher activation temperatures is not reached.

The characteristics of the mesoporous structure were
described using the BJH method. For samples of the LH
series, the maximum mesopore volume in the range of
Vmeso = 0.11 — 0.12 cm?/g is reached at 150-210 min. For
practically all samples of the LH series, the maximum of
the differential pore volume falls on the pores in the
interval d = 3.3-3.7 nm. With the growth of the pore
diameter a sharp decrease in the differential pore volume
is observed, and for d = 30-60 nm in all the studied
samples it changes monotonically in the interval (1-
2) - 10° cm®/g. For samples of the LD, LF series, the peak
of the differential pore volume falls on a similar pore
diameter interval. The maximum mesopore volume for
samples of the LD and LF series is in the range of
Vmeso = 0.11-0.12 cm®/g at 30-60 min, respectively. The
dependence of the differential pore volume on their
diameter for materials with the maximum value of the total
pore volume in each of the series is shown in Fig. 3.
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Fig. 3. Dependencies of the maximum values of the
differential pore volume on the diameter for different
series of the obtained materials.
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To describe the size distribution of micropores, the
QSDFT (Quenched Solid DFT) method of Density
Functional Theory (DFT) [16] was used, which takes into
account the structural heterogeneity of the surface of slit-
like pores. The carbonized material is characterized by the
presence of a peak in the region d=1.0-1.2 nm with a
maximum d=1.1 nm (Fig. 4). A peak in the region of sub-
nanopores (up to 1 nm) is clearly distinguished in the
samples of the LH series, for all times of temperature
exposure. With increasing temperature exposure time (up
to 120 min), a peak shift from d = 0.7 nm (for sample LH-
30) to d = 0.8-0.9 nm (for samples LH-90 — LH-120) is
observed, which is also accompanied by an increase in the
differential volume of pores (Fig. 4). That is, probably, at
the given times of temperature exposure, the formation
and burnout of pores of the specified diameter takes place.
An increase in the time of temperature exposure leads to a
monotonous decrease in the differential pore volume, and
the LH-240 sample shows a wide and homogeneous
micropores size distribution and a relatively low value of
dv(d) < 0,15 cm®/nm/g. Samples of the LD series (Fig. 5)
are characterized by the presence of peaks in a similar
range. The difference is an insignificant increase in the
differential volume of pores and the formation of peaks at
shorter times of temperature exposure. For samples of the
LF series (Fig. 6), the peak at d = 0.9 nm is present for the
sample with a temperature exposure time of 30 min. A
further increase in the time of temperature exposure leads
to a decrease in the differential pore volume and a shift of
the peak to the region d = 0.6-0.7 nm. That is, an increase
in temperature probably leads to the combustion of carbon
particles, which is manifested in a decrease in the volume
of sub-nanopores. Thus, the time of temperature exposure
is one of the determining factors for the formation of a
mesoporous structured.

—a— L
0.6 - —e— LH30
LH60
0.5 —w— LH90
L0 LH120
g 04- < LHI50
k= > LHIS80
ME _— & LH210
s —— LH240
= 0.2-
-’
>
= 0.1
0.0
T T T T ol T T T 1
04 06 08 1.0 12 14 16 1.8 20
d, nm

Fig. 4. Size distribution of micropores for LH series
carbon materials (QSDFT method).

The dependence of the specific electrical conductivity
on the time of temperature exposure is shown in Fig. 7.
The carbon material was pressed at a pressure of 1.5 MPa.
A further increase in pressing pressure leads to
insignificant deviations in the changes in specific
electrical conductivity values. An increase in the time of
temperature exposure leads to an increase in specific
electrical conductivity, which is probably due to a change
in the structure of carbon particles, a significant burnout
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of the carbon material, which in turn leads to densification
and arrangement of its structure.
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Fig 5. Micropores size distribution for LD series carbon
materials (QSDFT method).
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Fig. 6. Micropores size distribution for LF series carbon
materials (QSDFT method).
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Fig. 7. Dependence of specific electrical conductivity on
time of temperature exposure.

The content of chemical compounds in the obtained
carbon materials was evaluated by burning it at a
temperature of 1000 °C. Table 2 shows a number of
existing compounds found in ash. An insignificant amount
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(about 1.5%) of potassium oxide in the ash is due to the
specificity of the method of obtaining porous carbon

material.

Table 2.

The content of chemical compounds in carbon material

The The
. concentrati Mass of concentration
Chemical on of the of the
compound .
compound | compound in ash, mg compound in
in the ash, ' the carbon
% material, %
Al,Os3 3.032 5.49 0.164
SiO; 1.544 2.79 0.083
K20 27.288 49.39 1.474
CaO 15.363 27.81 0.830
Cr,0s 0.637 1.15 0.034
Ni>O3 0.224 0.41 0.012
MnO; 0.297 0.54 0.016
Fe 03 50.33 91.10 2.719
CuO 0.885 1.60 0.048
SOs 0.248 0.45 0.013
SrO 0.095 0.17 0.005
Conclusions

The technique of obtaining nanoporous carbon
material from light industry waste (wallnut shells) by
thermochemical alkaline activation with subsequent
temperature exposure to form an optimal pore size ratio
was studied. A clear correlation was found between the
volume and surface of micropores and the temperature and
time of NCM modification. It was established that
changing the modes of modification of carbon materials is
an effective tool for regulating their porous structure,

which makes it possible to obtain samples with a
predetermined morphology.

It was established that an increase in the treatment
temperature leads to a decrease in the maximum specific
surface area from 940 m?/g for the LH 120 sample to
870 m?/g for the LF 60 sample and a decrease in the
temperature exposure time to reach the specified peak
values.
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CTpyKTYpHO-COpPOLIliHI BJACTUBOCTI HAHOMOPUCTHUX BYIJIEHEBUX
MarepiaJiiB, OTPMMAHHUX 3i IIKAPAJIYIIH ropixa

Ulpuxapnamcviuil nayionanouut ynieepcumem imeni Bacuns Cmegpanuxa, Isano-®panxiscok, Ypaina,
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MeTtomoM HH3BKOTEMIIEPATYpHOI aacopOIii/mecopOmii a30Ty HOCTiKeHa MOPHCTa CTPYKTypa HAHOTOPUCTHX
BYIJICHIEBUX MaTepialiB, OTPUMAHHUX JY)KHOIO aKTHBAI[i€I0 BiIXOJIB JETKOi MPOMHCIOBOCTI (IIKapalymu ropixa) 3
MOJIANTBIIIO0 TEPMIYHOK Moaudikaiiero. BCTaHOBIEHO ONTUMATBbHY 3alEKHICTh MK TEMIEPaTypol Ta YacoM
momudikarii. [Tokazano, 10 3pocTaHHs TeMIepaTyps MoaudikaIlii 3MEHIIIye Jac Mepexoy MIKpOIop B ME30TOpHU Ta
MPU3BOAUTH JI0 3MEHIIIEHHS IJIOIII TUTOMOT TIOBEPXHi 1 3arajbHOr0 06’ eMy mop. Tak, MaKCHMaTbHOIO TUTOMOFO TLIOIICIO
nosepxui 940 M%/r Bonojiie MaTepial, OTpuMaHHUil pu TemmepaTypi Moaudikauii 400 °C Ta uaci ButpuMku 20 XB.
JlocnmipkeHo, IO  3pOCTaHHS dYacy TemmeparypHoi Moaudikarii MOpu3BOAUTH A0 30UIBIICHHS MTHUTOMOT
€JIEKTPOTPOBITHOCTI.

Kio4oBi cjioBa: HaHOTIOPUCTHIT BYTJICIEBUI MaTepiall, TEPMOXiMi4HA aKTHBAIlis, IIMTOMA TUIOMIA MOBEPXHI,
pO3ToaiN mop 3a po3Mipamu, MATOMA EIEKTPOTIPOBIIHICTb.
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The growth of iron-yttrium garnet YsFesO12 (YIG) films with of 1...15 um thicknesses on single-crystal
substrates of gallium-gadolinium garnet GdsGasO12 (GGG) was carried out using the method of liquid phase
epitaxy (LPE). The influence of the composition and mass of the charge, the temperature regimes, the rates of
movement and the substrate rotation on the films parameters were studied. The layered structure caused by the
heterogeneity of the chemical composition in the film thickness was determined and studied. The dependence of
the degree impurity of Pb?* and Pt** ions in YIG films and their influence on the ferromagnetic resonance (FMR)
line width AH on the films growth conditions was investigated. It’s shown that in order to obtain by the LPE method
the series of defect-free films with low magnetic losses and reproducible parameters, it’s necessary to use melt-
solutions of large mass (6...12 kg) and apply their additional mixing during the growth process.
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Introduction

The monocrystalline iron-yttrium garnet YsFesO1z
films are a perspective material for the making of passive
integrated ultrahigh-frequency (UHF) circuits working on
the spin and magnetostatic waves (MSW) [1,2,3]. For
these purposes is required a material with a certain set of
parameters: the ferrite layer thickness (d), saturation
magnetization (4ntMs), the anisotropy field, the FMR line
width AH etc. This is achieved by selecting the optimal
chemical composition of the charge and the technological
process for growing high quality films with a minimum
number of defects [4].

To obtain the specified working parameters of MSW
devices the YIG films with a homogeneous distribution of
the internal magnetic field and the narrow FMR line width
are required. The narrower the FMR line width, the lower
the magnetic losses. The saturation magnetization and the
magnetic anisotropy field determine the value of the
operating frequency. The quality of the ferrite film also
depends on the homogeneities of her thickness, magnetic
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parameters over the area of the ferrite epitaxial structure
(FES), mechanical stresses, impurities and growth defects.
Most defects in YIG films are due to defects in GGG
substrate [5].

In bulk YIG single crystals it is possible to obtain the
FMR AH value of the order of 0.2...0.3 Oe. It’s quite
problematic to achieve such values for monocrystalline
YIG films with the thickness of 1...15 um.

The purpose of this work was to determine of the
charge composition and growing conditions for obtaining
of the high-quality monocrystalline Y1G films, similar in
magnetic parameters to bulk YIG single crystals.

I. Experimental techniques

Currently the method of liquid-phase epitaxy is the
most recognized for obtaining the monocrystalline YIG
films.

YIG films were grown by isothermal dipping of GGG
single crystalline substrates of (111) orientation in the
oversaturated melt -solution (MS) of ferrite charge using
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PbO-B20O3 solvent. The ratio between of the quantity
composition of components in the charge was selected
taking into account the Blank-Nielson molar coefficients

[6]:

R1 = Fe;03/Y203;

Rs = PhO/B:0s; o))
_ Fez03+Y,03
Ra= X oxides

Melting of the charge, its homogenization and films
growth were carried out in platinum crucibles. The
saturation temperature (Ts) of the melt-solution was
determined as the temperature of the beginning of film
growth on the substrate.

The substrates with a diameter of 50,8 mm were cut
from the GGG single crystal of cylindrical form. It’s
known that the GGG crystal lattice parameter
as = 12.382 A and for YIG as = 12.376 A. The thickness of
the substrates was 0.5 mm, and the density of defects on
their area did not exceed 0.5 cm?. The substrates were
mechanically ground and polished to 14- purity class.
Such treatment does not completely eliminate the defects
of the substrate surface layer. The defects appear after
their etching in hot orthophosphoric acid. The presence of
defects in the substrate leads to the increase AH parameter
of YIG films to 8.2...8.9 Oe.

Therefore the substrates else were subjected to
chemical-mechanical polishing using the colloidal
suspension. After that, the substrates were chemically
polished in orthophosphoric acid at the temperature of
438 K.

An automated installation was used for epitaxial
growth. The temperature in the furnace zones was
maintained with an accuracy of £0.1 K. The thickness of
the grown films was 1..15 pum. Optical interference
method was used to measure their thickness. The
interference pattern is formed by measuring the
transmission spectra when a light stream is incident on the
sample in a direction close to normal. The measurement
error of the film thickness did not exceed 2 %.

The transmission spectra of FES were obtained using
Specord M-40 and Specord 75 IR spectrophotometers.
The line width AH of films was measured by the
"magnetic gup” method [7] in which the area of
localization of measurements is 0,4 mm. The saturation
magnetization 4nM; of films was measured using a
vibrating magnetometer [8]. The structure and
composition of epitaxial films were studied using an
electron  microscope with a Comebax X-ray
microanalyzer.

Il. Results of experiments and their
discussion

The purpose of the technology of growing
monocrystalline YIG films is to minimize to the
acceptable level from the numbers of negative factors,
which influence on the AH value, the homogeneity of AH
over the film area, the repeatability of the main films

355

parameters during the growth of the series films.
Therefore, to obtain high-quality films suitable for
practical use, it’s necessary to control the composition and
weight of the starting charge and the technological
conditions of their growth.

For the small thicknesses of ferrite film (1...15 um),
the influence of the film-substrate (FS) transition layer and
the film-air (FA) surface layer on its main parameters
becomes significant. These layers have a defective
structure compared to the film itself [9-11] and obviously
contribute to the anisotropic properties of the film [12-16].

In the process of forming a ferro-garnet film the
transition FS layer grows on the boundary between the
YIG layer and the GGG substrate enriched with Ga®* and
Gd** ions.

These ions migrate into the melt-solution. As the
result, the acid of the GdsGasO1, substrate in the PbO-
B.0; solvent at the beginning growth stage. The FS
transition layer is a solid solution of Y1G and nonmagnetic
GGG. The Gd* and Ga®* ions in this solid solution are
introduced into the dodecahedral and tetrahedral positions
of the ferro - garnet film, respectively. This transition
layer has a lower saturation magnetization and a higher
AH value than the YIG. Since Gd** ions contribute to the
increase of the AH value through the mechanism of ionic
relaxation. Consequently, the heterogeneity of the YIG
film composition in the FS layer leads to the increase of
the AH parameter.

The decrease in the FS layer of Gd® and Ga®* ions
carried out by means of the selected molar ratio R3 in the
charge. The experiments with the PbO - B,O3 solvent for
value Rz =12.4; 14; 15.6; 16 showed that the degree of
solubility of GGG substrates linearly increases with
increasing concentration of B,Os in the solvent. It is
necessary to use solvents with the lower content of
B20s.During the films growth from the different charge
compositions it was found that the most optimal for
decreasing of Gd®* and Ga®* ions in the FS layer are MS
with R3 = 15.6.

The select of the R4 ratio (1) was based on the need to
decrease the quantity of Pb?* and Pt** ions in the structure
of the YIG films. The Pb?* ions are introduced into the
YIG film from the PbO-B,0;3 solvent and Pt** ions - from
the crucible material [17].The quantity of Pb%*and Pt**
ions is increases with the increase of the film growth rate,
which is proportional to the overcooling degree AT of the
MS. The AT is equal to the difference between the
saturation temperature Ts and the film growth temperature
Tg, which is lower than Ts: AT =Ts- T4 For each MS
composition there is a growth rate at which the film has a
minimum value of the AH parameter. The appearance of
these minimums is explained by the same content of
Pb?*and Pt** ions in the YIG films. With equal in ratio of
the Pb?* and Pt** ions in the film, the charge compensation
is realized. That eliminating is causes of the appearance of
Fe* and Fe?* ions in the films. The exchange of electrons
between Fe** and Fe?* ions leads to the increase of AH
parameter.

The coefficient Ry (1) should be such that only the
garnet phase crystallizes from the melt - solution. From
the results of phase analysis of charges it was obtained that
this requirement realized when R, = 11....30.

The Table 1 shows the growth technological



S.1. Yushchuk, S.A. Yuryev, V.V. Moklyak

parameters for two FES with a thickness of 5 um and
different values of AH.

Table 1 shows that the minimum value of
AH=0.22 Oe has film No. 2 with almost the same
contents of lead (0.23mass. %) and platinum
(0.21 mass. %). According to the data of Table 1, it can
also be observed that with the increase the growth rate to
0.54 ym/min, the concentration of lead in the YIG film
increases more quickly than the concentration of platinum.
As the result, the also increases the AH to AH = 0.61 Oe.

Consequently, to obtain YIG films with minimal
values of AH, it's necessary to set the rate of their growth
at which the same concentrations of Pb?* and Pt** ions are
generated in the films, i.e. charge compensation is created.
This growth rate must be supported constant when
growing a series of films.

We have found that at the substrate rotation rate with
® =100 rpm/minthe impurity of Pt** ions into the film
structure increases with the increase of the overcooling
degree of the MS. The concentration of Pb?* ions in the
YIG films also increases with increasing growth rate and
decreases with decreasing of the MS overcooling degree.
This means that it’s possible to create such technological
regimes when the platinum and lead ions in the film have
certain ratio concentrations. This way it is possible to
influence on the AH line width.

At the first moment when the substrate is introduced
into the melt-solution of the liquid phase epitaxy process
the diffusion border layer is formed near the substrate.
Further growth of the film is caused by mass transport of
garnet-forming components through this layer [18]. The
thickness & of the diffusion layer depends on the growth
parameters. With a stationary substrate this layer has a

maximum thickness. When the substrate rotates, its
thickness decreases with increasing rotation rate:

S= 1,58 D1/3 ,Y1/6 m—l/Z, (2)
D - diffusion coefficient; y — kinematic viscosity; @ — the
angular rotation rate.

This equation is valid if the laminar flows, arising due
to convection, forms the homogeneous in thickness the flat
diffusion layer along the crystallization front. The
heterogeneity of the film thickness over its area influences
on magnetic properties [19] and degree of practical use of
the growing film.

At the growth of YIG films with the thickness of
1...15 um using one-sided horizontal rotation of the
substrate, the heterogeneity of the film thickness equal to
30...50 % and the FMR line width AH - > 100 % are
observed (Table 2).

This heterogeneity is due to the formation of a convex
diffusion layer at the crystallization front. The thickness
of the diffusion layer increases to the center of the
substrate. As can be seen from the Table 2 the AH
increases with increase of the diffusion layer thickness.
During reverse rotation, the shape and thickness of the
diffusion layer change periodically. In this case, the
heterogeneity of the film thickness over the area equal to
20...30 %, the AH ~50 %. The such periodic change is
formed of a layered film structure with different lead
content in the layers. Therefore, one-sided and reversed
rotation of the substrate does not form a flat diffusion
layer, which is necessary for growing YIG films with
homogeneous parameters in over the area of film.

To include the total bulk of the melt-solution in the

Tablel.
Technological parameters, contents of lead and platinum,
the FMR line width of YIG films
Ne Molar coefficients Overcooling | Growth | Content of | Contentof | FMR line
of the i i R degree AT, rate fg, Pb, Pt, width AH,
sample ! s 4 K um/min | mass. % mass. % Oe
1 11.698 15.606 0.08 15 0.54 0.50 0.34 0.61
2 25.0 15.603 0.13 10 0.35 0.23 0.21 0.22
Table 2.
Dependence of the ferrite film thickness and the FMR line width AH
on the method of substrate rotation
Ne of Thickness of the YIG film, pm FMR line width AH, Oe
the at the distance from the edge, cm at the distance from the edge, cm
sample
05 | 15 | 25 | 35 | 45 05 | 15 | 25 | 35 | 45
One-sided rotation of the substrate
1 6.1 5.5 4.9 5.4 6.1 0.51 1.15 1.47 0.81 0.62
2 8.8 7.8 6.9 7.9 8.8 0.75 1.43 1.87 1.33 0.90
3 14.6 12.4 9.5 12.1 14.5 1.03 2.10 2.50 2.20 1.70
Reverse rotation of the substrate
1 5.9 5.1 5.0 5.2 5.8 0.45 0.52 0.81 0.93 0.34
2 8.7 7.3 7.2 7.4 8.8 0.56 0.77 1.10 0.72 0.41
3 14.3 12.4 11.3 12.5 14.5 1.04 0.95 1.73 2.15 0.98
One-sided rotation of the substrate with mixer
1 6.2 6.3 6.1 6.1 6.2 0.31 0.30 0.31 0.32 0.31
2 9.2 9.1 9.5 9.1 9.1 0.38 0.40 0.41 0.40 0.40
3 15.3 15.1 14.8 15.0 15.3 0.60 0.61 0.61 0.62 0.60
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film growth process and to form a flat diffusion layer the
method of additional mixing of the melt-solution with a
special mixer was used. The mixer was attached to the
holder substrate and rotates with substrate [20]. The mixer
grips fresher liquid from the depths of the crucible and
moves it to the surface of the grown film. At the same
time, removes the used melt-solution, which is degraded
on ferro-garnet components. Table 2 shows that when
using a mixer the difference of the thickness over the films
area does not exceed of 4% and the value of AH — 8 %.

Fig. 1 shows the FMR spectra of the YIG films grown
by reverse rotation (1) of the substrate and by one-sided
rotation (2) of the substrate together with the mixer. From
Fig. 1 we can see that the FMR spectrum of the YIG film
grown using reverse rotation has a distorted shape. The
FMR resonance curve (2) for the YIG film grown with the
use of a mixer has good resolution.

1 1 [
541 547 H, Oe
Fig. 1. The FMR spectra of the YIG films grown by
reverse rotation (1) of the substrate and by one-sided
rotation (2) of the substrate together with the mixer.

Using the method of X-ray spectral electron
microanalysis, we studied the layered structure of YIG
films of (111) orientation with thicknesses up to 5 um. To
investigate the FS and FA transition layers and their
influence on the magnetic properties of the epitaxial ferrite
films structures were subjected these structures to layer-
by-layer chemical etching in a mixture of concentrated
orthophosphoric and sulfuric acids in the temperature
range  353..423 K. The etching rate  was
0.05...0.20 pm/min. After each etching the ferrite film
thickness, saturation magnetization, and AH parameter

were measured.

Table 3 shows the values of 4nM;, AH and film
thicknesses d of the three YIG films after etching in the
acid mixture. Table 3 shows that the ferrite film has a
layered structure in relation to the values of AH and 4ntM;
parameters. This layered film structure is forms during the
growth process. These layers have different thicknesses,
are characterized by lower or higher saturation
magnetization compared to YIG (for the YIG
4nM;s = 1750 Gs) and much higher values of the AH
parameters. For example, films 1 and 3 had a
magnetization of 1780 Gs. After two etchings, their
magnetization decreased to 1700 Gs. The increased
magnetization of the FA layer of these films is due to the
presence of a large number of Pb2* ions in this layer, which
displace Fe®* ions from the octahedral positions of the
garnet. In the transition FS layers with the thickness of
0.2 um, there are large number of Ga®* ions that displace
Fe** ions from the tetrahedral positions of the garnet,
decreasing the magnetization to 1470 and 1510 Gs,
respectively (Table 3).

As noted above, in order to decrease the etching of the
GdsGasO1, substrate in the MS and, consequently, the
decrease of Gd® and Ga3* ions content in the MS, it’s
necessary to decrease the boron oxide content in the
solvent. However, a decrease of boron oxide content in the
MS, along with positive factors also has negative ones -
the compositional stability of the garnet phase is decreased
and the volatility of lead oxide is increases. The highly
volatility of PbO also leads to significant etching of
substrates and films as they are lowering or lifting out of
the growth furnace. Fig. 2 shows the surface of the YIG
film etched by PbO vapor. To minimize of substrates and
film etching the platinum screen should be attached below
the substrate to the substrate holder. In our experiments
the platinum mixer served as a screen.

The dependence of the thickness of the transition
layers on the technological regimes was investigated. The
thicknesses of the FS and FA layers are decreased if the
substrate holder together with the mixer rotates at a
frequency of ~50 rpm/min during the dipping of the
substrate into the MS and the FES drawing from the MS
after the end of the growing process. This can be explained
by the removal of Gd®, Ga®* and Pb?* ions from the
substrate by the upward flow of fresh MS and supply the
Y1G components to the substrate.

The thickness of the FA layer also dependent on the
rate of vertical movement of the substrate during its
dipping and post growth removal from the melt-solution.
Experiments have shown that the removal of FES from the

Table 3.
Thicknesses and magnetic parameters of three samples of YIG films during the etching process

d, um 4.1 3.2 2.4 15 0.8 0.5 0.2

Ne 1 AH, Oe 0.9 0.83 0.80 0.64 0.73 1.40 2.11
4nMs, Gs 1780 1780 1700 1710 1650 1600 1470

d, um 3.8 3.0 2.2 1.4 0.7 0.6 0.4

Ne 2 AH, Oe 0.80 0.85 0.71 0.47 0.7 1.34 1.92
47M;, Gs 1740 1710 1680 1590 1530 1460 1390

d, um 3.7 2.8 1.9 1.2 0.6 0.4 0.3

Ne 3 AH, Oe 1.10 1.00 0.86 0.78 0.93 1.38 2.14
47M;, Gs 1780 1780 1700 1720 1670 1580 1510
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MS at a rate of ~ 20 cm/min minimizes the thickness of
the surface layer of the FA and the change in the parameter
AH.

When growing the series of films from the one MS the
following reasons cause the depletion of the MS:

a) lead evaporation during homogenization and
growth processes;

b) depletion of the MS into garnet-forming
components during of the film growth process;

c) reducing of MS quantity due to the formation of
droplets and small melt marks on the FES and equipment.

Based on our research, it was concluded that when
growing YIG films it’s necessary to use a large mass of
MS to minimize the change in the saturation temperature.
This makes it possible to grow a larger number of films
with identical parameters from one MS.
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Fig. 3 shows the influence of MS depletion on the AH
of YIG films grown from the melt-solution of 6 kg. It can
be seen that the AH increases with the number N of grown
films. This increase of AH is associated with a change in
the starting ratio between the quantities of Fe;O3 and Y203
oxides in the melt-solution. This ratio which given by the
coefficients R1 and Rg, leading to a change in the growth
parameters (Ts, T, AT, fg) and the increase in the content
of Pb?* and Pt** ions in the film structure. The greater of
the MS mass the greater the numbers N of films with
similar parameters can be grown. The research results
showed that the most favorable charge for growing the
YIG films with the thickness of up to 15 um and a
diameter of 50,8 mm is a charge with the mass of 12.0 kg.

As the result of the research, the optimal weight

composition of the melt-solution in which the solubility of
GGG at growing temperatures is insignificant:
PbO — 90.34 %; B,03 — 1.81 %; Fe,O3 — 7.13%; Y203 —
0.72%. The YIG films with a thickness of 1..10 ym
grown from this melt-solution on GGG substrates with a
diameter of 50,8 mm have a FMR line width
AH =0.3...0.5 Oe and are suitable for use in microwave
devices.
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Fig 3. The dependence of the AH FMR line width on the
number N of grown films.

Conclusions

The optimal composition of the charge for growing
YIG films by liquid-phase epitaxy is determined by the
molar coefficients R, Rz and R4, which must have values:
11 <R;<30; Rg3=15.6 and R4, =0.13.

When growing a series of YIG films with similar
parameters, it’s necessary to use melt solution of large
mass (6...12 kg) with a high content of garnet-forming
oxides and the use additional mixing.

To decrease the concentration of lead in the YIG films
it’s necessary to grown the films at small overcooling.

The film-substrate layer is enriched with Ga®* and
Gd® ions and the surface layer of the YIG film is enriched
with Pb?* ions. Transition layers have different
magnetizations from the main YIG film and have a higher
FMR line width AH.

To obtain YIG films with narrow values of AH it is
necessary to set the growth rate at which similar
concentrations of Pb%* and Pt** ions are formed in the
films.

The use of additional mixing of the melt-solution
during the growing process decrease the thickness
heterogeneity to 4 % and the AH to 8 %.

Yushchuk S.1. — Doctor of Technical Sciences, Professor,
Professor of the Department of General Physics, Institute
of Applied Mathematics and Fundamental Sciences,
National University “Lviv Polytechnic";

Yur'ev S.A. — PhD, Docent, Associate Professor of the
Department of General Physics, Institute of Applied
Mathematics and Fundamental Sciences, National
University "Lviv Polytechnic";

Moklyak V.V.— Doctor of Physical and Mathematical
Sciences, Senior Research, Leading Researcher of
Laboratory of Magnetic Film PhysicsG.V. Kurdyumov
Institute for Metal Physics, N.A.S. of Ukraine, Professor
of the Department of General and Applied Physics,
Institute of Architecture, Construction and Power
Engineering, Ivano-Frankivsk  National Technical
University of Qil and Gas.



[1]
[2]

(3]

[4]
[5]
(6]
[7]

(8]
[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

The epitaxial iron-yttrium garnet films with homogeneous properties...

A.G. Gurevich, G.A. Melkov, Magnetic vibrations and waves (Nauka, Moscow, 1994).

L.V. Lutsev, A.M. Korovin, V.E. Bursian, S.V. Gastev, V.V. Fedorov, S.M. Suturin, N.S. Sokolov, Low-relaxation
spin waves in laser-molecular-beam epitaxy grown nanosized yttrium iron garnet films, Appl. Phys. Lett., 108 (18),
182402, (2016); https://doi.org/10.1063/1.4948304.

Y.V. Khivintsev, V.K. Sakharov, A.V. Kozhevnikov, G.M. Dudko, Y.A. Filimonov, A. Khitun, Spin waves in YIG
based magnonic networks: Design and technological aspects, J. Magn. Magn. Mater., 545, 168754, (2022);
https://doi.org/10.1016/j.jmmm.2021.168754.

S.1. Yushchuk, S.A. Yur’ev, P.S. Kostyuk, V.K. Bondar, Application of Epitaxial Garnet Ferrite Structures in
Microwave Electronics, Tekhn. Konstr. Elektron. Appar., 57, 22 (2005).

S.1. Yushchuk, P.S. Kostyuk, V.1. Loboyko, The influence of substrates on the ferromagnetic resonance line width
of iron- yttrium garnet epitaxial films, Inorganic Materials, 38 (2), 233 (2002).

[S.L. Blank, J.W. Nielson, The growth of magnetic garnets by liquid phase epitaxy, Journ. Cryst. Growth, 17, 302
(1972).

S.1. Yushchuk, S.A. Yur’ev, P.S. Kostyuk, V.I. Nikolaychuk, Aproximate and nondestructive quality control of
epitaxial ferrogarnet films, Instr. and Exp. Techniq, 54 (5), 712 (2011);
https://doi.org/10.1134/5S0020441211050083.

S.1. Yushchuk, S.O. Yuryev, I.R. Zachek, V.V. Moklyak, Diagnostics of Ferrogarnet Films Magnetization, Physics
and Chemistry of Solid State, 15 (3), 643 (2014).

V.V. Moklyak, Features Crystal Structure LaGa - Substituted Epitaxial Films Yttrium Iron Garnet. Determination
of Defects,Physics and Chemistry of Solid State, 16 (1), 68 (2015); https://doi.org/10.15330/pcss.16.1.68-73.

A.O. Kotsyubynsky, V.V. Moklyak, I.M. Fodchuk, The Magnetic Microstructure of YIG / GGG Films: Mossbauer
Studies in the External Magnetic Fields, Physics and Chemistry of Solid State, 20 (2), 202 (2019);
https://doi.org/10.15330/pcss.20.2.202-208.

I. Fodchuk, I. Hutsuliak, V. Dovganyuk, A.Kuzmin, Y.Roman, M. Solodkyi, P.Pynuk, P.Lytvyn,
0. Gudymenko, I. Syvorotka, M. Barchuk, Fifteenth International Conference on Correlation Optics (Chernivtsi,
Ukraine, 2021), p. 408; https://doi.org/10.1117/12.2615833.

V.V. Moklyak, Evaluation of structural perfection of epitaxial films yttrium iron garnet, Journal of Surface Physics
and Engineering, 13 (1), 34 (2015); https://periodicals.karazin.ua/pse/article/download/4492/4062.

V.V. Moklyak, A study of magnetic and electronic hyperfine interactions in epitaxial film of yttrium-iron garnet by
the method of conversion electron Mossbauer spectroscopy. Russian Microelectronics, 45, 587 (2016);
https://doi.org/10.1134/51063739716080114.

A. O. Kotsyubynsky, V. V. Moklyak, I. M. Fodchuk, V. O. Kotsyubynsky, P. M. Lytvyn, A. B. Grubyak, Magnetic
Microstructure of Epitaxial Films of LaGa-Substituted Yttrium Iron Garnet,Metallofiz. Noveishie Tekhnol.,41 (4),
529 (2019); https://doi.org/10.15407/mfint.41.04.0529.

M.A. Popov, I.V. Zavislyak, Measurements of the Cubic Anisotropy Field in the (111) Thin Magnetic Films. IEEE
3rd Ukraine Conference on Electrical and Computer Engineering (UKRCON, Lviv, Ukraine, 2021), p. 27
https://doi.org/10.1109/UKRCON53503.2021.9575262.

V. Koronovskyy, Y. Vakyla, Magnetoelectric properties of micromagnetic structural inhomogeneities of ferrite
garnet  films with  uniaxial magnetic  anisotropy, Ferroelectrics, 577 (1), 214 (2021);
https://doi.org/10.1080/00150193.2021.1916364.

V.G. Kostishyn, V.V. Medved, L.M. Letyuk, Magnetic microstructure and properties of YsFesO1, epitaxial films
witn the various contents of Pb ions, J. Magn. Magn. Mater., 215, 519 (2000).

A. Eschenfelder, Physics and Technique of Cylindrical Magnetic Domains: Translated from English (Mir, Moscow,
1983).

Y. Rao, D. Zhang, H. Zhang, L. Jin, Q. Yang, Z. Zhong, M. Li, C. Hong, B.o. Ma, Thickness dependence of magnetic
properties in submicron yttrium iron garnet films, Journal of Physics D: Applied Physics, 51 (43), 435001 (2018);
https://doi.org/10.1088/1361-6463/aade43.

Device for the growth of monocrystalline films of iron- yttrium garnet. A.c. Ne 1137785 (1983), authors:
P.S. Kostyuk, N.I. Buben, L.M. Letyuk, O.D. Lototsky, P.A. Matskevich, S.I. Khomin.

359


https://doi.org/10.1063/1.4948304
https://doi.org/10.1016/j.jmmm.2021.168754
https://doi.org/10.1134/S0020441211050083
https://doi.org/10.15330/pcss.16.1.68-73
https://doi.org/10.15330/pcss.20.2.202-208
https://doi.org/10.1109/UKRCON53503.2021.9575262

S.1. Yushchuk, S.A. Yuryev, V.V. Moklyak

C.I. FOmyxk?!, C.A. IOp’es!, B.B. Moksik?3

EniTakciiiHi IJIiBKH 3a51130-ITPi€BOro rpaHaTy 3 OHOPIIHUMHA
BJIACTHUBOCTAMH TA BY3bKOK0 IIUPUHOKO JiHiI PMP

Hayionanvnuii ynisepcumem “Jlvsiscoka nonimexuixa”, (izuunuii paxyromem JIvgie, Yxpainas.o.yuryev@gmail.com
2Inemumym memanogpizuxu in. I B. Kyporomosa, HAH Ypainu, Kuis, Ykpaina, mvvmev@gmail.com
3leano-Dpanxiecokuii nayionarsHuii mexuivnuil ynisepcumem nagpmu i 2azy, leano-@panxiscok, Ypaina,
volodymyr.mokliak@nung.edu.ua

Meronom pinkodasuoi emitakcii (POE) npoBeneHo BUpOLIyBaHHS IUTIBOK 3ali30-iTpieBoro rpanary YsFesOiz
(YIG) ToBIuHOKO 1...15 MKM Ha MOHOKPHCTATiYHHX IMiIKIagKax ramiii-ragoninieBoro rpanary GdsGasO12 (GGG).
JlociKeHO BILUTHB CKJIAY T4 MACH IIHXTH, TEMIIEPATYPHUX PEKUMIB, IIBUIKOCTEH PyXy Ta 0OepTaHHs MTiIKIa K1 Ha
IapaMeTpH IDTiBOK. BI3HAUEHO Ta DOCIIPKEHO MapyBaTy CTPYKTYPY, 3yMOBIIEHY HEOJHOPIAHICTIO XIMIYHOTO CKIIALy
B TOBIIUHI TWIiBKH. JIOCII/KEHO 3aI€XkHICTL CTyTIeHs 3a0pyAHeHHs ioHiB Pb%* Ta Pt** y mmiskax YIG Ta ix BB Ha
mupuHy JiHii pepomarnitHOro pezonancy (PMP) AH Bix ymoB pocty miBok. ITokasaHo, 0 1715t OTPEMaHHS METOJIOM
P®E cepii 6e3nedekTHUX IUTIBOK 3 MaJUM{ MarHITHUMH BTpaTaMH Ta BiITBOPIOBAHHUMH MapaMeTpaMH HEOOXiTHO
BHUKOPUCTOBYBAaTH PO3YMHHU-PO3ILIABH BEMUKOI MacH (6...12 Kr) Ta 3aCTOCOBYBATH X JOJATKOBE 3MIIIyBaHHS Mil 4ac
HPOLIECY POCTY.

KiouoBi cioBa: 3ami3o-iTTpueBmid rpaHart, GpepuT-rpaHaTOBi IUTIBKH, pinkodasHa emitakcis, GepoMarHiTHHA
pE30HaHC.
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Introduction

Ternary systems involving d-elements of groups 1V
and VII and p-elements of group 111 of the periodic table
have been studied for more than 50 years. Isothermal
sections of the phase diagrams have been constructed for
the Ti-Mn-B [1], Zr-Mn-B [2], Ti-Re-B [3], H-Re-B
[4], Ti-Mn-Al [5-8], Ti-Mn-Ga [9], Zr-Mn-Ga [9, 10],

Hf-Mn-Ga [10, 11], and Zr-Mn-In [12, 13] systems.
TV_TVI_M'"" systems are characterized by no or few
ternary compounds [14-17]. Some of the systems have
been investigated for the formation of compounds of
particular compositions, isostructural to known types.
Information about the compounds found in the systems
{Ti, Zr, Hf}{Re, Mn}{B, Al, Ga, In} is summarized in
Table 1. Other TV-TV"-M""" systems, probably due to the

Table 1.
Ternary compounds in TV-TVI'-M'"" systems [17]
System Phase Structure type Pearson symbol Space group
Ti-Re-B Ti;ReB; Mo, FeB; tP10 P4/mbm
Zr-Re-B ZrsRe4B HfyMo,B hP28 P6s/mmc
Hf-Re-B Hf;Re,B Hf;Mo,B hP28 P63/mmc
Ti—-Mn-Al Ti7,25Mn7,25AI14,5 MgGCU165i7 cF116 Fm-3m
Zr—-Mn-Al ZrMngAlg ThMn;, t126 14/mmm
. TiMno_sGaz,s CusAu cP4 Pm-3m
THMn-Ga Tin.15Mns 25Ga% TioSns hP22 P65/mme
ZrsMnyosGaios ThsMnj3 cF116 Fm-3m
ZrMnpsGazs CusAu cP4 Pm-3m
Zr-Mn-Ga ZrsMn;Gas Hf:Mn;Gas 0P22 Pmmn
Zr3:Mn,Gay Zr3V,Gay oP72 Pnma
HfMnGa, HfFeGa, oP48 Pnma
Hf-Mn-Ga HfsMn,Gas Hf;Mn,Gas oP22 Pmmn
HfsMn,Ga, Zr3\VGay oP72 Pnma
Zr—Mn-In ZrMnp7In, 3 CusAu cP4 Pm-3m
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difference between the melting temperatures of the
components and the complexity of the synthesis, remain
little studied.

The aim of this work was to investigate the interaction
of the components in the Hf—~Re—Al system at 1000 °C.

It should be noted that the binary systems Hf-Re, Hf-
Al, and Re-Al, which border the ternary system under
investigation, have been studied quite thoroughly. The
phase diagrams have been constructed [18] and the crystal
structures of several compounds have been determined
[17].

I. Experimental

The interaction of the components in the Hf-Re-Al
system was investigated on 2 binary and 35 ternary
samples. The alloys were synthesized from high-purity
metals (Hf > 99.9 mass %, Re > 99.9 mass % (pressed
pellets), Al > 99.999 mass %) by arc melting with a
tungsten electrode, a water-cooled copper hearth and a Ti
getter, under an argon atmosphere. After the synthesis, the
ingots were sealed in quartz ampoules under vacuum,
annealed at 1000 °C for 1 week and quenched into cold
water. Phase analysis and structure refinements were
carried out using X-ray powder diffraction (XRPD) data
collected on diffractometers DRON-2.0M (Fe Ka
radiation) and STOE Stadi P (Cu Ko radiation). The
phase analysis was performed using Powder Cell [19] and
STOE WinXPOW [20] programs. The profile and
structural parameters were refined by the Rietveld
method, using the WIinCSD [21] program packages. The

overall compositions of the samples and of the individual
phases, in particular for the determination of the
solubilities of the third component in the binary phases,
were investigated by means of energy-dispersive X-ray
spectroscopy (EDXS; scanning electron microscope
Tescan Vega 3 LMU equipped with an X-MaxN2° silicon
drift detector).

I1. Results and discussion

As a result of the phase analysis by X-ray diffraction
and EDXS of the samples of the Hf-Re—Al system at
1000°C, we confirmed the existence of 13 ofthe 20 known
binary compounds, the compositions and crystallographic
parameters of which are given in Table 2. The results are
in good agreement with literature data on the interaction
of the components and phase diagrams of the binary
systems Hf-Re, Hf-Al, and Re—Al [18, 22-25].

According to the results of the local X-ray spectral
analysis, the binary compounds HfAl;, Hf,Als, HfAI
Hf4A|3, Hf3A|2, Hf2A|, and R814A|54,75 do not dissolve
significant amounts of the third component. The
maximum solubility of Hf in the compounds ResAl1; and
ReAl is ~5 at.%. Approximately the same amount of Al
is soluble in the compound Hf>1Reys.

The formation of two extended solid solutions based
on the compounds HfRe; (a certain region of homogeneity
exists) and HfAI; is expected, given the isostructurality of
the parent compounds (see Table 2) and the similar sizes
of the rhenium and aluminum atoms (rus = 0.1564,
rre = 0.1370, ra = 0.1431 nm [26]). A continuous series

Table 2.
Crystallographic parameters of binary compounds in the Hf-Re, Re—-Al, Hf-Al systems [17]
(binary phases stable at 1000 °C are highlighted)
Compound Structure Pearson Space Cell parameters, nm
type symbol group a b c
Hf21Rezs Zr1Rezs hR276 R-3c 2.5773 — 0.8760
HfRe; MgZn; hP12 P63/mmc 0.5239 - 0.8584
HfsRezs TisRezs cl58 1-43m 0.9708 — —
ReyAl CuZr; tl6 14/mmm 0.29802 - 0.95796
ReAl CsCl cP2 Pm-3m 0.288 — —
Re1sAlz Re(Reo.4Alp6)2Al tP4 P4/mmm 0.30785 — 0.59515
Rl | MmAl | Pl | pa | 0SU2 [ OSISE ] 08ees
Re14Als4.75 Re14Als4.75 apP71 P-1 OfiSIQ 00.9|40; ﬂo;ggggoo; = 923%7025
RegAlsz.07 RegAlsz .07 aP43 P-1 2319563.852‘0; ﬁ29905758§1 = L — 9123;792270
ReAls MnAlg 0S28 Cmcm 0.7599 0.6606 0.9029
REA|12 WA|12 cl26 Im-3 0.7527 - -
HfAI; rt ZrAl; t116 14/mmm 0.3989 — 1.7155
HfAl; ht TiAl; t18 14/mmm 0.3893 - 0.8925
HfAl, MgZn; hP12 P63/mmc 0.525 - 0.868
HRAlG ZrAl; oF40 Fdd2 0.9529 1.3763 0.5522
HfAI TII 0S8 Cmcm 0.3253 1.0822 0.4280
Hf:Als Zr,Al; hP7 P6/mmm 0.5334 - 0.5429
Hf:AlL Zr3Al tP20 P4,/mnm 0.7535 — 0.6906
HfsAl; MnsSis hP16 P6s/mcm 0.8052 - 0.5690
HfAl CuAl; 112 14/mem 0.6776 - 0.5372
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of solid solutions is likely to form at higher temperatures.

At the temperature of the study, in the region of high
hafnium content in samples with the element ratio
Hf:Re:Al = 9:4:1 according to the EDXS analysis, the
existence of a new compound of approximate composition

~HfsReAl, isostructural with the compound TisGas
(hP18, P63s/mcm) [27], was discovered. A detailed
description of this compound will be the subject of a
separate publication.

Table 3 shows the compositions, and Fig. 1 presents

Table 3.
Compositions of the samples shown in Fig. 1

© Composition © Composition
g £
8 nominal from EDXS 8 nominal from EDXS
1 HfoRegoAlio Hf11.06Res6.26A .8 6 HfsRez0Alss Hf2s.04)Re33.74)Al38.39)
2 HfisResAls Hf13.43)Rea052)Al16.1(5) 7 HfsoRe1sAlss Hf.15)Re1066Al7.4)
3 Hf2oRes0Als Hf22.1(6)R€49.56)Als.4(9) 8 HfsoRes0Alzo Hfss.38)Re28.80Al7.909)
4 Hf:sRe10Alss Hf22202)Res.4(2)Also 4(s)

9 Hf;sRe0Al Hf Re Al
5 H0ResAlLs Hiys sRe7 46l 100 75Re10AlLs 7347 Re1137)Al1s.36)

v

Hf‘lh)Rclm.‘lAI\lll

Hf, o Rey05AL )

Hfzq :ancs: ys;Alls 3(6)

HE oo Rew Al HE, 0, Res5 ALz

fom:.Refow:rAlnﬁm

SEM HV: 25.0 kV WD: 14.66 mm
View field: 9.2 ym Det: BSE

SEM HV: 25.0 kV WO: 14.00 mm SEM HV: 25.0 KV WD: 14.23 mm
View fleld: 69.2 pm Det: BSE 2 View field: 69.2 ym Det: BSE 20 pm

Hf,, oo R€e oAl o) fio Re Al g,

»

HE,
}IfZ\KHDRc(I‘GvAl“V(‘) g -
HE, o RE, 0 Al B RomeALy

Hf, ‘:‘:»ch :mA]n 94)

Hfm:;Rex-.nAlw:x

SEM HV: 25.0 kV WD: 14.70 mm
View field: 69.2 ym Det: BSE 20 pm

HE o Rey oAl o) HE,, . Res 0 Al

SEM HV: 25.0 kv WD: 14.88 mm SEM HV: 25.0 kV WD: 12.62 mm
View fleld: 69.2 ym Det: SE View field: 69.2 ym Det: BSE 20 pm

HE, (o Res Al

HfWHVRc:“(\)Al!\{\l wa“"Rc".hAlI:‘“

Hf o0 R, 06ALy i)

Hf",M,RC,"_ Al HfwaRe0ALxs

Hf,, 5 Re, 40 AlLo

SEM HV: 25,0 kv wo: 1481 mm | SEM HV: 25.0 KV WD: 13.96 mm

SEM HV: 25.0 kV WD: 14.57 mm
‘ View fleld: 69.2 ym Dot: BSE View field: 208 pm Det: BSE

View flold: 69.2 ym Det: BSE 20 pm

Fig. 1. Microstructures of selected samples and compositions of the detected phases.
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Table 4.

Results of the phase analysis of the samples shown in Fig. 1, compositions from EDXS, cell parameters from XRPD

= Pearson symbol, space Cell parameters, nm
£ Phase
8 group a b c
HfsRe2s
1 Hfio)Ress@)Al2q) cl58, I-43m 0.96621(3) - -
HfoeRess@Als) not detected by XRPD
Hf(Re,Al)2 -
Hf20.23)Res2.53)Al1s3) hP12, P6a/mme 0.52294(3) 0.85248(9)
2 HfsRe2s cl58, 1-43m 0.96694(9) - -
ResAl aP15, P-1 0.5213(2) 0.5132(2) 0.9010(3)
Hfos3Rezs 6Al72.96) ' o=74.98(2)°; B=91.28(3)° y = 80.32(3)°
Hf(Re,Al)2 -
3 Hfs1.6(2)Res6.92)Al11.5(3) hP12, P6s/mme 0.52327(2) 0.85345(4)
ResAlr
Hf1.o6)Re2.95Al72.1(9) not detected by XRPD
Hf(AI,Re)2
Hfs1.34Re1106)Als7.7(7) hP12, P6s/mmc 0.52573(3) - 0.85710(7)
HfAlz rt
4 Hf23.8(4)Reo052)Al7s.7(5) t116, 14/mmm 0.39907(3) - 1.7164(2)
ResAl11 ] .
Hfs.92)Re23.2(4)Al72.92) aP15, P-1, >5 % by XRPD
Hf(Re,Al)2 -
Hfs2.59)Resa.60)Al2.9() hP12, P6a/mme 0.52450(3) 0.85774(9)
5 HfsRe2a
Hfis.60)RerssmAl7.00) cl58, 1-43m 0.97154(8) - -
Hfs.o)Resr7)Als.a@) not detected by XRPD
Hf(Re,Al)2 -
Hfsz)Reso)Alis) hP12, P6s/mmc 0.52485(3) 0.85404(8)
Hf(ALRe)2
6 HfspRer@Alsio not detected by XRPD
ResAl11
Hfam)Rezs@Alza) not detected by XRPD
Hf(Re,Al)2 -
Hfs2.4(6)Re25.65)Ala21) hP12, P6/mme 0.52592(4) 0.8554(1)
HfsAls
! Hf7.7¢5)Res.46)Alas.o(6) hP7, P6/mmm 0.53282(8) - 0.5435(2)
HfAI
HfsooRez00Alr.10) 058, Cmem 0.3318(6) 1.116(2) 0.4185(7)
Hf(Re,Al)2
Hf3oa)Ress)Al2a(s) hP12, P6s/mme 0.52741(7) - 0.8603(2)
8 ~HfsRe2Al2
HfszRezoAlzse) hP18, P6s/mcm 0.8091(2) - 0.5689(2)
Hf hP2, Pea/mmc 0.3170(0) - 0.5038(3)
Hf
9 Hfzss)ReiomAlzq hP2, P6s/mmc 0.31599(3) - 0.50208(9)
~HfsRe2Al2 hP18. P64/ 0.8076(1 0573002
Hfso)Re21(6)Al19(s5) » Fog/mem - @) - . 2

photographs of the surfaces of individual samples. Table 4
summarizes the results of the phase analyses. Fig. 2 shows
the isothermal section of the Hf—Re—Al phase diagram at
1000 °C. The ternary phase ~HfsRe,Al, forms equilibria
with Hf3Als, HR,Al, (Hf), Hf21Rezs and the extended solid
solution of HfRe,.

If we compare the Hf~Re—Al system with previously
studied TV-TVI'-M""" systems, we can see that they differ
both in the nature of the phase fields and in the number
and types of ternary compounds that exist in the systems
[1-17]. In most of the systems involving boron,
compounds are either absent or a single compound is
formed. The systems with aluminum and indium are
characterized by the presence of one or two compounds.
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Slightly more compounds (2-4) are formed in the systems
with gallium. The Ti—-Mn-Al system has been studied at
various temperatures.

Similarly to the system studied by us, hexagonal
phases isostructural to the MgZn, type with regions of
homogeneity of different size are also known in the
systems {Ti, Zr, Hf}~Mn-Al and {Zr, Hf}-Mn-Ga,
whereas in the system Hf-Re-B the binary phase HfRe,
does not dissolve significant amounts of the third
component. In contrast to the Hf-Re—Al system, no
ternary compound with a structure of the TisGas or
HfsCuSns types [28] has been reported in the systems
considered here.
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Al

Re ,Alsy 55
Re,Al, ¢

/

Re 4

X, HfAL
), HfAL

i XHf

Hf.Re,, HfRe,

Hf, Re,;

Fig. 2. Isothermal section of the Hf—Re—Al phase diagram at 1000 °C (1 — ~HfsRe-Aly).

Conclusions

Ternary systems involving d-elements of groups 1V
and VI1I and p-elements of group 11 of the periodic system
are characterized by either the absence, or a low number
of ternary compounds. The isothermal section of the phase
diagram of the Hf-Re-Al system at 1000 °C was
investigated in the full concentration range using X-ray
powder diffraction, scanning electron microscopy, and
energy-dispersive  X-ray spectroscopy. Under the
conditions of the study, the existence of 13 previously
reported  binary  compounds was  confirmed.
Approximately 5 at.% of Hf can be dissolved in the
compounds ResAli;; and RexAl, and about the same
amount of Al in Hf21Rezs. A new ternary compound of the
approximate composition ~HfsRe,Al,, adopting a
TisGay-type structure (hP18, P63/mcm), and two extended
solid solutions based on the hexagonal Laves-type
(MgZny) binary compounds HfRe; and HfAI, were found.

The Hf-Re—Al system differs from previously studied
TV_TVI_LM'" systems, both in the nature of the phase
fields and in the number and structures of the ternary
compounds. Hexagonal Laves-type phases also form in
the {Ti, Zr, Hf}—Mn-Al and {Zr, Hf}—-Mn-Ga systems,
however, no ternary compound with a TisGas-(or
HfsCuSns-) type structure was found in these systems.
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JI. 3inbko, I'. Huuunopyk, O. Manenko, P. I'magumeBcbkuii

IloTpiiina cucrema Hf—Re—Al npu 1000°C

JIveiscokutl nayionanorutl ynieepcumem imeni leana ®panxa, Jlveis, Ykpaina, lianazinko@gmail.com

B3aemomito kommoHeHTiB y cucremi Hf-Re-Al mocmimkeHo MeTomaMu pEeHTTEHIBCHKOI MOPOIIKOBOL
mudpakiii, CKaHyro4oi eJIEKTPOHHOI MIKPOCKOHII Ta EHEeproJucCIepCiiHOl PEHTTeHIBCHKOI CIIEKTPOCKOMII.
ITobynoBano i3otepmiunuii mepepi3 miarpamu crany npu 1000 °C B MOBHOMY KOHICGHTpaLiifHOMY iHTepBaJi.
BusHa4eHo icHyBaHHs HOBOI TepHapHoi crionyku ~HfsRe2Alz, i3octpykryproi go tumy TisGas (hP18, P6s/mcm),
i IBOX MPOTSDKHUX TBepaux po3unHiB ckiany Hf(Re,Al)a.

Knrwuoei cnosa: raduii, peHiid, adroMiHil, peHTTE€HIBCbKa MOPOMIKOBAa AWGPAKLisi, €HeproaucrepciiiHa
PEHTTEeHIBCbKA CIEKTPOCKOIIIs, diarpamMa CTaHy, i30TepMidHHMil epepi3, KpUCTallidHa CTPYKTYypa.
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Introduction

Non-crystalline solids of systems As(Ge)-S(Se) are
very interesting objects with wide practical and
fundamental applications [1,2]. The fundamental
researches using ideas of synergetics for the self-
organizing processes and formation of self-organized
structures in them, also is extremely also important and
unigue [2]. In the region of low temperatures (T < 50 K),
the behavior of a number of thermal properties (the heat
capacity, the coefficient of thermal expansion, the velocity
of sound propagation) for non-crystalline solids is
different from the temperature characteristics of the
crystalline compounds. The low-temperature anomalies of
physical properties for non-crystalline solids are described
at present on the basis of representations of two-level
tunnel states and soft atomic configurations without a
single interpretation of their microscopic nature [3-5]. An
interesting application of such phenomena is also the Bose
& Einstein condensation, which is being studied
intensively studied over the past decades [6]. Processes of
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self-organization and a synergetic approach to low-
temperature anomalies can cardinally change the views
and methods of implementation without dissipative
dissemination of information through the realization of
fractal structures [7].

In order to explain the nature of the low-temperature
phenomena of non-crystalline materials of As(Ge)-
S(Se,Te) systems in a wide temperature range, it is
necessary to consider the behavior of physical-mechanical
properties in conjunction with the features of the structure
and factors that determine it. These factors include the
conditions for obtaining non-crystalline materials and the
effect of external fields (electromagnetic radiation,
external  noise).  Non-crystalline  materials  are
characterized by the presence of self-organized and fractal
structures [2, 7-10], whose parameters, due to influence on
the near and medium order, are largely determined by the
conditions of obtaining. For example, such factors include
the synthesis temperature, cooling rate, annealing regimes,
which determine the spatial fluctuations of structural
parameters. In addition, the self-consistent consideration
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of the dynamics of atomic oscillations, the reorganization
of local atomic potentials, and the spectrum of low-
frequency excitations of non-crystalline materials in terms
of conditions for their obtaining is of fundamental interest.
The nature of the transition to a non-crystalline state as a
self-organized process and low-temperature anomalies
also have much in common [7, 11]. From this perspective,
the study of the formation processes of orderly self-
organized structures in non-crystalline solids continues to
arouse constant interest in the synergetic approach and
their practical application in the creation of non-volatile
memory and technologies, the development of intelligent
non-crystalline materials of artificial intelligence [7]. The
above-mentioned approaches are discussed in this article.

H=%:% (

1 S
) Ulf + EZf,f’ 2y Pp (T

I. Model of system

Let's consider the relationship between the behavior
of physical properties (mean-square displacements and
frequency of oscillations of atoms, heat capacity and
thermal expansion) of non-crystalline solids in the region
of low temperatures T < 100 K with the conditions for
their obtaining. The fluctuations of the parameters of the
non-crystalline structure, which are described at the near-
order level by the dispersion of the interatomic distances
and angles between the bonds, cause the local
heterogeneity of the matrix and lead to the formation of
regions with different levels of ordering. The Hamiltonian

H of such a system can be given as follows

—#)ala) . (1)

Here U (7)) = Xf @ 0 (7, — 7r) s the single-particle potential, @, ./ (7, — 7) is the paired interaction potential, alfare
the local characteristic functions. Effective Hamiltonian H of two-level states (f = 1,2) the system has the look:

~F\2

H=Y0,08 = ale<(*;’)

Where A; = 1 — 62, A, = 6%, 0, + 0, = 1. Inthe future,
we will introduce the notation ¢ = g,. Configuration
g

entropy dS; = —kgln [Hf {N}T}:Nf)'}:l

associated with fractal regrouping the regions of soft-
atomic configurations inside the system, is determined for
this case by the number of distribution methods N, atoms
in f possible states with degrees of degeneracy g,. Degree
of degeneracy g, takes into account the splitting of the
corresponding energy level due to the influence of
neighbors, and gr > Ng. So, 92 > Nomax
(Nymax = (107* = 1072) - N)(is the density of possible
soft atomic configurations in non-crystalline material,
which is determined by its structure and conditions of
obtaining [11]) and g; = Nyper = N, which gives an
estimation g,/g; = 10™* + 1072, Since in the non-
crystalline material the proportion of atoms contained in
soft atomic configurations is significant
(0 =107* <+ 1072), and the displacement of the atoms
for the system near the order (10 + 30)% the interatomic
distances, then for the study of the temperature behavior

Ay A, —9ind2/N2=1

—ag(c—0e)

o= g1/Ny 11 ,Af =

2(P,-%1)

A N N
li> + sz,z’ Qe(r, —7y) . 2

of the non-crystalline system, it is necessary to involve
methods that take into account strongly non-harmonic
effects and structural rearrangements. We use the self-
consistent  pseudo-harmonic  approximation, which
enables us to determine the renormalization of the force
constants and local potentials as a result of the
anharmonicity of atomic oscillations [11-14].

Let's consider the solution of the variational problem
[11, 12] for the functional of energy

dF /0o = a, - (0 — 7,),

F=Y;F—T-dS, dS=ds;+ds,, 3)
a. = (0°F/da,). -

Where dS; > 0 is a flow of entropy within a non-

crystalline system, dSe < 0 is a flow of synentropy from

the external environment [7], o, is an equilibrium value o.
The variational problem leads to self-consistent equations:

fZ

U, 8, = S0 G- 7o @

2

The system of equations with respect to renormalized power constants f(l) and mean-square displacements

'D’(l) — <{u(l) lu(o)}l

) in the approximation of the pair interaction of near neighbors Z, it is possible to investigate the

temperature behavior of the non-crystalline system and has the form

w(k) how (k)
T (z) 29 '

ZDf(l) = _Zk

(D) = Af [exp{ Dfa }(Df(rl -1 )] (5)

Describing the effective interaction of atoms with the Morse potential, we find for a self-consistent interaction
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potential:

W,(1) = AVosexpl{~0'} [exp{-2a(l - ap)}exp {2y} - zexp{~al ~ ap)}exp {y, 2} ©)

where a = ay+3Q*/2a is an averaged interatomic
distance taking into account the static disordering of
equilibrium positions characterized by a parameter
Q" = a?Q? y; =a?Ds(l) are given reduced mean-
square displacements of atoms; a and V,r are the
parameters of the potential. Thus, according to the
principle of the local quasi-equilibrium of non-crystalline
material in the presence of external applied pressure P, the
average inter atomic distance is equal

_ 3yf _ _ _Prexpy)
lf - 0[0 + 2a + 5f1 5f (3(1(1—60’22))'
Vozexp{y1—y2} « _ 6Paad
{=1-——"—""K1, PP=—2
Vo1 zf

is the reduced pressure, f = 2aV,rexp{—Q"} is the power
constant in a harmonic approximation, then the potential
energy and force constants in the region of low

‘T’f(lf) = —AfVOfexp{—Q*}exp {—yf},

~ P*
vf(lf) = Asf (exp {—yf} + 1_&%) @)
B 5B
Y, == 194(1+ —L ot + )
Afas 2472
Vopao(1+P")V-exp{~Q"} _ a—4
where Ap = Zhvorsor B, = 60(hso™
Sty = zfag(1 + T &TZ)/Zm is a sound speed in harmonic
=502

approximation, v, is a geometric structural factor
(0 < vy < 1). The system of equations (4) - (7) allows
us to investigate the behavior of the mean-square
displacements, the atomic fraction in soft atomic
configurations and a number of other physical properties
that are determined through y;(T) and o(T) in the

temperatures (6 « kpT,, where T, is a Debye's  temperature  range T <100°K. Because
temperature) are defined by expressions Ap®p = zNP,(1)/2, 0pA; = zNDp(1)/a?, Then equation
(4) using the relation (7) is rewritten in this way:
Vo2 (exp(-y2 b ez ) ~Voryn (L4 0) (exp(-y 1 ez ) +0In Fr—eap(Q*}+ e (0-02)
o= . ®)

Vorexp{-y1}-Vozexp{-y2}

In particular, taking into account (7), for T < 10°K we get

_ (a+prv* (ﬁzVoz _ B1Vo1 ) )
2e A03  A1(1-02)(1+02)’
_ B2(1+P")Vyp

From here we have o = y0, y* YIS
2

K 1, £=V01_V02.

Internal energy and volume
E‘ = (1 - 0-2)51 + 0-252 + O-/Iz + (1 - G)Al,

V=N(1-0)vy+0-v5), v =vpl3, (10)

there are functions o, y; , and given this way:

E~'=—exp{ Q" }x[ Vore™1 + a?(Vore ™1 — Ve ™1) + Vo3, (1 — 02 )( 4+ €U)+V02y2<72 (€_y2+
=) (11)

3y P*eY1 3y, Pre¥2
0')1]01 (a t 2 2a 3a(1—02)) + 0V, (d -y 2a 3(1(1—{0’2)) ' (12)

L=a

Thus, the low-temperature thermal capacity and the coefficient of thermal expansion of the system are described by
the relations

((E+Pv))
=Ma A\ N J)f _2ZMa 0"
Cp T m aT T2m €
2
_ _ P* 3
([Vo1e (1= y1) —Voae2(1 = y2) = Vo — Vozyel = 102 ng) +Vpre ™1 (1 —0?)(2 - y1) + Vore ™2+ a2

P*

a 3 a
2 -y,) J/z [V01(1_02)£+V02 2222 102

+ P*(v, — 171)—+P* 6171 P*o%(vz —171)), (13)
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Here M_,is molar mass. Using (11), (12) for E and V in the temperature range T < 10°K we will get:

B Z__Q* 292 B2Vo2(2+P") B1Vo19* X *..2.92
E=2e70 |y, +y207 (e + LD o PUUT (2 4 P - y9(1 + Py9%), (14)
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v = %~ X {v‘”(l VO o O ~ G 5y2192> HRCIA Erreyn
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The corresponding thermal capacity and thermal
expansion coefficient of the system will look like 0.12 + SR °
2 3 3 /./'/./.
CP = aIT + azT + a3T , Ar = _blT + sz y (15) 0.10 4 /.:/./
o nm
Where @ 0.081 /
5
— 5,252 . Ma | —Q* [ B2Vo2(2+P1)] 25”01V01P*} o 0.06
a, zy kB m {e €+ A2y 3 ! %
T 0.04
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2T m 3a® ' 0.02-
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0 20 40 60 80 100
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b, = T aag 27 Gaoh temperature, K

I1. Results and discussions

Solutions of the self-consistent system of equations
(8, 9) in the temperature region T <100 K calculated
numerically using the iterative method [11] (model
parameters for non-crystalline solids of As(Ge)-S(Se)
systems
(P*=0.1, e =10"*eV, f = (10* = 10° dynes/cm,
91/9> = 11 = 15, a - ay = 6). The parameter Q* is taken
into account based on the results of the study of inelastic
neutron scattering of chalcogenide glasses as the
magnitude of the amplitude of continuum disorder:
Q*=0.15+0.18 [10, 11 ]. Linear temperature dependence
of the fraction of atoms in soft atomic configurations at
T < 1°K which the temperature rises it becomes nonlinear
(6 =Tk k < 1), saturated
(Omax = 107% +1072) about T ~ 10 + 10% K (Fig. 1).
Anomalous temperature behavior of changes in the
fraction of atoms in soft atomic configurations do /0T
(Fig. 1) manifests itself in the temperature range (3+30) K
and correlates with the position of the frequency domain
of the boson peak vy, of chalcogenide glasses [3, 8, 15].
The presence of a boson peak confirms the formation of
nanoscale ordered structures in chalcogenide glasses [3,
15]. One of the variants of such an implementation is the
formation through the processes of self-organization of
soft atomic configurations of a fractal structure, which
precisely realizes the minimum of energy dissipation [7,
14].
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Fig. 1. Temperature dependence of the fraction of atoms
in soft atomic configurations o Q*=0.15 (black square),
Q"=0.18 (red circle).

Within the synergetic model, the structure of non-
crystalline solids can be described as a linear contribution
to thermodynamic functions C, and ar, caused by
fluctuation transitions of atoms or their groups between
soft atomic configurations, and cubic, due to phonons
(Fig. 2). Since the coefficient of the linear part of the
temperature dependence aq is negative (15), then in the
low temperature region a; of the system initially
decreases with heating, and then, due to the growth of the
contribution of phonons (= b,T3), begins to grow
(Fig. 2). The nature of the effect of temperature
compression of non-crystalline solids in the region
T < 1°K is as follows. Structural heterogeneity at the
level of the near and middle orders determines for the
heterogeneity of the phonon subsystem (the
anharmonicity of the atomic oscillations is most
pronounced for weak links). Accumulated in the local
areas of the non-crystalline system energy is stored in the
form of elastic deformations ~ P*exp(y,)/(1 — &a?).
With the growth of the fraction atoms in soft atomic
configurations, elastic deformations will also increase,
causing the sample to compress. At higher temperatures
(1+10) K cubic contribution to a; becomes decisive
(Fig. 2). The obtained result is consistent with the
experimental data [4] on the temperature dependence of
the Griineisen coefficient (G= — 1) for a number of non-
crystalline solids in the temperature range T < 10 K.
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Fig. 2. Low-temperature dependences of the heat capacity
C, (black square) and the coefficient of  thermal
expansion a; ( red circle) for non-crystalline As,S;, Q* =
0.18.

This model explains the quasilinear temperature
dependence of heat capacity C, ~ TS (6§ =0.1+0.4),
taking into account the self-consistent way along with the
contribution of purely phonon excitations, their
renormalization as a result of interaction with low-energy
structural states (Fig. 3). This contribution, due to the
interaction of phonons with soft configurations, has the
order a,-T? and is essential in the temperature range
T <(1+3) K. The temperature dependence of the heat
capacity, including not very low temperatures and
calculated in accordance with (14), is presented in Fig. 3.
In Fig. 3 shows experimental data of the dependence of
the heat capacity C, of glass As,S; in the temperature
range T =(0+12) K<<Tp=161K, where T, is the
Debye’s temperature, which is in good agreement with the
theoretically obtained ones (15). For T = (3+10) K this
dependence Cp/T3 have a wide maximum (“hump"),
which is due to the interaction of atoms in soft atomic
configurations with the matrix of the soft atomic state,
which leads to a self-consistent renormalization of the
force constants, the distribution of low-energy states and
its nonlinear temperature dependence.

We analyze the influence of the conditions of
obtaining on the nature of low temperature anomalies of
the thermal properties of non-crystalline solids. The
influence of technological regimes of obtaining (changes
in the temperature of synthesis 7p) was taken into account
as follows: an increase in the synthesis temperature causes
an increase in the continuum disorder of the
framework Q*, which is described by the dispersion of
distortion of the short order and causes the change in
atomic potentials (11), the frequency of oscillations of the
atoms and thermodynamic functions E,V (14). So, for
non-crystalline material As,S; obtained by cooling the
melt from the synthesis temperatures in the range
T =(870+1370) K (the boundaries are determined by the
minimum and maximum temperature of synthesis of this
composition at a rate q=1.8 K/s [1]), there is a change in
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the dispersion of interatomic distances, which is
coordinated in order of magnitude with experimental data
[11]. It should be noted that the variation of the conditions
of synthesis does not change the universal nature of low-
temperature anomalies C, and ar of non-crystalline
solids, but causes a change in the ratios of different
contributions and temperature intervals. The growth of the
dispersion of the fluctuations of the interatomic distances
of the material obtained at the synthesis temperature
T =1370 K, causes an increase in the atomic share in soft
atomic configurations and a shift in the temperature
interval of saturation to a region of lower values in
comparison with those for a material obtained at a
temperature T = 870 K. This result is consistent with the
results obtained by the authors [7] in studies of the growth
of the density of low-energy states with a decrease in the
transition temperature to a non-crystalline state (an
increase in the synthesis temperature at g = const for
As,S; causes a decrease in the temperature interval of
softening-glass transition). Correspondingly, the change
Q" affects the nature of the dependence Cp /T3 from T,
which qualitatively agrees with the experimental studies
on the influence of the conditions of obtaining As,S; to
low-temperature heat capacity in the temperature range
(2 + 10)°K [16].
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Fig. 3. Low-temperature dependence of the heat capacity
of vitreous As,S;. Red circle — experiment [8], black
square — calculation according to (15), Q* = 0.18.

It should be noted that the correlation studies of low-
temperature anomalies of physical properties (mean-
square displacements, heat capacity, and coefficient of
thermal expansion) of non-crystalline solids with the
conditions of their obtaining indicate the common features
of the transition to state of the non-crystalline solids [10,
17]. The authors of [1, 5] established empirical relations
between the softening temperature and the density of soft
low-temperature states. In particular, it is shown that the
coefficient for the linear part of the temperature
dependence of the heat capacity is a function of the
softening temperature a; = f(T,). Since the softening
temperature depends on the conditions for obtaining in
particular the synthesis temperature, using (15) it will be
rewritten as follows:
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— 2 2,&{ —Q*[ B2Vo2(2+P") _25U01V01P*}= / < "
a, = zy“kg —1e e+ FE s c +exp(Q*) c +f(q'T0) f(Ty). (16)

That is, the ratio (16) for the coefficient of thermal obtaining. The common features of the transition of the
dependence of the heat capacity allows us to obtain an system into a non-crystalline state and the realization of
empirical relation a; = f(T,), which describes the low-temperature anomalies as a manifestation of the

correlation between low-temperature anomalies and the ~ formation of self-organized structures are discussed.
transition to the state non-crystalline solids [15-18].
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CaMOOPraHi30BaHHUX CTPYKTYP B HEKpHCTANIYHHX Tijax cucrem As(Ge)-S(Se)
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JIMCKyTy€eTbCs B3a€EMO3B’SI30K  HU3BKOTEMIIEPATYpHHX aHOMalii (i3MKO-XiMIYHMX BIACTHBOCTEH Ta
(GOopMyBaHHS CaMOOPTaHi30BaHMX CTPYKTYp y Hekpucramiunux Ttinmax cucreM As(Ge)-S(Se). Orpumani
TEMIIepaTypHi 3aJeKHOCTI Ui HMUTOMOI TEIUIOEMHOCTI Ta Koe(illieHTa JiHIHHOrO pPO3LIMPEeHHs B 001acTi
temmeparyp T <100°K , siki JeTami3yloTh JiHIHHI Ta HENiHIWHI BKIaau. PO3IISHYTO BIJIMB yMOB OJEpKaHHS
HEKPHCTATIYHUX TUI Ha HHU3BKOTEMIEPAaTypHY TMOBEAIHKY (i3MKO-XIMIYHMX BJIACTHBOCTEH Ta 3MiHY
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(hopMyBaHHS CaMOOPTaHI30BaHHX CTPYKTYpP HEKPUCTANIYHHX MaTepianiB B O0JAcTi HHU3BKHX TEMIepaTyp i
TEMIIEPaTyp PO3M'SKIICHHS, IO MPOSBIISETHCS Y HASBHOCTI HAHOPIBHIB CTPYKTYpyBaHHS.

Ki1i040Bi c10Ba: HU3BbKO-TEMIIEpPATYpHI aHOMANi{, HAHOPO3MIPHI €(EeKTH, HEKPHUCTATIUHI MaTepiaiu, M’ sKi
aToMHI KoH(irypauii, caMooOpraHizoBaHi CTPYKTYpH, CHHEPreTHKa, IBOPIBHEBI CTaHU.

373


https://doi.org/10.15407/spqeo25.04.402
https://www.sciencedirect.com/journal/journal-of-non-crystalline-solids
https://doi.org/10.1016/j.jnoncrysol.2022.122040
mailto:mykhaylo.maryan@uzhnu.edu.ua

Vasyl Stefanyk Precarpathian
National University

PHYSICS AND CHEMISTRY
OF SOLID STATE

V. 24, No. 2 (2023) pp. 374-384
®I3UKA I XIMISI TBEPJOIO TLIA
T. 24, No 2 (2023) C. 374-384

Section: Chemistry

Ximiuni Hayku

UDC 544.47 ISSN 1729-4428

Ivan Mironyuk?, Nazarii Danyliuk?, Liliia Turovska3, Ihor Mykytyn?,
Volodymyr Kotsyubynsky*

Structural, morphological and photocatalytic properties of
nanostructured TiO2/Agl photocatalyst

!Department of Chemistry, Vasyl Stefanyk Precarpathian National University, lvano-Frankivsk, Ukraine, myrif555@gmail.com
2Educational and Scientific Center of Material Science and Nanotechnology, Vasyl Stefanyk Precarpathian National University,
Ivano-Frankivsk, Ukraine, danyliuk.nazariy@gmail.com
3Department of Medical Informatics, Medical and Biological Physics, lvano-Frankivsk National Medical University, lvano-
Frankivsk, Ukraine, Iturovska@ifnmu.edu.ua
“Department of Materials Science and New Technologies, Vasyl Stefanyk Precarpathian National University, lvano-Frankivsk,
Ukraine, kotsuybynsky@gmail.com

Nanostructured TiO2/Agl photocatalyst under the action of ultraviolet or visible electromagnetic radiation
effectively neutralizes organic pollutants in the aqueous environment. It is a nanostructure in which micro- and
small mesopores of anatase TiO2 are filled with silver iodide in the superionic state. The content of the a-Agl ion-
conducting phase in the volume of TiO2 pores can be ~20 wt %.

To obtain a photocatalyst, titanium dioxide is synthesized by the sol-gel method, using a titanium aquacomplex
solution [Ti(OH2)s]**-3CI- and a Na2COz modifier additive as a precursor. The modifying additive during synthesis
ensures the fixation of =02CO carbonate groups on the surface of oxide material particles. The presence of these
groups leads to an increase in both the pore volume and the specific surface area of TiO2. The specific surface area
of carbonized titanium dioxide is 368 m2.g2, the pore volume is 0.28 cm3-g2, and their size is 0.9-4.5 nm.

To fill the micro- and small mesopores of TiO2 with the superionic a-Agl phase, Ag* cations are first adsorbed
from the AgNOs solution on the titanium dioxide surface, and then the oxide material is contacted with the KI
solution.

Compared to the Evonik P25-TiO2 photocatalyst, the nanostructured TiO2/Agl photocatalyst demonstrates a
significantly higher efficiency of photodegradation of organic dyes Congo Red and Methyl Orange in visible and
ultraviolet radiation. The most active TiO2/40Agl sample achieved complete degradation of the CR dye (5 mg/L)
in 6 minutes of UV irradiation (A = 365 nm), while the efficiency of commercial P25-TiO2 over the same time was
only 42%.

Keywords: titania, Congo Red, Methyl Orange, photocatalyst.
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Introduction

To improve the spatial separation of photogenerated
charges and increase the quantum yield of photocatalytic
transformations, nanostructured binary photocatalysts are
used. The coordinated energy of the conduction band and
the valence band of these nanostructures contributes to the
irreversible interfacial transfer of photogenerated
electrons and holes.
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In binary photocatalysts based on TiO,, metal oxide
[1-4] or chalcogenide semiconductors [5-7], conductive
polymers [8-10], carbon materials such as graphite,
fullerenes, graphene [11-14], etc. can perform the co-
catalyst function.

The components of photocatalysts based on TiO; are
also solid-state electrolytes, in particular, silver halides
[15-17]. TiO2/AgBr nanostructures have a photocatalytic
effect in dye oxidation reactions, they are characterized by
photobactericidal properties.
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TiO2-Agl nanocomposites obtained by mixing the
corresponding sols exhibit photocatalytic activity in the
reduction reactions of methylviologen [17].

TiO2/Agl nanoheterostructures should be more
efficient photocatalysts than nanocomposites of this
composition. By definition, in a nanostructured
photocatalyst, nanometer-scale components must be
interconnected and placed in a certain order relative to
each other. The large area of phase contact in these
nanostructures and the ionic conductivity of Agl ensure
the removal of photogenerated holes of the valence band
of titanium dioxide and prevent their recombination with
the electrons of the conduction band.

In this work, our goal was to synthesize a
nanoheterostructural photocatalyst in which TiO; is
combined with silver iodide in the superionic state, to
study the structural and morphological characteristics of
the photocatalyst, and to study its activity in dye oxidation
reactions in ultraviolet and visible electromagnetic
radiation.

I. Experimental

1.1. Preparation of TiO2/Agl nanostructures

Nanostructured TiO2/Agl photocatalyst was obtained
by filling titanium dioxide mesopores with silver iodide
during the reaction between AgNOsand KI. Ag* cations
were adsorbed from the AgNO3 solution on the surface of
the oxide material for Agl to enter the TiO- pores, and only
then the oxide material was brought into contact with the
KI solution. Due to the high Laplace pressure, Agl
nanoparticles in the pores of the oxide material pass from
the dielectric state (B-Agl phase) to the superionic state (a-
Agl phase). The ionic conductivity of the a-Agl phase is
108 times higher than the ionic conductivity of the p-Agl
phase.

The synthesis of anatase nanoparticle TiO> is based on
the sol-gel method, in which a solution of the
[Ti(OH2)6]**-3CI- aquacomplex is used as a precursor. In
order to increase the pore volume of TiO, its specific
surface area, and adsorption activity with respect to metal
cations on the surface of the oxide material, carbonate
groups =0,CO were grafted during synthesis [18]. To
implement this process, the modifying reagent Na.COs;
was introduced into the titanium precursor solution. Its
percentage was 8 wt.% relative to TiOa.

The mixture of reagents was diluted with water and
kept at a temperature of 70°C for 30-40 minutes. After
heating, the pH of the reaction medium was adjusted to 6-
7 with a 10% NaOH solution. The resulting TiO; particles

were removed from the reaction medium using a vacuum
filter, then washed from adsorbed Na* and CI- ions with
distilled water and dried at a temperature of 120-140°C.

With a pore size of 0.9-4.5 nm and a pore volume of
0.28 cmi.g?, the specific surface area of the synthesized
TiO, was 370 m2g 2.

Table 1 shows the morphological characteristics
(specific surface area, pore volume) of base and modified
TiO,. The base titanium dioxide in the table is designated
a-TiO., and the modified one is 8C-TiO,. Morphological
characteristics indicate that the modified TiO; exceeds the
base one in terms of specific surface area and pore volume.
The carbonated TiO, obtained by this method is an
effective adsorbent for the extraction of metal cations
from an aqueous medium.

To obtain nanoheterostructured photocatalysts, silver
cations Ag* were adsorbed on the 8C-TiO; surface. To do
this, an adsorbent was introduced into the AgNO3 solution
and kept for 30-40 minutes. It was removed from the
dispersion medium and mixed with the KI solution. After
10-20 minutes of contact, the precipitate of the solid
product was separated from the reaction medium, washed
with distilled water, and dried at a temperature of 140-
150°C for 2 hours.

Studies of the adsorption of silver cations by
carbonized TiO2 showed that 1 g of the 8C-TiO; adsorbent
extracts 190-210 mg of silver ions from an AgNOs
solution.

To optimize the phase composition of the
photocatalyst in the specified way, three test samples of
the photocatalyst containing 20, 30, and 40 wt.% of silver
iodide were obtained. These samples are designated
Ti02/20Agl, TiO2/30Agl, and TiO2/40Agl, respectively.

1.2. Characteristics of methods

Phase analysis of the TiO; samples and TiO2/Agl
nanostructures was carried out on an XRD-7000
Shimadzu X-ray diffractometer in copper anode radiation.
Crystal phases were identified using the Mateh 3.0
software.

The morphological characteristics of powder
materials, namely, their specific surface area, pore
volume, and pore size distribution, were calculated from
N, adsorption/desorption isotherms. Adsorption was
studied at the boiling point of liquid nitrogen (T =77 K)
on an automatic sorbometer Quantachrome Autosorb
(Nova 2200 e). Before radiation, the test samples were
calcined in vacuum at a temperature of 180°C for 24 hours.
The pore size distribution was calculated using the density
functional theory [19].

Images of TiO; particles and TiO2/Agl nanostructures

Table 1.

Morphological characteristics of test samples (average value of specific surface area and pore volume)

Porous structure parameters
Test
same;fles S, Smicro Smeso Smeso/S, \% Vmicro Vmeso Vmeso/V,
mz,g-l m2,g»1 m2,g»1 % Cm3,g»1 Cm3,g-l Cm3,g-1 %
a-TiO; 239 100 139 58 0.15 0.054 0.098 64.4
8C-TiO; 370 6 364 98 0.28 0.001 0.279 99.6
TiO2/40AgI 222 - 222 100 0.20 - 0.20 100
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were obtained using a JSM-2100F transmission electron
microscope and a REMMA-102 scanning electron
microscope. The scanning electron microscope is
connected to an energy-dispersive X-ray spectrometer.
This allowed us to control the elemental composition of
the test samples.

1.3. Evaluation of photocatalytic performance

The photocatalytic activity of nanostructured
TiO2/Agl composites was evaluated by studying the
photodegradation of dye solutions: Congo Red (CR) and
Methyl Orange (MO) under the influence of UV and
visible electromagnetic radiation. The source of
electromagnetic radiation was LEDs with a wavelength of
365, 395 and 430 nm. The power of each LED was 5 W.
The design of the photoreactor is described in detail in
[20].

Before the start of the experiment, a suspension
containing 30 mg of photocatalyst and 20 ml of an
aqueous solution of CR or MO dye (5 mg/L) was stirred
with a magnetic stirrer for 30 minutes in the dark to ensure
the establishment of an adsorption-desorption equilibrium
between the dye molecules and the photocatalyst surface
at room temperature. After that, the suspension with its
continuous stirring was irradiated with electromagnetic
radiation with a given wavelength. The photodegradation
kinetics of the dyes was recorded with a DT-1309 light
meter. The final concentration of the dye in the solution
was determined with a Ulab 102UV spectrophotometer. A
detailed description of this technique and calibration

10 nm

dependences are given in [21]. The percentage of dye
degradation was determined by equation (1):

% degradation dye = Co-C/Co *100%, 1)

where % degradation dye is the percentage of dye
degradation, Cy is its initial concentration, and C is the dye
concentration at time t. A commercial P25-TiO;
photocatalyst from Evonik was also studied under these
conditions.

1. Results and discussion

2.1. Morphological condition of the samples

The liquid-phase method for obtaining carbonated
TiO, makes it possible to obtain an oxide material with
small mesopores and their large total volume (Table 1).
The image of the microstructure of the 8C-TiO, sample
with a resolution of 5 nm (Fig. 1a) makes it possible to see
the primary particles of the oxide material, which are
anatase nanocrystallites. Their size is 3-7 nm, and they
have a faceted shape. Rows of TiOg octahedra are visible
on the faces of individual crystallites. White dots in the
rows indicate the absence of titanium atoms in them.
Defects in the structure of crystallites are micropores
<1.5nminsize.

During the sol-gel synthesis, the primary particles-
crystallites are combined into aggregates. The aggregate

Fig. 1. Image of primary paticles (a) and their aggregates (b, c) in the 8C-TiO, sample.
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size is 180-360 nm (Fig. 1c¢). The image of the aggregate
with a resolution of 20 nm (Fig. 1b) shows numerous
white areas 1-4 nm in size, which are mesopores.

Filling the pore volume of carbonated TiO, with silver
iodide leads to a decrease in its specific surface area and
pore volume. Thus, the specific surface area of the
TiO2/40Ag| test sample is 222 m?g, and that of the 8C-
TiO; sample is 370 m?.g* (Table 1). The pore volume of
this nanostructured material decreases from 0.28 cm?.g*
to 0.2 cm?-g compared to carbonated TiO». The contact
area between titanium dioxide and the a-Agl phase is
148 m?-gt. An analysis of the pore size distribution in
carbonated TiO, and in the TiO2/40Agl sample shows
(Fig. 3) that silver iodide in the nanostructured material is
localized only in small mesopores 2.4-3.2 nm in size and
micropores, and these pores are half filled with Agl. The
absence of silver iodide in pores with a diameter of 3.2-
4.5 nm is due to the fact that during the Agl formation
reaction, pressure arises that displaces reaction products
from the volume of these pores, so the condensation of
silver iodide molecules occurs outside the pore volume of
the oxide material. The formation of Agl crystallites in the
volume of small mesopores and micropores is probably
due to their small necks, which limit the extraction of Agl
molecules from their volume.

200 ~

—=—2a-Tio,
—e—8C-TiO,
1504 —a—TiO,/40Agl
&
(2]
£
)
o 100
£
3
o
>
50
0 T T T T T 1
0,0 02 04 0,6 08 1.0
Relative pressure, P/P_
Fig. 2. Isotherms of adsorption/desorption of N
molecules by test samples.
0,16 . —=—1
/ o
0,14 4
) 0,12 1
£ ¥
£ 0,104 f'\
s JAY 2!
< 0,08 n
T 2 /
> oo 0
o 0,06 'g__- I
0044 o \ /
° L}
0,02 ."\. / \
0,00 \\QQI N R ——
1 2 3 4 5 6

Pore diameter (nm)
Fig. 3. Pore size distribution in carbonated titanium
dioxide 8C-TiO> (1) and photocatalyst TiO2/40Agl (2).
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Fig. 4 shows an image of TiO2/40Agl sample particles
obtained using a scanning electron microscope. We can
see that the mixture with large xerogel-like particles of
TiO2/40Agl of black color contains small particles of Agl
of white color. The elemental composition of TiO2/Agl
and Agl particles is confirmed by the spectra of energy-
dispersive X-ray microanalysis (Fig. 5 a, b).

Fig. 4. Image of TiO2/40Agl particles. Black particles are
TiO2/Agl heterostructure xerogel, white particles are Agl.

2.2. Phase composition of the photocatalyst

Silver iodide belongs to the class of solid electrolytes,
which are characterized by ionic conductivity. At room
temperature and normal pressure, the crystalline state of
silver iodide corresponds to the B-Agl phase [22]. In some
cases, a metastable y-Agl phase may also be present along
with this phase.

At normal pressure, according to the phase diagram
[22] (Fig. 6), at a temperature of 146°C, the B-Agl phase
undergoes phase transition into the a-Agl phase. As a
result of this phase transition, Agl passes from the
dielectric to the superionic state. In the superionic state,
the electrical conductivity L of the a-Agl phase is
1.38 S.cm® [22]. This value is close to the L value of
concentrated liquid electrolytes. At room temperature, the
electrical conductivity of the p-Agl phase is
108 S.cm?,

The phase diagram of Agl indicates that with
increasing pressure, the temperature of the p—a-phase
transition decreases. At a pressure of 270 MPa, Agl
acquires a superionic state already at room temperature. It
is important to note that the temperature of Agl transition
to the superionic state depends on the particle size. Very
small nanocrystallites in the superionic state can exist at
room temperature. This phenomenon is due to the action
of Laplace pressure. Phenomenologically, the Laplace
pressure P arises due to the action of surface tension o
and its value depends on the curvature of the surface of the
solid. For spherical particles

),

where d is the effective particle diameter.
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Fig. 6. Phase diagram of Agl.

The calculation shows that silver iodide particles in
pores of the photocatalyst with a diameter of 2.4 nm at an
Agl surface tension of 0.18 J'm are under pressure of 300
MPa. At this pressure, Agl particles localized in small
titanium dioxide mesopores pass into the superionic state.

Phase analysis of the test samples of TiO2/20Agl,
Ti02/30Agl and TiO2/40Agl by X-ray diffractometry
revealed an anatase modification of TiO2 and two phases
of silver iodide — a-Agl and B-Agl in each sample. The
diffraction patterns of the test samples are shown in Fig. 7.

Table 2 shows the space symmetry groups of the
phases, their content and lattice parameters. The a-Agl
phase is localized in small mesopores and micropores of
anatase, while the B-Agl phase is located outside the pore
volume of TiOx. It can be seen from the presented data that
with an increase in the content of silver iodide in the
samples from 20% to 40%, the content of the a-Agl phase
in the pores of the oxide material increases from 6.17 wt.%
to 20.17 wt.%. Characteristically, with an increase in the
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content of the current-conducting phase, the efficiency of
the nanostructured photocatalyst increases.
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Fig. 7. X-ray diffraction patterns of TiO2/20Agl (1),
Ti02/30Agl (2), and TiO2/40Agl (3) samples.

2.3. Discussion of the results

2.3.1 Effect of Agl loading percentage

Agl effectively absorbs in the visible light region [23],
so the percentage of Agl incorporation into titanium
dioxide pores should have a significant effect on the
activity of  nanostructured  photocatalysts.  The
photocatalytic activity of Agl/TiO, photocatalysts was
evaluated by their ability to affect the degradation of dyes
under the action of UV and visible electromagnetic
radiation. Figs. 8-11 show that the efficiency of
destruction of molecules of CR and MO dyes increases
with an increase in the percentage of Agl in the
nanostructured photocatalyst. The maximum efficiency of
CR and MO removal is achieved in the TiO2/40% Agl
photocatalyst.
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Table 2.
Phase composition of samples and lattice parameters of anatase TiO», a-Agl and B-Agl.
TiO (Anatase) B —Adgl (lodaregyrite) a —Agl (Miersite)
ICSD # 44882 ICSD # 65063 ICSD # 52361
Tetragonal, 141/amd Hexagonal, P6mm Cubic, F-4 3m
Sample
Content, a A o A Content, a A e A Content, a A
% ’ ’ % ’ ’ % ’
Ti0,/40Agl 60.0+ 3.7839+ | 9.4432+ 19.83t 45651+ | 7.5191+ 20.17 6.4914+
4.4 0.0024 0.0089 7.73 0.0679 0.2779 0.61 0.0035
Ti0,/30Agl 70.0+ 3.7365+ | 9.39322 19.26+ 45765+ | 7.4828+ 10.74+ 6.4889+
411 0.0046 0.05712 0.48 0.0030 0.0108 0.39 0.0017
TiOa/20Ag! 80.0+ 3.7752+ | 9.4015+ 13.83+ 45687+ | 7.4782+ 6.17+ 6.4924+
3.29 0.0034 0.01634 0.51 0.0016 0.0091 0.73 0.00132
As shown in Figs. 8-11, the CR and MO dyes were
effectively degraded as a result of the action of test 2.3.2 Photocatalytic degradation of Congo Red
samples of photocatalysts. Accordingly, with an increase The kinetics of photodegradation of Congo Red by

in the mass fraction of Agl from 20% to 40%, the test samples of the photocatalyst is shown in Fig. 8. The
efficiency of dye degradation increases, while the reaction obtained kinetic curves are described by a pseudo-first
rate constants increase from 0.1277 min to 0.1844 min’! order equation, since the function of dependence of
for CR and from 0.0640 min? to 0.1051 min? for MO In(C/Cy) on the reaction time (t) shows linearity with high
when irradiated with visible light (A= 430 nm). The correlation coefficients in the range from 0.9016 to 0.9983
photocatalytic reaction occurs on the surface of the (Table 3), where Cq is the initial concentration of CR
catalyst; therefore, the adsorption capacity of the 8C-TiO; before irradiation, C is the concentration of CR at reaction
base has a significant effect on the rate of degradation of time t, k is the reaction rate constant. The calculated

the CR and MO dyes. photodegradation rate constants of Congo Red are shown

It is known that the combination of Agl and TiO; in Fig. 9. Self-photodegradation of CR dye under
leads to a shift of the absorption spectra to the visible light irradiation with LEDs is not observed. The efficiency of
region [24]. Agl nanoparticles act as a sensitizer [25]. the degradation of Congo Red for all samples decreases

Accordingly, the nanostructured TiO2/Agl composite with increasing irradiation wavelength from 365 to
efficiently absorbs visible light during photocatalytic 430 nm. For the TiO2/40Agl sample, the reaction rate
reactions. The obtained samples of photocatalysts were constants are 0.4099 min! and 0.1844 min™, respectively.
studied at wavelengths of electromagnetic radiation of In particular, the incorporation of Agl into TiO;
365, 395, and 430 nm. Among all the samples, the mesopores contributes to an increase in the activity of the
TiO2/40Agl photocatalyst at an irradiation wavelength of photocatalyst in the visible light spectrum. The
365 nm destroyed the CR and MO dyes four times faster Ti02/40Agl sample during irradiation at a wavelength of

than the P25-TiO, photocatalyst. 430 nm showed almost 5 times higher -efficiency
(@ (b) : (c)
1.0 365 nm ——Ti0,/20Ag] 1.0 395nm — TO/20Ad! 1.0+ 430 nm
TiO,/30Ag! TiO,/30Ag!
08 —— Ti0,/40Ag! 0.8 — TiO,/40Ag! 0.81
——P25TiO, —— P25-TiO,
(=] 4 o o 0.64
S 06 S o6 S
O O O o4
0.4 0.44 :
0.2{—— TiO,/20Ag!
0.2 0.2 TiO,/30Ag!
0.04——Ti0,/40Ag!
0.04 0.0 —— P25.-TiO,
T T T T T T " T T T T x 024 T T T T T
0 2 4 6 8 10 0 4 8 12 16 20 0 3 6 9 12 15
Time (min) Time (min) Time (min)
(d) © M
0.0 0.04 395 nm ’
-0.54 4
. 031 0.3
3 — ~
Q 10 o o)
g S £ s
= T 0.6 c 7]
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— P25-Tio, —— P25-TiO, P25-TiO,
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0 2 4 6 8 10 0 3 6 9 0 2 4 6 8 10
Time (min) Time (min) Time (min)

Fig. 8. (a-c) Effect of Agl concentration on CR dye degradation; (d-f) experimental lines transformed according to
first-order kinetics.
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Table 3.

Rate constants of the first order kinetic model of CR photodegradation on TiO2/Agl and P25-TiO, samples
(experimental conditions: solution volume 20 ml, dye concentration 5 mg/L).

A nm Ti02/20Agl Ti02/30Agl Ti02/40Agl P25-TiO2
' k, min?t R? k, mint | R? k, mint R? k, mint | R?
365 0.2903 0.9794 0.3191 0.9753 0.4099 0.9885 0.0892 0.9933
395 0.0275 0.9016 0.0795 0.9631 0.1342 0.9901 0.0337 0.9362
430 0.1277 0.9881 0.1068 0.9462 0.1844 0.9843 0.0369 0.9983
0.4- py  [1365nm
395 nm
L B 430 nm
034 i
i
Eoa2.
i
0.1

TiO,/20Agl TiO,/30Agl TiO,/40Agl P25-TiO,

Fig. 9. Rate constants of the first-order kinetic model of CR dye photodegradation on TiO2/20Agl, TiO2/30Agl,
Ti02/40Agl, and P25-TiO, samples.

compared to P25-TiO, with reaction rate constants of
0.1844 min*and 0.0369 min, respectively. Test samples
show increased photocatalytic activity when illuminated
with visible light (430 nm) for 15 minutes. In the
photodegradation of CR dye by TiO2/20Agl, TiO2/30Agl,
and TiO2/40Agl samples when irradiated with a
wavelength of 365 nm and 430 nm, the efficiency is 96%,
100%, and 100%, respectively. The resulting
nanostructured TiO2/Agl composites showed better
efficiency when irradiated with 365 nm light compared to
commercial P25-TiO,. For example, the TiO2/40Agl
sample achieved complete degradation of CR in 6 minutes
of irradiation, while P25-TiO; destroyed the dye by only
42% during the same period of time. According to the
efficiency of CR photodegradation, test samples can be
arranged as follows:

P25-TiO; < Ti02/20Agl < TiO2/30Agl < TiO2/40Agl.
Thus, at 40% Agl, the photocatalytic activity was the
highest. A further increase in the content of Agl in a
nanostructured composite is unreasonable since it entails
electron-hole recombination [26]. A similar result was
described in [24]. The 0.2Ag@AgI/TiO;, photocatalyst
showed the highest efficiency of RhB removal (91%) in
90 min. As the content of Agl increases, its activity
decreases.

2.3.3 Photocatalytic degradation of Methyl Orange

To illustrate that the resulting TiO2/Agl
nanostructures can degrade various organic toxicants,
their photocatalytic activity was measured by monitoring
the decomposition of Methyl Orange dye in aqueous
solution under the same conditions as Congo Red.
Changes in the MO concentration during the experiments
were recorded using a DT-1309 light meter. The color of
MO gradually decreases and the color of the solution
changes from orange to colorless within 20 minutes of the
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reaction, indicating that the chromophore groups of the
MO molecules are destroyed, and the corresponding color
change can be registered using a light meter. For
comparison, similar MO photodegradation experiments
were carried out in the presence of commercial P25-TiO5.
The efficiency of MO photodegradation in 10 min of
photooxidation at a wavelength of 365 nm reaches 95%,
100%, 100%, and 59% for TiO2/20Agl, TiO./30Agl,
TiO2/40Agl, and P25-TiO, samples, respectively. The
efficiency of MO degradation in 20 min of the irradiation
reaction at a wavelength of 395 nm is 99%, 100%, 100%,
and 74% for TiO2/20Agl, TiO2/30Agl, TiO-/40Agl, and
P25-TiO; samples, respectively. The efficiency of MO
degradation in 20 min of 430 nm light irradiation is 67%,
84%, 99%, and 44% for TiO2/20Agl, TiO2/30Agl,
TiO2/40Agl, and P25-TiO, samples, respectively. The
Ti02/40Agl sample showed the highest photocatalytic
activity among the test samples. According to the
efficiency of MO degradation, the samples can be
arranged as follows:
P25-TiO2 < TiO2/20Agl < TiO2/30Agl < TiO2/40Agl.
The photocatalytic degradation of MO is described by
a first order equation (Fig. 10), as is the photodegradation
of most organic substances [20,27,28]. Linear
transformations of kinetic curves are shown in Figs. 10 d-
fin the coordinates of In(C/Cy) versus reaction time t. The
reaction rate constants of MO photodegradation for
various  photocatalysts  TiO2/20Agl,  TiO2/30Agl,
Ti02/40Agl, and P25-TiO, are shown in Fig. 11. The
value of k for the process of MO photodegradation by
TiO2/40Agl photocatalyst was the highest compared to
other samples. The reaction rate constant was 0.3698 min
1/0.1885 min!, 0.1051 min' for light energy sources with
wavelengths of 365, 395, and 430 nm, respectively. It was
determined that the photocatalytic activity of TiO2/40Ag|
significantly exceeds the activity of P25-TiO,, especially
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Fig. 10. (a-c) Effect of Agl concentration on MO dye degradation; (d-f) experimental lines transformed according to

first-order kinetics.

Table 4.

Rate constants of the first order kinetic model of MO photodegradation on the TiO, sample (experimental
conditions: solution volume 20 ml, dye concentration 5 mg/L).

A nm Ti02/20Ag| Ti02/30Ag| Ti02/40Ag| P25-TiO2
' k, min? R? k, mint | R? k, mint R? k, mint | R?
365 0.1956 0.9578 0.3204 0.9826 0.3698 0.9963 0.0857 0.9965
395 0.1028 0.9917 0.1173 0.9757 0.1885 0.9931 0.0685 0.9928
430 0.0640 0.9786 0.0700 0.9687 0.1051 0.9838 0.0499 0.9457
0.4 [ 365 nm
B 395 nm
B 430 nm
0.3
i
Eo.2]
-
0.1

0
TiO,/20Agl TIO,/30AgIl TiO,/40Agl P25-TiO,
Fig. 11. Rate constants of the first-order kinetic model of MO dye photodegradation on TiO2/20Agl, TiO2/30Agl,
Ti02/40Agl, and P25-TiO, samples.

when irradiated at a wavelength of 430 nm, the reaction
rate constant is twice as high, which is explained by the
presence of Agl nanoparticles in TiO, mesopores. Thus,
the TiO2/40Agl photocatalyst can provide effective
degradation of MO under UV and visible light irradiation.

Table 5 shows the results of the efficiency of similar
photocatalysts based on TiO, and Agl in the
photodegradation of various organic dyes. Under
optimized experimental conditions, the activity of the
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resulting TiO2/Agl nanostructures significantly exceeded
the efficiency of the nanocomposites presented in Table 5.
Thus, nanostructured TiO2/Agl photocatalysts obtained by
this method can be used to neutralize organic pollutants in
an aqueous medium.

Efficient separation of electron-hole pairs in the
nanostructured TiO2/Agl composite increases its
photocatalytic activity in photodegradation reactions of
CR and MO dyes under UV and visible irradiation.
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Comparison of photoactivity of nanocomposites based on TiO; and Agl Tebles:

Photocatalyst Light source Experimental conditions Photeof(fjiec?ggg;tion Ref
0.2Ag@AgI/TiO; Xe (1000 W) [C;;gi’ * :05%5)8 91%in90 min | [24]
0.2-Agl-TiO; Xe (%> 420 nm) [BDEggg]ﬂZSi _;,%%_Tgol,bl 70% in 180 min | [27]
TiO, QDs/CDs/Ag 50W LED [Rh%?t"l'fto.zl 32°mfg?_L_l 97%in 20 min | [25]
30AgI@TiO,/USN (500“':%'2“;80 o) [C;;gi’ 3 ;02%5/‘8 100% in 30 min | [29]
Ag-Agl(4%)-TiO./CNFs Xe (300 W) %:%3]’2 :101%397:_9 97% in 180 min | [30]
Agl-TiO2—cotton éefi%%onvn\g [MO] =5 mg/L 56% in 120 min [31]
Agl-TiO2/PAN Xe (300 W) (E:;l‘g)]’i ;OZ?T?QW_Q 87.8% in 270 min | [32]
TiOZ/40Ag] (2430 m) C[aé%'i’ e 100%in15min | 1
TiO2/40Ag] (xl():\gvsgiz) C[:%]/Si p ?rfg;‘lg 100%in20min | 1%

Conclusions TiO2<Ti02/20AgI<TiO2/30AgI<TiO./40Agl under UV

This paper describes the synthesis and properties of
nanostructured TiO2/Agl photocatalysts. Filling micro-
and mesopores of TiO, with Agl nanoparticles in the
superionic state is an effective strategy for obtaining
photocatalysts efficient in ultraviolet and visible
electromagnetic radiation. Synthesis of TiO» has been
carried out by the sol-gel method using a solution of the
titanium aquacomplex [Ti(OH,)s]**+3CIl- and a NaCOs
additive-modifier as a precursor. The presence of
carbonate groups =0,CO on the surface of TiO; leads to
an increase in the pore volume and specific surface area of
the photocatalyst. The specific surface area of carbonated
titanium dioxide is 368 m?g?, the pore volume is
0.28 cm.gL, and their size is 0.9-4.5 nm. The process of
filling micro- and small mesopores of TiO, with the
superionic a-Agl phase consists in the adsorption of Ag*
cations on the surface of titanium dioxide, followed by the
interaction of the oxide material with the KI solution.
Among the studied nanostructured composites, the
Ti02/40Agl sample was the most effective, destroying CR
and MO dyes four times faster than commercial P25-TiO;
under UV irradiation (A =365 nm). According to the
photodegradation efficiency of CR and MO, the studied
samples can be arranged as follows: P25-

and visible irradiation. The high efficiency of the
nanostructured TiO2/40Agl photocatalyst will make it
possible to use it to neutralize toxic organic substances in
the aqueous environment.
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HanoctpykrypoBanmit  ¢otokaramizarop TiO2/Agl, mpm nii ymeTpadioneroBoro abo BHAMMOTO
€JIEKTPOMArHITHOTO BHIIPOMIHIOBaHHS, €(QEKTHBHO 3HEIIKOUKYE Yy BOJHOMY CEPEIOBHUINI OpTraHivyHi
3a0pyaHIoBayi. BiH sBisI€ 0000 HAHOCTPYKTYPY B sIKiif Mikpo- Ta npiOHI Me3omopu aHaTa3Horo TiO2 HammoBHEH1
HoauToM cpibia B cynepiloHHOMY ctaHi. BmicT iioHOnpoBinHOT Ga3u a-Agl B 06’emi mop TiO2 Moxke cTaHOBUTH
~ 20 wmac.%. [liokeun THTaHy, U1 OAepXaHHsA (OTOKATai3aTopa, CHHTE3YIOTh 30Jb-T€lIb METOJIOM,
BMKOPHCTOBYIOUH, sIK PEKYPCOP PO3UMH TUTaHOBOTO akBakommekcy [Ti(OH2)s]**+3CI Ta no6asky-monudixatop
Na2COs. Moaudikyroua 1006aBKa B MPOIeCi CHHTE3Y 3a0e3Meduye BKOPIHEHHS Ha TIOBEPXHI YACTHHOK OKCHIHOTO
Marepiay kapOonatHux rpymyBans =02C0O. HasBHiCTs nuX TpyIryBaHb IPHBOIUTH 10 3POCTaHHS K 00’ €My TIOp
Tak i murtomoi nmosepxui TiO2. TIuTOMa MOBEPXHS KapOOHATOBAHOTO IOKCHIY THTaHy 368 M%rl, 06’eM mop
0.28 cm®r?, a ix posmip 0.9-4.5 HM. [lns 3amoBHEHHA MiKpo- Ta ApiGHuX Mesomop TiO2 cynepiionHow a-Agl
(hazor0 CrovyaTKy Ha MOBEpPXHi MIOKCHIY TUTaHy 3 po3unHy AgNO3 ancopOyroTs KarioHn Ag*, a micis HbOro
3IIMCHIOIOTh ~ KOHTaKTyBaHHs OKCHAHOTrO Marepiamy 3 po3unHoM KI. CTBOpeHMII HaHOCTPYKTYpOBaHHI
¢otokarainizarop TiO2/Agl B nopiBHsAHHI 3 hoToKaTanizaropoM KoHiepHy Evonik mapku P25-TiO2 nemoHcTpye
CYTTEBO BHILY e(eKTUBHICTB 1110710 (oToAerpaaanuii opranigyHux 6apBHUKiB KoHro uepBoHoro ta MeTuiopaHky
B BUIUMOMY Ta yibTpadioneroBoMy BunpomiHioBaHHi. HaifaktuBHimmii 3pazok TiO2/40Agl mocsiraB moBHOTO
pyitnyBanHs1 GapBHuka KY (5 mr/m) 3a 6 xBunmH Y®-onpominenns (A = 365 HM), Toai K e(EKTHBHICTH
komepiiiiHoro P25-TiO2 cranoBuia Becboro 42%, 3a 1ieii caMuil IPOMIKOK 4acy.

Kiouosi cioBa: tutan (IV) oxcnn; Korro uepBonuit; MeTunopanx; poTokaTamizaTop.
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Introduction

The thermoelectrical coolers are widely used for the
cooling of the electronics in different fields of usage,
starting with consumer goods and ending with the
designing of the spaceships. The thermoelectrical
elements are widely used in cooling technics. Detailed,
theoretical and experimental researches and optimization
of the process of the thermoelectric cooling are conducted
mainly for the stationary mode of the coolers’ (modules).
The results of these researches contributed to the massive
industrial production of the thermoelectrical modules for
the various needs [1,2].

The process of the thermoelectric cooling is not well
explored nowadays. That’s why specifically with the help
of computer modelling we can more precisely explore it,
create new thermoelectric modules and devices based on
them [3,4]. We researched the model of the penetrating
thermoelement with the developed system of the heat
exchange for the cooling of the flow in order to find the
optimal functions of the inhomogeneity of the material of
the supports in combination with the search of the optimal
parameters, with which the thermodynamic efficiency of
the capacity of conversion will be maximal. Such
thermoelectric model in perspective might be used in the
future researches in this field of study, with different
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constructional  peculiarities of the thermoelectric
equipment, which, in turn, makes possible the research of
the new thermoelectric materials in order to improve the
conversion of energy and the cost of the thermoelectric
equipment on its base.

So, the aim of the work is the verification of the
influence of the geometry on the effectiveness of the
penetrating element in the cooling regime.

I. The physical model of the penetrating
thermoelectric cooling thermoelement

While using the material with the high penetration, the
inner surface of the heat exchange might be developed. In
such case the intensity of the heat exchange will highly
increase and the temperature drop of the environments
which exchange the heat will decrease. As the result, the
beneficial temperature drop on the element will increase,
what positively influences on the effectiveness of the heat
transformation.

When we change the conditions of the heat exchange
along the twig, we influence the volumetric distribution of
the heat sources in the penetrating thermoelement. That’s
why we have wide opportunities to influence the energetic
characteristics of the thermoelement — coefficient of
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efficiency or capacity and the cooling coefficient. The
penetrating thermoelement consists of coherent and
parallel arranged on the distance plates of the twigs N- and
P- types of conduction, which are connected by switching
plates. The coolant is pumped through the channel of the
penetrating thermoelement. It cools by means of the heat
exchange with the branch’s material, where the gradient
of the temperature is set up due to thermoelectric Peltier
effect and the existence of the electric flow. The upper
spikes are thermostatized by the heat exchangers in
consequence of pumping of the coolant, the rest of the
surface is adiabatically isolated. The temperature of the
coolant at the entrance of the thermoelement is set.

x| L m|| |
14#;.;_'_:_‘__—'—‘_'_” i -..'—'.
‘.'.'./ Cr T 1\< \'_'_'.

T
15 12 \V 11 15

13

Fig.1. The physical model of the thermoelement in which
the heat flows are formed because of heat exchange with
the coolant, where 1 — adiabatic isolation, 2 — n-type
branch, 3 — channel, 4 — commutation plate, 5 — 6
channels, 7 — coolant, 8 — adiabatic isolation, 9 — channel,
10 — branch p-type, 11 — 12 — commutation plates, 13 —
electric contacts. Branches 2, 10 are embraced of the
adiabatic isolation with 1, 8 and form channels 5, 6, 9.
Through the channel 6 the heat carrier 7 with the
temperature Ty is brought, which flows equally through
channels 3, 5 and 5, 9.

Where p density, Cp heat capacity,
T — temperature, 9 - liquid velocity vector, g — heat flow
density, P — pressure, 7 - Vviscous stress tensor,
1 — viscosity, /— unit tensor, S;; - deformation rate tensor,
Q — inner heat sources.

Generalized mathematic model is based on the
equation of the heat balance of the solid phase, equation
of mass transfer of the gas component, equation of
continuity, dynamics of filtration liquid and equation of
state. Besides, it is necessary to formulate the appropriate
boundary conditions. In order to solve this problem with
help of computer, it is recommended to use special
program, e.g. COMSOL Multiphysics.
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The branches are made of the homogeneous material
based on Bi — Te, where the temperature’s dependence Z
should be counted. The commutation plates are made of
copper, the commutation resistance — 10 (Om « cm?). The
temperature Toof the lowest commutation plates is — 20°C.
Branches N, P are connected with the thin layer 14, heat
conductivity, electric conductivity and the thickness,
which we neglect. The size of the thermoelement in the
direction which is perpendicular to the picture’s plane — d,
magnitude d = a. Magnitude d = 0 and d = a are adiabatic
isolations, which form the channels 5, 6, 9. The friction
between the coolant and the adiabatic isolations 1, 8 is
absent.

Il. Mathematic description of the model

The existence of the heat exchange of the
thermoelectric materials with the coolant negotiates the
need of solutions of the problems of the temperature’s
allocation, electric potential and the heat’s flow in the
material, which are associated with the equations of
motion and the heat transfer of the coolant. The movement
of the coolant in the channels should be described by
Navier Stokes equation and continuity equations. The
equation of the heat conductivity should be explored in
order to distribute temperature in the coolant. Navier
Stokes equation;

p% = pF — VP + uv2d + %;ﬁ(divﬁ), 1)
divp1§ =0.

Where the left side of the first equation (1) is the force
of inertia, the first additive at the right side of the given
equation — massive force, second — the effect of surface
pressure forces (normal stresses), the two last additives —
the effect of tangential components of surface forces
(internal friction forces).

The heat exchange in the liquid is described by the
equation of heat conductivity:

g o] GE+ (V)P +Q @)

The results of such researches where conducted for
the penetrating thermoelement in 3D model and where
received in the work [8] for the flow of the cooling liquid
and air. This work investigates the influence of the speed
of coolant’s pumping and thermocouple supply voltage on
the difference of temperatures and characteristics of
energy penetration. It describes the optimal definition of
the water’s (air’s) usage at the entrance of the channel and
the difference of the potentials on the thermocouple, in
order to achieve the maximal cooling ability during the
cooldown. Optimization of the other parameters in 3D
model is a great challenge.
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I11. Method of solving the formulated
problem

Due to the diversity of applications, thermoelectric
coolers can have many different configurations. With the
help of COMSOL Multiphysics this package describes the
basic construction of the single-stage thermoelectric
cooler of different sizes with different thermocouples and
other geometric characteristics. The modeled penetrating
couple also can be used as the starting point for the more
detailed calculations. The additional parameters of input
might be extended on multi-stage thermoelectric coolers
and be used in different conditions [9]. While using Peltier
equation, the flow of the current from one end of
thermoelectric elements to the other, creates orthogonal
heat flows, which causes the temperature’s drop between
the plates, which gives the opportunity to calculate the
productivity parameters. Afterwards this model can be
used to search the best penetrating element with better
productivity, equipment on its base, for the specific
program or producer to optimize the construction and to
provide the productivity.

In this paper is used the generalized theory of
calculations of penetrating thermocouples taking into
account the changes of appropriate parameters of the
branch’s material from the temperature and concentration
of the charge’s carriers and conditions of heat exchange
along the height of the branch. This method of modeling
of the distribution of temperature and heat’s flow in 1D
and 3D models of osmotic thermocouples, the improved
theory of calculated osmotic thermocouples, is used to
solve the tasks of multifactor optimization to achieve
maximal energetic effectiveness in the viability of
thermoelectric conversion. Since the penetrating couple is
the element of thermocouple, so the heat exchange with
the source of heat (extractor) takes place not only at the
surface of spike, but also inside the branch of
thermocouple [10]. In this case the extensive material
becomes penetrated (with channels and pores), in order to
pump the heat carrier through it (liquid or gas).

By mean of usage of highly penetrating materials, we
can develop the inner surface of the heat exchange,
increase the intensity of heat exchange, decrease the
difference of temperature between the environments
which exchange the heat. It urges to the increase of useful
temperature’s difference on the thermocouple, which can

x10% m

Fig. 3. Geometry of the penetrating thermoelement.
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increase the effectivity of energy’s transformation [5-7].
The volumetric distribution of the heat source (flow) in the
penetrating branch of the thermocouple also might be
influenced by the mean of change of the conditions of the
heat transfer through the height of the branch. That’s why
we can influence on the energetic characteristics of the
thermocouple — the cooling coefficient of the cooler or air
conditioner.

IV. Calculation of the main
characteristics of the penetrating
thermoelement with the help of
computer modeling

Thermocouple consists of two different conductors
(stems), which contact with each other at one point
(junction). When the temperature is set, the voltage
appears between them across the connection. That’s why
the thermocouple is calibrated with the temperature
sensor, and this can transform temperature gradients into
the electric streams.

In order to estimate the characteristics of the
penetrating thermoelectric thermoelement during the
cooling regime using the COMSOL Multiphysics, first of
all the geometry of thermoelement during the cooling
regime was modeled. Let’s describe more precisely
geometry (fig. 2-3) of the modeled model.

[ 1

10

%107 m

z

box ©

Fig. 2. One of the variations of thermoelement’s
geometry.
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Fig. 4. Geometry of thermoelectric material — 1; commutation plates — 2; heat carrier — 3.
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Let’s look at geometry of thermoelectric material with
quality Z = 0.002(;).

On the figures (2 — 5) we can see the detailed
visualization of geometry of the modeled thermoelement,
where every detail of the created model is shown very
precisely.

So, with the help of COMSOL Multiphysics we can
observe the temperature distribution in the thermoelectric
cooling module.

At the figure 6 we can clearly observe that isothermal
surfaces and heat flow are shown relentlessly in the
module itself and in the coolant. The distribution of speed
in the coolant (fig. 7), distribution of electric potential of
the penetrating thermoelement (fig. 8) and distribution of
thermoelectric field of the penetrating thermoelement

8

P 7 281.02
6 X10

275.74
270.46
BEU 265.18

bt 250.01

I s [ 254.63

p=f 249,35
dJ1e b 244.07

s 10 p= 238.79

- 23351

Fig. 6. Computer model of temperature distribution in the module — 1; isothermal surface of thermoelement — 2;
distribution of temperature in the heat carrier — 3; isothermal surface of thermoelement — 4.
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The comparative characteristics of classic and penetrating thermoelement

Table 1.
Parameters of the penetrating thermoelement in the cooling regime
H 1 (cm) 2 (cm) 3 (cm) 4 (cm) 5 (cm)
u,v 0.0355 0.0355 0.0355 0.0355 0.0355
T, K 230.01 230.3 230.62 230.95 231.28
Tpon K 265.39 273.84 268.67 269.88 270.64
Q. W 0.96038 0.48661 0.32848 0.24934 0.20182
I, A 13.29 6.72 45173 3.3956 2.7165
G, m/s 7.7259E-4 8.2136E-4 8.2738E-4 8.3124E-4 8.3277E-4
w, W 0.95107 0.47727 0.31911 0.23997 0.19247
copP 2.03558749 2.039780349 2.04833811 2.068459763 2.092792351
Table 2.

Classic thermoelement Penetrating thermoelement

H,cm lcm lcm

uv 0.0355 0.0355

T, K 241.14 230.01
Toow K 0 265.39

Q.. W 0.79542 0.96038

I, A 12.14 13.29
G, m/s 0 7.7259E-4

w, W 0.89741 0.95107

cop 1.846 2.036

(fig. 9) are shown with the help of computer modeling.

The results of the modeling are put in the table. The
parameters of the penetrating cooling thermoelement for
different height of branches, which were calculated with
the help of computer modeling, are given in the table 1.
Where H — height of thermoelement, U — output voltage,
T, — temperature of cold junction of thermoelement,
Q. — cooling capacity, I — input voltage, G — speed of the
coolant, W — consumed power, COP — coefficient of
thermoelement productivity is defined as

cop=2
Ul

@)

Formula (3) gives the most effective indicators of
thermoelectric cooling, when the heat, which is consumed
already allocated to the input voltage, reaches the
maximum.

Slice: Velocity magnitude (m/s)
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Fig. 7. Distribution of sp;eed in thermoelement.
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Volume: Electric potential (V)
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Fig. 8. Allocation of electric potential of thermoelement
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Fig. 9. Allocation of electric field in thermoelement.

When we compare parameters with the classic
thermoelement, the theoretical calculations show that the
usage of such allocators at the optimal conditions
increases the cooling coefficient at 10-30%. The
comparative characterization is shown in chart 2.
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penetrating thermoelement
COP classic thermoelement

2,25+
2,20
2154
2,10
2,054
2,00
1,95 4
1,90
1,854

1,80

175
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Fig. 10. Graphic of dependence of COP on height of

thermoelement.

The obtained results proved the perspectivity of the
researches and creation of penetrating thermoelectric
modules, and show that in case of geometry and height
(1cm) for two modules, the advantage of the penetrating
thermoelement is in the better coefficient of productivity
of thermoelement at 9.33%. On the base of calculations
from table 1, the graphics of dependence of COP (fig. 10)
and cooling capacity (fig. 11) on height of thermoelement
where built.

Based on the given model of thermoelectric cooler,
the mathematic description of the basic processes is given.
These processes lead to the mutual transformation of
thermal and electric energy in the thermoelectric
refrigerators with the help of computer modeling at the
COMSOL Multiphysics. With the help of modeling is
proved that while changing the conditions of the heat
exchange along the height of the branch, we can influence
at the volumetric distribution of the sources of heat in the
branches of the penetrating thermoelement.

Conclusions

The usage of the penetrating thermoelectric coolers of
such transformers of the energy allows to increase the

penetrating thermoelement

classic thermoelement
Qc, W
0,8 4
0,6 -

0,4

0,2 4

0,0 T T 1
0 2 4 6

H,em
Fig 11. Graphic of dependence of cooling capacity to
height of thermoelement.

cooling coefficient by 10-30%. The received results
demonstrate the perspectivity of the researches and
creation of the penetrating cooling thermoelements. They
show that, as in case of the height of branch at 1cm, the
advantage of the penetrating thermoelement is at the
higher cooling productivity of thermoelement at 9.3%.

Cherkez R.G. — Doctor of Physics and Mathematics
Sciences, professor of the department of thermoelectricity
and medical physics of the Chernivtsi National University
named after Yu. Fedkovicha;

Semeshkin V.A. — Postgraduate student of the Department
of Thermoelectricity and Medical Physics of the
Chernivtsi National University named after Yu.
Fedkovicha;

Zhukova A.S. — student of the Department of Computer
Sciences of the Chernivtsi National University named
after Yu. Fedkovicha;

Stefiuk V.V. — student of the department of
thermoelectricity and medical physics of the Chernivtsi
National University named after Yu. Fedkovicha.

[1] E. K. lordanishvili, B. E-Sh. Malkovich, M.N. Veish, Experimental research of nonstationary thermoelectric
cooling. 2. Regime of extremal voltage, Journal of Engineering and Physics, 22, (2), 220 (1972).
[2] L. F. loffe, L. S. Stilbans, E. K. lordanishvili, T. S. Stavitskaia, Thermoelectric cooling, Moscow; Leningrad,

Publisher AofS USSR, 108 p., 1956.

[3] A. F. loffe, Semiconductor thermocouples, Moscow; Leningrad, Publisher AofS USSR, 188 p. (1960).

[4] L.I. Anatychuk, Thermoelectric power converters, Thermoelectricity. Volume Il. Chernivtsi: Bukrek, 2003. 376

p.

[5]1 V. N. Kozliuk, H. M. Shchegolev, Thermodynamic analysis of the penetrating thermoelectric refrigerators,
Thermophysics and thermal engineering. Ed. 25, 96 (1973).

[6] G. K. Kotyrlo, V. N. Kozliuk, Y. N. Lobunets, Thermoelectric generator with the developed surface of the heat
exchange, Thermal problems of the straight transformation of energy, Ed.7., 85 (1975).

[71 Y. N. Lobunets Methods of calculation and engineering of thermoelectric procreators of energy, Kyiv, Scientific
thought (1989).

[8] Cherkez R. G., Feniak P. P., Demianiuk D. D. Computer modeling of the penetrating thermoelement of cooling,
Thermoelectricity, 5, 64 (2013).

[9] L.I. Anatychuk, R.G. Cherkez, On the Properties of Permeable Thermoelements, Proc. of XXII Intern. Conf. on
thermoelectrics(France), 480 (2003).

390



The influence of the plates on the effectiveness of penetrating thermoelements in the cooling regime

[10] L.I. Anatychuk, L. N. Vihor, Computer engineering of cascade modules for generators, Thermoelectricity, 4,
19 (2002).

P.I'. Uepkes'?, B.A. Cememkin?, A.C. Xykosa?, B.B. Credrok?

BnimB BHCOTH IJIACTHH HA e()eKTUBHICTH MPOHUKHOTO TEPMOEJIEMEHTA B
PeKUMI 0X0JI0/1KEHHS

Unemumym mepmoenexmpuxu HAH ma MOH Ypainu, m. Yepnisyi, Yipaina,
2Yepuiseyvkutl Hayionanonuil ynisepcumem im. 0. @edvkosuua, m. Yepuieyi, Yipaina, r.cherkez@chnu.edu.ua

VY pobori onucano ¢Gi3UuHy MOAETH MPOHUKHOTO TEPMOEIEMEHTa 3 PO3BUHEHOIO MMOBEPXHEI0 TEMI000MIHY
IUIsL OXOJIO/DKEHHS TTOTOKY MOBITPsL. IIpe/icTaBIeHO TEOPito pO3paxyHKy Ta METO KOMIT FOTEPHOTO MOICTIOBaHHS
po3MOUTy TeMIepaTyp Ta HOTEHLIaNiB, BH3HAUYEHHS e()EKTHBHOCTI IIEPETBOPEHHS EHeprii - XOJOAWILHOTO
Koe(ili€HTy Ta XOJOAONPOAYKTUBHOCTI, fociikeHo 3D posmozin Temmneparyp Ta MOTEHLIANIB A MaTepiamy
BITOK TepMOEJIEMEHTa Ha OCHOBI BixTes,

KoarouoBi cjioBa: NpOHUKHUI TEPMOENEMEHT, XOJOJWIbHUHA KoedillieHT, XOJIOZONPOAYKTHBHICTh, 3D-
MOJIEIIb.

391



PHYSICS AND CHEMISTRY
OF SOLID STATE

V. 24, No. 2 (2023) pp. 392-402

Section: Chemistry

PACS:78.30.Er; 75.50.Vv

Vasyl Stefanyk Precarpathian
National University

PI3UKA I XIMIA TBEPAOT'O TIUIA
T. 24, Ne 2 (2023) C. 392-402

Ximiuni Hayku

ISSN 1729-4428

Farhana Naaz?, Preeti Lahiri'*, Chanda Kumari!, Hemant Kumar Dubey?

Spectroscopic, Magnetic and Morphological studies of MgFe2O4
Nanopowder

!Department of Chemistry, Institute of Science, MMV, Banaras Hindu University, Varanasi-221005, India plahiril6@yahoo.com
2Department of Chemistry BRD PG College, Deoria-274001, India

Spinel type nano ferrite compound MgFe204 was synthesized through sol gel technique using metal nitrates
as precursors. The phase composition, morphology and elemental analysis of magnesium ferrite (MgFe20a4) were
performed by X-ray diffraction, fourier transform infrared, atomic force microscopy, energy dispersive x-ray and
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The sample's X-ray diffraction pattern verifies the existence of single phase material, with the size of its
crystallites estimated to be 39.9 nm. Fourier transform infrared examination supported metal-oxygen vibrations
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to confirm oxidation states and explore the chemical composition of the sample.

Keywords: Spinel ferrite, Nanocrystalline, X-ray diffraction, Raman spectra, Magnetic properties.
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Introduction

Ferrites belong to ferromagnetic materials. Ferrite
nanomaterials have shown applications in various ways,
such as music recording heads, core materials for power
transformer in electronics and telecommunications [1,2].
Importantly, magnetic oxide nano-based materials
differently from bulk material in terms of their physical,
chemical, magnetic and electrical properties [3].
Advantages of nanomaterials rest on their superior thermal
stability, environmental and economic advantages to
regular counterparts. Owing to their finite size effect, high
surface to volume ratio, unique crystal structures, and
magnetic characteristics, spinel ferrites nanoparticles have
generated a lot of attention in recent years. The general
formula for spinel ferrites is AFe2O4, where A and Fe are
divalent and trivalent metal cations, respectively, with Fe
serving as the major constituent. Spinel ferrites are
represented by the general formula AFe;O4, where A and
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Fe are divalent and trivalent metal cations, respectively
with Fe as major constituent. Due to their interesting
magnetic and electrical properties, they have drawn
significant attention to the researchers. Structurally, the
spinel ferrite is a cubic closed packed organization of
oxygen atoms with 8 formula units per unit cell. Since the
radius of oxygen ion is greater than that of metal ion, the
oxygen touches each other and form a closed packed Face
centered cubic (FCC) lattice. The spreading of cations
between A or B site of the lattice depends on both
parameters such as preparation routes and heat treatment

[4-6].
MgFe,O, is the most adaptable, vital and
multipurpose spinel ferrites due to wunique and

reproducible characteristics. They include high saturation
magnetization value, and electrical resistivity [7].
Through these magneto-electrical properties MgFe;O4
show a great utility in the area of catalysis, sensors, high-
density recording media and other magnetic technologies
[8]. Overall, it is a n-type semiconducting as well as soft
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magnetic material. Both photocatalytic activity and
catalytic effect of magnesium ferrite in a heterogeneous
Fenton-like reaction have been studied [9,10]. Magnesium
ferrites typically have the structural formula (Mgs.«?* Fex®*
)a[Mgy2* Feas*]s Ou,is stated as the percentage of the (A)
sites occupied by Fe®*cations, where A , B stand for the
cationic sites of tetrahedral and octahedral co-ordinations
respectively, where x represents the degree of inversion.
The structural and magnetic properties of MgFe;O4
obtained from transmission electron microscopy, XRD,
Mossbauer spectroscopy, and magnetometry have been
reported [11]. Numerous studies [12,13] on MgFe;O,
nanoparticles described their nanostructures and many
properties, including IR, XRD, SEM, and VSM. N-Suresh
kumar [14] synthesized nickel substituted magnesium
ferrites by auto combustion method and also studied
dielectric and magnetic properties. Magnetic and
structural properties of MgFe2O4 nanopowder synthesized
by EDTA-based sol-gel reaction has been reported by
Shaban 1. Hussein [15]. The electronic structure of
MgFe»O4 nanoparticles created chemically has also been
examined by Singh et al [16]. Nanoparticles of MgFe;O4
have good photoelectrical properties [17]. The synthesis
of spinel magnetic oxide involves different chemico-
physical approaches that include co-precipitation [18],
sol-gel method [19], wet chemical method [20],
combustion method [21], hydrothermal method [22],
microwave assisted [23], micro-emulsion [24], and cera-
mic technique [25]. Each method has its own merits and
demerits in terms of its ease, efficiency, yield, and costs.
Considering these criteria, we find the sol gel method
is effective and can work at low temperatures. Briefly, the
sol-gel is a process for developing solid materials from
small molecules. In this case, monomers are converted
into colloidal solution (sol) that acts as a precursor for an
integrated network (or gel) of discrete particles or network
polymers. This approach is applicable for the production
of metal oxides, like silicon and titanium. Metal alkoxides
are common precursors. This chemical technique yields a
"sol" which develops into a diphasic system with a liquid
phase and solid phase that can have different
morphologies, such as discrete particles or continuous
polymer networks. Metal alkoxides are typical precursors.
Several other names of the sol-gel method are low-
temperature  self-combustion,  auto-ignition,  self-
propogation, and gel thermal decomposition methods.
We explain, in this paper, the characterization of
single phasic cubic spinel ferrites using a sol gel technique
by systematic examinations on the structural and
physiochemical properties of magnesium ferrites
nanoparticles based on several characterization parameter
like XRD, SEM, FT-IR, EDX, and magnetic. AFM was
utilized to determine the nanoparticles surface roughness
and also to obtain 2D and 3D images. Moreover, Raman
spectroscopic studies was added to understand the
vibrational modes and structural studies of the materials,
the optical behaviour of the nano-particles was
investigated to determine the absorbance range 300-
780 nm, which spans the visible region and is important
for various photovoltaic and photocatalytic properties.
Moreover, the chemical and elemental state of the nano-
particles was concluded by using XPS analysis.
Furthermore, we found that the sol gel technique is the
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most suitable for creating good molar ratio control with
small particle size distribution due to molecular-level
mixing, fast processing time, lower temperatures and
inexpensive.

I. Experimental Procedure

MgFe,04 was prepared via the auto-combustion aided
sol-gel method. The energy required to produce the ferrite
nano-particles is provided in this procedure by a redox
process using a thermal precursor and citric acid as a fuel
[26]. Metal nitrates were served as a source of soluble
cations and the oxidant [27]. Citric acid (CeHgO7) was
employed as both a fuel and a chelating agent, forming
interactions with metal ions and preventing the
precipitation of hydroxilated compounds [28]. Analytical
reagent grade, Merck India, used in this work were: iron
nitrate  (Fe(NO3)3-9H,0, 99%) magnesium nitrate
(Mg(NOs)2-6H20, 98%) and citric acid (CgHsO7). The
desired composition was obtained by taking
stoichiometric molar ratio (2:1) of Fe(NOs3)3.9H,0
(0.032 mol) and Mg(NO3)..6H20 (0.016 mol) dissolved in
20 ml of double distilled water. To promote homogeneity,
an equimolar amount of citric acid (0.046 mol) was added
to an aqueous mixture, which was magnetically agitated
while the reaction temperature was kept at 60°C.The pH
was optimize to 7.0 by adding ammonia solution drop by
drop under steady stirring until the mixture was
neutralised and turned into sol. The sol developed into a
black gel after 8 hours of stirring, releasing a huge amount
of gases (CO3, H20, N2) in the process. The gel was dried
for 12 hours at 100 °C, with its volume swelling by nearly
five times, yielding a fluffy, abundant powder. At end, the
dried gel was grounded and annealed at 500 °C for 3 h to
get a dark brown ferrite nanoparticle as a final product.
The Flow chart of the sol-gel synthesis process of
MgFe,O4 nanoparticles is given below.

The structural investigations (crystal structure and
phase analysis) of the synthesized nanomaterial were
performed by using XRD, Rigaku Miniflex 600, Japan
technique with Cu-Ka radiation (A=1.5406 A%) within 20
range 20-80°. The FTIR spectrum was obtained in the
range 400 cm? to 4000 cm?® employing a FTIR
spectrometer, Perkin EImer. SEM, (ZEISS model EVO-18
research, Germany) and AFM, model NTEGRA PRIMA,
NT-MDT, Russia was used to determine microstructure
and surface roughness of nanomaterial respectively. The
quantitative elemental analysis was carried out by means
of EDAX analyser (EDX, Oxford instrument USA). The
magnetic behaviour of the produced sample was
investigated using a SQUID-based magnetometer (MPMS
3) in the magnetic field range of 20 kOe. Raman spectra
was recorded to estimate the frequency mode of
tetrahedral and octahedral sites of cubic spinel at
frequency range of 100-800 cm?, using the model
RENISHAW In-VIA Raman microscope. UV-VIS
diffuse reflectance spectra were acquired by UV-VIS
Spectrophotometer SHIMADZU in the wavelength range
of 200-600 nm (UV-1700 Pharma Spec), chemical and
elemental state analysis of the investigated surface were
indicated by XPS, Thermo scientific K-ALFHA Surface
Analysis.
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Flow chart of the sol-gel synthesis process of MgFe,O4 nanoparticles.

I1. Results and Discussion

2.1 FTIR analysis

Figure 1 illustrates room temperature IR spectrum of
the magnesium ferrite sample determined in the range 400
to 4000 cm?. The calcined MgFe,Os magnetic
nanoparticle exhibits two main absorption bands at around
630 and 441 cm. The higher frequency band (v1) and the
lower frequency band (v2), specify the metal-oxygen
intrinsic stretching vibration of the spinel unit cell in the
tetrahedral (A) and octahedral (B) sites [29] respectively.
The observed variance in band positions is due to the
distance between the metal-oxygen ions connected to the
octahedral and tetrahedral complexes. This indicates bond
formation and the phase stability of synthesized material.
TheFTIR results confirmed that the sample has spinel
structure of MgFe20., which was revealed by the XRD
results. The strong signature band observed at 3420 cm™*
is assigned to the symmetric streching vibrations of O-H
groups [30]. The symmetric stretching vibration of
hydrogen bonded water molecules is responsible for the
perturbations in the absorption band between 1030 and
1630 cm?, indicating the existence of absorbed or free
water molecules in a sample. The force constant (k) was
evaluated from the equation [31],

k = 4m?c?mv? (@h)

where, c is the velocity of light (2.99x10% m/sec), v is the
vibrational frequency of the A and B sites, m is the
reduced mass for the metal-oxygen ions. Values obtained
for force constant are shown in Table 1.
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Fig. 1. The FT-IR spectra of Magnesium ferrite
nanoparticles.
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2.2 X-ray diffraction analysis

Powder X-ray diffraction studies are helpful in
determining the structure and particle size of nanoparticles
produced. The XRD of powdered sample of MgFe;O,
obtained by sol-gel method is illustrated in Fig. 2. The
XRD pattern reveals formation of monophase face
centered cubic (fcc) spinel structure. All Bragg reflections
have been indexed as (111), (220), (311), (222), (400),
(422), (511) and (440). All observed sharp diffraction
peaks were compared with magnesium ferrite JCPDS card
number 89-3084. The most intense peak at
20=35.55 degree corresponds to crystalline plane of
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magnesium ferrite which indicates a fine particle nature of
the particles.

45000

] (311)
40000

35000
30000

25000 (220)

(440)

20000

Intensity (a.u)

15000 |
i (111)

10000 —
5000 —

04

10 20 30 40 50 60

2 Theta (degree)

Fig. 2. X-ray diffraction patterns of Magnesium ferrites
nanoparticles.
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The average crystallite size (D) was estimated from
the XRD peak broadening of the most intense peak (311)
using the Scherrer’s relation [32],

kA
- L cosé

)

where, k is Scherrer’s constant (0.91), A is wavelength
(A=1.5406 AP%). The parameters D and 0 are taken as
crystallite size and Bragg’s angle respectively. Here B is
the full width at half maxima (FWHM) of XRD peaks.
Table 1 shows the calculated values for crystallite size, x-
ray density ,lattice constant, and cell volume based on x-
ray data. The average crystallite size (D) of the
synthesized material was found to be 39.9 nm (Table I) for
MgFe,04. The lower value (36.6 nm) was reported for the
same sample synthesized by co-precipitation method [33].

The lattice constant ‘a’ was calculated for prominent
(311) peak using the following relation,

a= dvh?+kZ+1? 3)

where d is interplanar distance and h,k,I are the miller
indices of the diffraction plane. The calculated lattice
parameter 'a' (8.35 AP) for MgFe,O, agrees well with the
reported value of 8.37A°[34]. Following relation was used
to calculate x-ray(px) density,

Px = ZM/Nya® (4)
where Z is the number of molecules per unit cell (Z = 8),
M is the molecular mass of the sample, and N is the
Avogadro's number (Na= 6.026 x 102 atoms mol™?). The
sample of ferrite was determined to have a density of
4.554 g/cm?® (Table 1).

Utilizing the following formula, the volume of the
unit cell was computed,

v=2at (5)

in(A%?2 units. Relationships were used to determine the
distance between magnetic ions and the hopping length
(L) in the A sites (tetrahedral) and B sites (octahedral)
[35],

a2

Ly = 2Zand Lp = (6)

It was observed that the hopping lengths for two sites
were 3.615 A% and 2.951 AP respectively in Table 1.

2.3 SEM and EDX analysis

The surface morphologies and elemental composition
of magnesium ferrite nano powder were examined by
SEM, coupled with EDX analysis. In Fig. 3 (a) SEM
image of calcined MgFe;O, sample is illustrated.
Agglomerates and non-uniformity are evident in the
sample. The grain size was estimated using AlL [36]. The
number of grain boundaries intersected by a randomly
chosen straight line of length L drawn on micrographs was
counted, and the average grain diameter (G), which is
around 98 nm, was computed, N is the total number of the
complete sample, and M is the magnification.

G = 1.5L/MN 7

The elemental analysis of the prepared MgFe2O4 hano
powder was obtained by EDX analysis and weight % and
atomic % of elements were shown in the Table 2. The
estimated ferrite composition is confirmed by EDX data,
which is reinforced by the good agreement between
experimental and theoretical Mg/Fe molar ratio (Table 2).
The sample's EDX pattern, which displays the presence of
Mg, Fe, and O without precipitating cations, is
demonstrated in Fig. 3(b).

Table 1.

Some structural parameters; crystalline size, lattice parameter, X-ray density, unit cell volume, hopping length for
A-Site (da) and B-Site (dg) and force constants for octahedral (ko) and tetrahedral (k:) sites of Magnesium ferrite

nanoparticles

Sample | Crystalline | Lattice X-ray Unit cell | Force Force Asite da | B Site ds
size parameter | density volume constant constant (A.u) (A.u)
(nm) (A9 (g/cc) (A kox10° kix10°
(dyne/cm) (dyne/cm)
MgFe.O4 | 39.9 8.35 4.554 583.79 1.414 2.886 3.615 2.951
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Fig. 3. (2) SEM image and (b) EDX analysis of Magnesium ferrite nanoparticles.

Table 2.
The observed and theoretical elemental composition value of MgFe,O, obtained from EDX analysis

Element Experimental value Theoretical value
Weight % Atomic % Weight % Atomic %
O 2151 44.41 31.98 57.15
Mg 11.95 16.23 12.15 14.26
Fe 66.54 39.35 55.84 28.57
TOTAL 100.0

2.4 AFM analysis

Thin film topography of MgFe.Os nanoparticles
obtained by AFM (atomic force microscopy). This
microscopic technique has several advantages for
characterising nanoparticle. Images obtained via AFM
display data in two and three dimensions, allowing for the

the vibrations of octahedral group.

Raman modes of spinel MgFe,O,and their assignments

Fog (1) is due to translational movement of the whole
tetrahedron (FeO4) [39], while Fx4(2) and F4(3) related to

Table 3.

quantitative generation of information on both individual 1 :
particles and groups of particles. Fig. 4. display the 2D and Raman Modes (cm") Assignment
3D AFM images of MgFe,O4 respectively and its related 209 Fag(1)
histogram and size distribution. The average roughness 330 Eq
(Rq) and root mean square roughness (RMS) values 479 F2(2)
obtained about 5.982 nm and 7.541 nm respectively. Also, 519 Fou(3)
the maximum height (Rp) and a maximum depth (R\) 29
observed as 35.645 nm and 27.449 nm respectively. 707 Agg

2.5 Raman analysis

Raman spectroscopic technique is a powerful
technique to identify the structural and vibrational
properties of the material MgFe,O4 spinel. MgFe;O4
crystallises as an ABO4 type spinel structure with eight
formula units per unit cell in Fd3m space group.According
to results from group theoretical calculations, AFe,O, type
spinel structures consist of five raman active phonon
modes, namely Aig+Eg+3F2g, which are made up of the
motion of O ions and both A and B site ions [37,38].
Figure 5 displays the MgFe,04 sample's raman spectra in
the frequency range of 100-800 cm™. In Table 3 and Fig.
5, several peaks have been identified. The A1y (1) mode is
caused by the symmetric stretching of oxygen atoms along
Fe—O (or M-0) tetrahedral bonds. The Eq & F24(3) modes
are caused by the symmetric and asymmetric bending of
oxygen with respect to Fe respectively. The F.4(2) mode
is caused by the asymmetric stretching of the Fe—O bond,

MgF€204.
2.6 VSM analysis

MgFe;0s, SQUID based magnetometer

the magnetic field, the M-H loop or hysteresis curve is
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In our system, MgFe,O. nanopowder contains five
peaks at 209, 330, 479, 549 and 707 cm™* (Table 3). These
bands are given the following designations: Fog (1), Eg, Fog
(2), Foq (3) and Ay (1) correspondingly. These modes
match the reported [40] values of 217, 333, 486, 554, and
715 cm for magnesium ferrites. It agrees well with the
current strong band location for MgFe,O4 at 707 cm'?,
which J. Chandradass [41] attributed to the Aig mode in

To investigate the magnetic behaviour of spinel
has been
employed under magnetic field upto 20 kOe.By applying
a magnetic field to a material that becomes magnetized by
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formed. Remanence magnetization is the value of
magnetization at which field is zero. The point on the
curve where the magnetization is zero and the field is
negative is referred to as the coercive field, and the
saturation magnetization is the point at which the
magnetising force stops increasing the magnetic induction
in a magnetic material. The room temperature
magnetization curve of the calcined MgFe,O4nanoparticle
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Fig. 6.Magnetisation curve of MgFe;O, nanopowder

under applied magnetic field of 20 kOe.

obtained from M-H loop is depicted in Fig. 6. This curve
denotes hysteresis ferromagnetism and is typical for soft
magnetic materials.

Magnetic parameters such as saturation magnetization
(M), coercivity (Hc), retaintivity (M,) and remanent ratio
(R) values; 27.192 emu g, 36.0 Oe, 0.4646 emu g7,
0.0170 respectively of ferrite nanoparticles are listed in
Table 4. It was observed that the saturation value of

Table 4.

The coercivity (Hc), saturation magnetization (M), retaintivity (M,), remanant ratio (R), and magnetic moment (ug)

obtained at a magnetic field at 20 k Oe at room temperature

Sample

Ms (emu/g) H. (Oe) M, (emu/g)

Mr/M lJ.B

MgF6204

27.192 36.00 0.4646

0.0170 0.9737
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27.192 emu/g obtained in the sample calcined at 500°C
(crystallite size of 39.9 nm) is close to the values of
33.4 emu g* for bulk MgFe,04[42] and 30.6 emu g* for
sol-gel/combustion synthesized MgFe,O4 (crystallite size
of 78 nm) [43], while it is higher than the values of 14.09
emu g*' for co-precipitation synthesized MgFe;O,4
nanoparticles (diameters of 34.4 nm) [44]. Remanent
magnetisation (M;) value for the sample was obtained
from the Fig. 6. The MgFe2O4 nanopowder's Mr/Ms ratio,
which measures remanent magnetization to bulk
saturation magnetization, was calculated to be 0.0170. A
significant portion of superparamagnetic particles are
indicated by the low Mr/Ms value. The coercivity (Hc) was
found to be 36 Oe (Table 4) for the MgFe2O4 nanaparticle.
The value is less than the value of 165 Oe for MgFe,O4
produced by sol-gel/combustion but is comparable to the
value of 48.86 Oe for nanoparticles made by
coprecipitation.

Sub-lattices A and B are magnetised in opposing
directions by the spins of the A and B site ions, producing
a magnetic moment that is equal to the difference between
the magnetic moments of the A and B site ions [45]. The
magnetic moment per formula unit is given by the
equation,

M = Mg-Ma (8)
where Mg and Ma stand for the B- and A- sublattice
magnetic moments in uB, respectively. This formula is
based on Neel's two sub-lattice model of ferrimagnetism
[46]. The Ms value is typically determined by the net
magnetic moment. According to the literatures [47,48],
the octahedral positions are preferentially occupied by
Mg?* cations in the bulk magnesium ferrite, which has an
inverted spinel structure. The cationic distribution on
tetrahedral and octahedral lattice sites has a significant
impact on the Ms of spinel ferrite nanoparticles [49].

The following relation [50] was used to compute the
magnetic moment per formula unit in Bohr magneton (B)
of the sample,

us = MywxM;/5585 9)
where Ms is the saturation magnetization in the
electromagnetic unit and My, is sample's molecular weight.
Table 4 displayed the magnetic moment's value.

2.7 Optical studies

The UV-vis spectra of MgFe,04 were conducted
using dil HCI as a solvent in order to examine the optical
characteristics of the prepared nanoparticles. The
absorbance extends around 300-600 nm shows visible
region which is important for numerous application in
photo-catalytic and photo voltaic activity. Fig. 7(a)
displays the UV-visible absorbtion spectra of 500°C-
calcined magnesium ferrite nanopowder as a function of
wavelength (nm). Typical band throughout 300-500 nm is
proclaimed in optical absorption spectra of MgFe,O4
nanoparticles. These bands results from octahedral
coordination of Fe3* ions [51]. The absorption cutoff
wavelength is 427.5 nm. The optical band gap energy (Eg)
of magnetic nanoparticles sample was calculated
according to the Tauc relationship as given below [52],
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Ahv = A(hv—Eg)" (10)
where (o) absorption coefficient, (Eg) the energy gap, (A)
is constant for different transition, (h) is Plank constant
(6.62.10%* J s''photon 1), (hv) are the energy of photon
and the value of n is either % for indirect band gap or 2 for
direct band gap. The intercept on the (hv) axis can be
found by projecting the plot to the point where (ahv)? = 0
as shown in Fig. 7(b). The intercept of the straight line at
0=0 was used to calculate the band gap energy, which was
found to be 2.91eV, somewhat higher than the stated value
range of 2.0-2.2 [53,54].
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Fig. 7. (a) UV visible absorbtion spectra of the MgFe;O..
(b) (ahv)? [eVem™]? versus photon energy (hv) graphs for

MgF6204.
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2.8 XPS analysis

XPS is used to study the chemical and elemental state
analysis at the depth of about 5-10 nm of the investigated
surface of the sample. XPS is that technique which not
only shows elements are present but also what other
elements they are bounded to. Also it examined the energy
of the component.

XPS spectrum displayed in Fig. 8, the spectrum
reveals chemical composition of the sample MgFe;O,
nanoparticles attributed to element Mg, Fe, O and
unintentional element like carbon. As shown in Fig. 8 (a)
two characteristic peaks at 724.88 eV and 711.28 eV
indicated as binding energy which corresponds to
Fe3*2p12 and Fe?* 2ps, orbital which is similar to the
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reported earlier by Hengli Xiang [55]. The single peak
located at 1303.28 eV would be attributed to Mg 1s which
reveal the oxidation state Mg*? in the sample which is
shown in Fig. 8 (b)that is in fine agreement with some
earlier results [56].The peak located at 530.18 eV is
attributed to O 1s region which appears due to metal-
oxygen bonding and the peak at 532.00 eV as shown in
Fig. 8 (c) represents oxygen vacancies or metal hydroxyl
bonds at the surface, full spectrum of the sample are
shown in Fig. 8d. Table 5 shows the elements and its peak
position of Fe 2p, O 1s, Mg 2p of the sample.

Table 5.
Peak position in (eV) of Fe2p, O1s, Mg2p, spectra of
MgFe2O. nanoparticles.

Peak Peak position (eV)
Fe 2p 724.88
711.28
530.18
Ols 532.00
Mg 2p 1303.28
Conclusions

In this study, we present evidence that sol-gel-
produced magnesium ferrites nanoparticles can form a
single-phase cubic spinel structure. Surface morphology
image illustrated with some agglomerated size particles.
The synthesized composition's Mg, Fe, and O content are
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confirmed by the EDX analysis spectrum. Five Raman
active modes Eq, 3F24, Ay in the range of 209-707 cm?,
which are anticipated in the spinel structure, were
validated by a Raman investigation. Raman study
confirmed the existence of five Raman active modes Eg,
3Fy , Ay in the range of 209-707 cm™ which are
predictable in the spinel structure. Magnetic measurement
shows soft magnetic behaviour of the sample with the Ms
value 27.129 emu/g. AFM is utilized to estimate the
height, grain size, and average roughness of the particles.
The band gap energy at 2.91eV are obtained by UV-VIS
absorbance spectra while chemical composition and
elemental states are determined by X-ray photoelectron
spectroscopy (XPS).
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HaHonopouky MgFe2O4
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Hano ¢eputoBy cnomyky tumy mmineni MgFe20s4 cuHTE30BaHO 307b-T€h METOAOM i3 BHKOPHCTAHHSIM
HITpaTiB MeTaliB sK mnpekypcopiB. da3oBuil ckmax, Mop¢osoriro Ta eleMeHTHHH aHami3 (epuTy MarHiio
(MgFe204) 3naiiicieno metomamu audpakiii X-mpomeHis, meperBoperts Dyp’e B iHppayepBOHOMY Aiama3oHi,
aTOMHO-CHJIOBOT MIKPOCKOIIiT, eHeproaucepciitnoi X-npoMeHeBol Ta CKaHyI040i eeKTPOHHOI MiKPOCKOTTi.

X-npomeneBa qudpakiiiiHa kKapTUHA 3pa3ka MiATBEpIKYe iCHYBaHHS OXHO(A3HOrO MaTepiany, A SKOro
OIliHKa PO3MIpiB KPHUCTANiTIB ckiana 39,9 um. [ocmimkeHHs B iHppaduepBOHOMY Mdiama3oHi i3 BUKOPHUCTAHHIM
nepeTBopeHHsIM Dyp’e MITBEpAWIO HAsSBHICTH KOJIMBaHb METaJ-KHCEHb, IO BiAMOBINAIOTH TETPACAPHYHHUM 1
OKTaeAPUYHHM BY3JIaM, BiAIOBiTHO. I3 pe3yNlbTaTiB CKaHYIHOYOi €JIEKTPOHHOI MIKPOCKOIi OTPUMAaHO PO3Mip
3epeHe, AKuid ckiaB mpuomm3Ho 97,7 HM. CHeKTpu KOMOIHAIIMHOTO PO3CIIOBaHHS 3pa3Ka JEeMOHCTPYIOTH I SITh
aKTHBHHMX MOJI paMaHiBCbKOTO po3ciroBaHHs (A1g + Eg + 3F2g), 110 cymicHO 31 cTpykTyporo mmineni. JlociipkeHHs
MarHiTHUX XapaKTepHCTUK NpH KIMHATHIH TeMmepaTypi IOKa3ye MOBENiHKY IIeTJ TicTepe3ncy 3 HU3BKHM
3HAYEHHAM HAMAarHiuYeHOCTi HacuueHHs, 27,192 emugli He3HAUYHMM 3HAYEHHSM KOEPUUTHBHOI cuiu. [llupuny
3a00pOHEHOi 30HM BH3HAYEHO 3a JOIOMOIOI0 CIEKTpiB mnpomyckaHHs B Y®-piamazony. Kpim Toro, mis
MiATBEP/DKEHHS CTYINCHIB OKUCIICHHS Ta JOCHIKCHHS XIMIYHOTO CKJagy 3pa3ka BHUKOPHCTAaHO METOIH
PEHTTeHIBCHKOI (POTOETEKTPOHHOT CIIEKTPOCKOTTIi.

Kiouosi cioBa: depuroBa mminenb, HaHOKpHCTAH, AAQpakLis X-MIPOMEHIB, CIEKTPH KOMOIHAIIITHOTO
pO3CifoBaHHS, MarHiTHi BIACTUBOCTI.
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It has been established that the doping of activated carbon material with chromium and manganese increases
the specific capacitance of storage devices based on the charge-discharge mechanism of a double electric layer
(DEL) by ~70 % and leads to a decrease in their internal resistance by 30-35 %. The main reason for this rise is the
transformation of the electron energy spectrum due to an increase in the density of electronic states, as a result of
which a much larger number of electrolyte ions (primarily positive ones) participate in the formation of DEL and
cause an increase in the specific capacitance of these devices. It has been shown that laser irradiation stimulates the

metal penetration into the bulk of carbon material.
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Introduction

Traditional electrochemical energy storage devices
(supercapacitors), whose specific capacitance can reach
~200 F/g when using aqueous electrolytes, operate on the
principle of charge/discharge of the DEL, which is formed
at the electrode/electrolyte interface.

The main factors influencing the increase in the
specific characteristics of DEL are the higher density of
electronic states due to changes in the Fermi level of the
surface layers of activated carbon and the involvement of
as much of the developed surface as possible in
charge/discharge processes. One of the possibilities to
influence the properties of porous carbon material (PCM)
for these purposes is to incorporate metals with a high
density of electronic states into its matrix [1, 2].

The use of porous carbon material is due to the fact
that, in addition to being low-cost and accessible, PCM is
relatively easy to modify, which can be used to control not
only the amount of the developed surface, but also its state,
pore size distribution, conductivity, etc., which are
important for its application.

However, the specific capacitance of the DEL formed
by the PCM and electrolyte does not always satisfy the
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requirements for the appropriate charge storage devices,
due to the fact that PCM, being a semiconductor, contains
a low concentration of free charge carriers (electrons)
compared to metals.

One of the solutions to this problem is to increase the
density of electronic states in the PCM matrix. This idea
can be realized by modifying the PCM by doping it with
metals with a high density of electronic states, which
makes it possible to significantly increase the capacitance
of DEL, and, accordingly, of capacitors formed on the
basis of PCM maodified in this way.

I. Experimental, discussion of the
results

An important characteristic of an electronic system is
the density of states, i.e., the number of states in a unit
energy interval. Since electrons are governed by the Pauli
principle, the density of states determines the maximum
number of electrons that can be accommodated in a certain
energy range.

Considering the fact that the choice of electrolyte
concentration is determined by its maximum conductivity,
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it is possible to increase the amount of accumulated charge
of DEL by increasing the density of electronic states near
the Fermi level in the electrode material. Thus, the aim
was to purposefully increase the electron density of the
valence band of activated carbon by doping. The study [3]
shows that 3d transition metals and rare earth elements
have the highest density of electronic states near the Fermi
level. We focused on 3d transition elements Mn and Cr.

Fig. 1 (a) shows the valence band spectrum of the non-
doped activated carbon material, which demonstrates that
it has a double-hump structure with a significant decrease
in intensity when the binding energy approaches the Fermi
level.

When doped with manganese, the appearance of the
valence band changes significantly (Fig. 1(b)). It becomes
almost single-humped with a significant increase in
intensity at the Fermi level.
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The results obtained indicate that the doping of PCM
with manganese most significantly affects the intensity of
its valence band spectra at the Fermi level, and,
accordingly, the electronic density, which is displayed in
the value of the specific capacitance. In particular, the
specific capacitance of ECs based on manganese-doped
PCM is ~ 65 % higher than the similar capacitance of ECs
formed from non-doped PCM.

The change in the intensity of the valence band
spectra of non-doped HFM is also significantly affected
by various technological treatments (thermal, chemical,
etc.). However, in this case, the spectral pattern of the band
remains practically the same (Fig. 2). Obviously, in order
to improve the performance parameters of ECs, it is
necessary to apply the established procedures in a
complex manner.

In the two-dimensional (2D) structure, which is

+Mn 0.3 %

I(E,)=42600

2 0
Binding energy (eV)

b

Fig.1. Valence band spectrum of PCM: a - non-doped PCM; b - PCM doped with manganese.
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Fig.2. Intensity of the valence band spectra: a - carbonized PCM; b - carbonized and heat-treated PCM.
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typical for our case, when the large area of the developed
surface is of major importance, for each quantum level
with energy E; the total number of states

_ me(E-Ej)S
Z(E) - (Zﬂk)z )
where S — is the sample area.

The state density, which in this case is calculated per
unit area, is determined by the sum of the numbers of all
levels whose energies E; are lower than E [4]:

az(E;)
dE

DZD(E) = %Zi

The PCM was chemically doped with chromium by
reducing it from an aqueous solution of Cr2(SO4)3-6H20.
For this purpose, a weight of salt dissolved in distilled
water was mixed with PCM to a homogeneous mixture,
hydrochloric acid was added to create an acidic
environment in which to carry out the reduction, and finely
dispersed zinc was added. The resulting precipitate was
dissolved in water in appropriate ratios, mixed with PCM,
and dried at 140 °C to a constant weight. KMnO4 was used
as a manganese doping agent, where Mn has the highest
oxidation degree, which is 7*. For this, ethanol was added
to a 5% solution of KMnQO4 and, after the reaction was
completed, HNO3 was added and heated to a temperature
of 80 °C. The resulting precipitate was washed with water
deionization until NO; ions were removed, and dried to a
constant weight at room temperature. After that, the
precipitate was dissolved in water in appropriate ratios,
mixed with PVM and dried at 140 °C to a constant weight.

The influence of injected metals on the behavior of
electrochemical capacitor systems formed on the basis of
PCM + metal was studied by impedance spectroscopy.
The dependence of the specific capacitance of the doped
PCM on the content of chromium and manganese is shown
in Fig. 3.

C, (Fig) ——1
—_—0— 2
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Fig.3. Dependence of the specific capacitance of PCM on
the content of chromium (1) and manganese (2).

To obtain the Nyquist diagrams, a three-electrode
electrochemical cell was used (Fig. 4), in which PCM with
the appropriate content of chromium or manganese was
used as the working electrode. The impedance

405

measurements were performed using an Autolab
PGSTAT / FRA-2 spectrometer (Netherlands) in the
frequency range 102 — 10° Hz.

potentiostat-
galvanostat

Fig.4. Electrochemical cell: 1 - glass cell; 2 - sealing lid;
3 - electrolyte; 4 - working electrode; 5 - reference
electrode; 6 auxiliary electrode.

Cyclic voltammograms of carbon material electrodes
were obtained in the potential range of -1 + 0.2 V using
the above three-electrode cell with a chlorine-silver
reference electrode; the scan rate was 5, 8, 10, 20, 30, 40,
and 50 mV/s, respectively.

The impedance curves obtained at potentials of -1 +
0.2 V (in this case, the potential difference between the
working electrode and the reference electrode) and the
automatic calculation of the parameters of the equivalent
circuit (primarily, the capacitance) made it possible to plot
the volt-faradic dependencies for the studied activated
carbon material with different dopant concentrations (Fig.
5, 4, b). The criterion for selecting the interval of applied
potentials is to change the parameters of the equivalent
circuit by no more than 10%. In addition, in the negative
potential region, the maximum of the curve C=1(E) is
also one of the factors in choosing the applied potential.

As follows from these dependencies, an increase in
the percentage of manganese leads to both an increase in
the specific capacitance of the active material and a certain
symmetry of the C-U dependencies, i.e., the penetration of
manganese into the nanoporous carbon material allows for
the grafting of OH-groups of the solvent in the positive
potential region, resulting in an increase in the capacitance
in the positive potential region. When chromium is
incorporated, on the C=f(U) dependence, chromium
doping does not align both branches of the C-U
dependence, resulting in a capacitance of such materials in
the positive potential region that is even lower than that of
pure PCM.

Fig. 5 shows the DEL capacitance at the electrode-
electrolyte interface, so the mismatch of both curves in the
positive potential region indicates an additional
contribution to the total capacitance, pseudocapacitance
due to Faraday processes involving functional groups
(e.g., COOH > C = H, OH). It is known [5-7] that the
existence of functional groups can affect the capacitance
of ECs, both due to the possible occurrence of redox
Faraday reactions involving these groups and due to
changes in the specific capacitance by the specific value
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Table 1.
Specific capacitance of PCM (F/g) in aqueous electrolyte (30% KOH solution in water)
Method of research
Material impedance
voltammetry chronoamperometry
spectroscopy
PCM 156 164 169
PCM + 0,2 % Cr 204 206 215
PCM + 0,3 % Cr 185 188 194
PCM + 0,4 % Cr 180 185 190
PCM + 0,2 % Mn 188 191 197
PCM + 0,3 % Mn 205 210 218
PCM + 0,4 % Mn 200 205 212

of the interfacial surface.

A characteristic feature of the process of chemical
modification of PCM with the above metals is that
chromium and manganese significantly reduce the value
of the Warburg diffusion impedance W (Fig. 6) compared
to the unmodified material. Due to the fact that for all
samples there is a general tendency to decrease W when
the potential changes to the negative region, this parameter
can be associated with diffusion processes involving K*
ions in the carbon matrix [8, 9].
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From the results obtained, it follows that an increase
in the percentage of chromium increases the specific
capacitance of PCM compared to pure PCM. The material
with 0.2% Cr content by weight has the highest
capacitance; further increase in Cr content leads to a
decrease in capacitance. Most probably, this fact is
associated with a decrease in the specific surface area of
the carbon material due to the blocking of pores by
chromium ions, as a result of which less potassium ions
are involved in the formation of DEL.
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Fig.5. Volt-faradic dependences for PCM with different percentage of: a - chromium; b — manganese.
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The implementation of manganese also leads to an
increase in the specific capacitance. However, the
dependence of the last one on the scan rate, in comparison
to Cr-doped PCM, is non-monotonic with respect to the
percentage of Mn ions (Table 1).

Thus, the chemical modification of PCM with
chromium and manganese leads to an increase in the
specific capacitance of PCM [1, 10, 11]. The main reason
for this increase, according to previous studies, is the
transformation of the valence band of the carbon material
due to the introduction of additional electronic states from
the incorporated metals, as a result of which a much larger
number of ions participate in the formation of the DEL,
and thus causes an increase in the specific capacitance.

However, the doping technique does not provide
metal localization on the surface of the PCM. As a result,
during repeated cycling of electrochemical capacitors,
metal atoms are removed by the electrolyte and the EC
parameters become worse. In order to prevent this
phenomenon, we carried out additional treatment of the
doped PCM by irradiation with a neodymium laser
operating in a pulsed mode.
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Fig.7. Dependence of the specific capacitance of the
electrolyte/Mn-doped PCM system on the amount of
manganese introduced before (a) and after (b) laser
irradiation.
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Laser irradiation leads to a reduction in the size of
such fragmentary formations in the PCM matrix, which
makes it possible to doping with more metal without
blocking the pores of the developed PCM surface. As a
result of irradiation with laser pulses, the maximum
specific capacitance is shifted toward higher metal
fractions (Fig. 7, b).

The decrease in the size of the "metallic" fragments
should obviously be accompanied by a certain decrease in
the electron density at the Fermi level.

The distribution of individual elements in the depth of
the sample was determined for three types of samples in
which chromium and manganese were incorporated. Fig.
8 shows a typical profile of element distribution in the
samples of PCM doped with manganese to the level of
0.5 wt. %.

In Fig. 8, the etching time is proportional to the
etching depth, and the shape of the obtained dependence
at the qualitative level reflects the concentration
distribution of elements by thickness in the near-surface
region.

Due to the etching speed, the surface layers with a
thickness of no more than 50-100 nm are available for
analysis with an analysis time of about 7200 s.

As can be seen from Fig. 8, a, the distribution of
manganese over the depth of the sample is quite irregular.
An increase in the amount of manganese introduced above
0.5 wt. % leads to the fact that the signal intensity from
manganese becomes greater than the signal intensity of
carbon and oxygen. Therefore, we do not present the other
profiles, although they, similarly to the profile in Fig. 8, a,
there is an uneven distribution of manganese.

Laser irradiation (E = 0.1 Jlcm?, ¢ = 15 ns, pulse
repetition rate f = 56 Hz, irradiation time 180 s) leads to a
significant redistribution of the analyzed elements along
the depth of the sample (Fig. 8, b). In particular, the depth
hm, which corresponds to the main maximum of the
manganese distribution profile, practically does not
change when the sample is irradiated. At the same time,
manganese atoms both from the near-surface region x< An
and from a depth greater than hy are concentrated in the
neighborhood of hn. In addition, laser irradiation leads to
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Fig.8. Depth distribution profile of C, O, Mn elements of manganese-doped PCM depending on the etching time t for
non-irradiated (a) and irradiated (b) samples.
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a slight appearance of oxygen compared to the non-
irradiated sample, and then only in the region of the
maximum intensity of the manganese peak, which may be
due to the formation of Mn,Oy oxide [12].

As for samples of chromium-doped nanoporous
carbon, studies by other methods have shown that the
dielectric constant in such samples increases several
times, which leads to an increase in the background of the
useful mass spectrum signal as a result of electrification of
the sample surface. Therefore, it was impossible to obtain
high-quality mass spectra of laser-irradiated samples with
a chromium content exceeding 0.1 wt. %.

Conclusions

1. The optimal method for producing carbon electrode
material for electrochemical capacitors from plant-based
raw materials (fruit pits) is hydrothermal treatment at high
pressure (6 <+ 8)-10°Pa. Additional thermal vacuum
annealing of the resulting activated carbon at a
temperature of 723-743 K in a chamber with a residual
pressure of no more than 1.33 Pa for 60-70 minutes
increases the specific capacitance of the corresponding
capacitors by 10-15 % due to the desorption of
uncontrolled impurities from the formed pores.

2. The total capacitance of the non-doped
PCM/electrolyte system is a component of two
capacitances - the PES capacitance (94 - 97 %) and the
pseudocapacitance (6 - 3 %). The increase in the specific

capacitance of electrochemical capacitors based on
chemically modified activated carbon is due to an increase
in the contribution of these components by 88 - 92 % and
12 - 8 %, respectively. On the basis of doped activated
carbon material, laboratory samples of ECs were formed
in 2525-size cases, the maximum specific capacitance of
which is 150 F/g for aqueous electrolyte (30% solution of
KOH in water).
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CrumyJsinis npouecy JeryBaHHs MeTaJIaMi HAHOIIOPUCTOI0 BYIJIeleBOr0
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Ipuxapnamcovkoeo nHayionanvruil ynigepcumem imeni Bacuna Cmeganuxa, leano-dpankiscok Yrpaiua,
ivan.budzuliak@pnu.edu.ua

BcTaHoBIIeHO, 10 J€ryBaHHS aKTHBOBAHOTO BYTJIEIIEBOTO MaTepialry XpOMOM i MapraHIeM 301IbIIy€e TUTOMY
€MHICTh TPHCTPOIiB HAKONWYEHHS 3apsay, IO IIPAIfoIOTh 3a IPHHIMIOM 3apsly-po3psily HOABIHHOTO
enexrpuaHoro mapy (ITEI), na ~70 % Ta mpU3BOAMTE NO 3MEHIIEHHS iX BHYTpIIIHBbOro omopy Ha 30-35 %.
OCHOBHOIO NIPUYMHOIO TaKOTO 3POCTaHHS € TpaHC(OpMAllis SHEPreTHYHOIO CHEKTPY EJICKTPOHIB 32 PaxyHOK
30UIbIIEHHS] TYCTUHHM €JIEKTPOHHHX CTaHIB, B pe3yJbTaTi 4Oro 3HA4HO OifblIa KUIBKICTH 10HIB €JIEKTPOJITY
(macammiepes, MO3UTHBHUX) MpuitMae ydactb y (opmysansi IIEIL i 3yMOBIIOE picT MUTOMOI €MHOCTI IaHHUX
npuctpoiB. [lokazaHo, 0 Ja3epHE OMPOMIHCHHS CTHMYJIOE€ MPOHHKHEHHS METaliB y 00’€M BYIJIEIEBOTO
MaTepiainy.

KnrouoBi cioBa: HaHOmOpHCTHH ByIJIENEBHH MaTepiay, JETYBaHHSA, XpOM, MapraHelb, Ja3epHe
OTPOMIHCHHSI.
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