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Preparation, luminescence, and application of LiMeBO, borates,
Me = Mg, Ca, Sr, Ba, Zn, Cd. Review

T. N. Khamaganova™

Baikal Institute of Nature Management Siberian Branch of the Russian Academy of sciences
6 Sakhyanovoy st., Ulan-Ude, Buryatia, Russian Federation

Abstract

The review summarises and analyses data on the preparation, structure, and spectral-luminescent properties of LiMeBO,-
based borates, Me = bivalent metal.

These polycrystalline borates are prepared traditionally by solid-phase reactions and self-propagating high-temperature
synthesis and its modifications based on a combustion reaction.

Frameworks of lithium borates with alkaline earth metals, zinc, and cadmium are formed from large metal polyhedra
between which there are boron-oxygen triangles isolated from each other. Doping with rare-earth and heavy metal ions
leads to the formation of solid solutions which normally have defective structures. Doped activator ions often become the
main part of the luminescence centre in the phosphor. The luminescent properties of ions of rare-earth elements arise
from the possibility of electronic transitions between states within the 4f-configuration. The paper discusses the most
likely mechanisms of charge compensation during heterovalent substitution in LiMeBO, borates (co-doping and formation
of cation vacancies). It is shown that charge compensation during the combined introduction of ions of REEs and alkali
metals into the structure has a positive effect on the emission yield. The review considers the results of thermoluminescent,
upconversion, and photoluminescent properties and processes and phenomena that cause them. It also explains the
mechanism of resonance energy transfer from the sensitiser to the activator using the example of Yb>—Er*".

It discusses the possibility of using the considered borates as phosphors that emit green, blue, and red light in white LEDs
and as effective materials for personnel neutron dosimetry and the dosimetry of weak ionising radiation.

Keywords: Polycrystalline borates, Solid-phase synthesis, Combustion method, LEDs, Thermoluminescence, Green phosphor,
Sensitisation
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1. Introduction

Lighting technology (residential and
industrial, plasma and electroluminescent
panels, mobile phones, displays, etc.) has been
recently using white LEDs (w-LED) because
of a number of advantages, i.e. reliability,
high light efficiency, low energy consumption,
environmental friendliness, and a long service
life [1-3].

Developments in solid-state lighting have
encouraged researchers to search for new efficient
phosphors which can be used as sources of white
light in LEDs. Ions of rare earth elements (REEs)
and transition metals are used as activators
in many inorganic phosphors (aluminates,
vanadates, phosphates, etc.) due to the possibility
to adjust their colour emission over a wide range
of the visible spectrum [4-10].

Simple and complex borates are promising
materials that meet the necessary requirements [3,
6,8, 11-14]. Compounds of this class can be used
as structural matrices of phosphors due to their
high thermal and chemical stability, quantum
efficiency, and crystallisation at relatively low
temperatures [3, 6, 7]. They are characterised
by high transparency in the visible region of the
spectrum, a wide band gap, a high coefficient
of thermal expansion, and strong absorption in
the near ultraviolet region, which makes them
excellent materials for optoelectronic devices,
solid-state lighting, and data display devices
[12-16].

In particular, due to ions of alkali and alkaline-
earth metals, oxygen can be coordinated
in borates in various ways, which results in
various crystalline structures and allows finding
new materials with excellent luminescent
characteristics [3, 7, 12-20].

Recently, the problem of detecting and
measuring radiation has become relevant.
Methods based on the effects arising from
the interaction of radiation with matter are
used to record ionising radiation. Control of
radiation doses is conducted with the help of
sensors, whose action is based on the effect
of thermally stimulated luminescence (TSL).
TLD-600 (°LiF:Mg,Ti) and TLD-700 ("LiF:Mg,Ti)
dosimeters have been successfully used for
personnel neutron monitoring [21, 22]. However,
they have many drawbacks, such as a complex
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structure of the glow curve, a complex annealing
procedure, a loss of sensitivity when reused, and
remaining residual signals [22, 23]. Therefore, it
is necessary to search for and create new effective
materials for these applications. Lithium borates
are characterised by chemical resistance and
stability, their synthesis is simple and relatively
cheap and requires low temperatures [10, 13, 17].
These luminescent materials based on alkali and
alkaline earth metal borates are promising for
medical dosimetry due to the similarity of their
effective atomic numbers to soft biological tissue
(Z = 7.4). Such materials are similar to it in
terms of transmission and absorption of ionising
radiation, which allows using them in individual,
clinical, and radiobiological dosimetry of weak
ionising radiation [24].

This paper systematises information on the
synthesis, structures, and luminescent properties
of lithium borates with bivalent metals of the
following composition: LiMeBO,, Me = Mg, Ca,
Sr, Ba, Zn, Cd.

2. Methods for the preparation
of LiMeBO3 lithium borates

Traditionally, the main method for the
preparation of lithium borates of bivalent
elements is solid-phase synthesis. It involves
high-temperature sintering of lithium carbonate
with metal carbonates (more rarely nitrates and
fluorides) and boric acid [25-43]. ZnLiBO, borate
is obtained by heating ZnO oxide with an excess
of LiBO, at 800 °C and extracting unreacted LiBO,
in methanol [35].

Chang [44] prepared a single-phase
polycrystalline sample of a-LiZnBO, by heating
an equimolar mixture of LiBO,-8H,0 and ZnO
first at 620 °C for 1 hour and then at 1,000 °C for
12 hours. The authors [45] prepared o-LiZnBO,
single-phase borate by annealing the same
stoichiometric mixture of LiBO,-8H,0 and ZnO
at 600 °C for 1 month.

In [46], to prepare LiZnBO,, a stoichiometric
mixture of Li,CO,, ZnO, and H,BO, was dissolved
in diluted nitric acid. The solution was evaporated
to remove water and nitric acid, heated at 600 °C
and held for up to 3 weeks with intermediate
homogenisation of the products. It was noted that
the synthesised sample had a small amount of
Zn0, which was associated with the volatilisation
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of Li,O during calcination. The authors of the
work used a similar method to prepare LiCdBO,
borate by keeping the mixture at 700 °C, which
was followed by quenching. In [47], LiOH-H,0 was
used instead of Li,CO, as the starting material and
the heating temperature was 1,000 °C.

As a rule, solid-phase synthesis involves
several stages and intermediate homogenisation
of the products [48], for example, LiMeBO,
(Me = Sr, Ba) was obtained by three-stage
annealing [30]. The starting reagents for the
LiSrBO, synthesis were Li,CO,, SrCO,, and H,BO,,
while LiBaBO, was synthesised from Li,CO, BaF,,
and H,BO,. Annealing is sometimes conducted
in a reducing atmosphere to prevent oxidation
processes. For example, in [28], LiSrBO, phases:
Eu®, Sm*, Tb%, and Dy*" were prepared in air,
while LiSrBO,:Ce** was prepared in a reducing
medium with a ratio of H,:N, (5:95).

There is a growing number of publications
dedicated to the synthesis of phosphors conducted
by methods which result in the production of
materials with nanoscale particles. For example,
preparation of o-LiZnBO, by sol-gel technology
[49]. It is known that this method is used to
produce nanoscale particles and the process
involves converting a liquid solution (hydrolysis
and polycondensation) into a gel. The authors of
the work dissolved the stoichiometric ratios of
lithium nitrate, zinc (II) nitrate hexahydrate, and
boricacid (1:1:1) in propionic acid. The resulting
solution was stirred and heated at 100 °C to form a
yellow gel. The gel was dried and the dried powder
was heat treated at 700 °C in an inert atmosphere.
This resulted in the production of LiZnBO, borate
particles of spherical shape.

In [50-56], the combustion method was
proposed to be used to produce fine powders.
In literature, depending on the reaction
conditions this method is known as the method
of self-propagating high-temperature synthesis
(SHS) [54]. SHS is an autowave process that
spontaneously propagates in a chemically
active environment when the chemical reaction
is localised in the combustion zone. It is used
mainly for the production of inorganic materials:
powders, pastes, ceramics, intermetallides, and
refractory coatings. The SHS method differs from
other methods involving high temperatures and
short synthesis time since it allows controlling
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the process, has lower energy costs, and requires
simple equipment [54, 55]. Among the varieties of
self-propagating high-temperature synthesis are
pyrohydrolytic synthesis, modified solid-phase
diffusion method, and the Pechini process. These
methods are universal and simple, the processes
within them proceed quickly and allow obtaining
various types of dispersed materials (including
nanoscale) from simple binary compounds to
complex doped phases. The process involves
a self-sustaining reaction in a homogeneous
solution of various oxidising agents (e.g., metal
nitrates) and organic reducing agents (e.g., urea,
glycine, hydrazine, citric acid, etc.). It is important
that oxidation occurs in the absence of oxygen
from the environment, but due to the fuel in the
solution [56-58].

The Pechini process has been used to
synthesise fine LiMgBO, powder [51]. For this,
nitrate solutions of the corresponding metals and
boric acid were separately prepared in deionised
water. After they were mixed and sonicated, citric
acid and ethylene glycol were slowly added to
the resulting homogeneous solution at a molar
ratio of 1:1 and 1:2, respectively. The solution
was treated with nitric acid and evaporated to
obtain a viscous yellow polymer resin. The resin
was first dried at 200 °C and then annealed for
2-3 minutes at 550 °C. Remaining impurity traces
were removed by sintering at 700 °C. Annealing
of the resulting solid foamy black mass at 750 °C
produced LiMgBO, nanoparticles. In this process,
citric acid (C,H,O,) and ethylene glycol (CH,(OH)
CH,OH) were used as chelating and stabilising
agents and fuels. The combustible agent and
foaming agent was nitric acid (HNO,). Similar
conditions for the LiMgBO,:Dy*" synthesis were
used in works [51, 52]. CO(NH,), urea can be used
as a combustible material [59]. A study of the
morphology of the surface of the LiMgBO,:Dy**
material synthesised by combustion showed
that the shape of particles was irregular and
their dimensions were within 5-10 pm [50]. The
authors attributed a large number of cracks, voids,
and pores on the surface to varying consumption
of the mass during combustion.

A modified combustion method has also been
used to obtain the considered borates [53, 58—-65].
In [53],a simple and time-saving technology was
used to produce LiCaBO,:Tb*", which involved
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preparing a mixture of lithium, calcium, and
terbium nitrates and boric acid. Ammonium
nitrate and urea were used as combustible
materials. Fig. 1 presents a scanning electron
microscope (SEM) image showing the morphology
of the surface of the LiCaBO,:Tb* phosphor.

Due to the incongruent melting of LiMeBO,
(Me = Zn, Cd), the solution-melt technology for
growing crystals has become the most commonly
used. Simple borates, such as Li,B,0_, Bi,O,
bismuth oxide, and low-melting chlorides, for
example, LiCl, BaF, were used as solvents.

The hydrothermal method allows obtaining
LiMeBO, crystals, Me =Zn, Cd, at low temperatures
from 250 to 450 °C [66-68].

3. Crystalline structures of LiMeBO,,
Me = Mg, Ca, Sr, Ba, Zn, Cd

Crystallographic characteristics of LiMBO,
obtained by X-ray diffraction analysis of single
crystals are given in Table 1. It should be noted
that this paper does not discuss in detail the
structures of LiMeBO, with Zn, Cd since they will
be considered in another article.

According to Norrestam, the structure
of LiMgBO, determined by a single crystal
is isotypical to the structure of monoclinic
B-LiZnBO, [69]. The compound crystallises in
the C2/c sp. gr. According to [69], Mg atoms

Table 1. Crystallographic characteristics of LiMeBO,

2023;25(3): 311-332
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Fig. 1. SEM image of the LiCaBO,:Tb3+ phosphor [53]

are located in five-vertex polyhedra with Mg-O
distances from 1.97 to 2.12 A, and Li atoms are
coordinated by four oxygen atoms with bond
lengths from 1.88 to 2.33 A and have trigonal-
bipyramidal coordination. They are disordered
and shifted from the central position by 0.3 A
above and below the trigonal plane.

Double borates LIMBO,, M = Sr, Ba crystallise
in the monoclinic crystal system and have one
structural type [30]. In LiSrBO, and LiBaBO,
structures, M atoms differ in their environment:
CN(Sr) = 7 and CN(Ba) = 9. Li atoms are
coordinated by five oxygen atoms and are inside
distorted trigonal bipyramids. Boron atoms have

M g;;/:;a; TIp. rp - Lattice parimeters, A . o B, 7, © 7 Ref.
Mg monocl. | C2/c 5.161(1) 8.880(2) 9.911(2) B=91.29(2) 8 [69]
Ca rhomb. Pbca 13.227(13) 6.167(16) 6.0620(6) 8 [31]
Sr monocl. | P2/n 6.4800(13) 6.680(15) | 6.8400(14) B=109.41(3) 4 [30]
Ba monocl. | P2/n 6.372 (1) 7.022(3) 7.058 (1) B=113.89(1) 4 [30]
o-Zn | monocl. | C2/c 8.746(2) 5.091(1) 6.129(1) B=118.75(13) 4 [45]
o-Zn tricl. P-1 5.0915(9) 5.059(1) 6.156(1) o =65.81(1) 8 [44]
B=65.56(1)
y=59.77(1)
B-Zn | monocl. | C2/c 5.094(1) 8.806(3) 10.374(4) B =91.09(3) 8 [68]
Zn tricl. P-1 5.0559(15) 6.097(2) 8.0359(18) o =75.75(2) 4 [46]
B =289.86(2)
v =389.79(3)
I-Cd hex. P-6 6.324(2) 3.2638(7) 3 [66]
II1-Cd tricl. P-1 6.118 (4) 8.486(3) 5.257(2) o =91.46(3) 4 [67]
B =289.64(4)
v=104.85(4)
Cd monocl. | P2/c | 10.4159 (14) 9.005(2) 10.756(2) B=92.521(13) | 16 [46]
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CN = 3 and an average distance B-O of 1.377 A
and O-B-0 angles between 118.3(7) and 122.6(7)
A, which is typical for flat (BO,)*" groups. The
structures of the compounds are constructed
from multiple [LiO]- and [MO]- layers isolated
in the direction of [10-1], boron atoms are
localised between the layers in the form of
bridges. In [LiO]-layers, adjacent LiO, polyhedra
form dimers connected by edges, wherein each
dimer is linked with four adjacent dimers and
forms two-dimensional sheets parallel to the
diagonal ac plane.

The SrO, polyhedra in the LiSrBO, crystal were
described as distorted single-capped trigonal
prisms. In layers, SrO. polyhedra are linked by
vertices and form chains that extend along the
b axis. In turn, the adjacent chains are linked
through oxygen atoms in the form of close-packed
sheets parallel to the ac plane. Strontium-oxygen
sheets, [LiO]-layers, are linked through oxygen
atoms of BO, triangles along the [101] direction
and form a three-dimensional framework. In
the LiBaBO, double borate crystal, the BaO,
polyhedra were described as distorted single-
capped square antiprisms. In the [BaO] layers, the
polyhedra form chains linked through common
oxygen vertices. Similar to the LiSrBO, structure,
the neighbouring chains of the Ba-polyhedra are
linked through oxygen atoms and form close-
packed sheets in the direction of the b axis. The
sheets of Ba-polyhedra, [LiO]-layers, extend in
the [101] direction and form a three-dimensional
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framework by means of bridging boron-oxygen
atoms.

LiCaBO, borate crystallises in the ortho-
rhombic crystal system (sp. gr. Pbca) [31]. Its
crystalline structure consists of alternating
[LiBO] and [CaO] layers elongated in the [100]
direction. In the [LiBO]-layers, isolated [BO,J*
groups are distributed along two directions:
[011] and [01-1].In the layers, the LiOfive-vertex
polyhedra linked through common vertices are
localised in the [011] and [0-11] directions and
the BO, groups act as bridges. The projection
of the LiCaBO, crystalline structure in the [001]
and [100] directions is shown in Fig. 2. The
average distances of 1.379 A and the values of
O-B-0 angles between 119.19 (11) and 120.62
(8) are quite normal for flat BO, triangles. CaO,
polyhedra form distorted single-capped trigonal
prisms that are linked through edges and form
layers parallel to the bc plane. Adjacent [CaO]
layers are connected by flat boron-oxygen
triangles. The crystalline structure of LiCaBO,
differs from the structures of the other three
compounds of alkaline earth metals LiMBO,,
M = Mg, Sr, Ba, which are monoclinic. In LiMgBO,,
flat BO, triangles are parallel to each other,
while in structures with larger alkali metals they
are neither parallel, nor perpendicular to each
other [31]. The four studied structures have the
same environment for the lithium atom, whose
polyhedron was described as a distorted trigonal
bipyramid.

- b

Fig. 2. LiCaBO, structure along [001] (a) and [100] (b) [31]
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The structure of the monoclinic B-LiZnBO,
crystal grown hydrothermally was established
for the first time by Bondareva et al [68]. Chen et
al. [45] named the structure of this modification
as 0-LiZnBO,. It crystallises in the C2/c sp.gr.,
however, the parameters of its crystal lattice
are different. The parameters of the unit cells of
the LiZnBO, triclinic modification found in [44,
46] also differ. In the o-LiZnBO, structure, there
are ZnO, tetrahedra, LiO; five-vertex polyhedra,
and BO, triangles [45]. The two ZnO, tetrahedra
connected by common edges form Zn,0O, dimers.
Each Zn,0, dimer connected by common O
vertices with six other dimers forms a three-
dimensional ZnO framework. The framework has
hexagonal channels occupied by Li atoms and
triangular voids occupied by boron atoms.

LiMBO, double borates, M = Cd, Zn,
crystallise in 3 polymorphic modifications,
their crystallographic characteristics are given
in Table 1. The structural characteristics have
been determined for two LiCdBO, modifications,
low-temperature (triclinic, hexagonal [o-form])
and high-temperature (B-form). The LiZnBO,
crystalline structures have been determined for
triclinic and monoclinic modifications. Since the
production of single crystals is challenging, the
structure of the hexagonal low-temperature form
has not been determined yet.

Therefore, crystals of isoformular LiMBO,
lithium borates of alkaline earth metals belong
to the lowest category and are characterised
by triclinic, monoclinic, and rhombic crystal
systems. Their framework structures include
polyhedra of large metals and the available voids
are occupied by boron-oxygen triangles isolated
from each other.

3.1. Crystalline structures and luminescent
properties of LiMeBO,

Doping with metals

Mn?* ions are important for creation of new
luminescent materials since they are used to
produce all known green phosphors [70]. Narrow-
band red phosphors with an emission range of
620-650 nm for warm white LEDs are also being
actively developed. Since the position of the lower
excited state of Mn?" strongly depends on the
strength of the crystalline field, this will allow
shifting the radiation of the Mn?" substituted
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centres from green to red. A tetrahedral-
coordinated Mn?* ion with a weak crystalline
field typically produces green radiation, while the
octahedral coordinated Mn?** (a strong crystalline
field) produces orange-red radiation [70].

Inorganic materials doped with REE ions
exhibit intense photoluminescence (PL) in the
visible and infrared regions of the spectrum. Most
lanthanide ions have luminescent properties,
which is associated with the presence of f-f
transitions [4-10, 62-63, 65, 71]. The intensity
of PL lanthanide ions is determined by the
efficiency of the occupation of excited states of
Ln®* and a decreasing probability of non-radiative
processes. It depends significantly on a number
of factors. For inorganic salts, the symmetry
of the ions’ environment and the absence of
phonon quenching of photoluminescence are
important factors for the intensity of PL. The
peculiarities of the crystalline environment of the
doped ion of REE affect the spectral-luminescent
characteristics of the Ln* ion in the crystal (the
position of its energy levels, the intensity of lines
in the absorption and luminescence spectra) [9,
10, 20, 62, 70-76].

As the analysis of literature has shown,
isovalent substitutions of cations of alkaline
earth metals (Mg%, Ca%" Sr?*, Ba*") for Mn?*, Pb?,
Eu?" do not lead to fundamental changes in the
structures of LiMeBO, borates. It is obvious that
the introduction of a trivalent metal ion into the
borate composition affects the valence balance.
Ionic phases, which the considered borates
can be attributed to, require the conditions of
electroneutrality, i.e. the equality of the total
positive and negative charges. There are various
charge compensation mechanisms for crystalline
phases with ionic bonds. Let us consider the most
likely mechanisms of heterovalent substitutions
applicable to LiMeBO, borates. In the case when
the activator is a trivalent ion of REE, it is possible
to substitute two identical atoms at equivalent
positions with two different atoms of the same
total valence. For example, codoping with a
monovalent cation according to the scheme:
2Me* = R¥ + M*.

For instance, ions of alkali metals (Li*, Na*,
K*) have been used as charge compensators of
lanthanide ions in a number of works [13, 14,
28, 32]. In all cases, the authors succeeded in
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achieving electroneutrality and maintaining the
crystalline structure. In the absence of charge
compensators in the structure of the ionic crystal,
vacancies in the cationic sublattice were formed.
Many authors mention functional properties that
are sensitive to the slightest changes in structure.
However, this issue is hardly ever discussed and a
detailed interpretation of the structure is hardly
ever given. Very few works used the Rietveld
method to determine the structure and occupied
metal positions and to find correlations between
the structure and photoluminescence [32, 74]. The
results of interpretation of the LiMgBO,:xTb*
structure [74] in accordance with the data [69]
showed the presence of two independent Li
positions occupied by ~ 50% and one Mg position.
In this structure, heavy metal atoms had CN=5
and were described as trigonal bipyramids (Fig.
3). Coordination of Li, B, and Mg atoms was
confirmed by the IR spectra of the phases. The
Li*,Mg?, and Tb* ionic radii for CN = 6 were 0.76,
0.72,and 0.92 A, respectively. The ionic radii and
the charge difference between the dopant and
the metal ions allowed assuming that Tb*" could
occupy both Mg?* and Li*positions in the structure.
However, clarification of the occupied positions
indicated mixing of cations and a preference of
Mg?** positions over Li* positions in the LiMgBO,
lattice. Since the difference in the Mg* and Tb**
radii exceeded the difference in the Tb* and Li*
radii, there was a high probability of a transition
of Tb®" at the Li* position. Then, the difference in
their charges was +2 and new cationic vacancies
of negative charge necessary for the balance of
charges appeared. To study the local environment
of Tb3*, the photoluminescence lifetime was
measured. The authors obtained two different
lifetime values indicating two local environments
of Tb3*. It was assumed that Tb3* could be present
in the lattice in two possible ways: either in
two different points or in the same point, but
with different surroundings defects. Since f-f
transitions of Tb*" are spin and parity forbidden,
they can become permitted in an asymmetric
position, i.e. a short lifetime may be due to the
fact that Tb3* occupies distorted positions of Li*.
The percentage of the short-lived component is
only 8%, which indicates a low probability of this
option. In contrast, the long-lived component,
which is 92%, should be due to the high Tb3"
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Fig. 3. LiMgBO, structure [74]

content in the symmetrical position of Mg*". The
maximum peak intensity of the magnetic dipole
transition at 545 nm in the emission spectra of all
LiMgBO, :xTb* phases confirms the fact that Tb**
occupies the symmetric position of Mg?* since the
electric dipole transition line is permitted only in
the case of its asymmetric position. Therefore,
two different PL lifetime values may be due to two
Tb* ions located at crystallographically identical
positions of Mg?* but with different surrounding
defective centres. According to [75], some
defective centres can act as electron-trapping
centres and increase the lifetime, while others
can provide non-radiative pathways to an excited
state and reduce the lifetime value. The distances
between such defective centres and lattice points
affect the excited states [76]. For example, the
short-lived component of PL can be located near
defective centres, while the long-lived component
can be far from them. The authors [74] noted
that the values of short-lived and long-lived
components of photoluminescence depend on the
concentration of dopant, which determines the
amount of charge imbalance in the initial matrix.

The formation of cationic vacancies for charge
compensation was reported in [32] during the
study of the luminescence of solid solutions of
LiSrBO,:Dy*", Tm*,Eu*". The authors emphasised
that their work was focused on the behaviour
of phases during energy transfer and colour
adjustment, but it ignored the effect of the dopant
concentration on LSBO. However, they identified
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4 structures of LiSrBO, powders doped with each
of these REE cations and with all three at the
same time, they provided the coordinates of the
atoms and their isotropic thermal parameters.
It is interesting that the crystalline structures
were specified in the P2 /c sp. gr. [32] and
have acceptable divergence factors. However,
according to the structural interpretation of
the single crystal of a pure undoped compound,
LiSrBO, borate crystallises in the P2 /n sp.gr.
[30]. The authors referred to this work, but did
not discuss this issue in any way. It was indicated
that dopant cations occupied the positions of
Sr?*. Obviously, doping with REE ions leads to
a noticeable distortion of the structure of the
initial matrix and its reconstruction caused by
the compensation of charges that occurs during
the formation of new phases. The reconstruction
of the structure is expressed in the changing
symmetry of the crystals, which leads to the
P2 /n—P2 /c sp.gr. transition. Emission spectra
of the phases indirectly confirm the results of
the determination of the structure. For example,
in the radiation spectrum excited at 350 nm,
there were bands at 490 nm (corresponding to
the *F, ,—°H ., transition of Dy*ions) and the
most intense one at 576 nm (the “F, ,—°H
electric dipole transition permitted when Dy** is
in a local position outside the inversion centre).
This indicated that Dy3*ions occupied positions
distant from the inversion centre in the P2 /c
sp.gr. The same results were obtained for other
REE ions.

The data [32, 74] further confirm that
luminescence is a structurally sensitive method
that is effective for characterising the features of
the crystalline structure of the studied phases.

It is known that Eu®" or Eu?' ions when
introduced into the lattices of various matrices
emit perfectly fine in the blue and red regions
of visible light and are actively used to develop
various light-emitting devices [8, 63, 70].
Photoluminescence spectra of LIMgBO, :Eu* was
investigated by Liang et al. [25]. When excited by
near ultraviolet (UV) (395 nm) and visible light
(466 nm), the studied sample exhibited intense
red glow with A = 615 nm, which corresponds
to the °D —F, forced electric-dipole transition
of Eu** ions. When the LiMgBO,:Eu®* sample
was doped together with a sensitiser (Bi** ions),
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the absorbance of the 'F —L, and 'F —°D,
transitions increased. The authors attributed
the increase in the luminescence intensity of the
LiMg, ,; . BO;:Eu, >, Bi  sample to the Bi** —Eu®**
energy transfer. They believed that main energy
transfer mechanism in the sample was the
quadrupole-quadrupole interaction. The authors
considered both new phosphors as pumping
materials in the near UV range of the spectrum.

Dy®* ions provided emission bands in the
blue (480 nm) and yellow (570 nm) regions of
the spectrum corresponding to the transitions:
‘F,,—°H,,, magnetic dipole and *F, ,—°H;
hypersensitive electric dipole transitions.
Moreover, the intensity of the yellow glow was
strongly influenced by the oxygen environment
of the ion, which created a crystalline field of
the host lattice and a radial integral of 4f- and
5d-electrons [60].

White light can be obtained by changing the
intensity ratio of yellow and blue (Y/B) glow
[1-5,70]. When excited in the near UV range,
the phosphor emitted intense blue and yellow
glow and a weak red band at 484, 573, and 669
nm, respectively, attributed to the *F,,—H .,
°H,;,, °H,, , transitions of Dy*" ions. The band
gap width and average size of the material
crystals were approximately 5.4 eV and 35 nm,
respectively. The CIE chromaticity coordinates
for LiMgBO,:0.02Dy*" phosphor were in the
white region, although they were far from the
ideal values of the white light (0.333, 0.333) (see
Table 2).

3.2. Thermoluminescence

All phosphors show a different thermolu-
minescent (TL) response to different types of
exposure (X-, gamma-, ultraviolet rays, heavy
ions) due to the unequal distribution of doses
at different exposures [77]. The efficiency of
luminescence and afterglow also depends on the
method of material preparation, the chemical
composition, and the particle size [71, 77, 78].

Work [79] describes dosimetric studies of
LiMgBO,:Dy* exposed to X-rays [50], gamma rays,
and C* heavy carbon ions [52], gamma radiation,
and Ag® heavy silver ions with an energy of 120
MeV.

Work [50] studied the relationship between
the TL response and the amount of absorbed
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Table 2. Chromaticity coordinates and excitation wavelength in LiMeBO, borates
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Material Chrgmat1c1ty Py Colour Reference
coordinates (x, y) (nm)

LiMgBO,:0.02Er*,0.08Yb*" (0.6080, 0.3914) 980 orange [65]
LiMgBO,: 0.02Dy** (0.45,0.46) 348 white [60]
LiMgBO,: 0.01Tb*" (0.32,0.50) 235 green [74]
LiMgBO.,: 0.04Tb? (0.29,0.53)

LiMgBO,: 0.06Tb* (0.39,0.52)
LiCaBO,: 0.02Dy** (0.35,0.39) 351 white [98]
LiCaBO,: 0.03Dy** (0.35,0.39) 351
LiCaBO,: 0.005Tb* (0.28,0.71) 240 green [53]
LiSr, ,,,BO,:0.005Ce*" (0.196, 0.242) 337 blue [95]
LiSr, . ,BO,:0.005Ce*,0.04 Tb* (0.217,0.282)
LiSr,,,.BO,:0.005Ce*,0.08 Tb* (0.301,0.412) yellowish-green
LiSr, ,.BO,:0.005Ce*,0.12 Tb* (0.326,0.423)
LiBaBO,:0.05 Ce*/0.02Mn*" (0.358,0.251) 345 white [34]
LiBaBO,:0,02Er*, 0,08Yb*" (0.6060, 0.3914) 980 orange [92]
LiBa,, BO,: 0.02Eu* (0.368, 0.378) 354 white [7]
LiBa, . BO,: 0.025Eu* (0.376, 0.366)

dose for several samples. The authors compared
thermoluminescence curves for LiMgBO,:Dy** and
commercial TLD-100 irradiated with 5 Gy. It was
established that the glow curve of the material
had a simple symmetrical shape of ~ 154 °C and,
according to the peak shape method [80, 81], it
obeyed first-order kinetics. The glow intensity was
approximately half of the TL of the commercial
TLD-100. The obtained linear dependence in a
wide range of doses of 0.5-25 Gy indicated the
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Fig. 4. Thermoluminescence curves for different con-
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centrations of Dy*" in the LiMgBO,:Dy*" phosphor

according to [52]

good quality of the thermoluminescent material.
Its disadvantage is a decrease in the luminescence
intensity over time.

Fig. 4 shows thermoluminescence curves
for different concentrations of Dy3" in the
LiMgBO,:Dy** phosphor [52]. Kinetic parameters
are given in Table 3. The samples’ fading was
studied by appropriate irradiation and exposure
in the dark for 27 days (Fig. 5). After the samples
were exposed to y-rays and carbon rays, the fading
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Fig. 5. Fading of synthesised LiMgBO,:Dy*" under
exposure to y-radiation and a C>* beam according to
[52]
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Table 3. Kinetic parameters for LiMeBO, borates irradiated with y-radiation

. Method of Peak Order of Activation 4

Material calculation No. kinetics energy, E (eV) S(€9 Ref.

dopma nuKka 1 1.38 0.997 1.31-10!!

: RN Bapuaiun
LiMgBO,:Dy CKOpoCTEelt 1.35 1.003 [52]
Harpesa
dopma nmKa 1.1 0.92+0.01 (1.4%0.2)-10°

. . - Bapuannun [74]

LIMgBO,:0.04Tb CKOpOCTeli 1.01 1.02-10%°

Harpeaa

1016
LiMgBO,:Dy*" dopma muKa ; 2 1.26 ;gzigll [79]

1 1.9 1.075 2.71-10%

; D3+

LiCaBO,:Dy ®dopMma nmka 7 13 0.536 3.173.10° [62]

1 2 0.655 1.00-107
LiCaBO,:0.01Ce* dopma nmKa 2 1.76 1.448 1.215-10% [33]

3 1.515 7.506-10"

1 1.26 0.63 2.62-107

: . 3+

LiSrBO,: 0.01Tm ®dopma nuka 7 5 0.96 = 35.10° [101]

for the first 3 days was approximately 30%. On
the fifth day, the fading of the sample exposed
to C* rays reached 42%. The LiMgBO,:Dy*
sample irradiated with y-rays showed a linear
dependence of TL on the absorbed dose in the
range from 10 Gy to 1 kGy. Samples irradiated
with C** also showed a linear dependence of
thermoluminescence on the current density in
the range of 2x19-1x10'" ions/cm?.

In [79], LiMgBO,:Dy** samples were exposed
to y-radiation of 0.01-5 kGy and fast Ag” with
ion content in the range of 1-10'' -1-10'* cm™.
The glow curves were taken at different heating
rates and were analysed by the Chen method [80].
It was found that the glow of samples exposed
to ions began with a lower temperature (390 K)
as compared to the glow of samples irradiated
with y-rays (396 K). The authors concluded that
LiMgBO,:Dy*" is suitable for y-radiodosimetry.
On the contrary, the material irradiated with
heavy silver ions is not suitable for dosimetric
applications, since the absorbed dose shifted
even at room temperature, which leads inevitably
to fading.

The thermoluminescent properties of LiCaBO,
polycrystalline phosphors doped with REEs were
studied in [6, 61, 82]. The LiCaBO,:Tm** samples
exhibited the maximum TL sensitivity with a
favourable shape of the glow curve [61]. The
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thermoluminescence curve of the LiCaBO,:Tm?*
sample irradiated with y-rays contained 2 peaks
at 230 and 430 °C, and the intensity of the second
peak by almost three times exceeded the intensity
of the first peak. Both peaks showed an almost
linear dependence of intensity on the absorbed
dose up to a value of 103 Gy. It was noted that the
sensitivity of phosphor thermoluminescence to
gamma radiation was about eight times higher
than that of TLD-100.

The thermoluminescence of LiCaBO, activated
by dysprosium and cerium ions, when exposed
to y-quanta and a beam of C>* carbon ions was
studied in [62]. Both phosphors showed good TL
sensitivity to the dose of y-quanta irradiation in
the range of 0.4-3.1 rad. with a '*’Cs source. The
TL intensity increased with an increase in the
content of Dy*'ions in the LiCaBO, matrix and was
maximum at a concentration of 0.5 mol. % Dy>*.
The maximum TL intensity of the second sample
corresponded to the content of Ce3ions of 1 mol.
%. After 20 days of exposure, the average fading for
both materials was between 3 and 14%. Samples
treated with a beam of C** ions showed a decrease
in intensity and an increase in energy density.

In [83], thermoluminescence curves of the
LiCaBO,:Tb*" material contained one maximum
at 240 °C and showed stability and insignificant
fading.
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The study of TL phosphors exposed to
different types of irradiation is necessary to
determine the areas of their possible use. In
particular, dosimetry of heavy charged particle
or heavy ion radiation is in the focus of research
due to importance of its application in medicine
(cancer and tumour treatment).

Searching for materials for neutron dosimetry
is of paramount importance as it exhibits the
highest relative biological efficiency (RBE) as
compared to other types of radiation.

In [74], the method of electron paramagnetic
resonance (EPR) was used to identify various
defective centres caused by neutrons and gamma
radiation. The lifetime of neutron-irradiated
PL of materials correlated well with PL peaks
and their relative contribution. To understand
the kinetics of the processes, the parameters of
the traps were calculated by different methods.
Unlike the LiF:Mg,Ti reference, the LiMgBO,:Tb*"
beam thermoluminescence showed a simple
glow curve. The TL sensitivity to neutrons and
the ability of LiMgBO,:Tb** to separate the dose
were 2.2 and 4.5 times higher than that of the
standard material (Fig. 6). In addition, the TL
response demonstrated excellent linearity up to
a neutron dose of 105 mSv. It is noteworthy that
the decay of the TL signal was < 10% when stored
for 90 days. According to the diffuse reflection
spectra, the green phosphor has a wide band gap
(6.3eV), is highly effective, and close to the tissue
equivalent. The CIE chromaticity coordinates
for LiMgBO,:xTb* phosphors are givenin Table
2. According to the authors [74], the obtained
characteristics meet the criteria for the practical
application of the material, which can be a worthy
alternative to the existing LiF:Mg,Ti dosimeter
for personnel neutron dosimetry.

3.3. Upconversion (ASL, anti-stokes luminescence)

According to Stokes’ rule, the photolumi-
nescence wavelength should be greater than
the excitation wavelength due to the transfer
of part of the absorbed energy of the exciting
light [20]. Therefore, luminescence that occurs
in the visible spectrum under the influence of
infrared excitation radiation is known as ‘anti-
stokes” luminescence. Information about anti-
stokes luminescence (ASL) appeared after the
study of barium fluorides doped with Er*, Ho%,
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Fig. 6. Comparison of glow curves for TL LiMg-
BO,:0.04Tb* and LiF:Mg,Ti [74]

Tm?', and Yb* ions [84]. In literature, it is known
as upconversion, which literally means “up
frequency conversion”. Upconversion involves
excitation and luminescence processes in systems
with several energy levels. It can be observed
in REE ions due to an unfilled inner 4-f shell
which is screened from the outer shells and has
a unique energy structure of the levels [20, 72, 73,
85, 86]. There are three main ASL mechanisms:
1) absorption in the ground state; 2) subsequent
absorption in the excited state; 3) absorption in
the ground state and energy transfer to another
ion. In this case, a sensitiser is the ion that gives
off energy, and the ion that receives energy is
known as an activator. The phenomenon of
upconversion is most evident when the best
initial matrix with low photon energy is chosen
[20, 72, 73]. ASL formation is accompanied by
the absorption of the exciting light, radiative
and non-radiative processes, and the process of
energy transfer.

Let us consider the processes of resonance
non-radiative energy transfer and non-radiative
photon transfer. Energy can be transferred from
the sensitiser (S) to the activator (A) if the distance
between them is quite small and the excitation
energies are almost equal. In this case, A transits
from the ground state to the excited state before
S emits photons (Fig. 7) [86]. There is energy
difference during the S — A non-radiative photon
transfer so photon transfer requires the process
of energy transfer to cover it. The condition for
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resonance energy transfer is the overlapping
of the sensitiser’s radiation spectrum and the
activator’s absorption spectrum. Fig. 8 shows a
diagram of the energy levels of Yb** and Er** ions,
which explains the mechanism of luminescence
sensitisation and the occurrence of glow upon
excitation by IR radiation. The Yb3* ion absorbs
the quantum of infrared radiation in the region
of 980 nm and transits to the *F, , excited state.
During the resonance energy transfer to the Er*
ion, italso transits to the*/;, , excited state and the
sensitiser returns to the °F, , ground state. After
transferring the energy of the second quantum to
the activator, it moves to a higher level of *F, ,. The
*I,,,, — *F, , transition in the Eg** ion to the more
excited state also resonates with the transition
in the Yb* ion (980 nm). Having lost some of the
energy in the form of photons, the excited Eg**
ion first transits to the *S; ) radiative level and
then to the ground state emitting a quantum with
an energy almost twice as much as the energy of
the excitation quanta. Co-doping with Yb3*- Er’*
ions allows obtaining blue (*H,,—I ,), green
(*H,,,—*,, and *S,,— . ), and red radiation
(‘F,,,—*1,;,) [20, 87, 88], which can be explained
by the considered mechanism.

There are data about the introduction of Yb*'
ions as an additional doping material (sensitiser)
into matrices activated by Er**ions [89]. It has been
reported that the luminescent properties of such
materials can be improved by the resonance energy
transfer from Yb* to Er®** during the absorption of
a photon with a wavelength of A = 980 nm [90].

® 7

A g ¥

\_. 1r’

-

$ [a) 5 A

a b
Fig. 7. Energy transfer processes between sensitiser
(S) and activator (A) ions: (a) resonance non-radiative
energy transfer; (b) non-radiative photon transfer [85]
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Upconversion materials activated by rare
earth ions are widely used in different areas
starting with medicine and ending with solar
energy. These are materials for solid-state lasers,
biological sensors, laser beam visualisers, solar
batteries, etc [86-91].

The phenomenon of upconversion in the
LiMgBO, samples with a fixed concentration
of Er®* and Yb3'ions has been studied [65].
The absorption spectrum of the LiMgBO,:0.02
Er’*, 0.08 Yb* phase showed a wide band with
a maximum intensity in the region of 820-
1,080 nm at A = 980 nm (*/,,—*I, , resonance
transitions in Er*"and °F, ,—?F,, , resonance
transitions in Yb®"). There were also two peaks
with wavelengths of 545 and 656 nm, which
corresponded to the *I,,,—*S, and ‘I, ,—*F,
transitions in Er** ions. The upconversion spectra
of the phosphor showed Er** emission in the range
(590 and 596 nm) due to mixed transitions from
*F, . and *S, to *I ... Works [92, 93] studied the

9/2 3/2 15/2°
upconversion emission properties of LiBaBO, and

| —

*Fas

4
l’I‘I."“".

:

S550HM

#jjln'z

SE0HM E660HM

/8 Y { ] 1y
Yb* Er”

Fig. 8. Diagram of the energy levels of Yb* and Er*
ions [20]
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LiSrBO, borates doped with Er** and Yb*"ions with
fixed concentrations. The synthesised materials
emitted light in the visible region after excitation
in the infrared region. LiBaBO,:0.02Er*", 0.08 Yb*"
and LiSrBO,:0.02Er*", 0.08Yb* phosphors showed
absorption lines in the infrared region, 820-
1,080 nm and at 545 nm, 656 nm, respectively.
The upconversion spectra of phosphors showed
persistent emission in Er** ions (590 and 596 nm)
due to mixed transitions from *F, ,and *S, , to*I ..
Intense radiation with increasing frequency in
these crystal phosphors can be useful in various
areas of modern lighting technology.

To adjust the colours or increase the radiation
intensity, heavy metal ions, for example, Mn?*,
Bi*, can be doped together with REE ions [25, 94].
Bi** ions as a co-activator can act as a primary
energy excitation centre and non-radiatively
transfer their energy to enhance the radiation
intensity of another dopant ion, i.e. play the role
of a sensitiser [63].

The tunable luminescence of a number
of LiBaBO,:Ce*/Mn*" samples was studied
by Li et al. [34]. The authors expected the
Ce**—>Mn?" energy transfer due to the
overlapping LiBaBO,:Ce*" emission spectrum
and the LiBaBO,:Mn* absorption spectrum. It was
confirmed that the process of the Ce**—Ce* non-
radiative energy transfer can be described by
exchange interaction, radiation reabsorption,
and multipolar interaction. When the content
of Ce* ions was 5 mol.%, the glow intensity of
borates gradually decreased with an increase
in the concentration of Mn?* ions, which can be
explained by an increase in the efficiency of the
Ce>*—Mn?* energy transfer. The glow colour of the
LiBaBO,:5 mol. % Ce*/y mol. % Mn** phosphors
(y=0,1, 2, 3,4, and 5) changed from blue to
orange. It was noted that the material with the
composition of LiBaBO,:5 mol. % Ce*/2 mol. %
Mn?* had a glow close to white light. Previously,
double blue and orange radiation, which is the
result of 5d-4f transitions in Ce3" ions and a
forbidden transition in Mn? ions, was detected
in LiCaBO,:Ce*, Mn** [94]. The process of the
Ce**—>Mn?* energy transfer was classified as
resonance transfer. It has a dipole-dipole (d-d)
mechanism with a critical distance of about 4.1
A.Due to strong excitation bands in the range of
325-375 nm, the studied phosphors with double
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radiation can be used in near UV radiation light-
emitting diodes (LEDs). The same energy transfer
mechanism has been found in LiSrBO,:Ce*", Tb?
polycrystals [95].

The photoluminescent, structural, and
optical properties of LiBaBO, phosphors doped
with Eu® ions and codoped with Bi** ions were
studied by Lephoto and colleagues [7]. They
studied the mechanism of the Bi**—Eu** energy
transfer. The materials showed tunable radiation
based on simultaneous broadband radiation
at a wavelength of 593 nm and narrowband
radiation associated with the f—d and f-f Eu*
and Eu’' transitions, respectively. According to
the results of the study, part of Eu** ions reduced
to Eu?". The samples had greenish-blue (493 nm)
and red (613 nm) glows, which were attributed
to the emission of Eu?" and Eu®* ions. Co-
alloying with Bi*" ions significantly increased the
intensity of the Eu**narrowband radiation, whose
maximum was located at a wavelength of 613 nm.
Narrowband radiation at 613 nm depended on the
concentration of the co-activator, which indicated
a non-radiative transfer of energy from Bi3* ions
to Eu®" ions. Chromatic coordinates according to
(CIE) are given in Table 2.

3.4. Photoluminescent properties
LiCaBO,

Excitation and emission spectra of
LiCaBO,:Tb* materials were studied in [6, 14, 53,
83]. A study of the effect of embedded ions (Li",
Na*,K*) on the emission intensity of LiCaBO,:Tb*"
showed that it is maximum for Li* ions (4 mol. %)
[14]. The results [14] are consistent with the data
presented in work [83], in which the maximum
green emission of LiCaBO,:Tb*" was observed at
a wavelength of 545 nm. At UV excitation with
A.., = 254 nm, 4 distinct bands at wavelengths
of 486, 545, 590, and 622 nm were detected in
the emission spectrum corresponding to typical
radiative transitions of Tb** ions: °D,—'F,,
°D,—'F,, °D,—F,, °D,—"F,. Among the emission
lines, the dominant emission was observed at
547 nm, which corresponded to the °D,—"F,
transition. The °D,—’F, emission line is the
strongest line in almost all crystalline matrices
when the Tb3 content is a few mole percent or
higher [53]. Photoluminescence radiation and
excitation spectra were studied in detail for
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LiCa, BO,:xTb* with x = 0.005. The excitation
spectrum at A, = 547 nm had a wide band in
the range of 250-300 nm, which corresponded
to the ff—4 f’5d permitted transitions of Tb*
ions. In [14], the emission intensity increased
with increasing concentration of active ions and
reached a maximum at 3 mol. % Tb*". The authors
[6] associated this with the greatest probability
of attributing these transitions to both electric
dipole and magnetic dipole induced transitions.

According to the authors [53], the peak at
~240 nm in the excitation spectra can be easily
classified as 4f2-4f"5d spin permitted transitions
of Tb®*, whose exact position depends on the
crystalline field of the lattice. For A = 240 nm,
the radiation intensity first increased with
increasing activator concentration and reached
a maximum at x = 0.005. After that, there was a
concentration quenching mainly associated with
the quadrupole-quadrupole interaction. The CIE
chromaticity coordinates for the synthesised
green LiCaBO,:Tb** phosphor are given in Table 2.

According to the excitation and emission
spectra data, LiCaBO,:Eu*" phosphors were
excited effectively by near UV (400 nm) and blue
light (470 nm) and emitted red light [13]. The
radiation intensity increased with increasing
concentration of Eu®* and reached a maximum
at 3 mol. % Eu®. Then, the intensity decreased
due to concentration quenching. According
to Dexter’s theory [96], the mechanism of
concentration quenching of Eu**ions in LiCaBO,
is caused by a dipole-dipole interaction. In [97],
LiCaBO,:Dy*/Eu* phosphors were characterised
by photoluminescence spectra. LiCaBO,:Dy**
emission spectra showed two peaks (484 and
577 nm). The maximum radiation intensity
was shown by the LiCaBO,: 0.01Dy*" sample.
A further increase in the activator content led
to concentration quenching and the calculated
critical distance between the Dy?" ions was
about 22.76 A. Similar to [13], the red radiating
LiCaBO,:Eu** phosphor can be excited effectively
by near UV radiation (392 nm). The emission
spectra showed the °D| —F, (] = 0-2) transition
with the main glow at a wavelength of 614 nm
due to the electric-dipole transition caused by
an acentric point group. The LiCaBO,:Eu** sample
had concentration quenching at 0.2 mol. % and
the critical distance was about 38.93 A. The critical
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distance was defined as the average distance
between the closest Eu’* ions involved in the
energy transfer. According to Dexter’s theory, the
concentration quenching of inorganic materials
is determined by electric multipolar interaction
or magnetic dipole interaction between activator
ions. The authors associated concentration
quenching of the LiCaBO,:Eu* phosphor with
non-radiative transitions between Eu®" ions.

LiCaBO,:Dy** photoluminescence temperature
dependence was studied by Beck et al. [98] The
time of luminescence emission and decay were
recorded in the temperature range of 100-480
K. It was found that the maximum intensity of
PL radiation was observed when the content of
active Dy*" ions was 2-3 mol. %. The emission
intensity ratios (Y/B) were selected depending on
the concentration of Dy** ions. The LiCaBO,:Dy**
material had excellent heat resistance, its colour
was in the near white region, the values of the
correlated first and total temperature were in
the range of 4,955-5,955 K. It was found that
the phosphor’s quantum yield was 0.25 and
the width of the band gap was 4.85 eV. The
photoluminescent properties of LiCaBO, borates
doped with different concentrations of Pb?* and
Bi3* ions were studied at room temperature
[99]. LiCaBO,:Pb** and LiCaBO,:Bi*" radiation
emission bandswere observed at wavelengths of
296 nm and 378 nm, respectively. The calculated
Stokes shifts of the samples was 3,952 nm™! for
LiCaBO,:Pb*" and 6,440 nm for LiCaBO:Bi*".

LiCaBO,:Gd* phosphors have been
characterised by photoluminescence spectroscopy
and electron paramagnetic resonance (EPR) [100].
The introduction of the Gd** ion into the LiCaBO,
matrix lattice contributed to the appearance of
a narrow band of UV radiation at a wavelength
of 315 nm when excited with A = 274 nm. The
mechanism of concentration quenching was
studied and described.

LiSrBO,

The luminescent characteristics of LiSrBO,
activated by REE ions was studied in works [28,
29, 32, 101]. Excitation and emission spectra for
LiSrBO,:M, M = Ce*, Eu*, Eu*, Sm*, Tb*, Dy*"
showed effective excitation with UV LEDs and
satisfactory red, green, and blue characteristics
[28].
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The authors [29] compared their results with
the data [102] and discovered a difference in the
location of the photoluminescence excitation
bands (PLE) and photoluminescence, as well as the
difference in the energies of the higher and lower
energy levels. They attributed the differences
to the different crystallinities of the samples,
greater bond covalence, and the high crystal field
splitting. The results of the prefabricated LED are
shown in Fig. 9. The experimental sample of the
material was produced by combining a 460 nm
LED chip with LiSrBO,:Eu* borate. The quantum
efficiency of the LiSrBO,:Eu*" material was
significantly inferior to the quantum efficiency
of the commercial red phosphor (18% of the
industrial phosphor). The authors concluded
that it is necessary to optimise the content of
Eu%, its crystallinity and to increase its quantum
efficiency to use the new LiSrBO,:Eu* material.

The emission band of trivalent thulium
ions with a centre at about 450 nm coincided with
one of the absorption bands of dysprosium ions
[103, 104]. Therefore, energy transfer is possible
between Dy** and Tm3* ions in the same matrix.
Tm?" ions can be added as a sensitiser to increase
the luminescence intensity of powders doped
with Dy*". LiSrBO, borates were co-doped with
Dy*, Tm*, and Eu®* in [32]. According to powder
X-ray data, active REE ions completely dissolved
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Fig. 9. Emission spectra of (a) a 460 nm bare chip LED
and (b) a460 nm LED chip combined with sample B [29]

in the host lattice and occupied positions that did
not coincide with the inversion centre. According
to the excitation spectra data, phosphors were
effectively excited by UVat 350-400nm. At a doping
concentration of x=0.03, there was concentration
quenching of LiSrBO,:Na*, Tm*". The lifetime of
LiSrBO,:0.05Dy*, 0.005Tm*"; LiSrBO,:0.01Dy*",
0.005Tm?*, and LiSrBO,:0.015Dy**, 0.005Tm>"
phosphors calculated from the decay curves was
0.99 ms, 0.986 ms, and 0.96 ms, respectively.
Compositional dependence of the luminescence
properties were studied for the LiSrBO,:x(Tm*,

0.0 460

0.0 0.1 0.2 0.3

0.4 0.5 0.6 0.7 0.8

X
Fig. 10. Correlated colour temperature chart for LSBO:0.01Dy**, 0.005Tm*, 0.03Eu’*, and LSB0O:0.015Dy*,

0.005Tm3, 0.03Eu** exited at 380 nm [32]
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Na*) samples. According to the chromaticity
diagrams, phosphors can emit white light: from
cold to warm (see Fig. 10).

In [8], when LiSrBO, :Sm*  borate was exposed to
UV radiation (221 nm) and a low-voltage electron
beam (2 keV, 12 mA/cm?), there was a strong
emission at a wavelength of 601 nm corresponding
tothe*G, ,—H, , transitions of Sm* ions. Prolonged
bombardment with low-energy electrons resulted
in stable emission of cathodoluminescence (CL),
which appeared after a dose of electrons of
100 CL/cm?. Before and after a dose of electrons
of 300 Kl/cm?, the shape of the emission spectra of
Auger electrons changed and their energy shifted
for boron and strontium atoms in the structure of
the LiSrBO,:Sm*" material. It was assumed that
during bombardment with an electron beam new
surface chemicals formed which were responsible
for the cathodoluminescence stability in the new
orange-red phosphor.

LiBaBO,

The analysis of the LiBaBO,:Sm** excitation
and emission spectra showed that the material
is excited effectively by ultraviolet (UV) light and
demonstrates satisfactory red light characteristics
(597 nm), which makes it fit easily into the
UV LED chip [105]. The radiation intensity of
the LiBaBO,:Sm*" phosphor increases with
an increase in the content of Sm3*ions up to
3 mol. % followed by concentration quenching.
The quenching mechanism is associated with the
d—-d interaction according to Dexter’s theory. The
glow intensity of the materials increases due to
compensation of the charge of the doping alkaline
Li*, Na*, K" ions. What is more, it is higher when
doped with Li* ions as compared to Na* and K*
ions [105, 13, 14, 28].

Meng et al [106] investigated optical
properties of LiBaBO, borate doped with Eu** at a
temperature between 10 and 525 K. The excitation
spectra contained wide bands at wavelengths
from 220 to 450 nm. The wide emission band with
a maximum of about 485 nm observed at room
temperature was attributed to the 4f°5d'—4f’
transition of Eu?" ions. The radiation intensity
decreased insignificantly at temperatures below
room temperature, however, it dropped sharply
at higher temperatures. The calculated Stokes
shift was 0.52 eV.
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LiZnBO,

Wang and collaborators [48] investigated
0-LiZnBO,:Mn* borate. They expected substitution
of Zn?*ions with Mn* ions in the tetrahedron. The
presence of Mn* ions in the o-LiZnBO, matrix
was confirmed by EPR spectra. Strong narrow
absorption bands in the range of 400—-450 nm were
found in the light reflection spectra of all doped
samples. During excitation with a wavelength
of 431 nm, there was an abnormal red emission
band in the range of 550-800 nm due to a strong
crystalline field caused by a distorted tetrahedron.
The emission spectra contained a wide band of
red radiation with a maximum at 647 nm for
all doped samples regardless of the excitation
wavelength and Mn?* concentration. Red radiation
is anomalous for the tetrahedral-coordinated
Mn* in o-LiZnBO,. The authors associated it with
further splitting of the d-level of Mn?*" during the
‘T, (*G)—*A, (°S) transition from the excited state
to the ground state. At a concentration of x="7 mol.
% Mn?* luminescence quenching was observed.
The calculated phosphor chromaticity coordinate
(0.66, 0.34) was very close to the standard red
colour (0.66, 0.33).

The optical properties of the orange-
red LiZnBO,:Sm*" phosphor obtained by
solution combustion were investigated by
photoluminescence and ultraviolet-visible
spectroscopy [107]. In the radiation spectrum at
A, = 401 nm, there were peaks at 565, 602, and
648 nm, which were attributed to electric dipole
transitions. The width of the material’s band gap
calculated from the diffuse reflection spectrum
was 5.8 eV. It was concluded that it is possible to
use this phosphor in near UV LEDs.

4. Conclusions

The analysis of the literature dedicated to the
production of LiMeBO, borates (Me = Mg, Ca, Sr,
Ba, Zn, Cd) revealed a variety of possible methods
of their synthesis. Polycrystalline borates are
traditionally obtained by high-temperature solid-
phase reactions. The starting materials are the
corresponding nitrates or carbonates. Sometimes
a reducing atmosphere is used to dope samples
with REE ions to avoid possible oxidation of
ions with variable valence at high temperatures.
Along with the traditional solid-phase method,
such methods as SHS and its modifications
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have become widespread. These relatively new
methods based on the combustion reaction,
require reagents that promote the self-sustaining
exothermic reaction. Normally, these are such
accessible materials as urea and ammonium
nitrate used as fuel and oxidiser. They allow
obtaining nanoscale powders. LiMeBO, lithium
and alkaline earth metal borates are successfully
doped with rare earth ions (Ce*, Sm*, Gd**, Eu*,
Eu*, Tb%, Dy*, Tm%, Er®, Yb%) and Mn?*, Pb?,
Bi** heavy metal ions. Co-doping is also used,
for example, REE ions —REE: Dy** with Eu3*; Dy**
with Tm3*; Ce* with Tb and Er>* with Yb*" or REE
ions — Me?*or REE-M 3", for example, Ce*>/Mn?*;
Eu®/Bi*. Some works provide information about
the size, morphology, microstructure of particles
and attempt to analyse the effect of codoping on
the morphology of particles. For example, in [25]
it was noted that doping with Bi** ions affects the
morphology of LiMgBO,:Eu*'. According to SEM
of the LiMg, ,,.BO,:Eu*  Bi* . borate, the size
of phosphor particles increases with the addition
of Bi%* ions. Table 4 presents data on synthesis
methods and possible areas of application of
some representatives of the studied borates.
Literature indicates the possibility to
use LiMeBO, borate compounds to develop
luminescent matrices. These are framework
crystalline structures. They are based on
polyhedra of large metals linked by common
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edges and vertices of boron-oxygen triangles
that are not connected to each other. Numerous
spectral luminescence studies which have been
carried out in recent decades have shown their
ability to emit light after the absorption of
external energy (UV, X-rays, y-radiation, etc.).
The spectral data considered in this paper were
obtained by methods of photoluminescence
analysis, thermoluminescence, upconversion,
etc. It is known that external influences affect
the structure of the material and leads to its
defectiveness. The introduction of dopants into
the crystalline structure also causes its distortion.
For example, the introduction of rare earth
elements creates a new energy of state near the
conduction band that alters this phenomenon.
The excellent luminescent properties of ions of
rare-earth elements arise from the possibility of
electronic transitions between states within the
4f-configuration. This becomes possible because
the ground state configurations are always half
full, the 4f shell is screened by the 5s and 5p outer
electron shells. Doped activator ions often become
the main part of the phosphor luminescence
centre. Sometimes the activator ion exhibits low
absorption and another ion (sensitiser) is added to
start the luminescence process [25, 32, 34, 62, 94,
95]. The absorbed energy is transferred from the
sensitiser to the activator. After that, the activator
emits a photon of a certain wavelength. Small

Table 4. Methods of synthesis and possibilities of LiMeBO, application

Matrix Doping ions Method of synthesis Area of possible Reference
LiMgBO, Eu’, Bi** Solid-phase White LEDs [25]
LiMgBO, Dy%* Solution combustion Dosimetry [50]
LiMgBO, Er¥/ Yb> Solution combustion Phosphor [65]
LiCaBO, Eu® Solid-phase Red phosphor for white LEDs [13]
LiCaBO, Tb%* Solid-phase Green phosphor for white LEDs [14]
LiCaBO, Dy%* Solid-phase White LEDs [98]
LiSrBO, Eu®, Sm3 ,Tb% Ce*, Dy** Solid-phase Red phosphor for white LEDs [28]
LiSrBO, Eu* Solid-phase Yellow phosphor for white LEDs [29]
LiSrBO, Dy3*, Tb%", Tm?*, Ce%* Solid-phase Dosimetry [101]
LiBaBO, Ce%'/ Mn?* Solid-phase White LEDs [34]
o-LiZnBO, Mn?* Solid-phase Red phosphor [48]

LiZnBO, Sm 3 Solution combustion White LEDs [107]
0-LiCdBO, Solid-phase Pink phosphor [36]
B-LiCdBO, Solid-phase Red phosphor [36]
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amounts of dopants cause minor defects in the
LiMeBO, structure leading to blue, green, and red
light emissions of great commercial interest. The
introduction of a suitable dopant may improve the
luminescent properties of these borates. When
bivalent Me*" ions are substituted in LiMeBO,
with trivalent ions, such as Tb*, Eu*, the balance
of charges is disturbed. Compensation is possible
by introducing into the ions’ structure Li*, Na
+, K alkali metals affecting the emission yield.
In all considered cases, the radiation intensity
increased. It was shown experimentally that the
most suitable charge compensator is Li* ions.

Some crystals are capable of self-producing
luminescence under certain conditions. For
example, in UV light LiCdBO, crystals of the
triclinic modification produce red luminescence
and in IR light they produce yellow luminescence
[36]. Co-doping of REE ions (Ce3', Eu®*") with
heavy metal ions, such as Mn*, Bi**, in LiMeBO,
contributes to an increase in the radiation
intensity in the materials and allows tuning
colours from blue to orange.

Numerous studies dedicated to the conditions
for obtaining LiMeBO, borates, methods of
their synthesis, and their spectral-luminescent
properties allow considering them as promising
materials. They can be considered as phosphors
that emit green, blue, and red light, which can be
used in white LEDs and as effective materials for
personnel neutron dosimetry and the dosimetry
of weak ionising radiation.
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Abstract

For the design of technological process for creating device structures based on niobium and single-crystal silicon with the
desired properties, empirical and theoretical knowledge about the solid-phase interaction process in the system of a thin
niobium film is required. The purpose of the research was a comprehensive study of the redistribution of components
during the formation of thin niobium films on single-crystal silicon obtained by magnetron-assisted sputtering followed
by vacuum annealing.

The structure and phase composition were studied by X-ray phase analysis, scanning electron microscopy, and atomic force
microscopy. Distribution of components along the depth was determined using the Rutherford backscattering spectrometry.

The traditional experimental method for studying the process of interdiffusion of components in binary macroscopic
systems is the placing of inert marks. However, the use of this method in systems containing thin films is hindered by the
comparable thicknesses of the films and marks. This circumstance makes the mathematical modelling the most convenient
method for the analysis of the interdiffusion process in thin-film systems.

The interdiffusion model during the formation of polycrystalline niobium film - single-crystal silicon systems, developing
the Darken’s theory for the limited solubility components was proposed. Grain boundary diffusion of silicon in the intergrain
space of a polycrystalline niobium film was proposed. Numerical analysis of the experimental distribution of concentrations
within the model established that silicon is the dominant diffusant in the studied system. The temperature dependence of
the individual diffusion coefficient of silicon Dy, = 3.0 10?exp(-0.216 eV/(kT)) cm?/s in the temperature range 423-773 K
was determined.

The model is applicable to the description of the redistribution of components in the thin niobium film - single-crystal
silicon system prior to synthesis conditions providing the chemical interaction of the metal with silicon and the formation
of silicides. It illustrates the mechanism of the possible formation of silicide phases not by layer-by-layer growth at the
Nb/Si grain boundary, but in its vicinity due to deep mutual diffusion of the components.
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1. Introduction

Thin film niobium-silicon systems are widely
used in superconductors [1-2]. The high radiation
resistance of layered NbC-Si and Nb-Si systems
in combination with their thermal stability make
their application in X-ray optics promising [3,
4]. In the technology of integrated circuits, thin
layers of niobium are used as a barrier between
transition metals and single-crystal silicon or
silicon dioxide [5].

A feature of the Nb-Si system is the slight
solubility of silicon in niobium and niobium
crystallites in single-crystal silicon. According
to the Nb-Si binary phase diagram (Fig. 1), the
maximum solubility of Si in bulk Nb samples is
3.5-4.36 at. %, and the solubility of niobium in
silicon is negligible, Fig. 2 [6]

In two-layer systems Nb-Si and Si-Nb,
obtained by vacuum sputtering on single-
crystal Si (100), under conditions of insignificant
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solubility of Si and Nb in each other (the solubility
limit of Si in the Nb solid solution phase from 0.6
to 1.7 at. % [8]), mutual diffusion between Nb and
Si during annealing at 200°C leading to solid-
phase amorphisation of the polycrystalline Nb
layer and the formation of a mixed amorphous
layer was demonstrated in [7]. Mutual diffusion
of layers of materials during low-temperature
annealing (100-250 °C) — is commonly observed
phenomenon in metal - silicon systems [9, 10].
At these temperatures, grain boundary diffusion,
usually, predominates in comparison with the
diffusion of vacancies through the bulk. Mutual
diffusion in the Nb-Si system during annealing
T = 200 °C, the authors [7] explained by the
diffusion of Si atoms into the Nb layer, which
was due to the presence of grain boundaries in
the polycrystalline Nb layer. Thermally activated
interdiffusion in nanoscale thin film systems
initiates several different temperature dependent
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Fig. 1. Phase diagram of the niobium-silicon system [6]
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processes such as solid phase amorphisation,
phase formation and crystallization.

Another feature of the Nb-Si system is that the
metal film, both after deposition on single-crystal
silicon and during subsequent annealing in an
inert medium, has a polycrystalline character
[7, 11].

According to modern concepts, the interaction
of metal atoms with the silicon crystal lattice
weakens the Si-Si covalent bonds and leads to the
formation of free atoms in it [12]. Heat treatment
can promote accelerated diffusion of mobile
silicon along the grain boundaries of the metal
under conditions of low solid solubility in its
crystallites and the formation of solid solutions
in a wide temperature range.

The process of mutual diffusion redistribution
inthe Nb-Si system suggests that the flow of silicon
atoms into the niobium film is accompanied by an
oppositely directed flow of niobium atoms into
silicon. A significant difference in the intensity
of these flows will lead to the displacement of
the grain boundary in the diffusion pair (the
Kirkendall effect) [13].

The question of the mechanisms of
heterodiffusion of niobium in silicon and silicon
in niobium, as well as of interdiffusion in the
Nb-Si system, has not been sufficiently developed
in the literature.

To design a technological process for creating
device structures based on niobium and single-
crystal silicon with the desired properties,
empirical and theoretical knowledge about the
solid-phase interaction process in the system
of a thin niobium film is required. Insufficient
discussion of these issues in the literature
makes their comprehensive study an urgent and
important task.

The purpose of this research was a com-
prehensive investigation into the redistribution
of components during the formation of thin
niobium films on single-crystal silicon under
vacuum annealing conditions.

2. Experimental

Niobium films were deposited on single-
crystal silicon wafers by magnetron-assisted
sputtering. In the vacuum chamber, immediately
before the sputtering process, a residual pressure
level of 2.7-10-% Pa was reached using a diffusion
pump. Then, an electric discharge was excited in
high-purity argon at a pressure of 13.3-10-2 Pa,
discharge voltage of 430V, and current strength of
0.7 A. The deposition rate of the niobium film was
0.67 nm/s, the sputtering time determined the
thickness of the deposited films. A metal niobium
target with an impurity content not higher than
0.01 at. % was used as the cathode material.
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The synthesized samples were annealed
using LG-220/1000 halogen lamps in a vacuum
chamber at a residual pressure R = 2.7-10-% Pa in
the temperature range 423-773 K.

X-ray phase analysis of the thin Nb film -
single-crystal Si system was carried out using an
ARLX’TRA diffractometer (Switzerland). Studies
were performed using radiation Kol emission
line of copper (1.54056 A) in automatic mode
with a step displacement of 0.05°. The exposure
time at each point was 1 s. The diffraction
patterns were interpreted using the JCPDC
database [14].

The surface relief of the films was studied by
atomic force microscopy (AFM) using a Solver
P47PRO microscope (Russia) in the semi-contact
(intermittent-contact) scanning mode.

The microstructure and thickness of the films
were studied on the sample cleavage using a
JSM-6380 LV scanning electron microscope.

The concentration distributions of the
components over the depth of the system were
determined by the Rutherford backscattering
spectrometry (RBS) on proton beams and singly
charged helium ions — 4 of electrostatic generator
EG-5 in the laboratory of neutron physics of the
Joint Institute for Nuclear Research.

The traditional experimental method
for studying the process of interdiffusion of
components in binary macroscopic systems is
the placing of inert marks [13]. However, the use
of this method in systems containing thin films
is hindered by the comparable thicknesses of the
films and the marks. This circumstance makes the
mathematical modelling the most convenient
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method for the analysis of the interdiffusion
process in thin-film systems.

3. Experimental section

Micrographs of the cleavage of a thin Nb film -
single-crystal Si system after deposition (a) and
vacuum annealing at T'= 773 K for 30 min (b) are
shown in Fig. 3. The metal film thickness was
189 nm.

As can be seen from Fig. 3, after deposition
at the niobium-silicon grain boundary, a thin
transition layer was observed, and the thickness
of the layer increased during subsequent vacuum
annealing. Interdiffusion in the niobium-silicon
system was also observed in [7].

X-ray diffraction pattern of a niobium film
on single-crystal Si was shown after annealing
at T =773 K for 30 min is shown in Fig. 4 (the
diffraction lines from the silicon wafer at
20 = 32.906° were cut off). The only phase
detected in the film was cubic Nb: 20 = 37.14°,
d =2.41901 A (ICDD card no. 00-003-0905).

According to the Debye-Scherrer formula
[15], the coherent scattering region (CSR) was
estimated, and the CSR was 52 nm.

AFM images of the surface of the Nb film after
vacuum annealing at T=773 K are shown in Fig. 5.
The film has a smooth surface with an average
roughness of 0.18 nm. The distribution of heights
on the histogram (Fig. 4d) allows for estimating
the grain size ~ 32 nm with a height (Z) of from
0.4 to 2 nm. The phase contrast confirmed the
absence of phases other than niobium (Fig. 4b).

The calculated CSR size according to the
Scherrer equation (~ 52 nm), and the grain

Fig. 3. Microphotographs of a thin Nb film - single-crystal Si system cleavage after deposition (a) and anneal-
ing in vacuum at a temperature at T = 773 K for 30 minutes (b)
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Fig. 4. X-ray diffraction pattern of thin Nb film - single-crystal Si system after annealing at T= 773 K for 30 min

C d
Fig. 5. AFM image of the surface of 2x2 pm films of thin Nb film - single-crystal Si system after annealing at
T =773 K for 30 min: film surface (a); phase contrast (b); 3-d image of the surface (c); surface relief section (d)
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size obtained from AFM images of the surface
(~ 35 nm) confirmed the nanoscale polycrystalline
nature of the niobium metal film formed by
magnetron-assisted sputtering followed by
vacuum annealing.

The results of the analysis of samples by the
RBS method are shown in Fig. 6. As can be seen
from Fig. 6, in the obtained system, the Nb/Si MPB
has the form of a boundary region transitional in
concentration.

4. Description of the interdiffusion model
in the Nb-single-crystal Si system

A qualitative nature of the process suggests
that the interaction of niobium with the lattice
of single-crystal silicon leads to its partial
destruction. The mechanism of this destruction
will be left outside the scope of the model. The
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consequence of this interaction is the appearance
of free silicon atoms capable of migration. In the
silicon lattice, they can migrate as interstitial
atoms.

Silicon has low solubility in the bulk of
niobium crystallites. This circumstance justifies
ignoring the effect of diffusion penetration and
dissolution of silicon in the bulk of niobium
crystallites. However, the presence of developed
grain boundaries makes the deep diffusion of
silicon in a niobium film potentially possible and
increases its solubility in the intergrain space.

The intergrain space of a polycrystalline
niobium film contains coordinatively unsaturated
bonds. Let us assume that they act as segregation
trapping centres with respect to mobile silicon
atoms, onto which silicon is captured with the
release of free niobium. Thus, the dissolution of

100 3
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Fig. 6. Experimental (RBS method, symbols 1,2) and calculated (curves 1’, 2, 3) distribution over the depth of
thin Nb film - single-crystal Si system of full concentration C of niobium (1°), silicon (2°) and its mobile part
(3%).1—Nb, 2 — Si; curves: I’— Nb, 2’ — Si after magnetron-assisted sputtering and vacuum annealing in the

T=673K,t=30min
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silicon in a niobium film will be represented as the
process of its reactive grain boundary diffusion
in the intergrain space.

The stage of segregation capture of silicon on
intergrain traps is initially carried out according
to the physical sorption mechanism and is not
accompanied by chemical interaction with the
formation of silicides. It occurs in the volume
of the metal film, has a topochemical character,
and is localized in its intergrain space. The high
defectiveness of the intergrain space of the film
contains a sufficient free volume, which ensures
the exchange sorption process with minimal
energy loss for bond deformation.

The process of formation of a silicon solid
solution in a niobium film will be limited by the
concentration of traps, which is the fraction r
from the total metal concentration.

With regard to niobium, we will assume that its
diffusion and solubility as an impurity in single-
crystal silicon is limited by the decomposition
process of a solid niobium solution in silicon
with the formation of immobile multiparticle
complexes containing silicon point defects and
metal atoms.

A mathematical model that describes the
process of interdiffusion in a binary system
with unlimited solubility of components was
proposed in [16]. It assumes the invariance of the
molar volume of the system and the absence of
changes in its composition as a result of chemical
transformations. The theory [16] suggests
obtaining the distribution of concentrations of
components as a solution to a boundary value
problem containing two diffusion equations with
one effective interdiffusion coefficient.

In [17], the model [16] was applied to the
analysis of phase formation in the diffusion zone.
In [18], the model [16] was developed for the
description of bulk reactions of silicide formation
in the Ni - SiC. In [19], the mathematical form [16]
was used in a quantitative model that developed
the model [16] for reactive interdiffusion in
metal — second metal oxide two-layer systems
with limited component solubility. In [20], it was
developed for the case of reactive interdiffusion of
components under vacuum annealing conditions
for polycrystalline nonstoichiometric film
oxide systems with limited solubility. In [21],
the possibility of using the mathematical form
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of the model [16] for the description of the
interdiffusion process in the thin polycrystalline
metal film - single-crystal silicon system under
conditions of limited solubility of components
was demonstrated.

In our case, the qualitative nature of the solid-
phase interaction in the thin Nb film - single-
crystal Si system during vacuum annealing also
assumes a constant molar volume. Therefore,
we use the mathematical formalism of the
theory [17] for the description of the reactionary
interdiffusion process in it. Diffusion-reaction
equations for the components of a thin Nb film -
single-crystal Si system were as follows:

oC o ._..0C

atA :a_X[D aXA]_kl .CC .CA’ (1)
aC, 9 (..oC

B _ 2| D=8 .C.-C.—

ot ax( axJ+l<1 A e (2)
_kz'CCt'CB_ks'CB'Cc’

oC, 0(..0C

oC d ,0C

el G e @
oC ) ,0C

Jat ox ox

where t is time, x is the depth measured from
the outer surface of the niobium film; C,, C,,
C. Ceo Ccp, C. is the concentration of silicon (A)
at the sites of the crystal lattice of silicon, mo-
bile silicon (B), formed as a result of the inter-
action of niobium with silicon; silicon (Bt)
trapped in the intergrain space of the niobium
film; free trap centres (C,) for mobile silicon in
the intergrain space of the niobium film; immo-
bile complexes (C) in silicon containing niobi-
um and silicon atom; and mobile niobium (C),
respectively.

k,, k, and k, — are the rate constants for
the generation of free silicon B, its capture by
intergrain traps in niobium, and the formation of
niobium-silicon complexes C_respectively.

For the effective interdifyfusion coefficient,
the ratio was used:

a&:i[l)*a&}kkfc&'CB_kg'CB'Cc’ (©)

339



Condensed Matter and Interphases / KoHaeHCHpoBaHHble cpeabl M MexdasHble rpaHuLbl

N. N. Afonin, V. A. Logacheva

+ Dy-C.+D.-Cy
B C

tot

D ) )

where D, and D, - individual diffusion coeffi-
cients of mobile components — of free silicon B
and niobium C, respectively,C_ =C, + C,+ C_ +
+Cpy + Gy + Cp, - total concentration of all com-
ponents of the system.

In the case when the values of the individual
diffusion coefficients of the mobile components
of the system differ significantly from each
other, the Nb/Si grain boundary in the selected
reference system will move, while the stationary
components of the system will serve as inert
markers in the Smigelskas and Kirkendall
experiment [22].

As aboundary condition for all components of
the system, the reflection condition was assumed:
oC, 9C, doC, dC, 9C, 9C, 0

ox ox ox ox ox ox (8)

atx=0andx=L

where L is the thickness of the solution region in
silicon.

The following conditions were used as initial
conditions:

C,(x,0)=0, C,(x,0) =Ny, C.(x,0) = (1 - )N, )
at0<x<h,
C,(x,0) = N
ath<x<lL,
C;(x,0) =0, C,,(x,0) = 0, C (x,0) = 0 (1)
forall0<x <L,

where h is the thickness of the niobium film, N, =
4.98-10*2cm* is the intrinsic concentration of Si
atoms, Ny, = 5.55-10%2 cm™* is the intrinsic con-
centration of niobium atoms, r is the fraction of
traps for silicon atoms in the intergrain space of
the niobium film.

For the numerical solution of the system
of diffusion-reaction equations (1)-(6) with a
concentration-dependent effective interdiffusion
coefficient (7), implicit conservative difference
schemes and the factorization method were
used [23].

The model parameters were: individual
diffusion coefficients of silicon and niobium, rate
constants k, k,, k., and r.

The results of numerical simulation (curves
I’, 2) in comparison with the experimental

v Ce%,0) =0, C(x,0) =0,

(10)
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distribution of concentrations of Nb and Si
obtained by the RBS method over the depth of
thin Nb film - single-crystal Si system (points 1, 2)
after magnetron-assisted sputtering of Nb onto
single-crystal silicon and vacuum annealing
during isochronous annealing at ¢t = 30 min in
temperature range T = 423-673 K are shown in
Fig. 6a-c.

The experimental and calculated distributions
were in good agreement for identical values
k =1-10"* cm?¥s,k,=1-102°cm?/s, k, = 1-10~"? cm?/s,
r=10.028. The individual diffusion coefficient of
niobium in the studied system under experimental
conditions was D, =4.0-107'¢ cm?/s, and for silicon,
the temperature dependence was determined

(Fig. 7):
D, = 3.0-10"%-exp(-0.216 3B/(kT)) cm?/s.  (12)

In [24], for the study of the interdiffusion
of amorphous Si—-Nb multilayers during
annealing in the temperature range of 423-
523 K obtained by ion-beam sputtering with
a repeating film thickness of 3.2 nm, the
interdiffusion coefficient was determined
D’ = 2.2-10%exp(-0.55 eV/(kT)) cm?/s. The
authors explain the low value of the pre-
exponential factor by the high concentration of
traps in amorphous silicon [24].

As can be seen from the obtained data,
the dominant diffusant in the studied system
is mobile silicon (curves 3" in Fig. 6a-d). The
maximum of its distribution is localized on the
Nb/Si interface.

"

D cm'/e

1w

12 ' 14 16 I8 20 2 " _IEJ
1097, K

Fig. 7. Temperature dependence of the individual

diffusion coefficient of silicon in thin Nb film -

single-crystal Si system. Dots are the results of nu-

merical analysis; curve was obtained by approximation

using the Arrhenius equation (12)
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4. Conclusions

Thin films of niobium obtained on single-
crystal silicon by magnetron-assisted sputtering
followed by vacuum annealing were polycrystalline
with a grain size ~ of 32 nm. The Nb/Si grain
boundary has the form of a transition region in
terms of concentration, indicating the mutual
diffusion of the components in the polycrystalline
niobium film - single-crystal silicon system. This
process was studied by the simulation method.
A model that takes into account the limited
solubility of the components was developed. The
model describes the solubility of silicon in the
intergrain space of niobium with its segregation
on intergrain traps, as well as the solubility of
the metal in silicon, limited by the complexation
process. It is applicable to the description of the
redistribution of components up to synthesis
conditions, providing the chemical interaction
of niobium with silicon and the formation of
silicides.

Numerical analysis of the experimental
distribution of concentrations of the components
in Nb film - single-crystal Si system within
the framework of the model established that
silicon is the dominant diffusant in the studied
diffusion pair. The values of the individual
diffusion coefficients of niobium and silicon in
the temperature range 423-773 K, as well as the
fraction of traps for Si atoms in the intergrain
space of Nb, were determined.
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Abstract

The purpose of the research is to develop and study biocatalysts based on complexes of cysteine proteases with fullerenes
and carbon nanotubes.

During the formation of ficin complexes with fullerenes and carbon nanotubes, the activity of hybrid preparations was 70
and 45%, respectively. During the formation of papain complexes with fullerenes and carbon nanotubes, the proteolytic
ability of the enzyme remained at the same level for the samples with fullerene and decreased by 27% for the preparations
with carbon nanotubes. The formation of bromelain complexes with fullerenes and carbon nanotubes contributed to a
decrease in the proteolytic activity of the biocatalyst by 18 and 48% as compared to the free enzyme. While determining
the stability of complexes of nanomaterials and cysteine proteases during a 7-day incubation in 0.05 M tris-HCI buffer
(pH 7.5) at 37 °C, we noticed a decrease in the proteolytic activity of the samples.

Complexation with carbon nanoparticles and fullerenes increased the stability of ficin and bromelain, while the stability
of papain in the complexes remained unchanged.
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1. Introduction

Carbon materials are of great interest to
various areas of science. Currently, there is a
growing amount of research aimed at expending
the application of carbon nanomaterials, including
fullerenes and nanotubes. These nanostructures
are to some extent considered as possible
synthons for biologically active substances [1].

Fullerenes are a new allotropic modification
of carbon. The fullerene molecule is a spheroidal
hollow framework molecule of an even number
of covalently bonded carbon atoms located at the
vertices of hexagons or pentagons [2]. Inside the
molecule, there is a cavity into which atoms and
molecules of other substances can be introduced
[3]. It has been established that fullerenes have
a stabilising effect on enzymes, which protects
them from thermal inactivation and oxidation
[4]. In biological systems, fullerenes can have
both an antioxidant effect (they add reactive
oxygen species) and oxidising effect due to their
photosensitising properties. Fullerene molecules
are lipophilic and exhibit a membranotropic
effect. They interact with various biological
structures and can alter their functions, which
increases the lipophilicity of the active molecule.
Fullerenes can enable the targeted delivery of
some therapeutic agents [5], they can be used
in X-ray imaging as inhibitors of the process of
human immunodeficiency virus multiplication
and chemotherapeutic agents. A distinctive
feature of fullerenes is their ability to combine
several functions, which allows using them in
precision medicine. Precision medicine opens a
new path to personalised nanomedicine, where
the course of the treatment can be controlled and
thus adapted for each individual patient [6-8].

Carbon nanotubes are extended cylindrical
hollow structures with a diameter of one to
several tens of nanometres, a length of tens of
microns or, in some cases, of even a centimetre,
which are formed by one or more graphene sheets
rolled into a seamless tube. Their advantages
include a large specific surface area, high
stability, strength, thermal conductivity, and
unusual electronic and emission properties [5].
The specific surface area of carbon nanotubes
is from 150 to 1,500 m2-g~!, which is many times
higher than that of fullerenes [9, 10]. Carbon
nanotubes have the potential to be used as safe
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and effective alternatives to existing drug delivery
methods: they can pass through the membranes
together with treatment medications, vaccines,
and nucleic acids and penetrate deep into the
cell to reach substrate targets; they serve as ideal
non-toxic carriers, which in some cases increase
the solubility of the preparation and enhance its
efficiency and safety [11]. Carbon nanotubes were
used to develop estrogen and progesterone test
strips, DNA and protein microarrays, and NO, and
cardiac troponin sensors. Similar sensors have
been used to detect gases and toxins [12-14].

A high specificity of enzyme catalysis provides
for an impressive target product yield and an
almost waste-free production. Proteolytic plant
enzymes are often used in medicine. The most
popular among them are ficin (EC 3.4.22.3),
bromelain (EC 3.4.22.32), and papain (EC
3.4.22.2) [15,16].

Ficin (EC 3.4.22.3) is made from the Ficus
plants. It is a cysteine proteolytic enzyme. The
molecular weights of the enzyme is 25-26 kDa.
Ficin has a wide range of pH values (6.5-9.5) in
which it exhibits high activity [17]. The isoelectric
point of the enzyme is 9.0. The ficin molecule
consists of a single polypeptide chain with an
N-terminal leucine residue [18-20]. Ficin exhibits
antimicrobial activity against gram-positive and
gram-negative bacteria. In addition, it is also
known to have anti-inflammatory, anthelminthic,
antithrombotic, fibrinolytic, and anti-cancer
properties and an immunomodulatory effect
[21, 22].

Papain (EC 3.4.22.2) is extracted from
papaya (Carica papaya). Its molecular weight
is 23 kDa. The enzyme consists of 212 amino
acid residues with isoleucine at the N-terminus
and asparagine at the C-terminus. Papain has a
high activity in different media: at pH 5.0-7.5, it
hydrolyses proteins, peptides, and amides. The
most favourable temperature for the enzyme
functioning is in the range of 50-60 °C. Its
isoelectric point is 8.75 [23-25]. Papain can
break down proteins with a greater speed and
efficiency than many animal and bacterial
enzymes, it can contribute to a faster healing
of wounds, bedsores, and trophic ulcers, it has
anti-inflammatory properties, and allows other
drugs to penetrate the skin without violating its
integrity [26-29].
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Bromelain (EC 3.4.22.32) is a proteolytic
plant enzyme which is made from pineapples.
The molecular weight of bromelain is 33 kDa
and the isoelectric point is 9.55. The most
favourable temperature for the enzyme is
62 °C, and the pH is 7.0 [30, 31]. Bromelain
is used to improve digestion, to mitigate the
symptoms of inflammatory processes, to reduce
edema, and to increase the rate of tissue
regeneration. It is characterised by anti-cancer
properties, it can prevent thrombus formation,
accelerates tissue regeneration processes during
depolymerisation of intercellular structures,
changes the permeability of blood vessels, and
has an immunomodulatory effect [32-35].

However, there are several reasons that
prevent the large-scale use of the enzymes: the
instability of the preparations under various
conditions, high cost, and impossibility of their
repeated use. These problems can be largely
overcome by using associated enzymes, which are
more stable and have a sustained action [36, 37].

Therefore, the aim of this research was to
develop biocatalysts based on complexes of
cysteine proteases with carbon nanotubes and
fullerenes and to study their catalytic activity.

2. Experimental

Ficin, papain, and bromelain were in the focus
of the study and azocasein (Sigma, USA) was used
as a substrate for hydrolysis. For complexation,
the following certified carbon nanomaterials were
used: Nanocyl-7000 nanotubes (NANOCYL S.A.)
with a length of 0.7-3.0 ym and a diameter of
5-35 nm; C  NeoTechProduct fullerenes with a
purity of 99.5%.

The enzyme complex with carbon nanotubes
and fullerenes was prepared as follows: an
enzyme solution (2 mg/ml in 50 mM of glycine
buffer, pH 10.0 and 9.0 for ficin and papain and in
50 mM of tris-glycine buffer, pH 9.0 for bromelain)
was mixed in equal volumes with a solution of
carbon nanotubes and fullerenes and kept at room

Table. 1. Parameters of nanoparticles
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temperature for 2 h. The protease activity of the
obtained compounds was measured as described
in [38].

To determine the sizes and surface charges of
the nanoparticles, we used a Nano Zetasizer ZS
(Malvern Instruments, USA) equipped with a 4
mW He/Ne laser with A = 632.8 nm, the scattering
angle was 173°.

3. Results and discussion

In the first series of experiments, we
determined the size and zeta potential of
fullerenes and carbon nanotubes. The parameters
of the nanoparticles are presented in Table 1. The
average size of fullerenes was 113 nm and the
average size of carbon nanotubes was 153 nm. The
median zeta potential was —12 mV for fullerenes
and —-20 mV for carbon nanotubes.

During the formation of ficin complexes with
fullerenes and carbon nanotubes, the activity of
the associates was 70 and 45% of the values for the
native enzyme, respectively. During the formation
of papain complexes with fullerenes and carbon
nanotubes, the proteolytic ability of the enzyme
remained at the same level for the fullerene and
decreased by 27% for the carbon nanotubes. The
formation of bromelain complexes with fullerenes
and carbon nanotubes contributed to an 18 and
48% decrease in proteolytic activity as compared
to the free enzyme (Fig. 1).

We conducted experiments aimed to determine
the residual activity of cysteine proteases at 37 °C
and pH 7.5 in 0.05 M HCI buffer for free enzymes
and their complexes with fullerenes and carbon
nanotubes. All samples showed a decrease in their
activity within 7 days.

A solution of native ficin after a 7 day
incubation retained 8% of its original proteolytic
activity, its complexes with fullerenes and carbon
nanotubes showed 46 and 43% of their ability to
hydrolyse azocasein, respectively. Native papain
after its incubation for 7 days retained 15% of
its activity, and papain samples with fullerenes

Nanoparticles Average size,nm | Size range, nm Median Zeta-potential
’ ’ zeta-potential, mV range, mV
Fullerenes 113.8 91.2-141.8 -12.3 from -25.8 to 13.9
Carbon nanotubes 153.4 122.4-190.1 -20.1 from -35.7 to —5.99
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Fig. 1. Catalytic activity of ficin, papain, and bromelain, units/ml (A) and its change, % (B): soluble ficin (1);
ficin complex with fullerene (2); ficin complex with carbon nanotubes (3); soluble papain (4); papain complex
with fullerene (5); papain complex with carbon nanotubes (6); soluble bromelain (7); bromelain complex with
fullerene (8); bromelain complex with carbon nanotubes (9). The activity of free enzymes under optimum

hydrolysis conditions was taken as 100%

and carbon nanotubes showed 27 and 22%. The
bromelain solution retained 13% of its proteolytic
activity after 7 days of incubation, while its
complexes with fullerenes and carbon nanotubes
retained 26 and 29% (Fig. 2).

4. Conclusions

Therefore, as a result of research we obtained
complexes of cysteine proteases with fullerenes
and carbon nanotubes. Papain complexes with
fullerenes showed higher values of proteolytic
activity in relation to azocasein than the other
studied biocatalysts.

While determining the stability of the
complexes of nanoparticles and cysteine proteases,
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we noticed a decrease in the proteolytic activity of
the samples within seven days. Both complexation
with fullerenes and carbon nanotubes increased
the stability of ficin and bromelain, while the
stability of papain in the complexes remained at
the level of the free enzyme.
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Fig. 2. Residual catalytic activity of ficin, papain, and bromelain after the incubation of samples at 37 °C ((A)
in units/ml of solution or suspension, (B) in % of the initial level): soluble ficin (1); ficin complex with fullerene
(2); ficin complex with carbon nanotubes (3); soluble papain (4); papain complex with fullerene (5); papain
complex with carbon nanotubes (6); soluble bromelain (7); bromelain complex with fullerene (8); bromelain
complex with carbon nanotubes (9). The proteolytic activity of the samples without pre-incubation and under

optimum hydrolysis conditions was taken as 100%
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Abstract

The establishment of the conditions for the formation of nanostructures with plasmon-exciton interaction based on
quantum dots and plasmonic nanoparticles that provide unique nonlinear optical properties is an urgent task. The study
demonstrates the formation of plasmon-exciton nanostructures based on hydrophilic colloidal Zn .Cd, .S, Ag,S quantum
dots and metal nanoparticles.

Transmission electron microscopy and optical absorption and luminescence spectroscopy were used to substantiate the
formation of plasmon-exciton hybrid nanostructures. The phase composition of the studied samples was determined by
X-ray diffraction. The results obtained using ARLX’TRA diffractometer (Switzerland) indicated a cubic crystal structure
(F43m) of synthesised Zn ,Cd .S quantum dots and monoclinic (P2,/C) crystal lattice of Ag,S. Transmission electron
microscopy revealed that plasmonic nanoparticles are adsorption centres for quantum dots. The average sizes of the studied
samples were determined: colloidal Ag,S quantum dots (2.6 nm), Zn.Cd,,S(2.0 nm) and metal nanoparticles: silver
nanospheres (10 nm) and gold nanorods (4x25 nm). The transformation of the extinction spectra of the light and the
luminescence quenching of quantum dots have been established in mixtures of quantum dots and plasmonic nanoparticles.
The nonlinear optical parameters of the studied samples were determined using the Z-scanning method at wavelengths
of 355 and 532 nm in the field of nanosecond laser pulses. The conditions for the formation of hybrid nanostructures that
provide an increase of the coefficient of nonlinear absorption of laser pulses (355 and 532 nm) up to 9 times with a duration
of 10 ns due to the reverse saturable absorption occurring due to cascade two-quantum transitions in the intrinsic and
local states of colloidal quantum dots and the suppression of nonlinear refraction, were determined.

The observed changes were explained by the manifestation of the Purcell effect on the states of quantum dots in the presence
of nanoresonators (gold nanorods and silver nanospheres). The results of these studies create new opportunities for the
development of original systems for controlling the intensity of laser radiation, as well as quantum sensors of a new
generation.
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1. Introduction

The creation of hybrid nanostructures with
a “plasmon-exciton” interaction based on
plasmonic nanoparticles (NPs) of noble metals,
semiconductor quantum dots (QDs), and/or
dye molecules recently became a promising
and urgent task [1]. The properties of such
nanostructures, which are not characteristic
of individual components, primarily optical
ones, and the problem of their prediction and
control is especially topical are of interest. They
are determined both by the composition and
spectral resonances of the components and by
the mechanisms of intermolecular interactions.
The interaction between the components
of such hybrid systems is manifested in the
absorption and luminescence spectra of QDs and
the extinction spectra of nanoparticles. In the
case of luminescence, the manifestation of the
interaction of components is often the signs of
the exchange of electronic excitations between
the components of the nanosystem [2-4], as well
as the effects of plexiton coupling that occurs
upon electronic excitation of the system [1,
5-7]. In the latter case, the tuning of the optical
resonances of the structure components, e.g.,
the degree of their overlap, is of fundamental
importance.

A separate problem in the physics of plasmon-
exciton nanostructures is the establishment of
the conditions for their formation, which provide
a significant modification of the nonlinear optical
properties of their components. Similar systems
can be used for quantum sensorics. In a number of
studies, the possibility of modifying/hybridising
the nonlinear optical properties of dye molecules
adsorbed on plasmonic nanoparticles was
discovered [4, 8, 9]. In such hybrid nanostructures,
the processes of transfer of electronic excitations
provide changes in the nonlinear optical response.
The interaction in mixtures of spherical gold
nanoparticles and methylene blue dye enhances
the reverse saturable absorption due to the
Purcell effect, which manifests as an increase
in the probability of triplet-triplet absorption
of methylene blue [10]. The conditions for the
formation of nanostructures with a plasmon-
exciton interaction based on quantum dots and
plasmonic nanoparticles, which provide unique
nonlinear optical properties, still remain unclear.

2023;25(3): 350-358
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This study partially fills this gap and is devoted
to establishing the laws governing the formation
of plasmon-exciton nanostructures based on
colloidal Ag,S (2.6 nm), Zn .Cd .S (2.0 nm)
quantum dots, passivated with thioglycolic acid,
and silver and gold nanoparticles, providing an
8-9-fold increase in nonlinear absorption in QDs.

2. Experimental

The studied samples were synthesised using
the aqueous colloidal synthesis methods. In the
synthesis of colloidal Ag,S QDs, passivated with
thioglycolic acid (TGA), the silver precursor was
an aqueous solution of silver nitrate (AgNO,).
An aqueous solution of TGA was added to this
solution with constant stirring, and the Ag-TGA
complex was formed. As the pH of the solution
increased to 11, the solution became clear. Next,
an aqueous solution of Na,S was added as a source
of sulphur. Molar ratios of TGA/AgNO,/Na,S
precursor were 2:1:0.5. Zn .Cd, .S QDs were
synthesised in a similar way, except that the
pH of the Zn(Cd)-TGA complex was increased
to 7. For the removal of the reaction products
after synthesis, QDs were precipitated by
centrifugation with the addition of ethanol and
redispersed in water.

Gold nanorods (Au NRs) were formed
using multistage colloidal synthesis [11].
An aqueous solution of the surfactant
cetyltrimethylammonium bromide (CTAB) was
used for the growth of cylindrical NRs, being
both a weak reducing agent and an anisotropic
medium. Initially, a seed solution of gold
nanospheres 3 nm in size was obtained by
reducing aqueous chloroauric acid HAuCl, (7 ul,
0.36 mol) by NaBH, solution (1.0 ml, 5 mmol)
in CTAB aqueous solution (20 ml, 0.02 mmol).
The growth anisotropy of NPs was ensured by
introducing a mixture of HAuCl, (28 ul, 0.36 mol),
CTAB (50 ml, 0.1 mmol), AgNO, (0.1 ml, 0.02 mol)
and CH,O, (5 ml, 0.05 pmol). The addition of
AgNO, contributes to the control of the length-
to-diameter ratio of Au NRs.

The synthesis of silver nanoparticles of
spherical geometry (Ag NP) is based on the
successive reduction of silver nitrate AgNO, by
sodium borohydride (NaBH,) and stabilisation
with sodium citrate (Na,C H.O.) and hydrogen
peroxide (H,O,). Potassium bromide (KBr) limits
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the growth of silver nanoparticles, which leads
to the production of nanospheres of a given
size [12]. The prepared colloidal solutions
of metal nanoparticles were purified from
reaction products by washing with distilled water
through several centrifugation-dispersion cycles.
Mixtures of the studied samples were prepared
by introducing a solution of metal nanoparticles
into a QDs solution.

The size of the studied QDs and metal
nanoparticles was determined using a Libra
120 transmission electron microscope (TEM)
(Carl Zeiss, Germany) with an accelerating
voltage of 120 kV. The phase composition of
the studied samples was determined by X-ray
diffraction; the results were obtained on an
ARLX’TRA diffractometer (Switzerland) with
the Kol radiation of a copper line (1.54056 A).
Optical absorption and luminescence spectra
were recorded using USB2000+ spectrometer
(OceanOptics, USA) with a USB-DT radiation
source (OceanOptics, USA). The luminescence
decay kinetics of QDs was measured using a
TimeHarp~260 module (PicoQuant, Germany)
operating in the single photon counting mode. The
detector was a PMT PMC-100-20 (Becker &Hickl
Germany) with a time resolution of 0.2 ns. The
luminescence decay curves were approximated
by the theoretical curve using the deconvolution
procedure with the experimentally measured
instrument response function.

Analysis of the nonlinear optical response
of the studied samples was performed using the

50 nm |
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Z-scan method [13]. This method is based on
measuring the normalised transmission of the
test sample as it moves relative to the focal plane
of a converging lens along the optical z axis. The
normalised transmittance was determined as the
ratio of the sample transmittance T(z) at the point
with coordinate z to the sample transmittance in
the linear mode at low intensity, which is recorded
far from the lens focus T(z — ). In this method,
the transmission of the sample was measured
under the condition of different transverse
dimensions of the Gaussian beam (different
intensities). In other words, when changing the
z coordinate, the scanning according to the laser
radiation intensity was actually carried out.

We used the radiation of the third and second
harmonics of YAG:Nd3* laser (LS-2132UTF,
LOTIS TII) with a wavelength of 355 and 532 nm,
respectively, a duration of 10 ns and a repetition
rate of 1 Hz. The radiation was focused by a
spherical lens with a focal length of 300 mm.
Quartz cuvettes with the thickness of 5 mm
containing the studied samples were moved
along the optical z axis of the probing laser
pulse through the focal plane of the collecting
lens using a linear translator. The waist radius
was ~30 um. The measurements were carried out
using pulse energies of 1.33 mJ (355 nm) and 0.16
m] (532 nm).

3. Results and discussion

TEM images of the initial components and
their mixtures are shown in Fig. 1. It can be seen

TN s

Fig. 1. TEM images of synthesised Ag,S QDs conjugated with gold nanorods (a), Zn, .Cd, .S QDs conjugated

with silver nanospheres (b)

352



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

A.l.Zvyagin et al.

from Fig. 1a. individual QDs of Ag,S with an
average size of 2.6 nm with a size dispersion of
20-30% were formed within the framework of the
used approaches to synthesis. The resulting gold
nanoparticles were nanorods with an average size
of 4x25 nm (Fig. 1a). According to TEM images,
Zn, Cd, .S QDs had an average ensemble size of
2.0 nm at the same dispersion (Fig. 1b). Silver
nanoparticles Ag NPs of spherical geometry had
an average size of 10 nm. According to X-ray
diffraction data, it was possible to establish a
cubic crystal structure (F43m) for Zn .Cd,.S
QDs (Fig. 2a). The diffraction pattern of Ag,S
QDs was a system of broadened reflections
against the background of a noticeable halo,
corresponding to the monoclinic (P2,/C) Ag,S
crystal lattice (Fig. 2a). Figure 2b shows X-ray
diffraction patterns of Ag and Au nanoparticles.

——Ag,S
Zn,.Cd, .S

a)

-
-
-

Intensity, arb. units

10 20 30 40 50 60 70 80
20, degree
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The diffraction peaks at 38, 44, 64, and 77°
corresponded to the (111), (200), (220),and (311)
planes of the face-centred cubic crystal lattice.
It has been found that plasmonic nanoparticles
are adsorption centres for quantum dots. The
TEM images showed the largest accumulation
of QDs near Au NRs and Ag NPs (Fig. 1). Thus, it
has been established that the approaches used
for the synthesis of mixtures of QDs of metal
nanoparticles ensure the compatibility of the
components in the formation of hybrid structures.

Optical absorption spectra of colloidal
solutions of Ag,S QDs were broad bands with an
exciton peak at 810 nm (1.53) eV (Fig. 3a, black
curve), which was due to the quantum size effect,
since the band gap of bulk Ag S crystalsis 1.0 eV.
Luminescence spectrum of Ag,S QDs was a broad
band with a peak at 881 nm (Fig. 3b, black curve).

1 Au NRs

Intensity, arb. units

10 20 30 40 50 60 70 80
20, degree

Fig. 2. X-ray diffraction obtained on Ag,S and Zn, .Cd .S QDs (a) and silver and gold nanoparticles
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Fig. 3. Light extinction spectra of synthesised Ag,S QDs, Au NRs and their mixtures (a) and luminescence
spectra of Ag,S QDs and their mixtures with Au NRs (b). The inset shows the luminescence decay kinetics of

the studied samples
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The light extinction spectrum of Au NRs consisted
of two broad bands with peaks at 523 and 910 nm
(Fig. 3a,red curve). The short-wavelength band is
determined by the transverse plasmon resonance
in Au NRs, while the long-wavelength band was
determined by the longitudinal one [14]. Thus,
the peak of the longitudinal plasmon resonance
of Au NRs coincided with the luminescence band
of Ag,S QDs.

Such tuning of resonances in the extinction
of light and luminescence of nanostructures
suggests the possibility of the exchange of
electronic excitations between the components
of the nanosystem. In the extinction spectra
of mixtures of Ag,S QDs and Au NRs hybrid
association was manifested as the disappearance
of the feature associated with exciton absorption
in Ag,S QDs, and a decrease in the extinction of
two components in the region of 400-600 nm
(Fig. 3a, blue curve). The resulting extinction
spectrum is not the sum of the extinction spectra
of the components of the hybrid associate (Fig.
3a, purple curve), which indirectly indicated the
manifestation of interaction in the resulting
mixture [15-20]. Luminescence spectrum of
Ag,S QDs in the presence of gold nanorods
demonstrates a decrease in the luminescence
intensity by 27 times (Fig. 3b, red curve). It should
be noted that this quenching cannot be explained
by the filter effect alone. Approximation of
the luminescence decay kinetics (Fig. 3b,
inset) allowed to determine the luminescence
decay time. Pure Ag,S QDs showed an average

2,0
a) ——KT Zn,.Cd, .S
——Ag HY
——KT Zn, ;Cd, ;S + Ag HY
1,51 =
[
=
2
b -4
E 1,0
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luminescence decay time of 5.2 ns, while for
a mixture with gold nanorods it was 1.5 ns,
i.e., 3.5 times lower. Luminescence quenching,
accompanied by a reduction in the luminescence
decay time, indicated a resonant nonradiative
transfer of excitation energy from radiative
recombination centres to plasmonic nanoparticles
as a result of plasmon—-exciton interaction. In this
case, there were no characteristic features of the
manifestation of the Purcell effect in Ag,S QDs in
the presence of Au NRs.

In the absorption spectrum of Zn .Cd, .S
QDs, a peculiarity in absorption associated with
the most probable transition at a wavelength of
341 nm was observed. The extinction spectrum
of Ag NPs had a plasmon resonance peak with a
maximum at 400 nm (Fig. 4a). When pairing these
nanostructures, an increase in the extinction
of the mixture was observed in the wavelength
range of 380-600 nm. Luminescence spectrum
of Zn, .Cd .S QDs was a broad band peaking
at 480 nm. A significant Stokes shift of 1 eV
relative to the exciton absorption peak indicates
the recombination nature of the luminescence.
When the data for QDs were paired with Ag
NPs, luminescence quenching by 2 times was
observed (Fig. 4b) and the luminescence kinetics
accelerated from 446 to 348 ns. Quenching of
the luminescence, acceleration of the kinetics,
and change in the extinction of the obtained
nanostructure indicated a resonant nonradiative
transfer of the excitation energy from the QDs to
the plasmonic nanoparticle.

——KT Zn,,Cd, ;S
6) ——KT Zn, ;Cd, ;S + Ag HY
1

0TO. NIOM, OTH. eg.

500 1000 1500
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Fig. 4. Extinction spectra of synthesised Zn, .Cd .S QDs, Ag NPs, and their mixtures (a) and luminescence
spectra of Zn  .Cd .S QDs, Ag NPs (b). The inset shows the luminescence decay kinetics of the studied samples
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We will consider the nonlinear optical
properties of the studied samples. The obtained
Z-scans of the initial components and the hybrid
nanostructure based on Ag,S QDs, Au NRs are
shown in Fig. 5a. There was a noticeable increase
in the nonlinear absorption upon association of
Ag,S QDs, Au NRs compared to the original QDs
(dip in the focal plane of the converging lens at
z = 0). A colloidal solution of pure Au NRs did
not show a nonlinear optical response under our
experimental conditions (Fig. 5a, blue straight
line). Z-scan of Ag,S QDs obtained in closed-
aperture geometry demonstrate defocusing
of laser radiation, which is suppressed upon
association with gold nanorods.

In the case of probing with laser pulses
with a wavelength of 355 nm, Zn, .Cd,.S QDs,
Ag NPs, a picture similar to the previous result
was observed. Significant increase in nonlinear
absorption was observed, when Zn .Cd .S QDs
and Ag NPs were coupled. This pattern was not
a manifestation of the sum of effects in the
nonlinear optical response, since no useful signal
was found in the study of metal nanoparticles,
and quantum dots had a significantly lower
nonlinear absorption (a dip in the focal plane in
the Z-scan).

For further consideration of the above
picture, it is worth referring to the nonlinearity
mechanisms in the studied structures. For Ag,S
and Zn .Cd, .S quantum dots are characterised by

1.2- = QDs Ag,S CA
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the nonlinear refraction of laser radiation. The
defocusing of laser radiation arises due to the
band filling effect [21, 22]. The filling of localised
states is redistributed under the action of laser
pulses on colloidal QDs, which in turn will lead
to a change in the refractive index of the colloidal
solution in accordance with the Kramers—Kroning
relations [13]. The mechanism of nonlinear
absorption in this case is the reverse saturable
absorption on real states, which are traps
(broken bonds on the QDs surface and structural
defects) and/or luminescence centres. This was
confirmed by the results of our studies [23-25].
Noble metal nanoparticles are characterised by
bleaching of plasmon resonances in the field of
femtosecond pulses, dynamic scattering, and
photodestruction in the field of picosecond and
nanosecond pulses [26]. In our experiments,
the contribution of the dynamic scattering into
the nonlinear optical response is low, as was
experimentally confirmed by recording the signal
on an additional photodiode located at an angle
to the optical axis of the converging lens during
Z-scanning. The absence of dynamic scattering
was determined by the weak extinction of Au NRs
solutions at the probing wavelength and the low
energy of laser pulses.

Thus, an increase in nonlinear absorption was
observed upon conjugation of QDs and plasmonic
nanoparticles. The experimentally obtained
Z-scans were approximated by the expression

= QDs Zn, ;Cd, ;S
b) ® QDs Zn, Cd,S+Ag NPs

B 4 AgNPs

(=9 - =9
N B -]
L L 1

Normalized transmittance
—
©

Fig. 5. Z-scan curves of the investigated Ag,S QDs samples, Au NRs and their mixtures in the field of laser
pulses with a wavelength of 532 nm, a duration of 10 ns and a pulse energy of 0.16 m], obtained in open (OA)
and closed (CA) aperture geometry (a). Z-scan curves of the investigated Zn  Cd, .S QDs, Ag NPs samples and
their mixtures in the field of laser pulses with a wavelength of 355 nm, a duration of 10 ns, and pulse energy
of 1.33 m] obtained in a geometry with a closed aperture
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given in [27], which allowed to determine the
coefficients of nonlinear absorption and nonlinear
refraction. Nonlinear refraction coefficient of
Ag,S QDs was —2.5-107"* cm?W~!, non-linear
absorption coefficient — 8-10-!' cm-W-!. Nonlinear
absorption coefficient of Ag,S QDs and Au NRs
mixture and was 7-107° cm-W-!, which was
8.5 times higher than that of pure Ag,S QDs. In
the case of Zn .Cd, .S QDs non-linear refraction
coefficient was —1-10""* cm?W-!, nonlinear
absorption coefficient was 1.4-107!! cm-W-1,
Conjugation with silver nanospheres led to an
increase in the nonlinear absorption coefficient
upto 1.3-10°cm-W-1,i.e., by 9.3 times compared
to pure Zn .Cd, .S QDs. This increase in nonlinear
absorption can be explained by an increase
in reverse saturable absorption occurring as a
result of cascade two-quantum transitions in the
intrinsic and local states of colloidal quantum dots
in the presence of plasmonic metal nanoparticles
due to resonant non-radiative energy transfer
resulted from plasmon-exciton interaction.

4. Conclusion

Substantiation of the formation of nanostruc-
tures with plasmon-exciton interaction based on
Zn, Cd, .S, Ag,S quantum dots and silver and gold
nanoparticles of spherical and cylindrical shape,
respectively was performed using transmission
electron microscopy and absorption and
luminescence spectroscopy. The studied samples
were selected taking into account different
settings of optical resonances in absorption,
luminescence of QDs, and extinction of metal
nanoparticles. Experimental confirmation
of the formation of hybrid plasmon-exciton
nanostructures was the analysis of TEM images
showing the adsorption of QDs on metal
nanoparticles, as well as the transformation of the
light extinction spectra of the mixture of QDs and
NPs. The quenching of the QDs luminescence and
the acceleration of its kinetics also indicated an
interaction sufficient for resonant non radiative
transfer of the electronic excitation energy from
the recombination luminescence centres of
QDs to plasmonic nanoparticles. For Ag,S QDs
and cylindrical gold nanoparticles mixture and
Zn, Cd, .S QDs with silver nanoparticles mixture
in the pulsed laser field with a wavelength of
355 nm, an increase in the nonlinear absorption
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coefficient of QDs in the presence of plasmonic
metal nanoparticles up to 9 times was established
using Z-scan method in the field of nanosecond
laser pulses with a wavelength of 532 nm. The
results of these studies create new opportunities
for the development of original systems for
controlling the intensity of laser radiation, as well
as quantum sensors of a new generation.
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Abstract

Porous silicon is a promising nanomaterial for optoelectronics and sensorics, as it has a large specific surface area and is
photoluminescent under visible light. The deposition of copper particles on the surface of porous silicon will greatly expand
the range of applications of the resulting nanocomposites. Copper was chosen due to its low electrical resistivity and high
resistance to electromigration compared to other metals. The purpose of this research was to study changes in the structure
and composition of porous silicon after the chemical deposition of copper.

Porous silicon was obtained by the anodisation of monocrystalline silicon wafers KEF (100) (electronic-grade phosphorus-
doped silicon) with an electrical resistivity of 0.2 Ohm-cm. An HF solution in isopropyl alcohol with the addition of H,0,
solution was used to etch the silicon wafers. The porosity of the samples was about 70 %. The porous silicon samples were
immersed in copper sulphate solution (CuSO,5H,0) for 7 days. We used scanning electron microscopy, IR spectroscopy,
and ultrasoft X-ray emission spectroscopy to obtain data on the morphology and composition of the initial sample and the
sample with deposited copper. The chemical deposition of copper on porous silicon showed a significant distortion of the
pore shape as well as the formation of large cavities inside the porous layer. However, in the lower part the pore morphology
remained the same as in the original sample. It was found that the chemical deposition of copper on porous silicon leads
to copper penetrating into the porous layer, the formation of a composite structure, and it prevents the oxidation of the
porous layer during storage. Thus, it was demonstrated that the chemical deposition of copper on a porous silicon surface
leads to visible changes in the surface morphology and composition. Therefore, it should have a significant impact on the
catalytic, electrical, and optical properties of the material.
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1. Introduction

Nowadays, the demand for nanostructured
and nanoscale systems is increasing significantly
[1-2], as they are widely used in microelectronics
and optoelectronics [3-8], as well as in medicine
and chemistry [9-11]. One of the most common
nanomaterials used in modern industry and
science is porous silicon (por-Si) [12-15]. Porous
silicon is a material obtained by anodising
monocrystalline silicon. Depending on the
properties of the original silicon wafer and the
anodisation process parameters, por-Si can have
different morphology and different optical and
electrophysical characteristics [16—-18]. Various
electrolytic cell configurations are used to
produce por-Si [19-21]. In contrast to bulk silicon,
porous silicon exhibits a number of properties
such as a high specific surface area, photo- and
electroluminescence, and biocompatibility.
Due to these unique properties, por-Si can
be successfully applied in optoelectronics,
micromechanical systems, and biomedicine.
Recently, the deposition of metals on porous
silicon has been extensively studied, which will
greatly expand the application of the resulting
composite material [22-25].

It is known that copper has a lower electrical
resistivity and has a higher electromigration
immunity compared to aluminium [26], which
may be of use in electroluminescence and gas
Sensors.

In study [27], porous silicon with
electrochemically deposited copper particles
was successfully applied as a photodetector.
The authors of [28] obtained samples of porous
silicon with Cu particles which exhibited
infrared luminescence bands with peaks at
660.6 and 802.2 nm. Also, por-Si with deposited
Cu particles is used as a sensor showing high
catalytic activity, reproducibility, wide range of
study, as well as stability of operation [29, 30].
When porous silicon doped with copper particles
is used as a gas sensor for phosphine detection,
the sensitivity is 5 times better than that of its
counterparts [31].

There are various methods of copper
deposition on porous silicon: vacuum evaporation,
electrodeposition, chemical deposition, and
immersion plating. The advantage of the chemical
deposition of copper is the deep penetration of
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metal atoms into the pores [32]. In addition, this
method is simple and inexpensive.

The choice of the method of film deposition
on porous silicon is largely determined by the
requirements for the resulting material. In turn,
the mechanical, chemical, and physical properties
of the films depend on the microstructural
characteristics of por-Si: pore size and distribution,
texture, etc.

Thus, the aim of this research was to study
the change in the structure and composition
of porous silicon after chemical deposition of
copper.

2. Experimental

Porous silicon samples were produced from
monocrystalline silicon wafers (electronic-grade
phosphorus-doped silicon, orientation 100, and
resistivity of 0.2 Ohm-cm) by electrochemical
anodisation in an electrolyte based on hydrofluoric
acid [33]. Then, the samples were immersed in a
colloidal CuSO,-5H,0 solution (C = 0.1 mol/dm?®)
for 7 days (at room temperature, in low light)
[34]. The pH of the solution, at which copper
was deposited, was 3-3.5. Next, the samples
were washed in isopropanol and stored under
laboratory conditions in sealed polyethylene
bags.

A comparative analysis of the pore size and
the thickness of the porous layer of the original
sample and the resulting sample was carried out
by scanning electron microscopy (JSM-6380LV
microscope with microanalysis unit).

Fig. 1. Scheme of electrochemical etching of porous
silicon samples: 1 - cathode, 2 - anode, 3 - stainless
steel electrode, and 4 - electrolyte solution
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The electronic structural features and phase
composition of the initial sample of porous
silicon and the resulting sample containing metal
were determined by ultrasoft X-ray emission
spectroscopy (USXES). The SiL, ; spectra of porous
silicon samples were obtained using an RSM-
500 X-ray spectrometer-monochromator, which
allows the study of spectra in the wavelength
range from 0.5 to 50 nm. The analysis depth was
20 nm, at an electron energy of 1.5 keV exciting
the X-rays. The USXES spectra were modelled
by weighting coefficients using custom-made
software. When modelling the Si L, ; spectra
of por-Si samples, we used reference spectra
of monocrystalline silicon c-Si, amorphous
hydrogenated silicon a-Si:H, low-coordinated
silicon Si,, silicon suboxide SiO_ (x ~ 1.3), and
silicon dioxide SiO, [35-36]. The modelling
error was defined as the difference between the
areas under the experimental and modelled Si
L, , spectrum that did not exceed 10%. The tests
were carried out two weeks after the samples
were prepared.

In order to obtain data on the chemical bonds
and their possible deformations on the surface of
the por-Si samples, IR spectroscopy was carried
out. IR transmission spectra of porous silicon
samples were obtained using a Vertex 70 FTIR
spectrometer (Bruker) with an ATR unit. All tests
were performed one month after the samples
were prepared.

2023;25(3): 359-366
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3. Results and discussion

Fig. 2 shows the SEM images of the cleavages
of the original porous silicon and the samples
with chemically deposited copper. The average
pore diameter in porous silicon is ~100—150 nm,
which is typical for por-Si obtained by the
previously described method. Image analysis
shows that the pore shape was distorted by the
chemical deposition of copper on porous silicon.
Inside porous silicon, cavities up to 4-5 pym high
were formed, which is approximately half the
height of the original sample (~10 um). There is
no apparent change in the lower part, and the
predominant orientation (100) perpendicular to
the surface is retained.

To confirm the presence of copper in the
porous layer, an energy dispersive microanalysis
of the sample cleavages was carried out (Fig. 2).
It showed the presence of ~10 at. % of copper
(light inclusions). Similar results were obtained
earlier during tin deposition [37]. The nucleation
and growth of copper inclusions can be explained
mainly by physical adsorption onto a substrate
with a sufficiently high specific surface area.

The USXES Si L, ; surface spectra of the samples
are shown in Fig. 3. Modelling results using the
reference sample spectra showed that the porous
silicon samples with deposited copper differ
significantly in their phase composition from the
original porous silicon. The surface layer of the
original porous silicon contains crystalline and

Fig. 2. SEM images of the porous silicon cleavage with nanoparticle inclusions: a: original porous silicon, b:
porous silicon with deposited Cu (light inclusions)
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Fig. 3. USXES Si L, , spectra of the porous layer of the original sample and samples with deposited copper

partially disordered silicon, amorphous silicon,
silicon suboxide, and silicon dioxide (Table 1).

The composite sample obtained by chemical
deposition of copper has significantly higher
percentage of unoxidised crystalline c-Si and
partially disordered silicon Si,. phases (~95 %
vs. 60 %) with a significantly lower percentage
of oxide phases of SiO +SiO, (Table 1). Most
likely, it is due to the fact that the introduction
of a sufficiently large (up to 10 at. %) amount of
copper particles into the porous layer leads to
the formation of a continuous thin layer on the
pore surface. In turn, this largely prevents further
oxidation of the porous layer during storage.

The transmission spectra of the samples of
porous silicon and porous silicon with deposited
copper, obtained by IR spectroscopy using the
ATR unit, are shown in Fig. 4. Despite the fact
that the analysis depth of this method is ~1-2 pym,
while the depth of the USXES method is 20 nm,
the obtained data correlate with each other well
enough.

The IR transmission spectra of porous
silicon samples after 30-day storage in air under
laboratory conditions show the typical features
of this material (Table 2) [38, 39]. Analysis of the
por-Si spectrum suggests the presence of the
main transmission band corresponding to Si-Si
vibrations (616 cm™) and different configurations
of Si-H _bonds (625, 2084, and 2200 cm™), as well
as bonds of the O -SiH (865 cm™) and O,-SiH
(900 cm™!) types. In the range of wavelength
numbers between 2500 and 4500 cm™!, almost no
peculiarities were observed in the spectra of the
samples. The absorption bands in the region of
2360 cm™ correspond to adsorbed CO,.

The IR spectrum of the sample with deposited
copper is generally similar to the spectrum of
the original crystalline silicon substrate (Fig.
4). It shows much less pronounced features in
the same areas as in the original porous silicon.
The absorption band corresponding to Si-O-Si
bonds and the bands characteristic of Si-H and
O,-Si-H, bonds are practically absent. It should

Table 1. Phase composition of samples of original porous silicon and samples with chemically deposited

copper
“Phases”, %
20 nm nc-Si Si, a-Si:H Sio, Sio, Error, %
por-Si, 20 nm 19 5 35 28 13 5
por-Si: Cu, 20 nm 80 13 - - 7 5
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Fig. 4. IR spectra of porous silicon and por-Si with deposited copper (a), as well as reference spectra (b)

be noted that Si-H, and Oy-Si-H, bonds in porous
silicon actively participate in oxidation processes
during storage of samples. They are replaced by
Si-O-Si bonds and cause changes and degradation
of various functional characteristics of the
structures [40].

When studying the kinetics of sorption of
porous silicon in air, its oxidation was observed
after 30 days [41]. In the case of porous silicon
with precipitated copper no such changes occur.
Therefore, the absence of oxidation after 30 days
of exposure of the samples to air may indicate
significant stabilisation of the composition
and surface properties of the composite, as
we assumed further changes in the functional
characteristics of the original porous silicon
in the process of natural ageing. The assumed
mechanism of slowing down the oxidation of
porous silicon is that copper prevents oxygen
from penetrating into the porous layer when
interacting with the atmosphere. It is oxidised
in the first place.

4. Conclusions

In this study, a method for the chemical
deposition of copper into porous silicon from
an aqueous solution of copper sulphate was
developed. The results showed that copper
penetrates the pores reasonably well when using
chemical deposition and slows the oxidation of
the porous layer during long-term storage in air.
Thus, the methodology developed in the study

Table 2. IR absorption bands in porous silicon
and the composite with chemically deposited
copper

Wave mgnber, Por-Si
cm
615 Si-Sival. sym.
625 Si-H, pend.
865 O,-SiH, deform., SiF
900 0,-SiH deform.
1057 Si-O-Sival. TO
2084 Si-H val. long.
2200 SiH-SiO, struc.
2360 CoO,

can be successfully applied to create composite
materials with improved properties.
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Abstract

Vital cellular processes depend on the controlled transport of metal ions across biological membranes. A biological membrane
is a complex system consisting of lipids and proteins, that is why simplified systems, in particular monomolecular layers,
are used to model it.

This work presents the results of a study of the interaction of zinc ions from the aqueous subphase with the Langmuir
monolayer of arachidic acid. The study was carried out for the first time and used total external reflection X-ray absorption
spectroscopy. It considers the influence of the concentration of a ZnCl, aqueous subphase solution on the local environment
of zinc ions when interacting with the lipid monolayer immediately after its formation.

The theoretical analysis of experimental XANES spectra showed that one of the interaction ways of arachidic acid molecules
with zinc ions immediately after the monolayer formation is an intramolecular interaction with the formation of spodium
bonds between the zinc cation and the OH carboxyl group of arachidic acid.
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1. Introduction

The structure and functioning of biological
membranes is still one of the most important issues
in biology and medicine. Biological membranes
are molecular “shells” that separate the content of
cells from the external environment. They provide
barrier, transport, receptor, energy, and other
functions of cells. They regulate the interaction
of the cell with the external environment and
are the medium for many biochemical processes
[1]. Such diverse functions are impossible
without a complex structure, which is provided
by the diversity of the main components of the
membrane and their interactions. Biological
membranes consist of two main components:
lipids and proteins. The structural backbone of
the membrane is its lipid bilayer, in which various
proteins are embedded [2].

Simplified artificial models of biological
membranes are used to better understand the
interactions between lipids and the cellular
medium at the molecular level. There are two
groups of models of biological membranes:
vesicular and planar. The planar model uses lipid
monolayers as a model biological membrane.
Despite the fact that biomembranes have a
double layer, the molecular monolayer method
allows modelling some processes occurring in
lipid bilayers and in the lipid monolayer on the
water surface [3].

The lipid monolayer model is also suitable
for studying membrane binding by introducing
the tested substance into an aqueous subphase
under the monolayer. In particular, vital cellular
processes depend on the controlled transport of
metal ions across the membrane. In these cases,
Langmuir monolayers at the air-water interface
are the best model for studying the interaction
of lipids with metal ions.

Layers of arachidic acid can be used as a model
of a cell membrane. Arachidic acid is a saturated
long-chain fatty acid with twenty carbon chains
containing an aliphatic tail. Zinc is an essential
microelement for almost all existing living forms
and at high concentrations can act as a toxic
agent [4]. Its high biological accumulation in
organisms and plants is due, among other things,
to the good solubility of zinc chlorides in water
[5]. In our work, we considered the interaction of
arachidic acid with zinc ions from a ZnCl, aqueous
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solution as a model for the interaction of zinc
ions from a body fluid with the lipid layer of the
biomembrane.

Inorganic ions present in the subphase alter
the arrangement of the monolayer molecules in
arachidic acid at the air-water interface. Inorganic
ions of different species differently affect the
structural organisation of the monolayer and the
separation of the surface and volume of stearic
acid monolayers [6].

Currently, there is a big variety of physico-
chemical methods for studying biochemical
processes in cells. However, the study of the effect
of microelements on the course of various cellular
processes is still a challenging task due to their
presence in the body in trace amounts. Unlike
other methods, X-ray absorption spectroscopy in
the near-edge region (XANES - X-ray Absorption
Near Edge Structure) can be applied to almost
any kind of atom and any concentration of the
studied element. X-ray absorption spectroscopy
is sensitive to the local chemical environment
of a particular element, the nature of the
chemical bond, the number and type of ligands,
metal-ligand distances, and the degree of metal
oxidation [7, 8].

XANES measurements in fluorescence mode
under total external reflection (TER) conditions
on the surface of the liquid subphase is an
evolving method that opens up new opportunities
for in situ monitoring of the structure formation
processes in two-dimensional monolayers
and the study of objects with extremely low
concentrations of the absorbing atom, such as
metalloproteins monolayers and lipids [9, 10].

This work is devoted to the study of the
interaction of zinc ions from the aqueous
subphase with the Langmuir layer of arachidic
acid by X-ray absorption spectroscopy XANES. It
analyses the changes in the local environment
of zinc ions depending on the concentrations of
a ZnCl, solution. It presents the results of the
theoretical analysis of experimental spectra,
which were used to study one of the ways of
interaction of the monolayer with zinc ions.

2. Experimental and theoretical methods

Sample preparation. Arachidic acid was
purchased from Sigma-Aldrich Co. A ZnCl,
aqueous solution was used as a subphase in the
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Langmuir bath. Measurements were made for
three concentrations of ZnCl, in the solution:
6-10%, 6:107°, 3-10° M. A solution of arachidic
acid was applied to the subphase surface. The
layers were compressed to a surface pressure of
n = 20 mN/m, the pressure was constant during
X-ray measurements.

The XANES measurements on the arachidic
acid monolayer at the air/liquid interface
were performed in the Kurchatov Center for
Synchrotron Radiation on the LANGMUIR
bending magnet line. The zinc K-edge XANES
spectra were recorded in fluorescence mode under
total external reflection conditions using a Si(111)
monochromator with a spectral width of ~2 eV.
The X-ray beam was directed to the surface of the
liquid using two flat mirrors. XANES spectra were
measured at a fixed incident angle of 0.8 critical
angle 6. The X-ray penetration depth, which
determines the sensitivity of the measurements,
was approximately 85 A.

Theoretical analysis of the zinc K-edge X-ray
absorption spectra was carried out by the finite-
difference method at full potential using the
FDMNES code [11]. The size of the clusters for
the calculation was selected so that all atoms
of the studied model were included. Lorentzian
convolution was performed for the obtained
spectra to determine spreading effects.

3. Results and discussion

Arachidic acid (C,H,,0,) has a hydrophilic
carboxyl group and hydrophobic hydrocarbon
chains in its composition. The structure of
arachidic acid determines the location of these
molecules in the composition of the monolayer
on the surface of the aqueous subphase of the
ZnCl, solution in the Langmuir bath. Polar
carboxyl groups are immersed in the liquid phase,
while non-polar hydrocarbon chains face the air
medium (Fig. 1).

The surface pressure of the lipid monolayer
is an important parameter for the analysis of the
dynamic and structural properties of monolayers
[12]. To investigate lipid binding, the studied
bioactive substance is introduced into the
aqueous subphase under the lipid monolayer. Its
penetration into the lipid layer can be controlled
by recording changes in the surface pressure or
changes in the monolayer area at certain pressure
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values [13]. During our experiment, changes in
the monolayer area were used to control the
dynamics of the ongoing processes.

The measurements of the zinc K-edge
XANES spectra in the system of a monolayer of
arachidic acid on the surface of a ZnCl, solution
(indicated in the figure as AA+ZnCl,) began almost
immediately (about 7 minutes) after the surface
pressure reached the value of 20 mN/m. The
measurements were taken for 3 concentrations of
ZnCl, in the solution: 610, 6-10-3, 3-10-¢ M. For
all concentrations, the pressure in the monolayer
was constant during the measurements.

The general trend for changing spectra
for the system (AA+ZnCl,) with an increase in
the concentration of ZnCl, in the solution was
the shift of the absorption edge by ~ 1.1 eV,
a decrease in the intensities of peak A and C
with a simultaneous increase in the energy
distances between them, as well as an increase
in the intensity of peak B (Fig. 2, the direction
of changes is shown by arrows). The observed
differences in spectra reflect changes in the
local environment of zinc ions in the presence
of arachidic acid depending on the concentration
of the ZnCl, solution. As can be seen from Fig. 2,
the spectra for the AA+ZnCl, system coincided in
shape (the same set of maxima and redistribution
of intensities between peaks) with the spectrum
of the ZnCl, solution (in the absence of arachidic
acid) [10], however, they differed in intensity
and energy distances between the peaks. This
indicates differences in the local environment
of zinc ions in the pure solution and in the
presence of arachidic acid. The spectrum of the

o 00 0
r“b '\, .uo\ .q..ir{
. O . ? Q C :
Fig. 1. Sch{;matic representation of the arrangement

of the molecules of arachidic acid on the surface of a
ZnCl, solution (blue plane)
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Fig. 2. Experimental zinc K-edge XANES spectra: (a)
of a ZnCl, solution with a concentration of 10~ M as
compared with the spectrum from work [15]; (b) mono-
layer of arachidic acid (AA) on the surface of ZnCl,
solutions with concentrations of 6:107%,6-1075,3-10"° M

solution with a concentration of 10> M almost
completely coincided with the spectrum from the
work [14] (Fig. 2, dotted line), where Zn* was in
the octahedral environment. It should be noted
that the spectra of the solution were obtained by
the same registering method as in the AA+ZnCl,
system, however, from the subphase volume, i.e.
at the X-ray beam incidence angle greater than
critical angle 6.

Theoretical modelling of XANES experimental
spectra was used to study the changes in the
local structure of Zn?* when zinc ions came into
contact with the monolayer. Zinc chlorides in an
aqueous solution can form complexes of different
types with the different number of bound water
molecules in different geometric environments
[15]. At low concentrations of < 1 M, one of
the dominant roles in the solution is played by
Zn(H,0)}" complexes [16]. The theoretical zinc
K-edge XANES spectra were calculated for this
complex (Fig. 3a). According to various sources,
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Zn-0 interatomic distances in the Zn(H,0)"
complex range from 2.05 to 2.14 A. Figure 3 shows
the sensitivity of the XANES spectra to changes
in the closest symmetry of the Zn** environment.
The deviation from the octahedral geometry of
the zinc environment with H O ligands towards
the distorted octahedron resulted in a more
pronounced peak B in the spectrum and a change
in the shape of the main peak. The distortions
in the octahedron included elongation of the
axial distances to 2.7 A as compared to distances
typical of the Zn(H,0) ** aqueous complex. Next,
calculations were made for a structural model
in which the OH hydroxyl group of the carboxyl
group of arachidic acid replaced the water
molecule at the octahedron’s vertex (Fig. 3b).
In this case, the Zn—-OH interatomic distances
were also 2.7 A. This model was used to consider
the possibility of forming intramolecular Zn---O
spodium bonds between the zinc cation and the
OH group of arachidic acid when the interatomic
distances exceed the sum of the covalent
radii. This type of interaction is an alternative
to hydrogen bonding and was observed in
Zn** complexes [17]. This model was in good
agreement with the experiment. It should be
noted that a longer interaction of arachidic acid
with a ZnCl, solution resulted in an increased
trend of changing XANES spectra in the AA+ZnCl,
system, which may indicate the presence of other
types of binding in this system [18].

4. Conclusions

For the first time, zinc K-edge total external
reflection X-ray absorption spectra were obtained
for the systemofa arachidic acid monolayer on the
ZnCl, solution surface of various concentrations
(6:10*,6:107°,3-10-°* M). The analysis of the XANES
spectra indicated that the local environment of
zinc ions changed immediately after the formation
of the Langmuir monolayer and depended even on
minor changes in concentration. The analysis of
theoretical XANES spectra allowed assuming that
one of the ways of interaction of arachidic acid
with aqueous Zn?' complexes is an intramolecular
interaction resulting in the formation of spodium
bonds between the zinc cation and the OH
carboxyl group of arachidic acid. In this case, the
symmetry of the zinc environment changes from
an octahedron to a distorted octahedron with an
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Fig. 3. Comparison of the theoretical Zn K-edge XANES (solid line) for the model Zn(H,0)? (a) and AA+ZnCl,
(b) with the experimental spectra (symbol) of a solution of ZnCl, and AA+ZnCl, (6:10* M)

increased Zn-OH axial distance. Differences in
the degree of changes in the local structure of zinc
in the system “the monolayer of arachidic acid -
a ZnCl, solution” at different concentrations can
be due to the number of the interacted molecules
of arachidic acid or to another type of interaction.
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Abstract

The process of atomic hydrogen penetration into the metal phase is complicated by the phase-boundary transition from
the liquid and/or gas phase. That is why the cleanliness of metal and alloy surfaces is of particular importance. The purpose
of this work was to determine the effect of surface pretreatment using photon pulses, ultrasound, and potential cycling on
the parameters of hydrogen permeability for 48Cu52Pd metal cold-rolled membranes.

The study was focused on a foil of copper-palladium homogeneous alloy with 48 at. % Cu and 52 at. % Pd composition. The
studied samples were obtained by cold rolling and their thickness were 10 and 16 um. Surface pretreatment included rinsing
in acetone, using ultrasound, pulsed photon treatment, and quadruple potential cycling over a wide range of potentials.
Electrochemical studies included cyclic voltammetry and cathode-anodic chronoamperometry in a deaerated 0.1 M H,SO,
solution. Hydrogen permeability was calculated using mathematical models for samples of finite and semi-infinite thickness.

It was found that the surface treatment of a 48Cu52Pd foil with photon pulses leads to both an increase in the ionisation
rate of atomic hydrogen and an increase in the roughness of the foil surface. The diffusion coefficient of atomic hydrogen
does not depend on the method of surface pretreatment with ultrasound and photon pulses. The extraction rate constant
for the extraction of the atomic hydrogen after photon treatment increases, which facilitates the processes of both H
introduction and ionisation due to the release of active centres of the surface. Electrochemical cleaning of the surface
during the quadruple potential cycling contributes to the growth of the extraction rate constant for the extraction of atomic
hydrogen.

Keywords: 48Cu52Pd foil, Cold rolling, Hydrogen permeability, Surface pretreatment, Pulsed photon treatment, Ultrasound
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1. Introduction

The production of high-purity hydrogen
is important not only for hydrogen energy
engineering, but also for hydraulic cleaning,
hydrocracking, the production of synthetic fuel,
etc. [1]. Various materials, such as polymers,
zeolites, carbon, and certain metals, have
previously been investigated for the purpose
of obtaining high-quality membranes to
isolate H, from a mixture with other gases [2],
however, most of these membranes have low
selectivity. Palladium-based membranes have
high permeability and selectivity to molecular
hydrogen due to a high dissociation rate and a
high rate of atomic hydrogen penetration into
the metal phase [3]. The main requirement for
such membranes is their ability to prevent surface
fouling with sulphur and its compounds. For this,
copper, gold, and silver are added to palladium,
both individually and in various combinations
[4-6].

In particular, Pd-Cu membranes are
recognised as the most promising due to their
relatively low cost, noticeable resistance to
fouling, and higher hydrogen permeability as
compared to other Pd-based membranes [5,7-
10]. Over the entire concentration range, Pd-Cu
crystalline alloys are a continuous series of solid
solutions [11]. However, the Cu- Pd alloy with a
palladium content of 47 at. % demonstrates the
highest hydrogen permeability [12]. It is also
cost-effective as the copper content is just over
50 at. % [5]. Such an alloy is characterised by a
sharp maximum of hydrogen permeability and
forms the B-phase of a Pd-Cu solid solution at
equilibrium. It was noted [9] that despite the
same ratios of components in the alloy, due to
its dense structure its high-temperature phase
with the FCC lattice (a-phase) demonstrates a
significantly lower hydrogen permeability than
the B-phase.

The process of the atomic hydrogen penetration
into the metal phase is complicated by the phase-
boundary transition from the liquid and/or
gas phase [13], therefore, there are additional
requirements for the cleanliness of metal and
alloy surfaces. This is especially important when
using metal membranes obtained by cold rolling.
In particular, organic oils used during rolling
considerably pollute the surface of the metal
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phase, which inhibits the penetration of atomic
hydrogen into the metal. In addition, oils can
form durable polymer films on the surface. When
manufacturing thin membranes whose thickness
is just several microns, mechanical cleaning of
their surfaces is absolutely unacceptable. What is
more, when alloy membranes are used, chemical
etching is also out of question.

The most common safe methods for preparing
surfaces of metal samples that can be used for
alloys include: laser [14, 15] and ultrasonic [16,
17] cleaning, high-temperature annealing [18,
19], and electrochemical cleaning [20]. Most
physical cleaning methods are quite effective
at removing persistent surface contamination,
however, excessive cleaning intensity results
in surface damage. Whereas, the method of
electrochemical cleaning allows, by selecting
the potential and the optimal number of cycles,
removing substances of different solubility from
the surface of noble metals and alloys based on
them without changing the surface morphology
[21].

The purpose of this work was to determine
the effect of surface pretreatment using photon
pulses, ultrasound, and potential cycling on
the parameters of hydrogen permeability for
48Cu52Pd metal cold-rolled membranes.

2. Experimental

The study was focused on a copper-palladium
foil with a thickness [ and a composition of 48 at.
% Cu and 52 at. % Pd, which was obtained by cold
rolling”. The surface of the foil was pretreated
by different methods. The pretreatment
conditions included rinsing in acetone (30 min)
in an ultrasonic bath (ODA-LQO07 (Russia)) at an
operating frequency of 40 kHz. This was followed
by pulsed photon treatment (PPT) at a radiation
energy of ~35 J-cm™2 using a UOLP-1 unit, in a
vacuum of 10-*Pa using powerful INP 16/250 pulse
xenon lamps (radiation spectrum 0.2-1.2 um),
and subsequent annealing in a vacuum at 350 °C.

The thickness of the samples and the methods
used for surface pretreatment are shown in
Table 1.

Electrochemical measurements were taken
using an IPC-Compact potentiostat. The working

*The samples of palladium alloys were produced at the Baikov
Institute of Metallurgy and Materials Science.
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Table 1. Studied objects and method of their surface treatment

Sample I, um Pretreatment method
’ Acetone US (30 min) PPT duration, s ; I=50 A
1 16 + + -
2 10 + + 1.0-10 (one side)
3 10 + + 0.7-10 (two side)
4 10 + + 0.7-10 (one side)

electrode was a sample of a 48Cu52Pd metal foil
attached with a conductive graphite adhesive to
a spectrally pure graphite electrode. The studies
were carried out in a deaerated 0.1M H,SO,
solution (extra-pure grade) in a three-electrode
cell with anode and cathode spaces separated
with a thin section. A copper-sulphate electrode
(E=0.298 V) was used as the reference electrode.
The auxiliary electrode was a platinised platinum
Pt(Pt) electrode. All potentials were recalculated
relative to a standard hydrogen electrode and
the current values were given per single unit of
the visible surface. The area of the studied foil
samples did not exceed 0.5 cm?.

The methods included cyclic voltammetry and
two-stage anodic-cathodic chronoamperometry.

Voltammograms (VAG) were obtained from
preliminary quadruple cycling of the working
electrode within the potential range from

.=-0.27Vto E, =1.70 V with a scanning rate of
5 mV/s. Before cycling and between cycles, the
electrode was pre-polarised in a working solution
at a potential of E_ ~ 0.30 Vfor ¢ = 500 s. The
electrode was not removed from the solution.
It was found that an increase in the number of
cycles did not lead to any significant changes in
the shape of voltammograms.

The method of cyclic voltammetry also
determined the ionisation potential of atomic
hydrogen E as the peak potential of hydrogen
ionisation in the fourth cyclogram. The value
E was used to obtain the anode half-period
of the chronoamperogram. It should be noted
that the values of E slightly differed due to the
heterogeneity of the alloy surface after rolling.

Before obtaining the i,t-dependences, the
electrode was pre-polarised at a potential of
E , = 0.30 V, which corresponded to the values
of cathodic current not exceeding 2-4 pA.
Chronoamperograms were obtained at the
cathode hydrogenation potential E_ = -0.08 V
for ¢t from 1 to 10 s, and the anode ionisation

potential E fort, =500s. The cathode half-period
of the chronoamperogram characterised the
process of atomic hydrogen injection, while the
anode half-period described its extraction. The
time of the sample hydrogenation was chosen to
prevent the formation of the palladium hydride
B-phase within the metal phase. Over ¢ =105, the
o-phase of the Pd-H solid solution was formed
in the alloy, which was characterised by the
ratio H/Pd = 0.02. We assumed that recharging
of the double electric layer took little time,
therefore, the anodic current transient i , which
was observed for at least 500 s, was mainly due
to the Faraday effect on the ionisation of atomic
hydrogen.

Micrographs of the studied samples were
obtained using a Solver P47PRO atomic
force microscope (Russia) in a semi-contact
(intermittent-contact) scanning mode.

3. Results and discussion

2.1. Analysis of cyclic voltammograms and
chronoamperograms

Cyclic voltammograms obtained during
quadruple cycling of the studied samples are
shown in Fig. 1. They are characterised by two
main peaks. The peak on the anodic branch
of the curve corresponded to the ionisation
of atomic hydrogen at E ~ 0.2-0.4 V, while
the peak on the cathodic branch at E ~ 0.55 V
corresponded to the PdO reduction [22]. The
absence of ionisation peaks on samples 1 and
3 during the first cycle indicated that the active
centres on the surface remained blocked even
after the application of ultrasound and the PPT.
Therefore, the pre-treatment procedure used for
these samples was not effective. It can be assumed
that oil annealing products used during alloy
rolling were not removed completely. Within
the potential range from 1.1 to 1.3V, a blurred
electrooxidation (EO) peak was observed on
the anodic branch of the curve, which could be
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Fig. 1. Cyclic current-voltage curves with four-fold scanning of the potential of samples 1-4 of 48Cu52Pd alloy
obtained in a 0.1M H,SO, solution with a scanning rate of 5 mV/s

associated with the oxidation of traces of organic
oils on the surface. However, in subsequent cycles,
this peak was noticeably suppressed and, as a
result, an ionisation peak of atomic hydrogen
either appeared (samples 1, 3) or increased
(samples 2, 4).

To find the parameters for the processes of
introduction and ionisation of atomic hydrogen,
two-stage cathodic-anodic chronoamperograms
were obtained. For all chronoamperograms,
the time of sample hydrogenation was t_= 10 s.
Both cathodic and anodic current transients in
all samples were of the same nature. Cathodic
current transients demonstrated a sharp decrease
in the extraction rate in the first 3-4 seconds. For
sample 4, there was a sharper transients than
for samples 1-3. Anodic current transients also
had a clear peak of H ionisation current, which
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decreased nonlinearly and completed a sharp
decline after the first 10 s (Fig. 2).

The highest ionisation rates were observed
in the fourth sample, and the lowest ionisation
rates were in the first sample, which means that
the PPT plays a significant role in eliminating
oil products left after rolling and subsequent
annealing of the sample. The comparison of
the obtained results revealed that the highest
ionisation rate was observed for the foil of the
fourth sample, which had been rinsed in acetone
and one side of which was exposed to ultrasound
and photon treatment. The lowest ionisation peak
was characteristic of the sample which hadn’t
been exposed to the PPT. Therefore, photon
treatment of the surface contributed significantly
to the surface cleaning of palladium and copper
alloy samples after rolling and this effect was
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Fig. 2. Combined cathodic and anodic chronoamper-
ograms of the studied samples (1-4) of 48Cu52Pd alloy
obtained in a 0.1M H,SO, solution after quadruple
cyclingatt =10s

noticeable in all samples which had been exposed
to photon irradiation.

2.2. Microscopic examination of sample
surfaces

The geometrical characteristics of the surfaces
of 48Cu52Pd alloys both before and after the PPT
were determined using atomic force microscopy
(AFM). When comparing micrographs (Fig. 3), it
can be seen that the PPT led to the appearance
of globules on the surfaces of samples whose
size reached ~700 nm. The globules were located
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on an initially even surface, which allows us to
assume that they were formed as a result of the
alloy’s redeposition after the PPT procedure. The
presence of these particles led to an increase in
the total surface area of the studied samples. Also,
the micrographs made before the PPT clearly
showed the grain boundaries of the alloy, whose
diameter was about 15-20 um.

According to the results of AFM, the roughness
of the alloy surface after the PPT increased by
3-5 times. It can be assumed that pulsed photon
treatment of the surface not only removed the
oil products used during rolling, but also led to
the alloy redeposition being accompanied by
the formation of globules. This resulted in the
development of the alloy surface.

Anincrease in the rate of hydrogen ionisation
on alloys after the PPT can also be associated with
an increase in the surface area of the samples.
However, even a five-fold increase (if we compare
the peak heights of voltammograms of sample
1 without the PPT and samples 2-4) did not
produce the results obtained for samples 2-4. This
means that an increase in the rate of hydrogen
ionisation should be associated not so much with
an increase in the surface area of the alloy, but
with a change in the state of its surface layer.

2.3. Calculating the parameters of hydrogen
permeability

Two models for determining the parameters
of hydrogen permeability were used to process

um
Fig. 3. AFM micrographs obtained for 48Cu52Pd alloy before (a) and after (b) the PPT
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i,t-curves. The first model was valid for samples of
semi-infinite thickness [13], for which the period
of hydrogenation of 10 s was not enough for
atomic hydrogen to cross the studied sample. Its
application adequately described the processes of
the introduction and ionisation of atomic hydrogen
in samples with a thickness of more than 10 pm.
The second model was applicable for samples of
finite thickness which did not exceed 10 pm [24].

Since the thickness of sample 1 was 16 um, we
used the first model to calculate the parameters
of hydrogen permeability. While the model of
thin electrodes was used to process the current
transients obtained for samples 2—4. This means
that it was not possible to calculate the diffusion
coefficient D, for the first sample. For it, we could
only determine a complex parameter, namely
the hydrogen permeability coefficient K, which
included the diffusion coefficient and the change
in the concentration of atomic hydrogen in the
film relative to its equilibrium value Ac,:

K, =Dy - Ac,. (1)

The cathodic chronoamperograms revealed
two areas of current transients. One was located
at initial times t < 3 s, while the second was
located at times t > 4 s. In the initial period of
time, the stage that determined the rate was the
stage of atomic hydrogen transition through
the solution/metal interphase. Therefore, at
the initial section, there was a phase-boundary
control of the process of the atomic hydrogen
introduction, which for electrodes with [ > 10 pm
was described by equation [13]:

o o1 2%k

LO=LO-[LO- ]t v)

and for samples with [ < 10 um by equation [23]:
o - kt

ln[lc(t)—lC ]= ln(FkAcH)—T. 3)

Here,i(0)and i are the initial and stationary
cathodic currents_of the chronoamperograms,
respectively, and k is the effective constant of
the H extraction rate.

When hydrogenation times exceeded 4 s, the
control was passed to the stage of solid-phase
diffusion, and for samples with [ > 10 um it was
described by the equation:
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_ . FK,
(O=i7+ =8 (4)

whereas for samples with [ < 10 pm it was de-
scribed by the equation:

ln[ic(t)—ij]zln(ng H]—Z?f

The parameters of hydrogen permeability
determined by anodic current transients were
also calculated using two mathematical models.
However, due to a more complex mathematical
solution of the equation describing the complete
curve of anodic current transients, it was only
possible to quantitatively consider the case
of mixed phase-boundary diffusion kinetics.
In that case, we considered sections of anodic
chronoamperograms obtained at ¢t > 30 s. Then,
in models for electrodes of both semi-infinite and
finite thickness, the linearisation equations for
anodic current transients were as follows:

- for electrodes with [ > 10 ym

. (5)

. .. FK 1 1)
LM)=1 - Tl:l/? [(t iy )2 - tlTJ ’ (6)
- for electrodes with [ < 10 ym
. s 2 _
In .la (1) 1{'1 T DH(t2 t.) . %
,t)-i’ 41

Here,i (t)and i, aretheinitial and stationary
anodic currents of the chronoamperograms,
respectively.

Under these conditions, linearisation
equations (2)—(7) could only be used to calculate
the parameters D, and Ac, for thin samples, and
parameter K for sample 1, which were found
by the value of the slopes of the linearised
dependencies. The obtained parameters are
shown in Table 2.

It is important to note that surface treatment
with photons pulses had nearly no effect on
the diffusion coefficient of samples 2-4, which
was primarily determined by the structural and
chemical composition of the alloy. However,
the concentration of atomic hydrogen in the
alloy decreased linearly with a decrease in the
irradiation intensity during the transition from
the second sample to the fourth both at the
initial stage, when phase-boundary control was
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Table 2. Values of the parameters of hydrogen permeability calculated by cathodic and anodic
chronoamperograms under kinetics with different controls

Sample 1 2 3 4
- D,10%, cm¥/s - 3.24+1.96 | 4.33*0.69 | 3.83%0.11
A Diffusion control ; 5
g Ac,-10%, mol/cm - 5.26+1.95 | 4.06*0.05 | 2.48*0.53
o
5 Phase boundary i 10 em/s 3.16+0.05 | 4.66+1.51 | 5.12+0.78 | 6.74*1.41
§ control Ac,-10%, mol/cm? - 1.93#0.94 | 1.48+0.48 | 1.02%0.25
5 KD'lOQ’ + + + +
mol/em?.s!2 6.240.05 | 8.90*0.54 | 6.68*0.63 | 4.86%1.02
D,-10% cm?/s - 1.02£0.01 | 1.70%0.20 | 1.34%0.07
Anodic process Ac,10°, mol/cm? - 0.44+0.20 | 0.32%0.21 1.69+1.13
K 10°, mol/cm*s"* | 0.39£0.11 | 0.44*0.08 | 0.42*0.12 | 1.70%0.21

implemented, and at longer times, when diffusion
control dominated.

The value of the effective constant of the
extraction rate of atomic hydrogen, on the k
contrary, increased. Since the rate constant
characterises the phase-boundary transition
of H and surface processes, in particular, the
extraction of atomic hydrogen from the alloy,
it must be sensitive to the surface cleanliness.
This means the higher k, the cleaner the
surface should be, therefore, the surface was
cleaned during the transition from sample 1 to
sample 4. The obtained data explain an increase
in the ionisation peak in voltammograms and
the presence of maximum ionisation currents in
chronoamperograms during the transition from
sample 1 to sample 4. The hydrogen permeability
constant K changed in the same way as the
concentration of atomic hydrogen in the alloy.
However, for sample 1, the hydrogen permeability
was lower than for samples 2 and 3 and higher
than for sample 4.

According to (1), the concentration of atomic
hydrogen contributed more to the value K rather
than its diffusion coefficient. The comparison
of the obtained results for cathodic and anodic
current transients revealed that the values of the
diffusion coefficient D, determined by anodic
transients were almost twice smaller than for
the cathodic transients. This may be due to the
fact that part of atomic hydrogen was captured in
trap defects of the alloy, that is why the time of
the experiment (500 s) did not allow completely
extracting all the injected atomic hydrogen.

2.4. The role of electrochemical pretreatment
of the surface

Suppression of the anodic peak of
electrooxidation during the transition from the
first to the fourth cycle of voltammograms (Fig. 1)
occurred as a result of multiple cycling of the
electrode potential. Therefore, it is interesting
to understand the role of electrochemical
surface pretreatment in the overall cleaning
procedure. For this study, we chose the sample
with the highest atomic hydrogen ionisation
rate, i.e. sample 4. Chronoamperograms were
obtained for this sample without preliminary
quadruple potential cycling and after the cycling
(Fig. 4). Sample 4 that had not been exposed to
preliminary cycling was designated as 4’.

0.8
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Fig. 4. Chronoamperograms for 48Cu52Pd alloy sam-

ple 4 obtained in a 0.1M H,SO, solution without (4)
and after preliminary quadruple potential cycling (4)
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The comparison of the i,t-curves obtained
for sample 4’ with the curves obtained for
sample 4 revealed that the introduction rate
was about 5 times lower and the ionisation rate
was almost 10 times lower. For these samples,
we only calculated the parameters of hydrogen
permeability by cathodic current transients since
they are more informative.

The comparison of parameters calculated
for samples 4" and 4 showed that the diffusion
coefficient of atomic hydrogen for both samples
coincided within the limits of experimental error
(Table 3). However, the extraction rate constant
decreased by almost 2 times, which suggests
that the phase-boundary transition for the
alloy without electrochemical pretreatment was
inhibited. The concentration of atomic hydrogen
in the alloy both at the stage of phase-boundary
exchange and at the diffusion stage decreased.
However, the concentration of H at the stage
of phase-boundary exchange decreased to a
greater extent for the sample which had not been
exposed to preliminary potential cycling. In our
opinion, this can be due to inhibited process
of the atomic hydrogen penetration through
the metal/solution interface. Sample 4’ was
characterised by lower values of the parameters
of hydrogen permeability, except for the diffusion
coefficient.

4. Conclusions

1. The methods of voltammetry and
chronoamperometry allowed establishing that for
the foil made from a cold-rolled 48Cu52Pd alloy,
surface treatment with photon pulses leads to an
increase in the ionisation rate of atomic hydrogen
by 15-25 times depending on the sample. This
results in the cleaning of the sample surface and
in anincrease of its roughness (35 times), which
most likely happens due to the redeposition of
the alloy during photon treatment.

2023;25(3): 373-382
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2. The diffusion coefficient of atomic
hydrogen for samples with a thickness of /=10 um
is about 4-10-% cm?/s and does not depend on the
method of surface pretreatment with ultrasound
and photon pulses. However, extraction rate
constant for the extraction of the atomic
hydrogen, which characterises the rate of the
phase-boundary transition, slightly increases
during the transition from sample 1 to sample 4
from 3.16:10~* to 6.74-10~* cm/s, respectively.
This fact suggests that the processes of both
introduction and ionisation are facilitated due
to the release of active centres of the surface.

3. Electrochemical cleaning of the surface by
means of quadruple potential cycling within a
wide range of values contributes to the growth
of the extraction rate constant from 3.29-10~* to
6.74 10 cm/s.
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Abstract

Silicon compounds have a wide range of electrical properties. In particular, the possibility of creating thermoelectric
converters based on them looks extremely attractive. The use of most silicides as thermoelectrics today is limited by their
low efficiency. The development of approaches consisting in the creation of low-dimensional structures using non-
equilibrium formation methods is one of the priority directions for improving the properties of thermoelectric generators.
Determination of the effect of technological regimes on the structure, phase-chemical composition and thermoelectric
properties of metal-silicide structures is a key task, the solution of which will allow creating highly efficient thermoelectric
generators based on them.

Thin-film structures with a layer thickness of ~50 nm formed at different growth temperatures by pulsed laser deposition
on two types of substrates: sapphire and gallium arsenide coated with an Al,O, nanolayer were studied in this work. On
the formed samples, a chemical analysis and a study of the phase composition were performed. Chemical analysis was
carried out by X-ray photoelectron spectroscopy with the chemical composition depth profiling. The phase composition
was studied by Raman spectroscopy. In addition, analysis of the elements in the films was carried out by X-ray spectral
microanalysis based on a scanning electron microscope. To determine the thermoelectric properties of the formed thin-film
structures, the temperature dependences of the Seebeck coefficient and the electrical conductivity coefficient were recorded.

The dependence of the thermoelectric characteristics of iron silicide films on the phase composition is analyzed. In particular,
measurements of the thermoelectric properties of FeSi_thin-film structures registered the manifestation of a strong
thermoelectric effect in layers with the maximum number of chemical bonds between iron and silicon. The parameters of
the growth process at which the most effective formation of iron-silicon chemical bonds is achieved were determined using
the method of X-ray photoelectron spectroscopy. Line shifts from the beta phase of iron disilicide were found in the Raman
spectra and the reasons for their appearance were proposed.

Keywords: Iron silicide, Thermoelectric, Pulsed laser deposition, Composition, X-ray photoelectron spectroscopy, Raman
spectroscopy

Funding: The work was carried out within the framework of the project N-487-99 under the program of strategic academic
leadership «Priority-2030».

For citation: Nikolichev D. E., Kriukov R. N., Nezhdanov A. V., Zdoroveyshchev A. V., Kuznetsov Yu. M., Lesnikov V. P.,
Zdoroveyshchev D. A., Dorokhin M. V., Demina P. B., Skrylev A. A. Composition and thermoelectric properties of structures
based on iron silicide grown by pulse laser deposition. Condensed Matter and Interphases. 20223;25(3): 383-391. https://
doi.org/10.17308/kemf.2023.25/11262

Jna uumupoeanusa: Huxkonuues [. E., Kpiokos P. H., Hexxnanos A. B., 3noposeiiiies A. B., Kysue1ios 10. M., Jlecuukos B. I1.,
3noposeiiies [I. A., JopoxuH M. B., lemuna II. B., CkpbuieB A. A. CocTaB 1 TepMO3/IeKTpUUeCKye CBOCTBA CTPYKTYP Ha
OCHOBe CUIMIMJIA JKele3a, BbIPal[eHHbIX MeTOLOM MMITYIbCHOTO JIa3epHOTO ocaxkneHus. KoHdeHcuposaHHsle cpedvl U
mexcgpasHote eparuysl. 2023;25(3): 383-391. https://doi.org/10.17308/kemf.2023.25/11262

04 Dmitry E. Nikolichev, e-mail: nikolitchev@phys.unn.ru
© Nikolichev D. E., Kriukov R. N., Nezhdanov A. V., Zdoroveyshchev A. V., Kuznetsov Yu. M., Lesnikov V. P., Zdoroveyshchev D. A.,
Dorokhin M. V., Demina P. B., Skrylev A. A., 2023

The content is available under Creative Commons Attribution 4.0 License.

383



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl M MexdasHble rpaHuLbl

D. E. Nikolichev et al.

1. Introduction

The high potential for the practical application
of thermoelectric materials is of considerable
interest to scientific groups. Materials based
on tellurides and selenides of lead and bismuth
today are among the champions in terms of the
efficiency of thermoelectric conversion [1-2].
At the same time, there is an active search and
development of thermoelectric generators based
on silicides of transition d-metals (Mn, Fe, Co,
etc.) [3]. Interest in thermoelectrics based on
silicides is caused, first of all, by the presence of
well-established technical processes for creating
silicon systems. The variety of phases in metal
silicides makes it possible to vary their electronic
and photonic properties over a wide range [4-6].
This applies to the same extent to thermoelectric
properties.

The dimensionless value of the thermoelectric
quality factor ZT = (0?0cT)/x determines the
efficiency of converting thermal energy into
electrical energy at an average absolute
temperature T. Due to the high complexity of
the experimental determination of thermal
conductivity in films, another characteristic is
often used that determines the efficiency of a
thermoelectric generator: it is the power factor
W= o?c [uW/K*m].

The main problem of increasing the efficiency
of the thermoelectric parameters of the material
is that the thermoelectric quality factor ZT
is proportional to the electrical conductivity
¢ and inversely proportional to the thermal
conductivity coefficient y of the material. Wherein
the coefficients ¢ and y of the material cannot
change independently. An increase in electrical
conductivity simultaneously reduces the thermo-
EMEF coefficient o and leads to an increase in the
thermal conductivity of the material.

To reduce the thermal conductivity, the
phonon contribution is usually suppressed using
defect engineering: 1) the introduction of a high
concentration of a substitutional impurity with
the creation of a large number of defects due
to interstitial atoms [7]; 2) the formation of a
nanocrystalline structure with a decrease in
thermal conductivity due to the presence of a
high concentration of grain boundaries on which
phonon vibrations [8] are effectively scattered;
3) the formation of thin films or multilayer
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structures. In the last two cases the thickness
of the crystallite or film becomes an additional
degree of freedom in controlling the value of ZT.

In this work, thin films of iron silicides
with different Fe content grown at different
temperatures are considered. As a method of
film formation, we used the method of pulsed
laser deposition (PLD) in a vacuum, which has
proven itself as a cheap, versatile, and productive
method for creating thin-film materials [9]. The
study of iron silicides seems promising due to the
significant difference in the properties of their
phases. Interest in the B-FeSi, phase in addition
to its direct and small band gap [10] arises when
this material is used as a thermoelectric energy
converter for the range near and below room
temperature [11].

At the moment, the maximum ZT for materials
based on iron silicides is 0.4 and 0.2 for n- and
p-type semiconductors, respectively. [12]. It is
also known that the presence of nanoclusters
of this phase formed in epitaxial layers leads
to a decrease in the thermal conductivity [13].
The complex of phases of iron silicides (Fe,Si,
FeSi and FeSi,) in the future may have better
thermoelectric properties than these phases
separately. Structures with thin films, in which
the set and content of iron silicide phases are
balanced, can potentially act as an efficient
thermoelectric converter. Thus, the necessary
objective is to determine the phase-chemical
composition of thermoelectric systems based
on FeSi .

2. Experimental technique

The structures were formed by pulsed laser
deposition in a vacuum chamber with a residual
gas pressure of ~ 1-10-¢ Torr.

The composite target was sputtered from the
Si and Fe sectors by an LQ-529A pulsed YAG:Nd
laser operating at the second harmonic with
A = 0.532 pym. The laser radiation power was
~200 m] and the pulse duration was 10 ns with
a frequency of 10 Hz. The size of the silicon and
iron sectors determined the total content of each
of the elements in the resulting film. During the
first stages, films with a high content of Fe were
created, when the angles of the iron sector were
/ Fe =240° and £ Fe = 120°. Then the angle was
reduced to £ Fe = 90°. Sputtering was performed
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at substrate temperatures of 200, 400, 500, and
550 °C for 40 minutes. The material deposition
rate was 1 — 2 nm/min, the average film thickness
was ~ 60 nm. The deposition was carried out
on two types of substrates: a sapphire (R-cut)
and a GaAs (100) substrate with a 20-nm Al O,
layer deposited by vacuum electron evaporation.
The choice of substrates is determined by two
factors. Firstly, the sapphire substrate does not
allow diffusion of material, primarily d-metal
[14]. Coating the gallium arsenide substrate
with a layer of Al O, also effectively stops this
process.[15]. Second, phase states were originally
supposed to be recorded by Raman spectroscopy
(RS), but the use of a cheap silicon substrate
complicates the applying of RS due to the
presence of a high-intensity silicon signal from
the substrate. As a result, films on a sapphire
substrate were used as reference films, while
films on a gallium arsenide substrate with an
Al O, layer were used to assess the possibility of
forming layers on a semiconductor.

The chemical analysis of the FeSi /sapphire
and FeSi /Al,03/GaAs structures was carried
out by X-ray photoelectron spectroscopy (XPS).
The spectrometer is part of the Multiprobe
RM ultra-high vacuum measuring complex
(Omicron Nanotechnology GmbH, Germany).
To excite the emission of photoelectrons, Mg K
radiation was used, and Fe 2p, Si 2s, Si 2p, O 1s,
C 1s photoelectron (PE) lines were recorded.
The analysis area diameter was 3 mm. The
depth profiling of the composition was carried
out by sputtering the layers with Ar* ions with
an energy of 1 keV at an angle of 45° relative to
the sample surface. The numerical values of the
concentrations were calculated in accordance
with the previously developed method [16].

The chemical shift for the bonding of iron
with silicon is not recorded by XPS and this is
a serious obstacle in the interpretation of PE
lines. The determination of the presence of iron
silicide compounds was carried out using the
approaches given in [17-18]. To determine the
presence of a phase related to iron silicides we
used the peaks of photoelectron energy losses
on plasmon oscillations, which are recorded for
silicides to the left of the main Fe 2p doublet at
an energy of ~ 730 eV and are absent in the PE
spectrum for metallic iron. The intensity ratio of
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the plasmon loss lines and the main Fe 2p doublet
is approximately 1:2. This feature made it possible
to estimate the concentration of iron in chemical
bonding with silicon.

Raman spectra were recorded on an NTEGRA
Spectra Raman spectroscopy complex (NT-MDT,
Zelenograd) using lasers with a wavelength of
473 nm. The radiation was focused by a 100x
objective lens with a numerical aperture of
NA =0.9. The power of unfocused laser radiation
measured with a silicon photodetector 11PD100-
Si (Standa Ltd, Lithuania) varied in the range from
1 mW to 1 yW. The Raman scattering spectra
were recorded in the reflection scheme at room
temperature. RS was carried out in the range of
50-900 cm™! with a resolution of 0.7 cm™.

Electron microscopic imaging, elemental
analysis, and element mapping were carried out
on a SEM JSM IT-300LV (JEOL, Japan) with an
X-MaxN 20 X-ray energy-dispersive spectroscopy
set (Oxford Instruments, UK). The measurements
were carried out under high vacuum conditions
with an electron probe energy of 20 keV. In
addition to SEM the surface topography of FeSi_
film was studied using a SolverPro atomic force
microscope (NT-MDT, Zelenograd) in semicontact
mode.

The temperature dependences of the Seebeck
coefficient oo and conductivity ¢ were measured in
a Janis CCS-300S/202 closed-loop cryostat with
a temperature range of 10-400 K. The sample
was pressed with one face to the heater resistor
and the other was pressed against a massive heat
sink connected to the cooled cryostat rod. To heat
up the resistor a Keithley 6221 current source-
meter with a current measurement/maintenance
accuracy of ~ 2 nA was used. The temperature
gradient was stabilized with a LakeShore 335
temperature controller with feedback. The
temperature gradient was 10 K with an accuracy
of 0.1 K. The thermo-EMF signal was measured
using a Keithley 2000 meter [19].

3. Results and discussion

The behaviour of the depth distribution
profiles of chemical elements (Fig. 1) demonstrates
that, at high Fe concentrations, spatial separation
of Si and Fe occurs. It can be seen from Fig. 1a
that near the heterointerface the Fe/Si ratio is
greater than one and vice versa on the surface.
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This circumstance can be explained by the
inhomogeneity of the flow of atoms over time
during laser deposition. With a decrease in the
proportion of metal this inhomogeneity decreases
(Fig. 1 b). At the same time a large number of Fe
atoms in the layer facilitates the penetration
of oxygen atoms into the system (Fig. 1 a). At a
lower Fe concentration, the presence of oxygen
is not detected. This indicates the concentration
dependence of the efficiency of diffusion of
oxygen atoms deep into the sample.

It can also be concluded from the behaviour of
the Al, O, Si, and Fe profiles at the layer/substrate
heterointerface that the Al O, layer effectively
functions as a diffusion barrier. Subsequently, it
was determined that the phase distribution is the
same for both substrates.

At the same time, the presence of Fe oxide at
the film/Al O, heterointerface (Fig. 1a) indicates
the redundancy and physical adsorption of O
atoms to Al,O, layers. The composition of the
SiFe_film itself mainly consists of iron silicides
which is determined by the distribution profiles
of the Fe-Si chemical bond. At the same time, the
presence of elemental iron (Fe-Fe bonds) is also
recorded and its volume fraction depends on the
concentration. At a Fe concentration of 55 at.%
only about 30 at.% is spent on the formation
of Fe-Si bonds which is about 54 % of the total
number of metal atoms. In turn, a decrease in the
Fe concentration to 40 at.% leads to the fact that
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already about 90 % of iron atoms form a chemical
bond with Si atoms.

The nonequilibrium process of pulsed laser
deposition leads to fluctuations in the distribution
profiles of Fe-Fe and Fe-Si chemical bonds. In
addition, the applied film formation technology
is characterized by the presence of defects on the
surface [20]. Drop-like defects are formed due to
the presence in the flow of large particles of the
substance emitted from the target. Using the
method of X-ray spectral analysis performed on
the basis of SEM (Fig. 2 a) it was determined that
the droplets on the surface consist of both iron
and silicon (Fig. 2 b, ¢). The average size of objects
consisting of Si significantly exceeds the diameter
of objects consisting of Fe atoms (Fig. 2 b, c) which
is caused by different thermodynamic conditions
of laser evaporation of the combined Si/Fe target.

Further studies were aimed at studying the
phase composition of thin-film structures of iron
silicides created by the PLD method with the
angle of the iron sector of the sample £ Fe = 90°
since they demonstrated the almost complete
combination of iron with silicon, on the one
hand, and still a high concentration of additional
phases, providing in the future a decrease in the
phonon part of the thermal conductivity, on the
other hand. Raman spectra were recorded for
FeSi films obtained at different temperatures of
the Al,0,/GaAs substrate (Fig. 3). In all presented
Raman spectra one can distinguish peaks related
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Fig. 2. Topography and elemental composition of the FeSi_film surface grown at a substrate temperature of
500°C: a) SEM surface image; b) Si distribution map in the Si K  emission line; and c) Fe distribution map in

the Fe K | emission line

to the GaAs substrate: one of them is located at
268 cm! and corresponds to the transverse optical
component (TO-mode), the second at 291 cm™!
belongs to the longitudinal optical component
(LO-mode) [21]. Their presence is associated with
a small thickness of the film and Al, O, stop layer,
as a result of which the signal is detected from
the gallium arsenide substrate.

Depending on the substrate temperature
during the formation of FeSi_films, significant
changes are observed in the Raman spectra.
At a substrate temperature of 200 °C the main
contribution to the spectrum is made by a wide
continuum related to amorphous silicon in which
broad lines can be distinguished in the region
of 180 cm™! related to the transverse acoustic
mode (TA) and in the region of 480 cm™! related
to the transverse optical mode (TO) [22]. The
remaining modes from amorphous silicon are
weakly expressed, in particular, at 300 cm™! a
longitudinal acoustic LA mode is recorded and
at 410 cm™! a longitudinal optical LO mode can
be found [22]. Also, on the spectrum, there is a
weakly pronounced shoulder at 160 cm™! related
to the vibrations of the Fe-Fe bonds [23].

Increasing the substrate temperature to
400 °C leads to the appearance of clearly defined
lines at frequencies: 193 cm™! with a nearby
shoulder at ~ 180 cm™!, ~ 246 cm™! and weakly
pronounced broad lines in the regions of 340 cm™!
and 385 cm™!. There is also a broad maximum at
~480 cm~!'whichisrelated to the transverse optical
mode (TO) in amorphous silicon. The presence
of lines related to vibrations of Fe-Fe bonds at
193 cm™! and 246 cm™ in the Raman spectrum
indicates the formation of a B-FeSi, crystalline

phase in the film [23]. Lines in the regions of
340 cm™ and 385 cm™ may be present, on the
one hand, due to the structural imperfection of
the film by analogy with the observed peaks in
nonstoichiometric NiSi, [24] and due to second-
order scattering, on the other hand [25].

Afurtherincrease in the substrate temperature,
up to 550 °C leads to a narrowing and an increase
in the intensity of the peaks at 193 cm™! and
246 cm™!, as well as to the appearance of a peak
at ~ 521 cm™! which belongs to the TO mode of
crystalline silicon [26].

It is worth paying attention to the presence
of a shift by 2cm™! in the position of the peak
at 246 cm™! related to B-FeSi,. This shift was
registered when comparing the spectra of films

s & ——200°C
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Fig. 3. Raman spectra recorded for FeSi /Al,O,./GaAs
thin-film structures formed at different substrate
temperatures in the PLD process
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formed at 400 °C and 500 °C. One of the reasons
for it can be defects, impurities, lattice distortions
of the B-phase of iron disilicide [27]. Another
circumstance leading to a shift may be the
appearance of a nanocrystalline B-FeSi, phase by
analogy with crystalline silicon [28].

The measurements of Seebeck coefficients,
electrical conductivity and calculation of the
power factor were carried out for all structures
obtained at substrate temperatures of 200, 400,
500, and 550 °C. For all these structures a target
with an iron sector £ Fe = 90° during the PLD
process was used. The characteristic temperature
dependences of these parameters are shown in
Fig.4 a—c. Additionally, measurements were made
for structures supersaturated with iron in the
range of medium temperatures (~ 300-600 °C).
The temperature dependence of the power factor
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for specimens with iron attachment angles on the
target £ Fe=120° and £ Fe = 240° and a substrate
growth temperature of 200 °C is shown in Fig. 4 d.

The electrical conductivity of FeSi_films at
the same x depends significantly on the substrate
temperature during growth and decreases as
it increases. Presumably, this is due to the
relaxation of the silicon lattice the formation of
iron precipitates and iron silicides [29] in the layer
which leads to an increase in the layer resistance.
The highest value of the Seebeck coefficient o for
samples in which an almost complete combination
of iron and silicon has occurred (the angle of iron
in the evaporated target £ Fe =90°) is recorded in
the low temperature region of about 100 K and its
value is ~ 150 uV/K. At lower temperatures o could
not be recorded due to a sharp increase in the
electrical resistance of the film at temperatures
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Fig. 4. Temperature dependence of the electrical conductivity coefficient, Seebeck coefficient and power factor
for samples with iron sector on a target of £ Fe = 90° (a-c) and temperature dependence of the power factor
for a Fe-supersaturated film with iron sectors on targets of ~ Fe = 120° and £ Fe = 240° (d)
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below 150 K. The maximum calculated value of
the power factor W (Fig. 4 a) is ~ 20 pW/K?m.
Thus, a sufficiently high value of a is levelled
by the low conductivity of thermoelectric films,
formed when the iron angle in the evaporated
target is £ Fe = 90°.

Despite the fact that the electrical conductivity
of films supersaturated with iron is 4 orders
of magnitude higher at temperatures of 300-
600 K, the power factor reaches values only
up to tenths of yW/K%m (Fig. 4 d). This is due
to the low efficiency of their thermoelectric
conversion, when the maximum value of the
Seebeck coefficient does not exceed 10 pV/K.
The presence of a minimum in the temperature
dependence of the power factor is due to the
transition to intrinsic conductivity while the
value of the Seebeck coefficient is minimal.
Thus, a simple increase in electrical conductivity
due to an increase in the iron content does not
remove the problem of increasing the power
factor, and the solution to this problem lies in the
area of optimizing the content of metal-silicide
compounds, when the Seebeck coefficient is
directly proportional to their amount.

4. Conclusion

The application of X-ray photoelectron
spectroscopy and Raman spectroscopy made it
possible to find the parameters for the formation
of FeSi_films by pulsed laser deposition, in
which iron is almost completely combined with
silicon, while the Fe concentration remains at
a high level of 40 at.%. XPS depth profiling of
the composition of thin-film structures made it
possible to determine that an additional AlO,
stop layer formed on a semiconductor substrate
by high-vacuum electron evaporation effectively
prevents the diffusion-active metal penetrating
from the film into the substrate. This is an
important technological aspect in the formation
of structures under nonequilibrium conditions
of the method of pulsed laser deposition and
allows the use of a wide range of substrates for
the creation of film and multilayer structures with
high quality heterointerfaces. Thermoelectric
measurements have shown that it is possible
to obtain a high thermoelectric effect for films
where the iron silicide phase is effectively formed.
However, for such structures it is necessary to
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increase the thermoelectric conversion power
factor by increasing the electrical conductivity.
This can be facilitated by choosing the growth
temperature or parameters of postgrowth
annealing of structures that do not lead to the
formation of undesirable inclusions in the film
material, as well as additional doping of the films
with other materials.
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Abstract
This work is dedicated to the issue of increasing the selectivity of semiconductor PdO sensors in case of ozone detection.

Thin PdO films were obtained using thermal sputtering of Pd and its subsequent oxidation. We characterised the obtained
material using X-ray diffraction analysis and optical spectroscopy. We studied the gas-sensing properties of thin films in
the mode of periodically changing temperature. The use of the thermal modulation mode allowed discovering the extremes
of the resistive response of the PdO sensor in ozone, which helped to increase the selectivity of the sensor while detecting
this gas.

We suggested a possible mechanism of 0zone chemisorption, which determined the specific form of the thermally modulated
PdO response. The studies of the resistive response of PdO sensors under the conditions of ultraviolet illumination confirmed
the suggested mechanism of ozone chemisorption.

Keywords: Semiconductor gas sensors, Palladium oxide, Ozone, Thermal modulation mode, Features of resistive response
of sensors, Oxygen chemisorption mechanism, Oxygen chemisorption under the conditions of UV illumination
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1. Introduction

The analysis of gas media is required in order
to ensure safety in production, to control various
technological processes, in environmental
monitoring, scientific research, healthcare, etc. We
believe that the devices based on semiconductor
gas sensors (SCGS) may be the most suitable
for these purposes. As compared to other gas
analysers, their advantages include the low cost of
manufacture, energy efficiency, high sensitivity,
a lack of need for consumable products in the gas
analysis process, and analysis continuity. The idea
of their operation is changing the resistance of the
oxide semiconductor material in the medium of
a particular gas due to chemisorption. SCGS also
have some disadvantages, among which is low
selectivity in the detection of gas mixtures. There
are several ways to neutralise this disadvantage,
for example, by creating multi-sensor systems
that consist of partially selective sensor elements.
Signals from this array of sensors are processed
using artificial neural networks, the principal
component analysis, etc. Another known method
of increasing selectivity is by modulating the
operating temperature of sensors [1-4]. The
sensor temperature can be changed according to
a sinusoidal law or it may have another periodic
form [5]. The informative value of the resistive
response of the sensor in this mode of operation is
significantly improved due to several reasons. The
law of transformation of the gas adsorption effect
into the resistive response of the sensor is of non-
linear nature [1-4]. Therefore, the temperature-
modulated resistive response may have typical
features in the form of harmonics, the amplitude-
frequency characteristics of which are discovered
by the Fourier transformation of the sensor signal
[1-5]. A change in the sensor temperature also
leads to a shift in the adsorption-desorption
equilibrium, which, in its turn, causes the
formation of different charge states of particles
on the sensor surface. For instance, the charge
states of chemisorbed oxygen change in this way
on the sensor surface in the course of heating or
cooling [6]. This process is rather specific for each
adsorbent-adsorbate pair and has an effect on
the shape of the resistive response of the sensor.
The problem of selectivity can be solved to some
extent using the analysis of the sensor response
forms in the course of thermal modulation.

2023;25(3): 392-397
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The goal of this work was to identify the
features and mechanisms of formation of the
resistive response of sensors in the presence of
ozone, which can ensure its selective detection.
In this work we used semiconductor PdO films
operating in the thermal modulation mode were
used as sensors.

The research is relevant, on the one hand,
due to by the widespread use of ozone in various
technological processes, and on the other hand,
due to its extreme toxicity (first hazard class)
and the need for reliable control of the fact that
ozone concentration must be controlled in the
workplace.

2. Experiment

We used ~30 nm thick PdO films and
determined their thickness using an LEF-757
ellipsometer. We obtained oxide films using air
oxidation of metallic Pd layers deposited on
dielectric substrates by thermal evaporation at a
temperature of 550 °C. The dielectric substrates
had platinum electrodes for measuring film
resistance and a platinum heater which also
served as a temperature sensor.

According to X-ray diffraction analysis, the
obtained layers had a tetragonal structure (Fig. 1).

Using spectroscopic studies in the range of
300-900 nm (4.1-1.4 eV), we determined the
band gap of PdO. Plotting the spectroscopic data
in Tauc coordinates resulted in value E ~23eV
(Fig. 2).

The semiconductor nature of the conductivity
of the obtained oxide layers was also confirmed
by gas-sensor experiments. In the course of
chemisorption of ozone (an electron acceptor
gas), the resistance of PdO sensors decreased,
which corresponded to the p-type semiconductor
conductivity.

In the thermal modulation mode, the
temperature of the PdO sensor varied from 50
to 300 °C according to a sinusoidal law with a
period of 256 seconds. Over the course of the
experiments, we recorded the current resistance
of the sensors at a frequency of 16 measurements
per second.

The sensors were tested in clean air and with
an ozone concentration in the air of 250 ppb
(1 ppb is 107 volume %) using a GS-024-25
ozone generator. The ozone generator included
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Fig. 2. Optical spectrum near the absorption edge of
a thin PdO film

a special filter which lowered the background
concentration of ozone that is always present in
ordinary air to zero.

3. Results and discussion

Figure 3 shows the results of the experiment
obtained using a thin-film PdO sensor operating
in the thermal modulation mode of 50-300 °C.
We are going to compare the resistive response
of the sensor in clean air (the black curve) and in
air with 250 ppb ozone (the blue curve).

After replacing the air in the measuring
cell with an air-ozone mixture, transformation
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processes were observed for ~1 hour and included
a change in the signal amplitude, its shape, and
a signal shift along the resistance scale. Figure 3
shows the data for three periods of 256 seconds
each, which were obtained after determining
stationary values of the resistive response in air
and in an air-ozone mixture.

The resistive response of the sensor with
250 ppb ozone was lower than the response in
clean air, as ozone has a higher affinity to the
electron than oxygen in the air. In the course
of ozone chemisorption, an additional part of
electrons was localised at its levels. For a p-type
semiconductor, this resulted in a decrease in its
resistance (Fig. 3.)

The shape of the signals is primarily
determined by the dependence of the resistance
of the semiconductor on its temperature
(the resistance decreases for non-degenerate
semiconductors with increasing temperature,
since the concentration of charge carriers
grows). Therefore, in vacuum or inert gases
with sinusoidal thermal modulation, a resistive
response of the sensor of the similar shape but
antibatic in value should be observed.

In the presence of chemically active gases
(air oxygen and ozone), the thermal signal of the
sensor changed. This was due to the dependence
of the adsorption-desorption equilibrium on
temperature. Differences in the forms of signals
(Fig. 3) from a purely “thermal sinusoid” were
associated with this factor. The signal shape
was specific for each adsorbent-adsorbate pair,
as it was shown in our previous works [7, 8]. The
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Fig. 3. Resistive response of a PdO sensor in thermal

modulation mode in clean air and in air with 250 ppb
ozone

resistive response of the PdO-O, pair among other
oxides and gases that we studied [7, 8] had the
greatest differences, which can be used to solve
the issue of SCGS selectivity in ozone detection.

We will consider possible chemisorption
forms of oxygen and ozone.

It is assumed that within the temperature
range of 50-200 °C oxygen is chemisorbed in the
molecular form O, at 150-450 °C in the atomic
form O, and at >400 °C in the form of O%- [5]. The
temperature ranges of oxygen chemisorption in
different charge states are rather conventional
and differ in the existing literature.

Chemisorption of ozone on the sensor
surface occurred in two forms: in molecular O,
and in atomic O [5]. The charge form O; was
unlikely or short-lived due to the fact that ozone
rather quickly passed into a less active state on
catalytically active surfaces.

Based on the above-studied chemisorption
forms, it can be concluded that O form is common
for both oxygen and ozone. Presumably, this form of
chemisorption also determines the features of the
plots marked with arrows (Fig. 3). The mentioned
features of the air and ozone plots coincided
regarding the time of the temperature rate and, as
a result, regarding the temperature. In an ozone-
containing media, the amount of O~ chemisorbed

2023;25(3): 392-397
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on the sensor surface increased as compared to air,
which could explain the more pronounced feature
in the ozone plot (the blue curve).

This mechanism can be confirmed by the
experiments with the illumination of sensors
using UV radiation with photon energy exceeding
the PdO band gap energy (Figs. 4a, b).

An LED with a wavelength of 260 nm (4.8 eV)
and an optical power of ~30 mW was used in
the experiments. This illumination led to the
generation of superequilibrium electron-hole
pairs as follows:

hv — e +h'. (1)

As a result of photoexcitation, the resistance
of the PdO film should naturally decrease in
vacuum or in an inert gas due to the appearance
of additional charge carriers. However, in
other gaseous media, the interaction between
superequilibrium charge carriers and particles
chemisorbed on the semiconductor surface must
be taken into account.

In a medium that contains oxygen or ozone, a
negative charge was localised on the surface of the
semiconductor, associated with the chemisorption
of oxygen in the form O, which resulted in surface
bending of the semiconductor bands. A positive
charge in the form of holes drifted towards it in
order to compensate for the surface negative
charge. Electrons, on the contrary, drifted into
the bulk of the semiconductor, and the ionisation
(chemisorption) of oxygen as follows:

OZ(surf) + 2e7_> 2O_(surf) (2)

was impeded [6,9,10]. Still, the holes easily inter-
acted with the already chemisorbed oxygen,
which was desorbed from the surface as a result
of the reaction:

20- _+2h" >0, 3).

(surf)

In this case, the bending of the bands
decreased until an equilibrium was reached
between reaction (3) and (2) [6, 9, 10]. In
accordance with this model, the resistance of the
sensor in air (Fig. 4a) and in ozone (Fig. 4b) under
UVillumination was higher than in the dark, as on
the whole photodesorption of O~ from the sensor
surface according to reaction (3) prevailed.

In order to substantiate our chemisorption
model, we should also note that under UV
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Fig. 4. a) Resistive response of the sensor in air in the dark and under UV illumination; b) Resistive response
of the sensor in air-ozone media in the dark and under UV illumination

illumination, the peak on the ozone curve
indicated by the arrow (Fig. 4b) decreased. As
it was assumed above, this was associated with
chemisorbed oxygen in the form of O-.

4. Conclusions

We studied the resistive response of PdO
sensors in an ozone-air mixture in the thermal
modulation mode. We discovered specific forms
of the resistive response of PdO sensors in the
presence of ozone, which can be used to solve the
issue of its selective detection.

Possible mechanisms of oxygen and ozone
chemisorption were studied. As a result of
the analysis of data obtained in pure air and
250 ppb ozone, we assumed that the features
of the resistive response of the PdO sensor in
both gaseous media were determined using the
chemisorption of oxygen in the form of atomic
O~ ions.

The results of studying the resistive response
of the PdO sensor under UV illumination with
photon energies exceeding the band gap of PdO
were consistent with the suggested chemisorption
mechanism.
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Abstract

The article studies the molecular composition of dental biofilm in healthy people and patients with multiple caries lesions
during several stages of exogenous and endogenous preventive measures.

The observed changes in the IR spectra registered during different stages of the experiment indicate a lack of balance
between demineralisation and mineralisation of hard tissues resulting from different absorption mechanisms of agents
applied exogenously and endogenously. All the observed changes result from the difference in the microbiota in healthy
patients and patients with caries, as well as the difference in the microbiota caused by the impact of preventive agents on
biofilm.
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1. Introduction

Current approaches to pathological processes
including demineralisation of bones, caries,
erosion, dental fractures and chipping, as well as
to the prevention methods, stress the importance
of studying the molecular composition and phase
transformations on the enamel-dental biofilm
interface at both micro and nano scales [1-4].
The biofilm serves as a buffer on the surface of
dental enamel. All exchange processes between
the organomineral matrix of enamel apatite [1, 5]
and oral fluid containing active remineralisation
agents (phosphate and calcium complexes) are
performed through this buffer [4, 6]. Quantitative
studies and control over oral pathologies, with
biofilm serving as an analyte, require precise
determination of the changes in its molecular
composition.

Fourier-transform infrared spectroscopy
(FTIR) is an effective and a highly precise method
used for the analysis of biological systems [7,
8]. FTIR has already been successfully used in
the analysis of biofilms (namely, for detection
and identification of bacteria contained in
biofilm) and showed promising results [7-10].
An undeniable advantage of FTIR over genetic
analysis is the fact that the latter does not always
provide information corresponding to the cells’
phenotypes, while FTIR makes it possible to
monitor molecular biochemical changes taking
place in the analyte, including over time [7-10].

Earlier we demonstrated that synchrotron-
radiation FTIR is practical for studying the
secondary structure of proteins in biological
fluids of the oral cavity and occurring pathological
processes. The protein secondary structure
determines their spatial conformation and
therefore, under certain conditions, can be
connected with pathological processes in the
human body.

We should note that there is hardly any
information about the changes in the molecular
composition of human dental biofilm depending
on the dental caries degree and the prevention
methods used.

Therefore, the purpose of our study was to
analyse the specifics of molecular composition of
dental biofilm in healthy people and in patients
with pathologies using synchrotron-radiation
FTIR.
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2. Materials and methods
2.1. Research design

In our study, we used dental biofilm samples
obtained from patients under various cariogenic
conditions. The first group included healthy
people without dental caries. The second group
included patients with multiple carious lesions
in enamel (ICDAS 1-2).

During the first stage of the experiment, we
collected biofilm samples from both groups after
mechanical tooth cleaning.

During the second stage of the experiment, we
collected biofilm samples from all the participants
after they cleaned their teeth with a toothpaste
containing dicalcium phosphate.

During the third stage of the experiment,
patients took a mineral complex containing
dicalcium phosphate for three days. Biofilm
samples were taken after mechanical tooth
cleaning.

2.2. Experimental unit

Molecular compositions of biofilm samples
were studied using the equipment of the
Australian Nuclear Science and Technology
Organisation (Melbourne, Australia). The spectra
were registered in the spectral range of 3100-
900 cm™! with a spectral resolution of 4 cm.
In order to do this, we used a Bruker Vertex 80v
IR spectrometer and a Bruker Hyperion 2000
IR microscope equipped with a diamond high
pressure attachment for quantitative micro-
analysis.

3. Results and discussion

The FTIR absorption spectra registered for
biofilm samples from healthy patients and from
patients with various degrees of caries, including
the spectra registered during different stages
of the experiment, are demonstrated in Figs. 1
and 2. Analysis of the results demonstrated that
all the spectra, regardless of the experimental
group and the stage of the experiment, had the
same set of maxima that can be attributed to
characteristic molecular bonds. Preliminary
analysis of spectral sets of certain samples also
demonstrated that the IR spectra of the sets are
practically identical. Therefore, in this article
we give the average IR absorption spectra of
biofilm samples.

399



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl M MexdasHble rpaHuLbl 2023;25(3): 398-405

P.V.Seredin et al. Features of the molecular composition of dental biofilm in patients...
1 . 1 % 1 E: I & 1 = 1 1 % 1 B 1 CI-O-HI 1
- Amide | - Cc-0-C
N-H c=0 C-CCO

Tablet
L x5

Absorbance, arb. un.

|
I
|
I
I
I
I
1
b
!
|
I
!
I
1
I
I
|
I
-
I
I
|
I
)
I
!
I

Amide Il
N-H, C-N

v

........

e e T s

PR L R [ [PE |
3120 3040 2960 2880 2800

1 i 1 1 . 1 PP
1760 1680 1600 1520 1120 1

el
40 960

Wavenumbers, cm™

Fig. 1. IR absorption spectra of biofilm samples obtained from the enamel surface of healthy patients during
different stages of the experiment: 1 — before applying preventive agents, 2 and 3 — after exogenous and en-

dogenous preventive measures

C3

)

1

Tablet i
; X5 :

;

Absorbance, arb. un.

‘‘‘‘‘

WE: - -------_';':';:3,- -

T
L]
Al

Amide Il C-OH c-c
N-H, C-N

¥

T Ty A it COINIPTYY B 5, O

okf-=-=--

PR R 1 L
3120 3040 2960 2880 2800 176

Wave

1
1680

1 . 1 PR RSP N
1600 1520 1120 1040 960

numbers, cm™

Fig. 2. IR absorption spectra of biofilm samples obtained from the enamel surface of patients with multiple
caries lesions during different stages of the experiment: 1 — before applying preventive agents, 2 and 3 — after
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The analysis of the experimental IR absorption
spectra of biofilm samples was performed based
on the existing data [7, 8, 11-15]. In these
studies, vibrational IR spectroscopy was used to
study the oral fluid, dental tissue, and biofilm in
patients with various pathologies. The analysis

400

demonstrated that the IR spectra of biofilm
samples collected during different stages of the
experiment have a set of characteristic vibrations,
which can be attributed to molecular groups of
various proteins, organic and inorganic agents,
and oral microbiota.
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The most significant changes in the relative
intensities and profiles of the absorption bands
observed in all the IR spectra of the biofilm
samples were registered in the ranges 3120-
2760, 1780-1500 cm™!,and 1200-900 cm™!. They
are demonstrated in Fig. 1 and 2. When analysing
the vibrational modes of the biofilm samples we
noticed a group of bands localised in the range of
2950-2750 cm™ and attributed to the vibrations
of the C-H bonds of various fatty acids and lipids
[7, 8]. We should note that the most significant
changes in the relative intensity of these bands
in the IR spectra of the biofilm samples were
observed in the spectra registered for groups
with different cariogenic situations (Fig. 2), when
they used caries preventive agents. The analysis
of the IR spectra of biofilm samples from healthy
patients (fig. 1) demonstrated that the changes
in the spectral region of 2950-2750 cm™! are
determined by the caries prevention method.
This is easy to detect taking into account the
characteristic spectral features of the preventive
agents in the set range. At the same time, the IR
spectra of biofilm samples from patients with
multiple caries lesions (Fig. 2) demonstrated that
significant changes in the molecular composition
of biofilms occurred when putting preventive
agents (toothpaste) into the oral cavity, while
endogenous preventive methods did not have
such an impact on the molecular composition
of biofilms.

A similar tendency was observed when
analysing the spectra in the range of 1200-
900 cm!. A group of highly intense vibrations
was observed associated with derivatives of
phosphorus: phosphates, dicalcium phosphates,
and phospholipids, which are important from the
point of view of mineralisation processes [7, 8, 14].
We should note that the IR absorption spectra
of biofilm samples demonstrated bands, whose
occurrence and intensity in this range depend
on the cariogenic situation and the stage of the
experiment, i.e. the caries prevention method
used. These modes include primarily the mode
at 1082 cm™ associated with PO, by means of
asymmetric and symmetric stretching vibrations
of phosphate residues and phospholipids [7, 8,
14]. Another mode is located in the region of
1070-1020 cm™. It is presented as overlapping
vibrational bands associated with organic
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derivatives of phosphates, dicalcium phosphate,
and phosphatase by means of a C-O-P-0-C
complex and cellular carbohydrate. Comparison
of the results demonstrated that the use of a
mineral complex in the form of pills or toothpaste
leads to significant changes in the profile of
the 1160-960 cm™! band in biofilms obtained
from healthy patients. In biofilms obtained
from patients with multiple caries lesions, such
changes were only observed immediately after
applying the preventive agent whose composition
results in significant changes in the molecular
composition of biofilms in the given range. When
a mineral complex in the form of pills was used,
the molecular composition of biofilms did not
change significantly after applying preventive
agents (Fig. 3).

Another range of IR spectra that demonstrated
significant changes was observed at 1780-
1500 cm™. One of the spectral changes in the
biofilm composition is the band at 1730 cm™!,
which can be attributed to bands (>C=0) of
phospholipids, esters, and fatty acids, and
corresponds to the characteristic region of
proteins [7, 8, 11-13, 15]. At the same time, the
most intense protein bands include the following:
amide I vibrations (N-H, C=0) in the region of
1675-1615 cm!; amide II band (N-H and C-N)
in the region of 1575-1520 cm™'; according to
[7, 8, 11-13, 15]. In the case of dental biofilms,
these vibrational modes can also be attributed
to peptides [7, 13].

We can see that the effect of preventive
methods depending on the cariogenic situation
is reflected by the position and shape of the
amide I and amide II vibrational modes (Figs. 1
and 2). Thus, for the first (healthy) group,
the use of a toothpaste and pills results in a
significant (up to 14 cm™) shift of the amide
I band towards the low-frequency region as
compared to its position during the first stage
of the experiment (without preventive agents).
A similar tendency was observed for the group
of vibration bands in the profile of the amide
II. Here, for the healthy group, the use of a
toothpaste and pills resulted in a significant (up
to 25 cm™!) shift of the band towards the low-
frequency region as compared to its position
during the first stage of the experiment (without
preventive agents).
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For the group of patients with caries, these
features were not that noticeable. Thus, a shift
(up to 6 cm!) of the amide I band towards
the low-frequency region was only registered
during the second stage of the experiment
(when toothpaste was used), while during the
third stage (when pills were used) no shift was
observed. At the same time, the shift of the
maximum of the amide II band was 15 cm™!
during the second stage (when toothpaste was
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used), and only 9 cm™! during the third stage
(when pills were used).

The observed changes are caused by the
changes in the biofilm molecular composition
resulting from different cariogenic conditions
and preventive methods used. Comparison of
the results demonstrated that the changes in
the profile of the amide II band (N-H and C-N)
were greater than the changes in the profile
of the amide I band. This corresponds to the
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C-N vibrations, which can vary significantly
depending on the factors affecting the molecular
bonds.

The amide I band can be used to better monitor
the changes in the protein secondary structure,
because it is sensitive to such transformations.
We should note that FTIR is often used to study
protein conformation and aggregation processes
in vitro [15, 16]. Based on the observed shifts in
the frequency of the components of the secondary
structure of the amide I band [11, 15, 17, 18] we
can determine the impact of various factors on
the protein conformation processes. Therefore, in
our study we performed a precision comparative
analysis of the IR spectroscopy data for the set
frequency range of 1750-1500 cm™ A comparison
of the spectra of biofilm samples obtained from
both groups of patients demonstrated that the
position and shape (half-width) of the high-
frequency component of the amide I band in
the region of 1700-1600 cm™! depend on the
cariogenic situation as well as on the preventive
method. Thus, for the healthy patients, the use
of a toothpaste and pills results in the shift of
the amide I band towards the low-frequency
region as compared to the first stage (without
preventive agents), and to the reduction of the
band’s half-width from 55 cm™! to 47 cm™ and
37 cm!'respectively. The shift and the reduction
of the half-width were significantly greater, when
pills were used. This is explained by the time the
preventive agents spend in the oral cavity and the
nature of their interaction with biofilm.

During the first stage of the experiment
(without preventive agents), the IR spectra
of patients with caries demonstrated that the
position of the high-frequency component of
the amide I band had already shifted by 7 cm™
towards the low-frequency region as compared
to that observed in the IR spectra of the healthy
group. When toothpaste was used, there was a
shift and a reduction in the half-width of the
amide I band similar to that observed for the
healthy group. However, when pills containing a
mineral complex and dicalcium phosphate were
used, there was no shift of the amide I band or
any reduction in the half-width. More significant
changes were observed for the amide II band.
The spectral profile and the position of the band
changed both when toothpaste and pills were
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used. We should note that when toothpaste was
used, the shift of the amide II band was less
significant, while the relative intensity of the
maximum was lower than when pills were used.
In the latter case the intensity was greater than
the intensity of the spectral band of the samples
obtained before using preventive agents.

The obtained spectral data indicated different
conformation environment and secondary
structure of biofilm proteins in patients with
different cariogenic situations. The observed
shift of the maximum of the high-frequency
component of the amide I bands and the reduction
of the half-width and redistribution of the
intensity of components of the protein secondary
structure was described in[11, 15, 19], namely as
random coil (1648-1641 cm™') and a-helix (about
1660 cm ). Changes in the molecular composition
are also indicated by the changes in the relative
intensity, frequency position, and spectral profile
of the amide II band. All the observed changes
result from the differences in the microbiota in
healthy patients and patients with caries [20],
when biofilm is affected by preventive agents [21].

The understanding of the changes in the
molecular and phase compositions of dental
tissues, oral fluid, and dental biofilm depending
on the cariogenic situation and preventive
methods makes it possible to take into account
individual features of patients and perform
effective treatment of caries, demineralisation,
erosion, and dental attrition.

4. Conclusions

In our study, we used synchrotron-radiation
FTIR to investigate the specifics of the molecular
composition of dental biofilm after using
exogenous and endogenous preventive methods
in healthy patients and patients with multiple
caries lesions.

The observed changes in the IR spectraindicate
a lack of balance between demineralisation and
mineralisation of hard tissues resulting from
different absorption mechanisms of agents
applied exogenously and endogenously. All the
observed changes result from the difference in the
microbiota in healthy patients and patients with
caries, as well as the difference in the microbiota
caused by the impact of preventive agents on
biofilm.
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Abstract

One of the complex problems relating to the thermodynamics of a substance is creating an adequate description of its
thermal properties. For example, the Einstein and Debye models (as well as in various modifications of these models) the
heat capacity is calculated only when mechanical vibrations of the lattice are taken into account. This leads to the
impossibility of describing the increase in heat capacity with increasing temperature for most substances, including iron
triad metals. In addition, there is not a single theoretical construction capable of calculating the temperature dependences
of the heat capacity and thermal expansion coefficient during polymorphic transformations and structural, magnetic and
other phase transitions in the system. They appear on the charts in the form of final jumps, peaks and holes. As a result,
there is a need to develop a new approach to the calculation of thermal characteristics. It should take into account the
occurrence of local equilibrium in small areas in initially non-equilibrium metal samples for research. The nonequilibrium
of a sample can be caused by the presence of impurity atoms, defects, volatile components in it, residual stresses, the
occurrence of irreversible processes, etc. For the analytical description of arrays of measured values, experimenters use
different exponential expressions in different temperature intervals, sometimes with negative powers. Such theoretical
and experimental approaches cannot be considered satisfactory. Therefore, for the creation of the new model, it is necessary
to choose such values that would be sensitive to changes in the state of the system. Within the framework of the proposed
model of a two-phase locally equilibrium region, such quantities are the absolute temperature of the system, the order
parameter in the form of the difference in volume fractions of coexisting ideal phases, the phase composition of the ordering
phase, and its derivative with respect to temperature. The developed model allows to calculate the temperature dependences
of the heat capacities and coefficients of thermal linear expansion of the iron triad metals (Fe, Co, Ni) with a change in the
aggregation state (crystal - liquid), the presence of structural, magnetic and other phase transitions.

It has been shown that the used expressions adequately describe the experimental data in a wide temperature range, and
also allow to extend the plotted curves to experimentally unexplored regions. A possible structural transition in cobalt at
a temperature of about 1600 K, the existence of which requires additional experiments, was established. The obtained
expressions are distinguished by their simplicity and universality of applicability; they can be used to create an automatic
calculation of the thermophysical properties of not only iron triad metals, but also other solid substances.

Keywords: Thermodynamic model, Order parameter, Structural rearrangement, Polymorphic transformations, Transition
metal
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1. Introduction

Iron triad elements are transition metals:
iron Fe, cobalt Co, and nickel Ni. At room
temperature, the elements form structures:
Fe — BCC, Co — HCP, Ni - FCC. They are used
in the production of structural steels, metallic
glasses, ferromagnetic materials (for Fe, the Curie
temperature T, = 1041 K, for Co - 1390 K, for Ni -
631 K), etc.

Products made from them may be subject
to seasonal temperature variations or a change
in operating mode, therefore it is important
to know the temperature dependence of the
thermophysical properties of the components.
The internal reaction of the alloy to a change
in the temperature of the external medium
can be accompanied by rearrangements of the
electronic, atomic, phonon, vacancy, and other
subsystems of quasiparticles with the possible
nucleation of new phases in them. Important
thermal characteristics of pure metals, sensitive
to changes in the internal state of the system,
are the heat capacity and the coefficient of
thermal linear expansion. The course of the
phase transition is reflected in their temperature
dependences in the form:

— final jump (structural transition) of the
baseline (see explanation in the text after formula
(12));

- narrow in width, sharp and large peak
(magnetic transition);

- symmetric or asymmetric peaks/pits with
a rounded top, depending on the sign of the
transition enthalpy or other physical quantity
(polymorphic and aggregate transitions).
The asymmetry of these graphical features is
probably associated with a succession of phase
transitions in the atomic system and subsystems
of quasiparticles.

The evolution of the internal structure
can occur by local nucleation of new phases
(first-order phase transitions) or by creating
conditions for the simultaneous appearance of
a new phase in the entire volume (second-order
phase transitions) both in the system itself and
in its subsystems. Thus, internal phenomena and
processes affect the measuring equipment.

The scatter of experimental values, for
example, the heat capacities of Fe, Co, and Ni
[1-8] depends on the temperature range in
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which they were obtained, the chosen research
method, the equipment used, the atmosphere
in it, the chemical indifference of the crucible,
sample pretreatment, and internal processes
in it. Such kinetic phenomena include [9]:
structure rearrangement, redistribution of
atoms over positions in the unit cell, thermal
expansion, transition of volatile impurities
into the atmosphere of the calorimeter, etc.
In this case, the thermal effects of a change in
the internal state of the sample are summed up
by the measuring equipment, which causes a
discrepancy between the experimental data of
different authors.

In the absence of phase transitions,
experimental data on the temperature
dependence, in particular, on the heat capacity
of a substance, are often smoothed out by
approximating functions [10—12], which contain
a divergence at absolute zero temperature. The
applied theoretical developments do not use one
continuous function (or the sum of continuous
functions) to describe the heat capacity graph
of the system, especially in the presence of
phase transitions [10, 13]. Therefore, there is a
need to search for a new theoretical approach to
describing the behaviour of the heat capacity of
a solid in the temperature range from 0 K to the
melting point.

The aim of this study was the description of the
temperature dependences of the heat capacities
and coefficients of thermal linear expansion of
Fe, Co, Ni during the implementation of phase
transitions of various nature in the studied
temperature range using the ratios of the two-
phase local equilibrium region model [14]. The
model showed a fairly good agreement with the
experimental data [14-19].

2. Heat capacities of iron, cobalt and
nickel in the presence of structural,
magnetic and aggregate phase transitions

2.1. Model of ideal phases (model of a two-
phase locally equilibrium region)

Let us consider a locally equilibrium region of
a condensed medium with a volume V, in which
two ideal phases coexist, containing N, and N,
elements with volumes w, and o, respectively
[14]. In other words, phase 1 has the volume of
V, = o,N,, phase 2 has the volume of V, = o, N,,
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and the volume V of the region (with total number
of elements N= N, + N,) is equal to:

V4V, =V. (1)

It should be noted that one element of the
local region accounts for the volume ® = V/N,
which depends on the concentration ¢,= N/N
(i =1, 2) of elements in phases. For simplicity
of reasoning, we will further assume that the
elements of the phases have the same or very
close volumes, i.e., the condition o, = @, = .

Dividing the equality (1) by the volume V, we
obtain the ratio for the volume fractions of the
phases:

X +x,=1, 2)

where x.= V./V=N./N = ¢, is the volume fraction
of the phasei=1,2.

Let us introduce the order parameter n
according to the formula:

n=x —x,. 3)
From (2) and (3) it follows that:
x=(1+nm)/2, x,=1-m)/2. 4)

Formulas (4) show that the order parametern
takes values from the interval from -1 to +1, since
volume fractions x,vary from 0 to 1.

Gibbs energy G of one mole of a substance (or
per unit of dimensionless volume of the system)
is equal to:

§=G/N=Go/V=ux +1,X,, (5)

where . are the chemical potentials of phase
elements at temperature T, set by known formu-
las for an ideal system:

;=W +kTInx;, (6)

Here p,, are the standard values of chemical
potentials for each of the phases, which include
a summand in the form k,T In N, connected by
the equation for the state of the medium with
pressure and temperature, k, is the Boltzmann
constant. The extremum of the Gibbs energy (5)
along the argument n, which corresponds to the
local equilibrium value of the order parameter,
is observed at:

(dg/dn)_, =0=m,=-the/T), (7

where the argument is ¢ = Ay, / 2k, , the function
is Ap, =, —U,,. Therefore, the equilibrium
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fraction, for example, of the crystalline phase in
an amorphous alloy during its isochronous crys-
tallization is described by the function:

x, =[1-th(e/T)]/2. (8)

If we expand the function ¢ in a Taylor series
near the extreme point of thermal effect of the
phase transition T, with only the linear terms of
the series preserved, than:

¢/T=@0/dTYT-T,)/T=
= a,(@I(T, / T)-1],

where parameter is a,(q) =—3¢ /9T, 9 istherate
of sample heating. Model parameter T (q), at
which the maximum of the first derivative
u (q)=(dx, / dT)|T=T on the volume fraction of
phase 1 and the extremum of the phase transition
heat is observed, related to temperature by the
ratio:

a,(q) =2T,(q)u,(q) -

2.2. Heat capacity baseline (local heat capacity)

The local (partial) derivative of a function
characterizes its changes in the vicinity of a
single point. Thus, the entropy of the system at
a fixed phase composition x = x, is defined by the
formula [20]:

6,=—(dg/9dT), =—0du,, /0T —xd(Ap,)/ oT —
—k;[xInx+(1-x)In(1-x)]=0, +0,x+0;,

©)

(10)

1D

where entropy: mother phase ¢, =-du,, /dT,
phase differences o, =-d(Au,)/dT, and their
mixing 6, =—k,[xInx +(1-x)In(1-x)]. Then the
local heat capacity of the system:

C,=T(do,/dT),=T(do, /dT), +
+T(do, /dT) x =k T +k,x,

where coefficients k =T(do,/dT), and
k,=T(do,/dT), we considered to be constant.
In this case, formula (12) describes within the
experimental error heat capacity baseline of the
substances (temperature dependence of local heat
capacity calculated at a constant phase composi-
tion) [17, 19]. The first summand in (12) depends
linearly on temperature and describes the con-
tribution of the electron subsystem to the heat
capacity of the substance, while the internal
evolution of the substance is represented by the
second term.

(12)
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2.3. Substantial heat capacity
(heat capacity of the test sample)

Unlike the partial derivative of a function, its
total derivative describes the behaviour of the
function at any point in the system and during
the transition from one point to another. We will
use this fact for the study of the heat capacity of
the investigated sample (substantial heat capacity
of locally-equilibrium region), i.e., substantive
entropy:

c=—(dg/dT)=
—[(9g / OT), —(dg / 9x),d(dx / dT)] =
=0, t&.U,

13)

where is the density energy of phase coexistence:
~(9g / %), ==Au, —k,TIn[x/ (1-x)], (14)

u=dx /dT is “rate” of change in the phase com-
position x upon thermal transition to a new state.
Thus, the local equilibrium entropy (11) coincides
with its substantial definition (13) when the
equation &, =0 is satisfied, which generates
formula (8).

Substantial heat capacity:

Er

do,
dT

sEIREICRNE G

=C,+C, +C,.

C=T

The kinetics of the formation of a new phase
affects the function (15), as was indicated in [9].
The “kinetic” component of heat capacity:

C,={2¢, - Tu/[x(1- x)]} Tu=k,Tu, (16)

Lo o T T T 1
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here . =(de; /IT),,, ks =28, —Tu /[x(1-x)].At
a constant coefficient k, formula (16) describes
the peaks (k, > 0) and pits (k, < 0) of polymorphic
transformations, aggregate and magnetic transi-
tions. “Dynamic” heat capacity component:

C,=Te,w (17)

where w=du /dT for establishing local equilib-
rium (&, =0) equals zero. Thus, the theoretical
relation for calculating the temperature depen-
dence of the heat capacity of a condensed medi-
um upon reaching a local equilibrium state takes
the form:

C=C,+C,. (18)
2.4. Heat capacity of iron triad elements
(Fe, Co, Ni)

Since when the temperature changes, the
formation of a singularity B on the graph and the
rearrangement of the subsystem i (fluctuation,
vacancy, phonon, magnetic, etc.) substance can
occur, the heat capacity C, and C, in formula (18)
are calculated as:

Cb = k1T + Zkzmxmi ’
B,i
Ck = TZkZBiulﬁi .
B,

For the transition metals iron Fe, cobalt Co,
and nickel Ni, the model parameters are shown
in Table 1, and the calculation result is shown in
Fig. 1.Fig. 1 demonstrates an adequate description
of the experimental data using a single continuous
function consisting of the sum of continuous
values. As can be seen in Fig. 1, the above formulas
describe quite well the temperature dependences

(19)

(20)

=

1
2

Cp JAmolK)
Cp. Jimol-K)

6l g T T

- L
-

Cp, J/(mol-K)

Te! iTe

‘T (T
' i i

0

1000
LK

b

L
500 1000 1500
T.K

C

L I
1500 20040 2000

Fig. 1. Heat capacities of iron Fe (a), cobalt Co (b), and nickel Ni (c): I —data [1], 2 - [2], 3 - [3], 4 - [4]; solid

line — theory
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Table 1. Parameters of the theoretical model for calculating the heat capacities of metals

Metals Fe Co Ni
Parameters (T, =1811K[32]) (T, = 1767 K[32]) (T, =1728 K [2,32])
a, 0.79 0.6 0.56
T,,K 140 27 156
k,-10* 87 92 50
Ky, 52.9 31 38.7
. B— v (Fe) T, = 1183K 2] T, =~T700K _
02 o — B (Co) 2000 2000
T K (T 189k [2) 698 -
Ky, -10.1 1.2 -
. y— & (Fe) T, = 1665 K T,=? ~
03 o — ? (Co) 2000 2000
Lo K (T,= 1687 K 12]) 1600 -
Ko 6.0 -2.8 -
Phase transitions in subsystems
a,, 3.1 4.0 1.9
955
T,,K (T.=910K[32] 1190 492
O, 8)
- 5.0 - -
- 3.4 2.3 2.8
a,, 15 10 4.0
T,,K 997 1314 543
k), 1.1 0.9 1.0
a., 58 29 12
T,,K 1022 1350 603
Ky, - 0.1
k. 0.4 0.06 0.5
a,, 92 28 40
T K 1041 1368 .- R 520
k,,, 0.6 0.28 0.23
a., 520 220 200
T X 1043 1369
s (T, =1043 K [2]) (T.=1390 K [32]) 633
k.., 0.027 0.04 0.023

a change in the structure of the metal occurs,
which is reflected in its temperature dependence
as the jump. Apparently, at this temperature, the
premelting process starts, which destroys the
B-structure of the metal, since the temperature
of the aggregate transition of cobalt T_= 1767 K.

of the heat capacities of the above metals for the
structural (transition temperature T,), magnetic
(T,) and aggregate (T ) transitions. From Table
1 and Fig. 1b it can be seen that in cobalt at
a temperature T = ~ 1600 K, a polymorphic
transformation of the B phase may occur with
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It should also be noted that the obtained results
coincide with the data provided for Fe in [5, 21
p. 30], cobalt Co - [5, 8] and nickel Ni - [5, 7, 22, 23].

3. Thermal expansion coefficients of iron
triad elements

Isobaric coefficient of thermal (linear
- o,=0@L/dT),/L or volumetric -
o, =V /9dT), / V) expansion depends on the
aggregate state of the object, its chemical and
phase compositions, structure and other internal
phenomena and processes. At the microlevel, an
increase in temperature is accompanied by an
increase in the mobility of atoms, the appearance
of new degrees of freedom, rearrangement of
the phonon subsystem, and evolution of other
subsystems of quasiparticles [24]. At the macro
level, these phenomena lead to: the appearance
of singular points (kinks) on the temperature
dependences of the measured quantities; the
appearance of diffuse phase transitions [25, 26];
the growth of cracks in solids due to emerging
elastic and thermal stresses, as well as other
irreversible processes.

Relationship of isobaric coefficient o, with
specific heat capacity ¢, was first obtained by
Griineisen (see, for example, [27, p. 13; 28, p. 26]):

o, /c,=YB/V, =const, (21)
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where vy is the Griineisen parameter from the
interval [1.5; 2.5], B=(dV /dP), / V is coefficient
of isothermal compressibility of metal, V is mo-
lecular volume, which is practically independent
of temperature. Formula (21) indicates the simi-
larity of the temperature curves for , and specific
heat capacity c,.

On the other hand, in accordance with the
mixing rule (see, for example, [29]), the thermal
expansion coefficient of a two-phase locally
equilibrium region is:

o=o,x+a,(l-x)=0, +xAa, (22)

here o, (i = 1.2) is coefficient | (or ;) of
phase i, Aa.=0, — 0., is phase thermal difference
coefficient. In study [30] the behaviour of metallic
glass using the above formulas both during cooling
of the melt and during heating of the amorphous
alloy was simulated. It was demonstrated that the
presence of kinks on straight lines is associated
with the occurrence of a diffuse phase transition.

Equations (21) and (22) allow us to calculate
the coefficient o, -10° according to the formula:

o, 10 =q T +q,x+ ) g5, Ty, . (23)
B,i

The parameters of the theoretical model are

shown in Table 2, and temperature dependences

of the coefficients of linear thermal expansion

Table 2. Parameters of the theoretical model for calculating the linear thermal expansion coefficients

Parameters etals Fe Co Ni
a, 0.756 0.96 0.735
T, 154 114 134

q,'10* 80 32 57
q, 14 15.8 16

Phase transitions in subsystems
Ay, 5.28 - 23.4
T 1063 B 639
Xt (T, .=1038 K[27]) (T.=633K|[27])
s, © -1.68 - 1.06
gy, 9.3 - 12.2
1810

Lo (T =1811K [32]) - 670
a5y, -0.76 - -0.5
o3, - - 3.4
T - - 1728
Q53 - - 2.0
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Fig. 2. Linear thermal expansion coefficients of iron Fe (a), cobalt Co (b), and nickel Ni (c): I —data[1],2 - [27],
3-1[31],4 - [32]; dotted line — base line, solid line - theory

of the iron triad elements are shown in Fig. 2. It
should be noted that for iron the temperature
T, is close to its Curie temperature T, and the
temperature T, almost the same as the melting
point T . Therefore, the proposed approach
allows to analytically calculate not only the base
lines of heat capacities and thermal expansion
coefficients of iron triad elements, but also
take into account the implementation of phase
transformations in their subsystems.

Thus, the nonmonotonic and complex
behaviour of the linear thermal expansion
coefficient (Fig. 2b and c), for example, for nickel
(Fig. 2c) did not receive an explanation during the
experimental study [27, p. 203]. This study, taking
into account “kinetic” additives allows to explain
the non-monotonic nature of the temperature
dependence curves by the occurrence of phase
transitions. For iron (Fig. 2a) the presence
of rounded extrema, probably, is associated
with a series of polymorphic transformations,
which are set with increasing temperature by
rearrangements of atoms in the unit cells of the
metal. For nickel, the sharp peak and the following
minimum of the thermal expansion coefficient
are determined by the successive implementation
of the magnetic phase transition and polymorphic
transformation in the temperature range from
500 to 800 K. A further increase in temperature
causes a new transition: the system begins to
rearrange into a new (liquid) aggregate state.

4. Discussion

The calculations carried out within the
framework of the model of coexistence of two
ideal phases in the local equilibrium region
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showed a fairly good agreement between the
theoretical results and different experimental
data arrays on the heat capacities and thermal
expansion coefficients of iron triad elements.
According to most experimental data, the
relative calculation error does not exceed
5-7%, and for transition temperatures it does
not exceed 3%. The use of total temperature
derivatives of specific entropies and the
second Griineisen rule allow to describe the
temperature graphs of the indicated values in
the implementation of structural, magnetic, and
aggregate transitions.

Unlike the CALPHAD method, which
uses functionally different dependences with
divergence at 0 K, the presented approach uses
the sum of continuous functions. The presence
of features on the graphs (jumps, peaks/pits
with sharp and rounded peaks) is due to the
influence of the “kinetic” additive associated
with rearrangements of quasiparticle subsystems.
Their implementation should be taken into
account when developing materials with specific
thermophysical properties and during the use of
finished products.

5. Conclusions

The simplicity of the ratios obtained in
the proposed model and the reliability of the
calculated data allow us to hope for its use in
the algorithms for designing new materials. In
addition, the applicability of the theoretical
construction to solids of different physical and
chemical nature, demonstrated in other studies
of the author, indicates the universal nature of
the assumptions of the model.
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Abstract

In this paper present I-Vand C-V electrical characteristics of MOS (Pt/TiO,/Si) were reported. In the I-V characteristics the
various electric parameter estimated such as the ideality factor (n), barrier height (®,), leakage current (I ) and saturation
current (I ) were estimated and further analyzed with Cheung functions.

These electrical parameters were observed to be varying with heat treatment. The C-V characteristics, flat band voltage
(V,p), interface trap density (D, ), effective charge density (N,;) and oxide trapped charge (Q ,) were estimated and analyzed.
The variation of these values with annealing temperature was correlated with restructuring and rearrangement of TiO,/SiO,
atoms at the metal/silicon interface. The hysteresis loop in counter clock wise voltage between -1 Vto 1V at 1 MHz frequency,
after 600 °C heat treatment show the strong accumulation region, this may be due to the reduced interface trapped charge

and dangling bond.
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1. Introduction

The band gap of SiO, about 9 eV and trap
density of the bulk material is low, so that
current passing through dielectric layer low.
These oxide thickness increase with decreasing
leakage current density. Other oxide materials
with higher dielectric constant are suitable for
optimising the leakage current, trap density and
dangling bonds. Titanium dioxide (TiO,) many
interesting properties and various applications,
such as in photo-catalytic activity, gas sensing,
gate insulator and solar cells. TiO, thin films
deposited on silicon/SiO, surface is very simple
and significant role in all semiconductor
devices. However, TiO, as a gate insulator shows
higher leakage current due to higher band gap
and high band offset than SiO, and silicon
substrate. The anatase phase can be obtained
at a temperature of 350 °C and it undergoes
phase transformation to the more stable rutile
phase at a higher temperature of 800 °C [1].
The phase transformation, from amorphous
to crystalline anatase, can take place in the
deposited films after annealing due to changes
in grain boundary, packing density and defects
[2, 3]. The TiO, thin films have been deposited
using wide variety of techniques, like CVD [4],
radio-frequency sputtering [5], atomic layer
deposition [6], Sol-gel [7], Sputtering [8], pulsed
laser deposition [9,] and spray pyrolysis [10,
11]. Among all the aforementioned methods
of TiO, film synthesis, spray pyrolysis is quite
widespread used technique due to its simplicity,
commercial viability, potential for cost-effective,
mass production and easier usage. The MOS
structures constitute a kind of capacitor, which
stores the electric charge by virtue of the
dielectric property of insulating layers. Due to the
presence of oxide layer and two surface-charge
regions, MOS physics is more complicated than
semiconductor surface physics. The importance
in Silicon technology, the semiconductor/
insulator (Si/TiO,) interface and defects on its
neighbourhood have been extensively studied
in the past four decades. In general, there are
several possible sources of error, which cause
deviations from the ideal MOS behaviour such as
electrical properties, must be taken into account.
The study of I-Vand C-V characteristics obtained
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at room temperature does not provide the
detailed information about the charge transport
process at the Si/TiO, interface. The temperature
dependent electrical characteristics provide
the information regarding the charge transport
process through MOS contacts and also give a
better picture of the conduction mechanisms
[12]. The leakage current density of TiO, thin
films can be further reduced by annealing in
various gas environments such as O,, N,O and
N,, among these the common annealing process
was in air ambience because it improves the
structural order, dielectric constant and the
reduction of defect states. This paper deals with
the TiO, thin film deposition and annealing
studies [13]. Due to the presence of oxide layer
(Ti0,/Si0,) and two region of interfaces metal/
oxide and silicon/oxide have been extensively
studied in the past four decades. The epitaxial
growth of TiO, thin films deposited by Pulsed
laser ablation, further improved the thin films
as MOS Ni/n-TiO,/p-Si for rectifying contact
[14].The MOS structures of Pt/TiO,/Si present
that the dielectric constant of the TiO, thin
film deposited between the Silicon substrate
and platinum electrode. The growth of the
interfacial layer seems to be reduction of oxygen
vacancies. The MOS device different appearance
as compared to the ideal case due to the presence
of interface trapped density, effective oxide
charge density and localized interface states.
Then the leakage current mechanism in MOS
(Pt/TiO,/Si) structures capacitor at high electric
field and at high temperature is due to Schottky
emission.

2. Experimental

The TiO, thin films were prepared by spray
pyrolysis technique under optimum conditions
using Titanium (IV) Isopropoxide as a source
material, Acetyl Acetonate as a complexing
agent and Absolute ethanol as solvent. Before
deposition, the silicon (100) wafers were cleaned
using RCA-1 and RCA-2 [15]. TiO, thin films
were deposited at a substrate temperature of
350 °C using 0.1 mol TiO, precursor solution.
After deposition, isochronal annealing studies
were carried out at various temperatures of
400, 500 and 600 °C for constant time of 30 min
under air ambient. Electrical studies were made
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by analyzing C-V and I-V characteristics of the
deposited films. The electrical contacts were
made by depositing platinum via a shadow mask
on the surface of the TiO, layer using sputtering
technique. The area of the dot diameter
7.5x10~*cm?. Other hand the back contact were
made aluminum layer deposited of the silicon
(100) wafer using thermal evaporation technique
(Hindhivac vacuum coating unit Model 15F6).
The devices were electrically characterized by
Agilent Technologies B1500A Semiconductor
device analyzer for both I-V and C-V studies.
The bias was applied to the back contact (Si
substrate) while the top contact was kept at
the ground potential. Positive and negative
bias sweeps were applied across zero bias. This
paper presents the study of I-V, C-V and C?-V
(hysteresis loop) characteristics of MOS (Pt/
TiO,/Si) device were made and estimate the
electrical properties.

3. Result and Discussion
3.1. I-V Characteristics

Fig. 1 shows the measured forward and reverse
bias Current density-Voltage characteristics of
the fabricated MOS (Pt/TiO,/p-Si) capacitor using
as deposited at 300 °C and annealed TiO, thin
films at 400, 500 and 600 °C. The applied voltage
was varied from -1 V to +1 V, these devices are
presented rectifying behaviour. Ideality factor
n (I-V) for the MOS capacitor was obtained from
the linear region of the forward characteristics
In (I) versus voltage using equation [16]. Where
k is the Boltzman constant, T is the temperature
and q is the electronic charge:

kT\dInI

Various electrical parameters such as ideality
factor (n), barrier height (®,), saturation current
(I,), leakage current (1), series resistance (R )
were calculated and estimated values are
tabulated in Table 1. It can be observed that the
decrease in ideality factor with increase in heat
treatment may be attributed to the potential
drop across the interfacial insulating layer of
TiO, at the metal/semiconductor interface. The
values of the saturation current were calculated
by extrapolating the linear region to the ordinate
and estimated as shown in the Table 1. The large
value of the leakage current density (at -1 V)
decrease with increase in annealing temperature,
which may be attributed to the fabrication
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Fig. 1. Current-Voltage characteristics of Pt/TiO,/Si
for as deposited and annealed at different tempera-
tures

Table 1. Electrical parameters of Pt/TiO,/Si (MOS) structure from Current-Voltage

Sample As depciscited 300 Annealing 400 °C | Annealing 500 °C | Annealing 600 °C
Mg vy 3.014 2.78 2.64 2.24
Jo, A/em® at 1V 1.19-10* 9.14-10°° 7.4:107 4.2:10°°
o ev 0.7004 0.7146 0.82879 0.840402
I,A 5.89-107 1.02-10°8 7.15-10" 4.56:107"
My o) 2.78 2.27 2.2 2.054
D) 0.65 0.75 0.829 0.862
Re aviamay 129.59 139.5 168.109 194.102
R iy © 116.96 176.34 182.2 208,5
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method and generation of the defects in the
interface between silicon/TiO, and high series
resistance of as deposited TiO, thin films and also
the top electrode Pt acts as higher conductivity
[17]. The barrier height is calculated from
equation, where A* is the effective Richardson
constant (32 A/cm?K?) for p-type silicon, A is the
area of the device (1.96e3cm?), T is the room
temperature (300 K), q is the electronic charge, k
is the Boltzmann constant:

KT AA'T?
(I)BO =(7)1n( IO ] (2)

The estimated values are tabulated in Table 1
and it is observed that the barrier height increases
with increasing annealing temperature this may
be due to immobilized radical are present in
the metal/insulating layer interfaces. And also
further analysed method developed by Cheung
and Cheung’s functions are given as [18,19]:

av kT

AV _ R 4+n| X 3

dinI S-HI( q J’ )
nkT I

H(I)=nd, + IR, =V—Tln(AA*sz. 4)

where Vis voltage; R, is series resistance; @, is
barrier height

Figs. 2 and 3 show the plots of dV/d(InI) versus
I and H(I) versus I corresponding to Cheung
functions of below equations extracted from

v v X
v v v v v
vv?V M
~ A A A -
= v A A A
% AVAAAAA A A A N . . R . °
e o u
% -0=..=..=..:. L] . ] - "
’.. mm g [ ]
v 600°C
A 500°C
e 400°C
m_ As deposited 300°C
00 5010 10107 1510° 2010° 25107 3.0-107
I, A

Fig. 2. dV/dIn(I)-I characteristics of Pt/TiO,/Si for as
deposited and annealed at different temperatures
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experimental forward I-V characteristics data. In
Fig. 2 the obtained slope gives the series resistance,
while the intercept on y-axis is the ideality factor
which is nearer to those obtained from the In(I)-V
plot. The series resistance (R,) plays a crucial role
in the forward I-V characteristics of the MOS
structure at higher applied voltage. Thus, Fig. 3
also gives the straight line with current axis
intercept equal to the barrier height. The slope
of this straight line provides the series resistance
(R), which can be used to check the consistency
of this approach. The estimated values of n, ®,
and (R) from Cheung functions are tabulated in
table 1, which are close to those obtained from
I-V forward region. The series resistance (Rs) was
found to increase with increase in temperature,
this may be due to increased effective oxide
thickness of TiO, film with increased annealing
temperature.

3.1. C-V Characteristics

Fig 4. presented the C-V characteristics of MOS
(Pt/TiO,/Si) devices, the voltage sweep from -1
V to +1 V at 1 MHz and its shows accumulation,
inversion and depletion regions. It is observed
that a strong accumulation is observed with high
value of capacitance for the device annealed at
600 °C, which is attributed to the variation of the
interface states density and dangling bonds which
are associated with silicon/Oxide and metal/oxide
interface. The capacitance becomes up and down in
inversion and accumulation region as gate voltage

v
vy v v v A
v? v A - B °
v A °
v'vv N a * o ° : . n
et
AA » 8 &
w2?
[ ]
v 600°C
4 500°C
o 400°C
= Asdeposited 300°C
1.0x10 2.0x10? 3.0x10?
Current, A

Fig. 3. H(I)-I characteristics of Pt/TiO,/Si for as de-
posited and annealed at different temperatures
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05 00 05  IC
V, volt

Fig. 4. C-V characteristics of Pt/TiO,/Si for as depos-
ited and different annealing temperature

increase, which is attributed due to higher leakage
current in TiO,/Si interface. The slope estimated
from the C-2-Vplot (Fig. 5) of device is substituted
in below equation, which gives the oxide charge
concentration as tabulated in Table 2:

dC? 2
[ dv j_(equzNDJ’ ®

where ¢_dielectric constant of semiconductor
(silicon) e = 11.8¢, (¢, is 8.85-10* F/cm), A is area
and q is charge, N, is doping concentration.. It
can be observed from the C2-V plot that the
intercept on voltage axis gives the flat band
voltage and are tabulated in Table 2. The
increasing temperature of films under air ambient
which leads to increase in oxygen vacancies and
acceptor trap density which leads to the flat band
voltage shifts towards positive. It can be seen that

1
2.0x10° .",
1.6x10%' - ,-;Xf‘vc:3
'.p,o’ "v‘
1.2x10™ 4
& —=—300°C]
o 8.0x10™ — o —400°C]
—2—500°C
4.0x10° —600C
0.0
T T T T T T T T T T T
05 0.0 0.5 1.0 L5 20 25

V, volts

Fig. 5. C2-V characteristics of Pt/TiO,/Si for as depos-
ited and annealed at different temperatures

the oxide charge concentration at 400 °C with the
annealing temperature, which may be due to the
reduction of the interface trapped charges as seen
in Table 2. It appears that drastic variation of
Capacitance (C ) per unit area at 400 °C, this
attributed that, between silicon/oxide interface
the impurity concentration randomly variation
takes place. And also the most interface trap
density neutralised at this particular temperature.
The similar study of MOS in C-V plot reported
[20, 21]. The C-V hysteresis loop of MOS devise
measured in counter clockwise at frequency of
1 MHz for different annealing temperatures is
shown in Fig. 6. Presents C-V hysteresis loop the
dc voltage swept sufficiently slowly to allow the
inversion charge to form but the ac probe
frequency is too high for the inversion charge to
be able to responds, then high frequency curve is

Tabauua 2. SneKTpuyecKue napameTphl cTpykrypsl Pt/TiO,/Si (MOIT) no manubiM BOX

Sample Aztd %%%Sitgd Annealed at 400 °C | Annealed at 500 °C | Annealed at 600 °C
C, 107, f/cm? 1.195 8.16 2.05 1.68
Vi B -0.0705 -0.2148 -0.225 0.00992
VVe, V 0.0466 0.07372 0.13766 0.0089
AC, f 2.23-10° 4.19-10°° 1.01-10® 1.01-1012
D, cm eV 1.36-10%° 2.54-101 6.30-10'° 6.3-10°
N, cm™ 8.02-10" 6.07-1012 1.23-10% 1.19-10%2
Q. f/cm? 3.71-10" 1.76-10" 3.46-101° 9.37-10%
N _,cm™ 2.34-10% 2.85-101 3.15-10% 3.32-10%
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Fig. 6. C-V hysteresis loop of Pt/TiO,/Si for as deposited and annealed at different temperatures

obtained. The hysteresis loop found to improve
for all bias modes of accumulation, depletion and
inversion as a function of heat treatment, which
may be attributed to the decrease in leakage
current and reduction of the interface trap
density. In the C-V hysteresis, the voltage sweep
in counter clock wise direction (-1 Vto +1 V to
—1V) does not trace the same path as that of clock
wise and shifted to lower voltages due to effective
charge densities present in the interface between
metal and silicon. The strong bias mode loop was
observed at annealing temperature of 600 °C
which may be due to lower value of interface
trapped chargei.e., 6.3-10°cm~'eV-! and reduction
in the dangling bonds [22, 23]. Interface trap
density, it is defined as the dangling bands at the
surface of a semiconductor are responsible for
distributed energy level called surface states or
interface states density within the forbidden gap
at the surface of the semiconductor, which is
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calculated using C-V characteristics in following
relation [24]:

p,-% I—CH”ACJ - S | ©)
q C Cox

where AC=C,.-C,,, C,, and C,, are lower fre-
quency region (lesser than the 1 KHz) and higher
frequency region (greater than 1 MHz), C_ is the
Capacitance per unit area from and q is charge
(1.69-10"°C). The interface trap density D, values
are tabulated in Table 2 and values are found to be
lower as compared to SiO,. During annealing, the
TiO, thin films gets oxidized which leads to the
variation in dangling bonds. It is also observed that,
annealing at 600 °C, the interface trapped density
of TiO, thin films suddenly reduced by 4 order of
magnitude (6.3-10°cm~'eV~') as compared to those
of lower temperature annealed films. This may be
due to the increased crystallinity of the TiO, thin
films and reduced leakage current (4.2:10°A). The

[0):¢
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effective charge density (N ) is related to fixed
oxide charge (Q,), mobile ionic charge (Q,) and
oxide trapped charge (Q,,) as in equation:
Neff = m (7)
q

For the calculation of the effective oxide
charge density, the expression by Nicollian and
Brews [25]. It was found that the N, was related
to metal (Platinum) - Semiconductor junction and
flat band voltage by,

Cox ((pMS — VFB )
Aq ’

where A is the area, C__is the capacitance per unit
area and q is charge of an electron (1.69-10-° C),
V., is the flat band voltage and ¢, is the metal
semiconductor work function difference. The es-
timated values of N are tabulated in Table 2 and
itis found to decrease with annealing temperature,
which is attributed to the increase in leakage cur-
rent upon electrical stress. This suggests that near
interface states creates neutral trapped charges in
insulating layer. The oxide trapped charges are not
located at the silicon/oxide interface but are dis-
tributed throughout oxide. The distribution of Q ;.
must be known for proper interpretation of C-V
curves. These are not introduced during the device
fabrication, but in C-V characteristics during the
gate voltage sweeping process electron or holes
can be injected from gate or substrates. The oxide
trapped charge distribution in oxide was estimat-
ed using the equation [26]:

o -{S552)
q

where VV,; are flat band voltage shifts, C_ is the
Capacitance per unit area from and q is charge
(1.69-10-"C). The value of Q,, tabulated in Tab-
le 2. These values are found to decrease with
increase in heat treatment which may be attribu-
ted to the ionizing radiation, avalanche injection,
Schottky emission, Fowler—Nordheim tunneling,

or other mechanisms.

Ny = )

4. Conclusion

It is found that interfacial layer has crucial
effect on electrical properties role MOS structures
of Pt/Ti0,/Si. From I-V characteristics estimated
parameter such as ideality factor (n) and barrier

height (®,) were found to be comparable
as estimated from the model using Cheung
functions. The estimated values of the barrier
height increases with increasing annealing
temperature, this may be potential drop across
the interfacial insulating layer of TiO, at the
metal/semiconductor interface. The series
resistance (Rs) of device found to increase
with increase in heat treatment. The observed
decrease in leakage current with annealing
temperature was attributed to the decrease
in dangling bonds. From C-V characteristics,
the oxide charge concentration (N, ), flat band
voltage (V,,), interface trap density (D,) and
effective charge density (N_,) were estimated.
These values were found to decrease with the
annealing temperature, due to the reconstruction
and rearrangement of Ti and O atoms. From
C-V hysteresis loop, in the counter clock wise
direction, it is observed that hysteresis shifted to
lower voltages due to effective charge densities
present in the MOS structure and the strong
accumulation region was obtained for higher
temperature annealed TiO, film may be due to
the reduction of interface trapped charge and
oxide trapped charge density.
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Abstract

Among the available technologies for treating natural and wastewater from clay materials, coagulation/flocculation is the
most common method due to its high efficiency, simplicity, and cost-effectiveness. Inorganic coagulants such as aluminum
sulfate and ferric chloride, widely used as destabilizing agents for colloidal particles, have several significant drawbacks:
low efficiency and toxicity. Organic reagents of both natural and synthetic origin are a good alternative.

This work is devoted to the evaluation of the flocculation action of new reagents, which are low molecular weight polymers
based on amino ester salts on clay suspensions, as well as the selection of their optimal concentration, providing the
maximum sedimentation rate.

Studies have shown that amino ester salts can be effectively used for the treatment of water-clay suspensions. An important
factor is the nature of the anion used, which has a significant influence on the coagulation ability of esters. Thus, 40-50 %
(wt.) aqueous solutions of amino ester chlorides added to clay suspensions in an amount not exceeding 0.1% (vol.) can be
used to thicken clay suspensions. At the same time, aqueous solutions of amino ester bromides regardless of the
concentration, introduced into bentonite suspensions of 0.1-0.4 % (vol.), contribute to improved sedimentation, reducing
viscosity, and increasing filtration capacity. These results allow us to recommend the use of amino ester chlorides as a
thickener in the preparation of drilling muds for strengthening the walls of wells during drilling, and bromides — for
flocculation of bentonite suspensions in oil production.
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1. Introduction

Bentonite consists of clay minerals based on
hydrous aluminosilicate such as montmorillonite,
illite, quartz, pyrite, and other minerals [1, 2]. In
water, bentonite clay is dispersed to a colloidal
state in which the particles acquire a negative
surface charge and consequently a negative zeta
potential (§ < -35 mV) due to the isomorphic
substitution of aluminum ions for magnesium
and iron ions (Mg?* and Fe?*) and silicon ions for
Al%* occurring in the octahedral and tetrahedral
layers, respectively [3]. This explains the fact that
when dispersed in water, bentonite forms a highly
stable colloidal suspension, mutual repulsion of
particles which prevents their aggregation and
sedimentation [4-6].

Bentonite particles have a lamellar shape
with a small average diameter (D, < 5 um), which
causes a high surface area of the dispersed phase.
At the same time, the value of the negative charge
on different parts of the particle surface is not
equal, the charge on the protruding curved areas
depends on the pH of the dispersion medium.
Therefore, the degree of flocculation of bentonite
suspension and the structure of the formed
precipitates strongly depends on the pH of the
medium [5].

Bentonite has a number of useful properties
such as non-toxicity, high ion exchange capacity,
swelling ability, and large surface area with
excess free surface energy [7]. It can be applied
directly in its natural form or pre-treated by
various chemical and physical activation methods
[8]. The composition and desirable consumer
properties of clay minerals have caused the
popularity of bentonite as a raw material in the
industrial sector [2]. However, its use in food,
petroleum, wine, construction, and agriculture
produces wastewater containing fine colloidal
clay particles. The resulting colloidal suspensions
require special treatment and separation of solid
pollutants from water [9]. Direct discharge of
stable colloidal suspension into water bodies is
prohibited, as it causes a significant increase in
turbidity and leads to serious problems for aquatic
life [10]. Therefore, it is crucial to properly treat
the generated wastewater before its discharge
into water bodies [9, 11]. This issue is particularly
acute in oil and gas production. Well formation
in the oil and gas industry is accompanied by
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environmental pollution with drilling muds, their
spent or waste part, drilling cuttings, etc. Waste
drilling muds accumulate due to the duration
of sedimentation of the drilled predominantly
clayey rock during sedimentation in mud pits.

Various solid-liquid separation methods,
including physical and chemical methods, are
used to purify colloidal suspensions. There are
several technologies such as electrocoagulation,
membrane filtration, electroosmosis, and
thermomechanical dewatering [12—-15], but these
methods are require a high expenditure of energy
and finances [16]. Coagulation/flocculation is one
of the most commonly used processes for water
and wastewater treatment, especially for the
separation of suspended colloidal particles. This
method is highly efficient, economical, cheap, and
non-energy consuming [17-20]. The key principle
of coagulation and flocculation processes is to
reduce the net negative charge of particles and
to stimulate the van der Waals attraction forces
between them [17]. Coagulation is aimed at
destabilization of colloidal particles and formation
of microaggregates, while flocculation is aimed at
further agglomeration of particles and formation
of larger floccules [17]. Thus, the formed aggregates
are deposited by gravity, resulting in a relatively
clear supernatant. Various chemicals including
metal salts (coagulants) and polyelectrolytes
(flocculants) are used to destabilize the colloidal
suspension [20]. Aluminum sulfate as well as iron
and aluminum chlorides are common coagulants,
but their utilization is limited due to low removal
efficiency, environmental and health concerns
associated with the presence of residual metal
in the supernatant, and the formation of toxic
sludge [18]. Therefore, there is an ongoing search
for environmentally friendly and economical
alternative coagulants.

In recent years, the use of polyelectrolytes
as flocculants has become a common practice
due to their effectiveness in treating colloidal
suspensions through a bridging mechanism
[17]. Flocculation of fine colloidal particles
with the employment of polyelectrolytes such
as polyelectrolyte (PAA) can occur by various
mechanisms including adsorption and binding
of the polymer, charge neutralization, particle-
surface complex formation, and depletion
flocculation, or a combination of these
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mechanisms [6, 21-24]. Cationic polyacrylamide
(CPAA) is most commonly used for destabilization
and separation of stable colloidal drilling fluid
suspension. The destabilization process with the
help of CPAA is carried out due to the adsorption
of cationic polymer chains due to the formation
of hydrogen bonds between the particle surface
and the primary amide functional groups of the
polymer. Thus, charge neutralization becomes
the main mechanism by which CPAA locally
changes the charge of the particle surface [17].
The main characteristic of CPAA responsible for
its function as a destabilizing agent is determined
by the presence of a quaternary ammonium salt
carrying a positive charge. The same is true for a
cheap low molecular weight flocculant/coagulant,
choline chloride (ChCl). It is also worth noting
that ChCl exhibits its flocculating properties only
at significantly high concentrations in relation to
clay suspensions. Therefore, it is more often used
as a thickener and stabilizer (coagulant property)
in an individual form or as part of a mixture with
inorganic and high molecular weight reagents
[25-26]. However, it is important to note that the
potential hazard of these reagents is determined
by the content of monomers, residues of initial
halogen derivatives of hydrocarbons involved in
their synthesis, and other impurities. Therefore,
their application requires additional purification
stages. In this case, the search for simple in terms
of synthesis methodology, environmentally
safe and effective alternatives to traditional
coagulants/flocculants becomes highly relevant.

From this point of view, amino esters
are promising, the advantage of which is
biodegradability and nontoxicity. This class of
compounds has found wide application in the
production of biologically active substances
(BAS) [27], polyurethanes [28-30], catalysts and
modifiers [31], emulsifiers of inverse emulsions
[32-33], fabric softeners [34], and in the field
of microelectronics [35-40]. However, their
application for wastewater treatment, in particular,
drilling muds, has not been previously considered.

In this regard, this work aimed to evaluate the
flocculation action of new reagents, which are low
molecular weight polymers based on amino ester
salts, on clay suspensions, as well as the selection
of their optimal concentration, providing the
maximum sedimentation rate.
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2. Experimental

The following raw materials and reagents
were used in the work:

1) Bentonite clay with particle sizes in the
range of 5-75 pym.

2) Flocculants/coagulants in the form of
low molecular weight polymers based on
hydrochlorides (AE-1) and hydrobromides (AE-2)
of amino esters, which were synthesized at the
Department of Organic Chemistry of Voronezh
State University using reagents of “chemically
pure” grade. The structure of the compounds was
proved by a complex of physicochemical methods
such as:

—'HNMR (spectrarecorded on a Bruker DRX-
500 instrument (500.13 MHz) in DMSO-d6 and an
internal standard Me,Si);

— HPLC-MS (spectra were recorded on Agilent
Infinity 1260 chromatograph with Agilent 6230
TOF LC/MS interface. Separation conditions:
mobile phase MeCN/H, 0 +0.1% FA (formic acid),
gradient elution, column — Poroshell 120 EC-C18
(4.6x50 mm, 2.7 ym), thermostat 23-28 °C, flow
rate 0.3-0.4 ml/min. Ionisation - electrospray
(capillary -3.5 kV; fragmentor +191 V; OctRF
+66 V — positive polarity);

- To study sedimentation stability, we used
a combined technique based on the works of
A. A. Shkop. A. [41] and Averkina E. V. B. [42],
which consisted of the following stages:

1. Preparation of bentonite suspension (BS).
100 ml of distilled water and clay stabilizer (ChCl),
the concentration of which was 0.2 % (vol.), were
placed in a 250 ml flask. 1.7 g of bentonitic clay
was added to the obtained solution, the flask
was tightly corked and stirred on a vibration
table VB 1.1 (2 vibration frequencies 3000,
6000 min-!, vibration amplitude controller,
vibration arc, working table 185x135 mm) for
uniform distribution of clay in the liquid volume
due to dispersion of agglomerates. The resulting
mixture was left to swell the clay particles for
24 hours. After soaking, the flask was shaken
thoroughly to obtain stable BS.

2. Estimation of the deposition rate. The
obtained BS was transferred into a 100 ml
measuring cylinder (30 mm diameter and 230 mm
height) and a certain amount (0.1-0.6 % (vol.))
of the test reagent solution (AE-1 or AE-2) with
different concentrations of 40, 50, 60, 70 % (wt.)
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was added. The range of reagent concentrations
was selected based on the analysis of the
available market of flocculants/coagulants close
in chemical structure. After introducing a portion
of the reagent, the contents of the cylinder were
stirred by tilting it ten times slowly. The time
interval during which the interface between the
clarified liquid layer, presumably containing no
clay particles, and the compacted suspension
layer passes the path corresponding to the zone of
free sedimentation of particles, was determined.
According to the experimental data obtained, the
flocculus sedimentation rate (V, mm/min) was
calculated to the time of flocculus passage along
this path. The primary results of the experiment
were graphically represented as points in the
coordinates “flocculus settling velocity V -
the amount of reagent solution N”. Each point
represented the average value of the results of
three or four experiments. The relative deviation
of experimental data from the average value did
not exceed 4.5 %.

To assess the flocculation quality of the BS
(mechanical strength of the aggregates), after
completion of the flocculation process and
measurement of the sedimentation rate V,, the
sample was stirred again with a mechanical
stirrer at 600 rpm for 40 s in a chemical beaker.
The contents were then transferred back into
the measuring cylinder and the sedimentation
rate of suspended particles in the sample was
determined (V,, mm/min).

3) After each measurement of sedimentation
rate, samples were taken to control the size of
formed particles. To qualitatively assess the
size of the formed agglomerates, a Biomed-6
microscope equipped with a digital camera which
was used at a magnification of 40 times. The
microscope was equipped with an achromatic
lens 40x0.65, halogen illuminator with smooth
brightness control.

4) Viscosity measurements of the tested
suspensions were carried out on an A&D SV-100A
vibro viscometer. The principle of operation
of the device was based on the dependence of
power, which was used to excite the vibration of
two thin sensor plates with a frequency of 30 Hz
and a constant amplitude of about 1 mm, on
the product of dynamic viscosity by suspension
density (v). The measurements were carried out
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at a constant temperature of 25 °C by a number
of at least three repetitions. The instrument was
standardized and calibrated with distilled water
before each new measurement.

The pycnometric method was used to
determine the density of BS and the resulting
systems. The obtained values were the average
of three measurements performed at a constant
temperature of 25 °C.

5) Determination of the acidity of the medium
pH-meter “Ionometer 1-160 MI” was used.
Operating conditions of the device correspond
to the values for devices of group 2 according
to GOST 22261-94. The device complies with
TU 4215-053-89650280-2009. Measurements
were carried out at a constant temperature of
25 °C, the number of at least 3 repetitions.

3. Results and discussion

In order to select a flocculant/coagulant for
BS with the best flocculation characteristics, the
experiments were carried out in two stages.

The first stage consisted in comparison of
sedimentation rates in free conditions of BS
samples containing additives of reagents AE-1
and AE-2.

The second stage of the experiments
included mechanical impact on the resulting
systems, simulating the movement of the
flocculated suspension from the thickening
apparatus (settling tank) to the dewatering
apparatus (centrifuge or filter press). The residual
sedimentation velocity V, after mechanical action
characterized the sedimentation ability of the BS,
determined by the size of the aggregates formed,
and hence the strength of the initial floccule.
Identification of the optimal concentration of
additives was carried out on the basis of the
graphical plots obtained by analogy with the
first stage.

The structure, stability, purity of the BS
filtrate, and water separation were visually
assessed during each test. In addition, the
viscosity, density of the suspension, pH of the
dispersion medium, and the size of the aggregates
formed were analyzed.

According to the data obtained by measuring
the sedimentation rate before mechanical action
(Fig. 1a and 2a), additives AE-1 and AE-2 have
a flocculation effect, causing the coagulation
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and sedimentation processes. The maximum
sedimentation rate is observed when using
70 % (wt.) aqueous solution of the flocculating
agent in the amount of 0.6 % (vol.) and is
0.73 mm/min for AE-1 and 3.56 mm/min for AE-2.
On visual evaluation, agglomerate formation
is noted for both additives, but when AE-2 is
introduced into the BS, much larger aggregates are
formed almost immediately and the supernatant
becomes transparent. Over time, the flocculates

08 —@— 40% solution
0,7 —&— 50% solution

60% solution
0,6 —&— 70% solution

V,;, mm/min

N, % (vol.)
a
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formed almost completely settle to the bottom of
the measuring cylinder. That is, the reagent AE-2
under equal conditions to a greater extent disrupts
the aggregative and sedimentation stability
of BS and, therefore, has a more pronounced
flocculating effect, leading to accelerated
sedimentation. At the introduction of AE-1
the formation of agglomerates is accompanied
by the thickening of clay suspension, and the
height of the clarified layer after the thickening

0,10
0,09
0,08
0,07
0,06
0,05
:;:. 0,04

0,03

0,02

mm/m

0,01
0,00

0,1 0,3 0,5
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Fig. 1 Dependence of flocculus sedimentation rate (V) on the amount (N) of injected solution of reagent AE-1

before (a) and after (b) mechanical impact
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Fig. 2. Dependence of flocculus sedimentation rate (V) on the amount (N) of injected AE-2 reagent solution

before (a) and after (b) mechanical impact
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of compacted layer of suspension practically
does not change for several days. Probably, the
reason of thickening is structure formation in
the thickened layer of suspension, which is also
based on coagulation and flocculation processes
with the participation of the introduced reagent.
Obviously, the mechanism of these processes
at the introduction of investigated additives is
somewhat different.

Of practical interest is the change in the
sedimentation rate of flocculated clay after
mechanical action on the suspension (Figs. 1b
and 2b), which allows us to assess the strength of
aggregates formed at the first stage of research.
The residual sedimentation rate of BS samples
containing AE-1 decreases significantly, almost
by an order of magnitude (Fig. 1). The almost
linear dependence of sedimentation rate on the
amount of the introduced reagent is broken,
which indicates the transition of sedimentation
from free conditions to constricted conditions.
Broken floccule visually acquires a shapeless
appearance. In contrast to the first stage of tests,
the clarified liquid after repeated sedimentation
of the suspension becomes turbid, this is caused
by the increase in the dispersibility of the
system, subjected to mechanical influence, and
the appearance of colloidal particles resistant to
sedimentation due to their small size.

Mechanical impact on the flocculated BS
sample containing AE-2 reagent practically
does not change the rate of re-sedimentation
of agglomerates. Only at high concentrations of
AE-2 sedimentation rate ceases to depend on the
amount of the introduced reagent, which may
be due to the transition of the sedimentation
process in the compacted layer in constricted
conditions. It should be noted that for all BS with
introduced AE-2 the liquid above the compacted
layer remains transparent regardless of the
mechanical influence.

The observed difference in the course of
sedimentation processes in BS at the introduction
of reagents AE-1 and AE-2 before and after
mechanical action confirms assumptions about
different mechanisms of coagulation-flocculation
processes with the participation of these additives.

In addition to the observed regularities of
macroscopic processes of particle deposition,
we evaluated the dimensional characteristics
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of BS agglomerates using optical microscopy.
The images obtained with 40x magnification
(Fig. 3, 4) show that the introduction of reagents
AE-1 and AE-2 into the BS causes coagulation
process, i.e. clay particles sticking together to
form agglomerates (images F1). When using the
AE-1 additive, a structure with a more uniform
distribution of agglomerates and inclusion of
water in the structural grid is observed (Fig. 3).
Probably, the introduction of the AE-1 additive
leads to the formation of a coagulation structure
with fragile contacts through the dispersion
medium interlayers. Such contacts are easily
destroyed by mechanical action, as shown by
the F2 image (Fig. 3). The previously observed
thickening effect and some sedimentation
stability of the thickened layer of suspension are
possible when AE-1 molecules are fixed on one
particle and structured polyelectrolyte layers of
amino ester in Cl-form are formed.

When AE-2 is used as a flocculation agent,
the formation of larger and stronger aggregates
that are not destroyed by mechanical action
occurs (Fig. 4). Most likely, when AE-2 is
used, the formation of some number of phase
contacts occurs as a result of a decrease in the
ionic-electrostatic stability factor provided by
the negative surface charge of clay particles.
The coagulated particles may also bind due
to “bridging” fixation by the introduced AE-2
reagent, and the dispersion medium will be in
a free state in the space between agglomerates.

Viscometric studies confirmed the viscosity
increase observed visually with increasing
concentration of AE-1 (Fig. 5a) and viscosity
decrease with increasing concentration of AE-2
in BS (Fig. 5b), associated with the formation
of different structures during coagulation and
flocculation processes involving the studied
reagents. Obviously, the adsorption layers of
polyelectrolytes based on hydrochlorides (AE-
1) and hydrobromides (AE-2) of amino esters, in
which Cl-and Br-act as counterions of the electric
double layer, have a determining influence on
these processes. Br- has a larger ionic radius
compared to CI, the lower degree of hydration
and higher adsorption capacity, and hence will
preferentially reside in the dense adsorption
part of the electrical double layer. This will
lead to a decrease in the -potential and, as
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Fig. 3. View of the BS without additive (a), before (b) Fig. 4. View of the BS without additive (a), before (b)
and after (¢) mechanical action at introduction of and after (c) mechanical action at introduction of
40 % (wt.) solution of AE-1 reagent in the amount of 60 % (wt.) solution of reagent AE-2 in the amount of
0.1 % (vol.) 0.4 % (vol.)
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Fig. 5. Dependence of viscosity (v) on the amount (N) of injected reagent solution AE-1 (a) and AE-2 (b)

a consequence, a decrease in the aggregative
stability of the BS as a result of the formation of
rather strong aggregates - floccules. Therefore,
amino ester bromide oligomers (reagent AE-2)
have pronounced flocculating properties and can
be used as flocculants of BS.

Cl- ion of amino ester hydrochlorides (AE-1),
which has higher mobility, participates mainly
in the formation of the diffuse part of the
electric double layer, providing a sufficiently
high value of &-potential, and therefore will act
as a stabilizer and thickener of the suspension.
Anisometric (lamellar) clay particles at the
introduction of AE-1 will be able to interact
with their protruding parts through water layers,
forming unstable coagulation contacts, easily
destroyed as a result of mechanical impact.
Formation of the coagulation structure (grid), as
well as the participation of water molecules in
this process (its binding), leads to the thickening
of suspension and increasing its sedimentation
stability. The ability of AE-1 to fulfill the function
of a thickener can be used in the preparation of
drilling muds to strengthen the borehole walls
during drilling.

The use of AE-1 can be limited by hydrolysis
of amino ester salts. For example, increasing
the concentration of AE-1 in the BS leads to a
significant decrease in the pH of the dispersion
medium (Fig. 6a). This parameter limits the use

of AE-1, and 40-50 % (wt.) aqueous solutions
introduced in amounts not exceeding 0.1 % (vol.)
are optimal as BS thickeners. For AE-2, a decrease
in pH is also observed, but it is within acceptable
limits (Fig. 6b).

It is also worth noting that regardless of the
observed phenomena, the viscosity of the system,
and pH, the density of BS was unchanged and
was 1.023 g/cm3. The change of physicochemical
parameters after mechanical action on BS was
not significant (within 1073).

4. Conclusions

As a result of the research, it is shown that
the salts of amino esters obtained by us can
be effectively used in the processes of water-
clay suspension treatment. The nature of the
used anion has a significant influence on the
coagulating ability of esters: amino ester chlorides
AE-1 can be used in the form of 40-50 % (wt.)
aqueous solutions introduced in amounts not
exceeding 0.1 % (vol.) for thickening of clay
suspensions. At the same time, aqueous solutions
of bromides of AE-2 amino esters introduced into
bentonite suspensions in the amount of 0.1-0.4 %
(vol.), regardless of the concentration, contribute
to improved sedimentation. On this basis, we
can conclude that the obtained results allow us
to recommend to use of AE-1 as a thickener in
preparation of drilling muds for strengthening of
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borehole walls during drilling, where AE-2 - for
flocculation of bentonite suspensions during oil
production. Both additives are characterized by
low consumption, which makes them economically
attractive for practical use.
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Abstract

In our study, we synthesised derivatives of salts of carboxylic acids and dimethylaminopropylamine: 3-(dimethylamino)
propyl-1-ammonium acetate, 3-(dimethylamino)propyl-1-ammonium hexanoate, 3-(dimethylamino)propyl-1-ammonium
octanoate, and 3-(dimethylamino)propyl-1-ammonium terephthalate. The structures of the molecules of the obtained
substances were confirmed using physical methods: Fourier-transform infrared spectroscopy, NMR spectroscopy, and HPLC.

Electrochemical methods (voltammetry and electrochemical impedance spectroscopy) and quantum chemical modeling
were used to assess the inhibitory effect of the synthesised substances with regard to 35GS reinforcement steel. Experiments
were conducted in a water extract from a mortar simulating concrete pore solution in the presence of chlorides inducing
pitting corrosion. 3-(dimethylamino)propyl-1-ammonium terephthalate is expected to have the highest degree of protection
(up to 71%) at a concentration of 2.0 g-dm=. The highest degree of protection for the derivatives with alkyl radicals is
41-46% in a range of concentrations from 0.5 to 2.0 g-dm™. The results of potentiodynamic measurements and quantum
chemical modeling were close. Average level of degree of protection can be explained by a high concentration of chlorides
in the model solution (1.00 mol-dm-3). The effectiveness of the obtained substances is to be further studied using fine-
grained concrete. This will help to assess the impact of the additives on the capillary pore structure (permeability) of
concrete and the concentration of chlorides.
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1. Introduction

The design life of reinforced concrete structures
should be at least 50-100 years depending on
the area of application and design features
[1]. This parameter can decrease significantly
during operation, especially in highly corrosive
environments. As a result, the first signs of distress
appear during the early stages of operation [2].
Preventive maintenance and capital repairs using
specialized fine-grained concrete are common
practice [3]. However, this approach is often hard to
implement. For instance, due to the continuity of
the production process it is impossible to stop the
operation of a certain structure without shutting
down the whole production line. Considering
the fact that large enterprises endure enormous
financial losses because of long downtime, which
exceed the cost of repair several times [4], it is
important to make reinforced concrete structures
as durable as possible.

The main cause of degradation of reinforced
concrete structures is corrosion of reinforcement
bars, with the contribution of processes induced
by chlorides being over 65% [5]. Therefore, the
structures most susceptible to chloride corrosion
are those located on the coast, as well as transport
infrastructure facilities and motorways coated
with antifreeze reagents, chemical industry
facilities producing mineral fertilizers, etc.
Primary and secondary protection of reinforced
concrete is used to prevent corrosion [6]. At
the same time coatings, surface treatment, and
other secondary protection methods require
additional time and expenses [7]. Although
secondary protection is the only way to ensure
the required durability in certain environments
(e.g. aggressive acids) [8], primary protection
measures, i.e. finding the optimal composition of
concrete, are generally the easiest to implement.

To increase the corrosion resistance of steel
reinforcement bars in concrete, various additives
reducing the permeability of concrete [9, 10]
or corrosion inhibitors [11, 12] are used, which
can reduce the rate of corrosion of steel and
affect the physical and mechanical properties of
concrete at the same time. To reduce the time of
analysis of their effect, model liquid solutions are
used: a saturated solution of Ca(OH), [13-16], its
modifications whose compositions are close to the
actual composition of the concrete pore solution,
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and extracts obtained from cement and ground
concrete [17, 18]. The concentration of chlorides
(C,) introduced to induce corrosion varies from 0.1
to0 0.9 mol-dm= (5% wt.). This parameter affects the
degree of protection: the higher the concentration
of chlorides, the lower the protection degree.

We should note that experiments with model
aqueous electrolyte solutions demonstrate
only the true inhibitory effect of the studied
substance on steel reinforcement. When used
in actual concretes, the protective effect can be
significantly greater due to the compaction of
concrete (the plastification effect) or lower (due
to increased permeability, air entrainment, etc.).

Therefore, it is important to determine the
most effective inhibitors of corrosion of steel
reinforcement in concrete affected by chlorides. At
the moment, a large number of inorganic (nitrites,
chromates, phosphates, etc. [16—18]), organic
(amines and carboxylic acids [13, 19, 20], triazoles
[21], salts of benzoic acid [22], hydroquinoline and
pyrocatechol [23], siloxanes [24], etc.), natural
compounds [25, 26], and compositions based on
them [27-29] are being studied. Due to the great
protective effect of carboxylic acids, including
long-chain carboxylic acids, against corrosion of
steel reinforcement bars in concrete, it is of great
scientific and practical importance to study the
inhibitory properties of their derivatives.

The purpose of our study was to synthesize
and assess the inhibitory properties of new
derivatives of salts of carboxylic acids and
dimethylaminopropylamine with regard to
low-carbon reinforcement steel in an aqueous
solution simulating a concrete environment in
the presence of chlorides.

2. Experimental

2.1. Synthesis and analysis of
dimethylaminopropylamine derivatives

In our study, we obtained a series of ammonium
salts of dimethylaminopropylamine with certain
carboxylic acids (Table 1) with different lengths of
the hydrocarbon radicals as potential inhibitors
of chloride corrosion of steel reinforcement bars
in reinforced concrete. All reagents used were
purchased from Acros Organics.

The inhibitors were synthesised as follows: a
mixture of 1 mol of acid, 1 mol of amine (2 mol
for d), and 50 ml of ethanol was boiled until
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all the components dispersed completely. The
completeness of the reaction was controlled
using a universal indicator and thin-layer
chromatography. After the neutralization, the
obtained homogeneous solution was evaporated
onarotary evaporator until the solvent evaporated.
The scheme of the process is presented below.

o O

o (0]
fI«_\»IJ{IH:; H3I-{I</_\I\I— EtOH, reflux
\

D /

H ") 0

NN

2

- N— EtOH, reflux R OH3N</_\I\I—
A-C /

R: CHS’ C5H11’C7H15

The obtained ammonium salts were analysed
using high-performance liquid chromatography
with high-resolution mass spectrometry
(electrospray ionization, HPLC-HRMS-ESI) in
combination with UV detection. The analyser unit
included an Agilent 1269 Infinity chromatograph
and an Agilent 6230 TOF LC/MS detector.
Quantitative analysis was performed using an
external standard method. 1H NMR spectra were
recorded using a Bruker AV600 (600, 13 MHz)
spectrometer in a DMSO-d6. TMS was used as the
internal standard. The IR spectrum was recorded
on Vertex 70 FT-IR spectrometer using a Platinum
ATR (Bruker) ATR attachment equipped with a

Table 1. Studied inhibitors

2023;25(3): 435444

Inhibitors of chloride corrosion of reinforcement steel in concrete...

diamond prism in the frequency range from 4000
to 400 cm~! with a resolution of 2 cm~!. The result
was obtained by averaging 16 scans.

The study demonstrated that in the absence
of a catalyst, when equimolar amounts of
dimethylaminopropylamine and carboxylic acids
are boiled in ethanol, a neutralization reaction
takes place with almost quantitative yields of the
corresponding ammonium salts. This is confirmed
by LC/MS spectrometry, 1H NMR spectrometry,
and IR spectrometry.

3-(dimethylamino)propyl-1-ammonium acetate
(a). 95% yield, amber viscous liquid. 1H NMR (5):
1.84-1.91 (m, 2H 1CH,), 2.22 (s, 3H CH,), 2.37-
2.41 (s, 6H 2CH,), 2.60-2.67 (m, 2H 1CH,), 2.90-
2.97 (m, 2H 1CH,). IR spectrum (cm™'): 3300—
3400 (OH + N*-H), 2150-2200 (N*-H), 1700-1750
(C=0), 1550-1600 (COO~ + C-0O-H), 1550 (N'H),
1400 (N*H), 900-1150 (CH,), 750-800 (CH,).
Determined, m/z: 163.1162 [M+H]'. Calculated,
m/z 163.1368 [M+H]".

3-(dimethylamino)propyl-1-ammonium
hexanoate (b). 96% yield, amber viscous liquid.
1IHNMR (8): 0.89-0.90 (t, 3H CH,), 1.20-1.23 (m,
6H 3CH,), 1.85-1.90 (m, 2H 1CH,), 2.35-2.43 (s,
8H 2CH,+BCH,), 2.61-2.65 (m, 2H 1CH,), 2.91-
2.92 (m, 2H 1CH,). IR spectrum (cm™'): 3300-
3400 (OH + N*-H), 2150-2200 (N*-H), 1700-1750
(C=0), 1550-1600 (COO- + C-0O-H), 1550 (N'H),
1400 (N*H), 900-1150 (CH,), 750-800 (CH,).
Determined, m/z: 218.1862 [M+H]". Calculated,
my/z: 218.1994 [M+H]".

Symbol Name Formula
(0]
a 3-(dimethylamino)propyl-1-ammonium HyC—
acetate HﬁJ—\Nf
/
O
b 3-(dimethylamino)propyl-1-ammonium CsH, 1—%
hexanoate Hﬁf\\lf
/
O
c 3-(dimethylamino)propyl-1-ammonium CHs—_
octanoate Hﬁﬂf
/
(0] (0]
d 3-(dimethylamino)propyl-1-ammonium - ~
terephthalate fN<—¥ItIH3 H3ﬁJ—>N7
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3-(dimethylamino)propyl-1-ammonium
octanoate (c). 94% yield, amber viscous liquid.
IHNMR (8): 0.87-0.91 (¢, 3H CH,), 1.19-1.86 (m,
14H 5CH,+BCH,+CH,), 2.25-2.33 (s, 6H 2CH,),
2.60-2.63 (m, 2H CH,), 2.92-2.94 (m, 2H CH,).
IR spectrum (cm™'): 3300-3400 (OH + N*-H),
2150-2200 (N*-H), 1700-1750 (C=0), 1550-
1600 (COO- + C-0O-H), 1550 (N*H), 1400 (N'H),
900-1150 (CH,), 750-800 (CH,), Determined,
m/z: 246.3154 [M+H]". Calculated, m/z: 246.2307
[M+H]".

3-(dimethylamino)propyl-1-ammonium
terephthalate (d). 85% yield, white crystalline
substance, mp = 273-275 °C. 1H NMR (5): 1.84-
1.91 (m, 4H 2CH,), 2.41-2.45 (m, 12H 6CH,),
2.64-2.71 (m, 4H 2CH,), 2.90-2.97 (m, 4H 2CH,),
7.92 (d, 4H, aromatic). IR spectrum (cm™!): 3300-
3400 (OH + N*-H), 2150-2200 (N*-H), 1550-
1600 (COO- + C-0-H), 1550 (N*H), 1400 (N*H),
900-1150 (CH,), 750-800 (CH,), 500-600 (C-H
aromatic). Determined, m/z: 370.1290 [M+H]".
Calculated, m/z: 370.2580 [M+H]".

2.2. Assessment of the corrosion inhibition
properties

To evaluate the corrosion inhibition
properties of the synthesised compounds, a set
of electrochemical methods was used. Quantum-
chemical calculations were also performed.

Samples of low-carbon 35GS steel with
rectangular section were used as the working
electrode. All the surfaces, except for the working
surface, were mounted in epoxy resin. Saturated
silver chloride reference electrode (SCE, +201 mV
relative to the standard hydrogen electrode)
was placed in a separate container linked to
the electrolytic cell by an agar-agar based salt
bridge filled with a KNO, saturated solution. The
potentials in the study are presented relative to
the standard hydrogen electrode. A platinum grid
was used as an auxiliary electrode.

The working solution was a water extract
from cement powder (mass ratio of distilled
water and cement powder 1:10, extraction for
24 hours followed by filtration, pH 12.5-13.0).
Electrochemical measurements were conducted
in a glass three-electrode cell with undivided
electrode spaces at a temperature of 23+3 °C
under natural aeration conditions, in the presence
of the inhibitor NaCl with the concentration of
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1.00 mol-dm= (reference experiment) and the
studied substances.

The working electrode was preliminarily
cleaned with K2000 sandpaper, washed with
distilled water, and degreased with chemically
pure isopropyl alcohol. The current density i
was calculated by dividing the actual current I
by the geometric area of the working electrode
(2.25 cm?).

The corrosion current density (i) was
determined by the polarization resistance (PR)
technique as summarized by Mansfeld [30].
After the free corrosion potential (E_ ) became
stable, the polarization curve was registered for
30 minutes using an IPC-Pro potentiostat in the
potentiodynamic polarization mode (potential
scan rate of 0.2 mV-s™!) in the range from
E_-30mVtoE_+30mV.

The ability of the studied substances to inhibit
corrosion was assessed based on the degree of
protection calculated using the formula:

Zi — lcor,O' - lcor, inh 100 %’
1

cor, 0

where i and i are the corrosion current
density during the reference experiment and in
the presence of the inhibitor respectively.

The electrochemical impedance spectroscopy
(EIS)was performed using the IPC-Pro potentiostat
with a frequency response analyser FRA-2. After
E_ . was stable for 30 minutes, the frequency
dependent impedance was registered within the
range from 0.01 to 50 Hz with no current. The
analysis of frequency dependences, the selection
of the equivalent circuit, and determining its
component values was carried out using DCS
software. The results are presented as a Nyquist
diagram. The inhibition efficiency (n,,) was

calculated using the formula:

0
=|1-=2% |.100,
nlnh ( R

p,inh

whereR jand R . are polarization resistance in
the reference experiment and in the presence of
the inhibitor respectively.

The optimisation of the geometry of the
studied inhibitor molecules was carried out
within the framework of the density functional
theory (DFT) using the B3LYP functional
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with basis 6-311+ G(d,p) in the Gaussian 09
package. The optimized geometry of molecules
is characterized by a lack of negative oscillation
frequencies and therefore corresponds to the
minimum value on the potential energy surface.
In addition, TDDFT (time-dependent density
functional theory) calculations for optimized
geometry were performed to find the five lowest
electronic excitations. Energies of HOMO and
LUMO molecular orbitals were used to forecast
the inhibition effectiveness. Within the limitation
of the Koopmans’ theorem, the energies of
frontier orbitals are determined by the formulas:

-E =JPand-E . =EA.

HOMO LUMO
Here IP is ionisation potential, and EA is
electron affinity. The inhibition effectiveness was
assessed based on the chemical hardness:

_IP-EA
2
and softness:
1
c=—.
n

3. Results and discussion
3.1.Potentiodynamic measurements

Substance a does not have any significant
effect on the free corrosion potential of low-
carbon steel in the presence of chlorides in the
whole range of concentrations studied (taking
into account the accuracy of measurements)
(Table 2).
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When substances b-d were introduced, E_
shifted towards positive values by 35-80 mV, which
indicates the effect primarily on the partial anodic
oxidation of metal [31]. This is also confirmed
by the comparison of the initial sections of the
polarization curves. Thus, for a, b cathodic sections
of the polarization curves for all concentrations
of the inhibitor C , practically coincide with the
reference. Anodic sections,when C . > 1.0 g-dm™?,
demonstrated monotonous reduction of the
current density at a given value of the electrode
potential (Fig. 1a). For b, monotonous reduction in
i on the anodic sections of the polarization curve
was registered at C, > 0.5 g-dm™ (Fig. 1b).

The introduction of ¢ reduced the current
density on both cathodic and anodic section of the
polarization curve as compared to the reference
experiment (Fig. 1¢). When the concentration of
chlorides was C,, = 0.5 and 1.0 g-dm™3 cathodic
sections were not registered, while the current
density on the anodic sections was lower at
C., = 0.5 g«dm™3. The lowest values of i were
obtained when C = 2.0 g-dm™.

Fordat higher C,_, the anodic current density
decreased monotonously, while the cathodic
section of the polarization curve decreased only
when C,  =1.0 g-dm™.

The calculations of the electrochemical
parameters by means of polarization resistance
technique are given in Table 2. They are
compatible with the results of the analysis of
the polarization curves. The protection degree
generally increases at higher concentrations of
the substance (except for ). For a-c Z reaches 41—

Table 2. Kinetic parameters of mild steel electrode in water extract from cement + 1.00 mol-dm=3 NaCl
in the presence of derivatives of dimethylaminopropylamine

Inhibitor g.Ccﬂ‘ﬁ’—s otV | L bmy | bmV | BmV i, pAam?| Z,%

blank - 451 | 921 | 643 | 630 | 318 | 3.44%036 | -
0.5 439 | 849 | 599 | 599 | 300 | 552028 | -2

a 1.0 453 | 1056 | 534 | 404 | 230 | 2.20:0.30 | 36
2.0 458 | 1097 | 504 | 352 | 207 | 1.92025 | 44

) 0.5 414 | 960 | 656 | 382 | 242 | 2.54%028 | 26
1.0 410 | 1180 | 647 | 339 | 223 | 1.87¢0.13 | 46

0.5 374 | 1327 | 656 | 465 | 272 | 2.05%0.19 | 41

c 1.0 370 | 12.03 | 782 | 551 | 324 | 2.71%0.22 | 21
2.0 401 | 1408 | 864 | 495 | 315 | 2.22%0.10 | 36

. 0.5 308 | 1213 | 512 | 352 | 209 | 1.73*021 | 50
1.0 405 | 1744 | 460 | 274 172 | 0.99%0.09 | 71
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Fig. 1. Anodic and cathodic polarization curves of mild steel in water extract from cement + 1.00 mol-dm-3 NaCl
without an inhibitor (I) and in presence of 3-(dimethylamino)propyl-1-ammonium acetate (a), 3-(dimethyl-
amino)propyl- 1-ammonium hexanoate (b), 3-(dimethylamino)propyl-1-ammonium octanoate (c) and 3-(dime-
thylamino)propyl-1-ammonium terephthalate (d) a at concentrations of 0.5 (2), 1.0 (3) and 2.0 g-dm™ (4)

46%. Substance d is the most effective inhibitor
based on the corrosion current density estimated
by the method of linear polarization resistance
(71% at C_, = 2.0 g-dm™).

3.2. Electrochemical impedance spectroscopy

Nyquist diagrams obtained in reference
experiments and in the presence of the studied
substances have the same shape of a distorted
semicircle with changing diameter and a linear
section in the low-frequency region (Fig. 2).

An equivalent circuit presented in Fig.3
provides a satisfactory description of the
diagrams. The results of the calculations are
shown in Table 3.

For substances a-b when the length of
the alkyl radical increased form C1 to C5 the
degree of protection grew from 9.4 to 19.9% at
C., = 1.0 g«dm™. When the length of the alkyl
radical was further increased to C7 with C_,

ranging from 0.5 to 1.0 g-dm=3, the inhibitory
effect was not registered. However, when
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C., = 2.0 gdm™ the degree of protection was
over 35%. For substance d the concentration did
not affect the degree of protection. Z approaches
20%.

3.3. Quantum-chemical calculations

Minimum difference between HOMO and
LUMO energies and absolute hardness was
observed for compound d (Table 4). Compounds
a-c are characterised by higher values of
these parameters. Obviously, for d, softness is
maximum. Therefore, it can be expected to have
high adsorption ability and inhibitory properties.
a-c are most likely to have a mild inhibitory effect.

Fig. 4 demonstrates a comparison of the
dependencies of inhibitory activity criteria for the
studied substances at maximum concentrations.
The degree of protection assessed using the
polarization resistance method and softness
assessed using quantum chemical calculations
change symbatically. The inhibition effectiveness
assessed using EIS is generally lower than that
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Fig. 2. Nyquist diagrams of mild steel in water extract from cement + 1.00 mol-dm-3 NaCl without an inhibitor
(1) and in presence of 3-(dimethylamino)propyl-1-ammonium acetate (a), 3-(dimethylamino)propyl-1-am-
monium hexanoate (b), 3-(dimethylamino)propyl-1-ammonium octanoate (c¢) and 3-(dimethylamino)pro-

pyl-1-ammonium terephthalate (d) a at concentrations of 0.5 (2), 1.0 (3) and 2.0 g:dm3 (4)

Table 3. Calculated equivalent circuit elements of mild steel electrode in water extract from cement +
1.00 mol-dm= NaCl in presence of derivatives of dimethylaminopropylamine

C Equivalent circuit element
Inhibitor inh? %
gdm™ | Ry, Qem’ Q}-chr}lz ugifﬁ’-z CPE, Q-CfnvZ’S‘O-S o
blank - 5.0%0.7 2.9%0.3 9.3%+1.2 0.79%0.04 523+55 -
0.5 7.8+2.5 3.1+0.3 9.0+0.9 | 0.77+0.01 510+58 5.3
a 1.0 5.4%0.5 3.22+0.11 8.2+0.3 | 0.80+0.02 601£77 9.4
2.0 5.6%0.5 3.3+1.2 8.6x0.6 | 0.77+0.02 442+45 13.7
b 0.5 5.6=0.9 3.2%0.3 9.11.3 | 0.77%0.03 496+57 7.5
1.0 5.8+0.8 3.6%0.3 9.0+0.7 | 0.79%0.02 514+47 19.9
0.5 6.7+0.6 2.5+0.2 13.6£1.9 | 0.74%0.01 498+52 -14.6
c 1.0 14.7+2.2 2.63%0.6 9.8+0.5 0.76%0.02 789+66 -10.7
2.0 8.7+1.2 4.5%0.7 10.9£1.1 | 0.65*0.05 752+74 35.6
d 0.5 6.6%1.5 3.6%0.3 8.3+0.5 0.79+0.03 493+34 19.8
1.0 5.0%0.1 3.6+0.4 7.9%0.9 0.79+0.03 507%42 19.6
CPE

Ro N\

Fig. 3. Equivalent circuit for analysis of electrochemical impedance spectra
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Table 4. Calculated energies of HOMO, LUMO, HOMO LUMO gap (HLG), Ionization Potential (IP),
Electron Affinity (EA), Absolute Hardness (1) and Softness (o) in eV at B3LYP/6-311+ G (d, p) level

Inhibitor E oo €V E o €V HLG, eV IP, eV EA, eV n, eV c,eV!
a -6.1264 -0,1137 6.0126 6.1264 0.1137 3.0063 0.3326
b -6.1233 -0.4133 5.7100 6.1233 0.4133 2.8550 0.3502
[ -6.1209 -0.1037 6.0173 6.1209 0.1037 3.0086 0.3324
d -6.1290 —-1.8460 4.2830 6.1290 1.8460 2.1415 0.4669
) ) acids and dimethylaminopropylamine:
0 i Zi> Mins %0 g,ev1y 0,50 3—(dimethylamino§1propyl—1—arr2,monium
] acetate, 3-(dimethylamino)propyl-1-ammonium
60 1 0,45 h o 4 L
. exanoate, 3-(dimethylamino)propyl-1
£ ammonium octanoate, and 3-(dimethylamino)
40 1 0,40 propyl-1-ammonium terephthalate.
Electrochemical and quantum chemical
20 f 1 035  methods were used to assess the ability of the
- i synthesised compounds to inhibit corrosion of
0 . - . ~——J 0,30 reinforcement steel in a solution simulating

a b ¢ d

Fig. 4. Degree of protection Z (1), effectiveness of
inhibitionn, , (2) at the maximum of the studied con-
centrations and softness ¢ (3) for 3-(dimethylamino)
propyl-1-ammonium acetate (a), 3-(dimethylamino)
propyl-1-ammonium hexanoate (b), 3-(dimethylami-
no)propyl-1-ammonium octanoate (c¢) and 3-(dime-
thylamino)propyl-1-ammonium terephthalate (d)

assessed using PR, but the overall tendency for
a-c remains the same.

The studied substances, when used at
maximum concentrations (1.0-2.0 g.«dm~2), can be
generally characterised as inhibitors with a mild
degree of protection. However, we should note
that all the experiments were conducted in model
liquid environments with a high concentration
of chlorides C_ = 1.00 mol-dm~3. We assume
that the studied substances, when used during
the production of concrete, can have additional
effect on the rheological properties of solutions
and physical and mechanical characteristics of
set concrete. Lower permeability slows down the
penetration of aggressive substances through the
concrete shell of reinforcement bars, which can
enhance the protective properties. The next stage
of this study will include experiments with actual
samples of fine-grained concrete.

4. Conclusions

In our study, we synthesised and confirmed
the structure of derivatives of salts of carboxylic
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concrete pore solution in the presence of
chlorides. The results of the polarization
measurements, impedance spectroscopy,
and quantum chemical calculations are in
good agreement. 3-(dimethylamino)propyl-1-
ammonium terephthalate is expected to have the
highest degree of protection (up to 71%) at the
concentration of 2.0 g-dm3. The highest degree of
protection for the derivatives with alkyl radicals
is 41-46% in the range of concentrations from
0.5t0 2.0 g-«dm-3.
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Abstract

Derivatives of salts of long chain carboxylic acids and dimethylaminopropylamine, including those similar in composition
to vegetable oils were synthesized. The structure of the molecules of new substances was reliably confirmed using physical
methods of IR-Fourier spectroscopy, NMR spectroscopy, and HPLC.

The inhibitory effect of the synthesized substances on 35GS grade reinforcing steel was assessed using voltammetry.
Experiments were carried out in an aqueous extract from a mortar, simulating the concrete pore solution, in the presence
of chlorides as activators of pitting corrosion, as well as in samples of fine-grained concrete with periodic immersion in a
chloride solution. It was found that 3-(dimethylamino)propyl-1-ammonium stearate did not exhibit an inhibitory effect.
The introduction of salts of fatty acids of coconut and sunflower oils increased the anti-corrosion properties. The degree
of protection was 40-44% in aqueous solutions and 30-32% for concrete samples.

The time before the onset of corrosion in concrete samples was found to increase by 1.75 times compared to the control
composition without additives.
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1. Introduction

Reinforced concrete is widely used in the
construction of industrial and civil facilities
(transport structures, nuclear power plant
cooling towers, dams, piers, etc.). The corrosion
of reinforcing steel is the main cause of failure
of reinforced concrete structures [1]. The most
common and dangerous form of corrosion from
an operational point of view is caused by the
action of chlorides [2], which are contained in
large quantities in sea water and de-icing salts.
The danger is due to the local nature of steel
degradation (pitting, ulcers), which in a relatively
short period of time can lead to the destruction of
the structure, since it is very difficult to identify
local damage using traditional monitoring
methods (for example, during visual inspection).

Measures for the primary protection of
reinforced concrete against corrosion at the
manufacturing stage include the selection
of its optimal composition [3], and inhibitor
additives are often used to increase the corrosion
resistance of reinforcing steel [4]. At the same
time, the issue of environmental load during
their use remains relevant. The negative impact
of nitrites, chromates, and benzotriazole on the
environment was repeatedly mentioned [5, 6],
despite their rather high protective properties
[7-10]. To solve this problem, so-called “green”
corrosion inhibitors are proposed for use [11].
Mainly these inhibitors are extracts of products
of plant origin: leaves and stems [12-14], fruits
[15], and waste products [16, 17]. It is understood
that the components contained in the extract are
of natural origin and decompose when released
into the environment without causing harm.
The results presented in published studies
convincingly prove the promise of using some
extracts as inhibitors in acidic, neutral, and
alkaline environments, which provide a degree
of protection of more than 80-90%.

A development of this approach in the search
for new corrosion inhibitors is the modification
of large-scale production products (vegetable
oils: sunflower, coconut; food and industrial
waste, etc.) using one-stage organic synthesis
[18]. At the same time, the issue of rational
waste disposal is solved (or cost reduction from
the use of inexpensive components) and an
increase in protective properties, solubility, or
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other characteristics is achieved through the
introduction of appropriate functional groups.
There are examples of modification of soybean,
palm, and castor oils with imidazolines [19] with
protection levels of low-carbon steel in 1 M HCI
of more than 80%. At the same time, a more
significant protective effect was noted relative
to derivatives based on individual carboxylic
acids with the C12, C18 length of the alkyl
radical (degree of protection from 60%). In [20],
derivatives of maize, soybean, sunflower oils, and
beef fat with di- and triethanolamine were studied
for steel in an acidic medium simulating the
conditions of drilling fluid during oil production.
In most combinations studied, protective effects
of up to 40-50% were obtained (for several
combinations up to 80%). Examples of results
with different inhibitory effects allow researchers
to take into account existing experience and
accordingly select methods for modifying natural
compounds and corrosion test conditions to
obtain the greatest degree of protection.

There are known examples of the effective
action of short-chain carboxylic acids and their
salts for the protection of reinforcing steel
from corrosion caused by chlorides. In [21], the
degree of protection for sodium succinate was
established at the level of 55-77% in a model
aqueous solution at a chloride concentration of
0.6 M. The authors of [22] showed a decrease in
the effectiveness of the protective action in the
series of salts malonate > formate > acetate >
propionate in samples of fine-grained concrete.
In [23] an increase in the protective properties
of concrete with the addition of long-chain
carboxylic acids during freeze/thaw cycles in the
presence of chlorides was revealed. However,
there is no mention of the use of modified long-
chain carboxylic acids or vegetable oils in solving
similar problems.

The purpose of the study was the synthesis
and evaluation of the inhibitory effect of new
derivatives of salts of long-chain carboxylic
acids and dimethylaminopropylamine, including
those similar in composition to vegetable oils,
in relation to low-carbon reinforcing steel in
an aqueous chloride solution simulating the
concrete environment, as well as for fine-grained
concrete samples during periodic immersionin a
chloride solution.
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2. Experimental

2.1. Synthesis and analysis
of dimethylaminopropylamine derivatives

Ammonium salts of dimethylamino-
propylamine with stearic acid and mixtures
of fatty acids simulating the composition of
vegetable oils (coconut and sunflower) were
obtained as inhibitors of chloride corrosion of
reinforced concrete (Table 1). The choice of
mixtures was determined by the need to assess
the possibility of using plant raw materials to
obtain inhibitors of this class. All reagents used
were purchased from Acros Organics.

High-performance liquid chromatography
with high-resolution mass spectrometry
(electrospray ionization, HPLC-HRMS-ESI) in
combination with UV detection was used to
analyse the resulting substances. The analyser unit
included an Agilent 1269 Infinity chromatograph
and an Agilent 6230 TOF LC/MS detector.
Quantitative analysis was performed using an
external standard method. '"H NMR spectra were
recorded using a Bruker AV600 (600, 13 MHz)
spectrometer in a DMSO-d6. TMS was used as the
internal standard. The IR spectrum was recorded
on Vertex 70 FT-IR spectrometer using a Platinum
ATR (Bruker) ATR attachment equipped with a
diamond prism in the frequency range from 4000
to 400 cm~! with a resolution of 2 cm~!. The result
was obtained by averaging 16 scans.

The study demonstrated that in the absence
of a catalyst, when equimolar amounts of
dimethylaminopropylamine and carboxylic
acids (or mixtures) are boiled in ethanol,

Table 1. Studied inhibitors
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a neutralization reaction takes place with
almost quantitative yields of the corresponding
ammonium salts, this was confirmed by the data
of LC/MS spectrometry, 'H NMR-, IR spectroscopy.

HN o
N/
;T RJ\OH
1
R OHSI:I—/_\/N—

A-C

EtOH, reflux
—_—

R: (A)CyH;s,
(B)C-H< (10%) : CaHua (10%) : Cy,Hys (50%) -
C13Ha7 (20%) : Cy7H35 (10%),
(C) CyHss (10%) : Cy7Hss (40%) : Cp7Hy, (50%)

2.2. Method for the synthesis of ammonium
salts of carboxylic acids A-C

A mixture of 1 mol of acid (in the case of
mixtures, the total amount of substance of
all acids should be 1 mol) and 1 mol of amine
in 50 ml of ethyl alcohol was boiled until the
components were completely dissolved. The
completeness of the reaction was monitored
using a universal indicator and TLC. After
completion of the neutralization process, the
resulting homogeneous solution was evaporated
from the solvent using a rotary evaporator.

3-(dimethylamino)propyl-1-ammonium
stearate A. The yield was 96%, viscous amber
paste. 'H NMR (3): 0.89-0.93 (t, 3H CH,), 1.17-
1.91 (m, 34H 15CH,+BCH,+CH,), 2.23-2.30 (s, 6H
2CH,), 2.61-2.67 (m, 2H CH,), 2.91-2.95 (m, 2H
CH,).IR spectrum (cm™): 3300-3400 (OH+N*-H),

Symbol Name Formula
O
3-(dimethylamino)propyl-1- Cy 7H35‘<
A ammonium stearate 0. /™\
H;N —
7 /
3-(dimethylamino)propyl-1 i
-(dimethylamino)propyl-1- oy
B ammonium salts of coconut R™ "OH;5N J—>N*
fatty acids R: C7Hys (10%) : CoHyo (10%) : Cy Haz (50%) : Cy3Hy (20%) : Cy7Hss (10%),
3-(dimethylamino)propyl-1 i
-(dimethylamino)propyl-1- -
c ammonium salts of sunflower R OHsNJ—> -
fatty acids R: Cy7Hs (10%) : Cy5Haz (40%) : CyqHy; (50%)
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2150-2200 (N*-H), 1700-1750 (C=0), 1550-1600
(COO- + COH), 1550 (N*H), 1400 (N*H), 900-1150
(CH,), 750-800 (CH,), 500~580 (CH,), m/z (M+H):
found 386.2841, calculated 386.3872.

I1-ammonium salts of coconut oil fatty acids
B. The yield was 94%, viscous amber liquid. 'H
NMR (8): 0.89-0.93(t, 3H CH,), 1.17-1.91 (m, 34H
15CH,+6CH,+CH,), 2.23-2.30 (s, 6H 2CH,), 2.61-
2.67 (m, 2H CH,), 2.91-2.95 (m, 2H CH,).

1-ammonium salts of fatty acids of sunflower
oil C. Theyield was 85%, viscous amber liquid. H
NMR (8): 0.89-0.93(t, 3H CH,), 1.17-1.91 (m, 34H
15CH,+BCH,+CH,), 2.23-2.30 (s, 6H 2CH,), 2.61~
2.67 (m, 2H CH,), 2.91-2.95 (m, 2H CH,).

2.3. Assessment of the corrosion inhibition
properties

To evaluate the corrosion inhibition
properties of the synthesised compounds, a set
of electrochemical methods was used. Samples
of low-carbon steel 35GS with a rectangular
cross-section were used as a working electrode.
All surfaces, with the exception of the working
surface, were reinforced with epoxy resin. A
saturated silver chloride reference electrode
(SCE, potential +201 mV relative to a standard
hydrogen electrode) was placed in a separate
container connected to the electrolytic cell by
an agar agar based salt bridge filled with a KNO,
saturated solution. The potentials in the work
are presented relative to the SCE. The auxiliary
electrode was a platinum mesh.

The working solution was a water extract
from cement powder (mass ratio of distilled
water and cement powder 1:10, extraction for
24 hours followed by filtration, pH 12.5-13.0).
Electrochemical measurements were conducted
in a glass three-electrode cell with undivided
electrode spaces at a temperature of 23+3 C under
natural aeration conditions, in the presence of the
activating additive of NaCl with the concentration
of 1.00 mol-dm~3 (reference experiment), and the
studied substances. Due to their long-chain alkyl
components, they are characterised by their low
solubility in aqueous solutions. In this regard, their
effect was studied at the highest concentration,
which for all substances was 0.1 g-dm~3.

The working electrode was preliminarily
cleaned with K2000 sandpaper, washed with
distilled water, and degreased with chemically
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pure isopropyl alcohol. The current density i was
calculated by dividing the actual current I by the
geometric area of the working electrode (2.25 cm?).

For experiments in concrete, pieces of low-
carbon steel 35GS of a periodic profile with a length
of 100 mm and a diameter of 6 mm were used. A
copper-insulated current conductor was soldered
to one end of the rod. The place of soldering
was covered with epoxy resin. The surface of the
electrodes was cleaned with P1000 sandpaper
(abrasive Al,O, with a particle size of 14-20
microns) to degree St3 according to ISO 8501-
1:2014 and degreased with ethyl alcohol (96%).

A mortar based on a cement-sand mixture
was prepared from cement grade M500 according
to GOST 10178-85. The water-cement ratio (w/c)
was 0.50; the mass ratio of cement and sand was
1:3. Prism samples measuring 160x40x40 mm were
formed with the electrode located along the axis.
Extraction from the formwork was carried out after
7 days. The samples were cured for 28 days at 100%
humidity. Additives of the synthesized substances
were introduced together with the mixing water in
an amount (relative to the weights of water) similar
to the experiments in aqueous solutions.

During the experiment, solution samples were
immersed in a 3% NaCl aqueous solution for one
day. They were then transferred to a laboratory
atmosphere with a natural relative humidity of
35%£5% and a temperature of 22+2°C, where they
were dried for six days. Afterwards, the cycle was
repeated.

The corrosion current density (i) was
determined by the polarization resistance (PR)
method according to F. Mansfeld [24]. After the
free corrosion potential (E_ ) became stable
for 30 minutes, the polarization curve was
registered using an IPC-Pro potentiostat in the
potentiodynamic polarization mode (potential
scan rate of 0.2 mV-s) in the range from E__
-30 mVto E_+30 mV.

The ability of the studied substances to inhibit
corrosion was assessed based on the degree of
protection calculated using the formula:

Z,- — lcor,O‘_ lcor,inh . 100 %’
1

cor,0

where i _and i are the corrosion current

cor,0 cor,inh

densities in the control experiment and in the
presence of an inhibitor, respectively.
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For concrete samples, as efficiency criteria, an
increase in the number of cycles until the loss of the
passive state relative to control samples without
additives and the degree of protection (Z,) based
on an estimate of the electric charge Q were consi-
dered. The value of Q was determined as the area of
a curvilinear trapezoid for a function of the corro-
sion current density at the time of the experiment.
The value of Z was determined using the formula:

Q

Z, :[l—iJ-IOO %,
N <inh

where Q,and Q, , are the electric charges in the

control experiment and in the presence of the

inhibitor, respectively.
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3. Results and discussion

3.1. Potentiodynamic measurements in water
extract from concrete

The introduction of all studied substances, by
11-35 mV, slightly shifted E_ towards positive
values (Table 2), which indicates the predominant
effect on the anodic partial reaction of metal
oxidation [25]. This was also confirmed by
comparing the initial segments of the polarization
curves (PC). The cathodic sections of PC for all
compounds coincide with the control experiment
without an additive (Fig. 1). For compound A the
anodic sections of the PC were close (Fig. 1a), with
the same polarization, the reduction in current
density was not higher than 5%. The addition of

Table 2. Kinetic parameters of mild steel electrode in water extract from cement + 1.00 mol dm= NacCl

in the presence of derivatives

ibi Cinh’ R 4 icor’ o,
Inhibitor g-dm-s E_,mV kQ-ng b, mV b, mV B, mV LA Z,%
blank - -451 9.21 64.3 63.0 31.8 3.44+0.36 -
A 0.1 442 7.80 55.8 43.5 24.0 3.02+0.16 12
B 0.1 -416 10.75 58.6 35.2 22.0 2.06+0.13 40
C 0.1 -436 11.13 58.2 33.9 21.0 1.93+0.23 44
-5 g o) S oFle s Iy
gi, [A-cm™] 1 lgi. [A-cm™]
6 | 2 6+ 1 2
5 1 -7 I
8t 8t
E. mV i E . mV
_9 tlllll!tllllllllll'll _9 { T TN Y T N T N N S N N N S A N N T Y T -
490 470 450 430 410 490 470 450 430 410 -390
a b
-g - - _'\
 [lgi, [A-cm™]
6+ 1 2
Sl 2
A Fig. 1. Anodic and cathodic polarization curves of mild
8 L steel in water extract from cement + 1.00 mol dm™
NaCl without an inhibitor (1) and in the presence of
i E.mV  3-(dimethylamino)propyl-1-ammonium stearate (a),
B I L Em L 3-(dimethylamino)propyl-1-ammonium salts of co-
490 470 450 430 410 conut fatty acids (b) and 3-(dimethylamino)propyl-1-
ammonium salts of sunflower fatty acids (c)at C, , =0.1
C (2)gdm3
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compounds B and C caused a decrease in current
density in the anodic sections of the PC by 25%
and 38%, respectively (Fig. 1b, c).

The results of calculations of electrochemical
parameters using the polarization resistance
method are presented in Table 2 and are
consistent with the data from the analysis of
polarization curves. The value of Z at 12% was
obtained for the compound A. For mixed additives
B and C the degree of protection was higher and
amounted to 40 and 44%, respectively.

Taking into account the obtained preliminary
results in model solutions, samples of fine-
grained concrete (hereinafter referred to as
concrete) were made for the most effective
compounds B and C.

3.2. Potentiodynamic measurements
in fine-grained concrete samples

For concrete samples without additives, a
violation of the passive state was obtained in
a moisture-saturated and dry state after four
immersion cycles during the fifth cycle (Figs. 2a,
b, curves I). This was accompanied by reaching
or exceeding a threshold value i = 0.1 pA-cm™
[26]. The introduction of the studied additives
in an amount of 0.1 g dm~3 relative to the
amount of mixing water increased the number
of cycles of immersion in the chloride solution.
For compounds B and C activation was revealed
between the seventh and eighth immersion for
the saturated state and the eighth and ninth for

0.9
0.8
0.7
0.6
0.5
04
03
0.2
0.1

feor: LA-cm™

rrrrrvrrrrrrrrri

Fig. 2. Changing the i

cor

additives (I) with additives in the presence of 3-(dimethylamino)propyl-1-ammonium salts of coconut fatty
acids (2) and 3-(dimethylamino)propyl-1-ammonium salts of sunflower fatty acids (3)
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the air-dry state (Figs. 2a, b, curves 2). Thus, the
introduction of the studied additives increased
the period before the onset of corrosion by
1.75 times.

Further modification of the calculated values
of i also indicated the manifestation of an
inhibitory effect. In general, i _for concrete with
additives did not exceed the values for control
samples.

The calculations of the electric charge are
presented in Table 3. After 100 days of experiment
after 15 cycles of immersion in chloride solution,
the degree of protection for additives Band C were
close and amounted to 31 and 32%, respectively.

Table 3. Estimation of the electric charge value
according to the corrosion rate data

Inhibitor Q,C-cm™ Zy, %
blank 2.16x0.16 -
B 1.50%0.12 30.6
C 1.47+0.13 31.9
Conclusions

In our study, we synthesised and confirmed
the structure of derivatives of salts of long-chain
carboxylic acids and dimethylaminopropylamine,
including those similar in composition to
vegetable oils.

Electrochemical methods were used to assess
the ability of the synthesised compounds to
inhibit corrosion of reinforcement steel in a
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solution simulating concrete pore solution in
the presence of chlorides. It has been shown that
3-(dimethylamino)propyl-1-ammonium stearate
exhibits virtually no inhibitory effect.

For fatty acid salts of coconut and sunflower
oils, the degrees of protection were close and
comprised 40 and 44% in aqueous solution
and 30 and 31% in concrete, respectively,
which characterises the resulting substances
as moderately effective inhibitors. At the same
time, for concrete samples, an increase in the
time before the onset of corrosion by 1.75 times
was obtained relative to the control composition
without additives.
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Abstract

The work is related to the removal of residual salts in hybrid structures formed as a result of silicon wires arrays combining
with a nanomaterial of natural origin — bacterial ferritin-like protein Dps. The study of the morphology and composition
of the surface and the bulk part of the hybrid structure as a result of combination and subsequent washing in water was
carried out.

The method of metal-assisted wet chemical etching was used to obtain silicon wires arrays. To obtain recombinant protein,
Escherichia coli BL21*(DE3) cells with chromatographic purification were used as producers. The combination of silicon
wires with protein molecules was carried out by layering them in laboratory conditions, followed by drying. The residual
salt found earlier in the hybrid material was removed by washing in water. The resulting hybrid material was studied by
scanning electron microscopy and X-ray photoelectron spectroscopy. A well-proven complementary combination of scanning
electron microscopy and X-ray photoelectron spectroscopy together with ion etching was used to study the morphology
of the hybrid material “silicon wires — bacterial protein Dps” and the composition with physico-chemical state respectively.

In arrays of silicon wires with a wire diameter of about 100 nm and a distance between them from submicron to nanometer
sizes, protein was found as a result of layering and after treatment in water. At the same time, the amount of residual NaCl
salt is minimized on the surface of the hybrid structure and in its volume.

The obtained data can be used in the development of coating technology for the silicon wires developed surface available
for functionalization with controlled delivery of biohybrid material.
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1. Introduction

In modern technologies, new functional
biohybrid materials are beginning to occupy
more and more leading positions, primarily due
to the simplicity and efficiency of their formation,
properties often dictated by nature itself, and
application prospects. Simple methods of
formation and convenient, tunable characteristics
significantly contribute to the creation of
effective devices based on such materials. One
of the most relevant and promising directions
is the formation, study and further application
of hybrid nature-like nanoobjects obtained from
various biocultures [1].

A striking representative of the natural
functional hybrid nanomaterial is the Dps
protein. The Dps protein (DNA-binding protein of
starving cells) belongs to the family of bacterial
ferritins, whose function is to accumulate iron
reserves in the organism. The Dps protein is found
in almost all known types of living organisms [2,
3-5]. The Dps protein molecule can be a hybrid
nano-biological object consisting of an outer
organic shell, the size of which is about 9 nm,
and an inorganic core contained in the inner
cavity of a molecule up to 5 nm in size [6, 7]. The
protein part includes 12 identical subunits with
a homododecamer structure [6, 7]. The inorganic
core deposited in the inner cavity of the molecule
is a nanoparticle of the iron-oxygen system [6].
A hybrid nanomaterial based on Dps protein
molecules obtained from Escherichia coli cell
culture may be of interest as a potential container
of natural origin with the wide range of use: from
the accumulation and storage of nanomaterials
to their targeted delivery.

Earlier, we demonstrated the possibility
of forming two-dimensional structures by
ferritin Dps molecules [8], and also obtained
the understanding of the nuclei morphological
features of a biohybrid nanomaterial using the
transmission electron microscopy and their
composition by X-ray photoelectron spectroscopy

(XPS) [9]. An effective combination of the XPS
method (with ion profiling) and the scanning
electron microscopy (SEM) method has been
studied the possibility of filling with Dps
protein (free of inorganic nanoparticles) pores
of a functional semiconductor material with a
developed surface — silicon wires (Si-NW) [10,
11]. However, a significant residual NaCl salt
content of buffer solution was found in the
formed structures of silicon wires — protein Dps
[11]. In this work, the same combination of SEM
and XPS was used, providing information on the
composition, morphology and physico-chemical
state of the object under study, for the silicon
wires — protein Dps structures after removal of
the NaCl salt residual amount as a result of water
washing.

2. Experimental

The metal-assisted wet chemical etching [12,
13] was used to form Si-NW. Wafers of crystalline
silicon of p- and n-types conductivity (~ 1-5 Q/cm
and < 0.02 Q/cm, respectively) were used after
washing in a solution of hydrofluoric acid HF
(2%) for 10 seconds. Next, silver nanoparticles
were deposited on the surface of the prepared
wafers when immersed in a solution of AgNO,
(0.01 M) and HF (5 M). Immersion times were
15 s for p-type substrates and 45 s for n-type
substrates, followed by three-minute etchingin a
30% solution of H,0, and HF (5 M). Finally, silver
nanoparticles were removed for 10 minutes by
washing in 65% aqueous HNO, solution, followed
by air drying of the structures. Further, the silicon
wires structures were used identical to those
studied in [11], as simultaneously processed parts
of the same wafers.

Cells of Escherichia coli BL21*(DE3) bacteria,
hereinafter E.coli, transformed by pGEM_dps, were
used as producers to obtain the recombinant Dps
protein. Detailed information on the recombinant
protein preparation is given in [6]. The protein
solution had a concentration of 2 mg/ml in a
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buffer containing 10 mM NacCl, 50 mM tris-HCI
(pH 7.0) and 0.1 mM EDTA. After controlling
the size of protein molecules by dynamic light
scattering, a single layering of 10 ul of protein
molecules solution was performed on the surface
of Si-NW arrays. Further, in order to remove the
residual NacCl salt [11], a single layering of 10 pl
of water was carried out, followed by its removal
after 30 seconds using filter paper without contact
with the surface of the structure and drying the
sample at 37 °C until completely dry.

The morphology of the Si-NW surfaces
source array and the hybrid structure based
on it with a layered protein after washing was
studied by scanning electron microscopy. The
Carl Zeiss ULTRA 55 microscope was used in
the mode of secondary electrons registration
with an accelerating voltage value of 2 kV, which
is necessary for working with structures of
biological origin. To estimate the areas occupied
by the wires array and pores, as well as the degree
of the arrays filling with molecular culture after
washing, the Image ] software package was used.

The XPS research was carried out using the
ESCA module electron energy analyzer SPECS
Phoibos 150 of the Kurchatov synchrotron
(National Research Center Kurchatov Institute,
Moscow) NANOFES ultrahigh vacuum
experimental station [14]. Monochromatized
Al Ko radiation of an X-ray tube (1486.61 eV)
was used, the depth of the informative layer was
~ 2-3 nm [15]. Survey spectra were recorded
in the range of binding energies 0-850 eV. To
normalize and calibrate the data, a standard
approach was used based on the independent
recording of the pure gold foil (Au 4f) signal. To
identify the features of the survey spectra, well-
known databases were used, from which the
most relevant and accurate (monochromatic)
spectra were selected [15-17]. A focused source
of surface etching with argon ions was used at
an accelerating voltage of 3 kV with an etching
duration of 20 minutes. The area of the etching
area was selected with an excess of the surface
area from which the XPS data were recorded.

3. Results and discussion

Fig. 1 shows the data of SEM studies
for the initial Si-NW arrays and biohybrid
structures. Note that in our previous work
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[11] we used morphologically identical Si-NW.
Simultaneously formed parts of the same plate
were used in protein layering [11] and in this
work, where washing of the obtained biohybrid
structures in water was added to the sequence
of formation procedures. For this reason, Fig. 1a,
¢ contains data on the work of [11] Si-NW
substrates of p- and n-type. At the same scale,
the SEM images of Fig. 1b, d were obtained for
surfaces of biohybrid structures after layering of
amolecular protein culture obtained from E.coli
bacteria and washing. For p-type substrates,
the formation of more pronounced wires with
a uniform distribution of submicron size pores
~ 200-500 nm between the wires has been
established. For n-type substrates, large pores
of similar size are observed together with much
smaller ones, about 10-100 nm in size. The
formed characteristic upper parts of the wires
are indicated by arrow 1, and the pores are
indicated by arrow 2 in Fig. 1a, b. It is shown
that all the observed Si-NW pores are available
for filling as a result of Dps protein molecules
layering with a size up to 10 nm [11].
According to the results obtained earlier,
the surface of Si-NW, which is different in its
morphology for p-type and n-type substrates,
was almost completely covered with layered
protein, and only the uppermost parts of the
wires were fragmentally observed. The large
pores dimensions provided a relatively greater
penetration of the biomaterial into the silicon
wires arrays of the n-type substrate. Significantly
different morphology of biohybrid structures
was observed as a result of washing aiming to
remove residual NaCl salt. According to Fig. 1b
no observations of micron- and submicron-sized
salt microcrystals on the surface of a biohybrid
material for a Si-NW p-type substrate have been
recorded. Moreover, the total amount of protein
decreased as a result of washing, since the upper
sections of the silicon wires are reproducibly
observed, indicated by arrows 1 in Fig. 1b. At
the same time, large island formations (Fig. 1b,
arrow 2) of micrometer sizes are observed on the
surface of the silicon wires arrays, significantly
exceeding the dimensions of the pores between
wires (pore sizes) and without the faceted shape
characteristic of NaCl salt. On the surface of these
island formations, in turn, voids with sizes close
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Fig. 1. Scanning electron microscopy of the initial samples of silicon wires arrays surfaces formed from p-type
(a) and n-type (c) substrates [11], as well as after layering of the Dps protein molecular culture and washing in
water (b) and (d), respectively. 1 — the tops of the wires (walls of pores), 2 (a and c) — pores between the wires,

2 and 3 (b and d) elements of protein culture

to 100 nm are noted. This indicates the presence
of a residual amount of protein that has not
entered the pores, but is a source of biomaterial
localized in the Si-NW array. Localization of
biocomponents in the pores of the studied
structures is marked in Fig. 1b by arrows 3. It
seems possible to state that the washing of the
forming biohybrid structure led to the removal of
residual salt crystals from structures surface and
the observation of a Si-NW array with a localized
molecular culture with incomplete filling of
the pores. Protein localization in the spaces
between silicon wires is much more noticeable
for the Si-NW of the n-type substrate in Fig. 1d.
Arrow 1 shows the characteristic upper part of
the uncoated silicon wires, and arrow 2 shows
a significant amount of protein in the pores of

the Si-NW array. The degree of pore filling also
decreases as a result of washing, compared with
the data [11].

The survey XPS spectra are shown in Fig. 2
for arrays of p- and n-type silicon wires after
layering of the molecular culture of Dps cells
of E. coli and subsequent washing. All lines
corresponding to the biological component of
the studied biohybrid structures are marked. For
both types of substrates used, the 1s oxygen line
is the main one. The significant intensity of the 1s
oxygen line excludes the contribution only from
the natural SiO, oxide covering the silicon wires.
The reason for such a high intensity of the oxygen
line, along with the observation of the 1s carbon
and nitrogen lines (in order of decreasing relative
signal intensity), is the Dps molecular culture
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localized in the Si-NW array. Also, insignificant
in intensity 2s and 2p silicon lines from wires
uncovered by molecular culture are observed.
Finally, it should be noted that the set of chlorine
(2s and 2p) and sodium lines (2p line and Auger
KLL line) is weak in relative intensity. It should
be noted that in [11] for biohybrid structures not
subjected to removal of the residual NaCl salt, in
some cases the signal from the sodium KLL Auger
line was the main one in intensity, as was the
signal from chlorine atoms. Thus, it can be stated
that the applied approach to the dissolution
and removal of residual salt leads to the almost
complete removal of NaCl from the surface of the
studied biohybrid structures Si-NW - molecular
culture of Dps cells of E.coli. Finally, it should
be noted the general similarity in the observed
XPS lines in their energy position and relative
intensity (Fig. 2, two lower spectra). This indicates
an almost identical physico-chemical state of the
surface of the studied biohybrid structures after
layering of the molecular culture of Dps cells of
E.coli and subsequent washing, regardless of the
type of substrate and its processing mode. That is,

the localization of the biomaterial is observed in
the pores of Si-NW arrays for both types of surface
morphology of the initial array of silicon wires.
And the washing process allows removal the
residual NaCl salt from the surface of biohybrid
structures. Due to the observed identity of the
physico-chemical state of the studied structures
surface, we removed a significant part of the
surface in 20 minutes of etching at a relatively
high voltage accelerating argon ions (3 kV) only
for a sample of a biohybrid structure formed on
an n-type substrate. The etching rate estimation
using the NANOFES station module along with
calibration measurements show the removal rate
for silicon atoms ~ 2.5 nm/min. For the residual
part of the molecular culture, this rate may differ
several times [18]. The removal of more than 50
nm of the surface by an ion beam in this way
leads to significant changes. The relative intensity
of the O 1s line is significantly reduced, which
indicates the removal of a considerable part of
the Dps molecular culture localized in the pores.
At the same time, silicon lines reached almost
the same intensity, as a result of a significant

n-type, Ar+,

KV, 20MiD e

N-type s o !

Intensity, arb. units
|

p-type _'M

1 | I | 1 1 1 1 1 |

1 1 1 | 1 1 1 1 1 1 1
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Binding

400 300 200 100
Energy, eV

o

Fig. 2. XPS survey spectra of a silicon wires arrays samples formed on an n- and p-type substrate before (black)
and after (red) ion beam etching (Ar+ 3 kV 20 min). The characteristic elements that make up the studied sur-

face are noted
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difference in the rates of ion profiling of the
biomaterial and the inorganic silicon “frame”.
Nevertheless, the nitrogen and carbon lines are
still observed, confirming the presence of a Dps
molecular culture in the depth of the pores. At the
same time, the residual salt lines do not change
relative and low intensity. The reason for this
observation is the incomplete removal of the NaCl
salt, which, nevertheless, is evenly distributed in
the volume of the biohybrid structure, probably
due to re-precipitation as a result of dissolution
during washing with water. Observation of argon
lines is associated with ion etching (profiling) of
the surface.

4. Conclusions

A combination of X-ray photoelectron
spectroscopy and scanning electron microscopy
methods demonstrated the possibility of
localization of the molecular culture of bacterial
ferritin Dps of E.coli cells as a result of effective
filling of silicon wires arrays pore after washing
of the formed biohybrid structures in order to
remove the residual NaCl salt.

It is shown that the morphology of the initial
silicon wires array does not significantly affect the
characteristics of filling pores with a molecular
culture of the Dps protein as a result of washing,
which leads to the almost complete removal of
the residual salt.

Thus, the possibility of silicon wires developed
surface functionalization by driven coating with
controlled delivery of biohybrid material is
confirmed.

Authors comment

During the preparation of this paper, which
is a continuation of the research started in
[11], it was found that a technical inaccuracy
was made. The scale of the image of the initial
Si-NW surface formed on a p-type substrate is
indicated incorrectly in Fig. 1a of [11], where it
is necessary to consider the specified scale equal
to 1 um. However, this scale makes it relatively
difficult to compare the morphology with the
rest of the SEM images in [11]. For this reason,
in this paper we provide an image of the same
surface area of the original Si-NW sample from
p-type substrates with a correctly selected
scale of 2 um. Mistake made does not affect
the understanding of the discussed results in
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the paper [11]. The authors apologize for this
technical inaccuracy.
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Abstract

Complex compounds of lead salts and thiourea are of interest due to the possibility of their practical application as precursors
in the deposition of metal sulphide films. It is relevant to establish the relationship between the composition and structure
of the initial complex compounds and the structure of the sulphides formed as a result of their thermal destruction. This
paper presents the results of studying the complex compounds formed in an aqueous solution of lead chloride and thiourea.

The structure of the complex compounds was determined by matrix-assisted laser desorption/ionisation mass spectrometry.
The mass spectrometry data confirmed the formation of the [Pb((NH,),CS),Cl,] complex in the solution, which is a precursor
in the deposition of PbS films. It was demonstrated that mass spectrometry fragmentation of the molecular ion of the
[Pb((NH,),CS),Cl,] compound leads to the formation of a lead sulphide ion.

The obtained data confirm the formation of the lead-sulphur bonds in the inner sphere of the complex compound, which
are fragments of the crystal structure of the prospective sulphide formed during the thermolysis of the complex.
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1. Introduction

A topical issue of modern materials science
is the search, design, and improvement of cost-
effective and accessible methods of deposition
of semiconductor films of metal sulphides. The
solid phase of a sulphide can be formed during the
decomposition of thiourea complex compounds
(TCCs) in aqueous solutions [1, 2], during the
thermal degradation of TCCs during the pyrolysis
of their solution aerosol [3-6], or the combustion
of solid samples of complexes containing an
oxidising anion NO; [7, 8].

Pyrolysis of aerosol solutions of thiourea
complex compounds on a heated substrate meets
all the requirements for the deposition of metal
sulphide films with variable properties [3, 4, 9].
This method is based on the thermal destruction
of thiourea complexes formed by the interaction of
the metal cation with the sulphur atom of (NH,),CS
(thiourea). Thus, sulphide fragments (-metal-S-)
begin to form already in the solution. The
resulting complex compound is a precursor in the
process of metal sulphide formation. Therefore,
it is important to determine the relationship
between the composition and structure of thiourea
complexes formed in the initial solution and the
structure of sulphides formed by this process.

Previously, complexation in aqueous
solutions of various lead salts and thiourea
was studied, and the domination regions of
lead TCCs used for the deposition of PbS films
were determined [10-13]. In studies [14, 15],
it was found that, depending on the ratio of
components, the interaction of lead nitrate,
sodium thiosulphate, and thiourea in aqueous
solutions forms [Pb(bi-S,0,)(SC(NH,),)(H,0)]
and [Pb(mono-S,0,)(SC(NH,),),(H,0)] complexes.
Upon the thermolysis of these complexes,
lead sulphide is formed. In the paper [16], the
geometry of the [Pb((NH,),CS),(mono-CH,COO0),]
complex compound was determined using
quantum-chemical modelling. This work presents
a mass spectrometric study of the thermolysis of
the precursor of bis-thiourea-lead(II) chloride
formed in aqueous solution by the interaction of
lead chloride and thiourea.

2. Experimental

Lead TCCs were synthesised in aqueous
solutions of lead chloride and thiourea (NH,),CS.

2023;25(3): 462-466
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The solid phase complexes were obtained by
slow evaporation of the solvent from aqueous
solutions of 0.02 mol/L lead salt and thiourea at
molar ratios of C,:Cy, ., from 1:1 to 1:4. To
obtain the TCCs, pure-grade PbCl, and (NH,),CS
were used.

The structure of the synthesised TCCs was
identified by mass spectrometry. The spectra were
recorded on a VISION 2000 mass spectrometer
(MKS Instruments, Inc.) with matrix-assisted
laser desorption ionisation using a pulsed
nitrogen laser (A = 337 nm). In this method, the
desorption rate exceeds the degradation rate
[17]. Thus, it is possible to capture the primary
fragment ions formed during the fragmentation
of the molecular ion of the complex. Initially, the
samples were prepared in powder form.

3. Results and discussion

Matrix-assisted laser desorption/ionisation
mass spectrometry was used to study the
directions of fragmentation of the molecular ion
of the TCCs of lead. The use of this method to
determine the structure of (NH,),CS complexes
proved to be more representative than electron
ionisation mass spectrometry due to rather soft
ionisation conditions [17]. Nevertheless, the
intensity of the peaks of the molecular ion of
the complex and of several fragment ions was
low (Table).

It should be noted that the content of aqua
complexes in the solution is insignificant, and
these compounds mainly have coordination
numbers of 1 or 2. Under electron ionisation
conditions, these ions were not observed [18].

The most probable direction of the
fragmentation of the molecular ion of the
[Pb((NH,),CS),Cl,] complex is the initial
removal of one or two chlorine atoms to form
Pb((NH,),CS),CI" and Pb((NH,),CS); ions. Further
decomposition of these ions involves the release
of (NH,),CS molecules (Figure).

Another fragmentation direction of the
Pb((NH,),CS),CI* fragmentation ion is the
rearrangement with the removal of the HCI
molecule, resulting in the [Pb((NH,),CS),-H]*
ion. The latter is stabilised as a result of
diiminomethane release, which leads to PbSH*
ion and, further, to PbS*. Probably, their formation
causes the formation of PbS films. The layers
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Table. Peak intensity and mass of ions under the conditions of mass spectrometry of matrix-assisted
laser desorption/ionization of the complex [Pb((NH,),CS),CL]

Molecular mass (m/z), c.u. Peak Intensity,
Ion Molecular formula Calculated Found %
Pb((NH,),CS),CL;
(molecular ion) Pb(CH,N,S),Cl, 429.933 5
Pb((NH,),CS),Cl* Pb(CH,N,S),Cl 394.946 395.085 20
[Pb((NH,),CS),-HJ Pb(CH,N,S)-(CH,N,S) 358.987 358.954 90
[Pb((NH,),CS)CI-HJ* Pb(CH,;N,S)Cl 317.946 317.841 25
Pb((NH,),CS)" Pb(CH,N,S) 283.955 283.900 10
[Pb((NH,),CS)-H]* Pb(CH,N,S) 282.977 282.957 100
Pb(H,0), Pb(H,0) 243.997
PbCl* PbCl 242.944 ¢ *
PbSH* PbSH 240.956 240.594 8
Pbs’ PbS 239.948 * *
Pb(H,0)" Pb(H,0) 225.986
Pb* Pb 207.976 * *
* Low intensity
—l +
HN o NHy' ¢ , TU+H) "
=S —= Pb=+— 5= —— PbTU,CIT —— [PbTUCKH]
HoN Cl NH;
-2TU
PbTULCl, L2 | et
-2Cl £ T %
Qe poTU; e Pt e pp
H2N>:S oo, Hel H2N>= " _qNH
—py— N — §—= Pb-S
HoN b ) ANH HN NH,
+
PbTU,CI NH, [PbTU,-H] +

-TU

.2 +

+ NH H
Pb—S—4 PbSH PbS
NH2 -HN=C=NH
[PbTU-H] *

Figure. Scheme of mass spectrometric fragmentation under conditions of matrix-assisted laser desorption/

ionisation of the molecular ion of the [Pb((NH,),CS),Cl,] complex

are deposited as a result of the layering of these
fragments on the surface of the substrate due to
the valence electrons in these ions.

Thus, according to the mass spectrometry
data, in an aqueous solution of PbCl, and
(NH,),CS a complex compound is formed, with
(NH,),CS included in its inner sphere. The
fragmentation of this compound occurs with
the preservation, at least partially, of the Pb-S
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covalent bond. So, it can be assumed that during
the deposition of sulphide films by aerosol
pyrolysis, thiourea acts as a sulphur donor,
coordinating to the metal ion already in the
initial solution. The formation of the sulphide
structure fragments occurs in the inner sphere
of the complex compound. During thermal
decomposition of this compound, a PbS layer
is formed on the heated substrate.
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Anniversaries

Anniversary of Professor Victor Semenov

Yu. M. Bondarev

Voronezh State University,
1 Universitetskaya pl., Voronezh 394018, Russian Federation

On September 1, 2023 Victor Semenov, Dr.
Sci. (Chem.), Dean of the Faculty of Chemistry,
Professor at the Department of General and
Inorganic Chemistry of Voronezh State University,
celebrated his anniversary. He turned 75 years old!

His research interests are related to the
development of a physico-chemical model
for the formation and destruction of complex
compounds, enabling the directed synthesis of
semiconductor films, complex compositions,
and heterostructures based on them. During his
career he has published more than 600 research
and educational works.

Victor Semenov is a highly competent
professional, with a unique methodological

04 Yury M. Bondarev, Cand. Sci. (Chem.), Associate Professor,
Department of General and Inorganic Chemistry, Voronezh
State University (Voronezh, Russian Federation).
bondarev@chem.vsu.ru

approach and creative autonomy. For us, his
colleagues, he is not only an example of a classical
teacher, but also a model of decency and honesty.
He has supervised and paved the way for many
graduates! They are very grateful to him and
consider him to be an outstanding, energetic
teacher with exceptional and striking pedagogical
abilities; as a lecturer who presents complex
issues of chemical science in an accessible and
clear way, who is able to focus attention on the
key aspects; and as a person who can find the
key to each student and motivate them to solve
difficult problems.

His life is marked by numerous awards and
titles. He was awarded the title of Honorary
Worker of Higher Professional Education of
the Russian Federation and the badge of honor
for serving Voronezh State University. In 2021,
he won the national award of the Russian
Professorial Assembly “Dean of the Year”. These
are only some of his achievements and merits.

Professor Semenov is highly respected among
his colleagues. He has long been the Chair of the
Academic Council of the Faculty of Chemistry,
member of the Academic Council of Voronezh
State University, Chair of the Dissertation Board
for Analytical Chemistry, Organic Chemistry
and Solid State Chemistry and Deputy Chair of
the Dissertation Board for Inorganic Chemistry,
Physical Chemistry and Electrochemistry at
VSU. Currently, he is the Editor-in-Chief of the
journal Condensed Matter and Interphases and
a member of the editorial board of the journal
Proceedings of VSU. Series: Chemistry, Biology,
Pharmacy.

The content is available under Creative Commons Attribution 4.0 License.
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Anniversary of Professor Victor Semenov

Victor Semenov is a sociable and cheerful
person. He infuses everyone with his positive
energy and optimism. He has many interests:
books, sports, fishing, cars, and meeting
interesting people, which he successfully pursues.

There is a category of people on earth who
do not want and do not know how to work badly.
Whatever business they undertake, they always
strive for perfection. Victor Semenov is this kind
of person.
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We heartily congratulate Victor Semenov
on his anniversary. The age of 75 is a blissful
combination of energy, characteristic of
enthusiastic people, and experience, both
professional and personal. So, combining his
work as Dean of the Faculty of Chemistry and
Head of the Department of General and Inorganic
Chemistry of VSU, he will be able to fulfill his
most ambitious creative plans.

The team of the Faculty of Chemistry,

the Department of General and Inorganic Chemistry

and the editorial board
of the journal Condensed Matter and Interphases
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