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Modern scientific and practical approaches to the production
of substrates from semiconductor compounds A3B°. Review

E. N. Abramova!*, R. Yu. Kozlov!, Yu. V. Syrov, A. I. Khokholov!, Yu. N. Parkhomenko?
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Abstract

Modern electronic and optical engineering uses A3B° single-crystal semiconductor materials (GaAs, GaSb, InAs, InSb, and
InP) as substrates for epitaxial growth. These materials are obtained in the form of massive single-crystal ingots. Therefore,
technologies for processing of these A’B’ wafers are developed to produce the substrates for epitaxial growth. The
miniaturization of modern systems and devices demands the high quality of the substrates surface. One of the main criteria
is alow surface roughness (R ) (of about 0.5 nm). To meet this requirement, it is necessary to elaborate the existing methods
of surface treatment.

The review analyses the current approaches to the treatment of the surface of semiconductor wafers of A3B° single-crystal
materials. It considers the specifics of wafers machining followed by their polishing. The article also presents an analysis
of the polishing methods. It reveals that at the moment the chemical-mechanical polishing of A3B® wafers is the most
commonly used method. The review presents the main parameters of this process and systematizes the existing theoretical
approaches. The analysis determined the key tendencies in the development of chemical-mechanical polishing of
semiconductor A’B® wafers aimed at increasing the quality of wafers. The article also analyses the latest studies regarding
the methods of chemical polishing as an alternative to chemical-mechanical polishing. The next section focuses on surface
passivation methods used upon obtaining wafers with a low roughness. Passivation is performed to reduce the reactivity
of the surface and stabilize surface states of wafers.

A classification of passivation methods is suggested based on the obtained chemical composition of the surface, when the
passivation layers are created using oxidation, sulfidizing, or nitriding. Another classification is based on the method of
creating passivating coatings and includes wet chemical methods and physico-chemical methods.

Keywords: Semiconductor plates, A’B® materials, Machining, Polishing, Chemical mechanical polishing, Surface passivation
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1. Introduction

The variety of binary compounds A3B?
includes antimonides, arsenides, nitrides, and
phosphides of indium, gallium, aluminum, and
boron. Many of them are of special interest for the
development of electrical engineering, microwave
electronics, optoelectronics, photonics, and the
production of sensors. At the moment, some of
the A%B® compounds are obtained during the
production of semiconductors as single-crystal
ingots, which are then divided into wafers for
further production of semiconductor devices.
Another way is to obtain such compounds in the
form of films on substrates by means of epitaxial
growth methods. Direct band gap materials with
high electron mobility, including GaAs, GaSb,
InAs, InSb, InP, and GaN, are most commonly
used as substrate materials. Gallium nitride
is grown by both epitaxial growth methods
on substrates made of other materials and an
expensive ammonothermal method from a Na-
Ga-N melt [1]. There are also techniques for the
industrial production of GaAs, GaSb, InAs, InSb,
and InP single crystals, which are then divided
into wafers. However, dividing single-crystal
ingots into wafers results in a highly defective
surface. Therefore, it is important to consider
these materials due to two factors. First, they are
of great interest for instrument manufacturers.
Second, the industrial production of massive
single-crystal ingots uses GaAs, GaSb, InAs,
InSb, and InP semiconductor compounds, and
the techniques for obtaining high quality wafers
for the precision epitaxial growth are being
developed for these materials only.

The rapid development of various fields of op-
tics and electronics requires the miniaturization
of semiconductor devices and structures. This, in
turn, requires a higher quality of wafers used to pro-
duce such devices. At the moment, epi-ready wa-
fers are in high demand [2], as they are the most
technologically advanced. According to [3], epi-
ready single-crystal semiconductor wafers can be
used (primarily in the epitaxy processes) with no
further treatment. However, there is no universal
definition of the term epi-ready. Besides the spe-
cific electrophysical characteristics and low defec-
tiveness, another important criterion for the qua-
lity of semiconductor wafers is the planarity of the
surface with a maximum roughness (R ) of 0.5 nm.

4
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At the moment, single-crystal A’B® wafers
are produced following a technological scheme,
which generally includes five main stages:

1. a single crystal is cut into wafers;

2. the wafers are beveled,;

3. the wafers are machined and chemically
purified;

4. the surface is polished and washed,;

5. the surface is passivated.

The purpose of this review was to systematize
and analyze the existing scientific approaches
and practical recommendations on machining
and polishing of semiconductor wafers obtained
from single crystal ingots of GaAs, GaSb, InAs,
InSb, and InP.

2. Machining of semiconductor wafers

After a single crystal is cut into wafers, they
need to be flattened. If semiconductor single
crystals are cut using dicing blades, a rough
non-planar layer is formed in the near-surface
region of the wafers. This is mainly caused by
the large diamond points with an average size of
28-40 pm used for dicing [4]. Therefore, further
machining is required to reduce the roughness of
the surface and ensure its planarization, which
results in significant losses of the expensive
material. Diamond wire sawing of single crystals
helps to reduce the thickness of rough layers
due to a smaller size of diamond grains (less
than 20 um) as well as due to a small degree of
thermodynamic tension in the region of contact
between the saw and the ingot [4, 5]. This helps
to avoid material losses, but does not solve the
problem of surface planarization. Therefore,
today the main purpose of the machining process
is to ensure high surface planarity and low
roughness.

During the machining process, abrasive
grains penetrate into the material and remove its
fragments. As a result, the thickness of the wafer
becomes more uniform, while the wafer itself
becomes thinner. At the same time, a damaged
area is formed [6], including a rough layer, a crack
layer, and a defective layer, containing residual
cracks and tensions. The thickness of this area
is proportional to the size of abrasive grains
[7, 8], their number, and the hardness of the
abrasive (usually about three times larger than
the abrasive grain).
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There are two basic methods of machining
of semiconductor wafers: grinding and lapping
[9, 10].

There are generally three material removal
mechanisms:

— chipping the material microparticles with
abrasive embedded into the plate;

— cutting of the material with an abrasive;

— chipping the material after the free (loose)
abrasive are indented into the material and cracks
and tensions are formed.

Lapping presents a combination of all three
methods. The most preferable method of material
removal is to chip the material at the intersections
of cracks formed as a result of indentation of
loose abrasive particles. This helps to remove the
material evenly. Grinding involves the first two
mechanisms with machining being the main part
of the process. Grinding can also be performed
by means of quasi-elastic material removal
[12, 13], when the required tension is obtained
in the surface layer [10, 12, 14]. This seems to
be a promising approach to the processing of
A3B°. However, grinding is rarely used by the
manufacturers of A’B° semiconductors and
therefore is beyond the scope of this review.

2.1. Lapping of semiconductor wafers

The purpose of lapping is to ensure that
the roughness R_of A’B® wafers is about 0.63—
1.0 ym and their total thickness variation (TTV)
is 4+6 pm.

Double-sided lapping is usually characterized
by a smaller total thickness variation of wafers
than single-sided lapping due to a more
homogeneous treatment of wafers. The lapping
pressure induces the indentation of abrasive
grains into the surface layers of the wafer at a
depth of 5+10% of their size and cutting/chipping
off fragments of those layers [15]. There should
be a gap between the surface of the wafer and
the surface of the abrasive so that the lapping
suspension could distribute evenly. For this, an
inert solvent with a required viscosity is used
(water or organic solvents including oils).

Abrasive grains can be of various shapes:
round, flattened, cylindrical, and polygonal
amorphous. The shape of the grains affects the
above described material removal mechanisms.
Grains of various sizes (from 3 to 63 ym) can

2024;26(1): 3-24
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be used for lapping. The most common are
grains with a size of 5+20 pym [16]. There are
also various national standards used to classify
abrasive powders: GOST 52381-2005 (Russia),
FEPA (Europe, USA), ANSI — CAMI (USA), and JIS
(Japan).

Coarse-grained powders (with grains of a
large size) are usually used to remove larger
asperities and make the thickness of the wafer
more uniform. Then, fine powders with grains of
a smaller size are used. We should note that wire
cutting allows obtaining a high enough quality of
wafers to perform one-stage lapping.

To ensure the effective planarization of a
rough wafer, the abrasive used should be harder
than the wafer material. Both hard and softer
abrasive powders are studied as possible abrasives
for the lapping of fragile ASB® materials. Thus, in
[17] (100) oriented InSb wafers were flattened
using a diamond suspension with a particle size
of 1 ym. In [18], an Al,O, abrasive with a particle
size of 5 um was used for the lapping of GaAs. In
[2], the lapping of GaAs and InSb was performed
using aluminum oxide powders with grain sizes of
10+14 ym and 5+7 pm respectively. These lapping
conditions allowed obtaining a flat surface
without curling [17], while the strength of GaAs
and InSb wafers slightly increased after cutting [2].
There are also a number of commercially available
abrasive powders and suspensions containing, for
instance, Al,O,, SiO,, and ZrO,. However, it is not
clear, if the composition of such powders presents
a mixture of the said compounds, or there is an
equal amount of all the three substances in each
particle of the powder [19].

Another factor affecting the lapping process
is the material of the lapping plate. Prior to the
lapping of semiconductor wafers, it is necessary
to flatten the lapping plates. As a result, the
planarity of the lapping plates should be equal
to the mean size of abrasive grains. The most
common are lapping plates made of pig iron and
glass of various makes, which are harder than
the abrasives. Therefore, abrasive grains do not
penetrate into the lapping plates. This allows
them to roll about the surface of a semiconductor
wafer, which destroys the abrasive grains.

Besides selecting the size of abrasive grains
and the lapping plates, optimization of the
lapping conditions involves determining the
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lapping pressure, the concentration of the
abrasive particles in the lapping suspension, the
suspension supply rate, and the velocity of the
grinding disk. Optimization of these parameters
can result in R_of about 0.63+1 um and TTV of
about 2+4 pym.

3. Polishing of semiconductor wafers

Semiconductor wafer polishing follows the
machining stage. The main task is to remove the
damaged layer and smooth out the surface while
retaining the shape obtained during lapping.
Polished wafers should have no mechanical
defects (cracks, scratches) and residual abrasive
particles on the surface [12].

There are the following main methods of
polishing:

— mechanical polishing;

- chemical polishing (chemical-dynamic
polishing, electrochemical polishing, dry etching);

- chemical-mechanical polishing (CMP) with
or without an abrasive.

Since GaAs, GaSb, InAs, InSb, and InP are
highly fragile and soft, mechanical polishing does
not meet the requirements for the epitaxy quality
of the surface [20].

3.1. Chemical-mechanical polishing
3.1.1. CMP parameters

Chemical-mechanical polishing is most
commonly used for the industrial treatment
of A’B°® semiconductor materials. This type of
polishing is based on a combined effect of the
chemical and mechanical treatment of materials.
The process is performed on a rotary polishing
pad with or without an abrasive. There are also
other configurations of polishing pads. Thus,
[21] studies the functioning of a roll-type linear
chemical mechanical polishing system.

Various CMP techniques have been developed
for particular A3B® materials. In [22], the polishing
of InP wafers involves the interaction with an
oxidizing agent, NaClO. The formed oxide layer
is mechanically removed by the polishing pad
without an abrasive. The GaAs CMP method
presented in [23] involves formation of oxide
layers on the wafer surface when interacting
with H,0, or NaClO. The oxides then interact
with alkali producing hydroxides, which are
mechanically removed by an abrasive.

2024;26(1): 3-24
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On the whole, chemical mechanical
polishing involves changing the chemical form
of the processed material, primarily to oxides or
hydroxides, followed by the mechanical removal
of these compounds. The specific features of
these processes depend on the conditions of CMP.
Optimal polishing conditions are determined for
every particular system.

Generally, the key parameters of the CMP
process determining the quality of the surface
are the following:

1. Parameters of mechanical treatment:

1.1.the material and hardness of the polishing
pad, the position of grooves, the geometry of
grooves, and the surface morphology of the
polishing pad;

1.2. the polishing pressure (load, down force)
applied to the wafer;

1.3. the size and concentration of abrasive
particles;

1.4. the temperature;

1.5. the relative velocity between the wafer to
the polishing pad;

1.6. the viscosity of the polishing slurry.

2. Parameters of chemical treatment:

2.1.the substances constituting the polishing
slurry and their concentrations: an oxidizer, a
complexant, a passivating agent, an abrasive, a
dispersant ensuring stable distribution of the
abrasive particles in the solution, and a solvent;
stability of the components during storage, pH
of the slurry;

2.2. the slurry supply rate.

3. Parameters of the polished material:

3.1.the total thickness variation and geometric
parameters of the wafer after lapping;

3.2. the type, chemical composition, and
specific features of the treated material, the
crystallographic orientation of the wafer.

The parameters listed above are interconnected
and can affect each other. Therefore, it is
reasonable to analyze the connections between
them.

a) The optimization of CMP modes usually
starts with determining the required polishing
pressure on the wafer and the relative velocity
between the wafer and the polishing pad. They
contribute greatly to the rate of material removal
from the surface of the wafer. Publication [24]
demonstrated that when polishing GaAs 4”
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wafers at a pressure lower than 90 H, the material
removal rate is not uniform. At a polishing
pressure over 90 H, the material removal rate
becomes even and the roughness of the surface
decreases.

Publication [25] shows that when polishing
InSb wafers using a slurry based on a colloidal
solution of silicon dioxide (0.2 vol. % of SiO,
colloidal solution with a particle size of
50 nm, the content of silicon dioxide in the
initial colloidal solution — 31 wt.%), hydrogen
peroxide, and citric or lactic acid at pH = 4 and
the velocity of the polishing pad 60 r/min, the
optimal polishing pressure is 80 g/cm?. This is
accounted for by the optimal thickness of the
polishing slurry between the wafer and the
polishing pad as well as the correspondence
between the chemical reaction rate and the
material removal rate. When the pressure
is reduced to 40 g/cm?, the surface becomes
rougher. The authors believe that this can be
caused by a thicker layer of the polishing slurry
between wafer and polishing pad, which results
in the inhomogeneity of the chemical processes
on the wafer surface. When the pressure
is over 100 g/cm?, the material is mainly
removed mechanically, which also results in the
deterioration of the wafer properties[25].

The wetting mode and thickness of the slurry
between the wafer and the polishing pad are
determined by the polishing pressure and its ratio
with the relative velocity between wafer and pad
and the viscosity of the polishing slurry (n-V/P).

b) Viscosity of the polishing slurry also
affects the mass transfer of the reaction products
removed from the surface and the movement of
the abrasive particles. When the viscosity is too
high, it hinders the movement of the abrasive
particles in the polishing slurry and the removal
of the CMP products from the surface of the
wafer. Local accumulations of CMP products are
also possible, which prevents the even flow of the
polishing slurry.

When the viscosity is too low, the wafer is
in direct contact with the polishing pad, which
increases mechanical pressure on the material.
This can result in uneven material removal and
increased roughness.

The viscosity is determined by the chemical
composition of the polishing slurry, its pH;
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type, particle size, and the concentration of
the abrasive [26]; as well as by the mechanical
parameters of the CMP process. Publication [27]
studies the dependence between the viscosity
of the polishing slurry with colloidal particles
of silicon dioxide and the shear rate calculated
as a velocity of the wafer to the polishing pad
(m/s) and the distance between them (m). The
study demonstrates that a significant growth
in the shear rate results in higher viscosity of
a polishing slurry based on a colloidal solution
of silicon dioxide, and the fact that polishing
slurries can show non-Newtonian behavior.
Additionally, the authors [27] note that at
increased velocity between the wafer and the
polishing pad, the slurry movement becomes
turbulent.

c) Silicon dioxide is the most common
commercial abrasive used for the CMP of A3B®. It is
used in the form of colloidal solutions. To prevent
the coagulation and sedimentation of particles,
stabilization additives are used. However, the
manufacturers keep the composition of such
additives a secret. The function of the abrasive is
to remove mechanically the material as well as to
absorb the products of polishing and to take them
away from the wafer surface. The existing studies
[21, 28] provide different experimental results
regarding the effect of the size and concentration
of abrasive particles in the polishing slurry
on the characteristics of CMP, including the
material removal rate. The main requirements
for abrasives are the following: they should be as
hard as the polished material (or softer), inert to
the components of the polishing slurry, and have
a small particle size (tens and hundreds of nm,
most commonly 10+100 nm [29]). Publication [30]
demonstrates that SiO, has a low reactivity with
regard to GaAs. It also shows that CeO, abrasive
particles tend to chemically interact with GaAs. It
is still important to further investigate the effect
of dispersants on the properties of abrasives
[31-33].

Some researchers do not use abrasive particles
when polishing A’B® materials [22, 34, 35]. This
makes the polishing process different, because
the oxidized forms of the material are removed
by the polishing pad only.

d) Polyurethane polishing pads of various
hardness are used for the CMP of semiconductor
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materials both with and without abrasives. Article
[36] shows that softer polishing pads ensure a
smaller number of defects on A’B>wafers.

The surface morphology of the polishing pad
should facilitate the removal of most asperities
from the surface of the wafer. When modelling
the CMP process in [37, 38] the authors tried to
take into account the impact of polishing pad
area being in contact with a wafer on the material
removal rate. For this, the Greenwood-Williamson
model was used (1):

A=(f,/C)(R,/c,)" (P-A,/E,), (1)

where A is the contact area between the polishing
pad and the wafer, Rp is the curvature radius of
the pad asperities, ¢_is the standard deviation of
asperity heights of the polishing pad, P is the
polishing pressure, A is the nominal surface area
of the wafer, E__ is the average Young’s modulus
of the wafer and the polishing pad (the elastic
modulus of the polishing pad is usually three
times smaller than that of the material [22]), f, is
the density of asperities of the polishing pad
divided by grooves, and C is a constant equal
0.3+0.4.

This model was used to develop a methodology
for assessing the polishing rate [52]. The contact
area between the polishing pad and the wafer
is not constant because of the glazing and
mechanical wear of the polishing pad [37, 38].
To reduce the glazing effect, the surface of the
polishing pad can be conditioned, for instance,
with diamond tips [39, 40, 41, 42]. Therefore, the
number of abrasive particles in the polishing
pad may vary [43]. Additionally, larger number
of pad asperities results in a higher chance of
pad glazing [44].

e) The number of abrasive particles supplied
to the polishing pad per unit of time depends
on the polishing slurry supply rate. If the slurry
supply rate is too fast, the abrasive particles can
cover the whole surface of the polished wafer.
This can reduce the rate of chemical reactions of
the CMP due to preventing reagents access to the
reaction region [21, 45].

If the slurry supply rate is too slow, the slurry
can distribute unevenly over the polishing pad,
which will result in inhomogeneous chemical
interactions on the surface of the wafer and
increased roughness.

8
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Therefore, the slurry supply rate can affect the
kinetics of the chemical interactions, the wetting
of the surface, and the heat removal and reducing/
maintaining the temperature in the reaction area.

f) Temperature is another important
parameter of the CMP process. Publication
[46] suggests using an IR sensor to control the
temperature. Temperature affects the kinetics
of the chemical processes, the viscosity of
the polishing slurry (at higher temperatures
the viscosity decreases), the zeta potential of
abrasive particles, their hydrodynamic radius,
the mechanism of material removal, and the pH
of the polishing slurry. At higher temperatures,
more oxygen fron the air can dissolve in
the polishing slurry, which can lead to the
undesirable and uncontrollable oxidation of the
polished material.

Taking into account the high reactivity of
polished materials and chemical agents, the CMP
of AB°is performed at room temperature.

g) The chemical interaction between the
polished material and the polishing slurry is
the first stage of the CMP process. Generally,
A% and B’, elements are oxidized, with the
oxidized forms of each element having different
compositions depending on the pH of the
environment [47]. H,O, or NaClO are most
commonly used as oxidizers. Along with an
oxidizer, an abrasive, and an abrasive dispersant,
polishing slurries can include a number
of substances functioning as complexants,
passivating agents, and solvents, as well as
buffer solutions. The composition of the slurry
determines its pH, the possible reactions,
and the composition of the oxidized forms
and complex compounds, which have various
degrees of solubility and are more or less easily
mechanically removed from the surface.

Various polishing slurries are used with
particular materials (the examples of their
compositions are given in Table 1, section 3.1.3).
The existing literature on the problem does
not provide any information about the exact
composition of buffer solutions [48].

Article [49] demonstrates that the rate
of chemical reactions between the polishing
slurry and the polished material depends on
the ratio of the slurry components and their
concentrations.



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

E.N.Abramova et al.

h) Some studies focus on the effect of the
polishing slurry pH on the rate of CMP for
various A°B° materials. For instance, artcile [28]
demonstrates that a strongly acidic or a highly
alkaline environment increases the rate of GaAs
removal, while a neutral pH leads to a lower
material removal rate. The lowest roughness
of GaAs was observed at pH = 10. Patent [25]
demonstrates that polishing of InSb wafers in
a solution with an alkaline pH results in the
formation of scratches on the surface. When
the pH decreases from 7 to 2, the roughness
of the surface gradually increases together
with an increase in the material removal rate.
The patent suggests a method of polishing InP
and InSb wafers at pH = 4+6 with a polishing
slurry containing a colloidal solution of silicon
dioxide particles, hydrogen peroxide, and citric
acid [25].

Therefore, polishing slurries of various
chemical compositions are used for the CMP of
specific A3B®> materials.

i) The chemical composition of the polishing
slurry, in turn, is choosen to the characteristics
of the polished material, including its chemical
composition and the crystallographic orientation
of wafers. Elements of A’B®semiconductor
compounds have different oxidation rates.
The formed oxides, in turn, have different
solubilities. Thus, gallium (Ga,O, [35]) and
indium (In,0,) oxides are difficult to dissolve
in neutral environments. Their hydroxides also
have a low solubility at pH = 5+9, for instance:
log C;,on = —7-5at pH = 7.5; log C .= —9 at
pH = 7.0 [50]. Conversely, As and Sb oxides are
easily dissolved in neutral environments [47].

As a result, atoms of different elements are
removed at different rates during the polishing
process, and the roughness increases [51].
Therefore, it is important to take into account
the crystallographic orientation of the polished
wafer. For instance, the surface of [111] oriented
wafers can be comprised of atoms of the same
type. Surfaces of [100] and [110] oriented wafers
include atoms of III and V groups.

Therefore, multiple CMP parameters
demonstrate complex interconnections, which
makes the optimization of the polishing process
a multifactor nonlinear problem. To solve this
problem, various models of the process are
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developed taking into account the key factors
of CMP.

3.1.2. Models of the CMP process

Despite the fact that CMP is widely used,
its basic mechanisms are still a matter of
numerous discussions [54]. Models describing
CMP are usually aimed at determining the
dependence between the material removal rate
and the polishing pressure or the relative velocity
between the wafer and the polishing pad (the
Preston model), expression 2:

MRR=K-P-V, (2)

where MRR is the material removal rate, K is the
Preston’s coefficient, P is the polishing pressure,
V is the relative velocity of the wafer and the
polishing pad, which can be simply calculated as
the distance between the centers of the wafer and
the polishing pad multiplied by the relative ve-
locity r/min [55].

However, the Preston’s equation does not
take into account experimentally observed
nonlinear changes in the material removal rate
at a higher pressure and relative velocity. To solve
this problem, correction indices are used (a, b,
expression (3)) to assess the actual effect of these
parameters [55]:

MRR=K-P"-V". 3)

Authors [56] suggest a polynomial model
of chemical mechanical planarization based
on a transformed Preston’s equation taking
into account the dependence between the
planarization rate and time.

These approaches help to take into account
other CMP factors affecting the material removal
rate. However, they do not detail these factors and
the way they affect the process.

Publication [53] suggests a model for assessing
the material removal rate by abrasive particles
taking into account their number and geometry;
the down pressure, relative velocity between
the polishing pad and the wafer asperities; the
overall pressure and the relative velocity of the
wafer to the pad. However, the model does not
take into account the chemical aspect of the
CMP process.

Article [57] considers a model for erosion
during CMP and focuses on the chemical part
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of the process. According to the erosion model
presented in [58], the surface of the wafer is
polished due to erosion whose rate is calculated
as follows:

v, = f(0,(£),0,()),, 4)

where v_is the erosion rate along the normal to
the surface of the wafer, fis the empirical ratio of
chemical and mechanical erosion, which depends
on the mean down pressure on the wafer and the
values of ¢ , 6, — normal and shear stresses at a
particular point on the wafer’s surface.

The material removal rate is then described
by expression (5):

V,=K(P)-(c,+D-c}), (5)

where Vn is the material removal rate, K and D
are constants determined by the properties of the
material and the chemical processes.

Thus, the study presents an effort to take
into account the chemical processes taking place
during polishing. It also suggests that chemical
reactions and diffusion rate impact the down
pressure [57].

Article [59] presents a new theoretical
approach to the description of the CMP process
based on the material removal rate and taking
into account both mechanical and chemical
aspects (expression (6)):

MMR =C3(1-®[3-C2B* )R, -V, (6)

thikness

where C2 is a parameter determined by the mean
particle size of the abrasive, the particle size
distribution, the hardness of the wafer and the
polishing pad, the asperities of the polishing pad,
and the Young’s modulus of the polishing pad;
C3 is a parameter determined by the degree of
dilution of the polishing slurry with water, the
density and mass concentration of the slurry
before dilution, the mean particle size of the
abrasive, the particle size distribution, the den-
sity of the abrasive, the density of the asperities
of the polishing pad, its roughness and the
Young’smodulus; @isdeterminedas (x__-x, )/c—
the ratio of the difference between the maximum
and mean values to the standard deviation, P, is
the down pressure; V is the relative velocity of
the wafer to the polishing pad.

Publication [60] proposes another model for
calculating the polishing rate (expression (7):
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MRR(x,y) = K-Pg (x,¥)- Vit (%,¥) - {Q(x,¥)}, (7)

where MMR(x,y) is the material removal rate at
a particular point of the wafer, PV, are the
mean pressure and relative velocity of the wa-
fer to the pad, the exponent a is a constant
determined as the contribution of the pressure
and the relative velocity between the wafer and
the pad, and Q is a spatial parameter showing
the impact of pressure distribution along the
wafer, the relative velocity, and the chemical
processes.

Authors [42] consider various dependencies
between the material removal rate and the down
pressure for various interaction mechanisms
between the polishing pad, the abrasive, and
the polished surface. The study also tries to take
into account chemical interaction between the
active substance of the polishing slurry and the
polished surface.

The proposed model takes into account
the chemical aspect of polishing through the
diffusion coefficient of the reagent in the polished
material.

Article [52] suggests expressions for evaluating
the material removal rate taking into account the
properties of the material - the hardness of the
initial material and the oxidized forms on the
surface (the Brinell harness). The authors suggest
various expressions for various depths of abrasive
indentation in the surface layers.

Therefore, one of the main problems when
modelling the CMP process is to detail the
contribution of the chemical reaction and
mechanical removal to the end result. The
existing approaches to the problem can be
classified as mechanical, chemical-mechanical,
and chemical. The suggested models of the
polishing process are mainly based on particular
experimental conditions. This accounts for the
limitations of such models and the need to
adapt them to other conditions of polishing of
semiconductor materials. At the same time, some
authors point out the limitations of the suggested
expressions for estimating the material removal
rate [42, 52, 59].

3.1.3. Modes of CMP of A°B°

Table 1 provides examples of CMP conditions
and compositions of polishing slurries used for
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InSb, GaSb, GaAs, and InAs. The effectiveness of
the polishing process is assessed based on the
quality of the wafer. Generally, assessment of
the quality of wafers is based on the following
parameters: roughness (including R, R ), the
total thickness variation of the wafer; total
indicator reading (TIR); the wafer’s bow (BOW);
and the wafer’s wrap (WARP). It is also important
to monitor other defects on the wafer’s surface,
including scratches and residual particles
(abrasive, dust, and material particles). The
lower the values of these parameters are, the
higher the quality of the wafer. Most studies
assess the quality of polished wafers based on
the roughness values, because the experiments
are conducted on fragments, rather than on
whole wafers.

Methods of roughness measurement
include atomic force microscopy and contact
and non-contact optical profilometry. Optical
quality control systems usually make it
possible to assess the whole wafer and
determine the TTV, TIR, WARP, and BOW.
Defects can be monitored by means of optical
(including with a 3-d digital optical microscope
[61]) and electron microscopy. Another
common method is by scanning the surface
with a laser beam. To assess the surface
morphologies, crystalline quality and surface
defects of single-crystal wafers after CMP,
other methods are also used, including white
light interferometry, laser interferometry,
X-ray tomography, and high-resolution X-ray
diffraction [62, 63]. The need to control the
chemical composition of the polished surface
is determined by the chemical properties of
the elements of the III and V groups. For this,
X-ray photoelectron spectroscopy (XPS), Auger
electron spectroscopy [34, 64], and energy
dispersive X-ray spectroscopy are used.

Chemical mechanical polishing of GaAs is
also performed using polishing slurries based on
Br,/MeOH; NH,-H,0 and H,0,; H,SO, and H,0,;
H.PO, and H,0, [23].

An analysis of the CMP modes presented
in Table 1 demonstrated that the following
characteristics are required for a high quality
polishing of A3B® wafers.

1) Specific chemical mechanical polishing
methods and polishing slurries are developed
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for each A’B° material. H,0, and NaOCl are most
commonly used as oxidizers. However, the use of
NaOCI may result in the formation of chlorine
gas, so other oxidizers are being studied, e.g.
(NH,),Cr,0., NalO,, NalO,.

During the CMP of arsenides and phosphides,
toxic gases AsH, and PH, [65-68] can be
formed even in an oxidizing environment. At
the same time, arsenic oxide (As,O,) formed
during CMP transforms into HAsO,, H,AsO,,
and AsO?” depending on the pH of the solution.
When polishing In and Ga antimonides, the
composition of the polishing slurry affects the
oxidation of the III group elements, because
antimony oxide (Sb,0,) is stable practically
within the whole pH range [64]. At the same time,
a more homogeneous removal of material from
the surface of the wafers is observed in solutions
with pH below or close to 7 (the pH ranges from 4
to 7). In alkaline solutions (pH > 7), the material
removal rate is significantly higher than in acidic
solutions, while the surface quality decreases
dramatically (the roughness increases, grooves
begin to appear). Grooves can also be caused
by abrasive particles in the polishing slurry.
This can result from the softness of polished
materials.

2) Taking into account the mentioned above,
researchers are investigating the possibility of
conducting polishing of the studied materials
without abrasive particles or with relatively
soft abrasive particles [69-72] of a nanometer
size (not over a few dozen nm). The most
common are polishing slurries based on SiO,.
The mechanism of the functioning of abrasive
particles is still a matter of debate [73, 74]. In
particular, there is no single opinion as to the
participation of SiO, in the chemical processes
of CMP of A%B® [30, 66];

3) To remove the material more evenly
and obtain surfaces of a better quality, the
polishing process can also be divided into
several consequent stages (from coarse to fine
polishing). This is aimed at the decrease of the
material removal rate during fine polishing. A
decrease in the CMP rate is a general tendency
for both single-stage and multistage polishing.
For this, several techniques are used, including
the following [75, 76]:

11
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Table 1. Examples of the parameters of CMP of A’B° materials (where P — is the down pressure on the

wafer, V_, is the velocity of the polishing pad, V| . is the velocity of the wafer, V.,

supply

is the polishing

slurry supply rate, t is the duration of the process, T is temperature, and MMR is the material removal

rate)
Material CMP slurry composition Polish conditions Characterization
1 2 3 4
InSb 1 step - AL,O, (3+9 pm): H,0 = 1:30; P:10+15 g/cm?; Roughness < 0.1
[114] 2 step - H,0,: SiO, dispersion (25+40 V..t 60790 rmp; pm
vol.%) = 1: 2+4 (vol. ratio) Vsvopping: 10720 drops/min;
7:~20h
InSb <Te> Zr0, (dispersion in acidic solution):
(111), 20% solution C H O, (tartaric acid) in
[87] H,0, (40%) = 5:1
InSb (112) (NH,),Cr,0, (26 wt.%): HBr (42 wt.%): Pad: cambric tissue; Roughness
[115] CH,(OH)CH,(OH) (ethylene glycol - EG) T=293 K; R -0.3nm
=11:49:40 (vol.%) Vsropping: 273 Ml/min;
dissolved in EG (0+ 95 vol.%) T: 233 min
InSb 230 ml H,0, (30% solution), 75 ml EG, P: 5x10% H/m?; Roughness R,
[34] C,H,0,, NaCl (0.08 M for rough and V4 35 rpm 0.3+0.5 kA
0.02 M for precise polish)) in 1 1 CMP (30+50 nm)
slurry
InSb (100) SiO, (dispersion of 50 nm particles), |Pad: polyurethane and polyester;| Roughness
[25] CH.0, (C;HO,),H,0, pH = 4+6; R(max) - 3 nm
P: 0+120 g/cm?;
Vi 60 rpm;
V roppng 160 ml/min,;
MMR: 0.2+0.7 pm/min
InSb NaOCI (10% solution) and P:0.4;0.7 psi; Roughness
[35] CH,0, (50% solution) Vot 50; 70 rpm; 1.5 nm.
Vit 30 rpmy; There are
T: 233 min apparent defects
GaSb (100), 1 step - Br,: C,H,(OH), = 1:100; Pad: Pocorfarm 404 Roughness —
GaSb <Te> 2, 3 steps - anodic oxidation and 0.3:0.4 nm
(100) chemical etching
[86]
GaSb (100) NaOCl (10% solution) u C.H,O, Pad: polyurethane; Roughness — 0.5
[64] (10% solution) pH=7; nm
P: 4kP;
V .4 30 1pm;
pas
MMR: 10 nm/min
GaSb Si0, (35% dispersion of 50 nm particles) Pad: polyurethane; Roughness —

[62]

and C,Cl,N.NaO, (10% solution of

0.13 nm

sodium dichloroisocyanurate):
H,0=1:20
and 2 wt.% NaHCO,

pore size 42+58 um, pore density
325/mm?, velvet length 310 pm,
compressibility 15%, Shore A
Hardness 42;
7: 50 min;

MMR: 0.216 pm/min

12
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Table 1 (continued)
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1 2 3 4
GaSb 1 step - ALO, 1 - Pad: CeO,; Roughness
[116] 10+30%; grinding aid 5+10%; P:100+200 g/cm?; R, <0.3nm
dispersant 1+10%; H,0 Vpa 4+ 10+40 rpm;
2 step — NaClO 1+10%; SiO, (up to 100 dropping- 10+50 ml/min.
nm) 2 — Pad: polyurethane;
10+30%; H,PO, 0.01+0.2%; H20 pH=6;
3 step - H,0, 0.1+10 %; P: 80+150 g/cm?,
PH value regulator 0.01+5%; H,0 V.t 60+100 rpm;
V gropping: 10730 ml/min
3 — Pad: synthetic leather;
pH=4
GaSb (100) Commercial polishing agents “BGY- T=15+60 °C; Roughness
[117] 903”, “FA/0F3210”, Dongguan company P: 2+25 psi; R, -0.10.2 pm;
“3030”, Tianjin Xi Lika “2360” : H,0: Vgtopping: 10+150 ml/min; WARP - 20 um;
clorox = (1+10): (50+100): (1+10) (vol. 7: 10+60 min TTV-5upm
ratio)
InAs NH,SO,0H (sulphamic acid): C,H,O,: Pad: Synthetic buckskin;
[118] H,0,: H,0 =3:1:10:86 (%) pH=1:2;
P:0.08+0.12 Pa;
Vot 55+65 rpm;
Vi romping: 10 MI/min
InAs (001) | (NH,),Cr,0, (26 wt.%): HBr (42 mas.%): Pad: cambric tissue; Roughness
[86] CH,(OH)CH,(OH) = 11:49:40 (vol.%) T=293K, R -0.2 nm
dissolved in EG (0+ 95 vol.%) V ropping’ 273 Ml/min;
T: 2+3 min
InAs NaOCl (10% solution) and C H,0O, (50% Pad: polyurethane,; Roughness —
[64] solution) pH=7; 0.4 nm
P: 4KkPa;
Vpa 4+ 30 rpm;
MMR: 10 nm/min
GaAs Commercial SiO, (30 wt.% agq. pH = 2+3; Roughness -
[65] dispersion 35 nm particles): P: 3.5 psi; 0.7; 0.5 nm.
H,0, (30 wt.% aq. solution) (or NalO,, Vi 80 rpm; (Increase from
NalO,): H,0 = 3:1: 96 (wt.%). V. s 72 TPM; primary value of
Additionally HNO, or KOH. V ropping: 200 ml/min; 0.2 nm)
7: 1 min
GaAs NaCl, C,H,0,SNa (sodium T=16°C; Roughness
[24] benzenesulfonate), Na,P,0., Na,CO,, P: >90 H/81 cm?; R, ~15nm;
SiO, dispersion V..t 40 rpm; TTV<5um
V. aters 30+40 rpm;
Vdmppmg: 500 ml/min;
7: 10 min
GaAs a) NaOCl: H,0= 1:10; Pad: polyurethane,; Roughness - a)
[64] b) NaOCI (10% aq. solution) and C,H.O, a) pH=11; 0.5nm;b) 0.4
(10% aq. solution) b) pH=7; nm;
P: 4kPa;

Vot 30 rpm;
MMR: 10 nm/min
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1 2 3 4
n-GaAs (100) | TiO, (anatase) (5+10 nm): 7.4 wt.% in Pad: suede; Roughness R,
[82] 0, (15% aqg. solution) P:9.8 kPa; -0.4+0.5 nm
Vpa 4 80 rpm;
Vwafer 60 rpm
V1 oopine: 50 ml/min;
UV light- %< 250 nm (380 nm)
GaAs (2 inch) H,0, 7.0+70.0 vol.%; C,H O, (30% Pad: cambric; TIR - 2+3 pm
[119] solution) 7.0+60.0; EG 5.0+15.0; H,0 P 4.3+7.5 kPa;
4+ 20 rpm;
4ropping” 15 +20 ml/min;
MMR: 0.4+1.2 pym/min
GaAs (100 1 step) dichloroisocyanuric acid Pad: polyurethane;
mm) (C,0,N,CL,NA) 23 wt.%; Two side polish:
[120] sodium tripolyphosphate (Na,P.O, ) P: 50 g/cm?,
20+31 wt.%,; V..t up — 7.7 rpm, bottom - 23.2
Na,SO, 8 wt.%; Na,CO, 3 mas.%; H,0 rpm;
SiO, (50 wt.% dispersion). Vgropping:- 800 ml/min,;
2 step) dichloroisocyanuric acid 23 T 1 step) 30 min, 2 stepm) 15
wt.%; min;
sodium tripolyphosphate 13+19 wt.%; | MMR: 1 step) 0.6+1.2 ym/min; 2
Na,SO, 8 mas.%; Na,CO, 3 wt.%; H,0 step) 0.2+0.4 ym/min
Si0O, (50 mas.% dispersion).
InP [36] Commercial SiO, (dispersion of 100 nm Pad: shore hardness D13 Roughness -
particles in acidic media) 0.4+0.5 nm
InP (001) (4 a) NaOCI: H,0 = 1:20; Pad: polyurethane; Roughness
inch) [22] b) CH,0,: H,0 = 1:4; P: 4 kPa; <1nm
Vpa 4 30 rpm;
MMR: 5 nm/min.
7: 150+210 min
InP [121] Commercial SiO, (30 wt.% agq. a) pH=6 (C,H,0)); Roughness —
dispersion 35 nm particles): b) pH =8 (C,H,0,); a) 0.1 nm;
H,0, (wt.% aq. solution): C,H,0, (or P: 24.1 kPa; b) 0.7 nm
C4H606, CH,0,)= 3:1:0.72 (wt.%) in V 172 rpm;
H,0. V. s 80 TPM;
HNO, or KOH added Vsropping: 200 ml/min
InP <S> (100) SiO, (dispersion 50 nm particles), Pad: polyurethane and polyester;| Roughness
(2 inch) CH,0, (C,HO0,),H,0, pH=4+6; R(max) — 1.5 nm
[25] P: 0+100 g/cm?;
VlD 60 rpm;
Vdmppmg 160 ml/min,;
MMR: 0.2+0.7 pym/min
InP<S> (100) a) NaOCl (50 vol.%) u C. H,O_; Pad: polyurethane and polyester;| Roughness -
(2 inch) b) NaOCI (50 vol.%), C6HSO7, SIO pH =5%6; a)R - 0.1 nm,
[122,123] (5 wt.% dispersion) P: 100 g/cm?; R(max) -
Vi 140 rpm; 0.8 nm;
VClro ing 30 ml/min; 6) R, - 0.4 nm,
MMR: a) 0.05 ml/min, R(max) - 3 nm
b) 0.78 ml/min
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—reducing the down pressure on the polished
wafer to optimal values;

— adapting the pH of the polishing slurry (as
discussed earlier in the article);

- optimizing, including reducing the
concentration of reagents in the polishing slurry
[22, 34].

Today, the industrial processing of wafers
obtained from single-crystal ingots of GaAs,
GaSb, InAs, InSb, and InP involves CMP [77].
However, the theoretical basis of CMP has not
been developed enough yet. This concerns
primarily the chemical aspects: kinetics and
thermodynamics of the material interaction with
various oxidizers and the impact of the properties
of the material (its crystallographic orientation,
defects); the effect of the mechanical polishing
on the chemical processes; the interaction of the
oxidation products with complexants; and the
effect of the presence of buffer solutions in the
polishing slurry on the kinetics of the processes.
Authors [65] note that pH is maintained by adding
KOH, HNO,, and NaHCO,. It is assumed that
they do not interact with the polished materials.
However, most studies do not mention these
additives.

Besides the conditions and polishing slurries
used in traditional CMP, new approaches to
the technology are also studied based on
various semiconductor materials. For instance,
publication [78] suggests using the chemical
etching of silicon wafers followed by polishing
with Double Disk Magnetic Abrasive Finishing.
Magnetic field-assisted polishing is also studied
in[79, 80]. CMP of GaAs was also performed with
an abrasive ice disc [81], and a TiO, abrasive
and an ultraviolet ray [82]. A new method of
surface planarization of 4H-SiC is investigated
in [83], where silicon is oxidized by means of
plasma electrolytic processing followed by the
removal of the oxide with an abrasive slurry.
This method involves moving the polished
wafer from the electrolytic cell to the polishing
pad, which makes it difficult to upscale the
technology. Article [84] suggests a way to
modernize CMP of gallium nitride by putting
gold nanoparticles onto the polishing pad. The
authors assume that gold nanoparticles interact
with the polished surface under UV light, which
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results in the formation of charge carriers (holes)
in the valence band of the polished material.
This, in turn, facilitates the oxidation process.
This approach allowed obtaining a roughness
R, of about 1.3 nm. However, the use of gold
nanoparticles makes the process significantly
more difficult and expensive.

Authors [85] propose modernizing the slurry
supply system by the slurry ionization, when a
cathode and anode are put into the slurry tank.
The ionized slurry is atomized with oxygen or
nitrogen gas using a spray slurry nozzle.

3.2. Chemical polishing of semiconductor
wafers: new approaches

Non-contact chemical polishing of
semiconductor wafers is performed under
hydrodynamic conditions in a rotary barrel
polishing pad [17] or while stirring the solution
close to the polished surface in order to ensure
the homogeneity of chemical reaction with the
etchant. Solutions based on etchants including
HF, HCI, Br,, and NH,-H,O [86] and oxidizers,
like HNO, and H,0, [87], are used for chemical
polishing of AB°. Publications [88, 89] report the
effect of bromine on chemical etching of InSb,
InAs, and GaAs wafers. The studies demonstrate
that such solutions are the most suitable for
etching of InAs. However, a drawback of bromine
is its high reactivity and toxicity.

Publication [90] suggests a method which
combines the electrogeneration of the etchant
Br, and chemical etching of a GaAs wafer.

Article [86] studies the electrochemical
anodizing of wafers in a mixture of C,HO/
C,H,(OH), at the voltage of 50+100 V followed by
the chemical removal of the resulting oxides with
a HCl solution.

Authors [91] investigate a method based on
polishing the SiC surface with a KOH melt. This
method is also applicable to A3B°> materials. A
promising field of study seems a research of
reagents to treat GaAs, GaSb, InAs, InSb, and InP
materials with their melts.

Publication [92] suggests using hydride vapor-
phase epitaxy for the planarization of (100) GaAs.
However, the authors note that the method is
rather expensive. The literature on the problem
also suggests polishing GaSb by means of etching
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of the surface in argon and reactive ion etching
in CCLF, or CCl, plasma [86].

Therefore, the approaches to the chemical
polishing include polishing with melts, as well
as wet chemical, gas-phase, and electrochemical
treatment. The most developed is wet chemical
polishing. The main drawback of the wet and
electrochemical polishing is that it is difficult to
ensure homogeneous interaction of the etchant
with the surface of the wafer.

New methods of chemical polishing of
semiconductor wafers are indeed of a great
scientific interest. Their application requires non-
trivial engineering solutions as well as ensuring
economic feasibility.

4. Cleaning and passivation of the surface
of A3B’ materials

The high reactivity of A’B® materials results
in the formation of nonstoichiometric oxides of
the elements of III and V groups on the surface
of wafers in the air. The chemical composition
and the thickness of oxide layers depend on
the environment and change over time [93].
The presence of natural oxides results in the
inhomogeneity of the properties of the material
both on the surface and in the bulk. The most
significant are the increased density of surface
states and the appearance of new levels in the
band gap in near-surface layers. All this affects
the electronic, chemical, and optical properties of
wafers [86,94]. The presence of oxides also affects
the nucleation process during the initial stage of
epitaxial growth on substrates and the density of
defects in the epitaxial layers [93].

In this regard, various methods are developed
for the cleaning [40] and passivation of the surface
of A3B®. Passivation can either be a separate stage
of processing of semiconductor substrates, or be
combined with polishing without any significant
gaps in the process. (Passivation techniques for
semiconductor structures are out of scope of
our review.) The purpose of the passivation of
substrates is to significantly reduce the reactivity
of the semiconductor surface and stabilize surface
states of the wafer.

Wafer cleaning can involve washing in
solutions of acids, for instance HCl, HNO,, and HF
or bromine [95-97], as well as atomic hydrogen
cleaning [98]. Thermal annealing can be used to
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remove natural oxide layers from the surface of
only some of the A’B® materials. For instance,
for InSb material oxides of In are removed at a
temperature of about 325 °C, while oxides of Sb
are removed at a temperature close to the melting
point of the material.

There are various classifications of passivation
methods [99]. One such classification is based on
the resulting chemical composition of the surface,
when the passivation layers are created using
oxidation, sulfidizing, nitriding, etc. [100].

There is also a classification based on the
methods of passivation, which are generally
divided into wet-chemical techniques and
physico-chemical techniques.

At the moment, plasma and anodic oxidation
methods are being developed for wafers from
single-crystal materials. Thus, electrochemical
oxidation of GaSb, InSb, and InAs is performed
in electrolytes based on KMnO,, KOH, H,0,, and
H.AsO, [86]. However, a significant drawback of the
electrochemical treatment is the inhomogeneity
of the anodizing process in various regions of the
wafer’s surface [101]. Publication [88] focuses
on chemical oxidation of (111) InSb wafers
in HBr-Br, solutions: H,0 and H,PO,-H,0,:
H,O. The study demonstrates that oxidation
in phosphoric acid results in thicker and more
loose layers enriched with In. At the same time,
oxidation in Br, based solutions results in thinner
oxide layers on the surface.

Article [102] considers the methods of
sulfidizing InAs surface in solutions of thiols,
cystamine, thioacetamide, (NH,),S , as well as
amino acids and peptides. It is assumed that thiols
formed by carbon chain and the SH- group tend to
self-assemble and form a passivating monolayer
on the A’B° surface, which prevents oxidation
[95, 103].

Publications [93,84] suggest a method for
sulfidizing the InSb surface in a sodium sulfide
at a temperature of 45°C. According to [105],
unlike most A’B° compounds, annealing of InSb
wafers after treatment with sulfur-containing
solutions results in the braking of the In-S and
Sb-S bonds at temperatures of 310 and 400 °C
respectively. Authors [106] propose a method for
the passivation of InSb in a Na,S based electrolyte.
At the same time, in [107] anodic sulfidizing of
InSb in a sulfuric acid based electrolyte resulted in
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the enrichment of the surface with Sb. Generally,
sulfidizing of the surface of A3B°> wafers helps
to significantly reduce the density of surface
states and electroactive centers and prevent
interaction with atmospheric oxygen by creating
chemical bonds with sulfur [106,108]. However,
when exposed to atmosphere for a long time,
A3B® wafers with sulfidized surface can still be
oxidized [109].

Publication [109] suggests a different approach
to GaAs surface passivation — deposition of silicon
nitride on a sulfidized GaAs surface by means
of low-frequency plasma enhanced chemical
deposition. This approach is based on the
passivation method of finished semiconductor
structures.

GaAs nitriding methods are also being
developed in hydrazine solutions [96, 110] and
in nitrogen plasma [111].

Therefore, effective passivation of single-
crystal wafers of A’B® materials is an important
technological and scientific problem [112,113].
The applicability and feasibility of the existing
solutions depend on the application area of a
particular material. Instrument engineering
usually requires both the chemical purity of the
substrate surface and high planarity. Removing
passivating heteroatoms when preparing
substrates for epitaxial growth can significantly
undermine the surface planarity. This accounts
for the need of further studies and development
of new passivation methods.

5. Conclusions

In our study, we reviewed the current
approaches to the machining, polishing, and
passivation of the surface of GaAs, GaSb, InAs,
InSb, and InP semiconductor wafers. Unique
characteristics of these materials, including
fragility, various degrees of reactivity of Ga,
In, Sb, As, P and anisotropy of properties in
different crystallographic directions, make
it necessary to determine special polishing
techniques and the compositions of polishing
slurries. The review systematizes the existing
approaches to wafer polishing: mechanical
polishing, chemical-mechanical polishing, and
chemical polishing.

Since mechanical polishing does not provide
the required quality of GaAs, GaSb, InAs, InSb,
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and InP wafers, it was not considered in the
article.

The chemical-mechanical polishing of
A’B® includes single-stage and multistage
approaches with or without abrasives. CMP
is the main method of GaAs, GaSb, InAs,
InSb and InP surface treatment, since it has
the highest productive capacity and ensures
the required surface quality. However, the
theoretical aspects of the chemical processes
and the impact of the mechanical polishing are
developed incompletely. The suggested models
for chemical mechanical polishing are mainly
based on specific experimental conditions
(polished materials, compositions of the
polishing slurries, and abrasives). This accounts
for the limitations of such models and the need
to adapt them to other conditions of polishing.
Besides theoretical issues, the main practical
problem of CMP of arsenides and phosphides is
the formation of toxic gases AsH, and PH.. This
problem is not observed for antimonides. This
makes CMP the most practical and promising
method for InSb and GaSb. CMP also appears to
be the most used method of surface treatment
of arsenides and phosphides. However, to
optimize the technology for the treatment of
these materials, it is necessary to reduce and
prevent the formation of toxic gases during
the process.

Chemical polishing includes polishing
with melts, as well as wet chemical, gas-
phase, electrochemical polishing. Wet-chemical
polishing is performed in two ways: in a rotary
barrel polishing pad or while stirring the
solution close to the polished surface. It is the
most developed theoretically and practically
method. The main drawback of wet chemical and
electrochemical polishing is that it is difficult
to ensure homogeneous polishing of the whole
surface of the wafer. A promising research
area with regard to polishing of antimonides,
arsenides, and phosphides of indium and gallium
can be surface treatment with melts of etching
agents.

The review also systematized the existing
methods of surface passivation. The classification
approaches are based on the following principles:
the resulting chemical composition of the surface
(oxidation, sulfidizing, nitriding) and the method
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of creation of passivating coatings (wet-chemical
methods and physico-chemical methods).

Contribution of the authors
The authors contributed equally to this article.

Conflict of interest

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

References

1. Voronenkov V. V., Bochkareva N. 1., Virko M. V.,
... Shreter Yu. G. Gallium nitride substrates state of the
art, problems and possibilities. Nanoindustriya.
2017;S(74): 478-483. Available at: https://www.
elibrary.ru/item.asp?id=29871698

2. Kormilitsina S. S., Molodtsova E. V., Knyzev S. N.,
Kozlov R. Yu., Zavrazhin D. A., Zharikova E. V.,
Syrov Yu. V. Study of the influence of treatment on the
strength of undoped indium antimonide single-crystal
plates. Izvestiya Vysshikh Uchebnykh Zavedenii.
Materialy Elektronnoi Tekhniki = Materials of Electronics
Engineering. 2021;24(1): 48-56. (In Russ.). https://doi.
org/10.17073/1609-3577-2021-1-48-56

3. Allwood D. A., Cox S., Mason N. J., Palmer R.,
YoungR.,Walke P.].Monitoring epiready semiconductor
wafers. Thin Solid Films. 2002;412(1-2): 76—83. https://
doi.org/10.1016/S0040-6090(02)00316-4

4. Kiselev M. G., Drozdov A. V., YAmnaya D. A.
Technology of mechanical sawing of fragile non-metallic
materials with forced vibrations of the workpiece®. Minsk:
BNTU Publ.; 2017. Available at: https://rep.bntu.by/
bitstream/handle/data/37305/Tekhnologiya_
mekhanicheskogo raspilivaniya hrupkih_
nemetallicheskih materialov.
pdf?sequence=5&isAllowed= y&ysclid=1
hkrlgps56194871673

5. Cetyrkina S. A., Zujkov 1. F., Chumakova I. V.,
Chumakova A. V. Technology for cutting
monocrystalline silicon rods. Current problems of
aviation and astronautics™. 2010;1(6): 25-26. (In Russ.).
Available at: https://elibrary.ru/item.
asp?ysclid=lhkt9qaobe438551147 &id=22634031

6. Pei Z., Billingsley S., Miura S. Grinding induced
subsurface cracks in silicon wafers. International
Journal of Machine Tools and Manufacture. 1999;39(7):
1103-1116. https://doi.org/10.1016/S0890-
6955(98)00079-0

7. Meng Q., Zhang X., Lu Y., Si J. Calculation and
verification of thermal stress in InSb focal plane arrays
detector. Optical and Quantum Electronics.2017;49(402)
https://doi.org/10.1007/s11082-017-1243-9

18

2024;26(1): 3-24

Modern scientific and practical approaches to the production of substrates...

8.Zhang X.,Meng Q., Zhang L., Lv Y. Modeling and
deformation analyzing of InSb focal plane arrays
detector under thermal shock. Infrared Physics &
Technology. 2014;63: 28-34. https://doi.org/10.1016/j.
infrared.2013.12.004

9. Ponomarev V. B., Loshkarev A. B. Equipment for
electronic materials plants. Methodology guideline.
Lecture course’. Ekaterinburg: GOU-VPO UGTU-UPI
Publ.; 2008. 87 p. (In Russ.). Availabke at: file:///C:/
Users/Lab351/Downloads/Ponomarev_Loshkarev.pdf

10. Technology of integral electronics’. Ed.:
A.P.Dostanko, L. I. Gurskogo. Minsk: Integralpoligraf
Publ.; 2009. 571 p. (In Russ.)

11. Lapping and finishing machine elements’. Eds.:
S. G. Babaeva, P. G. Sadygova. M.: Mashinostroenie
Publ.; 1976. 128 s. (In Russ.)

12. Marinescu I. D., Rowe W. B., Dimitrov B.,
Ohmori H. Loose abrasive processes. In book: Tribology
of Abrasive Machining Processes. Second Edition. Oxford:
William Andrew Publishing; 2013. 399-421. https://
doi.org/10.1016/b978-1-4377-3467-6.00013-6

13. Teplova T. B. Quasi-plastic removal of the
surface layer of hard brittle materials to obtain a
nanometer surface relief”. Scientific Newsletter. 2010;8:
73-88. (In Russ.) Available at: https://www.elibrary.
ru/item.asp?id=15278524

14. Gorokhov V., Zakharevich E., Shavva M. Cutting
in the quasiplastic mode. Technology equipment and
technologies. Photonics Russia. 2015;49(1): 36—43. (In
Russ., abstract in Eng.). Available at: https://www.
elibrary.ru/item.asp?id=23107041

15.Doi T., Marinescu I. D., Kurokawa S. The current
situation in ultra-precision technology - silicon single
crystals as an example. In book: Advances in CMP
Polishing Technologies. USA: William Andrew
Publishing; 2012. 15-111 p. https://doi.org/10.1016/
b978-1-4377-7859-5.00003-x

16. Deaconescu A., Deaconescu T. Experimental
and statistical parametric optimisation of surface
roughness and machining productivity by lapping.
Transactions of famena XXXIX-4. 2015;39: 65-78.
Available at: https://hrcak.srce.hr/152134

17. Mirofyanchenko E. V., Mirofyanchenko A. E.,
Popov V. S. The influence of back thinning technique
of the InSb (100) FPA on its geometric characteristics
and crystal structure. Applied Physics (Prikladnaya
Fizika). 2020;2: 46-52. (In Russ., abstract in Eng.).
Available at: https://www.elibrary.ru/item.
asp?edn=rmmbya

18. Prakash S. J., Tyagi R., Gupta A. Backside
thinning of GaAs wafer by lapping using DOE
approach. In: India International Conference on Power
Electronics: Materials of international conference
IICPE2010, 2010, India: New Delhi; 2011.p. 1-4.https://
doi.org/10.1109/1ICPE.2011.5728072



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

E.N.Abramova et al.

19. URL: https://www.fujimico.com/catalog/
Lapping/5

20.Vizer L. N. Technology of elements and structures
of microelectronics. Stavropol: North- Caucasus Federal
University Publ.; 2017.

21.Lee H., Wang H., Park]., Jeong H. Experimental
investigation of process parameters for roll-type linear
chemical mechanical polishing (Roll-CMP) system.
Precision Engineering. 2014;38: 928-934. https://doi.
org/10.1016/j.precisioneng.2014.06.003

22. Brightup S. J., Goorsky M. S. Chemical-
mechanical polishing for III-V wafer bonding
applications: polishing, roughness, and an abrasive-
free polishing model. ECS Transactions. 2010;33(4):
383-389. https://doi.org/10.1149/1.3483528

23. Deng Q., Kong T., Li G., Yuan J. Study on
polishing technology of GaAs wafer. Advanced
Materials Research. 2012;497: 200-204. https://doi.
org/10.4028/www.scientific.net/AMR.497.200

24.Yi D., Li J., Cao J. Study on fundamental
polishing characteristics in chemical mechanical
polishing of gallium arsenide (GaAs) wafer. Bulgarian
Chemical Communications. 2017;49(Special Issue-K1):
113-117. Pexkum pmoctymna: http://bcc.bas.bg/BCC_
Volumes/Volume 49 Special K 2017/BCC-49-
SI-K1-2017.pdf#page=111

25.%6_ #%/Z, H4 5, NIPPON EKUSHIIDO KK.
Polishing liquid for compound semiconductor and method
for polishing compound semiconductor using the same.
Patent No.JP2585963B2,No.]P5341276A; Application
10.12.1993; Publ. 26.02.1997.

26. Lyu B. H., Dai W. T., Weng H. Z., Li M.,
Deng Q.F., Yuan J. L. Influence of components on the
rheological property of shear thickening polishing
slurry. Advanced Materials Research. 2016;1136:
461-465. https://doi.org/10.4028/www.scientific.net/
amr.1136.461

27. Lortz W., Menzel F., Brandes R., Klaessig F.,
Knothe T., Shibasaki T. News from the M in CMP-
Viscosity of CMP slurries, a constant? MRS Proceedings.
2003;767(17): 767. https://doi.org/10.1557/PROC-
767-F1.7

28. Peddeti Sh., Ong P., L. Leunissen H. A.,
Babu S. V. Chemical mechanical polishing of Ge using
colloidal silica particles and H,O,. Electrochemical and
Solid-State Letters. 2011;14(7): 254-257. https://doi.
org/10.1149/1.3575166

29.Zhao D.,Lu X. Chemical mechanical polishing:
Theory and experiment. Friction. 2013;1(12): 306—326.
https://doi.org/10.1007/s40544-013-0035-x

30. Gao J., Zhou H., Du J., ... Qian L. Effect of
counter-surface chemical activity on mechanochemical
removal of GaAs surface. Tribology International.

2024;26(1): 3-24

Modern scientific and practical approaches to the production of substrates...

2022;176: 107928. doi.org/10.1016/j.triboint.
2022.107928

31.Cheng]J.,Huang S.,Li Y., Wang T., Xie L., Lu X.
RE (La, Nd and Yb) doped CeO, abrasive particles for
chemical mechanical polishing of dielectric materials:
Experimental and computational analysis. Applied
Surface Science.2020;506: 144668. https://doi.
org/10.1016/j.apsusc.2019.144668

32. Seo J., Gowda A., Khajornrungruang P.,
Hamada S., Song T., Babu S. Trajectories, diffusion,
and interactions of single ceria particles on a glass
surface observed by evanescent wave microscopy.
Journal of Materials Research. 2020;35: 321-331.
https://doi.org/10.1557/jmr.2020.6

33. Gowda A., Seo J., Ranaweera C. K., Babu S.
Cleaning solutions for removal of ~30 nm ceria
particles from proline and citric acid containing
slurries deposited on silicon dioxide and silicon nitride
surfaces. ECS Journal of Solid State Science and
Technology. 2020;9: 044013. https://doi.
org/10.1149/2162-8777/ab8ffa

34, Kiseleva L. V., Lopukhin A. A., Mezin Yu. S.,
Savostin A. V., Vlasov P. V., Vyatkina O. S. Influence of
conditions of the InSb monocrystals chemical
processing on a surface composition and structure”.
Applied Physics (Prikladnaya Fizika). 2015;5: 84-89. (In
Russ., abstract in Eng.). Available at: https://www.
elibrary.ru/item.asp?id=24839899

35. Linehan D.M. Chemical Mechanical Polishing
of InSb. Master’s thesis in nanoscience. Lund
University: 2021. 39 p. URL: https://lup.lub.lu.se/
student-papers/search/publication/9069263

36. Bhonsle R. K., Teugels L., Ibrahim S. A. U,, ...
Leunissen L. H. A. Inspection, characterization and
classification of defects for improved CMP of III-V
materials. ECS Journal of Solid State Science and
Technology. 2015;4(11): 5073-5077. https://doi.
org/10.1149/2.0111511jss

37.Lee H. Semi-empirical material removal model
with modified real contact area for CMP. International
Journal of Precision Engineering and Manufacturing.
2019;20: 1325 - 1332. https://doi.org/10.1007/s12541-
019-00161-6

38.Chen C.-C.,LiJ.-C.,Liao W.-C., Ciou Y.-]., Chen
C.-C. Dynamic pad surface metrology monitoring by
swingarm chromatic confocal system. Applied Sciences.
2021;11(1): 179. https://doi.org/10.3390/app11010179

39. Lee B. Modeling of chemical mechanical
polishing for shallow trench isolation. PhD Dissertation.
USA: MIT, 2002. 201 p. Available at: https://core.ac.
uk/download/pdf/4397042.pdf

40. Terayama Y., Khajornrungruang P., Suzuki K.,
Kusatsu K., Hamada S., Wada Y., Hiyama H. Real time

19



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpefbl M MexdasHble rpaHuLbl

E.N.Abramova et al.

nanoscale cleaning phenomenon observation during
PVA brush scrubbing by evanescent field. ECS Trans.
2019;92(2): 191-197. https://doi.org/10.1149/09202.
0191ecst

41. Khanna A. J., Jawali P., Redfeld D., ... Bajaj R.
Methodology for pad conditioning sweep optimization
for advanced nodes. Microelectronic Engineering.
2019;216(15): 111101. https://doi.org/10.1016/j.
mee.2019.111101

42. Goldstein R. V., Osipenko M. N. Chemical -
mechanical polishing. Part 2. Model of local
interactions. Perm State Technical University Mechanics
Bulletin. 2011;3: 26—42. (In Russ., abstract in Eng.).
Available at: https://www.elibrary.ru/item.
asp?id=16898671

43.Khanna A.J., Gupta S., Kumar P., Chang F.-C.,
Singh R. K. Quantification of shear induced
agglomeration in chemical mechanical polishing
slurries under different chemical environments.
Microelectronic Engineering.2019;210: 1-7. https://doi.
org/10.1016/j.mee.2019.03.012

44. Han R., Sampurno Y., Theng S., Sudargho F.,
Zhuang Y., Philipossian A. Application of the Stribeck+
curve in silicon dioxide chemical mechanical
planarization. ECS Journal of Solid State Science and
Technology. 2017;6: 161-164. https://doi.
org/10.1149/2.0241704jss

45.Liao X., Sampurno Y., Zhuang Y., Philipossian A.
Effect of slurry application/injection schemes on slurry
availability during chemical mechanical planarization
(CMP). Electrochemical and Solid-State Letters.
2012;15(4): H118-H122. https://doi.
org/10.1149/2.009205esl

46.Lee].-T.,Lee E.-S., Won ].-K., Choi H.-Z. Wafer
polishing process with signal analysis and monitoring
for optimum condition of machining. Advanced
Materials Research. 2010;126-128: 295-304. https://
doi.org/10.4028/www.scientific.net/AMR.126-128.295

47.Pourbaix M. Atlas of electrochemical equilibria
in aqueous solutions. USA: National Association of
Corrosion Engineers, 2" edition; 1974. 645 p.

48.LoR., Lo S-L. A pilot plant study using ceramic
membrane microfiltration, carbon adsorption and
reverse osmosis to treat CMP (chemical mechanical
polishing) wastewater. Water Supply. 2004;4(1):
111-118. https://doi.org/10.2166/ws.2004.0013

49. Sioncke S., Brunco D. P., Meuris M., ... Heyns
M. M. Etch rates of Ge, GaAs and InGaAs in acids, bases
and peroxide based mixtures. ECS Transactions.
2008:16(10): 451-460. https://doi.org/10.1149/
1.2986802

50. Frank-Rotsch Ch., Dropka N., Rotsc P. III
Arsenide. In Book: Single crystals of Electronic
Materials: Growth and Properties. UK: Woodhead

20

2024;26(1): 3-24

Modern scientific and practical approaches to the production of substrates...

Publishing, Elsevier; 2018. pp. 181-240. https://doi.
org/10.1016/B978-0-08-102096-8.00006-9

51. Ong P., Teugel L. CMP processing of high
mobility channel materials: alternatives to Si. In book:
Advances in Chemical Mechanical Planarization (CMP),
2" Edition. UK: Woodhead Publishing, Elsevier; 2022.
pp. 125-142. https://doi.org/10.1016/B978-0-12-
821791-7.00020-4

52. Qin K., Moudgil B., Park C. W. A chemical
mechanical polishing model incorporating both the
chemical and mechanical effects. Thin Solid Films.
2004;446(2): 277-286. https://doi.org/10.1016/j.
tsf.2003.09.060

53. Lee H. S., Jeong H. D, Dornfeld D. A. Semi-
empirical material removal rate distribution model for
SiO, chemical mechanical polishing (CMP) processes.
Precision Engineering. 2013;37: 483-490. https://doi.
org/10.1016/j.precisioneng.2012.12.006

54. Seo J. A review on chemical and mechanical
phenomena at the wafer interface during chemical
mechanical planarization. Journal of Materials
Research.2021;36(1): 235-257. https://doi.org/10.1557/
$43578-020-00060-x

55.Park B.,Kim Y., Kim H.,Jeong H., Dornfeld D. A.
Effect of ceria abrasives on planarization efficiency in
STI CMP Process. ECS Transactions. 2009;19(7): 51-59.
https://doi.org/10.1149/1.3123774

56.AmirhanovA.V.,Gladkih A. A.,Makarchuk V. V.,
Pshennikov A. G., Shahnov V. A. Polynomial model of
chemical-mechanical planarization in production of
sub-micrometer VLSIC. Herald of the Bauman Moscow
State Technical University. Series Instrument Engineering.
2012;2: 20-36. (In Russ., abstract in Eng.). Available
at: https://www.elibrary.ru/item.asp?id=17734975

57. Goldstein R. V., Osipenko M. N. Chemical -
mechanical polishing. Part 1. Main characteristics:
review. Perm State Technical University Mechanics
Bulletin. Vestnik PGTU. Mekhanika. 2011;3: 26—42. (In
Russ., abstract in Eng.). Available at:: https:/www.
elibrary.ru/item.asp?id=16898670

58.Runnels S. R. Feature-scale fluid-based erosion
modeling for Chemical-Mechanical Polishing. Journal
of Electrochemical Society. 1994;141(7): 1900-1904.
https://doi.org/10.1149/1.2055024

59. Luo J., Dornfeld D. A. Material removal
mechanism in chemical mechanical polishing: theory
and modelling. IEEE Transactions on Semiconductor
Manufacturing. 2001;14(2): 112-133. https://doi.
org/10.1109/66.920723

60. Lee H., Lee D., Jeong H. Mechanical aspects of
the chemical mechanical polishing process: a review.
International Journal of Precision Engineering and
Manufacturing. 2016;17(4): 525-536. https://doi.
org/10.1007/s12541-016-0066-0



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

E.N.Abramova et al.

61.Papis Polakowska E., Leonhardt E., Kaniewski J.
Characterization of (100) GaSb passivated surface
using next generation 3D digital microscopy. Acta
Physica Polonica Series a. 2014;125(4): 1052-1055.
https://doi.org/10.12693/APhysPolA.125.1052

62. Yan B., Liang H., Liu Y., ... Huang L. .Chemical
mechanical polishing of GaSb wafers for significantly
improved surface quality. Frontiers in Materials. 2021;8:
773131. https://doi.org/10.3389/fmats.2021.773131

63.Hayashi S., Joshi M. B., Goorsky M. S. Chemical
mechanical polishing of exfoliated III-V layers. ECS
Transactions. 2008;16(8): 295-302. https://doi.
org/10.1149/1.2982881

64.Seo D.,Na J., Lee S., Lim S. Behavior of GaSb
(100) and InSb (100) surfaces in the presence of H,0,
in acidic and basic cleaning solutions. Applied Surface
Science.2017;399: 523-534. https://doi.org/10.1016/j.
apsusc.2016.12.114

65. Matovu J. B., Ong P., Leunissen L. H. A.,
Krishnan S.,Babua S. V. Fundamental investigation of
chemical mechanical polishing of GaAs in silica
dispersions: material removal and arsenic trihydride
formation pathways. ECS Journal of Solid State Science
and Technology. 2013;2(11): 432-439. https://doi.
org/10.1149/2.008311jss

66. Peddeti Sh., Ong P., Leunissen L. H. A., Babu S.
V. Chemical mechanical polishing of InP. ECS Journal
of Solid State Science and Technology. 2012;1(4): 184-
189. https://10.1149/2.016204jss

67. Suryadevara B. Advances in chemical mechanical
planarization (CMP). 2" edition. The UK, Cambridge:
Woodhead Publishing; 2021. 648 p.

68. Lee H., Dornfeld D. A., Jeong H. Mathematical
model-based evaluation methodology for
environmental burden of chemical mechanical
planarization process. International Journal of Precision
Engineering and Manufacturing-Green Technology.
2014;1(1): 11-15. https://doi.org/10.1007/s40684-
014-0002-7

69. Andreev V.M., Kudryashov D. A., Mizerov M. N.,
Pushnyj B. V. Method for semiconductor polish. Patent
No RU245754, HO1L 21/302, B82B 3/00;
No2011106341/28; Appl. 18.02.2011; Publ. 27.07.2012,
bull. No 21. Available at: https://patents.s3.yandex.
net/RU2457574C1_20120727.pdf

70.Joshida M., Ashidzava T., Terasaki H., Kurata Ya.,
Macudzava D., Tanno K., Ootuki Yu., Cerium oxide
composite and wafer polish method. Patent No
RU2178599C2, HO1L 21/304; No 99109040/28; Appl.
30.09.1997; Publ. 20.01.2002, bull. No 2. Available at:
https://pubchem.ncbi.nlm.nih.gov/patent/RU-
2178599-C2

71.Lee H.,Jeong H. Analysis of removal mechanism
on oxide CMP using mixed abrasive slurry. International

2024;26(1): 3-24

Modern scientific and practical approaches to the production of substrates...

Journal of Precision Engineering and Manufacturing.
2015;16(3): 603 — 607. https://doi.org/10.1007/s12541-
015-0081-6

72.Lee H.,Lee D.,Kim M., Jeong H. Effect of mixing
ratio of non-spherical particles in colloidal silica slurry
on oxide CMP. International Journal of Precision
Engineering and Manufacturing. 2017;18(10): 1333-
1338. https://doi.org/10.1007/s12541-017-0158-5

73.Lee H.S.,Jeong H.D. Chemical and mechanical
balance in polishing of electronic materials for defect-
free surfaces. CIRP Annals. 2009;58(1): 485-490.
https://doi.org/10.1016/j.cirp.2009.03.115

74. Lee H. Tribology research trends in chemical
mechanical polishing (CMP) process. Tribology and
Lubricants. 2018;34(3): 115-122. https://doi.
org/10.9725/KTS.2018.34.3.115

75.Suzuki N., Hashimoto Y., Yasuda H., Yamaki S.,
Mochizuki Y. Prediction of polishing pressure
distribution in CMP process with airbag type wafer
carrier. CIRP annals. 2017;66(1): 329-332. https://doi.
org/10.1016/j.cirp.2017.04.088

76. Park ]J.-Y., Han J.-H., Kim C. A study on the
influence of the cross-sectional shape of the metal-
inserted retainer ring and the pressure distribution
from the multi-zone carrier head to increase the wafer
yield. Applied Sciences. 2020;10(23): 8362. https://doi.
org/10.3390/app10238362

77.Martinez B.,Flint ]. P., Dallas G.,... Furlong M.]J.
Standardizing large format 5” GaSb and InSb substrate
production. Proceedings Volume 10177, Infrared
Technology and Applications XLIII. 2017; 10177. https://
doi.org/10.1117/12.2263961

78. Pandey Kh., Pandey P. M. Chemically assisted
polishing of monocrystalline silicon wafer Si (100) by
DDMAEF. Procedia Engineering. 2017;184: 178-184.
https://doi.org/10.1016/j.proeng.2017.04.083

79. Kum Ch. W., Sato T., Guo J., Liud K., Butler D.
A novel media properties-based material removal rate
model for magnetic field-assisted finishing.
International journal of mechanical sciences. 2018;141:
189-197. https://doi.org/10.1016/j.ijmecsci.
2018.04.006

80.Zhang].,Wang H.,Kumar S.,Jin M. Experimental
and theoretical study of internal finishing by a novel
magnetic driven polishing tool. International Journal
of Machine Tools and Manufacture. 2020;153: 103552.
https://doi.org/10.1016/j.ijmachtools.2020.103552

81.LuW.Z.,ZuoD.W.,SunY.L.,Zhao Y.F., XuF.,
Chen R. F. Temperature field during CMP GaAs wafer
using an AID. Key Engineering Materials. 2009;416:
28-33. https://doi.org/10.4028/www.scientific.net/
KEM.416.28

82. Hong S. H., Isii H., Touge M., Watanabe ]J.
Investigation of chemical mechanical polishing of

21



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpefbl M MexdasHble rpaHuLbl

E.N.Abramova et al.

GaAs wafer by the effect of a photocatalyst. Key
Engineering Materials. 2005;291-292: 381-384. https://
doi.org/10.4028/www.scientific.net/KEM.291-292.381

83. Ma G., Li S., Liu X., Yin X., Jia Z., Liu F.
Combination of plasma electrolytic processing and
mechanical polishing for single-crystal 4H-SiC.
Micromachines. 2021;12: 606-618. https://doi.
org/10.3390/mi12060606

84. Ou L., Dong Zh., Kang R., Shi K., Guo D.
Photoelectrochemically combined mechanical
polishing of n-type gallium nitride wafer by using
metal nanoparticles as photocathodes. The
International Journal of Advanced Manufacturing
Technology. 2019;105: 4483-4489. https://doi.
org/10.1007/s00170-018-03279-5

85.JoH.,Lee D.S.,Jeong S. H., Lee H. S., Jeong H.
D. Hybrid CMP slurry supply system using ionization
and atomization. Applied Sciences.2021;11:2217-2233.
https://doi.org/10.3390/app11052217

86.Papis Polakowska E. Surface treatments of GaSb
and related materials for the processing of mid-
infrared semiconductor devices. Electron Technology -
Internet Journal. 2006;37/38(4): 1-34. Pesxum mocTytia:
https://yadda.icm.edu.pl/baztech/element/bwmetal.
element.baztech-article-BWAO0-0014-0022

87. Eminov Sh. O., Jalilova Kh. D., Mamedova E. A.
Wet chemical etching of the (111)In and Sb planes of
InSb substrates. Inorganic Materials. 2011;47(4):
340-344. https://doi.org/10.1134/S0020168511040091

88.Aureau D., Chaghi R., Gerard I., Sik H., Fleury].,
Etcheberry A. Wet etching of InSb surfaces in aqueous
solutions: Controlled oxide formation. Applied Surface
Science.2013;276: 182-189. https://doi.org/10.1016/j.
apsusc.2013.03.063

89. Tomashik Z. F., Kusyak N. V., Tomashik V. N.
Chemical etching of InAs, InSb, and GaAs in H,0,~HBr
solutions. Inorganic Materials. 2002;38(5): 434-437.
https://doi.org/10.1023/A:1015402501421

90.Han L., Xu H., Sartin M. M., ... Tian Zh.-Q. Pulse
potential confined electrochemical polishing on
gallium arsenide wafer. Journal of The Electrochemical
Society. 2021;168: 043507. https://doi.org/10.1149/
1945-7111/abf96f

91. Zhang Y., Chen H., Liu D., Deng H. High
efficient polishing of sliced 4H-SiC (0001) by molten
KOH etching. Applied Surface Science. 2020;525:
146532. https://doi.org/10.1016/j.apsusc.2020.
146532

92. Braun A. K., Ptak A. J. Planarization of rough
(100) GaAs substrates via growth by hydride vapor
phase epitaxy. IEEE 48th Photovoltaic Specialists
Conference (PVSC): Conference Record, 2021, Fort
Lauderdale, FL, USA; 2021. pp. 1437-1439. https://doi.
org/10.1109/PVSC43889.2021.9518828

22

2024;26(1): 3-24

Modern scientific and practical approaches to the production of substrates...

93. Lvova T. V., Dunaevskii M. S., Lebedev M. V.,
Shakhmin A. L., Sedova I. V., Ivanov S. V. Chemical
passivation of InSb (100) substrates in aqueous
solutions of sodium sulfide. Semiconductors.2013;47(5):
721-727.https://doi.org/10.1134/s106378261305014x

94. Kul’chickij N. A., Naumov A. V., Starcev V. V.
Photonic is a new driver of gallium arsenide market.
Photonics Russia. 2020;14(2): 138-149. https://doi.
0rg/10.22184/1993-7296.FR0s.2020.14.2.138.149

95. Holloway G. W., Haapamaki Ch. M., Kuyanov P.,
LaPierre R. R., Baugh J. Electrical characterization of
chemical and dielectric passivation of InAs nanowires.
Semiconductor Science and Technology. 2016;31(11):
114004. https://doi.org/10.1088/0268-
1242/31/11/114004

96. Zou X., Li Ch., Su X., ... Yartsev A. Carrier
recombination processes in GaAs wafer passivated by
wet nitridation. ACS Applied Materials and Interfaces.
2020;12(25): 28360-29367. https://doi.org/10.1021/
acsami.0c04892

97. Tereshchenko O. E., Chikichev S. I., Tere-
khov A. S. Atomic structure and electronic properties
of HCl-isopropanol treated and vacuum annealed GaAs
100 surface. Applied Surface Science. 1999;142: 75-80.
https://doi.org/10.1016/S0169-4332(98)00634-5

98.HaworthL.,Lu]., Westwood D.I.,MacDonald].E.
Atomic hydrogen cleaning, nitriding and annealing
InSb (100). Applied Surface Science. 2000;166: 253-258.
https://doi.org/10.1016/S0169-4332(00)00425-6

99. Mittova I., Sladkopevtsev B., Dontsov A., Syrov
Yu., Kovaleva A., Tarasova O. Thermal oxidation of a
single-crystal GaAs surface treated in sulfur vapor.
Inorganic Materials. 2021;57(7); 663-668. https://doi.
org/10.1134/s002016852107013x

100. Syrov Y. V. Indium antimonide interaction
with tellurium vapors®. Physical-chemical processes in
condensed matter and interfaces: theses of VII Russian
conference, 10-13 November 2015, Voronezh. Voronezh:
Izdatel’sko-poligraficheskij centr “Nauchnaya kniga”;
2015. pp. 292-293. (In Russ.)

101.Hasegawa H., Hartnagel H. L. Anodic oxidation
of GaAs in mixed solutions of glycol and water. Journal
of The Electrochemical Society. 1976;123(5): 713-723.
https://doi.org/10.1149/1.2132915

102. Jewett S. A., Ivanisevic A. Wet-chemical
passivation of InAs: toward surfaces with high stability
and low toxicity. Accounts of Chemical Research.
2012;45(9): 1451-1459. https://doi.org/10.1021/
ar200282f

103. Sun M. H., Joyce H. J., Gao Q., Tan H. H.,
Jagadish C., Ning C. Z. Removal of surface states and
recovery of band-edge emission in InAs nanowires
through surface passivation. Nano Letters. 2012;12(7):
3378-3384. https://doi.org/10.1021/n1300015w



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

E.N.Abramova et al.

104. Solov’ev V. A., Sedova I. V., Lvova T. V., ...
Ivanov S. V. Effect of sulfur passivation of InSb (00 1)
substrates on molecular-beam homoepitaxy. Applied
Surface Science. 2015;356: 378-382. https://doi.
org/10.1016/j.apsusc.2015.07.200

105. Zhernokletov D. M., Dong H., Brennan B.,
Kim J., Wallace R. M. Optimization of the ammonium
sulfide (NH,),S passivation process on InSb(111)A.
Journal of Vacuum Science & Technology B. 2012;30(4):
04E103. https://doi.org/10.1116/1.4719961

106. Mirofyanchenko A. E., Mirofianchenko E. V.,
Lavrentyev N. A., Popov V. S. Anodic passivation of
InSb (100) by sodium sulfide solution with additional
sulfidation pretreatment. Applied Physics (Prikladnaya
Fizika). 2020;3: 33-39. (In Russ., abstract in Eng.).
Available at: https://www.elibrary.ru/item.
asp?id=43807692

107. Kiinstler-Hourriez B., Erné B., Lefévre F., ...
Etcheberry A. Surface reactivity of InSb studied by
cyclic voltammetry coupled to XPS. Journal de Physique
IV (Proceedings). 2006;132: 147-151. https://doi.
org/10.1051/jp4:2006132029

108. Gong X. Y., Yamaguchi T.,Kan H., ... Rinfret R.
Sulphur passivation of InAs. Applied Surface Science.
1997;113/114: 388-392. https://doi.org/10.1016/
S0169-4332(96)00936-1

109. Richard O., Blais S., Arées R., Aimez V.,
Jaouad A. Mechanisms of GaAs surface passivation by
a one-step dry process using low-frequency plasma
enhanced chemical deposition of silicon nitride.
Microelectronic Engineering. 2020;233: 111398. https://
doi.org/10.1016/j.mee.2020.111398

110. Chellu A., Koivusalo E., Raappana M., ...
Hakkarainen T. Nanotechnology paper GaAs surface
passivation for InAs/GaAs quantum dot based
nanophotonic devices. Nanotechnology. 2021;32(13):
130001. https://doi.org/10.1088/1361-6528/abd0b4

111. Mehdi H., Réveret F., Robert-Goumet C...
Pelissier B. Investigation of N, plasma GaAs surface
passivation efficiency against air exposure: towards
an enhanced diode. Applied Surface Science. 2022;579:
152191. https://doi.org/10.1016/j.apsusc.2021.152191

112. Syrov Y. V. Interaction of indium antimonide
with saturated sulfur vapor. Doklady Chemistry.
2016;471(2): 365-367. https://doi.org/10.1134/
S0012500816120077

113.Dobrovol’skij D.S., Davygora A.P., Syrov Yu. V.,
Molodcova E. V. Physical-chemical processes in
condensed matter and interfaces: theses of VII Russian
conference, 10— 13 November 2015, Voronezh. Voronezh:
Izdatel’sko-poligraficheskij centr “Nauchnaya kniga”;
2015. pp. 192-193. (In Russ.)

114. 2R, FEE, KWE, RF, 1S, 734, 7
Xin, XK=, &IE. Polishing method of indium

2024;26(1): 3-24

Modern scientific and practical approaches to the production of substrates...

antimonide single crystal wafer. Patent CN110788739A,
B24B 57/02, CO9G 1/0; N2 CN201911058927.XA;
Application 31.10.2019; Publ. 14.02.2020.

115. Levchenko I., Tomashyk V., Stratiychuk I.,
Malanych G. Formation of the InAs-, InSb-, GaAs-, and
GaSb-polished surface. Applied Nanoscience. 2018;8:
949-953. https://doi.org/10.1007/s13204-018-0788-7

116. 5%, g, (R, 5K, 4\ 1, 5Kitt, £F,
RIKEE, B2ZLY8. A kind of polishing method for gallium
antimonide monocrystalline piece. Patent No
CN106064326B, B24B 1/0, B24B; No
CN201610615129.2A; Application 01.08.2016; Publ.
03.06.2018. Available at: https://patents.google.com/
patent/CN106064326A/en

117. Fi#8, MR, L4, Big, DR, Double-
surface polishing method for gallium antimonide wafer.
Patent No CN102554750A, HO1L 21/304; No
CN2010106226200A; Application 29.12.2009; Publ.
11.07.2012.

118. Kovalishina E. A. Method of finish chemical-
mechanical polish InAs. Patent No RU2582904C1, HO1L
21/304; No 2014153880/28; Appl. 29.12.2014; Publ.
27.04.2016,bul. No 12. (In Russ.). Available at: https://
patents.google.com/patent/RU2582904C1/en

119. Kiseleva L. V., Boltar’ K. O., Vlasov P. V., ...
Savostin A. V. Method for chemical-mechanical polish
of gallium arsenide wafers. Patent No RU2545295C1,
C30B 33/00, HO1L 21/304, HO1L 21/306, C30B 29/42;
No 2014103552/05; Appl. 03.02.2014; Publ. 27.03.2015,
bul. No 9. (In Russ.). Available at: https://yandex.ru/
patents/doc/RU2545295C1 20150327

120. Nakayama M., Itami H., Yamazaki T., Itami H.
Mechano-chemical polishing method for GaAs wafer.
Patent No DE102008004441A1, HO1L 21/302, C09G
1/04; No 2007-030735; Application 09.02.2007; Publ.
14.08.2008. Available at: https://patents.google.com/
patent/EP1763071A1/en

121. Matovu J. B., Ong P., Leunissen L. H. A.,
Krishnan S., Babu S. V. Use of multifunctional
carboxylic acids and hydrogen peroxide to improve
surface quality and minimize phosphine evolution
during chemical mechanical polishing of indium
phosphide surfaces. Industrial and Engineering
Chemistry Research. 2013;52: 10664-10672. https://
doi.org/10.1021/ie400689q

122. Morisawa Y., Kikuma I., Takayama N.,
Takeuchi M. Mirror polishing of InP wafer surfaces
with NaOCl-citric acid. Applied Surface Science.1996;92:
147-150. https://doi.org/10.1016/0169-
4332(95)00219-7

123. Morisawa Y., Kikuma I., Takayama N.,
Takeuchi M. Effect of SiO, powder on mirror polishing
of InP wafers. Journal of Electronic Materials. 1996;26(1):
34-36. https://doi.org/10.1007/s11664-997-0130-8

23



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpefbl M MexdasHble rpaHuLbl

E.N.Abramova et al.

Information about the authors

Elena N. Abramova, Cand. Sci. (Chem.), Research
Fellow, AO «Giredmet», PAO «Rosatom» (Moscow,
Russian Federation).

https://orcid.org/0009-0002-7724-804X

overmind11@rambler.ru

Roman Yu. Kozlov, 4™ year PhD student NUST
MISIS, Head of the Laborarory AO «Giredmet», PAO
«Rosatom» (Moscow, Russian Federation).

rykozlov@rosatom.ru

Anatoliy I. Khokhlov, Cand. Sci. (Tech.), Research
Fellow, AO «Giredmet», PAO «Rosatom» (Moscow,
Russian Federation).

yaniki-220@mail.ru

24

2024;26(1): 3-24

Modern scientific and practical approaches to the production of substrates...

Yuriy V. Syrov, Cand. Sci. (Phis.-Math.), Research
Fellow, AO «Giredmet», PAO «Rosatom» (Moscow,
Russian Federation).

https://orcid.org/0000-0003-2226-5790

yvsyrov@yandex.ru

Yuriy N. Parkhomenko, Dr. Sci. (Phys.—Math.),
Professor, Department of Materials Science of
Semiconductors and Dielectrics, NUST MISIS (Moscow,
Russian Federation).

https://orcid.org/0000-0002-1970-9867

parkhomenko.in@misis.ru

Received 07.04.2023; approved after reviewing
24.06.2023; accepted for publication 15.09.2023;
published online 15.09.2025.

Translated by Yulia Dymant



Condensed Matter and Interphases. 2024;26(1): 25-36

ISSN 1606-867X (Print)
ISSN 2687-0711 (Online)

Condensed Matter and Interphases

Kondensirovannye Sredy i Mezhfaznye Granitsy
https://journals.vsu.ru/kcmf/

Review
Review article
https://doi.org/10.17308/kemf.2024.26/11806

Features of the corrosion of coatings based on zinc alloys:
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Abstract

The literature review analyses and systematizes the results of corrosion studies of widely used anti-corrosion zinc coatings
based on various binary systems Zn-Al, Zn-Mg, Zn-Fe, Zn-Ni, Zn-Co. The patterns of corrosion, the role of selective
dissolution and corrosion products in increasing the corrosion resistance of coatings in neutral chloride-containing
environments have been studied. The analysis shows that the corrosion rate depends on the chemical and phase composition
of zinc coatings, which is due to differences in the corrosion behavior of the phase components of the alloys. Selective
dissolution has an ambiguous effect on the corrosion resistance of coatings. On the one hand, the process of selective
dissolution of zinc can be accompanied by the formation of corrosion cracks, which reduces the corrosion resistance of the
coating. On the other hand, a rough surface enriched with an electropositive alloying component is formed. As a result,
roughness stimulates the deposition of a denser and more compact layer of corrosion products, which reduces the access
of oxygen and other electrolyte components to the coating’s surface. Under certain conditions, a film of corrosion products
can provide additional resistance to the corrosion process due to low electrical conductivity. With the uniform dissolution
of coatings, both the co-precipitation of complex compounds of zinc and alloying metals and the doping of the product
layer with oxides or hydroxides of alloying metals occur. This also results in increased compactness and reduced electrical
conductivity, which increases the corrosion resistance of the coatings. The purpose of the article: an overview of the results
of studies of corrosion of zinc coatings, physical and chemical features of the formation and composition of the layer of
corrosion products, the influence of corrosion products and selective dissolution on the corrosion resistance of coatings.

Areview of the results of studies relating to the corrosion of zinc coatings was carried out, taking into account the formation
of a protective layer of corrosion products and the selective dissolution of zinc. The corrosion of zinc coatings is influenced
by the structure and phase composition of the coatings, the selective dissolution of zinc, as well as the nature of the layer
of corrosion products. The corrosion resistance of zinc coatings increases if a compact layer of corrosion products with low
electrical conductivity is formed. The selective dissolution of zinc can have a positive effect on its protective ability due to
the formation of a rough surface, which promotes the deposition of a denser layer of corrosion products. In the case of the
uniform dissolution of zinc alloy coatings, alloying metals are able to integrate into the structure of zinc corrosion products,
which makes the layer more compact and leads to a decrease in its electrical conductivity, significantly increasing the
corrosion resistance of the coatings.
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1. Introduction

Zinc and its alloys are widely used to protect
structural materials and products from corrosion
in various industries. Protective zinc coatings are
produced by cathodic deposition, immersion in
molten zinc, thermal diffusion methods and gas
dynamic spraying using zinc powders, as well
as their introduction into paint compositions.
Regardless of the production method, the
corrosion behavior of zinc coatings strongly
depends on the composition, morphology and
structure of the layer of corrosion products (CP),
the physicochemical properties of which often
determine the high corrosion resistance of zinc
coatings. In addition to zinc oxide (ZnO) and zinc
hydroxide (Zn(OH),), depending on the chemical
composition of the corrosive environment, the CP
layer may include various basic zinc salts [1-4].
In addition, corrosion of zinc alloys can proceed
through the mechanism of selective dissolution
(SD) [5]. In this case, the accumulation of an
alloying component on the surface of the alloy
is possible, which has an additional effect on the
physicochemical properties of the protective
layer and the corrosion resistance of coatings.
The degradation processes of zinc coatings play
a special role in microelectronics, where they can
be used as an intermediate layer, for example,
at nickel-plating of aluminum contact pads.
Considering that the possibility of the formation
of zinc alloys with nickel and aluminum cannot
be excluded, along with the formation of zinc
oxidation products, it is necessary to take into
account the probability of its selective dissolution.

The study provides a review of the results of
investigation of the patterns of formation of a
protective layer of zinc corrosion products, which
ensures the corrosion resistance of zinc-based
coatings, taking into account the phenomenon
of selective dissolution.

2. Corrosion of zinc

The process of the corrosive degradation of
zinc includes its electrochemical oxidation at the
anodic areas of the coating:

Zn - 2e — Zn*.
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At the cathode sites in a neutral and alkaline
aqueous environment, the reduction of oxygen
dissolved in water occurs:

2e +1/20,+H,0 — 20H".

Accumulation of Zn?* and OH- ions in the
surface layer of the solution leads to the rapid
formation of zinc hydroxide precipitate:

Zn* +20H- — Zn(OH), .

Being amorphous, it is capable of
transformation into various products, the nature
of which depends on the pH of the environment
[6]:

Zn(OH)Z(am) — Zn0O, pH=7-9;
Zn(OH), ., — B,-Zn(OH), pH=7 - 9;
Zn(OH),, . — B,-Zn(OH), pH=11 - 12.

Subsequent transformations of Zn(OH),
mainly depend on the chemical composition of
the medium, in particular, on the presence of Cl-,
SO} ions, and products of reactions of dissolved
CO, with water:

CO,, +20H" — COZ +H,0,
+CO% +H,0 — 2HCO;.

COZ(aq)

The latter, reacting with Zn(OH), hydroxide,
quickly (within several hours) form hydrozincite
(HZ) or zinc hydroxycarbonate Zn (OH),(CO,),
(3Zn(0OH),-2Zn(CO,),) [7, 8]:

5Zn(OH),  +2HCO; + 2H' —
— Zn,(OH),(CO,),+ 4H,0,

as well as zinc hydroxycarbonate monohydrate
Zn,CO,(OH),H,0. In environments with a rela-
tively high content of chloride ions, HZ trans-
forms into simoncolleite (SC) or zinc hydroxy-
chloride Zn.Cl,(OH),-H,0(4Zn(OH),ZnCl,) within
a few days. If the CI- concentration in a solution
is higher than 0.01 M and pH = 7,and CO, is absent
or its concentration is insignificant, then SC is
formed directly from ZnO or Zn(OH), [9-12]:

47n(OH), + Zn* + 2CI- — 4Zn(OH),-ZnCl,.

The formation of SC is also described by other
chemical reactions, for example [9-12]:
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5Zn0 + 2Cl-+ 6H,0 — Zn,(OH),Cl,*H,0 + 20H-,
Zn(OH), + 4Zn* +60H- + 2CI- — Zn,(OH) Cl,,
5Zn(OH), + 2CI- +H,0 — Zn(OH),Cl,-H,0+20H-.

In addition, the formation of simoncolleite is
also considered as chemical precipitation from
an ion-saturated solution near the surface of a
corroding metal [8, 13]:

Szn2+ +8OH— + zcl_ — ZnS(OH)8C12’
4Zn* +H,0+80H" + 2CI- — Zn (OH),CL -H,0.

The SC can transform into gordaite
NaZn,Cl,(OH),SO,-6H,0 with prolonged exposure
for several years under the influence of SO, and
SOZX.

Simoncolleite serves as a cathodic corrosion
inhibitor of Zn, in the form of a dense
protective layer, impeding both volumetric and
intercrystalline diffusion of O,. The corrosion of
Zn is often local, which affects the homogeneity
of the layer of products of the corrosion process.
Thus, in chloride-containing media, the anodic
areas are acidified, and the concentration of Cl-
ions increases near them, which contributes to
the formation of predominantly simoncolleite
[14, 15]. The cathode areas have a higher pH due
to the reduction of dissolved O,, as a result of
which hydrozincite is formed on them [14, 15].

Simoncolleite is stable at relatively high CI-
concentration in solution and in the absence of
excess of OH"and COZ". As the pH increases, it
transforms into the less compact ZnO oxide. In
the presence of HCO, ions SC transforms into
sodium-zinc carbonate Na,Zn,(CO,), (at 0.5-1.0 M
HCO;) or hydrozincite (at 0.05 M HCO;) [16].
With increasing CO2- concentration zinc CP can
transform into soluble carbonate complexes [16]:

Zn(OH),Cl, + 2C0% —
— Zn(CO,)>+ 2CI- + 4H,0 + 4Zn0,
ZnO + 2COZ +H,0 — Zn(CO,)?" +20H".

All these factors contribute to a decrease in
the degree of protection of zinc.

3. Corrosion of alloy coatings
based on Zn-Al and Zn-Mg

Coatings with zinc alloys of the Zn-Al system
of the “Galvalume” (GL) type (55 wt. % Al) and
“Galfan” (GF) (5 wt. % Al + mischmetal additive)
allow to provide corrosion resistance 2—4 times
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higher compared to zinc [17]. The microstructure
of coatings obtained from Galfan and Galvalume
alloys is different. In GF, the basis is the matrix of
the n-phase is a solid solution of iron in zinc with
a Fe concentration of 0.03 wt. %, and Al is present
in the form of point inclusions (3-Al). In GL, the
core consists of dendrites with a high Al content,
and the interdendritic spaces are enriched with
zinc [7, 18-22].

Differences in the microstructure of
heterophase alloys of the Zn-Al system have a
significant impact on their corrosion behavior.
Thus, the process in the case of Galvalume alloys
in a chloride environment starts on zinc-rich
surface areas. Predominant dissolution of Zn from
interdendritic regions occurs, while the phase
enriched in Al has a more positive potential and
accelerates corrosion of the coating, acting as a
cathode [18]. At the same time, an increase in Al
concentration in the alloy leads to the appearance
of compounds such as Al,O,, AIOOH, and AI(OH),
in the form of a thin film among CP. Local islands of
mixed corrosion products of complex composition
Zn,Al(OH) CI-H,0 and Zn Al,CO,(OH), -4H,0 are
formed predominantly on zinc-rich interdendritic
regions [7,22]. With a high Cl- content-aluminum
hydroxy compounds transform into aluminum
oxychloride Al,(OH).Cl-2H,0 [21]. Corrosion
of Galfan-type alloys, characterized by a low
aluminum content, is similar to the process
involving metallic Zn. Indeed, the dissolution
of the n-phase leads to the formation of CP
characteristic of zinc, including ZnO, Zn(OH),
and Zn,(OH),Cl-H,0. When areas containing
Al are dissolved, ZnAl,CO,(OH) 4H,0 or
Zn,Al(OH) CI-H,O appear among the corrosion
products, similarly with the GL type coatings
[7,22].

The inclusion of aluminum compounds in the
composition of corrosion products contributes to
the formation of a denser protective layer, which
ultimately leads to an increase in the protective
effect and an increase in the corrosion resistance
of coatings based on alloys of the Zn-Al system.
An additional effect is exerted by the selective
dissolution of zinc from the heterophase surface,
which leads to an increase in roughness and
creates topologically favorable conditions for
the deposition of CP, forming a protective layer
[19, 20, 22].
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The microstructure of Zn,Al coatings changes
with the introduction of magnesium and silicon.
At a relatively low magnesium concentration,
dendrites of an aluminum-based solid solution
are formed, and in the interdendritic region,
relatively rich in Zn, the formation of a dense
intermetallic MgZn, phase is observed. High Mg
content and Si additive (0.4 wt. %) provide the
formation of the Mg, Si phase in the coating and
also contribute to an increase in the thickness
of the coating. During the corrosion of alloys,
MgZn, intermetallic compound acts as an anode
and dissolves with the formation of Zn* and Mg**
ions, and on the surface of the dendritic phase
enriched in Al, O, is reduced with release of OH-
ions. Magnesium ions can appear in the near-
electrode layer as a result of selective dissolution,
further increasing the corrosion resistance of
the alloy [23]. Diffusion of Mg** ions into the
near-cathode zone of the solution leads to the
formation of a compact and dense precipitate of
magnesium hydroxide [7]:

Mg? +20H- — Mg(OH),,

which contributes to the creation of a barrier for
the diffusion of oxygen to the surface of the alloy
[9, 23], suppressing the reaction of its reduction
and slowing down the corrosion process. In
addition to the formation of a protective deposit,
the role of Mg?" in increasing corrosion resistance
is associated with neutralization of OH and COZ
[9, 23]. The binding of OH" into Mg(OH), hydroxide
leads to buffering of the pH of the near-electrode
layer, which creates favorable conditions for the
precipitation of simoncolleite, since OH- ions lead
to alkaline destruction of SC. In turn, CO}-
binding into insoluble MgCO, prevents the
transition of SC into hydrozincite [24]. According
to an alternative approach [25-27], the presence
of Mg?" does not affect the formation of SC, and
the positive contribution of magnesium to the
protective effect of CP is the formation of mixed
oxides suchasZn, Mg O.Asaresult, the amount
of OH- groups and a negative charge on the
surface of the barrier layer increase [25, 26],
therefore, the electron work function increases,
the electrical resistivity of the layer increases,
and the rate of charge transfer and corrosion in
general, on the contrary, decreases. Regardless of
the mechanism of action, magnesium compounds

28

2024;26(1): 25-36

Features of the corrosion of coatings based on zinc alloys...

increase the protective ability of the barrier layer
of corrosion products, as a result the corrosion
resistance of the coating increases.

During the corrosion of zinc coatings with Al
and Mg additives, the co-precipitation of double
layered hydroxides, which additionally prevent the
diffusion of O, to the metal surface is also possible.
The mechanism of their formation involves the
dissolution of aluminum from dendrites without
the formation of a protective layer:

Al+40H- — AI(OH); + 3e,
ALO, + 3H,0+20H" — 2AI(OH)_.

The presence of Zn?" and Mg?" ions in
the medium determines the possibility of
coprecipitation of hydroxide compounds of zinc,
magnesium, and aluminum. According to [29,
30], the ZnAlMg coating corroded in salt spray,
transforms into a stable, durable, aluminum-
rich protective layer, identified as zinc aluminum
carbonate hydroxide, Zn Al (OH), CO;:

2AI(OH); + 6Zn?* + 8OH- + COZ" —
— Zn,AL(OH), CO,,

which protects the steel base from corrosion and
is the main reason for the increased corrosion
resistance of the ZnMgAl coating. The participa-
tion of magnesium in the coprecipitation of
double layered hydroxides is possible [31]:

2AI(OH); + 6Mg? + 80H- + COZ —
— Mg,AL(OH) CO,.

as well as the formation of even more complex
compounds:

2A1(OH); + 6(Mg?, Zn?) + 80H~ + COZ —
— (Zn,Mg),AL(OH) .CO..

It was shown in [32] that the formation of
double layered hydroxides has a positive effect on
increasing the corrosion resistance of coatings. The
authors of [31] noted that the formation of these
compounds reduces the alkalization of the CP
layer, which prevents the decomposition of already
formed products. At the same time, the corrosion
process only slows down, since with increasing
exposure time in a corrosive environment, zinc CP
were revealed in the protective layer.

The undissolved residual aluminum “skeleton”
can further enhance the protective function of the
CP barrier layer [33, 34].
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In studies [35—-38], the influence of small (0.05-
0.1 mass.) %) rare earth metal (REM) additives on
the corrosion resistance of “hot” zinc coatings,
based on Zn-Al alloys (5 wt. %) was studied.
It has been shown [15, 35] that the modified
coating of the composition Zn-4.9A1-0.1REM
was characterized by a 2.5 times lower rate of
chloride corrosion compared to zinc. The main
reasons for the increase in corrosion resistance
are believed to be the formation of a dense fine-
grained structure of the coating [35], as well as
inhibition of the transformation of simoncolleite
Zn(OH),Cl,-H,0 into hydrozincite Zn (OH),(CO,),
[39] and a decrease in the electrical conductivity
and ion-exchange properties of the protective layer
of zinc CP in the presence of rare-earth metals [40].

4. Corrosion of alloy coatings
based on Zn-Fe

Coatings from alloys of the Zn-Fe system
are produced by electrodeposition, immersion
in molten zinc, the additional heat treatment of
“hot” coatings, and thermal diffusion saturation
from zinc powders. Phase composition of Zn,Fe
coatings may include the following phases:
n-phase (0.03 wt. % Fe), -phase (FeZn,; 5.0-
6.0 wt. % Fe); 6-phase (FeZn, 7.0 - 11.5 wt. % Fe);
I'-phase (Fe.Zn, 17.0-19.5 wt. % Fe); I'-phase
(Fe,Zn,, 23.5-28.0 wt. % Fe) [41]. Moreover, in
the case of “hot” coatings, the surface layers
predominantly consist of zinc-rich n- and
{-phases, while annealed and thermal diffusion
coatings are represented mainly by the d-phase
FeZn .

The corrosion rate of Zn,Fe coatings depends
nonlinearly on the Fe concentration. Galvanic
materials Zn-Fe coatings with iron concentration
from 10to 25 wt. % are characterized by significant
corrosion resistance. [42—45]. An increase in the
Fe content above 20 wt. % leads to an acceleration
of corrosion, and according to data [45 - 59], the
lower rate of the process was observed at an iron
concentration of 10 wt. %. It should be noted
that this optimal iron concentration in most
cases corresponds to Zn,Fe coatings that have
undergone additional annealing. The observed
effect can be associated with the features of the
crystal structure and the corrosion behavior of
the 6-phase. In addition, it was assumed [47]
that at a concentration of 10 wt. % Fe inhibits
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the reduction reactions of O, in a neutral NaCl
solution due to the formation of a barrier layer
based on Zn(OH),, uniformly distributed over the
surface of the coating and, unlike semiconductor
ZnO [48], characterized by extremely low
electronic conductivity [47, 51].

Corrosion of Zn,Fe coatings is accompanied
by selective dissolution of Zn and leads to the
enrichment of the surface with iron and its
morphological development, which has a positive
effect on the growth and morphology of corrosion
products [47, 54], forming a fairly dense layer with
low values of porosity [57], ionic conductivity,
and, consequently, the corrosion rate [55, 60].
Moreover, according to various authors, the
composition of CP of Zn,Fe coatings and pure
zinc is similar and includes ZnO, Zn(OH), SC
and HZ [55, 61-63]. With prolonged exposure in
the CP layer, the appearance of iron compounds
is observed, for example, FeOOH of various
modifications [59, 63-66], Fe,O, [66, 67] or Fe,O,
[68] depending on the conditions of the corrosion
process. Some assumptions about the influence of
iron on the composition or properties of the CP
film were proposed by the authors [69-71] based on
data obtained using the chemical coprecipitation
of synthetic CP from two electrolyte systems:
ZnCl,-FeCl, and ZnCl-FeCl.. Thus, in a solution
with the addition of Fe?" as its concentration
increases, the morphology of the precipitate
changes: first, small scattered agglomerates
are formed, then sheets, which become thinner
and again transform into small aggregates.
According to X-ray diffraction data, the sheets
are SC, and the thin sheets are complex zinc-iron
hydroxychloride: [Zn ,_ Fe(IIl),(OH),[*[Cl"] -nH,0
[72]. At a molar ratio of Fe/(Zn+Fe) = 0.6 — 0.8,
the precipitate is X-ray amorphous. With a
further increase in iron concentration, ferrite
ZnFe,0, and then magnetite Fe,O, appear in the
precipitate.

In solution with the addition of Fe®* only
small agglomerates of ZnO particles are formed,
and SC precipitation does not occur. In this
case, due to the proximity of ionic radii and the
electronegativity of iron and zinc, a fairly stable
compact layer based on trioctahedral hydroxides
can be formed [69 - 72].

The addition of simoncolleite to solutions
from which iron hydroxide B-FeOOH was
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precipitated inhibits the crystallization and
growth of hydroxide particles [73]. At the same
time, no incorporation of Zn into the structure
of B-FeOOH was detected, but the compact
amorphous precipitate of B-FeOOH particles was
characterized by low adsorption capacity with
respect to H,0 and CO,. The effect is explained
by the fact that zinc CP, when dissolved, increase
the pH of solutions, enhancing the hydrolysis of
Fe® with the formation of hydroxo complexes
Fe(OH)®*, which condense into amorphous iron
oxides/hydroxides. The adsorption of Zn?" ions
on them inhibits the crystallization of B-FeOOH
particles, as a result, the precipitate becomes
amorphous and more compact [73], and the rate
of the corrosion of Zn,Fe coating decreases.

5. Corrosion of Zn-Ni, Zn-Co coatings

Coatings based on alloys of the Zn-Ni and Zn-
Co systems are obtained by electrodeposition from
solutions of zinc salts with the addition of nickel or
cobalt salts [74-76]. At a Ni concentration of less
than 5 at. % Zn,Ni coatings consist predominantly
n-phase, with increasing Ni concentration from
10 to 15 at. %, the presence of 6-phase (Ni,Zn,,)
and y-phase (Ni,Zn, ) is possible and at Ni
concentrations above 15 at. % the appearance of
the a-phase is possible [77]. In Zn,Co coatings,
the presence of both solid solutions of cobalt in
zinc and the y-phase (Co.Zn,,) is possible.

Similar to alloys of the Zn-Fe system, the
corrosion rate of Zn,Ni and Zn,Co coatings
nonlinearly depends on the concentration of the
alloying metal. Among Zn,Ni coatings, systems
with a nickel concentration of 10-15 wt. % have
the highest corrosion resistance [77-84]. In this
case, the corrosion current of the alloy with a
concentration of 15 wt. % is two times lower
compared to the alloy with 22 wt. % [80, 85].
The effect is associated with the presence of a
cubic y-phase (Ni.Zn, ) [80, 85, 86], and with the
fact that in this concentration range the alloy
is homogeneous [83]. The highest corrosion
resistance of Zn,Co coatings is observed in
the cobalt concentration range of 10-20 wt. %
ZnNi [87, 88], also corresponding to one y-phase
(Co.Zn,,) [87], characterized by high corrosion
resistance [89].

Zn-Ni coatings are noticeably susceptible to
the selective dissolution of zinc. As a result, the
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surface is enriched with nickel, and the formation
of a B- or a-phase cannot be excluded [83, 90].
According to [91, 92] the initial corrosion rate
of Zn,Ni coatings is higher than that of pure
Zn coatings since Ni accumulation stimulates
the cathodic reaction. The development of the
corrosion process causes the formation of cracks
that can reach the steel substrate [90-92], and
also leads to a further increase in the relative
content of Ni in the corrosion products and/or
in the alloying coating layers. As the area of the
substrate in contact with the electrolyte and the
surface fraction of nickel increase due to the
increase of cracks, the resistance of the coating
to galvanic corrosion decreases. According to
[93], Zn-Ni alloys containing 14 wt. % Ni and
lower, show longer galvanic protection of the
steel substrate compared to coatings where the
Ni concentration is higher than 18 wt. %.
Selective dissolution can also have a positive
effect on the corrosion resistance of Zn,Ni and
Zn,Co coatings due to the formation of the
composite [94-96], consisting of corrosion
products and a metal phase enriched in Ni or Co
[95] on the surface. As in the case of other zinc
alloys, an increase in roughness during SD has a
positive effect on the formation of a compact dense
CP layer characterized by high resistance [97-99].
The relatively high corrosion resistance of
Zn,Ni and Zn,Co coatings is also associated with
the peculiarities of the formation of corrosion
products. Thus, it is assumed [100, 101] that
in the presence of Co, the dissolution of Zn is
accelerated, and, consequently, the formation
of simoncolleite, due to which the corrosion
resistance increases. The nickel component,
according to [102], slows down the crystallization
of the layered structure of SC during the corrosion
of Zn,Ni alloys. The substitution of zinc by nickel
occurs in the SC structure, the size and thickness
of crystallites decreases, and the layered structure
is disrupted. As aresult, complex precipitates that
have a low adsorption capacity with respect to
corrosive gases are formed [102]. Similarly, during
the corrosion of Zn-Co coatings,among CP double
hydroxide of zinc and cobalt Zn,Co,(OH),-2H,0
was found along with simoncolleite [103]. Over
time, the proportion of SC in corrosion products
decreases, and o-Co(OH),, CoCl-H,0, and ZnO
appears. The formation of complex compounds
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with zinc atoms substituted by Ni and Co,
according to the authors, leads to increased
compactness and improved barrier properties
of corrosion products. Wherein the authors of
[104] note that even at a concentration in the
coating of less than 1 wt. %, Co prevents the
conversion of Zn(OH), into ZnO. For this reason,
the CP of the Zn-Co system alloy includes a very
small amount of ZnO compared to the corrosion
products of pure Zn. A similar effect was observed
when studying the corrosion products of Zn-Ni
coatings [105]. Considering the fact that unlike
loose semiconductor ZnO, zinc hydroxide is
compact and has low electrical conductivity,
this composition of the corrosion products of
Zn,Co coatings contributes to effective corrosion
inhibition [104].

6. Conclusions

The corrosion of coatings based on zinc
alloys occurs via a complex mechanism, which
includes a number of both electrochemical
and chemical processes. The key factors that
influence the corrosion resistance of coatings
are the microstructure and phase composition
of the coatings; selective dissolution of zinc; and
the chemical nature and properties of corrosion
products.

Coatings with surface layers heterogeneous
in phase composition have lower corrosion
resistance compared to homogeneous materials.
The role of selective dissolution of zinc from
alloys is not so clear. Selective dissolution of zinc
from alloys can have both a positive effect on the
durability of the coating and stimulate its further
oxidation. The latter occurs due to the appearance
of corrosion cracks, through which the electrolyte
reaches the surface of the protected product. In
this case, the galvanic protection of the product
may decrease due to the accumulation of positive
metal and the improvement of the electrode
potential of the coating. At the same time, as a
result of selective dissolution, the surface of the
coating becomes rough, which provides a high
density of active nucleation centers on which
corrosion products crystallize, which have a
protective effect on the coating.

The corrosion products of zinc coatings are
predominantly zinc oxide ZnO and zinc hydroxide
Zn(OH),, as well as basic salts with a complex
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layered structure. The protective effect of the
barrier layer of corrosion products is determined
by increased compactness, the formation of a
denser film, and low electrical conductivity. In the
first case, the film creates a mechanical barrier
to the diffusion of aggressive components of
the electrolyte and oxygen, in the second case it
creates additional resistance, slowing down the
transfer of electrons and reducing the rate of the
corrosion process as a whole.

With prolonged corrosion of coatings,
selective dissolution of zinc is replaced by joint
oxidation of the alloy metals. The alloying metal
oxidizes and accumulates in the layer of corrosion
products in the form of various compounds. Its
effect on the physicochemical characteristics
of zinc corrosion products and the increase in
corrosion resistance can be different. Metal ions
are able to integrate into the structure of basic
zinc salts, forming complex layered compounds. In
addition, the doping of the film of zinc corrosion
products with oxides and hydroxides of alloying
metals may occur. An increase in the compactness
of the film of zinc corrosion products and a
decrease in its electrical conductivity occur, which
leads to an increase in the corrosion resistance
of the coating.
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Abstract

Hydrogen energetics is undoubtedly highly relevant today as it not only allows solving the issue of energy production from
a renewable water source but can also prevent the formation of greenhouse gases. They say that any new idea is a well
forgotten old one. The paper is dedicated to an excellent but still unimplemented work of Sainte-Claire Deville who managed
to obtain hydrogen from water vapor using membrane technology. He used a clay pipe as a membrane which selectively
permeated hydrogen. This process occurred with heating up to 950 °C. Sainte-Claire Deville managed to obtain only a
mixture of hydrogen and oxygen in a ratio of 4:1 and then to clean the product from oxygen using chemical reactions.

Modern membrane catalysts based on palladium or its alloys are selectively permeable only for hydrogen. This means that
the membrane catalysis method with palladium membranes could allow to realize of thermal water disassociation more
effectively and solve the issues of hydrogen energetics using only renewable raw materials.

The history of hydrogen discovery and methods of its production was also studied in this review. Different methods of
energy production were analyzed, including mineral resources, wind turbines, solar panels, hydroenergetics, electrolysis,
and nuclear power, and a forecast was presented based on them. The review should be considered as an invitation to further
discussions regarding this highly relevant and important topic.
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1. Introduction
1.1. Early history of hydrogen energetics

There is no future yet. The present is the
future that continually drifts into the past.
Therefore, only the past is real, and prediction is
also an action related to the past.

The discovery of hydrogen by Henry Cavendish
in 1766 [1] was the preface to the history of
hydrogen energetics, although Cavendish himself
believed that he had discovered phlogiston, a
combustible gas that his contemporaries had been
looking for. To obtain hydrogen, Cavendish used
the reaction of sulfuric or hydrochloric acid with
zinc, iron, or tin. He discovered that hydrogen
burns in the air. This method is now used in
schools and for first-year chemistry students but
it is not used for industrial production due to the
high cost of reagents. The history of hydrogen
energetics began in 1880. When Anthony Carlisle,
professor of medicine from London, learned about
the structure of the voltaic cell, he cancelled his
lectures, postponed the surgeries, and produced
the element using 17 silver half crowns and
17 zinc plates. Then he put the wires soldered
to the outermost plates into water and observed
the outgassing. William Nicholson helped him
establish that one electrode released hydrogen
and the other one released oxygen. The volume
of the released hydrogen was twice more than the
volume of the released oxygen. Having satisfied
his curiosity, Carlisle returned to his previous
work while Nicholson and Cruikshank continued
the study of the electrolysis of solutions of salts
and published their results [2].
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Fig. 1. Sainte-Claire Deville (1818-1881)

Henri Sainte-Claire Deville suggested a new
approach to the issue of hydrogen energetics
(Fig. 1) [3-6]. Deville’s array is presented in Fig. 2.
Its main component is a pipe made from annealed
non-glazed kaolin. Kaolin is an aluminosilicate
Al,0O,-28i0,-2H,0 with a porous structure and
it has the properties of a weak cation exchanger.
A kaolin pipe was placed in the middle of the
furnace, and water vapor was supplied to the pipe
through valve 0 from a flask or a retort. The kaolin
pipe was inserted into a wider glazed porcelain
pipe that was gas-impermeable. The edges of
the pipe were sealed with clay paste. The pipes
were placed in the furnace that was stoked with
small pieces of coke. It was established that a
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temperature of 950 °C is enough for the thermal
disassociation of water molecules.

Sainte-Claire Deville was familiar with the
works of Thomas Graham who studied membrane
processes and founded colloid chemistry [7].
Graham showed that the flows of hydrogen
through glass membranes or animal membranes
are 4 times more than the flows of oxygen. The
result obtained by Deville upon the diffusion
through a kaolin membrane was similar to the
result obtained by Graham upon the diffusion
of hydrogen and oxygen through other kinds of
membranes. Thus the space between the kaolin
and porcelain pipes was enriched with hydrogen
but still contained oxygen. To prevent the mixture
of hydrogen and oxygen from burning, Sainte-
Claire Deville passed carbon dioxide through
pipe ¢ between the pipes through the ring-
like space. The rest of the oxygen reacted with
hydrogen with the formation of water. Carbon
dioxide that was released from pipe b was
neutralized by alkali. As a result, at the outlet of
the space between the pipes, Deville obtained
pure hydrogen. A clay membrane is not highly
selective in relation to hydrogen. Today there are
membranes that permeate hydrogen selectively,
which can significantly improve Sainte-Claire
Deville’s method. It should be noted that if
there is no selective membrane upon thermal
disassociation, even at the pressure of 0.1 at.
40 % the disassociation can be achieved only at
3000 °C.

1.2. Analysis of modern methods of hydrogen
production

In past centuries, technologies were evaluated
only from an economical perspective. Due to the
challenge thrown down to us by nature, it is now
necessary to assess technologies not only from
an economical, but also from an environmental
perspective. Above all, we are talking about the
deviation of the changes in the Earth’s surface
temperature from a cyclic dependence [8] towards
an exponential increase over time [9]. It is
considered to be global warming. It is caused by
the increased concentration of greenhouse gases.
Upuntil a certain concentration, greenhouse gases
are necessary to keep warmth in the atmosphere
but their excess results in global warming, the
signs of which are already apparent. Up until
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a certain concentration, greenhouse gases are
necessary to keep warmth in the atmosphere but
their excess results in global warming, the signs
of which are already apparent. As a result, the
generation of greenhouse gases and primarily
carbon dioxide should be taken into account when
evaluating new and existing technologies.

The words economics and ecology have
the same root. It is a Greek word oikog which
means home. In this case, it is the Earth, our
home. However, despite the tendency towards
globalization, economics is mostly of local nature,
as countries are protected from one another by
their borders, while the environmental situation
is fundamentally global, as convection tends
to equalize the gradients of temperatures and
concentrations. Therefore, environmental issues
are worldwide and cannot be nation-specific.

Let us discuss the issues of hydrogen
energetics from this point of view. Industrial
progress begins with science. Scientific ideas are
implemented when a fertile field is provided for
them. Some issues relating to implementation
require additional research. This is how a close
connection between science and production
is formed. An example of this is Justus von
Liebig’s discovery of the irreversible extraction
of minerals from soil for human nutrition [10].
He suggested using mineral fertilizers containing
nitrogen, potassium, and phosphorus to preserve
soil fertility. Potassium and phosphorus can be
introduced into the soil as natural compounds
while hydrogen is required in order to produce
ammonia for nitrogen-containing fertilizers. BASF
was the first to solve the issue of the production
of ammonia for fertilizers. The researchers who
worked on this project were awarded with a Nobel
Prize (F. Haber and C. Bosch) [11]. A. Mittasch
discovered an effective and cheap catalyst to
synthesize ammonia from nitrogen and hydrogen.
Large-tonnage production of ammonia was first
organized in 1920 at a Leuna enterprise, not far
from Merseburg. Nitrogen and hydrogen are
required for the synthesis of ammonia. And while
nitrogen is the main component of atmospheric
air, hydrogen can be obtained through chemical
technology methods. Thus the issue of large-scale
production of hydrogen was encountered.

Today, hydrogen for the synthesis of ammonia
is obtained through the reaction of methane
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with water vapor [13]. The reactor’s tube is a
membrane catalyst. Pd, Pt, Ru, Rh, and Ir [14]
are the most efficient materials for the tube,
although an Ni catalyst, which is significantly
cheaper, is more often used in practice. Fe and Co,
which are more reactive, are not used due to their
oxidation during the reaction. A typical catalyst
consists of relatively large particles of nickel
deposited on Al,O,. The process is conducted
at high temperatures (up to 1000 °C), but when
using membranes made of palladium and silver
alloys, temperature must be reduced to 500 °C.
The reaction results in a mixture of H,, CO, and
CO,,. The reaction proceeds as follows:

CH,+H,0=CO+3H, AH;, =+206k]/ mol;
CO+H,0=CO,+H, AH,, =-41k]/mol.

The method for the production of hydrogen for
the synthesis of ammonia through the reaction of
methane and water vapor is different from Sainte-
Claire Deville’s method that used only water vapor
as a reagent. The use of the mixture of methane
and water vapor is economically efficient. The
profitability of methane for the production of
hydrogen led to the idea of excluding water vapor
from the reagents, but this method requires a
non-renewable energy source that will become
exhausted over the course of this century. Apart
from that, an increased content of methane leads
to the deposits in the form of curved graphite
layers on the surface of the carbon catalyst [14].
The formation of threads from them is similar to
the synthesis of carbon nanotubes. As a result,
the reactor becomes blocked and the catalyst
is destroyed. The introduction of water vapor
into a reaction phase prevents the deposit of
carbon on the surface of the catalyst. As a result
of the experiments with various ratios of water
vapor and methane, it was established that an
increase in the proportion of water vapor leads
to an increase in the proportion of methane that
is converted over the course of the reaction [13].
Sulphur that is present in natural gas not only
poisons the catalyst, but also hinders the use
of hydrogen in the fuel cell [14]. Reactions (1)
show that apart from hydrogen, carbon dioxide,
a greenhouse gas, is also produced, while carbon
oxide, a poisonous gas, is an intermediate
product. As methane, the main component of
natural gas, is a non-renewable energy source,
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the improvement of methods and technologies
of hydrogen production becomes a relevant task.

The method for the production of hydrogen
by electrolysis from water or water solutions of
salts has been known for a long time [2] and is
still used today [15-20]. Electricity is required for
electrolysis. Today, 37 % of electricity is generated
by coal burning. The production of electricity by
heat power plants seems to be environmentally
friendly, but it gives the wrong impression, if
we look at it from a consumer’s perspective. To
produce 1 kW of one hour of electricity by coal
burning, 0.5 mol-Eq of sulfuric and nitric acids are
released in the atmosphere, which leads to acid
rain that destroys forests, damages architectural
monuments, and increases metal corrosion. Apart
from that, 1 kg of carbon dioxide (greenhouse
gas), 14 g of slag, as well as radioactive isotopes
are also released in the atmosphere [17-19].
The transition to the production of electricity
from natural gas has considerably improved the
environmental situation. Of all power plants,
24 % work on natural gas, although we should not
forget that natural gas is a non-renewable energy
source, and its exhaust product is carbon dioxide,
a greenhouse gas [20].

The use of energy from the flow of rivers has
been used for a long time, and now its proportion
in the total production of electricity is 16 %.
Although water-power is a renewable source
of energy, there are a number of obstacles that
prevent this method from being utilized more.
Dams must be built in order to construct water
power plants, which leads to changes in natural
conditions. Water above the dams floods land
that can be used for agriculture. And it also floods
picturesque natural and historical places. Silt
accumulates above the dams, while below the
dams the concentration of nutritional substances
in water decreases. Dams stand in the way of
migration and the spawning of fish. Due to this,
the USA is not planning to build new dams.
Moreover, one dam in Maine has already been
demolished, and they are going to demolish two
more in Columbia [8]. Because of this, the future
of hydroenergetics does not look optimistic.

Today, nuclear power stations produce 10 %
of electricity. In some countries (USA, Russia,
France, Japan, and others) nuclear power stations
are considered to be the most promising source of
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energy. Nuclear power stations produce electricity
constantly, 24 hours a day, and since many
enterprises do not operate at night, during this
time nuclear power stations can be used for the
production of hydrogen by electrolysis. Modern
thermal-neutron and slow-neutron reactors
operate on enriched uranium-235, the proportion
of which is only 0.7% natural uranium. Fast-
neutron reactors can operate on uranium-238 the
content of which is 99.3 %, which allows using
stocks as reactor fuel. In Russia, an energy unit
with a fast-neutron reactor has been operating at
the Beloyarsk Nuclear Power Station for 30 years.
Although this technology cannot be considered
a completely renewable source of energy, still
it can be said that it considerably expands the
possibilities of obtaining a long-term energy
source as compared to natural gas and oil.
However, a number of countries (Germany, Italy,
Spain, Belgium, Switzerland, and Austria) have
decided against using nuclear power stations. It
was due to the disquiet caused by the Chernobyl
and Fukushima accidents. It is also possible that
the leaders of these countries consider them
to be dangerous in case of wars when nuclear
power stations can easily cause a disaster. Today,
the future of nuclear power stations cannot be
definitely evaluated.

Wind power is a free, environmentally
friendly, and renewable source of energy. Sailing
boats and mills have been using wind power for a
long time. At present, worldwide wind energetics
is limited to 5 % of all power production,
but European researchers and engineers are
improving wind engines and are planning to
have this figure increase up to 20 % by 2030.
However, there are some issues related to the
use of wind power. First of all, among them are
the intermittent nature of the process and the
transfer of energy over long distances. There
are also some difficulties associated with the
installation of wind generators, and wind turbines
may freeze in winter. These issues do not prevent
wind energetics from developing, but it is obvious
that it will not be able to become the dominant
source of energy.

Another relevant issue is how to increase the
efficiency of solar energy. Currently, it claims only
a tiny portion of the worldwide production of
electricity (3 %). There have been both successes
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and failures in this area. J. Carter, a former
president of the USA, was keen on the idea of solar
energy and had a solar heat collector installed
on the roof of the White House, but there was
a leak in the collector and it was then placed in
the Jimmy Carter Library and Museum. Not all
regions are effective for the use of solar energy,
S0, as part of a new project, photocells were placed
in the Sahara Desert and the energy was later
transferred to Europe.

As a result of the analysis, we can conclude
that the production of hydrogen through the
membrane catalysis of water vapor and the use
of nuclear power stations for the electrolysis of
water or water solutions of salts with the further
use of fuel cells to create power stations are
promising for energetics [20].

2. Membrane catalysis for hydrogen
production

The term sustainable development was
suggested in 1983 when UN assembled the World
Commission on Environment and Development.
The concept of sustainable development has
become a paradigm and it should be understood
as development that meets today’s requirements
without affecting the ability of future generations
to satisfy their own needs. From this point of view,
the present intensive use of hydrocarbon fuel
and coal deprives future generations of energy
sources. Thus, the method of membrane catalysis
that uses water vapor as a reagent seems to be
the most promising as it involves a renewable
energy source and it is already free from harmful
emissions into the soil and atmosphere.

The implementation of the method of
membrane catalysis does not require any
fundamentally new devices. The units that are
used for hydrogen production from ammonia
synthesis can be used for the industrial
implementation of this method. To start using
the new technology, one just has to stop using
methane in the reforming processes and use
materials with nanodispersed palladium on the
surface as membranes. Palladium will act as a
catalyst in this process.

The electronic structure of palladium in
increasing energy is 1s? 2s? 2p® 3s? 3p° 4s2 3d'°
4p® 4d'°. As a result, the palladium membrane
selectively permeates only hydrogen, which can
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Fig. 3. Reactor for obtaining hydrogen from water
vapor

be used as a source of energy or be converted into
electrical energy using a fuel cell.

The exceptional selectivity of the palladium
membrane can be explained from the perspective
of the electrostatic interaction of its surface with
water molecules. Fig. 4 shows an interaction
model based on the example of a palladium
atom and a water molecule. On the left is the
initial state in which the water molecule is
on the surface of the palladium. The water
molecule has a constant electric dipole moment
pu = 1.84 (* 0.02)-107'8 el. un., see [19]. When
determining the value of the dipole moment, the
direction from the negative pole of the dipole
to the positive one is conditionally introduced.
The values of quadrupole and octupole moments
of water also provide useful information on the
redistribution of charge in a molecule. Each atom
is also a dipole with a positively charged core and
negatively charged mobile electron shell. Cores
and electrons oscillate, and as a result, potential
energy is conditioned by the electrostatic
interaction between dipoles. It should be noted
that the surface of any atom, and especially
palladium due to its specific electron structure,
is negatively charged, which is highly important
for understanding the mechanism of any catalytic
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process. As the water molecule is strongly polar,
its hydrogen atoms are oriented towards the
negatively charged surface of palladium. The
conducted quantum chemical calculations show
the result of the interaction [21] where the water
molecule was broken by Coulomb forces and
the hydrogen atoms were inside the palladium
membrane, while the oxygen atom remained on
the membrane’s surface. The hydrogen atoms
that passed through the palladium membrane
due to the chemical potential are recombined
into molecules on the opposite side of the
membrane. Membrane catalysis is different from
surface catalysis because reagents are adsorbed
on the surface and after the reaction its products
are detached from it. For example, a strong
triple bond in the nitrogen molecule breaks on
the catalyst surface during of the synthesis of
ammonia, and then the nitrogen atoms react with
hydrogen atoms and detach from the surface when
ammonia molecules are obtained. The adsorption
of reagent molecules on the catalyst surface is
also a part of the membrane catalysis, but after
that, one of the products diffuses through the
membrane. This contributes to a more complete
separation of products and reagents. This is the
advantage of membrane catalysis.

The presented option for hydrogen production
by membrane catalysis for its further use as a fuel
or a component of a fuel cell is just one example
of the global processes occurring in the universe.
First of all, we use the energy of the sun directly or
indirectly. At high temperatures, hydrogen atoms
are ionized and turned into cores (protons) on the
sun and other stars. The source of energy of stars
is a chain of reactions, the main of which is the

Fig. 4. Interaction model of water molecules and palladium atom. On the left: before the beginning of the

catalytic reaction, on the right: during the reaction
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reaction between the hydrogen cores the result
of which is helium:

4'H" - ‘He*+2e +26.7MeV. )

The sun is comprised of 75 % hydrogen
and 24% helium. The interstellar medium is
comprised of 90 % hydrogen and 10 % helium,
which corresponds to the elemental composition
of young stars. The lifetime of our planet is
approximately 5 billion years and we are now in
the middle of its life.

On average, only about 0.3% of all solar energy
that reaches the surface of the Earth is captured
in the course of photosynthesis. Chemists
have set themselves the goal of synthesizing
supermolecules that would allow the absorption
of solar energy to be considerably increased,
but no prominent results have been achieved so
far [22]. According to A. Szent-Gyorgyi, a Nobel
Prize laureate, the process of photosynthesis is
primarily a reaction that uses solar energy for the
disassociation of water:

nH,0+nCO,—*-C H, O,+n0,, (3)

while the obtained hydrocarbons, in his opinion,
are similar to a hydrogen supply, which is main-
ly used to generate energy through its burning
[23]:

C, H, 0,+nH,0=4nH+nCO,;

2n ~n

4
4nH+nO, =2nH,0+Energy. ®

He believed that living organisms contain only
one type of fuel, hydrogen.

Photosynthesis produces a great amount of
biomass that can be used as a renewable source of
energy. In Brazil, ethanol produced from biomass
amounts to 30-60 % of car fuel. Up to now, people
have been extracting hydrocarbons that were
obtained from the products of photosynthesis
in the depths of the Earth millions of years ago.
However, it is possible to transform the products of
photosynthesis into a source of energy, right here
and right now. Bioenergetics also has some issues.
Today, ethanol is more expensive than gasoline,
but it is not the only thing that prevents us from
increasing the use of biomass. The main problem
is that more space is needed for the production
of biomass, and this comes into conflict with the
need for more space for food crops due to the
exponential growth of the population. The use of
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algae seems to be promising for this purpose as
they can provide three times more biomass per
unit of space than palm plantations and six times
more than corn plantations.

3. Conclusions

The analysis of the methods of energy
production allowed determining the most
promising methods for future hydrogen
energetics. The first of them is energy from
nuclear power plants that can be used for the
production of electrolytic hydrogen. The second
one is the use of ethanol obtained from biomass by
photosynthesis. The third and the most promising
one is the production of hydrogen by membrane
catalysis through thermal disassociation of water
vapor. A metal with palladium deposited on its
surface that selectively permeates hydrogen can
be used as a membrane. Hydrogen can be used as
a fuel without any harmful emissions. However,
hydrogen can also be used in a fuel cell in order
to produce electricity. This is how we see the
future of power plants. In some cases, the nuclear
power plant energy can be used for the heating
of a membrane reactor.
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Abstract

The research focuses on the development of techniques for creating core-shell structures, based on colloidal PbS quantum
dots (PbS QDs) and establishing the influence of the dielectric SiO, shell on the luminescent properties of PbS QDs. The
objects of the study were PbS QDs with an average size of 3.0+0.5 nm, passivated with thioglycolic acid (TGA) and PbS/SiO,
QDs, based on them with an average size of 6.0+0.5 nm. When we passivated the PbS QD interfaces with thioglycolic acid
molecules, there were two luminescence peaks at 1100 and at 1260 nm. It was found that increasing the temperature of
the colloidal mixture to 60 °C provides an increase in the intensity of the long-wave peak. An analysis of the luminescence
excitation spectra of both bands and the Stokes shift showed that the band at 1100 nm is associated with the radiative
annihilation of an exciton, while the band at 1260 nm is due to recombination at trap levels. The formation of PbS/SiO,
QDs suppresses trap state luminescence, indicating the localization of luminescence centers predominantly at QD interfaces.
The exciton luminescence at 1100 nm becomes more intensive.
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1. Introduction

Scientific and practical interest in
semiconductor colloidal quantum dots (QDs)
is determined by a wide range of their potential
applications. They are based on photoprocesses
that provide size-dependent absorption and
luminescent properties [1-16]. So, controlling
the luminescent properties of colloidal QDs is
a topical task of modern nanophotonics. There
are studies demonstrating that it is possible to
control the luminescent properties of QDs due
to both the quantum-size effect and structural
and impurity defects in the volume and at
the interfaces of QDs [16-25]. Semiconductor
colloidal PbS QDs are of significant interest in this
field, since they exhibit luminescent properties
in the visible and near-IR ranges [12-16,26—
30], which is due to the energy of the band gap
of the PbS bulk crystal, which is 0.41 eV [26].
Accordingly, it is relevant to control the spectral
composition and quantum yield of emission for
PbS QDs due to the wide range of their potential
applications. These include optoelectronic device
technologies (detectors, emitters, nonlinear
media for intensity and phase control, sensor
systems, etc.), photocatalytic systems, as well as
biomedical applications (luminescent markers),
etc.[1-16].

Colloidal synthesis techniques involve QDs
surface passivation with organic ligands. The
chemical properties of the organic ligand, its
concentration, and mechanism of interaction with
the QD surface determine the presence/absence
of surface states in QDs [17-25]. Despite the fact
that numerous colloidal synthesis techniques
have been proposed for PbS QDs, which provide
highly dispersed QDs, there is still the problem of
controlling the luminescent properties [24—-30].
The available literature data concerning the size
dependence of spectral-luminescent properties,
value of the Stokes shift, and luminescence
mechanism for PbS QDs are contradictory and
ambiguous [24, 25, 29-34]. When the energy
structure of exciton states changes due to the
variations in the size of PbS QDs or their surface
environment, new luminescence bands are
often formed in the luminescence spectra due to
optical transitions of charge carriers on the trap
states [14, 16, 24, 25]. According to the atomistic
calculations of the energy structure of QDs using
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the density functional theory (DFT) [24, 35], the
emitting trap states are formed at the synthesis
stage of colloidal PbS QDs. They are caused by
the presence of reduced or “undercharged” Pb
atoms on the surface of QDs. In this case, the
emitting trap states in PbS QDs are removed
by changing the ligand, pH or polarity of the
medium, which also leads to the loss of exciton
luminescence intensity [24]. For most colloidal
QD compositions, optical transitions involving
trap states in QDs are controlled by forming a
shell of wide-band gap semiconductors on the
surface of QDs (core-shell structures) [17, 36—
38]. The formation of core-shell structures,
based on PbS QDs, in particular PbS/SiO, QDs,
has been little studied [27, 39-41]. Whereas the
formation of the SiO, shells on the QD interfaces
contributes not only to the “curing” of the
structural and impurity defects of QDs, involved
in the formation of luminescent properties, but
also allows controlling the monodispersity of QDs
in the ensemble, increasing the colloidal QDs
stability, and decreasing cytotoxicity [17, 27, 36—
41]. Thus, controlling the luminescent properties
of PbS QDs, including through the formation of
core-shell structures on their basis, is an urgent
task. Resolving this problem will provide an
opportunity to create materials and devices for
modern nanophotonics applications, based on
PbS QDs.

The aim of the study was to form a SiO, shell
on the interfaces of PbS QDs and to determine
its influence on the luminescent properties of
PbS QDs.

2. Experimental

2.1. Methods for the synthesis of colloidal
PbS QDs and PbS/SiO, QDs

Samples of colloidal PbS QDs were obtained
by aqueous synthesis, using thioglycolic acid
(TGA) molecules as an organic passivator of
the QD interface. The process was based on the
methodology for the synthesis of colloidal QDs,
previously implemented for silver and cadmium
sulfide QDs [14-21]. This synthesis procedure
consisted of mixing aqueous solutions of TGA and
Pb(NO,), with a molar ratio of 2:1, respectively,
followed by adjusting the pH to 10. Next, an
aqueous Na,S solution was added to the reaction
mixture with a molar ratio of 0.2:1 to Pb(NO,),.
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At this stage of the synthesis, a sample was taken
(PbS QD#1 sample). Then, the colloidal mixture
was kept at 60 °C for 1 hour (PbS QD#2 sample);
for 2 hours (PbS QD#3 sample).

PbS/Si0, core-shell QD structures were also
formed by an aqueous synthesis technique. It
is based on the use of (3-mercaptopropyl)tri-
methoxysilane (MPTMS) silica ligand as a coupling
agent and sodium metasilicate (Na,SiO,) as
a SiO, main layer precursor [17, 36, 38]. The
concentration of the added MPTMS solution
was calculated, based on the concentration and
average size of PbS QDs in the ensemble. It was ~
0.2 mM for all PbS QD samples. Next, an aqueous
solution of Na,SiO, (0.5 mM) was added to the
colloidal mixture and kept at room temperature
for 24 h (samples PbS/SiO, QD#1,PbS/SiO, QD#2,
and PbS/Si0, QD#3).

To avoid oxidation of PbS QDs, nitrogen
purging was carried out during the synthesis
stage. Afterwards, the obtained samples of PbS
and PbS/SiO, QDs were stored at 5 °C.

2.2. Experimental techniques

The sizes of PbS QDs and core-shell structures
of PbS/Si0, QDs, based on them were determined
by transmission electron spectroscopy (TEM)
using a Libra 120 microscope (CarlZeiss, Germany)
and a digital analysis of TEM images and X-ray
diffraction.

Photoluminescence spectra of PbS and
PbS/Si0, QD samples in the near infrared range
were recorded using a PDF 10C/M image sensor
(ThorlabsInc., USA) with a built-in amplifier and
a diffraction monochromator with a 600 mm'!
grating. A NDB7675 semiconductor laser diode
(Nichia, Japan) with the wavelength of 462 nm
was used as a source of luminescence excitation.
The luminescence spectra were corrected for the
spectral characteristics of the devices which was
measured using a reference incandescent lamp
with a known color temperature.

To record the luminescence excitation spectra
of PbS and PbS/Si0O, QD samples, we used another
diffraction monochromator with a 1200 mm™!
grating and 400 W incandescent lamp. It provided
the excitation range from 500 to 1300 nm. The
intensity of the excitation radiation in the sample
region was controlled by an optical power meter
Thorlabs PM100A with Thermal Power Sensor
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Head S401C, sensitive in the range of 0.19-20 pm.
The excitation radiation power was in the range
of 100-400 mW.

The quantum vyield of luminescence for PbS
and PbS/Si0, QDs was determined by the relative
method using the equation:

2
ov=qv, 121 )
I. D n;

where QY is the quantum yield of the reference
luminescence, I and I, are the integral intensities
in the luminescence band of the QD sample and
reference, D and D are the optical densities at
the excitation wavelength for the QD sample and
reference (in the experiments, D and D ~ 0.1), n
and n_are the refractive indices of the solutions
of the studied QD sample and reference, respec-
tively. Distilled water (n = 1.33 at a wavelength
of 650 nm at 293 K [42]) served as a solvent for
PbS and PbS/Si0O, QDs. A DMSO solution of in-
docyanine green (ICG) dye with QY =12 % in the
region of 800 nm [43] (n_= 1.47 at a wavelength
of 650 nm at 293 K according to [44]) was used
as a reference for the quantum yield of lumines-
cence of PbS and PbS/SiO, QDs in the near IR
range.

3. Results and discussion

3.1. Structural data of the obtained PbS
and PbS/SiO, QD samples

TEM images of all synthesized samples of
PbS QDs showed that our synthesis procedure
resulted in the formation of individual QDs
with close average sizes in the range of 3.0£0.5
nm and dispersion within 25% (Fig. 1). X-ray
diffraction data of all obtained samples of
colloidal PbS QDs showed broadened reflections,
which is due to the quantum size effect (Fig.
1). The observed peaks are correlated with the
diffraction of atomic planes (111), (200), (220),
(311), (222), (400), (311), and (420), indicating
the formation of PbS nanocrystals in a cubic
crystal lattice (Fm3m) [45].

The formation of PbS/SiO, QDs leads to
an increase in the average size of PbS QDs to
5.5-6.0 nm (Fig. 1), which is probably due to
the presence of a SiO, layer with a thickness of
about 1.3-1.5 nm on the surface of QDs. In some
cases, agglomerates of PbS/SiO, QDs were formed

(Fig. 1).
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Fig. 1. TEM images and size distribution histograms of ensembles of PbS QDs and PbS/SiO, QDs. Diffractograms

of PbS QDs and PbS/SiO, QDs

Also, during the formation of PbS/SiO, QDs,
the diffraction pattern showed an additional
diffuse band in the 26 angle range from 15 to 40°.
These changes in the diffraction were interpreted
as the contribution of amorphous SiO, phase
[46]. They were observed during the formation
of the SiO, shell on the surface of QDs of other
compositions [47, 48].

3.2. Spectral-luminescent properties
of PbS QDs

UV-Vis absorption spectra of all PbS QD
samples do not have an exciton structure, and

48

noticeable absorption begins in the wavelength
range below 1000 nm (1.24 eV). Thus, the
absorption edge of PbS QDs appears to be
shifted toward shorter wavelengths compared
to the absorption edge of PbS (3025 nm or
0.41 eV) [26]. It is a manifestation of quantum
confinement effect. The structureless absorption
edge characteristic of the studied samples may
be due to a high concentration of defects [49,
50], as well as to a noticeable size dispersion of
PbS QDs [51].
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The luminescent properties of all obtained
PbS QD samples turned out to be fundamentally
different (Fig. 2).

The luminescence spectrum of the initial
PbS QD#1 sample had a single band with a
peak around 1100 nm (Fig. 2, curve I). The
luminescence band was not elementary,
there was a specific feature in the long-wave
part of the spectrum in the range of 1200-
1280 nm. Keeping the samples of colloidal PbS
QDs at 60 °C (PbS QD#2) for 1 hour resulted
in the appearance of the second band in the
luminescence spectrum in the region of 1260 nm
(Fig. 2, curve 2). Subsequent of PbS QD samples
at 60 °C for 2 hours (PbS QD#3) resulted in almost
complete disappearance of the luminescence
band at 1100 nm. In the luminescence spectrum,
only one band at 1280 nm remained (Fig. 2,
curve 3). The full width at half maximum
(FWHM) of the luminescence band of PbS QDs
for all studied samples was about 0.20-0.25 eV.
Since the optical absorption spectra for all PbS
QD samples do not have an exciton structure,
we considered the luminescence excitation
spectra (Fig. 2) to establish the luminescence
mechanisms. As opposed to the absorption
spectra that are determined by the absorption
of each nanocrystal in the sample, only the
QDs emitting at the recording wavelengths
participate in the formation of the excitation
spectra. This allowed achieving selectivity by
the wavelength in the luminescence excitation
spectra through a change in the recording
wavelength [15, 16].

In the luminescence excitation spectra of
all PbS QD samples, there is a specific feature
with a peak at 980 nm in the short-wave band
(1100 nm) (Fig. 2, curves 1’, 2’, and 3’). The
position and shape of this peak suggest that it
is associated with a probable exciton transition
in the optical absorption spectrum. In this case,
the Stokes shift of the luminescence peak at
1100 nm relative to the exciton absorption
peak was 0.125 eV. On the contrary, no exciton
structure was found in the excitation spectrum
of the long-wave luminescence band with a
peak at 1280 nm (Fig. 2, curves 1”7, 2”7, and 3”).
The excitation band edge was located in the
region of 980 nm, while the Stokes shift value
increased up to 0.33 eV. The obtained data are
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Fig. 2. Luminescence spectra of PbS QD#1 (I), PbS
QD#2 (2), and PbS QD#3 (3). Luminescence excitation
spectra in the region of 1100 nm (PbS QD#1 (1’), PbS
QD#2 (2’), PbS QD#3 (37)) and 1260 nm (PbS QD#1 (17,
PbS QD#2 (2”), PbS QD#3 (37))

in agreement with the data, obtained by the
authors earlier [15, 16]. In study [16], based
on experimental data on the temperature
dependence of luminescence properties
and luminescence excitation spectra of PbS
QDs, a scheme defining IR luminescence was
proposed. According to this scheme, the
luminescence band at 1100 nm is due to the
radiative annihilation of an exciton, and the
long-wavelength band at 1260 nm is due to
the recombination of free charge carriers on
structural and impurity defects.

Thus, within the framework of a unified
approach to the synthesis of PbS QDs, we
obtained QD samples of close size but with
different luminescent properties. According to
the experimental data, the luminescence of PbS
QD#1 is mainly due to exciton luminescence,
PbS QD#2 is characterized by the simultaneous
presence of both exciton and trap state state
luminescence bands in the spectrum, and the
luminescence of PbS QD#3 is mainly due to trap
state luminescence.
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3.3. Spectral-luminescent properties
of PbS/SiO, QDs

The main manifestations of core-shell PbS
QDs formation were observed in the luminescence
properties (Fig. 3).

The formation of PbS/SiO, QD#1 resulted in a
shift of the exciton luminescence band from 1100
to 1080 nm, while the FWHM of the luminescence
band decreased from 0.20 to 0.12 eV, and the
quantum yield of luminescence increased from
2.5 to 4.5% (Fig. 3a, curves 1, 2). In the case of
PbS QD#2 sample, upon the formation of the
SiO, shell, the long-wave luminescence band in
the region of 1260 nm, which was due to trap
state luminescence, disappeared. At the same
time, the luminescence band in the region of
1100 nm shifted to 1030 nm (Fig. 3b, curves 1, 2),
its FWHM decreased from 0.25 to 0.13 eV, and the
quantum yield increased from 1 to 3%. In the case
of PbS QD#3, the formation of the shell resulted
in the appearance of an intense luminescence
band in the region of 1080 nm, while the band
at 1260 nm shifted to a shorter wavelength of
1210 nm (Fig. 3c, curves 1, 2). The FWHM of both
luminescence peaks was estimated to be within
the range of 0.1-0.2 eV. No exciton structure was
found in the luminescence excitation spectrum
with a peak at 1210 nm. The excitation band edge

(@)
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is located in the region of 950 nm, and the value
of the Stokes shift is 0.3 eV (Fig. 3c, curves 2,
3), which is similar to the data for the original
samples of PbS QD#3 and indicates the trap state
nature of luminescence in the region of 1210 nm.
The shift of the trap state luminescence peak to
the shorter wavelength can probably be explained
by the influence of the SiO, shell on the energy
states of the structural and impurity defects
of PbS QD#3. The quantum yield of PbS QD#3
remained unchanged upon the formation of the
SiO, shell and amounted to 1.5 %.

For all PbS/SiO, QD samples, we recorded
excitation spectra of the short-wavelength
luminescence band (1030-1100 nm) due to
exciton luminescence. They demonstrated a shift
in the peak of the ground exciton transition to
900 nm compared to the peak in the region of
980 nm for PbS QDs (Fig. 3a, b, c, curves 4, 5). For
PbS QD#1, the Stokes shift increased from 0.13
to 0.22 eV, for PbS QD#2 — from 0.13 to 0.17 eV,
and for PbS QD#3 - from 0.13 to 0.22 eV. The
observed regularities probably result from the
change in the size distribution of PbS QDs in
the ensemble during the formation of the SiO,
shell [15]. Estimates of the average size of PbS
QDs in the framework of the hyperbolic zone
model [52] showed that the shift of the ground
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Fig. 3. Luminescence spectra of PbS QD#1 (1) and PbS/SiO, QD#1 (2) - a; PbS QD#2 (1) and PbS/SiO, QD#2 (2)
- b; PbS QD#3 (1) m PbS/Si0, QD#3 (2) - c. Luminescence excitation spectra in the region of 1260 nm for PbS/
SiO, QD#1 (3) - a; PbS/SiO, QD#2 (3) - b; PbS/Si0, QD#3 (3) - c. Luminescence excitation spectra in the region
of 1100 nm for PbS QD#1 (4) — a; PbS QD#2 (4) — b; PbS QD#3 (4) — c. Luminescence excitation spectra in the
region of 1080 nm for PbS/SiO, QD#1 (5) - a; PbS/Si0, QD#2 (5) - b; PbS/Si0, QD#3 (5) - ¢

50



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

I. G. Grevtseva et al.

exciton transition peak in the excitation spectra
from 980 to 900 nm (0.1 eV) is due to a decrease
in the diameter of PbS QDs within 0.4 nm. It is
not possible to compare the obtained theoretical
estimates of the QDs size change during the
formation of core-shell structures with the
TEM experimental data, since the TEM image of
PbS/Si0, QDs is complicated by the presence of a
contrast phase associated with the formation of
the SiO, layer on the QD surface. The increase in
the Stokes shift value as a result of the formation
of the core-shell structure can also indicate
an increase in the energy of the Coulomb and
exchange interaction between the electron and
hole in the exciton due to the enhancement of
the quantum confinement of charge carriers [15].

Thus, the complete disappearance of the long-
wavelength luminescence band at 1260 nm for
PbS/Si0, QD#1 and PbS/SiO, QD#2, and its partial
disappearance for PbS/SiO, QD#3 indicates the
suppression of trap state luminescence in PbS
QDs as a result of the formation of the SiO,
shell. This suggests the interface nature of the
luminescence centers.

4. Conclusions

The study presented the principles of
controlling the IR luminescence of colloidal
PbS QDs. The technique of colloidal synthesis
of PbS QDs, passivated with thioglycolic acid
molecules that we used in this work makes it
possible to obtain PbS QDs with an average size of
3.0+0.5 nm, predominantly with luminescence in
the region of 1100 nm. Keeping colloidal solutions
of PbS QDs at 60 °C has no significant effect on
the average size of QDs in the ensemble, but
leads to the appearance of a long-wavelength
luminescence band at 1260 nm. Analysis of the
luminescence excitation spectra of both bands
and the Stokes shift showed that the band at 1100
nm is associated with the radiative annihilation
of an exciton, while the band at 1260 nm is due
to recombination at trap state levels. Thus,
radiative recombination centers are formed at
the interfaces of PbS QDs under the effect of
temperature.

The formation of a SiO, shell on the interfaces
of PbS QDs with the exciton luminescence at
1100 nm leads to the shift of the luminescence
band towards the short-wave region by 20 nm and
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a twofold increase in the luminescence quantum
yield. The shift of luminescence to shorter waves
is presumably associated with a decrease in the
average size of PbS QDs in the ensemble upon the
formation of core-shell structures. In the case of
PbS QDs characterized by trap-state luminescence
at 1260 nm, the formation of the SiO, shell results
in partial or complete quenching of trap-state
luminescence with a simultaneous increase in
the quantum vyield of exciton luminescence in
the range of 1030-1100 nm. Thus, PbS/SiO, QDs
ensure the suppression of trap state luminescence
in PbS QDs, which in turn indicates the interface
nature of the luminescence centers.
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Abstract

The presence of several interconnected electrochemical processes occurring on the surface of an electrode, strictly speaking,
does not allow the use of the principle of independent reactions. Often, partial reactions of a complex multi-stage
electrochemical process are coupled both through common intermediates and through the competitive adsorption of
electroactive species. The presence of conjugation leads either to a change in the potential at which the corresponding
electrochemical process becomes possible or to a change in the rate of partial processes. The latter is called kinetic coupling.
This does not allow the simple calculation of the rate of each partial reaction as the difference between the current density
of the target and background processes. The method of kinetic diagrams can be used to establish the kinetic patterns of
such processes. This study shows that this method is applicable not only for the analysis of coupled electrochemical processes
of various types, but can also be used in obtaining partial currents of the stages of a separate complex electrode reaction
occurring in a background solution. As an example, options for the kinetic modelling of the total voltammogram of the
anodic process on an Au electrode in an aqueous alkaline medium in the mode of linear potential change are considered.

The stationary degrees of covering of the gold surface with various surface-active forms of oxygen are calculated depending
on the electrode potential. It was established that the change in concentration of OH" ions mainly affects the region of
their adsorption potentials. A detailed analysis of stationary partial anodic processes in the Au|OH,H,0 system was carried
out and the shape of the general stationary voltammogram was determined by calculation. The latter is in qualitative
agreement with the experimental polarization dependence.

It was shown that the type of calculated polarization dependence is determined by the degree of reversibility of individual
stages and the rate of their occurrence. The performed analysis is necessary not only for the detailed scheme of the
background anodic reaction on gold in an alkaline solution, but also for the subsequent kinetic description of the
electrooxidation process of organic substances on a gold electrode.
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1. Introduction

When several multi-stage reactions
simultaneously occur on the electrode surface, in
the same potential region and at comparable rates,
then the partial reactions are not independent.
Usually they are interconnected (coupled) not
only via common intermediates, but also due
to the competition of different electroactive
particles for adsorption centres.

The presence of conjugation provides the
possibility of transferring the free energy of
the electrode system between partial reactions,
due to which some of them acquire the ability
to take place at potentials more negative than
the corresponding equilibrium potentials
- thermodynamic coupling [1]. More often,
however, only the rate of each of the partial
processes changes accordingly, there is kinetic
coupling [2,3].

The problem of coupled reactions is primarily
associated with the problem of finding real
partial rates, and therefore with establishing
kinetics. Indeed, in the simplest case, only two
interconnected processes occur on the electrode,
target (1) and background (2), both in a non-
diffusion mode. If i, and i, are the partial rates
of each process, i.e., rates obtained taking into
account coupling effects, theni =i +1i,. Hereiis
the current measured in the external polarization
circuit; the nature of its change over time is not
important for subsequent consideration.

Often i "ckeround js ysed as i, this is the current
determined in the same potential region, but in
the background electrolyte instead of the working
one, containing an electrochemically active
reagent. However, due to coupling i, # i, akeound,
and therefore the i values often are determined
with a noticeable error.

A typical example is the processes of anodic
oxidation of organic substances on metal
electrodes, which are also capable of anodic
oxidation during polarization. Often, the areas of
adsorption potential and electrochemical activity
of organic substances and the metal substrate
overlap, which predetermines the potential for the
mutual influence of partial electrode processes
[4-T7]. In this situation, the graph-kinetic analysis
method [8-11], where a multi-stage chemical
process is represented as a set of interconnected
cycles (graphs), is very useful. Due to the absence
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of any significant internal limitations, the method
is also applicable to electrochemical reactions
occurring simultaneously on the electrode.

Such an analysis plays a special role in the
study of complex electrochemical processes
on metals and alloys in the presence of
surfactants of various nature. Knowledge of
the conjugation features of partial electrode
processes in such systems makes it possible
not only to theoretically describe the processes
involving electrolyte solution components,
but also to reasonably formulate technological
principles for the production of electrochemical
transformation products (including anodic
oxidation of organic additives and cathodic
deposition of metals and alloys) with specified
properties and composition.

It is possible to obtain true partial currents
by calculation by sequentially considering
alternative kinetic situations that differ in the
nature of the intermediates, the assumption
about the nature of the limiting stage, or taking
into account the presence of several stages with
comparable rates and the sum of partial currents
will provide the total i,E-dependence. This
dependence is compared with an experimental
voltammogram (VAG), allowing not only to
estimate the complex of equilibrium and kinetic
characteristics of individual stages, but also to
draw a conclusion about the putative reaction
scheme. It should be remembered that the
graphic-kinetic analysis can also be used when
interpreting the results of studies of individual
electrode reactions.

Such reactions, usually, are complex and
include the stages of adsorption, charge transfer,
heterogeneous chemical transformations of
intermediates, etc. In accordance with the
assumed kinetic scheme of the general electrode
process, its elementary stages successively
replace each other as the potential changes.

On the other hand, an individual multi-
stage electrode reaction can be interpreted only
formally, as a set of “parallel” ongoing elementary
processes, each of which corresponds to a separate
stage, but is implemented over the entire range
of potentials. The fact that in a certain range
of potential values (E) the rates of elementary
processes, conventionally considered as partial,
are practically equal to zero, is not important
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for this approach. It is much more important
that it becomes possible to identify the partial
currents of individual stages, summarize them,
and compare the result with experiment, which
usually underlies the refinement of the general
reaction scheme and the identification of the
kinetic features of a complex reaction.

Finally, it should be noted, that graph-kinetic
analysis initially assumes a stationary course of a
complex reaction, which is usually characteristic
of homogeneous chemical processes. However,
heterogeneous electrode reactions, in particular
reactions studied by linear voltammetry, when the

potential changes at a rate of v = ‘2_]:;, are usually

non-stationary.

The subject of this study is the electrode
process occurring over a wide range of anodic
potentials on a polycrystalline Au electrode in a
deaerated aqueous alkaline solution. The main
objectives of the study were:

- by calculation, using the method of graphic-
kinetic modelling, determine the stationary
covering degrees of the gold surface with the
starting substance, intermediates and products
of the anodic oxidation reaction of OH ions in an
alkaline medium;

— calculate stationary partials, as well as the
total anode current of this process;

— compare calculated and experimental values
of a number of basic kinetic parameters of the
anodic overall reaction in the Au|OH,H,O system;

— evaluate the correctness of the procedure
for comparing the full calculated with the

i, mA/sm .
6 .
4 -
2 -
A Al A2
0 -
04 0 04
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experimental voltammogram taken at a finite rate

of potential change v= C;—]f

2. Calculation procedure
2.1. Selection of reaction scheme

According to data [7], on the anodic branch
of the cyclic i,E-dependence obtained in the
Au|OH",H,0 system four main current maxima
can be distinguished - A1,A2,A3, and A4 (Fig. 1.).
Since the regularities of cathodic processes
are not considered in this study, the region of
cathodic currents is not presented; potentials are
given relative to SHE.

At higher v the amplitude of all current peaks
increases, the potentials of the A1 and A2 maxima
do not change, and the A3-A4 maxima shift to
the region of more positive values. This finding,
like other data [12-20], indicates a multi-stage
anodic process in the Au|OH",H,O system. The
latter proceeds via the chemisorption stage of the
hydroxide anion, most likely with partial charge
transfer, and is accompanied by the sequential
formation of mono- and biradical forms of
adsorbed atomic oxygen. A possible reaction
scheme in the simplified form is:

Au+OH™ & Au-OH| 2 +1¢; @
Au-OHU.V" & Au-OH 4+ (1-1)E; (Ia)
Au-OH 4 +OH & Au-0,, +H,0+€.. (lla)

Here 1 - degree of partial charge transfer
from an adsorbed particle with a charge z=1 per
metal; eventually z,, =1-A [21]. It is assumed

08 12

E,YVY

Fig. 1. Anode voltammograms experimentally obtained on a smooth gold electrode in 0.1 M NaOH solution at

v =0.04 (1); 0.1 (2) n 0.6 (3) V/sec [7]
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[22-24] that the radical ion state is stabilized due
to the overlap of 6s- and sp*- AO for Au and OH",
respectively. As an alternative, the appearance of
2D Au(I) and Au(II) compounds on the surface is
possible in such processes as:

Au-OH{}~ < (AuOH),, + L €; (IIb)

(AUOH),,, + OH™ & (AuO),,, +H,0+&. (Ilb)

The formation of phase Au(IIl) oxide at
sufficiently high potentials is the result of a
series of sequential electrochemical, chemical,
and crystallization stages. In overall form, the
corresponding reaction can be represented as a
process involving Au—0O__,. or (AuO) . :

ads”®
Au-0,,,+OH < 1/2Au,0,+1/2H,0+€; (IVa)

(AuO),,, +OH" <1/2Au,0,+1/2H,0+& (IVb)

The formation of metastable phases, Au(OH) or
v-AuOOH, with subsequent dehydration, cannot
be excluded; these issues are considered in more
detail in [30].

The choice between alternative routes for
anodic formation of Au,0, via (Ila), (Illa), and
(IVa), or (IIb), (ITIb), and (Ivb) stages, must be
based on information about the physical nature
of the intermediates, which is usually missing.
Thus, the question about the nature of the
electron density redistribution in the Au|OH~,H,0
system remains open: its “flow” from the oxygen
of the hydroxide ion to the metal, stages (IIa) and
(IlTa), or back from the metal to oxygen, stages
(IIb) and (IIIb). The results of quantum chemical
modelling [23], however, are in favour of the first
scenario. Therefore, this scenario was used later
on, during the stage of constructing graphs for the
intermediates of heterogeneous processes of OH"
oxidation in the aquatic environment OH and O.

The potential range of anodic release of
molecular oxygen, which further complicates
oxide formation on gold in an alkaline medium,
was not considered in the study.

(ads)

2.2. Initial kinetic ratios

Let us assume that the surface of gold initially
contains only one type of active adsorption
centres. The number of these centres is G,
expressed in mol/cm?, it is not only constant, but
also significantly less than the number of metal
atoms. The latter allows ignoring, albeit to a first
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approximation, the effects of lateral interactions
between adsorbate particles, and therefore to use
the Langmuir isotherm model in the analysis.

Let G, and G, be the number of active surface
centres, expressed in mol/cm? occupied by
particles of i-th and j-th types, and G is the
total surface concentration of such centres,
respectively. The change in the state of the active
site during i Uj process may be associated not only
with the oxidation/reduction of particles, but also
with their adsorption/desorption. Each of these
processes is interpreted as a kinetically reversible
first-order reaction, the rate of which is:
v, =kT, -k, =[(k,0,-k,0)). (1)
Here ki]. and k].i are the formal rate constants, s!,
A ©,and ©, are the proportion of surface adsorp-
tion centres occupied by reagents and products,
respectively. We believe that there are no diffu-
sion limitations for all types of particles; features
of the structure of the electrical double layer and
their influence on k; and k;, are not explicitly
taken into account.

The current covering of adsorption centres is
assumed to be stationary. In this approximation

Zkil.@,. = zkﬁ@i , (2)
i j

actually representing the so-called stationary
kinetic adsorption isotherm, and

ZQ‘*Z@:':L (3)

Since in this case k;=kic/,, k;=k;c/,
then the concentration constant of adsorption
equilibrium K, =k, / k, =K;(c/ /¢}). K] =k; / k;
is the standard equilibrium constant, and ¢’ is
the volumetric molar concentration, expressed
in mol/cm?.

Taking into account the possibility of partial
charge transfer, the rate constants of adsorption

stages involving singly charged anions are:

k; = k(E°)c! exp[ ABF(E - E°)/RT |; (4a)
k., =ki(E°)c! exp[—kocF(E—EO)/RT], (4b)
whereas for electrochemical stages:

k, =KkO(E®)c! exp[(1-MBF(E-E°)/RT];  (5a)

k; =k (E°)c] exp[—(1-M)aF(E - E°)/RT |. (5b)
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Here E And E° are the current and standard
electrode potentials for a given reaction; a and b
cathode and anodic charge transfer coefficients,
respectively; everywhere further a = b = 0.5.
If the adsorption of a charged particle is not
accompanied by a redistribution of electron
density, and therefore A = 0, then the influence of
E on the rate constants of adsorption processes in
equations (4a) and (4b) disappears, and formulas
(5a) and (5b) take their usual form. It is obvious
that in the general case the values of K, K, also
depend on the potential, although to varying
degrees.

3. Analysis of kinetic diagrams
3.3. Stationary reaction mode

According to the analysis technique proposed
in [8-11] and detailed for electrode reactions in
[2, 3], a kinetic diagram of the anodic process
on the Au electrode in a background alkaline
electrolyte was constructed (Fig. 2). The active
centre of the gold surface, initially occupied
by a water molecule was taken as the initial
state (1); the vertices of the graph (2), (3), (4),
and (5) correspond to the sequential formation
Au-OH_, ,Au-OH,, ,Au-0,, . Each of these
processes, previously presented as (I), (I1a), (IITa),
and (IVa), has a corresponding graph edge. The
covering of the surface with a certain adsorbate
is, respectively, © , ©,, ©,, ©,, and O; traversing
the loop counterclockwise is considered positive.
Kinetically reversible overall reaction:

Au+30H < 1/2Au,0,+3/2H,0+38,  (6)

representing the sum of stages (1), (Ila), (IIla), and
(IVa), proceeds at the rate:

Au-OHiads]

2 AU-OHESUS:

Fig. 2. Kinetic diagram of adsorption and electrochem-
ical processes occurring on an Au electrode in an al-
kaline medium in the region of potentials preceding
the anodic release of molecular oxygen
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ilS = 3F(k15®1 _k51®s)- (7

A detailed mathematical justification for the
method of graph-kinetic analysis is described
in detail in [34] and is not given within the
framework of this study.

During the first stage, stationary degrees of
surface covering with adsorbate particles were
determined:

1
0, = ;(8)
1 + K12 + K12K23 + K12K23K34 + K12K23K34K45
1
o, - .
1 + KZI + K23 + K23K34 + K23K34K45
1
83 = ; (10)
1 + K21K32 + K32 + K34— + K34K45
1
0,= ;
1+K21K32K43 +K32K43 +K43 +K45 (11)
! (12)

0. = .
’ 1+ K21K32K43K54 + K32K43K54- + K43K54

It is important that the meaning of the denom-
inator in equations (8)—(12) is the same: each of
them contains the concentration equilibrium
constants of the transition processes from a
given i-th state into all other states. The equi-
librium constant values required for the calcu-
lation were determined by a brute-force search
method.

It was found that the surface coverage
of each of the adsorbed forms of oxygen, as
expected, significantly depends on the electrode
potential (Fig. 3a). It is very important that
different potential regions can correspond to
the presence of either one or the coexistence of
several adsorbed forms. Thus, up to the values
of E < 0.3 V the surface is covered only with
adsorbed OH ions. With a further increase in the
potential the surface coverage with the second
adsorbed form also becomes non-zero, namely,
OH, and at E ® 0.7 V, the degree of covering
with this particle reaches unity. The subsequent
increase in E leads to the appearance of
biradicals O on the gold surface, the covering
with which is very small and, moreover,
noticeably decreases with increasing electrode

59



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpefbl M MexdasHble rpaHuLbl

. D. Zartsyn et al.

experimental
0.6 Cop-=0.1M
v=0.04 Visec
0.4
0.2

calculation

Fig. 3. a) The dependence of the stationary degrees of
covering of the gold surface with various adsorbed
forms and oxygen compounds at SN-=0.1 M: (1) - the
initial surface, (2) - OH-, (3)- OH, (@) - 0,(5) - Au,0,;
b) Experimental voltammogram, obtained in the
Au|OH", H,O [7] system and normalized to the maxi-
mum current A4;

c) Calculated voltammograms normalized to the
maximum current A4, with an alkali concentration
equal to (1)-0.1; (2) - 0.5 and (3) — 0.7 M. Inset: Area
of the potential of maximum A1 without taking into
account partial charge transfer during adsorption of
hydroxide ion (1), as well as taking into account this
process (2)
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potential and the accumulation of Au,0, occurs.
An increase in the concentration of an alkaline
solution from 0.1 M to 1.0 M manifests only as
a slight expansion of the range of adsorption
potentials of hydroxyl ions (not reflected in Fig.
3a), but practically does not affect the degree
of surface covering with other adsorbed forms
of oxygen.

The comparison of the potential regions of
the maxima observed on the anodic branch of
the experimental voltammogram, normalized
to the current in the A4 maximum (Fig. 3b) with
the corresponding regions of existence of various
adsorbed forms of oxygen indicates that:

- Al and A2 maxima characterize the process
of adsorption of H,0 and OH" ions respectively;

—in the region of A3 maximum, adsorbed OH-
jons and monoradicals OH are present on the Au
surface, and the anodic maximum corresponds to
an almost equal covering of the electrode with
each particle;

- potential region A4 corresponds to the
coexistence of three adsorbed particles at once,
and the maximum corresponds to the almost
complete covering of the surface with gold
oxide.

At the second stage of the analysis of the
stationary anodic process in the Au|OH",H,O
system, the rate v, of each partial reaction and,
accordingly, the corresponding partial current,
were determined using the expression:

st
. =zFTv, = ziFl"vdi,
dE

(13)
Here it is taken into account that dE = vdt, and
for a heterogeneous reaction of the first order
v,=d®,/dt. we assumed that as the potential
changes, the covering of the surface with each
particle of i-th grade stabilizes very quickly, i.e.,
the rate of potential scanning is significantly less
than the speed of achieving stationary covering
with adsorbate.

Expressions for partial currents were obtained
by differentiating relations (8)—(12) with respect
to potential, and then expressions for partial
currents were found, using (4a)+(5b). Their
summation provides the desired i,E-dependence,
which is quite cumbersome. For example, just one
expression for dO; /dE , is this:



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

I. D. Zartsyn et al.

AFE FE
Ko K
do; F EXP( RT] 23EXD(RT)

2K;.K; ¢

2024;26(1): 55-67

Isolation of partial coupled processes of anodic oxidation of OH™ ion on gold...

o o o .2 SFE
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dE  RT [

Nevertheless, it has been established that the
full calculated VAG also contains four characteristic
current maxima. Unfortunately, direct comparison
of calculated and experimental i,E-dependencies
is impossible, since the G, value used in the
calculations a priori unknown. Therefore, the
calculated VAG were subjected to comparative
analysis, which, like the experimental ones, were
normalized to the current at the A4 maximum; the
corresponding data are presented in Fig. 3c.

It is important that the maximum Al in the
calculated voltammogram can still be obtained,
but only under the assumption of partial charge
transfer in process (I), i.e., assuming A # 0.
Otherwise, in this region of potentials at (i/i,),E the
dependence a horizontal plateau appears (inset to
Fig. 3c), which contradicts the experimental data.

At the same time, the number and position of
current maximain the calculated and experimental
voltammograms coincide. Moreover, the nature of
the influence of the concentration of the alkaline
solution on the position of the anodic current
maxima turned out to be similar for the calculated
and experimentally obtained i,E-dependencies
(Table 1).

Thus, the position of A1 and A2 peaks do not
change with increasing ¢, (Fig. 3¢, Table 1), the
potentials of A3 and A4 peaks somewhat reduce, and
the value of the parameter dE" / dlgc,, , obtained

from the calculated VAG, practically coincide with

AFE 2FE 3FE
0 —1 0 0 o 0 o
1+ K¢ exp( RT j+K exp( )+K23K34COH_ exp( RT )+K K; K45COH exp( D

RT

the experimental value. Some differences in the
shape of the experimental and calculated VAG
during the transition from A3 to A4 peak are due
to the fact that the calculated voltammogram was
obtained under the assumption of an equilibrium
distribution of adsorbed particles, which is hardly
true under real conditions.

Based on the condition of matching the
position of each of the calculated and experimental
anodic maxima, the values of the standard
equilibrium constants of individual stages were
determined and presented in Table 2.

During the third stage of comparing
the calculated and experimental data, the
concentration of surface adsorption centres
was already specified. Moreover, the T" value
was chosen in such a way that the amplitudes
of the experimental and calculated VAG at the
corresponding potential scanning rate coincided.

It has been established that the nature of the
change in the amplitude of the anodic maxima
on the experimental and calculated VAG with
increasing v,up tov=1.0V/s, is almost the same.
Thus, the amplitudes of all anodic maxima change
linearly with increasing potential scanning speed
(Fig. 4), and the slopes of the corresponding
experimental 1gi,lgv, the dependences not only
practically coincide for the A1-A3 maxima, but
are also close to unity (Table 3).

However, for the A4 maximum the pattern
is more complicated: the experimental value of

Table 1. Values of the slopes of the dependence of the potential of the maxima on the concentration of
OH-ions: experimental (numerator) and calculated (denominator) value (v = 0.04 V/sec)

. Parameter Al A2 A3 Ad
Maximum
dE" 0 0 —0.043+0.004 —0.062+0.005
dige, 0 0 20.045 20.075

Table 2. Concentration equilibrium constants of partial reactions occurring in the Au|OH,H,0 system

and presented in Fig. 2

Edge of the graph

Constant

(12)

(23)

(34)

(45)

K; 1.5-10

8.0-1071

2.5-1071

7.0-10713
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Table 3. Values of the slope of the current in the maximum - scanning speed dependence of the in
0.1 M NaOH solution: experimental (numerator) and calculated (denominator)

Maximum Al A2 A3 Ad
Parameter
dlgi’ 0,87%0,08 0,83%0,08 0,85+0,08 0,62%0,06
dlgv 1.00 1.00 1.00 1.00
) . gl
i, mA/sm~ i, mA/sm A4
-10 5
I’°=2+10" mol *sm - A4
0.4
A3
A2
0,2
Al
-+ : s = 4 0 : : :
0 02 04 06 08 10 _ 0,2 0,6 1,0 y visec
v, V/sec

Fig. 4. Dependences of the current in the maximum of the voltammogram on the scanning speed of the po-

tential: calculated (a) and experimental (b) [7] data

dl% rather closer to 0.5, while
the calculated value, as for the others, is equal to
unity. In our opinion, this discrepancy is due to
the fact that the calculation takes into account
the presence of only adsorbed Au,O, oxide,
whereas under the experimental conditions in the
region of A4 maximum, a phase layer of Au(III)
oxide is also most likely present on the surface

[7; 12; 15; 31-32].

3.2. Unsteady reaction mode

the parameter

Previously, it was experimentally established [7]
that the potentials of the first two maxima, namely
Al and A2, are practically invariant to changes in
the potential scanning rate up tov >8V/s, while the
potentials of A3 and A4 peaks significantly improve
with increasing v [7]. Naturally, the assumption
used above about the stationarity of processes,
primarily adsorption, occurring in the Au|OH",H,0
system excludes the possibility of considering the
influence of v to the position of current maximums.
Therefore, a complete equation for a nonstationary
anodic voltammogram, including the potential
regions of all current maxima should be obtained.
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However, solving this general problem is
extremely difficult. Therefore, at first we will
assume that heterogeneous adsorption processes
occurring at the potentials of A1 and A2 peaks are
quasi-stationary, while only processes in the region
of potentials of A3 and A4 peaks are non-stationary.

A detailed procedure for taking into account
nonstationarity effects using the graph method
is presented in [33]. The kinetic diagram of a
non-stationary process, taking into account
the assumptions made, has a form similar
to the stationary diagram (Fig. 2), but with
additional branches (Fig. 5). Here | is a complex

Au'éfadm

(ads)

2 AU'O Hiads}n

Fig. 5. Kinetic diagram of adsorption and electrochem-
ical processes occurring on an Au electrode in an al-
kaline medium, taking into account the unsteadiness
of processes in the potential range A3-A4



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

I. D. Zartsyn et al.

image of time. In this case, the rate constant
of any non-stationary stage k; would be:
k; =k; +10,(0), and for the solution the Laplace—
Carson transformation should be used [4, 34—
35] under the assumption of a non-zero initial
concentration of intermediate particles.

For further facilitation of the procedure of
graphic-kinetic analysis, we will limit ourselves
to considering only part of the general diagram
presented in Fig. 2, assuming that adsorbed
OH' ions are initially present on the Au surface.
Obviously, that in this case the region of their
adsorption potentials falls out of consideration.
Nevertheless, even within the framework of
this simplification the situation remains very
complicated, since the overall transformation
process Au-OH,, in Au,O; . is a multi-stage
process. Which of these elementary stages, or their
combination, is slow and therefore determining
the rate is not known a priori. Possible options
are presented in Table 1. In addition to the anodic
transformations of OH™ on gold with one limiting
stage, situations with several rate-determining
reactions are also considered here.

As an example, in this study we will limit
ourselves to considering two kinetic scenarios
from Table 4 - (a) and (b); both with a single rate-
limiting stage.

Table 4. Alternative kinetic scenarios
corresponding to the gross process of anodic
transformation in the Au|OH",H,0 system
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Now, to obtain the final equation of the
voltammogram, it is enough to solve the
differential equation of the following form:

d:;f - k.0, +k,0,, (15)
taking into account that ©,+0; =1. Final expres-
sions for ©, and ©, have the form of:
0,(t)=0,(0)exp(-t(k,. +k,))+

+L(1 —exp(-t(k,; +k,)); (16)

kIS + kSI
0,(t)=1-0,(t).

Taking into account that between the rate
constants k., k., k.., k,.,and k ., as well as between
degrees of surface covering ©,, ©,, ©, there is
a relationship, we obtain expressions for the

corresponding partial degrees of covering:
-1
0,(t)=0,(t)(1+ K, + KKy, ) =0,(0)B,;
-1
0,(t)=0,t)(1+K;, +K;, ) =0,(t)Bs;
-1
0,t)=0,t)(1+K,+K,K,,) =0,(t)B,.

It should be noted that the coefficients 3,
appearing in (17), clearly do not depend on
time. Nevertheless, such a dependence is still
implicitly present, since in the potentiodynamic
polarization regime B. depends on E, and the
potential varies linearly with time.

Let us differentiate expressions (17), i.e., find

(17)

Process scenario Transformation scheme
(@) 2)—B)=4@=0")
(b) 2)=3)—@=(5)
(© 2)=3)=H— (")
(d) 2)—>B3) =) —(5)
(e) 2)=C)—=DH—(O)
) 2)—>B)—@D=(5)
(8) 2)—>B)—-DH—-0)

Kinetic scenario (a)

We will use the graph technique and combine
the elementary states (2), (3), and (4) into a
formally initial state (I), which does not have a
clear physical interpretation:

AwO -
w0, Au O(ads) s
5 4
—_—
2 3
- - I
A“‘OH(ads) Au—O[—I(ads)

de. d(©,B,) do, dp. .
= il _B ©,— wh =2,3,4.
dt dt P e e !
Since %: % a—E , for current densities, we
dt oE )\ ot

obtain expressions for the rates of partial anodic
processes, and by summing them we would obtain
a complete voltammogram (Fig. 6). Quite notably,
that the use of this rather simplified, scheme
allows us to obtain the i,E-dependence in which
the rate of the anodic process between the second
and third maxima no longer decreases to zero, as
was previously (Fig. 3c), however, between the A3
and A4 maxima, the anodic current density in this
case is zero, which contradicts the experiment.
The position of the A2 maximum, as calculations
show, does not depend on the potential scanning
speed and alkali concentration, but the potentials
of the A3 and A4 peaks with an increasing
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oy~ Shift to the more negative values (Fig.
6b), whereas with increasing v, the potentials
noticeably improve.

Kinetic scenario (b)

Let us assume that an equilibrium distribution
is established between states 1 and 2, as well as 3
and 4, while there is no equilibrium between states
2 and 3. Let us again combine the elementary
states and the process diagram as follows:

I
Al]203 Au- 6(3(15)
- y I I
> L &
2z 3
A“_OHEads) A“_OH(ads)
1
i, A sm:
6
®
n A3 Ad "
A2
iy
-0.2 0 0.2 D.‘ﬂ 06 0.8 1 1.2 EV
i, MA/em?
A4
IO,
02 0 02 04 06 08 1 12 gy

Fig. 6. (a) - Calculated velocities of partial anode pro-
cesses i, (1), 1, (2) i, (3) i, (4) and a voltammogram (5)
obtained under the assumption that c,,- = 0.1 M and
scanning rate of potential 0.6 V/sec; (b) — calculated
voltammograms obtained in the Au|OH", H,O system
at an alkali concentration 1.0 (1); 0.1 (2) 0.01 M (3)
and v =0.6 V/sec
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Solving equations similar to (15) and carrying
out the corresponding transformations, we again
obtain the calculated i,E-dependencies (Fig. 7).

It appeared that such a process scheme
already allows to obtain a non-zero current
between the A3 and A4 maxima, but only when
v 2 0.60 V/s, although the current density values
in this potential region are still much lower than
those experimentally observed. The influence
of v on the position of the A3 and A4 peaks is
reflected correctly by the calculation. However,
when v < 0.4 V/s, the A3 maximum practically
disappears, and this, in principle, contradicts the
experimental results [7].

4. Conclusions

The method of kinetic diagrams allows
performing a fairly detailed analysis of stationary
partial anodic processes in the Au|OH",H,0

i, mA/sm2
A4
A3
2_
A2
0.2 0.2 0.6 10 EV
i, mA/sm? Ad
4.
2 4
02 0 02 04 06 08 10 12

¥V

Fig. 7. a) Calculated voltammograms obtained accord-
ing to the kinetic scenario scheme (b) at a potential
scanningrate equal to 0.04(1);0.10(2)and 0.60 (3) V/sec
and an alkali concentration of 0.1 M; b) Calculated
voltammograms obtained according to the kinetic
scenario scheme (c) at a potential scanning speed
equal to 0.60 V/sec and an alkali concentration of
1.0 (1); 0.1 (2) and 0.01 M (3)
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system and also to identify the shape of the
general stationary voltammogram by calculation
methods. The latter is qualitatively consistent with
the experimental one, which is also characterized
by the presence of four main current peaks.

Within the framework of the basic assumption
of the implementation of the Langmuir adsorption
model, we calculated the stationary degrees of
covering of the gold surface with various surface-
active forms of oxygen as a function of the
electrode potential. It was found that the change
in the concentration of OH- ions mainly affects
the region of their adsorption potentials.

The formal equilibrium constants of individual
electrode stages were calculated using the
enumeration method. Their values correlate
by the order of magnitude with the tabulated
data [36], which indicates the correctness of our
results.

Taking into account the non-stationary
nature of processes occurring predominantly
in the region of the A3 and A4 potentials’
maxima on the voltammogram, in the general
case requires consideration of seven different
kinetic situations. For two of them, associated
with the delayed formation of Au,0; ., as
well as with the heterogeneous transformation
of the monoradical OH_,, to diradical O,,, a
qualitative agreement between the calculated
and experimental data was found. It is mainly
related to the nature of the influence of the
scanning rate of the potential and the volume
concentration of OH- ions on the position and
amplitude of the A3 and A4 peaks present on
the anodic voltammogram of gold in an alkaline
medium. However, it was not possible to establish
complete correspondence between the shapes of
the calculated and experimental voltammograms
over the entire range of anodic potentials. This
was probably due to the implementation of the
mixed Kkinetics regime of the anodic oxidation of
OH- ions on Au, the consideration of which goes
beyond the goals and objectives of this work.
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Abstract

Although widely used in the textile industry, methyl orange is considered one of the most toxic dyes, which have negative
impacts on the aquatic environment and needs to be removed from water bodies. Hence, the present paper reports the
synthesis of new floating photo-Fenton catalysts based on the immobilization of Fe,O, nanoparticles on the surface of
Luffa sponges for the oxalate-induced-degradation of methyl orange. The floating catalytic sponges were prepared through
a simple precipitation method followed by a reflux heating process and then characterized by field emission scanning
electron microscopy, X-ray diffraction, atomic absorption spectrometry, and nitrogen adsorption-desorption experiments.
According to the experimental results, methyl orange was effectively degraded over our floating catalytic sponges under
light illumination at near neutral pH. The catalytic activity was also found to be enhanced with the increase in crystallinity
of Fe,0, nanoparticles, which can be achieved by the reflux heating. Besides, owing to the floating feature, these sponges
are easily separated from the solution, thereby not forming a secondary source of pollution for water.
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1. Introduction

Due to the dyeing efficiency without mordant
and the affordable prices of azo dyes, they have
been extensively used and become the most
important class of synthetic dyes in the textile
industry [1]. Among different azo dyes, methyl
orange is an anionic, water-soluble sulfonated azo
dye which is able to give the vibrant orange color
to numerous materials, such as cotton, paper,
nylon, and leather [2]. Nevertheless, like other
azo dyes, methyl orange was reported to be toxic,
potentially carcinogenic, and thereby harmful to
the natural environment [3, 4]. In addition, since
methyl orange contains azo groups (-N=N-) as
well as aromatic groups, this organic dye is highly
resistant and hardly remediated by conventional
physical or biological methods [5]. Hence, the
removal of methyl orange from effluents should
require the advanced oxidation process using
photocatalysts [6] or photo-Fenton catalysts [7]
in order to degrade methyl orange molecules
to smaller fractions which can be possibly
eliminated by further biological treatments [2]. In
fact, this azo dye was reported to be decomposed
under visible light by a heterogeneous catalytic
system based on Fe,0,/TiO, nanoparticles which
follow both photocatalytic and photo-Fenton
mechanisms [8]. Likewise, a-Fe,O, with different
morphologies (croissant-like structures, urchin-
like structures, and textured microspheres) were
successfully prepared via hydrothermal method
and applied as photo-Fenton catalyst for the
degradation of methyl orange under UV-C light in
the presence of H,0, [9]. However, most of these
catalysts were used in the form of fine powders,
when dispersed in effluents, they are difficult
to be separated from the water body and easily
become a source of secondary pollution.

In view of practical applications, the
immobilization of catalytic Fe,O, on a recoverable
substrate could be of great benefit. It was reported
that Fe,O, particles can be deposited on various
fiber substrates such as cellulose [10], fiberglass
[11], carbon fiber cloth [12], etc. Recently, Luffa
sponges, derived from the fruit of Luffa cylindrica,
have attracted much attention in serving as a
low-cost and eco-friendly substrate/support for
inorganic catalysts [13, 14]. This natural net-like
material provides fibrous strand morphologies
with high porosity and high adsorption capacity

[15]. Moreover, Luffa sponges have low density,
which allow them to float on the water surface.
Hence, the combination between photo-Fenton
catalysts and Luffa sponges is expected to
facilitate the light absorption of catalysts as well
as the separation of catalysts from the effluents
after the treatment.

However, to the best of our knowledge, the
application of o-Fe,0, nanoparticles deposited
on Luffa sponges as floating photo-Fenton
catalysts for the degradation of methyl orange
still remains unexplored. Furthermore, the
synthesis of o-Fe,O,/Luffa sponges is also a
challenge. Generally, the immobilization of
a-Fe,O, on a substrate could be started by the
precipitation of Fe** ions in the form of Fe(OH), on
the substrate surface, followed by the annealing
at high temperatures to transform Fe(OH), to
a-Fe,O,. But this annealing step can destroy the
floating o-Fe,0,/Luffa catalyst since the Luffa
fibers are not able to withstand temperatures
above 200 °C. Therefore, in this work, we proposed
to synthesize new floating o-Fe,O./Luffa sponge
catalysts by a reflux heating process at about
100 °Cinstead of annealing at high temperatures.
These recoverable photo-Fenton catalysts were
used to degrade methyl orange under both UVA
light and visible light in the presence of oxalic
acid as a radical-producing source.

2. Experimental
2.1. Materials and reagents

In this work, H,C,0,-2H,0 (> 98%), NaOH
(2 97%) and methyl orange (indicator grade) were
purchased from Xilong Scientific Co., Ltd. (China).
Fe(NO,).-9H,0 (> 98.5%) was obtained from
Shanghai Zhanyun Chemical Co., Ltd (China). All
these chemical reagents were used as received,
without purification. The dried Luffa fruits were
purchased from VINHANDS Co. (Ho Chi Minh city,
Vietnam) and subsequently cut into rectangular
sponges with dimensions of 20x30 mm and
thickness of 5 mm. They were washed with
deionized water several times and treated with
NaOH solution (0.1 mol-L!) at 80 °C for 2 hours
in order to remove lignin, natural oils, waxes
and other impurities. This step is also necessary
to support the interactions between catalyst
particles and Luffa fibers. Then, the sponges
were rinsed with deionized water to remove the
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left over NaOH from their surface, dried at 100 °C
to obtain the pretreated Luffa sponges for the
immobilization of Fe,0, nanoparticles.

2.2. Synthesis of floating catalysts

The immobilization of Fe,0, nanoparticles
on Luffa sponges consists of two simple steps:
precipitation and reflux heating process. In the
first step, the pretreated Luffa sponges were
impregnated in 200 mL of Fe(NO,), solution
(0.5 mol-L) for 1 hour. Afterwards, NaOH solution
(1.5 mol-L-!) was dropwise added to the above
mixture up to pH 11 under regular stirring to
produce a brown Fe(OH), precipitate. In the next
step, all the mixture was heated at reflux (~ 100 °C)
for 2 hours to form Fe,O, nanoparticles on the
surface of Luffa fibers. The mixture was cooled to
room temperature, then the Fe,0,-coated Luffa
sponges were washed with deionized water until
the pH of washing water reached 7. Finally, the
sponges were dried at 150 °C for 1 hour and named
asFe,O,/Luffa-2.For the comparison, the uncoated
Luffa sponges and the Fe,0,-coated Luffa sponges
without reflux heating were also prepared and
named as Luffa and Fe,0,/Luffa-0, respectively.

2.3. Material characterization

Powder X ray diffraction (XRD) was used
to study the crystal structure and the phase
composition of all Fe O,/Luffa catalysts. These
samples were dried in vacuum at 100 °C for 3
hours, ground to fine powder, and then analyzed
by using a SIEMENS D5000 diffractometer
(Bruker, Billerica, MA, USA) equipped with Cu Kot
radiation (AL = 1.5406 A). The applied current
and the operating voltage were set at 40 mA and
45 kV, respectively. The morphology and the
microstructure of our samples were observed
by field emission scanning electron microscopy
(FESEM) taken on a SUS000 microscope (Hitachi,
Tokyo, Japan) at the accelerating voltage of 10
kV. The content of Fe species on the surface
of Luffa fibers was determined by atomic
absorption spectrometry (AAS) using an AA-6300
spectrometer (Shimadzu, Japan). Moreover, the
Brunauer-Emmett-Teller surface area (S;,)
of Luffa sponges before and after depositing
Fe,0, nanoparticles were measured via nitrogen
adsorption-desorption isotherms recorded on a
Nova 1000e analyzer (Quantachrome, Boynton
Beach, FL, USA) at 77 K.

70

2.4. Photo-Fenton catalytic tests

The photo-Fenton catalytic degradation
of methyl orange (MO) over our floating
Fe,0./Luffa-X samples were carried out under
both ultraviolet A light and visible light in the
presence of oxalic acid as a radical-producing
source. All the experiments were performed
at room temperature controlled by a water
circulation system. For each catalytic test, 8
pieces of Fe,0,/Luffa sponges were dispersed in
a static glass reactor containing 250 mL aqueous
solution of MO (10-° mol-L-!') and oxalic acid
(103 mol-L-!). The initial pH of this solution was
adjusted at 6 using dilute solution of H,SO, or
NaOH. Before irradiation, the reaction solution
was magnetically stirred in the dark for 1 hour
to stabilize the adsorption of MO molecules on
catalyst surface. Subsequently, an ultraviolet A
(UVA) light lamp (9W Radium 78,33.0 W-m~2) or a
visible light lamp (9W Osram Dulux S, 12.5 W-m~2)
was used to effectuate the photo-Fenton catalytic
process. These lamps were set up at the height
of 10 cm above the solution surface. During
irradiation, 5 mL of dye solution was withdrawn
from the reactor at certain intervals and its
MO concentration was determined by Helios
Omega UV-VIS spectrophotometer (Thermo
Fisher Scientific, USA) at 464 nm (the maximum
absorbance wavelength of methyl orange [16]).

3. Results and discussion
3.1. Characterization of floating catalysts

Fig. 1 shows the numerical photographs of
Luffa sponges, Fe O./Luffa-0, and Fe,O,/Luffa-2
samples. It was observed that the uncoated
sponges display a characteristic yellow color of
dried Luffa fruits whereas Fe,O,/Luffa-0 sample
presents a brown color, indicating the presence
of Fe(IlI)-containing species on the Luffa fibers.
Interestingly, when Fe,O./Luffa sponges were
heated at reflux for 2 hours, the brown color
gradually turns into reddish brown. This color
change suggests that there has been an evolution
in crystal structure, morphology or quantity of
Fe(IlI)-containing species on Luffa surface.

The morphology of Luffa and Fe,O,/Luffa
sponges was examined by FESEM micrographs.
As seen in Fig. 2a, the uncoated Luffa sponges
possess a fibrous strand texture with high
surface roughness. Such morphology is expected
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Fig. 1. Numerical photographs of Luffa (a), Fe,O,/Luffa-0 (b), and Fe,O,/Luffa-2 (c) sponges

to increase the surface accessibility towards
Fe(Ill)-containing nanoparticles. In fact, the
Fe, 0./Luffa-0 sample shows aggregates attached
to the surface of Luffa fibers with the aggregate
size of about 100 nm (Fig. 2b). These aggregates
are composed of tiny particles joined together
by sides, which are possibly assigned to Fe,O,
nanoparticles with low crystallinity degree.
Moreover, in addition to the aggregates emerging
on Luffa surface, a considerable quantity of
nanoparticles seems to be mixed up underneath
the Luffa fibers. Only when the Fe,O,/Luffa
sponges were heated at reflux for 2 hours, the
Fe,0, nanoparticles were clearly seen with the
polyhedral shape and the particle size ranging
from 50 nm to 100 nm (Fig. 2c). These grown
nanoparticles are still in agglomerated status but
their grain boundaries can be easily observed,
suggesting a good degree of crystallization for
Fe, O, nanoparticles in this sample.

The crystal structure and the phase
composition of Luffa sponges and Fe,O,/Luffa
samples were characterized through their XRD

patterns (Fig. 3). The XRD pattern of Luffa
sponges shows a characteristic behavior of
cellulose I crystals with four diffraction peaks at
15.0°, 16.5°, 22.8°, and 34.5°, corresponding to
(10), (110), (002), and (023) planes (space group
P-2, JCPDS No. 03-0226). For Fe,0,/Luffa-0
sample, two additional weak peaks were observed
at 33.1° and 35.6°, which can be attributed to
the (104) and (110) planes of Fe,O, hematite
phase [17] (space group R-3c, JCPDS No. 86-
0550). However, the intensity of these diffraction
peaks is very low and the signal-to-noise ratio
is also low, indicating the low crystallinity of
Fe,O, component. Conversely, the diffraction
peaks of hematite phase and cellulose I phase in
the XRD pattern of Fe,O,/Luffa-2 sample were
clearly enhanced in intensity. This result confirms
the fact that heating at reflux can be a simple
method to improve the crystallinity of both Fe O,
nanoparticles and cellulose fibers, which is in
good agreement of FESEM study.

Since the changes in the morphology and the
crystal structure of our catalytic samples can

Fig. 2. FESEM micrographs of Luffa (a), Fe,0,/Luffa-0 (b), and Fe,O,/Luffa-2 (c) sponges
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Fig. 3. XRD patterns of Luffa, Fe,0./Luffa-0, and

Fe,0./Luffa-2 samples

affect their specific surface area, the nitrogen
adsorption-desorption isotherm experiments
were carried out. From these isotherms, the
BET specific surface areas were calculated and
shown in Table 1. Surprisingly, although the
uncoated sponges show high surface roughness,
their specific surface area is very restricted
(0.554 m*g"). On the contrary, when Fe,O,
nanoparticles were immobilized on Luffa fibers,
the specific surface was greatly enhanced. In fact,
the Fe,0,/Luffa-0 sample displays the highest
specific surface area (3.241 m?-g-!), which can
be explained by the presence of numerous tiny
particles on Luffa fibers. For Fe, O,/Luffa-2 sample,
the specific surface area decreases, corresponding
to the growth of Fe,O, nanoparticles.

Table 1. Specific surface area and surface Fe con-
tent of Luffa, Fe,0,/Luffa-0, and Fe,0,/Luffa-2
samples

Sample Sy (m*g™!) | Fe-content (mg-g™")
Luffa 0.554
Fe O./Luffa-0 3.241 58.2
Fe,O,/Luffa-2 1.820 36.3
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Table 1 also reveals the Fe-contents,
determined by AAS analysis, in Fe,0./Luffa-0
and Fe,0,/Luffa-2 samples, proving the successful
immobilization of Fe-containing species on the
Luffa surface. Without heating at reflux, the
content of Fe species on Luffa fibers (58.2 mg-g™!)
is higher than that of Fe,O,/Luffa-2 sample
(36.3 mg-g!). This evolution supports the
hypothesis that the reflux heating can help to
grown Fe O, nanoparticles on Luffa fibers, but
when the particles grow large enough, the van der
Waals interactions between them and the fibers
gradually weaken, making an amount of Fe,O,
particles possible to be removed from the fibers
during the washing process.

3.2. Catalytic activity

Prior to illumination, the MO adsorption on
the surface of our floating sponges was evaluated
in the dark. At pH 6, all samples exhibited low
MO adsorption percentages, and the difference
in MO adsorption capacity between our samples
is not significant (Table 2). Fig. 4a and 4b depicts
time-dependent plots of MO degradation over
our floating catalysts under UVA light and visible
light, respectively. It was found that the MO
concentration nearly remains unchanged during
several hours of UVA-visible light exposure in
the presence of oxalic acid and the uncoated
Luffa sample, indicating that the direct self-
photolysis of MO and the photo-Fenton catalytic
activity of Luffa are negligible. Likewise, in the
absence of oxalic acid, both Fe,O,/Luffa-0 and
Fe, O./Luffa-2 samples did not exhibit any activity
for MO degradation under UVA light or under
visible light. Only when using acid oxalic as a
radical-producing source, these samples showed
promising UVA-light-induced and visible-light-
induced catalytic performance. The photo-Fenton
degradation of MO was found to fit well with the
pseudo-first-order kinetic model, which allows
to evaluate the catalytic activity of our samples
by their apparent rate constants (Table 2).
Accordingly, the rate constants of MO degradation
over Fe,O./Luffa-2 catalyst were always higher
than those over Fe,0,/Luffa-0 catalyst under both
UVA and visible light illumination, pointing out
that the reflux heating is an important factor for
the improvement of our floating photo-Fenton
catalysts.
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Table 2. Comparison of MO adsorption percentage and rate constants of MO degradation over floating
catalysts under visible light and UVA light in the presence of oxalic acid

Sample
Luffa Fe,0,/Luffa-0 Fe,0,/Luffa-2
pH6 pH6 pH 4 pH6 pHS
MO adsorption percentage (%) 9.5 11.6 14.5 10.8 3.9
Rate constant of MO
degradation k (h!) under UVA | No activity 1.174 0.591 1.461 No activity
light
Rate constant of MO
degradation k (h'!) under No activity 0.031 0.041
visible light
o8 s Fe,O/Luffa-2 a 0% s Fe,O/Luffa-2 b o8 m Fe,0/Luffa-2 pH 6 c
a Fe0O/Luffa0 0181 & Fe,O/Luffa-0 A Fe0/Luffa2pH4
051 o Luffa ot6] o Luffa %5 e Fe0,Luffa2pH8
0.4 X 0141 0.4
0.12 <
g 0.3 g 0.10 % 0.3.
5 5 008 5
0.24 0.06.] 0.2
014 004 01 -
0.02
00. T > —2 T 5 T 0.00. T f T T i‘ 0& T A T a T T T
000 005 010 015 020 025 030 035 00 05 10 30 35 40 000 005 01 015 020 025 030 035

lllumination time (h)

15 20 25
lllumination time (h)

lllumination time (h)

Fig. 4. Ln (C/C) versus time plot of oxalate-induced-MO degradation on floating catalysts under UVA light at
pH 6 (a); under visible light at pH 6 (b); and under UVA light at different pH values (c). C is the MO concentra-
tion (mol-L™) at time t and C, is the initial MO concentration (mol-L™").

The influences of initial solution pH values
on the MO adsorption and the photo-Fenton
catalytic discoloration of MO over Fe,O,/Luffa-2
catalyst with oxalic acid were also investigated
(Fig. 4c and Table 2). Accordingly, the MO
adsorption on this catalyst tended to decrease
with increasing pH of solution. In contrast, under
UVA light illumination, the rate constant of MO
degradation significantly increased from pH 4
(k=0.591 h™!) to pH 6 (k = 1.461 h!). However,
at pH 8, no MO degradation was observed. These
results indicate that our floating photo-Fenton
catalysts can effectively operate at near neutral
pH, but their performance is reduced at lower pH
values or suppressed at basic medium.

3.3. Discussion

As shown in the experimental results of
catalytic tests, the photo-Fenton catalytic
degradation of MO only effectively occurs over
floating Luffa sponges when these sponges were
coated with Fe O, nanoparticles and exposed
to light illumination in the presence of oxalic
acid. This is most likely explained by the ability

of surface Fe(Ill)-species to form ferrioxalate
complexes with oxalate ions, which can be excited
by light to initiate a series of reactions as follows
[18]:

[Fe(C,0,),]” + hv — [Fe'(C,0,)] + C,0,

k=0.04s"1[19] (1)
C,0,7+0,— 0;”+2CO,

k=2.410° M-1-s71[20] (2)
02" +H" — HOz'

k=6.3-10* M1 [21] (3)
HO; + HO; — H,0,+ 0,

k=28.3x 105 M-1[22] 4)
[Fe'(C,0,)] + H,0, — [Fe"(C,0,)]" + OH~ + OH"
k=3.1-10* M-1-s1 [20] (5)

Due to their high oxidizing capacity [23], the
generated hydroxyl radicals are able to stimulate
a fruitful degradation process for MO molecules.
In fact, in order to justify the ability of our
catalytic sponges to generate hydroxyl radicals,
the scavenger tests were carried out by using tert-
butyl alcohol as an agent to scavenge hydroxyl
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radicals [24]. As shown in Table 3, when the molar
concentration of tert-butyl alcohol gradually
increased, the rate constant of MO degradation
over Fe,O./Luffa-2 catalyst was greatly reduced,
proving that hydroxyl radicals play a vital role in
the photo-Fenton catalytic performance of our
floating catalysts.

Base on the above mechanism and the
results of scavenger tests, the surface Fe(IlI)-
species can be considered as the active centers
for photo-Fenton processes in the presence of
oxalic acid. It is also expected that the more
the Fe, O, nanoparticles are immobilized on the
surface of Luffa fibers, the more the possibility
of ferrioxalate complexation increases, which
enhances the photo-Fenton catalytic activity.
However, in this work, our Fe,0,/Luffa-2 catalyst
always showed better performances than Fe,O,/
Luffa-0 catalyst under both UVA light and visible
light despite the fact that the Fe-content on the
surface of Fe,O,/Luffa-2, determined by AAS
technique, is inferior to that of Fe,O,/Luffa-0.
Even, the floating catalyst prepared with reflux
heating also showed a lower specific surface
area than Fe,O./Luffa-0 sample. These results
indicate that there must be other factors besides
Fe-content and specific surface area affecting the
catalytic performances of our floating samples.

According to XRD and FESEM studies, the
reflux heating used in the catalyst synthesis can
improve the crystallinity of Fe,O, nanoparticles
on Luffa fibers, thereby reducing the bulk defects
in the hematite lattice. This factor may be the
main reason for the enhancement of photo-
Fenton catalytic performance of Fe,0,/Luffa-2
sample. In the literature, although Fe,O, was
considered as a potential photocatalyst with a
narrow bandgap (~2.2 eV), its photocatalytic
activity was usually reported to be very low for
practical applications due to its high electron-hole
recombination and poor conductivity [25, 26]. Our
work also proved that MO was not degraded by
the photocatalytic activity of Fe,0,/Luffa sponges
without oxalic acid as a radical-producing source.

Nevertheless, we believe that the photocatalytic
features of a-Fe,0, nanoparticles still contribute
to their photo-Fenton catalytic performances.
It was noticed that the transformation from
[Fe™(C,0,),]” to [Fe(C,0,)] (Eq. 1) is the slowest
step in the oxalate-induced photo-Fenton
catalysis whereas the consumption of [Fe"(C,0,)]
(Eq. 5) is fairly fast, which potentially unbalances
the whole process and then reduces the photo-
Fenton activity. Fortunately, owing to the
photocatalytic activity, Fe,O, nanoparticles can
be excited under light illumination to produce
electron-hole pairs. For Fe,0./Luffa-2 sample,
since the Fe,O, nanoparticles were well grown
with high degree of crystallization, these
photogenerated electrons are easily transferred
to the oxide surface and react with [Fe™(C,0,),]"
to promote the regeneration of Fe(Il)-species,
which significantly enhances the catalytic
performances. In contrast, without reflux heating,
the Fe,O, particles in Fe,O,/Luffa-0 sample are
not grown enough to have a stable structure for
the transfer of photogenerated electrons.
Furthermore, pH of reaction solution is also
another important factor that needs to be taken
into consideration for our photo-Fenton catalytic
system. When the pH increases, the charge of
our catalyst surface became less positive, more
negative, which prevents the adsorption of
anionic dyes such as MO molecules. As a result,
the probability of hydroxyl radicals approaching
MO molecules could be reduced. Moreover, based
on the above-mentioned mechanism, especially
on the Eq. 5, it is expected that the presence
of OH- ions at basic pH values will hinder the
generation of hydroxyl radicals. This explains why
our floating catalysts are almost inactive at pH 8.
Interestingly, the experimental results indicated
that the Fe, O,/Luffa-2 catalyst work best at near
neutral pH (pH 6) instead of more acidic pH values
(pH 4) although the MO adsorption capacity of the
catalyst at pH 6 is lower than that at pH 4. This can
be attributed to the weak acidity of oxalic acid. At
acidic media, oxalic acid difficultly dissociates to

Table 3. Comparison of rate constants of MO degradation over Fe,O,./Luffa-2 catalyst under UVA light
with tert-butyl alcohol at different molar concentrations

Scavenger tests

[tert-butyl alcohol] (mol-L!)

0 5-10™* 1073 1.5-103

Rate constant of MO degradation k (h™!)

1.461 0.574 0.442 0.350
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form oxalate ions, which inhibits the formation
of ferrioxalate complexes on the surface of our
floating catalysts. Consequently, their photo-
Fenton catalytic performance was declined.

3.4. Reuse tests

The reusability of our Fe,O,./Luffa-2 catalyst
was evaluated through three repeated cycles.
Since these sponges float on water surface
(Fig. 5a), after each cycle, they were easily
separated from the solution, washed with
distilled water and reused directly for the next
run. As shown in Fig. 5b, the rate constant of MO
degradation considerably decreases from 1.461 to
0.890 h! at the second run and slightly decreases
t00.804 h! at the third run. This decline of photo-
Fenton catalytic activity may be explained by the
partial passivation of the catalyst surface due
to the absorption of decomposition products.
Nevertheless, our floating catalysts still exhibits
promising performances for MO degradation after
two-time reuses as well as facile recoverability,
which minimizes negative impacts of Fe,O,
nanoparticles on the environment.

4. Conclusions

In this work, by using the simple precipitation-
reflux heating method, we successfully prepared
floating Fe,O,/Luffa sponges as effective
oxalate-induced-photo-Fenton catalysts for the
degradation of methyl orange under both UVA
light and visible light. The reflux heating process

in synthesis procedure was proved to increase the
crystallinity of Fe,O, nanoparticles on Luffa fibers,
resulting in the enhanced catalytic performance.
These catalysts sponges were also found to work
best at near neutral pH, making them well suited
for practical wastewater treatments. Moreover,
since the catalytic sponges float on water surface,
they are easily separated from the effluent and
potentially reused for the next runs.
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Abstract

The aim of the work is to study the influence of the 3-D printing process with the Hercules Original printer by sequentially
applying polymer layers using the FDM (Fused Deposition Modeling) method on the microstructural and hydrophilic
properties of polyethylene terephthalate glycol (PETG) samples with different printing patterns. X-ray phase analysis
revealed the presence of a greater ordering of amorphous PETG polymer chains in printed samples, which occurs during
thermal and mechanical impact on the initial filamentous sample during 3D printing. This manifests itself in the increase
of relative intensity for the main diffraction peak of the amorphous PETG polymer by an order of magnitude for all of the
samples with five different print patterns. At the same time, IR spectroscopy data revealed the preservation of all
intrastructural chemical bonds of the polymer both in the original thread and in printed samples. Close contact angles of
about 6~50° for all printed samples, which is much smaller than the right angle 6=90°, show that the surfaces of all five
printed PETG samples with different patterns are hydrophilic.
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1. Introduction

One of the most important tasks of
semiconductor microelectronics has always
been the creation of high-quality packages for
integrated circuits. At present, the manufacture of
high-quality and relatively inexpensive packages
for integrated circuits from polymers seems to be
especially relevant.

One of these polymers is polyethylene
terephthalate glycol PETG (PETG), a high-strength,
wear-resistant material with a fairly high melting
point (230-240 °C), resistance to most chemicals
and ultraviolet radiation. Along with the ease of
printing, it has received the widest application
in additive manufacturing in the form of threads
(filaments) or granules. [1-5]. Glycol-modified
PETG polyethylene terephthalate has become
a popular material for additive manufacturing
and is used, in particular, for printing emploing
the technology of layer-by-layer imposition
of polymer layers by the FDM method (Fused
Deposition Modeling) [1]. PETG is an amorphous
thermoplastic copolyester [2]. The amorphous
nature of PETG is due to the glycol modification
of semi-crystalline polyethylene terephthalate
(PET). The mechanical characteristics of PETG
are similar to those ones of PET [6]. However,
PETG is generally regarded as the best polymer
for 3D printing. [7]. It is very suitable for
extrusion, blow molding, injection molding as
well as thermoforming [8]. At the same time, it
has excellent chemical resistance, good tensile
strength and flexibility [7]. Due to the amorphous
structure and relatively strong interlayer bonding,
products printed from PETG exhibit a lower
anisotropy of mechanical properties compared
to other materials manufactured using the FDM
technology [8].

In addition, due to its good biocompatibility,
it is a suitable material for 3D printing in bone
tissue engineering [9].

The dielectric properties of this material
make it possible to its widely use in electrical
engineering and electronics in the production
of cases and elements of electronic devices [10].

PETG s an ideal material for fabricating objects
that are subjected to constant loads, systematic
shocks or vibrations. PETG is a thermoplastic and
is a polycondensation product of ethylene glycol
with terephthalic acid (or its dimethyl ester)

with the chemical formula (C, H,0,) . Structural
formula of PETG is shown below [2]:

o/\/oltt

O
0
o

PETG is a solid, colorless, transparent
substance in the amorphous state and white,
opaque in the crystalline state. It turns into
a transparent state when heated to the glass
transition temperature (85 °C) and remains in
this state when it is abruptly cooled and quickly
passes through the “crystallization zone”. One of
the important parameters of PETG is the intrinsic
viscosity, which is determined by the length of
the polymer molecule. As the intrinsic viscosity
increases, the rate of crystallization decreases.
PETG can be dyed, metallized, and printed.

The aim of this work is to study the effect of
3D printing of polyethylene terephthalate glycol
(PETG) samples with different model patterns
on their microstructural properties and surface
wettability.

2. Experimental

Objects and methods of research. The samples
for the study were made from a polyethylene
terephthalate glycol PETG filament with a
diameter of 1.75 mm employing Hercules Original
3D printer by layer-by-layer superposition of FDM
polymer layers (Fused Deposition Modeling) [1].
Extruder temperature — 260 °C, power — 500 W. 5
cylindrical specimens with a diameter of 20 mm
and a thickness of 5 mm were printed. The printed
samples differed in 3D printing patterns (five
model types).

Figure 1 shows the studied types of model
drawings.

Along with the printed samples, the original
filamentous PETG sample (Filament) was studied.
Therefore, in the next section of the article, the
results of the study of microstructural properties
for six samples will be presented.

X-ray phase analysis (XRD) of all the above
PETG samples was carried out with DRON-4.07
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1 2 3 4 5

Fig. 1. Five types of 3-D printing patterns on polyethylene terephthalate glycol (PETG) polymer samples: 1 _Hil-
bert, 2 _Concentric, 3 Archimedian, 4 Rectilinear, 5 Octagram

diffractometer with CuKo - radiation in the step-
by-step scanning mode applying sample rotation,
with copper radiation CuKo A = 1.54 A at high
voltage and filament current of the X-ray tube
anode U= 29 kV and I = 25 mA.

The measurements of small-angle X-ray
diffraction of the samples were carried out at
the Central Collective Use Center of the NO VSU
on an ARLX’TRA diffractometer in parallel beam
geometry and the 6-6 mode in the angle range
20 = 1-10° using CuKo, radiation with the use of
a monochromator.

IR spectroscopy is a universal method for
obtaining information about the molecular
structure of substances and allows to determine
the nature of atomic groups, the nature of
chemical bonds and their changes under the
influence of external conditions. Any molecule
has its own individual spectrum of vibrations;
therefore, by comparing the modes of the
obtained experimental spectrum with the known
literature data, it is possible to identify the
substance under study. Studies of the molecular
structure of PETG samples were carried out on
five 3D printed samples with different model

Fig. 2. Installation for measuring contact angles
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patterns (Fig. 1) and the original filament by
measuring IR transmission spectra using the ATR
(attenuated total internal reflection) method on a
Brucker Vertex 70 IR-Fourier spectrometer of the
Center for Collective Use of the Voronezh State
University.

The wettability studies of the surface of flat
printed samples with various 3D printed model
patterns (Fig. 1) were carried out with a setup
for measuring contact angles (Fig. 2), which we
made with 3D printer. The setup is a stand with
a sample holder on which a flat sample is placed.
A drop-meter is installed on top, with the help
of which drops are created on the surface of the
sample to measure the contact angle of wetting.
Opposite the stand with the test sample, a
webcam is installed, which displays the image
of the drop on the screen, and using the Pic-pic
graphics editor, the wetting angle of the sample
0 is measured. A drop of liquid on the surface of
a solid, depending on the nature of the solid, the
liquid and the environment in which it is located,
can spread completely or partially and take the
form shown in Fig. 3. The angle 6 between the
tangent to the surface of the drop and the surface

30,08 (309,92°)

-
-

Fig. 3. Contact angle ¢ on a hydrophilic surface
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of the solid, counted towards the droplet surface
is called the contact angle 6 [9, 10].

If aliquid drop completely or partially spreads
over the sample surface and forms an acute
angle ¢ < 90° with it, as is shown in Fig. 3, then
the liquid wets this surface. Only those liquids
can moisten a solid surface that have lower the
surface tension than a given solid at the boundary
with air. Surfaces of solids wetted by water are
called hydrophilic. Surfaces where water does not
spread and forms an obtuse contact angle ¢ >90°
are called hydrophobic.

3. Results and discussion
3.1. X-ray phase analysis of PETG samples

Fig. 4 shows the results of analyzing the
crystalline state of the samples under study
with 5 different 3D printing patterns, 1 Hilbert,
2 Concentric, 3 Archimedian, 4 Rectilinear,
5 Octogram, and the original filament (Filament)
by X-ray methods in two intervals of Bragg angles:
small angles 26 = 1-10° (upper Fig. 4 a) and large
angles 20 = 10-90° (lower Fig. 4b).

The obtained results show that at small
angles, all of the studied samples do not give

7.0
6,5 a
6,0 l
5.5 l
5.0 5
5 ]
5 45 A
;‘:{J 4,0 | 3
3.54
i 2
3.0 1
] |
2,54
] Filament
2,0 A
1 I 1 I 1 1 I 1
2 3 g 5 6 7 8 9 10
AN A
—— 1_Hilbert
3500 —— 2_Concentric
—— 3_Archimedian
3000 4 ——4_Rectilinear
-5_Octagram
- Filament
2500 4
b
= 2000 4
©
© 1500
1
1000 4 2
3
500 4
i §
0 = Filament
T T T T =l
0 20 40 60 80 100
20, deg

Fig. 4. Diffraction patterns of samples with model patterns 1 Hilbert, 2 Concentric, 3 Archimedian, 4 Recti-
linear, 5 Octogram and the original filament for 3D printing (Filament) in two intervals of Bragg angles: small
angles 26 = 1-10° (upper Fig. 4a) and large angles 26 = 10-90° (lower Fig. 4b)
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any reflections (Fig. 4a), while in the range of
large angles, the diffraction patterns of all 5
printed samples with different patterns contain
two wide reflections (halos) from the amorphous
phase of PETG with the most intense reflection
in the range of angles 26 ~15-35° and the second
less intense in the range 20 =37-55° (Fig. 4b).
Against the background of these wide bands, all
five printed samples show narrow diffraction
lines from the crystalline phase of the coloring
pigment of the PETG polymer [11], which is
titanium dioxide TiO, with a tetragonal rutile
structure [11, 12].

At the same time, in the diffraction pattern
of the original filament (6 _Filament, Fig. 4b),
the intensity of the first halo with a maximum
at 20 = 20° decreases by an order of magnitude,
and the second halo is stretched two to three
times in the 26 scale, as compared to all printed
samples. And against the background of the
first halo of the original thread, only a trace is
outlined from one of the most intense lines of
the TiO, (110) pigment. Such differences in the
diffraction patterns of the printed samples from
the diffraction pattern of the original thread are
due to greater order in the orientation of the rigid
polymer chains of amorphous PETG in the printed
samples with different patterns, which occurs
in the extruder under thermal and mechanical
influences on the original thread-like sample
during the 3D printing process However, it should
be noted that the characteristic amorphous
structure of filamentary PETG samples from
different manufacturers used for 3D printing may
differ in the degree of ordering of polymer chains,
which is reflected in the intensity of the first halo
of the diffraction patterns of the initial filaments.

Nevertheless, in [11], when studying the
effect of various 3D printing speeds on the
microstructure, morphology and mechanical
properties of the printed samples 20x20x3
mm in size, a PETG (filament) thread with a
diameter of 1.75 mm, manufactured by FUEL
INVEST, SE, Prague, Czech Republic, was used,
and its diffraction pattern, in fact, did not differ
from those ones of the printed samples with
different printing speeds as well as our samples
with different patterns. However, the differences
observed in the diffraction pattern of the relative
intensity of the first halo of our original filament
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(Filament) in Fig. 4b from the original filament
of work [11] may be due to the peculiarities of
the technology of the manufacturer of filaments
(Filaments) for 3D printing.

Table 1 shows the values of the Bragg angles
26 and interplanar distances d of the TiO,
crystalline pigment in the printed PETG samples,
related by Wolfe—Bragg formula:
2d-sin®=n-A,
where n - is the order of reflection, A is the wave-
length of X-ray radiation CuKo. A = 1.54 A.

Analysis of the interplanar distances d, , of the
crystalline phase of the TiO, pigment shows that
these values, measured in angstroms 1A=10"1°m,
are almost the same for all five samples (with an
accuracy to the second decimal places) and are
close to the values from the database [11]. This
fact, together with the preservation of the relative
intensities of the diffraction lines against the
background of unchanged intense halos from the
amorphous PETG phase of the printed samples,
means that the initial filamentous PETG polymer
experiences the same thermal and mechanical
effects during layer-by-layer deposition by an
extruder on a flat surface of any pattern out of
the five studied samples.

3.2. IR spectra of PETG samples

IR spectroscopy is a non-destructive optical
method used to solve specific problems,
including the determination of the fundamental
characteristics of a molecule, the quantitative
analysis of the known phases in a substance,
the identification of chemical compounds and
the elucidation of their structure. This optical
method is based on the measurement of intensity
of the infrared (IR) radiation absorbed or reflected
by a certain material, which is associated with
vibrational and rotational vibrations of molecular
fragments and manifests itself in the distribution
of intensity in absorption bands depending on
the wavelength ()) or its reciprocal value, which
known as the wavenumber (v).

Fig. 5 shows the IR transmission spectra for
the original filament (PETG filament) and five
3D printed samples with different PETG polymer
patterns.

Table 2 shows the vibrational modes of the IR
spectra for all six samples. In the last column of
the table, for comparison, the vibrational modes
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Table 1. Bragg angles 26 and interplanar distances d (A) of most intense lines of the TiO, pigment
tetragonal phase in printed PETG samples with different model patterns

. . d,,, of tetragonal rutile
Printed Sample PETG 20, (°) d, A Structure TiO, [11]
1_Hilbert 27.70 3.222 3.247 (110)
36.50 2.464 2.487 (101)
54.65 1.681 1.687 (211)
56.65 1.628 1.623 (220)
69.40 1.356 1.359 (301)
2_Concentric 28.0 3.201 3.247 (110)
36.15 2.489 2.487 (101)
54.65 1.681 1.687 (211)
56.85 1.621 1.623 (220)
69.35 1.356 1.359 (301)
3_Archimedian 27.30 3.269 3.247 (110)
36.0 2.497 2.487 (101)
54.50 1.685 1.687 (211)
56.80 1.621 1.623 (220)
69.05 1.360 1.359 (301)
4 Rectilinear 27.45 3.256 3.247 (110)
36.25 2.481 2.487 (101)
54.55 1,685 1.687 (211)
56.55 1.628 1.623 (220)
69.25 1.358 1.359 (301)
5 Octilinear 27.65 3.229 3.247 (110)
36.05 2.497 2.487 (101)
54.65 1.681 1.687 (211)
56.75 1.624 1.623 (220)
69.55 1.353 1.359 (301)
——1_Hilbert
——2_Concentric
1 ——3_Archimedian
4.0 ] N —— 4_Rectilinear
3.8 ] ——5_Octagram
3.6 ] 2 Filament
S e B
. 3,0
3 28 3
© 261
s 24
c 2'2 -
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£ 181 -
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Fig. 5. IR transmission spectra for the original sample of PETG thread and five samples with different model
patterns of 3D printing from PETG polymer
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Table 2. Vibration modes of the IR spectra of the original filament and PETG polymer samples with
different 3D printing model patterns in comparison with the literature data for PET (PET) [15]

Identification of vibration Vibration modes of samples PETG, cm™!
modes Original 1 Hilbert 2 Con- | 3 Archi- | 4 Recti- | 5 Octa- Modes
filament | - centric median linear gram of PET
Interaction of polar ester |, 723 723 725 723 723 712
groups with benzene rings
Vibrations of neighboring
aromatic protons in 799 790 791 797 791 795 795
para-substituted aromatic 1978 1965 1965 1975 1987 1960
rings
1,2,4,5-tetrasubstituted 871 875 872 876 874 872 872
benzene rings 972 974 968 968 975 972 972
Methylene group and C-O 1043 1043 1043 1047 1045 1043 1050
ester bond vibrations 1093 1093 1094 1096 1092 1094 1096
Terephthalate group - 1112 1114 - 1116 1116 1124
(O0CCH,-HCOO) 1238 1244 1244 1234 1238 1240 1240
Stretching vibrations of
ri_?ltm fthfhcior;H flrag‘l 1406 1407 1408 1406 1406 1407 1410
et of ety ene gryco 1460 1454 1458 1458 1458 1454 1453
and bending vibrations of
this segment
V”;rr;‘;ll‘:&fo‘r’li svhii}f'g(’gguc 1504 1506 1506 1535 1502 1502 1504
. B 1575 1577 1577 1574 1578 1576 1577
stretching C=C
Stretching of the C=0 1716 1714 1713 1716 1717 1717 1730
carboxyl group
. . 2922 - 2932 2928 2922 2908
Symmetrical stretchingof | - 2918 | 2064 | 2954 | 2955 | 2966 | 2961 | 2969
3068 3051 - 3049 3060 3054

of the polyethylene terephthalate polymer PET
(PET) from [13] are presented.

The results of IR spectroscopy show that
the wave numbers and relative intensities of
the vibration modes of all five printed samples
with different patterns have almost the same
values and coincide within the measurement
accuracy with the corresponding values of
the fundamental modes of the original PETG
filament used in 3D printing of the samples and
the literature data. for PET polymer modes [12].
This means that the intrastructural chemical
bonds of the PETG polymer are not subjected to
mechanical and thermal influences during the
3D printing process. These effects impact only
on the degree of ordering of polymer chains and
they are manifested in a change in the relative
intensity of the main diffraction maximum of the
amorphous PETG polymer in the printed samples
compared to the original thread, observed in
Fig. 4b.
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3.3. Wettability of the surface of printed
samples with different model patterns

The wettability of a solid surface is a
manifestation of intermolecular interaction at the
contact boundary of three phases: solid, liquid and
gas, which is expressed in the spreading of a liquid
over the surface of a solid. Since the measurement
of the contact angle of surface wetting is carried
out only for the flat samples, this section presents
the results of the study of wettability for only five
printed samples. Fig. 6 shows the screen images
of the setup for measuring the wetting angle of
drops on the surface of five samples with different
3D printing patterns from PETG polymer.

Measurements of contact angles were carried
out at five points of each sample, and in table 3
shows the average values of these angles.

A comparative analysis of the values of the
contact angles of wetting shows that they all
deviate only slightly from the angle ¢ = 50°. And
only one sample with pattern 1_Hilbert shows an
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49,86° (310,14°)

Table 3. Average contact angles of the surface of
PETG polymer samples with different 3D printing
patterns

Type of model pattern

when 3D printing a Average contact angle o,

sample degree

1 Hilbert 52.84

2_Concentric 50.55

3 Archimedian 49.54

4 Rectilinear 50.10

5 Octagram 50.03

30,82° (309,18°)

Fig. 6. Images of droplets in the process of determin-
ing the contact angle of the surface of five samples
with different 3D printing patterns from PETG poly-
mer: 6.1-Hilbert, 6.2-Concentric, 6.3-Archimedean,
6.4-Rectilinear, 6.5-Octagram

average contact angle ¢ = 52.84, which is slightly
higher than the corresponding values for samples
with other patterns by one or two degrees, i.e. by
an amount within the accuracy of determining
the contact angle.

However, the result of a large deviation of
the average value of the contact angle ¢ ~50° for
all five samples with respect to the right angle
of 90° shows that the surfaces of all printed
samples with different patterns are hydrophilic,
i.e. wettable.
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And since the wettability of the surface of a
solid body is a manifestation of intermolecular
interactions at the interface of contact of the
liquid with the surface of the solid body, it should
be assumed that one of the mechanisms of such
interaction may be the participation of polar ester
groups of the PETG polymer in the formation of
hydrogen bonds with water molecules on the
surface of all five samples, leading to a significant
decrease in contact angles relative to 90°.

4. Conclusion

The results obtained in the study of the effect
of 3D printing process by successively applying
polymer layers employing FDM (Fused Deposition
Modeling) method with the Hercules Original
3D printer at an extruder temperature of 260
°C and a power of 500 W on the microstructural
and hydrophilic properties of polyethylene
terephthalate glycol (PETG) samples with
different drawings, X-ray diffraction analysis, IR
spectroscopy and measurement of the wetting
angle showed that:

—differences between the diffraction patterns
of printed samples and the diffraction pattern of
the original thread are due to the greater ordering
of the polymer chains of amorphous PETG in
samples with different patterns, which occurs
under thermal and mechanical effects on the
original filamentous sample during 3D printing
and manifests itself in an increase by an order
of magnitude in the relative intensity of the
main diffraction maximum of amorphous PETG
polymer in printed samples;

— at the same time, the intrastructural
chemical bonds of the PETG polymer are not
subjected to the effects of 3D printing process,
and therefore the wave numbers and relative
intensities of the vibration modes of all five
printed samples with different patterns have
almost the same values and coincide within the
measurement accuracy with the corresponding
values of the fundamental modes of the original
thread PETG used in 3D printing of samples;

- contact angles for all printed samples show
close values to the value of 6 = 50°, which is much
smaller than the right angle 6 = 90°, show that
the surfaces of all five printed PETG samples with
different patterns are hydrophilic.
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- one of the mechanisms of intermolecular
interaction at the interface of a drop of water
with the surface of printed samples may be the
participation of polar ester groups of the PETG
polymer in the formation of hydrogen bonds with
water molecules on the surface of all five samples,
leading to a significant decrease in contact angles
relative to 90°.

Thus, according to the results of our study,
PETG has asserted itself as a material suitable
for 3D printing using a common printer model.
At the same time, 3D printing causes statistically
significant orientation of polymer chains in
the amorphous PETG material, which is all
the same for all five patterns, as a result of
extrusion-induced molecular alignment, without
destroying the intrastructural chemical bonds of
the polymer.
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Abstract

Molecules of 4-((2-hydroxy-3-methoxybenzylidene)amino)-N-(thiazol-2-yl)benzene sulfonamide were investigated at
varying concentrations in dimethyl sulfoxide (DMSO). Different temperatures were employed to assess bandgap energies,
Tauc plots, refractive indices, optical and electrical properties, and dielectric constants. The refractive index was determined
through a straightforward model based on energy gap data and subsequently compared to experimental values. For the
examination of the materials’ optical properties, reflection and reflection loss at plasma frequencies were considered as
they play a crucial role. Density functional theory (DFT) with a 6-311G++ (d, p) basis set and Becke’s three-parameter hybrid
(B3LYP) level of theory were utilized through Gaussian software to conduct the studies. Chemical reactivity and selectivity
parameters, including HOMO-LUMO, global hardness, softness, electronegativity, electrophilicity, nucleophilicity, chemical
potential, bandgap energy, and electron affinity, were computed. Becke’s three-parameter hybrid exchange-correlation
functional (B3LYP) level was employed for optimizing the geometry of the title molecule.
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1. Introduction

Numerous biodegradable materials, including
those designed for electronic applications, hold
potential for utilization in the fabrication of
electronic devices. Through the application of
optical absorption spectroscopy, the optical and
electronic characteristics of these biomaterials
have been investigated, providing insights
into energy diagrams, energy band gaps, and
optoelectronic properties associated with such
materials [1-3]. The majority of biomaterials,
including those with bandgap energies exceeding
2.5 eV such as gelatin, glycerol, and fibrinogen,
have been previously documented in studies with
values of 3, 3.54, and 3.02 eV, respectively [4-7].
Semiconductor materials typically exhibit bandgap
energies falling within the range of 1-1.5 eV,
exemplified by conventional semiconductors like
gallium arsenide and silicon[8]. In contrast, wide-
bandgap (WBG) semiconductors, characterized
by bandgaps ranging from 2 to 4 eV, possess
distinctive properties that enable devices
to operate at higher voltages, frequencies,
and temperatures compared to conventional
semiconductors [9, 10]. For the investigation
of optoelectronic properties, key parameters
include bandgap energy, Tauc plot, refractive
index, transmittance of light through the
molecule, and dielectric properties [11, 12]. The
refractive index, an optical property describing
the relative speed of light through a material, is
influenced by the material’s crystalline structure
and density, providing valuable physical and
chemical characteristics for characterization[13,
14]. With diverse applications in fields such as
the pharmaceutical industry, the refractive index
plays a crucial role. This study focuses on the
theoretical and experimental examination of the
molecule 4-((2-hydroxy-3-methoxybenzylidene)
amino)-N-(thiazol-2-yl)benzene sulfonamide in
dimethyl sulfoxide (DMSO). The investigation
aims to determine the applicability of this
newly synthesized molecule by assessing
physicochemical properties, including physical
properties, solvation properties related to
interactions with different media, and intrinsic
chemical reactivity[15-18]. In recent years,
the consideration of physical and chemical
characteristics of drugs has gained prominence,
as these properties significantly influence a
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chemical compound’s pharmacological and
therapeutic effects. The action and responsivity
of a drug can be correlated with its physical
and chemical properties, encompassing
neutralization, chelation, oxidation, and
extracellular reactions [19, 20]. Given the
advantages of photonics in various industries,
such as optical communications, data storage,
and image processing, there is growing interest
in nonlinear optical reactions in diverse materials
[21].

The primary objective of this study is to
comprehensively examine the chemical, physical,
and optoelectronic properties of the newly
synthesized molecule, including a fully optimized
geometrical structure (refer to Figs. 1 and 2)
[22]. Quantitative calculations based on Density
Functional Theory (DFT) were employed to
determine the electronic structure and several
quantitative chemical parameters.

Fig. 1. Chemical structure of 4-((2-hydroxy-3-me-
thoxybenzylidene) amino)-N-(thiazole-2-yl) benzene-
sulfonamide
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Fig. 2. Optimized structure

2. UV-visible spectroscopy

UV-visible spectroscopy stands out as a
highly valuable and straightforward optical
technique for probing the optical and electrical
properties of nanomaterials. Numerous research
endeavors have harnessed the power of UV-visible
applications to elucidate the behavior of diverse
nanomaterials, ranging from polymers and
organic light-emitting materials to combinations
of organic and inorganic semiconductors[23,
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24]. The reflected spectra obtained through this
technique offer insights into the fundamental
electronic properties of the samples under
investigation. The bandgap energy, a crucial
parameter, plays a pivotal role in defining various
optical properties such as refractive index,
scattering angular frequency, electronegativity,
and dielectric constant of materials. This
parameter has emerged as a powerful tool for
efficiently designing novel semiconductor
devices, including 2D electron gas and LEDs
[25]. Notably, the bandgap energy of materials
has recently gained recognition not only in the
context of advanced semiconductor technology
but also in the construction of cutting-edge
equipment. This recognition extends toitsroleas a
technology platform facilitating the development
of innovative devices like high-capacity batteries
and ultra-efficient solar cells [25]. In scenarios
involving embedded electric fields, the technique
proves essential for ionizing holes from deep
acceptor dopants. This ionization process is
facilitated by the unbalanced polarization charge
correlated with the gradient layer, thereby
enabling the creation of electric fields. The
material 4-((2-hydroxy-3-methoxybenzylidene)
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amino)-N-(thiazol-2-yl)benzene sulfonamide,
and materials derived from it, can be applied to
semiconductor crystals capable of maintaining
sufficient piezoelectric polarization and strong
spontaneous polarization. These properties
make them versatile candidates for a range of
applications in the realm of nanoelectronics and
advanced semiconductor devices.

The relationship between the absorbance of
light at a specific frequency and the concentration
of molecules is found to be directly proportional,
as illustrated in Table 1. This association is further
elucidated in Fig. 3, where an increase in the
absorption of photon energy is observed in tandem
with changes in concentration, akin to the effect
of path length. The initial concentration of the
solution is highest, resulting in a greater number
of molecules for incident light to interact with as
it traverses through the medium. Consequently,
an elevated concentration leads to increased
light absorption, signifying a higher number of
molecules in the solution. This alignment with Beer-
Lambert’s law establishes a direct proportionality
between absorbance and concentration, where
an augmentation in the original concentration
corresponds to an increase in absorption.

Table. 1. Maximum absorption at different concentrations and temperatures 4-((2-hydroxy-3-
methoxybenzylidene) amino)-N-(thiazole-2-yl) benzenesulfonamide in DMSO

Temperature 303.15 K Temperature 313.15 K
Concentration (mg/1) 1.026 0.513 0.2565 1.026 0.513 0.2565
A, (NM) 362 331 328 362 353 325.32
Bandgap (eV) 3.425 3.746 3.78 3.425 3.512 3.811
3
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Fig. 3. UV-spectrum of 4-((2-hydroxy-3-methoxybenzylidene) amino)-N-(thiazol-2-yl) benzene sulfonamide

in DMSO solvent at different temperatures
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However, the second concentration exhibits
a decrease in absorption. This deviation can
be rationalized by considering the dilution
of the solution, implying a reduction in the
initial concentration. As the solution is diluted,
the number of molecules available for light
interaction decreases, resulting in a proportional
decrease in absorption. This observation aligns
with Beer-Lambert’s law, emphasizing the
direct relationship between absorbance and
concentration. Therefore, in the present study,
the reduction in absorption at the second
concentration level can be attributed to the
dilution of the solution, reflecting the anticipated
proportional decrease in concentration.

The optical and electrical characteristics
of semiconductor materials exhibit notable
distinctions between wide bandgap energies
and narrow bandgap energy configurations. The
molecule 4-((2-hydroxy-3-methoxybenzylidene)
amino)-N-(thiazol-2-yl)benzene sulfonamide
possesses a wide bandgap exceeding 3 eV.
Wide-bandgap semiconductors (WBGSs) are
characterized by a larger bandgap compared to
conventional semiconductors, with the latter
falling within the 1-1.5 eVrange (e.g., germanium
and silicon), while the former extends from 2
to 4 eV. Typically, WBGSs exhibit electronic
characteristics intermediate to insulators and
conventional semiconductors. The distinct
properties of WBGS materials make them highly
suitable for a broad spectrum of applications,
allowing devices to operate at significantly
elevated voltages, frequencies, and temperatures,
approximately up to 300 °C. This capability
surpasses the operational limits of conventional
semiconductor materials like silicon and gallium
arsenide. Applications utilizing WBGS materials
include a variety of devices and pigments such
as radars, radiofrequency devices, lasers, and
light-emitting diodes (LEDs), benefitting from
their ability to function at higher power levels
under normal conditions due to their enhanced
thermal stability [26-28]. The electronic spectra
of the 4-((2-hydroxy-3-methoxybenzylidene)
amino)-N-(thiazol-2-yl)benzene sulfonamide
compound reveal two discernible bands. The
first band, located at A__ = 300-312 nm, is
attributed to the *n—m transition within the
aromatic system of the phenyl group. The third
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band, situated atA__=430-460 nm, is associated
with the C=N chromophore of these compounds,
as indicated in Table 1. UV-visible spectra of
this compound were investigated at different
temperatures in dimethyl sulfoxide (DMSO), with
Figure 3 depicting the UV spectra of compound at
varying temperatures. At room temperature, the
selected compound exhibits two absorptions in
the range of 300-600 nm, specifically at 393 nm
for the enol-imine form and at 453 nm for the
keto-amine form. Upon cooling the solution
to 15 °C, a color change from orange to yellow
occurs, accompanied by the disappearance of the
absorption band at 453 nm for the keto form in the
UV-visible spectra. Upon reheating the solution,
the absorption band for the keto form reappears.
This behavior indicates the existence of an enol-
keto equilibrium, and notably, the equilibrium is
temperature-dependent.

This study aims to explore the optoelectronic
properties of the 4-((2-hydroxy-3-methoxy-
benzylidene)amino)-N-(thiazol-2-yl)benzene-
sulfonamide molecule, garnering significant
interest due to its noteworthy optical
characteristics. The bandgap energy of this
molecule is assessed through UV calculations, as
depicted in Figures 2 and 3. The UV spectra reveal
a singular peak across various concentrations
and temperatures, as detailed in Table 1.
The substantial bandgap within this range
makes it particularly intriguing for applications
in optoelectronic devices and transparent
conductive oxide electrodes within solar
cells. The utility of bandgap energy in this
context is vital for extracting photo-generated
carriers in solar cells. Transparent conducting
oxide semiconductors, especially those with
continuously graded bandgaps, have become
a focal point of interest [29]. The ability to
tune bandgap energy through continuous and
independent manipulation of hole and electron
properties adds versatility to its potential
applications. The classification of optical bandgap
is a prerequisite for device fabrication and holds
significance in the optical characterization of these
applications. Understanding and manipulating
the bandgap energy of the 4-((2-hydroxy-
3-methoxybenzylidene)amino)-N-(thiazol-
2-yl)benzenesulfonamide molecule offer
promising avenues for advancing optoelectronic
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technologies, paving the way for innovative
developments in solar cells and related devices.

3. Tauc-plot calculations

The absorption coefficient (o)) with respect
to photon energy (hv) serves as a metric for
characterizing the light absorption properties
of semiconductor materials. The provided
expression facilitates the computation of
both the optical bandgap energy (E,) and the
forbidden bandwidth associated with optical
transitions in semiconductors. This formalism
enables the determination of key parameters
critical for understanding the semiconductor’s
response to light absorption, offering insights
into its optical behavior and facilitating the
calculation of optical bandgap energy and
forbidden bandwidth E,_ [30]:

(ahv)=A"(hv-E,)". (1)

Here, A" denotes a constant,and m serves as the
parameter associated with the characterization of
band gaps based on the measurement type. For
any transition to occur, the principles of crystal
momentum conservation and energy conservation
must be adhered to. In semiconductor physics,
the bandgap of a semiconductor encompasses
two distinct types: direct and indirect bandgaps.
The maximal-energy state in the valence band
and the minimal energy state in the conduction
band within the Brillouin zone are distinctly
characterized by specific crystal momentum [31].
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(ahv)?2 eV cm-1)2
-9
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3.2
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a
Fig. 4. Tauc-plot of 4-((2-hydroxy-3-methoxybenzylidene) amino)-N-(thiazol-2-yl) benzene sulfonamide in
DMSO (A) at 303.15 K and (B) at 313.15 K
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The term “indirect bandgap” is applied when the
crystal momentum of electrons and holes differs
in both the conduction and valence bands. The
determination of the type of bandgap energy for
4-((2-hydroxy-3-methoxybenzylidene)amino)-
N-(thiazol-2-yl)benzene sulfonamide is achieved
through a comparison between the UV-visible
bandgap energy and the Tauc plot, revealing that
it falls under the category of indirect bandgap.
The value of m is contingent upon the type of
semiconductor bandgap energy and encompasses
four distinct values: 3/2 for forbidden transition,
3 for forbidden indirect transition, 2 for allowing
indirect transition [32]:

(ohv)=A"(hv-E,) )

Various methods can be employed to determine
the bandgap energy, including Tauc plot, the first
derivation of absorbance, and transmittance.
For the 4-((2-hydroxy-3-methoxybenzylidene)
amino)-N-(thiazol-2-yl)benzene sulfonamide
molecule, the Tauc plot emerges as the most
effective approach for calculating the bandgap
energy (E,). The values of E_ obtained through
the Tauc plot method exhibit high similarity
with those derived from the UV-visible spectra.
Specifically, the E_values, according to the Tauc
plot method, are found to be 3.03, 3.18, 3.23 eV
at one set of conditions and 3.02, 3.15, 3.16 eV
at another set of conditions, corresponding to
temperatures of 30 and 40 °C, as illustrated in
Fig. 4.
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3.1. Refractive index

The refractive index of semiconductor
materials holds considerable importance in
determining various parameters, including
electronegativity, bandgap energy, electrical
and optical conductivity, and dielectric constant.
The performance of devices is contingent on the
refractive index, making it a crucial factor in
optoelectronic applications and technologies.
The refractive index, denoted by the symbol n, can
be obtained from the following expression [33]:

n={| AR __jo | _R*1L (3)
(R-1) R-1

The characterization of semiconducting
materials, fundamental to their optical and
electrical properties, relies on two key parameters:
energy gap and refractive index. The refractive
index (n) is a descriptor of transparency to
incident photons, while the energy gap (E) is
determined by the threshold of photon absorption
in a semiconductor. Various relationships exist
between E_ and n, including those formulated
by Moss, Ravindra, Hervé and Vandamme, as
well as Reddy and Kumar, and Singh. The Moss
and semi-empirical correlations, established
as early as the 1950s, have been subjects of
intensive study in subsequent years. These
relationships play a crucial role in understanding
and characterizing the optical and electrical
properties of semiconducting materials [34-37].

Reddy relation:

n*(E,—0.365)=154. (4)
Moss relationship:

n*E, =95 eV. (5)
Ravindra relationship:

n=4.084-0.62E,. (6)

From the following equation of Tripathy, the
relationship can calculate the refractive index:

n=n, [1+oce_BEg] (7

Where, o, B and n, are constants which are equal
to 1.9017,0.539 eV-'and 1.37 respectively.
Herve-Vandamme relationship:
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2
n*=1+ A . (8)
E +B
Kumar and Singh relations:
n=KE;. ©)

Where, K and C are constants which are equal to
3.3668 and —0.32234.

The refractive index (n) is a crucial parameter
in the characterization of physical and chemical
properties of materials, forming the basis
for transparency measurements. Accurate
knowledge of n is essential for designing
optoelectronic devices due to its influence on
electronic characteristics and the band structure
of materials. In the case of the 4-((2-hydroxy-3-
methoxybenzylidene)amino)-N-(thiazol-2-yl)
benzene sulfonamide molecule, the refractive
index is illustrated in Fig. 5. Experimental n
values exhibit the lowest value compared to other
relationships. Initially, the change in refractive
index follows an approximately linear trend.
Subsequently, n increases from 3.3 to 4.25 eV
before decreasing to its initial position. At
6.19 eV, n is observed to be 0.18, with this value
coinciding with the experimental and Ravindra
relationship values. While each relationship has
its unique characteristics, the Reddy relationship
generally demonstrates the best compatibility
with the refractive index. However, as the band
gap exceeds 4 eV, the Moss relationship aligns
more closely with experimental refractive index
values. This relationship, for instance, at 6.2 eV,
provides a closer match with experimental data
in the middle to moderately high energy gap
range. Nevertheless, it is noted that the Moss
equation is inaccurate for materials with a band
gap less than 0.365 eV [38]. The applicability of
these relationships is contingent on the material
type and bandgap energy. For instance, the
Kumar & Singh relationship is more suitable
for semiconductor binaries compared to other
materials.

Moss’s determination reveals that electron
energy levels are scaled down by the effective
dielectric constant, experienced by the electron
within the material, based on photoconductivity
[39]. The dielectric constant of materials is
approximately proportional to the square of the
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Fig. 5. Variation of refractive index of different relations with bandgap energy of 4-((2-hydroxy-3-methoxy-
benzylidene) amino)-N-(thiazol-2-yl) benzene sulfonamide molecule in DMSO solvent

refractive index. The Ravindra relation, used to
calculate the refractive index for semiconductors,
assumes a linear relationship in energy gap,
postulating that the valence and conduction
bands are more or less parallel to each other along
symmetry directions[40]. This model posits a
constant difference between UV resonance energy
and the energy gap, based on oscillatory theory
assumptions. In the context of the 4-((2-hydroxy-
3-methoxybenzylidene)amino)-N-(thiazol-2-
yl)benzene sulfonamide molecule in DMSO, the
Kumar and Singh relationship yields a refractive
index (n) value of 2.33. This model describes n as
governed by an energy law behavior with respect
to the energy gap, and the model parameters are
fitted to experimental energy gaps and refractive
index data. Moss’s calculation for n in DMSO
results in the highest value in this study, reaching
4.856 as presented in Table 2. The refractive index
is influenced by the wavelength of light and the
concentration in the solution. The relationship
between temperature and the refractive index
of molecules is explained by the refractive index
remaining unaffected by temperature changes

but varying due to alterations in density. With
increasing temperature, materials typically
expand, leading to a decrease in density. However,
if the material undergoes compression, the
density remains constant despite temperature
changes. Notably, altering pressure does not
induce changes in the refractive index [41-43].
Dispersion is a crucial parameter for
comprehending the physical properties of
materials, particularly how light bends at specific
wavelengths.InFig.6,the Normal dispersionregion
of the 4-((2-hydroxy-3-methoxybenzylidene)
amino)-N-(thiazol-2-yl)benzene sulfonamide
molecule in DMSO is calculated by considering
the relationship between the refractive index
and angular frequency. The scattering area is a
key property for designing optical pigments. As
the angular frequency increases, the refractive
index may fluctuate, leading to an expansion
of the scattering area. Utilizing the refractive
index and Normal dispersion area in the design
of multi-element systems is highly valuable,
enabling designers to precisely predict how light
will behave throughout the entire optical path.

Table. 2. The average value of refractive indices of the 4-((2-hydroxy-3-methoxybenzylidene)amino)-N-
(thiazol-2-yl) benzene sulfonamide molecule in DMSO for various relations and experimental

Herve Kumar T=1303.15K | T=313.15K
Moss Reddy Vandamme Ravindra and Singh Concentration
1 2 3 1 2 3
4.856 0.3831 2.25505 1.62242 | 2.336455 | 0.0866 | 0.0706 | 0.0918 | 0.0738 | 0.0856 | 0.082
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3.2. Reflectivity and reflection loss

The optical response of a material’s surface can
be assessed through the reflectivity coefficient,
which is defined as the ratio of reflected power to
incident power. This coefficient holds significance
in understanding the optical properties of
materials. The reflectivity can be calculated in
terms of the extinction coefficient and refractive
index, and this relationship is expressed as
follows [44, 45]:

(n- 1)2 +k?
R=—--5—. (10)
(n+1) +k*

Where kis represent the frequency-dependent
extinction coefficient, for a weak absorber k can be
considered too small and at the high frequency it
vanishes. The following expression can calculate
the reflectivity at a higher frequency:

0.254 —a—Con 1
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% ——Con 3
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g 295P
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1 2
R= (”Lj . (11)
n+l1
The relation between reflectivity and
reflection coefficient can determine the reflection
coefficient:

r=+R. (12)

The reflectivity exhibits its highest values at
both the lowest and highest bandgap energies, as
depicted in Figures 6 and 7. During the maximum
absorption of light within the range of 3.2 to
3.9 eV for both temperature conditions, the
reflectivity reaches its lowest values, indicating
minimal reflection of light. At lower temperatures,
the reflectivity is smaller compared to higher
temperatures, which could be attributed to the
expansion of the particle interiors within the
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Fig. 6. Normal dispersion region of 4-((2-hydroxy-3-methoxybenzylidene) amino)-N-(thiazol-2-yl) benzene

sulfonamide molecule in DMSO
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Fig. 7. Variation of reflectivity with bandgap energy of 4-((2-hydroxy-3-methoxybenzylidene) amino)-N-(thi-

azol-2-yl) benzene sulfonamide molecule in DMSO
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molecule and the vibrational motion of atoms.
As the aggregation proceeds, the medium
becomes more turbid, leading to an increase in
light absorption. By considering the ratio of the
stability of these measurements to the constant
aggregation rate k, the absorbance of photon
energy is enhanced.

The optical behavior of semiconductor
materials at very low frequencies exhibits
characteristics akin to metals, while at high
frequencies, they resemble insulators. The plasma
frequency serves as a characteristic frequency at
which the material transitions from a metallic
to a dielectric response[46]. According to the
Drude model, the plasma frequency is defined as
frequency at which the real part of the dielectric
function vanishes ¢ (w,)=0.

Refractive index and absorption coefficient
(k) are the same at a low frequency while k and
n are large. The following equation can describe
the Normal reflectivity [47]:

R_(71—1)2+k2 n*+k’-2n
_(n+1)2+k2 Tt +k*+2n
4n 2

~1-2,
n* +k? n

(13)
=1-

A material with a large concentration at
low frequency acts as a perfect reflector. The
sharpness of the plasma structure, determined
by the relaxation time at the plasma frequency,
is indicative of a longer relaxation time when
the plasma structure is sharper. The absorption
property is crucial due to its relationship with
electrical and optical properties through the
conductivity tensor. A material that is a good
electrical conductor exhibits high reflection,
while transparent materials are generally
expected to have reasonably poor electrical
conductivity [48].

4. Optical and electrical conductivity

The electrical and optical conductivity of
semiconductor materials is very significant for the
investigation of the variation of conductivity with
bandgap energy. From the following expressions
can calculate both of them [49]:

_onc
ot gp’

(13)
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B 2h0
o

Here, A is the wavelength of the incident light, ¢
is the velocity of light and o is the absorption
coefficient.

Figs. 8 a and b show the photoconductivity
variation at 303.15 and 313.15 K for three
different concentrations in the range of 3.4 to 3.8
eV. The optical conductivity has the lowest value
due to the lack of light absorption. At 3.2 and
3.9 eV, it has the highest value corresponding to
the maximum absorption as mentioned in Fig. 3.
From the explanation in Fig. 8c and d, when an
increase in temperature leads to an increase in
conductivity and a decrease in resistance. The
electrons in the valence band get excited and
jump into the conduction band from HOMO
(highest occupied molecular orbital) to LUMO
(lowest unoccupied molecular orbital) in the case
of semiconductors as the temperature increases.
Hence, resulting in the dwindling of resistance
the conductance increases. The resistivity and
conductivity increase, and the reciprocal of
conductivity decreases.

c (14)

ele

5. Dielectric constant

The dielectric constant of compounds plays
a significant role in determining the conduction
properties of the material. The electrical properties
of a material are influenced by various factors,
including different growth parameters such as
deposition rate, substrate temperature, thickness,
and film composition. The application of thin
films for photovoltaic applications depends on
the electrical properties of the materials, making
it crucial for determining their suitability for
specific applications. The dielectric constant can
be calculated using the following expression [50]:

(16)

Where the two parameters ¢ and &”
represent the real part dielectric constant and
imaginary part (dielectric loss), respectively. The
grain, charge storage capabilities of dielectric
material, grain boundary, grain, insights into the
structure of compounds and transport properties
are related to the dielectric spectroscopy of
materials that is very significant. The potential
barrier generates at the grain boundaries, and

e =¢ +je”.
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due to the presence of charge polarization, the
dielectric constant increases with increased
frequency [51].

At a specific frequency, the permittivity or
dielectric constant represents the relationship
between the electric field vector and the electric
displacement vector. It’s noteworthy that the
dielectric constant can assume negative values
at certain frequency bands, such as in plasmas
at radio frequencies or metals at infrared
frequencies. In Fig. 9, the real part of the dielectric
constant is shown as negative, indicating negative
permittivity, where the electric displacement
vector and the electric field vector are in opposite
directions. However, this negative value does
not necessarily imply that the electrical energy
stored in this medium is negative. The dielectric
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Fig. 8. Optical and electrical conductivity of 4-((2-hydroxy-3-methoxybenzylidene) amino)-N-(thiazol-2-yl)
benzene sulfonamide molecule in DMSO

constant of materials depends on the molecular
structure. Whether the dielectric constant
increases or decreases during a given phase
change relies on the specific phases involved,
and the dielectric constant can exhibit sudden
changes at phase boundaries with variations in
temperature, as illustrated in Fig. 9.

6. Electronic structure

Based on density functional theory at the
B3LYP level of theory with 6-311G ++ (d, p),
quantum chemical calculations were carried
out with the complete geometry optimizations
of the chosen molecule [52]. The quantum
chemical parameters from the HOMO and LUMO
were performed. This study is to investigate the
molecular properties regarding the reactivity and
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Fig. 9. Dielectric constant, real and imaginary part of 4-((2-hydroxy-3-methoxybenzylidene) amino)-N-(thi-
azol-2-yl) benzene sulfonamide molecule in DMSO at the second concentration associated with Table 1

selectivity of the compounds, they were estimated
by Koopmans theory which related to HOMO
(E,;on0) @and LUMO (E, ) energy [53, 54].

Many quantitative chemical parameters such
as ionization energy (I) and electron affinity
(A) can be calculated. Ionization energy can be
expressed in quantum computational chemistry
and is the energy required to break an electron
from a chemical species into a gas phase or
isolated state. Based on Koopmans’ theory, the
ionization energies of chemical species are
related to the HOMO energy which is the energy
required to break an electron from HOMO.
From the following equation can be calculated
the ionization energy and is considered as the
opposite sign of HOMO energy [55]:

I=-E

HOMO * (17)

In the case of gas and isolated state, the
change of electron energy absorption reaction
of chemical species can be described by electron
affinity. Electron affinity calculations are based
on LUMO energy because in the basic type, the
electron to be received will enter the lower-energy
free orbital. Using Koopman’s theorem, the
electron affinity can be calculated for chemical
species and is equal to the inverse sign of the
LUMO energy:

A=-E

LUMO *

(18)

From the following equation, the bandgap
energy of the particles can be calculated and is
equal to the difference between E,__and E

LUMO HOMO*
AE=E E

LUMO ~ “~HOMO * (19)
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The energy gaps are very different from each
other in the intermolecular interaction such as
the strong ionic interaction between molecules
whose energy gap varies greatly. The energy gaps
are very close to each other in the intermolecular
interaction in strong covalent interaction. The
hardness and softness property of molecules are
useful parameters to describe chemical reactivity.
Associate with corrosion inhibition efficiency, the
soft molecule has a high inhibition efficiency than
the hard molecule. Chemical hardness (1) and
softness (o) can be calculated using the following
relation:

I-A
- 20
n=— (20)
G=l. 21
n

Mulliken’s electronegativity or absolute
electronegativity is one of the essential factors that
can calculate in quantum chemical computation,
which is the arithmetic mean of ionization energy
and electron affinity for species. The influential
electron electrophiles or acceptors indicate
the species with high electronegativity. The
nucleophiles or donor electron represents low
electronegativity. Mulliken electronegativity (y)
can be written as [56]:

_I+A
==

The calculated parameters for HOMO energy,
LUMO energy, ionization energy (I), electron
affinity (A), energy gap (AE), hardness (1)), softness

(22)
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(o), electronegativity (), chemical potential
(CP), electrophilicity index (w), Nucleophilicity
(N), Back-donation energy (AE, ,) and electron
transferred (AN) are given in Table 3 for DMSO
solvent. Fig. 10 shows HOMO and LUMO of DFT at
4-((2-hydroxy-3-methoxybenzylidene) amino)-
N-(thiazol-2-yl) benzene sulfonamide molecule
in DMSO and optimizing geometry performed at
B3LYP level and the 6-311G ++ (d, p).

The theoretical and experimental values of
bandgap energy agree well. The differences in
E_at different concentrations with temperature
are slightly different from the theoretical. The
electrophilicity index of this molecule has a high
value and the molecule with a high electrophilicity
index have more electron flux if they are involved
in a transponder interaction and lower the energy
more because of this electron flux

7. Electrostatic potential map

The charge distribution on the molecular
surface is analyzed in three dimensions (X, Y,
Z) through the molecule’s electrical potential
surface[57]. The Molecular Electrostatic Potential
(MEP) allows for the visualization of variably
charged regions on the molecule’s surface, offering
avaluable map to elucidate and discern chemical
reactions and interactions with other molecules
[58, 59]. This mapping is particularly useful in
describing the characteristics of chemical bonds,
commonly referred to as the “color code” section,
as it vividly illustrates the charge distribution
on the surface of Anthracene. Each color is
distributed distinctively across the molecule’s
surface, and the geometry optimization was
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LUMO
Fig. 10. HOMO and LUMO of DFT at 4-((2-hy-
droxy-3-methoxybenzylidene) amino)-N-(thiazol-2-
yl) benzene sulfonamide molecule in DMSO and op-
timizing geometry performed at B3LYP level and the
6-311G ++ (d, p)

conducted at the B3LYP level with the 6-311G++
(d, p) basis set. In this color-coded representation,
the red color signifies the presence of electrons,
predominantly surrounding the sulfur bonds
with 032 and 033 atoms, transitioning to yellow
regions located between the carbon and hydrogen
bonds. Hydrogen is distinctly depicted in green,
denoting its lower electronegativity compared to
red and yellow regions, as illustrated in Fig. 11.
MEPs provide insights into the polarization
range, with the molecule’s electronegativity
playing a significant role in determining the
polarization of charges. The regions where colors
do not intersect effectively help identify areas
with high negative or positive charges. Notably,

Table. 3. Quantum computational parameters based on DFT at 4-((2-hydroxy-3-methoxybenzylidene)
amino)-N-(thiazol-2-yl) benzene sulfonamide molecule in DMSO and optimizing geometry performed at

(B3LYP) level and the 6-311G ++ (d, p)

EHOMO (3B) EIUM() (SB) AE (3B) I A n

CP w N AN

-5.40 -2.54 2.86 5.40 1.43

0.69 | 397 | -3.9 | 5.51 | 0.18 1.05

Fig. 11. Electrostatic potential map of 4-((2-hydroxy-3-methoxybenzylidene) amino)-N-(thiazol-2-yl) benzene
sulfonamide molecule in DMSO based on DFT at 6-311G++ (d, p) basis set
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negative potential sites are concentrated around
the carbon resonant bonds of benzene rings. The
molecular electrostatic potential map highlights
a robust repulsion at positive potential sites on
edge hydrogen atoms, while carbon bonds exhibit
a compelling attraction.

8. Conclusion

The optical characteristics of the
4-((2-hydroxy-3-methoxybenzylidene)amino)-
N-(thiazol-2-yl)benzene sulfonamide molecule
in DMSO were systematically examined in
this study. It was observed that the bandgap
energy of the molecule could be manipulated by
adjusting its concentration. Notably, the practical
refractive index, determined in comparison to
other relationships, exhibited its lowest value.
The investigation also revealed that temperature
exerts an influence on the spatial arrangement
of atoms, forming the molecular structure. As
temperature increases, the optical density of
the sample medium decreases due to enhanced
atomic vibration, leading to an expansion
of interatomic distances. Consequently, the
medium becomes less optically dense, resulting
in a higher velocity of light and a lower refractive
index, causing a slight alteration in the deflection
angle at elevated temperatures. While the optical
conductivity showed marginal differences, the
electrical conductivity demonstrated higher
values and variations at elevated temperatures.
Additionally, based on Density Functional Theory
(DFT) calculations, the molecule exhibited
lower softness and higher global hardness
in the DMSO solvent. The electrophilic and
nucleophilic parameters, vital for describing
electron-deficient (electrophilic) and electron-
rich (nucleophile) species, indicated a high
electrophilic value and a low nucleophilic value
for this molecule.
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Abstract

The Hall method was used to study the electrical characteristics of composite materials based on polyaniline (PANI),
graphene oxide (GO), and manganese. A comparison of these characteristics of GO-PANI and GO-PANI-Mn composite
systems with GO and PANI monomaterials was carried out.

It was demonstrated that the electrical conductivity of composites was significantly higher than that of monomaterials
and was determined by the charge carrier mobility.

Based on UV-visible and IR spectroscopy data, it was shown that the optical band gap (Eg) of the GO-PANI composite
increased with the addition of metal, but decreased compared to PANI; the shift of characteristic vibrations to lower
frequencies indicated a covalent interaction of the GO-PANI composite with manganese cations.
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1. Introduction

The combination of the advantages of various
materials for the formation of electroactive
composites is a technological breakthrough
in the creation of advanced materials for the
improvement of the performance of electronic
devices and super capacitors. This is confirmed
by a number of publications that have shown
that nanocomposites based on polymers,
nanostructured carbon and transition metal
oxides can have high electronic conductivity [1-
5]. At the same time, a sharp increase in charge
transfer in hybrid structures was observed
depending on the type of chemical bond between
the components of the composites. In the
process of diagnosing the properties of such
nanocomposites, the significance of the influence
of interfacial interactions and chemical bonds
on their conductive properties becomes obvious.

As aconducting polymer, PANI is characterized
electrical conductivity, which can be controlled
by synthesis conditions [6]. The inclusion of
components such as transition metals or their
oxides into the PANI structure is often used
to improve the selectivity and sensitivity of
chemical interactions [7]. However the influence
of the dopant on the characteristics of PANI is
not clear. Doping PANI with divalent ions of
copper, zinc, nickel, cobalt, and cadmium leads
to an increase in the electrical conductivity of
the composites compared to pure polyaniline,
associated with the ordering of polymer chains
as a result of interaction with metal ions [7, 8].
At the same time, modification of polyaniline
with ZnO nanorods leads to a decrease in
the electrical conductivity of the composite
compared to pure PANI [9]. Modification of PANI
with MnO, oxide showed that this material has
high intrinsic electrical conductivity and good
kinetic reversibility as a result of the interaction
between MnO, and PANI [10]. It is assumed that
the introduction of inorganic dopants into the
conductive polymer matrix of polyaniline is the
most promising way to create nanocomposites,
where delocalized m-electrons can interact
with inorganic nanoparticles, leading to an
improvement in its conductive properties [11].

Graphene can form numerous nanocomposites
with other elements or functional groups. The
high conductivity of graphene and its oxide is
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ensured by low resistance to ion diffusion, which
leads to an increase in power and energy density
[12, 13]. However, the processing of graphene
materials is difficult due to agglomeration and
repacking of graphene sheets as a result of
interplanar -1 interactions and van der Waals
forces, which can significantly limit the diffusion
of electrolyte ions between graphene layers
[14]. A solution to the problem is to separate
graphene by suitable spacers such as carbon-
based materials, metals or metal oxides and other
pseudo-capacitive materials such as conductive
polymers [15]. Graphene-PANI nanocomposites
are promising electrode materials due to the
fact that graphene and nanostructures obtained
from it have a significant effect on improving
the properties of conducting polymers, such as
electrical properties and structural stability [16].
The distribution of graphene in PANI matrix
allows avoiding graphene aggregation, increasing
the number of pathways for charge transfer
and improving the charge carrier mobility.
Functional groups of graphene oxide provide high
interaction with polyaniline due to hydrogen and
electrostatic interactions.

In this study, the electrical characteristics and
structure of synthesized composite systems with
the GO-PANI and GO-PANI-Mn compositions, in
comparison with monomaterials were studied.

2. Materials and methods

Graphene oxide was prepared using a modified
Hummers method [17]. So, 10 g of graphite was
mixed with 10 g of sodium nitrate and 450 ml of
concentrated H,SO, for 30 minutes at 0 °C. Then
60 gKMnO, was added, maintaining a temperature
of 15-20 °C. The solution was stirred for 2 h at
40 °C. After addition of 800 ml of deionized water,
the solution was stirred for 30 min, raising the
temperature to 85-90 °C. Then 2000 ml of water
and 60 ml of 30% H,0, were added. The resulting
mixture was washed with a 30% HCI solution to
remove sulphates from the graphite oxide solution.
PANI powder was synthesized using an acid-free
thechnique described previously [18]. To obtain
the GO-PANI composite, at the first stage, GO
was functionalized with an amino groups by a
simple solvothermal method [19] by the following
procedure. 100 mg of GO was dispersed in 35 ml
of ethylene glycol, then the dispersed mixture was
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stirred at ambient temperature for 30 min and
placed in an autoclave. The autoclave was placed in
a preheated convection oven at 180 °C for 6 h. The
autoclave was then cooled to ambient temperature,
the suspension was washed with deionized water
and dried at 70 °C for 6 h. GO-PANI composites
were prepared by mixing GO-NH, powder with
aniline/ammonium persulfate solution. The
aniline/GO ratio was 2:1. In the case of the GO-
PANI-Mn composite, manganese sulphate was
added to the specified solution in a way that the
proportion of Mn in the sample was 3 wt. %.

IR absorption spectra were recorded using
Fourier spectrophotometer (FSM-1202) in
transmission mode in the wave number range
350-4250 cm™! with a step of 2 cm™.

Absorption spectra in the UV and visible
region were recorded using dual-beam
spectrophotometer (Unico 2804, USA) in the
wavelength range from 190 to 1100 nm. Optical
band gap (E) of the test samples were determined
using the Tauc method:

(ohv) = fhv),

where o — absorption coefficient, h — Planck’s
constant, v — photon frequency, n = 1/2. E, was
determined by extrapolating the tangent to the
linear part of the spectrum to the intersection
with the axis (hv).

The specific conductivity, concentration
and charge carrier mobility of the synthesized
materials were measured using the four-probe
Hall method on an HMS-3000 instrument. The
powder samples were pressed under a pressure
of 30 atm in the form of square tablets measuring
7=x7 mm and 1 mm thick. The measurements were
carried out at room temperature.

3. Results and discussion

As a result of Hall measurements, it was
established (Table. 1), that the electrical
conductivity of monomaterials is significantly
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lower than that of composites. Thus, the specific
conductivity of graphene oxide and polyaniline
was 1.12-10~*and 1.1-107 Ohm~!-cm~! respectively.
For composites a significant increase in specific
conductivity up to 1.16 (GO-PANI) Ohm!-cm™!
and 0.78 Ohm-cm (GO-PANI-Mn) compared
to monomaterials (GO, PANI) was observed. This
anomalous increase in specific conductivity may
be due to -x stacking (interplanar interactions)
between the polymer base and graphene oxide
plates, Fig. 1 [20]. On the surface and in the
pores of graphene oxide there are OH groups
that promote the formation of hydrogen bonds
between graphene oxide and nitrogen in the

n—n—stacking

Fig. 1. Schematic representation of the interaction of
graphene oxide with polyaniline (blue - nitrogen,
red — oxygen, black — carbon, white — hydrogen). The
figure is based on the figure from [19]

Table 1. Comparative electrophysical characteristics of GO, PANI, GO-PANI, GO-PANI-Mn, obtained by

measurements with the four-probe Hall method

Characteristics GO PANI GO-PANI | GO-PANI-Mn
Charge carrier density N, cm> 2.74-10" 6.04-10% 5.8-10'® 1.3-10Y
Charge carrier mobility 1, cm?/V-s 2.5-10? 1.15-10 1.2 3.6:107!
Specific resistance R, Om-cm 8.87:10° 8.9-10° 8.5107! 1.27
Specific conductivity C, Om!-cm™! 1.12-10* 1.1-107 1.16 0.78
Tupes of conductivity p-type p-type n-type p-type
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benzenoid and quinoid fragments of the polymer
chain. The presence of a stretched hydrogen
bond between polyaniline and graphene oxide
affects the stretch of the n-conjugated bond in
the polymer. In addition, polymerization on the
surface and in the pores of graphene oxide sheets
limits the twisting of the polymer chain, which
plays an important role in increasing electrical
conductivity [21]. When comparing the electrical
parameters of composite materials, it was found
that the introduction of manganese reduces the
specific conductivity from 1.16t0 0.78 Ohm!-cm™},
despite the fact that the concentration of charge
carriers in the GO-PANI-Mn sample is higher than
that of GO-PANI. Based on these results, it can
be concluded, that the conductivity of composite
materials is determined by the charge carrier
mobility, which is noticeably lower for manganese-
containing materials (3.6-10-! cm?/V-s) compared
to the GO-PANI sample (1.2 cm?/V-s).

In UV-visible spectra PANI, GO-PANI and
GO-PANI-Mn three absorption bands were
observed, characteristic of the transition n —
n* (peak A, A*), and shoulder B, characteristic
of the transition n — n* (Fig. 2, inset). The peak
A was due to the m-m* electronic transition in
benzene rings and is characteristic of all forms
of PANI. The A* peak was due to the polaron/
bipolaron transition [22]. The long-wavelength
feature of B is associated with the excitation of
an electron from the highest occupied molecular
orbital of benzene rings to the lowest unoccupied
molecular orbital of quinoid rings [23], i.e., an
excitonic transition from the benzenoid fragment
to the quinoid fragment [24]. Peaks A, A* reflect
intrachain interactions, and shoulder B indicates
both intrachain and interchain interactions. The
estimation of the band gap of GO, PANI, GO-PANI
and GO-PANI-Mn are shown in Figure 2. Band
gap values Eg were 2.7 eV for GO, 3.8 eV for PANI,
3.5 eV for GO-PANI, and 3.6 eV for GO-PANI-
Mn. It can be noted that the addition of GO to
the polymer sample led to a decrease in the band
gap (GO-PANI). This is consistent with earlier
results [25], where it was shown that the band gap
in GO-PANI systems decreased with increased
proportion of graphene in the composite.
Optical absorption in conjugated polymers can
be caused by the transition of charge carriers
through the forbidden energy gap. Decrease in
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Fig. 2. UV-visible spectra (inset) and optical band gap
(E,) of GO, PANI, GO-PANI and GO-PANI-Mn

E_was due to the appearance of new excitation
energy levels due to charge transfer from GO to
PANI. The addition of manganese increased the
band gap of the GO-PANI-Mn sample, probably
due to ordering of the structure. This led to a
decrease in the number of localized states in
the band gap, contributing to its increase. As a
consequence, a decrease in specific conductivity
with a simultaneous decrease in the charge carrier
mobility was observed.

The IR-spectra of PANI were characterized by
the presence of absorption bands corresponding to
the C=N and C=C vibrations of the benzenoid and
quinoid rings located at 1582 and 1505 cm™. Peaks
at 1297 and 1306 cm™! were associated with C=N
vibrations of secondary aromatic amines [26] and
also the presence of stretching vibrations in the
O-H group, approximately from 3650 to 3050 cm~_.
When graphene oxide was functionalized with an
amine, bands that overlap with the O-H group at
3433, 1726, and 1619 cm™! appeared. Absorption
bands between 3285 and 3527 cm™! were due to
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the stretching of N-H bonds in amine groups,
and the band at 1580 cm™ were determined by
the stretching of N-H bonds in the same plane.
During the formation of a composite GO-PANI
three bands appeared at 1481, 1293 cm™!, and in
the range ~1235-1022 c¢cm!, which correspond
to the C=C vibration of the benzene ring, the
C-N vibration of the benzene ring, and the C-N
stretching vibration of aromatic amines (Fig. 3)
[18, 27]. When manganese was added to the
GO-PANI composite, a shift of the bands (Fig. 3)
corresponding to the characteristic vibrations of
C=C, C-N, N=C, and C-H in GO-PANI-Mn to lower
frequencies was observed in comparison with
GO-PANI, which indicates the interaction of GO-
PANI with metal cations.

4. Conclusions

A comparison of the electrical characteristics of
composite systems of GO-PANI and GO-PANI-Mn
composition with GO and PANI monomaterials
showed that the electrical conductivity of
monomaterials is significantly lower than that of
composites. During the formation of composites,
an anomalous increase in electrical conductivity
was observed, which may be due to interfacial
interactions between the polymer base and
graphene oxide plates, effective for improving
the conductive properties of materials. It has
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been shown that the conductivity of composite
materials is determined by the charge carrier
mobility. Optical band gap (E) of GO-PANI
composite increased with the addition of metal,
but decreased compared to PANI. The decrease in
E_was due to the appearance of new excitation
energy levels due to charge transfer from GO to
PANI. The addition of manganese increased the
band gap of the GO-PANI-Mn sample, probably
due to ordering the structure. This led to a
decrease in the number of localized states in the
band gap, contributing to its increase. The shift
of the characteristic vibration bands of C=C,
C-N, N=C, and C-H in GO-PANI-Mn to lower
frequencies indicates the covalent interaction of
the GO-PANI composite with manganese cations.
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Spontaneous photomagnetoelectric effect in ferromagnetic GaMnAs
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Abstract

Spontaneous photomagnetoelectric effect in ferromagnetic GaMnAs epitaxial layers has been investigated. The goal of this
work is to study the temperature dependence of the spontaneous PME effect, determined along [110] and [110] crystal axes.
GaMnAs layers with Mn concentration of 2.9 atomic percent studied in this paper were grown by low-temperature molecular
beam epitaxy on semi-insulating GaAs (001) substrate. It was shown that below Curie temperature in the illuminated
GaMnAs epilayers a transverse voltage (photo-EMF) was observed. This photo-EMF is associated with the photomagnetoelectric
effect resulting from the separation the photogenerated carriers by the intrinsic magnetic field of the semiconductor matrix
in ferromagnetic state. The temperature dependence of intrinsic photomagnetoelectric effect in GaMnAs epilayer was
determined along [110] and [110] crystallographic axes. It was found that the photo-EMF measured along [110] crystal axis
exhibits a maximum at temperatures of 35-40 K, while the photo-EMF measured along [110] axis increases monotonically
with temperature decay. It was shown that the non-monotonous temperature dependence of the photomagnetoelectric
effect along [110] axis can arise due to the reorientation of the easy axis of the sample with decreasing temperature.

Keywords: GaMnAs, Photomagnetoelectric effect, Molecular beam epitaxy, Ferromagnetic ordering, Curie temperature,
Photoconductivity

Funding: the study was financially supported by the Agency of Innovative Development under the Ministry of Higher
Education, Science and Innovation of the Republic of Uzbekistan, project No. FZ-2020092435.

For citation: Parchinskiy P. B., Gazizulina A. S., Nusretov R. A. Spontaneous photomagnetoelectric effect in ferromagnetic
GaMnAs epitaxial layers. Condensed Matter and Interphases. 2024;26(1): 000-000. https://doi.org/10.17308/kemf.2024.26/11814

Jna yumupoeanus: Iapumuckuii I1. B., l'asusynuua A. C., HycpetoB P. A. CrioHTaHHbI 1 (HOTOMarHuTOIeKTPUUeCKMii
3 dexT B srmTaKCHaNbHBIX 10X peppoMarHuTHOro GaMnAs. KoHdeHcuposaHHbie cpedvl umexcgpasztoble eparuysl. 2024;26(1):
111-116. https://doi.org/10.17308/kemf.2024.26/11814

04 Pavel B. Parchinskiy, e-mail: p.parchinskiy@nuu.uz
© Parchinskiy P. B., Gazizulina A. S., Nusretov R. A., 2024

The content is available under Creative Commons Attribution 4.0 License.

111



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl M MexdasHblie rpaHuLbl

P. B. Parchinskiy et al.

1. Introduction

Nowadays, semiconductor GaMnAs
solid solutions obtained by means of low-
temperature molecular beam epitaxy (LT-MBE)
are of great interest for scientists specializing
in semiconductor materials. This is explained by
the fact that low-temperature epitaxial growth
(250-300 °C) allows obtaining GaMnAs solid
solutions with a concentration of Mn which is
several times higher than its solubility limit in the
semiconductor matrix of gallium arsenide [1-2].
The presence of a large number of Mn magnetic
ions enables ferromagnetic ordering in GaMnAs
epitaxial layers. As a result, these materials
combine semiconductor and magnetic properties,
which is impossible for materials obtained by
traditional methods [3-5].

It is known that spontaneous magnetization
occurring in ferromagnetic materials at
temperatures below the Curie temperature
(T.) enables the origin of spontaneous
galvanomagnetic effects in such materials,
which are observed without an external
magnetic field [6-8]. For GaMnAs, the most
well-studied are the Hall and Nernst effects,
known as the anomalous (spontaneous) Hall
effect and the anomalous Nernst effect [9-11].
We should also note that the epitaxial layers of
GaMnAs grown on GaAs substrates by means of
LT-MBE can also demonstrate the spontaneous
photomagnetoelectric (PME) effect that
manifests itself as the transverse voltage
(photo-EMF) occurring when the materials
are illuminated and the external magnetic
field is zero [12]. Indeed, in epitaxial GaMnAs
grown on GaAs substrates, the easy axis of
magnetization and therefore the spontaneous
magnetization vector M, are in the plane of
the film [13, 14]. Then, when illuminating
the surface of the epitaxial layer, the flow
of photogenerated charge carriers from the
surface to the depth of the epitaxial layer will
be perpendicular to vector M, which accounts
for the formation of transverse photo-EMF.
However, up to now, the photomagnetoelectric
effects of GaMnAs have not been thoroughly
studied. Therefore, the purpose of our study
was to investigate a spontaneous PME effect
in the epitaxial layers of GaMnAs in the state
of ferromagnetic order and determine the
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dependence of the effect on temperature and
crystallographic orientation.

2. Experimental

The epitaxial layers of GaMnAs investigated
in our study were obtained via LT-MBE on a
semi-insulating GaAs (001) substrate. Prior
to the growth of the GaMnAs layers, a 200 nm
GaAs buffer layer was grown at a temperature
T, =580-600 °C to heal the surface defects. Then
the temperature of the substrate was lowered
to 250 °C in order to grow GaMnAs layers. The
thickness of the resulting GaMnAs epitaxial
layers was 300 nm. The method of obtaining
epitaxial layers used in our study is generally
similar to the one presented in [15]. The quality
of the obtained layers was controlled by means
of X-ray diffraction analysis and (during the
growth process) reflection high-energy electron
diffraction. Both methods demonstrated that
the obtained epitaxial films were homogeneous
and did not contain any additional crystalline
phases. The concentration of Mn in GaMnAs was
measured by means of energy dispersive X-ray
spectroscopy (EDX) using a JEOL JSM IT 200
electron microscope and was 2.9 at. %. To study
the magneto-transport properties and the PME
effect, a pattern was formed on the surface of the
samples by the photolithography method. The
pattern presented two mutually perpendicular
Hall bars with side contacts. These bars were
oriented along the [110] and [110] crystal axes.
The contacts on the GaMnAs surface were
created using an indium solder applied to the
surface of the epitaxial layer at a temperature
of 220-230 °C.

3. Results and discussion

The Curie temperature (T,) of the studied
epitaxial layer was determined based on the
temperature dependence of its resistance (R). As
itwas shown in [16] the temperature dependences
R(T) in GaMnAs demonstrated a specific feature
in the form of an inflection point near the
paramagnetic-ferromagnetic phase transition.
This feature is accounted for by the change in
the dominating mechanism of charge carrier
scattering. The position of the inflection point
can be used to determine T, with high accuracy.
Fig. 1 demonstrates the temperature dependences
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of the resistance R(T) and its first derivative
dR(T)/dT for the studied GaMnAs layer. The
dependence of R(T) was measured in the dark with
no external magnetic field. For the convenience
of presentation, R(T) was normalized to the
value of R(300), where R(300) is the resistance
of the sample at room temperature. dR(T)/dT
values were determined by means of numerical
differentiation of R(T).

The temperature dependence dR(T)/dT shown
in fig. 1b demonstrates a pronounced minimum
corresponding to the inflection point on the
dependence R(T). The position of the minimum
can be used to determine the T, of the studied
epitaxial layer in the range of 80-85 K. We
should note that at temperatures higher than
T, the resistance of the sample monotonously
increases following a decrease in temperature.
This indicates the semiconductor nature of the
electrical conductivity of the studied GaMnAs
epitaxial layers.

To study the PME effect, the investigated
samples were illuminated with a white LED.
The illumination intensity was controlled
by the current value I, in the LED. When
illuminated, the samples demonstrated lower
resistance, which indicates the presence of
photoconductivity effects in GaMnAs. Fig. 2
presents the temperature dependence of the
photoconductivity of the studied samples
determined at I, = 1-3 mA. The photoconductivity
of the samples was characterized by AR determined
asAR=(R -R)/R,whereR isthe dark resistance
of the sample and R, is the resistance of the
sample illuminated with a LED. The dependences
show that the photoconductivity of the studied
samples is observed at temperatures below 100 K
and AR monotonously increasing with a decrease
in temperature. This kind of behavior of the
temperature dependence of photoconductivity
appears to be quite predictable, taking into
account the fact that the semiconductor nature
of electrical conductivity results in a monotonous
decay in the concentration of charge carriers
with decreasing temperature. Obviously, if the
number of photogenerated charge carriers in the
semiconductor matrix does not depend on the
temperature (or depends only insignificantly), the
difference between the light and dark resistance
of the sample and hence AR will increase with
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a decrease in temperature. At the same time, at
temperatures above 100 K, the concentration
of photogenerated charge carriers is negligibly
small as compared to the thermodynamically
equilibrium concentration of charge carriers
in GaMnAs. Therefore, there is practically no
photoconductivity effect at such temperatures.

Fig. 3 shows dependences of the photo-
EMF - U, in the studied epitaxial layer on the
temperature measured along the [110] and [110]
crystal axes at I, = 2 and 3 mA. The dependences
demonstrate that U, increases with greater
illumination of the sample. We believe that the
fact that photo-EMF in the studied samples is only
observed starting with temperatures lower than
T, indicates that this photo-EMF is accounted for
by the PME effect, which occurs because the flow
of photogenerated charge carriers is divided by
the intrinsic magnetic field of the semiconductor
matrix in the state of ferromagnetic ordering. It
should be noted that U,, measured along the [110]
crystal axes monotonously increases with lower
temperatures, while the temperature dependence
of U, measured along the [110] crystal axis
demonstrates a local maximum at 34-36 K.

The difference in the temperature dependences
of U measured along different crystal axes can be
explained taking into account the fact that the
PME effect depends on both the absolute value of
vector M, and its orientation with regard to the
direction of measurements. It is obvious that at a

U,
2
=
T

0,00 F

Fig. 3. Temperature dependence of the photo-EMF
measured along [110] (curves 1 and 2) and [110] (curves
3 and 4) crystal axes at I, = 2 mA (curves 1 and 3) and
I, =3 mA (curves 2 and 4)
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set magnetization value of the sample, U, varies
from maximum values (when the measurements
are performed perpendicular to vector M) to
zero (when the measurements are performed
along the direction of vector M,). Without an
external magnetic field, the magnetization
vector is oriented towards the easy axis of
magnetization of the sample. In GaMnAs, the
degree of ferromagnetic ordering and therefore
the absolute value of vector M, monotonously
increase with a decrease in the temperature. At
the same time, the existing experimental data
demonstrates that the orientation of the easy
axis of magnetization in the epitaxial layers of
GaMnAs in the state of ferromagnetic ordering
is not constant. It depends on the dominant
type of magnetocrystalline anisotropy and
temperature [17,18]. When the concentration of
photogenerated charge carriers does not depend
on temperature, the temperature dependence of
U, is determined by the temperature dependence
of the absolute value of vector M, and the
temperature dependence of its orientation
with regard to the [110] and [110] crystal axes.
In this regard, the non-monotonic behavior of
the temperature dependence of U, along the
[110] axis can be explained by a decrease in the
angle between vector M, and the crystal axis at
a temperature of 35-40 K. At the same time, the
angle between the magnetization vector of the
sample and the [110] crystal axis, on the contrary,
increases, as evidenced by the increase in the
rate of change in U, observed for this axis in the
same temperature range. Particularly, this can
be the case, when the easy axis of magnetization
in the epitaxial layer is reoriented from <110> to
<100> direction with decreasing of temperature,
as observed for GaMnAs in [17-19].

4. Conclusions

Our study demonstrated that at temperatures
below T illuminated GaMnAs epitaxial layers
demonstrate transverse photo-EMF, which
can be explained by a spontaneous PME effect
in the semiconductor matrix in the state of
ferromagnetic ordering. This effect is associated
with the interaction of photogenerated charge
carriers with the intrinsic magnetic field of
the semiconductor matrix. For the first time
we studied the temperature dependence of the
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spontaneous PME effect for the [110] and [110]
crystal axes. The study demonstrated that the
temperature dependences of the PME effects
measured along the [110] and [110] axes of
GaMnAs epitaxial layer are significantly different.
We believe that the observed difference can
be explained by the fact that the value of the
spontaneous PME effect is determined by both
the absolute magnetization value of the sample
and the orientation of the magnetization vector
M, with regard to the crystal axes along which the
PME effect was measured. In this case, the non-
monotonic behavior of the photo-EMF measured
along the [110] axis can be explained by the
reorientation of the easy axis of magnetization in
the epitaxial layer from <110> to <100> directions,
which is observed with decrease of temperature
and a corresponding decrease in the angle
between the spontaneous magnetization vector
and the [110] crystal axis.
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Abstract

The purpose of this study was investigation of the electrochemical activity of Ni-P coatings, differing in phosphorus content
and structure, in the hydrogen evolution reaction (HER) and the identification of the reasons for their high activity in the
reaction being studied.

The coatings were deposited from an electroless nickel plating solution, the phosphorus content in the coatings (from 4.8
to 8.0 wt. %) varied by changing the pH of the solution. It was found that during cathodic polarization in 0.5 M H,SO,
additional surface activation occurs as a result of dissolution of the surface layer of the coating, removal of phosphorus
from the surface layer, and development of the electrode surface. Of all the coatings studied coatings containing 4.8%
phosphorus were most susceptible to cathodic activation. Coatings with a phosphorus content of 8.0% were least susceptible
to cathodic activation.

The similar electrochemical activity of the studied coatings (taking into account the roughness factor) in HER indicates
that, as a result of cathodic polarization, the composition of the thin surface layer on which the cathodic reaction occurs
is approximately the same, regardless of the initial phosphorus content.

Keywords: Electroless Ni-P coating, Electrochemical activity, Hydrogen evolution reaction, Roughness factor, Electrode
capacitance
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1. Introduction

The electrochemical activity of Ni-P alloys in
the hydrogen evolution reaction (HER) has been
studied for quite a long time [1-13]. This is mainly
associated with the fact that these alloys have
high electrochemical activity in this reaction. At
the same time, the reasons for this activity have
not yet been clearly established.

A number of studies [3] suggest that high
catalytic activityis due to the amorphous structure
of coatings; the transition of the amorphous
structure of the coatings to a crystalline structure
causes a decrease in catalytic activity. In other
studies, the high catalytic activity of Ni-P
coatings with a crystalline structure is explained
by the developed surface of the coatings [2, 4].

A correlation between the catalytic activity
of Ni-P alloys and their ability to absorb a
sufficiently large amount of hydrogen was
discovered [5]. Absorbed hydrogen changes the
electronic structure of the alloys, which affects
their catalytic activity in HER.

It was stated [6] that Ni-P alloys obtained
by electrodeposition are more active in HER
compared to alloys obtained by electroless
deposition. The catalytic activity of Ni-P alloys is
associated with the presence of internal stresses,
since the activity of compact coatings was
significantly higher than the activity of pressed
porous electrodes made from the same compact
coatings (there were no stresses in the porous
electrodes). The activity of electrodeposited
alloys obtained at temperatures above 338 K with
fairly low internal stresses was also low. Tafel
slopes for coatings obtained at low temperatures
were in the range of 0.065-0.100 V, whereas
electrodes obtained at temperatures above 338 K
had slopes in the range of 0.19-0.27 V.

In[7],the electrocatalytic activity of electroless
Ni-P coatings with different phosphorus contents
(4-13.8 at. %) in HER in alkaline solutions was
investigated. Two Tafel sections were identified
on the polarization curves: the first section had
a slope of more than 0.15 V, the second section
had a slope of more than 0.3 V. The formation
of the NiH_hydride phase was detected using
X-ray diffraction analysis at 1 hour of cathodic
polarization of coatings. At the same time,
the catalytic activity of freshly deposited
coatings was somewhat lower than the activity
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of polycrystalline nickel. The activity slightly
increased after annealing of the coatings at a
temperature of 400 °C, as well as after preliminary
repeated cycling over a wide potential range. In
[8], a higher activity of electroless Ni-P coatings
with a lower phosphorus content was observed.

In [9, 10], HER was studied on Ni-P
alloys of various compositions obtained by
electrodeposition. It has been established that
coatings obtained in galvanostatic mode had
higher activity compared to coatings obtained
in potentiostatic mode. Depending on the
composition of the alloys, the nature of the
activity was different: alloys containing no
more than 6.5 wt. % phosphorus exhibited real
activity, while alloys enriched with phosphorus
(€ 12.6%) increased the reaction rate due to
surface development. At the same time, the HER
mechanism does not depend on the phosphorus
content in the coatings, but changes with
increasing overvoltage.

Due to the search for effective cathode
materials for HER, interest in studying the
activity of Ni-P alloys continues unabated [11-
14]. Ni-P coatings with chemical composition
corresponding to nickel phosphide Ni,P, which
is considered to have high activity in HER were
studied [12, 13]. The activity of the resulting
amorphous coatings was compared with the
activity of the same coatings, but annealed
in vacuum at a temperature of 400 °C. It was
found that amorphous coatings, compared to
crystalline ones, have higher activity in alkaline
solutions due to their inherent catalytic activity
and greater hydrophilicity. In acidic media,
amorphous coatings were less stable and inferior
to crystalline (annealed) coatings.

To further increase the activity of Ni-P alloys,
which in chemical composition correspond to
various nickel phosphides, they were deposited
on substrates with a developed surface (nickel
foam, carbon fibers, carbon nanotubes). A review
of methods for obtaining and properties of such
coatings is provided in [12]. The catalytic activity
of nickel phosphides is associated with their
special electronic structure.

Thus, a review of even some studies shows
that the activity of Ni-P alloys in HER depends
on a large number of factors. This is partly due to
the fact that the studied alloys were produced by
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various methods (electrodeposition, electroless
deposition, etc.); the alloys differ in composition,
structure, methods of additional processing, and
size of particles from which the electrode materials
were formed. Nevertheless, systematization of
information about the electrochemical activity of
Ni-P alloys and its relationship with the structure,
composition, as well as with changes in the surface
of the alloys that can occur during the hydrogen
evolution reaction is an urgent task. In this study,
the electrochemical activity of Ni-P coatings with
different composition and structure, obtained by
electroless deposition was studied in 0.5 MH,SO,
solution.

2. Experimental

For the deposition of Ni-P coatings, a
solution of the following composition, g/l,
was used: NiCl-6H,0 - 25; NaH,PO,-H,O -
20; CH,COONa-3H,0 - 15; NH,CH,COOH -
20. Thiourea (1 mg/l) was used as a stabilizer.
Solutions with different pH - 5.8, 5.3, 5.0 were
used; pH was adjusted by adding a 25% ammonia
solution.

The coatings were deposited on rectangular
samples of nickel foil HO (99.96%) with a
thickness of 80 um. Preliminary preparation of
the substrate surface consisted of degreasing
with lime paste, washing with distilled water,
and pickling in nitric acid (1:1) for 30-90 s.
Bath loading was 1.0-1.5 dm?/1. Deposition was
carried out under thermostatic conditions at 358
*1 K. The phosphorus content in the coatings
was determined by energy-dispersive (micro-
X-ray) analysis. The thickness of the coatings was
calculated using the formula:
h=Am/Sp,
where Am — weight gain, g; S — sample area, cm?;
p — density, g/cm3. The density of Ni-P deposits
was taken equal to 8.0 g/cm®.

The surface structure of the coatings, their
composition, as well as changes in the surface
composition after cathodic polarization were
studied using a Hitachi S3400N scanning electron
microscope with an attachment for energy-
dispersive analysis.

The microhardness of the coatings was
determined by the Vickers method (load — 50 g)
using DM-8 Affri digital automatic microhardness
tester.
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X-ray diffraction analysis of coatings was
carried out on cobalt K radiation using a Bruker
Advanced ECO X-ray diffractometer.

Electrochemical studies of coatings were
carried out in a standard YASE-2 electrochemical
cell in 0.5 M H,SO, at a temperature of 298+1 K.
The reference electrode was a chloridesilver
electrode, the auxiliary electrode was a platinum
electrode. Cathode curves were obtained using
the potentiodynamic method; the potential
sweep rate was 2:10* V/s. After establishing a
stationary potential (free corrosion potential),
the samples were cathodically polarized for
5 min with a current of at least 260 A/m? (shift
to the cathode region by 0.2-0.25 V), after which
a potential sweep was set with its shift to the
anode region. All electrochemical studies were
carried out in an argon atmosphere, for which
argon was first passed through the solution for
1 h before measurements. The thickness of the
studied coatings was not less than 15 pm.

All potentials in the study were recalculated
in the scale of a standard hydrogen electrode.

HER on Ni-P coatings was studied by
polarization measurements and impedance
spectroscopy using a Solartron-1280 device. The
measurements included two types of experiments.

The first type included the following stages
of measurements. After exposure for 30 min at
open-circuit potential, the following procedures
were carried out on the studied electrode:

1) cathodic polarization at a potential of
—-0.3 'V for 5 min;

2) exposure at open-circuit potential for
30 min;

3) registration of cyclic voltammograms in
the potential range from -0.12 to —-0.24 V with a
sweep rate of 2:10~* V/s (5 cycles);

4) exposure at an initial potential of -0.12 V
for 20 min;

5) registration of the impedance spectrum at
a given potential;

6) exposure at the next potential (shift to the
cathode region by 0.01 V);

7) registration of the impedance spectrum at
the next potential.

Impedance spectra were measured in the
potential range from -0.12 to —-0.24 V in the
frequency range from 10 kHz to 0.01 Hz with an
alternating signal amplitude of 0.01 V.
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The second type included the following
measurement stages:

1) cathodic polarization at a potential of
—-0.3 V for 5 min;

2) exposure at open-circuit potential for
30 min;

3) exposure at a potential of —-0.14 or -0.15V
for 20 min;

4) registration of the impedance spectrum at
a given potential,

5) cathodic polarization at a potential of
—-0.3V for 5 min;

6) exposure at a potential of -0.14 or -0.15V
for 20 min;

7) registration of the impedance spectrum at
the same potential.

Thus, at potentials of —0.14 (or -0.15 V), five
cycles of measuring the impedance of the Ni-P
electrode were carried out in order to establish
the effect of cathodic polarization on the
electrochemical behavior of Ni-P coatings in HER.

The analysis of solutions for nickel and
phosphorus content in 0.5 M H,SO, solution
after cathodic polarization of Ni-P coatings was
carried out by inductively coupled plasma atomic
emission spectroscopy using a Thermo iCAP 6500
Duo device, measurements were carried out in
axial mode, the supplied power was 1150 W.

3. Results and discussion

Changing the pH of the solution in the studied
range slightly changed the deposition rate of

50.0um

10.0kV 9.8mm x1.00k SE

a
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Ni-P coatings (Table 1). This was due to the fact
that the used electroless nickel plating solution
has a fairly high buffer capacity. Decrease of the
pH of the solution increased the phosphorus
content in coatings (Table 1). They had a typical
spheroid structure (Fig. 1). Coatings deposited
from this solution were characterized by high
internal stresses, which caused a cracking of the
coatings (Fig. 1b).

The absence of obvious crystalline faceting
of the coatings in micrographs cannot
unambiguously indicate the amorphous structure
of the coatings; a diffraction pattern of a Ni-P
coating with a phosphorus content of 4.8 wt. %
is shown in Fig. 2. The most intense lines in
the diffraction pattern were lines with indices
(111) and (222). This was due to the presence of
an axial texture in the coatings with the <111>
direction. Near to the intense line (111) there
was a shoulder that corresponds to a fairly wide
line with indices (200). The presence of several

Table 1. Parameters of Ni-P coatings obtained
from electroless nickel plating solutions with
different pH values

pH of electroless nickel
Parameters of lati luti
coatings plating solution

5.0 5.3 5.8
Deposition rate, 15.31.3| 15.8+1.9 | 16.8%0.6
um/h
Content of P, wt.% 8.0+0.2 | 6.9%0.1 | 4.8+0.1
Hardness, GPa 447+16 | 454+34 | 532+37

b
Fig. 1. Microphotographs of the surface of Ni-P coatings obtained from a solution with pH 5.0 (a) and 5.3 (b),
358 K. Magnification: a — x1000, b — x500
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diffraction maxima indicates the crystalline
structure of these coatings.

Increasing the phosphorus content in coatings
to 6.9 wt. % (Fig. 2) led to a weakening of the (220)
and (311) lines. Due to the broadening of the (111)
line, instead of a shoulder at the possible location
of the (200) line, an asymmetric broadening
of the (111) peak was observed, which may be
associated with an increase in the dispersion
of the crystalline phase and an increase in
the proportion of the amorphous phase in the
coatings.

At the maximum phosphorus content in the
coating, instead of the (111) line, a wide “halo”
was observed (Fig. 2). This indicated a significant
proportion of the amorphous phase present in
the coatings. The intensity of diffraction lines
noticeably decreased. It should be noted that,
along with the blurred line (222), rather sharp
lines (220), and (311) were recorded. Their
presence was probably due to the fact that the
thickness of the studied coating was only 24 pm.
An estimate showed that a Ni-P coating layer
of this thickness will absorb only ~75% of the
incident X-ray radiation. Radiation transmitted
through the coating layer can be reflected from
the nickel substrate and produce weak reflections
in the diffraction pattern. Coatings with lower
phosphorus content (4.8 and 6.9% P) had
thicknesses of more than 32 um, therefore there
were no diffraction lines from the substrate.

One of the reasons for the high electrochemical
activity of Ni-P coatings in HER in acidic sulphate
solutions may be an increase in the electrode
surface directly during cathodic polarization.
This was indicated by the results of the following
performed experiments.

Under cathodic polarization in 0.5 M H,SO,
solution the loss of coating mass was determined
and a sulfuric acid solution was analyzed to
determine the content of nickel and phosphorus.
The presence of the latter in the solution
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indicates the dissolution of the coating during
cathodic polarization. The dissolution of the
coating may be due to the fact that part of
the phosphorus was reduced during cathodic
polarization and converted into phosphine. The
nickel remaining in the thin surface layer was
likely to be highly active and can be dissolved
in a sulfuric acid solution. Modification of the
chemical composition of a thin surface layer
will be accompanied by an increase in the true
surface of the electrode. The duration of cathodic
polarization was 2 h. The results obtained are
presented in Table 2.

With increasing phosphorus content, the
process of dissolution of Ni-P coatings during
cathodic polarization becomes more difficult. It
should be noted that in the analyzed sample of
sulfuric acid solution the phosphorus content was
noticeably lower compared to its content in the
coatings (Table 2). Under the condition of uniform
dissolution, the ratio of phosphorus and nickel
content in the analyzed solution would be equal
to its content in the coatings. The lower content
of phosphorus in the solution indicates that some

Table 2. Changes in the weight of Ni-P coatings and solution composition during cathodic polarization

in a 0.5 M H,SO, solution (i ~ 300 A/m?, 2 h)

Phosphorus content Dissolution rate of coatings, | Phosphorus content in solution referred
in coatings, wt.% g/(m? h) to dissolved part of coating, wt.%
4.8+0.1 0.66+0.15 0.7+0.3
6.9%0,1 0.41+0,11 4.0+1.4
8.0+0,2 0.16+0,05 4.5+1.2
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of it could pass into the gas phase in the form of
phosphine. This process, as follows from Table 2,
was most typical for coatings with a phosphorus
content of 4.8 wt. %.

During cathodic polarization, intensive
hydrogenation of the coatings occurred, which
further increased the internal stresses that arose
earlier in the deposition process and caused
significant cracking of the coatings (Fig. 3).

During cathodic polarization, the state of
the surface of the studied coatings changed. In
order to obtain more reproducible results, before
impedance measurements, the cycling of Ni-P
electrode in the potential range from -0.12 V
to -0.3 V with a low sweep rate - 2:10*V/s was
performed (Fig. 4). After 5 potential sweep cycles,

Fig. 3. Microphotograph of the surface of Ni-P coatings
after cathodic polarization, x1000
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the cathode current increased more than twice.
The increase in current was associated with the
surface roughening of the Ni-P electrode during
cycling.

The impedance hodographs of the Ni-P
electrode were semicircles with a displaced
center relative to the abscissa axis (Fig. 4b). With
increase in cathodic polarization, the radius of
the semicircle decreased. A detailed discussion
of the results of impedance spectroscopy will be
the subject of the next publication.

Since the real surface area of Ni-P coatings
differs markedly from the geometric one and can
change during measurements, it is important
to have a method for assessing the real surface
area for comparison of the activity of the studied
coatings, taking into account the roughness
factor.

For assessment of the true surface of the
electrode, the imaginary part of the impedance
Z” was recorded and the electrode capacitance
was calculated using the equation:

1

(027}

where o is the angular frequency equal to ® =2xf.
For these calculations, the frequency f = 1 kHz
was chosen. When choosing the frequency, the
following was taken into account.

On the one hand, the frequency at which the
electrode capacitance was determined must be

-12,5

o —nﬁﬁ;ﬂ'}‘-’-‘:’,”?— E.—.—?

-200 ° LTS
E |- g
2 [ _ a
- & P 7
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P 5 1
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Fig. 4. a - Cyclic voltammograms of Ni-P coating (4.8 wt.% P) in 0.5 M H,SO, solution. Sweep rate of 2:10~* V/s.
b - Impedance hodographs of Ni-P electrode in 0.5 M H,SO, solution at potentials, V: 1: -0.12; 2: -0.13; 3:

-0.15. Phosphorus content 4.8 wt.%
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sufficiently low in order the alternating current
penetrates into the depressions on the rough
surface [15] and, thus, the entire electrode surface
contributes to the measured capacitance. The
frequency range in which roughness-related
double-layer capacitance dispersion can be
observed was approximately 1-100 kHz for
moderately rough surfaces (protrusion heights
up to 10 um) with good electrical conductivity of
the electrolyte [16, 17]. The frequency should not
be too high also for the reason that capacitance
dispersion at high frequencies can be associated
not only with the properties of the electrode
surface, but also with the measuring equipment
[18,19]. On the other hand, the selected frequency
should not be too low; otherwise, a frequency-
dependent term due to the Faradaic process will
be added to the double layer capacitance. The
relatively high capacitance values for the studied
coatings (see below) contributed to the fact that
the region of significant capacitance dispersion
associated with the Faradaic reaction shifts
towards lower frequencies. A frequency of 1 kHz
can be considered suitable for determining the
electrode capacitance for the calculation of the
roughness factor of the surface of the electrodes.
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After finding the capacity values, we calculated f,
(roughness factor) by dividing the capacitance C
by the double-layer capacitance per real surface
area (2:10-° F/cm?) [2].

The calculated values of the capacitance
of the Ni-P electrode at various potentials and
the values of the roughness factor are shown in
Table 3. Values C and f slightly change in the
potential range shown in the Table 3.

During cathodic polarization, the surface
roughening of Ni-P electrodes can occur. For
further confirmation, the following experiments
were carried out: the studied electrode was
subjected to cathodic polarization at a potential
of -0.3 V for 5 min, then maintained at a potential
of -0.14V (or —-0.15V, in the case of coatings with
a phosphorus content of 6.9 and 8.0%) for 20 min,
after impedance measurements were carried out.
In each subsequent cycle, the cathode currents
increased and the impedance decreased, which
could be due to an increase in the electrode
surface area.

Impedance measurements (phosphorus
content in coatings was 4.8%) were carried out
at a potential of —0.14 V, since according to the
Table 3, a further increase in polarization did not

Table 3. Capacitance and roughness factor of Ni-P electrodes depending on the electrode potential at

different phosphorus contents in the coating

4.8 %P 6.9%P 8.0%P
EV C, mF/cm? f. C, mF/cm? f C, mF/cm? f.
-0.12 1.26 63 - - 0.229 12
-0.13 1.6 80 0,54 27 0.261 13
-0.14 1.58 79 0,58 29 0.285 14
-0.15 1.54 77 0,65 32 0.293 15
-0.16 1.68 84 0,66 33 0.316 16
-0.17 - - 0,62 31 0.303 15
-0.20 - - 0,59 30 0.303 15

Table 4. Changes in capacitance, roughness factor of Ni-P electrodes and current density at E = -0.14 V
(phosphorus content 4.8%) or E = —0.15 V (phosphorus content 6.9 and 8.0%) during cycling of the

potential
Cycle 4.8%P 6.9% P 8.0%P
number C, f i, i/f, C, f i, i/f, C, f i, i/f,

mF/cm? r A/m? | A/m? | mF/cm? r A/m? | A/m? | mF/cm? r A/m? | A/m?
1 0.715 36 24.8 | 0.69 | 0.376 19 6.2 0.33 | 0.140 7.0 5.4 0.77
2 0.896 45 34.2 0.76 | 0.439 22 8.2 0.37 | 0.143 7.2 5.9 0.81
3 1.05 52 44.8 | 0.85 | 0.542 27 11.3 | 0.42 | 0.148 7.4 6.2 0.84
4 1.27 64 53.6 | 0.84 | 0.620 31 14.0 | 0.45 | 0.160 | 8.0 6.8 0.85
5 1.33 66 58.9 | 0.89 | 0.708 35 17.0 | 0.48 | 0.174 | 8.7 7.1 0.81
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lead to a significant increase in the roughness
factor. The roughness factor values based on the
electrode capacitance calculated at a frequency
of 1 kHz are shown in Table 4.

As can be seen from Table 4, in the process
of cathodic polarization the real surface area
increased from cycle to cycle, which was
accompanied by an almost twofold increase in
the roughness factor. This led to an increase
in the cathode current recorded in each cycle
at a potential of —0.14 V. If the cathode current
density is divided by the value f, then the
normalized current density is obtained. Taking
into account the roughness factor, the cathode
current increased slightly from cycle to cycle.
An increase in the normalized current density
indicates that during cathodic polarization not
only the surface roughness increased, but also
the state of the surface changed: the chemical
composition, structure of the surface layer and,
consequently, the catalytic activity.

For the performance of measurements on
Ni-P coatings with 6.9 and 8.0% P based on the
data shown in the Table 3, a potential of -0.15
V was chosen. At this potential, the roughness
factor increased from cycle to cycle (Table 4). The
normalized current density also increased slightly
with cathodic polarization.

Coatings with a phosphorus content of 6.9
wt. % in the process of cathodic polarization
increased their activity in the HER, but the effects
described above were manifested to a lesser
extent. The roughness factor of these coatings
was noticeably lower than that of coatings with
a phosphorus content of 4.8%. It weakly changed

25

50

1LA/m?
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425 P 1 . L 1 . 1 .
0,35 -0.30 0,25 0,20 015 -0.10

Fig. 5. Cyclic voltammograms of Ni-P coating (8.0 wt.
% P) in 0.5 M H,SO, solution. Sweep rate of 2-10*V/s
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in the indicated potential range (Table 3). This
further supports the conclusion that coatings
with a phosphorus content of 6.9% were less
susceptible to cathodic activation.

Increase in phosphorus content to 8.0 wt. %
significantly affected the cathodic behavior of
Ni-P coatings. The registration of five successive
potential sweep cycles caused a slight increase
in the cathodic current density (Fig. 5). This
indicates that Ni-P coatings with a given
phosphorus content were least susceptible to
cathodic activation.

The roughness factors of coatings with a
phosphorus content of 8.0% were several times
lower than the roughness factors of coatings
with a lower phosphorus content and slightly
changed with potential (Table 3). Preliminary
cathodic polarization at E=-0.3Vdid not lead to a
significant increase in the cathodic current density
from cycle to cycle, i.e., the cathodic activation of
Ni-P coatings in this case was insignificant. The
roughness factor of the surface of Ni-P coatings
varied slightly from cycle to cycle of measurements.
Changes in the normalized cathode current density
from cycle to cycle did not exceed 10% (Table 4).

Based on cathode currents, recorded at various
potentials before each impedance measurement
(holding for 20 min), stationary polarization
curves were obtained. Since quite high values of
cathode currents were achieved, a correction was
made for the ohmic drop when constructing the
cathode curves. Solution resistance R_between
the working electrode and Luggin capillary tip
in 0.5 M H,SO, solution was obtained based on
impedance measurements. Polarization curves
constructed taking into account the correction
are presented in Fig. 6a. From the obtained
polarization curves, the coefficients of the Tafel
equation were calculated (Table 5).

Table 5. Coefficients of the Tafel equation
calculated based on stationary polarization curves
taking into account correction for ohmic drop

Phosphorus content | Coefficients in Tafel equation
in coatings, wt.% a,B | a,B| b,B | b',B
4.8 0.25 | 0.39 | 0.058 | 0.058

6.9 0.29 | 0.38 | 0.060 | 0.060

8.0 0.32 | 0.37 | 0.063 | 0.063

a’, b are the coefficients in the Tafel equation with regard to
the roughness factor
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Fig. 6. Polarization curves of Ni-P coatings, plotted taking into account corrections for ohmic losses: a — based
on the geometric surface area; b — based on the real surface area. Phosphorus content in coatings, wt.%: 1: 8.0;

2:6.9;3:4.8

Since coatings obtained at different pH
values of the electroless nickel plating solution
after cathodic polarization were characterized
by different roughness factor, their activities
were compared taking into account this factor
(Fig. 6b). The resulting curves differ slightly
by Tafel slopes, but were located close to each
other. At the same potentials, the normalized
cathode currents for coatings with maximum and
minimum phosphorus contents differ by not more
than 20%, while without taking into account the
roughness factor, the cathode currents differed by
more than an order of magnitude (Fig. 6a). When
taking into account the roughness factor for all
studied phosphorus contents in coatings, close
values of the coefficient a of Tafel equation were
obtained (Table 5). At the same time, a decrease
in phosphorus content in coatings led to a slight
decrease in the coefficient b. Some difference in
the polarization curves, which persisted even
after dividing the current by f (Fig. 6b), was
probably due to the fact that during cathodic
activation of the electrodes, the increase in
current was somewhat faster than the increase
in the roughness factor, and this effect was
more pronounced for coatings with 4.8 and 6.9%
phosphorus (Table 3).

4. Conclusions

The high activity of Ni-P coatings in HER is
due to the fact that during cathodic polarization,
additional activation of the surface occurs as a
result of the dissolution of the surface layer of
the coating, the removal of phosphorus from

its surface layer and the development of the
electrode surface. Out of the studied coatings,
coatings containing 4.8% phosphorus were most
prone to cathodic activation. Coatings with a
phosphorus content of 8.0% were least prone to
cathodic activation. The similar electrochemical
activity of the studied coatings (taking into
account the roughness factor) in HER indicates
that, as a result of cathodic polarization, the
composition of the thin surface layer on which
the cathodic reaction occurs is approximately
the same, regardless of the initial phosphorus
content. The high activity of Ni-P coatings is
also evidenced by the low coefficients of the Tafel
equation.
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Abstract

The thermal conductivity of natural monoliths of calcite, dolomite marble, and limestone from various deposits was
measured using the absolute stationary method of longitudinal heat flow in the temperature range of 50-300 K and the
dynamic method in the range of 323-573 K. A majority of calcite marbles were inferior in thermal conductivity to dolomite
marbles. At room temperature, the thermal conductivity coefficients of all studied samples were lower k = 5 W/(m K).

The obtained data were compared with the literature data. The diversity of experimental data from different authors on
the thermal conductivity of carbonates is associated with qualitative differences in the samples studied.
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1. Introduction

Calcium carbonate CaCO, and calcium
magnesium carbonate CaMg(CO,), (dolomite)
are the basis of many limestone rocks. Calcium
carbonate is mainly represented by crystal
structures such as calcite (sp. gr. R3c) and
aragonite (sp. gr. Pmcn), less common is water-
soluble vaterite (sp. gr. P63/mmc). Among natural
carbonates, magnesite MgCO, and siderite FeCO,,
isostructural to calcite, are also common. Marble is
alimestone recrystallized at elevated temperature
and pressure (metamorphosed), consisting mainly
of calcite. The basis of dolomite marble is calcium-
magnesium carbonate (sp. gr. R3).

The area of application of marble is extremely
wide. Their use as a construction, finishing and
facing material for bathrooms, swimming pools,
fireplaces, etc. requires the presence of a certain
heat flow and a corresponding temperature
difference. The value of the latter is associated
with such a thermophysical characteristic of the
material as the thermal conductivity coefficient.
Knowledge of the thermal conductivity values
of rocks is necessary for the production of
geophysical models. Thermal conductivity,
related to the propagation rate of sound waves, for
polycrystalline materials depends on the porosity
and structure of grain boundaries and, thus,
allows evaluating the mechanical characteristics
of rocks.

The objective complexity of heat transfer
processes does not allow to provide a sufficiently
accurate a priori assessment of this characteristic,
therefore experimental methods of determination
isa priority. Studies [1-16] are devoted to the study
of the thermal conductivity of natural carbonates.
Theoretical calculations were provided in [17].
However, the publications we found provide the
values of the thermal conductivity coefficient at
room temperature or consider the behavior of the
thermal conductivity of both rocks and crystalline
calcite and dolomite at elevated temperatures.
However, the low-temperature region is of
practical and scientific interest, for example, for
geophysical calculations in the Arctic. At the same
time, experimental data of different authors on
the thermal conductivity of marbles and other
limestone rocks vary significantly, probably,
mainly due to the qualitative diversity of the
studied samples.
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The purpose of this study was experimental
investigation of the thermal conductivity
coefficients of natural carbonate samples in a
wide temperature range, from sub nitrogen to
elevated. This study continues our measurements
of the thermal conductivity of natural minerals
and rocks [18-21].

2. Experimental

Natural samples listed in Table 1 and shown
in Fig. 1 were used as research objects. Four
metamorphosed samples (marbles N2 1-4) and
four sedimentary rock samples (N2 5-8) were
examined.

X-ray phase analysis (XPA) was carried
out using Bruker D8 Advance diffractometer
(CuKo-radiation). The TOPAS software package
was used to calculate the lattice parameters. The
microstructure of the samples was assessed by
optical microscopy using a microscope uVizor
103 and scanning electron microscopy (SEM)
on an EVO 10 microscope (Zeiss, Germany)
with LaB, cathode. Semi-quantitative chemical
microanalysis (SEM-EDS) was performed using a
Smart EDX spectrometer (METEK-Zeiss, USA &
Germany).

Samples for thermal conductivity
measurements were cut from homogeneous areas
of the monoliths. For the temperature range of
50-300 K, samples in the form of parallelepipeds
with the dimensions indicated in the Table 2
were used. For studies at elevated temperatures,
samples were prepared in the form of tablets with
a diameter of 15 mm and a thickness of 5 mm.
It should be remembered that the indicated
dimensions assume averaging of measurement
results over a fairly large volume of samples. This
distinguishes our method from the method used,
for example by Merriman et al. [14] when studying
samples with dimensions of ~1 mm.

Thermal conductivity coefficient in the
temperature range 50-300 K was measured using
the absolute stationary method of longitudinal
heat flow. The experimental equipment and
measurement technique are described in [23].
To ensure a flat heat front, a resistive heater that
sets the measured temperature difference along
the sample was glued to its end surface. The
measurement error for the thermal conductivity
coefficient value was not higher than + 5%.
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Fig. 1. Photographs of the studied samples: a— No. 1; b - No. 2 (marble); c - No.3; d — No.4; e — No. 5; f— No. 6;
g-No.7;h-No.8
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Table 1. Characteristics of the studied samples

. Phase and chemical Lattice parameters Average grain
No. Name, location . . 5
composition a, A ¢, A size, microns
1 Dolomite marble, Dolomite, CaMg(CO,), |4.8142+0.0001| 16.033%0.004 250
Ulan-Ude
2 Marble, Slyudyanka, Magnesian calcite 4.963+0.001 16.95+0.01 1000
Dynamitny quarry Ca,,, Mg, ,,CO,+
dolomite, CaMg(CO,), 4.808+0.001 | 16.02%0.05
3 Marble, Palanga Calcite, Ca, , Mg, ,,CO, 4.984+0.001 17.03+0.01 30
4 Marble, Greece, Calcite, Ca, Mg, ,,CO, 4.990+0.001 17.01+0.01 20
Kassandra Peninsula
Limestone, Ruza Calcite 4.984+0.001 17.03+0.01
Dense limestone, Tarusa Calcite, Ca, Mg, ,,CO, 4.985+0.001 17.04£0.01 40
(“Tarus marble”)
7 Dolomite, Vazuza River Dolomite CaMg(CO,), + 4.814%0.002 16.06%0.01 40
quartz SiO,
8 Siderite, Ruza [22] Siderite, FeCO, 4.705%0.003 | 15.45%0.01 5-10

Table 2. Geometric dimensions of samples in the form of parallelepipeds mm3 and thermal conductivity
coefficient values (W/(mxK)) of the studied samples at different temperatures

T, K No 1 No 2 No 3 No 4 No 5 No 6 No 7 No 8
50 15.2 10.5 9.4 8.23 8.67 4.76 2.30 1.17
100 9.37 7.83 6.72 5.84 5.38 4.42 3.33 1.47
150 7.06 6.14 5.15 4.61 4.15 3.88 3.49 1.67
200 5.89 5.14 4.22 3.91 3.48 3.40 3.39 1.80
250 5.21 4.52 3.62 3.51 3.07 3.04 3.25 1.87
300 4.72 4.06 3.24 3.22 2.76 2.79 3.08 1.90
350 4.3 3.7 3.0 3.0 2.5 2.6 - 1.9
400 4.0 34 2.7 2.8 2.4 2.4 - 2.0
450 3.7 3.2 2.6 2.6 2.3 2.2 - 2.0
500 3.5 3.1 2.5 2.4 2.2 2.1 - 2.0
550 3.3 3.0 2.4 2.3 2.1 2.1 - 2.0
573 3.3 2.9 2.4 2.3 2.1 2.1 - 2.0

Geometric dimensions of samples cut for measurements, mm3

10.1x 12.4x 10.7x 9.6x 12.2x% 11.1x 9.7x 11.5x%

9.4x 10.7x 9.6x 8.1x 13.7x 8.7x 9.7x 12.5x%
25 25 19 23 25 23 20 25

To study thermal conductivity coefficient in
the range of 323-573 K, an ITA-400 thermal
conductivity meter was used with a measurement
error within * 10%.

3. Results and discussion

The studied samples were single-phase, with
the exception of sample No. 2 (two-phase mixture
of magnesian calcite with dolomite) and sample
No. 7 (dolomite with a significant content of
non-isomorphic impurities: about 3% quartz,
traces of calcium phosphate). Using the phase
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diagram of the CaCO,-MgCO, system [24] as a
geothermometer, it can be stated that in two-
phase sample No. 2 the magnesium content in
the Ca, Mg CO, solid solution corresponded to a
metamorphization temperature of about 600° C.

Extrapolation of the limiting solubility curve
of magnesium in the Ca, Mg CO, solid solution,
obtained by Golschmit and Hurd [24], up to room
temperature provided the value x < 10~ Increased
magnesium content in single-phase calcite samples
(Table 1), several orders of magnitude higher than
the equilibrium solubility of magnesium in a
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solid solution in the CaCO,-MgCO, system at low
temperatures probably indicates the biogenic
origin of these limestones [25].

Graphs of the temperature dependence of
thermal conductivity coefficient k(T) of studied
samples are shown in Fig. 2. In numerical form, the
measurement results k(T) are shown in Table 2.

It can be seen that the obtained data varied
widely, especially in the low temperature region.
The dependence of thermal conductivity coefficient
on temperature varied from monotonically
decreasing, characteristic of single-crystal
samples, to increasing, characteristic of highly
disordered materials.

At room and higher temperatures, the thermal
conductivity coefficient of all studied samples was
below 5 W/(m K), which conditionally allows these
materials to be classified as thermal insulators.
The low hardness of the compounds (less than 4
according to Mohs), the characteristic cleavage
of single crystals and the relatively low melting
and decomposition temperatures indicate the
weakness of interionic bonds, which negatively
affects the efficiency of the heat transfer process.

The k(T) points of dolomite sample No. 1
(curve 1) are located above all in Fig. 2. Over
the entire temperature range studied, they were
satisfactory (correlation coefficient R = 0.9978)
approximated by a power function k(T) = 190.8-T-",
where the exponent n = 0.651 is not much lower
than the corresponding values, close to n = 1,
for many dielectric single crystals with a perfect
structure [26-28]. When the temperature was
decreased to minimal T = 50 K, the increase
in growth rate k(T) with a transition to an
exponential dependence characteristic for crystals
[29], or, conversely, a decrease in growth rates k(T)
with reaching the maximum were not observed.
Probably, this maximum k(T) characteristic of
crystalline materials occurs at significantly lower
temperatures. For samples of marble No. 4 and
limestone No. 5, a similar approximating function
has the form k(T) = 67.08T-%%* (R = 0.9986) and
k(T)=97.333-T-%%3 (R = 0.9967) respectively. The
coverage of such a wide temperature range by
one function can probably be explained by the
dominance of phonon scattering processes at
grain boundaries.

The k(T) graphs of marbles No. 2, No. 3, and,
to a greater extent, limestone No. 6 (curves 2,
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3 and 6 accordingly) demonstrate a decrease in
growth rates when the temperature was decreased
to T =50 K. For a low absolute value of thermal
conductivity, this is a common circumstance for
materials with partial structural disorder.

Quartz inclusions (sample no. 7, curve 7) into
the dolomite matrix led to a sharp drop in thermal
conductivity coefficient with a blurred maximum
k(T) with k—0 at T—0. The obvious reason for this
is significant phonon-defect scattering.

The thermal conductivity of siderite
demonstrated (curve 8) maximum disorder of
the structure with the average phonon mean free
path probably reaching the minimum possible
value comparable to interstitial distances.
The small sizes of crystal grains suggest the
manifestation of intense phonon scattering due
to the frequent intersection of grain boundaries
by the heat flow. It should be noted that for the
sample studied [22], the broadening of lines in the
X-ray diffraction pattern indicates the size of the
coherent scattering regions D = 26 nm.

The comparison of the data obtained for
dolomite (No. 1) and calcite (No. 4) marble
samples with literature data based on the results
of measuring the thermal conductivity of related
materials is shown in Fig. 3.

It can be seen that the thermal conductivity
coefficient of dolomite determined in our study

=l = Y R L

k, W/(m-K)

40 100 400

T, K
Fig. 2. Temperature dependences of thermal conduc-
tivity coefficients of samples: No. 1 (1); No. 2 (2); No. 3

(3); No.4 (4); No. 5 (5); No. 6 (6); No. 7 (7); No. 8 (8)
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Fig. 3. Temperature dependences of thermal conduc-
tivity coefficients: sample No. 1 (1); sample No. 4 (2);
dolomite [1] (3); calcite single crystal perpendicular
to the c axis [1] (4); marble perpendicular to the layer
[1] (5); single crystal of calcite along the c axis [1] (6);
marble parallel to the layer [1] (7); marble [13] (8);
dolomite, averaging for four samples [14] (9); dolomite
[13] (10); calcite [14] (11)

is close to that obtained by Merriman et al.
[14] (curve 9), which presented the result of
averaging k(T) for four mineral samples with an
average grain size of 0.369 mm, skeletal density
of 2.83 g/cm? and porosity less than 1% and
containing small quantities of iron (FeO = 0.18-
0.42 wt. %) and manganese (MnO = 0.1 wt. %).
Moreover, the total content of CaO + MgO in
this mineral is 98.94-99.23 wt. % compared to
ideal dolomite, and trace impurities (<0.1 wt. %)
include oxides of Al, Na and Ti [14]. We should
note the steepness of the dependence k(T), when
describing it by a power function k~T-" the value
of the exponent in the high temperature region
exceeds n = 1. Such a strong dependence is not
typical for materials in a stable crystalline state
[29, 30]. In terms of the absolute value of thermal
conductivity coefficient, the k(T) data of Birch and
Clark [1] for dolomite (curve 3) with a density of
2.826 g/cm® and average grain size of 0.01 mm
also not significantly differ from our data. At the
same time, the different degrees of steepness of
graphs 1 and 3 should be noted.

It was also recorded [13] that there was
virtually no dependence of thermal conductivity
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coefficient on the temperature (horizontal line 10
in Fig. 3) of dolomite with a density of 2.70 g/cm3
and open porosity of 1-2%. Emirov et al. explained
this feature by the presence of an amorphous
component in the structure of the material.

Marbles studied by Birch and Clark [1]
(curves 5 and 7) and Garcia [11] (curve 8), were
significantly inferior by thermal conductivity
to the marble sample No. 4 which we studied
(curve 2). It is important to note that the
obtained k(T) graph for sample No. 4 at elevated
temperatures occupies an intermediate position
between the curves 4 and 6 for single-crystalline
calcite according to [1].

Thus, in general, it can be stated that the thermal
conductivity coefficient of crystalline dolomite is
higher than that of calcite. The structures of these
two minerals are similar to each other; dolomite
differs by the substitution of half of the calcium
cations with magnesium cations, which formed
ordered layers located perpendicular to the c axis
(Fig. 4). Usually, the substitution of some cations
with the formation of a solid solution with isovalent
isomorphism leads to a decrease in thermal
conductivity. This fact has been documented in
numerous examples for compounds with a fluorite
structure [31]. However, the calcite-dolomite pair
falls out of this pattern. The increased thermal
conductivity of dolomite may be associated with
a sharper increase in mechanical characteristics
in relation to the increase in density during the
transition from calcite to dolomite.

4. Conclusions

Thus, experimental data on the thermal
conductivity of dolomite, calcite marbles and
limestones in a wide temperature range - from
sub nitrogen to elevated temperatures were
obtained. In most cases, the thermal conductivity
decreased in the specified range of materials.
The revealed wide variations in the nature of the
temperature dependence of thermal conductivity
were associated with significant differences in the
degree of disorder of the studied objects.
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Fig. 4. Crystal structure of calcite (a) and dolomite (b): Red triangles indicate CO, groups [17]

relationships that could have influenced the work
reported in this paper.
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Abstract

The paper proposes a new approach to the analysis of electrochemical impedance spectra of porous tantalum bodies, which
involves modeling the frequency response via an equivalent circuit that takes into account the pore hierarchy. It was shown
that the proposed circuit describes well the experimental data and allows characterization of the porous structure, including
the contribution of different types of pores to the total capacitance of the porous body, characteristic relaxation times, and
activation frequencies for different type pores. Two types of samples were analyzed: a porous tantalum body obtained by
sintering Ta powder and a porous tantalum body covered with a Ta,O, dielectric layer. Modeling showed a significant
redistribution of contributions from pores of different types into the total capacitance after the formation of Ta,O, due to
the preferential isolation of the smallest pores and/or those difficult to access. The results of modeling of the frequency
response of the analyzed samples agree well with the scanning electron microscopy data. The proposed approach has the
potential to be advantageous for the technology of tantalum capacitors.
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1. Introduction

Tantalum capacitors belong to electrolytic
capacitors and are widely used in practice. In such
capacitors, a porous pellet of sintered tantalum
powder covered with a thin insulating layer of
amorphous tantalum oxide, Ta,0,, serves as an
anode. The electrolyte can be either liquid or
solid, and being made of MnO, or conductive
polymer (poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate). Since the capacitance
arises at the interfaces, greater surface area
of the porous body and its accessibility to the
electrolyte improves capacitance characteristics
of tantalum capacitors. To further develop the
production technology of tantalum capacitors,
new approaches to the characterization of the
porous body structure are needed.

Electrochemical impedance spectroscopy
is an effective technique for studying the
electrochemical behavior of porous materials in
various electrochemical systems and devices [1].
The frequency response of three-dimensional
porous electrodes differs significantly from
the response of flat electrodes, which allows
an analysis of geometric factors of the porous
structure [1-7]. An alternative approach to the
study of porous structures is BET analysis which is
based on the measurement of adsorptionisotherms
of gas molecules. However, the penetration of
gases and fluids into a porous body is different,
especially in the cases of small pores and/or
high fluid viscosity. Viscous fluids (concentrated
solutions of manganese nitrate hydrates,
solutions of poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate) are widely used to form
solid electrolyte layer in the porous body of
tantalum capacitors. As a consequence, the BET
analysis may give overestimated results of the
surface area available for the fluid. That is why
the electrochemical impedance technique is still
preferable for porous tantalum bodies, since it
allows studying the interaction of the porous
structure with the fluid used as an electrolyte.

This work focuses on modeling the frequency
response of porous tantalum bodies via an
equivalent circuit that takes into account the
hierarchy of pores and the features of ion
transport in them. Using the modeling results the
contributions from different type pores to the total
capacitance and AC frequencies for their activation
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were determined. Samples of porous bodies were
analyzed both before and after the formation of a
Ta,O, dielectric layer on their surface.

2. Experimental: samples, techniques
and data processing

Porous tantalum samples were prepared as
rectangular parallelepipeds 4.45x3.10x1.46 mm
in size (anodes for tantalum capacitors) with
a welded tantalum current collector. Samples
were obtained from tantalum powder TaK-80
(detailed information on its morphology and
chemical composition can be found in [8]), which
was sintered at 1,330 °C in a vacuum furnace.
The density of the samples after sintering was
5.0 g/cm?®, which was much smaller than that of
tantalum (16.65 g/cm®) and indicated their high
porosity. Hereinafter, this sample will be referred
to as Ta. Both as-sintered samples and samples
with a grown Ta,O, dielectric layer (~100 nm)
formed by electrochemical oxidation in an aqueous
solution of H,PO, were analyzed. Hereinafter, the
later is referred to as Ta/Ta,O,. The morphology
of samples was studied with a Thermo Fisher
Scientific Quattro S scanning electron microscope.

Electrochemical impedance was measured on
a P-45X potentiostat with a built-in impedance
measurement module (Electrochemical
Instruments, Chernogolovka). The electrolyte
was an aqueous solution of sodium sulphate with
a concentration of 1 mol/l, deaerated with high-
purity argon. To provide high-quality penetration
of the electrolyte into the entire pore space, the
samples were kept in the electrolyte for 16 hours.
Measurements were taken in a glass cell with
separated spaces for the working, auxiliary (Pt),
and reference electrodes (Ag/AgCl). The distance
between the sample and the Luggin capillary was
1 mm. The current collectors were insulated with
paraffin.

Electrochemical impedance spectra were
measured at potentials 100 mV higher than the
open-circuit potentials (E,_= -215 mV for Ta;
635 mV for Ta/Ta,O, rel. Ag/AgCl electrode) to
exclude the reduction reactions at the interface.
Comparison of the porous structure relaxation
of samples significantly different in structure is
best done by analyzing the spectra measured at
~E_ . It was difficult to apply the same potential
for both samples, since a significant potential
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shift from E__led to intensive side processes,
which strongly affected the impedance spectra.
For example, sample Ta at 600 mV relative to
Ag/AgCl started to strongly oxidize. For sample
Ta/Ta,O,, polarization at negative potentials
caused transformations in the surface oxide layer.

Before measuring the spectra, the samples
were kept for 45 min at a given potential to provide
a steady state of the system. When measuring the
spectra, the potential changed with the amplitude
of £5 mV and the frequency was ranged from 50
kHz to 10 mHz. Experimental data modeling was
performed using the ZView software.

Capacitance characteristics of the samples are
determined as follows [9, 10]. The impedance (Z)
and capacitance (C) of the capacitor are related
by the equation:

Z(o) (1)

1
~joC(®)’
where o is the angular frequency and j is the
imaginary unit.

The impedance can also be expressed in a
complex form:

Z(0)=Z"(0)+jZ" (o), (2)
where Z’ and Z” are the real and imaginary parts

of impedance, respectively.
It follows from equations (1) and (2), that

_ 1 _—(Z@)+jZ/@)
O(Z' (@)~ Z"(®)) 0| Z(o)
Capacitance can also be described by the
following equation:
C(w)=C"(0)+jC"(w), 4)

where C’ and C” are the real and imaginary parts
of the capacitance, respectively.
From (3) and (4) it follows that

C(w)

3)

C'(0)= L(m)z’ (5)
o|Z(w)|

C//((O) — L((D)Z , (6)
o|Z(w)|

The real part of the capacitance (C’) is
close to the real capacitance of samples, which
is observed, for example, in direct-current
capacitance measurements (voltammograms,
galvanostatic charge-discharge). The imaginary
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part (C”) corresponds to the energy dissipation
under irreversible processes [9].

All dependences are given relative to the
frequency f (Hz) related to the angular frequency
as follows:

o=2nf . 7)

When calculating the impedance modulus
(IZ]) and the phase angle (o), the following
equations are used:

Z(H| =Z/(F)? +(27 () ®)
R A(0))
o(f)=arctg )

The modified phase angle corrected for the
resistance Z’ at f—oo is also calculated by formula
[11]:

z)
Z(H)=-Z/(f >=)

The value of Z” at f—e is determined from
the Z'(Z”) relationships by extrapolating a linear
section with a slope of ~45° to the Z” axis. The use
of the modified phase angle allows one to avoid a
distortion of the phase angle in the high-frequency
range associated with increased electrical resistance
of the samples and the electrolyte, and provides
better description of the ¢(f) dependence in terms
of the porous structure response.

o(f),, =arctg (10)

3. Results and discussion

3.1. Electrochemical impedance and
capacitance of porous tantalum bodies

Fig. 1 shows electron microscopic images
of the sample cleavage surfaces. The porous
structure of the samples is clearly visible. In
sample Ta, pores with a size of 1-3 ym (a-c) of
almost spherical shape and pores of irregular
shape in the range of 0.1-1 ym (on average
~0.3 um) are observed. Many finer pores with
a size of less than 0.1 ym are also observed (b-
d). The porous structure of the Ta/Ta,O, sample
is markedly different (e-g), which is due to a
dielectric layer. The oxide layer is visible as a grey-
coloured shell ~ 100 nm thick along the edges of
the particles in elastically scattered electrons (h).
Large pores in Ta/Ta,O, are 0.7-2 pym in size (e,
f). There are also small pores (0.2 uym) and even
smaller ones (f and g).
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Fig. 1. Electron microscopic images of Ta (a-d) and Ta/Ta,O, (e-h) cleavages in secondary (a-g) and in back-
scattered electrons (h)
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The dependences Z'(Z”), |ZI(f), and o¢(f)
are shown in Fig. 2. For porous electrodes, the
impedance phase angle is equal to half the phase
shift angle for a smooth electrode with the same
nature of interphase processes at f— [1]. In the
case of perfectly polarizable walls of a porous
material, this should lead to the appearance at
high frequencies of a characteristic section with a
slope angle of ~45°, which becomes a vertical line.
A similar shape of the impedance hodographs is
observed for the studied porous tantalum bodies
(see Fig. 2a, b).

The phase shift (Fig. 2¢) for Ta and Ta/Ta,O,

at the high frequencies is in the range of -5 to
—-15°. Such value of ¢ is due to the phase shift
distortion associated with the increased ESR
(Equivalent Series Resistance) of the samples,
which corresponds to Z’ at f—e due to the
electronic resistance of the contacts, the current
collector, the material of the porous body,

-20007 (@) hat
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including the internal resistance of the particles
and the resistance between the particles, as
well as the ionic resistance of the electrolyte.
The correction of the phase shift by the value
of Z'(f—) according to equation (10) gives the
values of ~-45° at high frequencies (see the insert
of Fig. 2¢), which is most characteristic of porous
electrodes [1-5].

The value of Z'(f—<) is significantly greater
for Ta/Ta 0, (6.7 Q) as compared to the Ta sample
(1.5 Q). Since the same cell and electrolyte are
used for the samples, the increase in Z'(f—)
corresponds to the increase in the electrical
resistance of the porous body caused by the
formation of the Ta,O, dielectric layer. The Ta/
Ta,0, sample has significantly greater impedance
over the entire AC frequency range (Fig. 2d).

At low frequencies, on Z’(Z”) dependences,
a line inclined relative to the Z’ axis (¢ ~ -85°)
is observed instead of a vertical line (¢ = -90°)

-50000 - (b) 230
- lr
-40000 - 20 f
o
-30000 + N f
-10
N -20000 4 J
0 .

0 10 20 30
-10000 4 Z, Q
0 T - T T V
0 10000 20000 30000 40000 50000
Z,Q
100000 5 (d)
10000
_, 1000
N
— 1004
10 Ta/Ta, 0,
Ta L1111}
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0.01 0.1 1 10 100 1000 10000

f, Hz

Fig. 2. Nyquist plots for Ta (a) and Ta/Ta,O, (b) samples; ¢(f) (c) and |Z|(f) (d) dependences. The lines show the
results of fitting using an equivalent circuit (see Section 3.2 for details). Inserts on (a) and (b) are the fragments
of the Nyquist plots in the high-frequency region, an insert on (c) is the dependence of the phase shift vs.

frequency, corrected according to equation (10)
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characteristic of an ideal capacitor, which
indicates non-ideal behavior modeled using the
CPE element (Constant Phase Element). For an
ideal capacitor, the impedance is:

1
Z -, 11
¢ joC (n
For the CPE element, it is:
1 12)

where f is the ideality factor, usually located in
the range of 0.9<B<1 and Q is an imperfect capaci-
tance (F-sP™!) [1]. Non-ideal behavior in the case
of flat samples is usually due to the surface rough-
ness [1, 12]. In the case of porous bodies, it can
also be associated with the frequency response
of the porous structure, depending on geometric
factors and the pore size distribution [2, 3].
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Higher frequency leads to deeper penetration
of the AC signal into the pore and the gradual
“activation” of the deeper walls of the pores [4,
13]. In an alternative approach which takes into
account the pore size distribution, it is assumed
that at the same frequency of alternating
current, the depth of penetration into small
pores is less than into large pores [2, 3]. At low
enough frequencies, the entire surface of pores,
including the smallest ones, contributes to
interfacial impedance. Under these conditions,
the impedance of the porous electrode becomes
equal to the impedance of a flat electrode with
a surface area equal to the total surface of the
porous body.

Figure 3 shows the capacitance characteristics
calculated from equations (5) and (6). The real
part of the capacitance (C’) is the closest to the
real capacitance of the samples, which is observed,
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Fig. 3. Dependences of the real and imaginary part of the capacitance for Ta (a, ¢) and Ta/Ta,O, (b, d) on the
AC frequency. The arrows in figures 3a and 3b additionally mark the activation frequencies of different types
of pores and the capacitance per pores of different types, calculated from the modeling results using an equiv-

alent circuit (see Section 3.2 for details)
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for example, in direct current measurements
(potentiodynamic voltammograms; galvanostatic
charge-discharge) [9]. For the sample covered
with a Ta,O, layer, C’ decreases significantly
(~27 times at f=0.01 Hz), which is associated with
the appearance of a dielectric layer and a decrease
in the surface area available for the electrolyte.
Despite the different capacitance values, the C’(f)
relationship is similar for both samples, although
the activation frequencies of C” were different.
The imaginary part C” corresponds to the
energy dissipation during irreversible processes
[9]. For example, it could be heat losses associated
with the rotation and movement of water
molecules under the influence of alternating
current, similar to heating in a microwave
oven. It could also be losses associated with the
redistribution of charges in the porous matrix
[7]. C”(f) dependences of the analyzed samples
(Fig. 3c, d) are characterized by an extremum
corresponding to the relaxation time of the entire
system and the transition from the predominantly
resistive to capacitive behavior of the samples
[14]. The extremum on C”(f) dependences is
observed at a frequency at which ¢ =-45° (Fig. 2c).

3.2. Modeling the frequency response
of porous tantalum bodies

In the case of porous tantalum bodies, when
constructing an equivalent electrical circuit, it is
necessary to take into account various elements
that contribute to the overall resistance of the
system: the resistance of the material itself,
both between individual tantalum particles and
within individual particles; the contact resistance
between the current collector and the porous
body; the resistance of the surface oxide; the
ionic resistance of the electrolyte, consisting of
the “external” surface resistance at the interphase
boundaries, as well as the “internal” resistance of
the electrolyte inside the pores of various sizes.
The contribution of the charge transfer resistance
in the case of Faradaic processes is also possible.
The selection of a suitable transmission line
modeling the frequency response of the porous
structure is of key importance. At the moment,
there are a number of approaches to modeling
the frequency response of porous bodies, for
example described in [2-6, 13, 15, 16]. The main
approaches to the analysis of the electrochemical
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impedance of porous electrodes were considered
in one of the latest reviews [17].

One of the recent papers [7] proposed an
interesting approach to modeling the behavior
of porous carbon materials which took into
account the pore hierarchy. The authors of that
study compared the modeling results with BET
analysis and mercury porosimetry data. It was
assumed that electrolyte ions first penetrate into
the larger pores (macropores), then into medium-
sized pores (mesopores), and finally reach the
smaller pores (micropores). This is schematically
illustrated in Fig.4a. The figure also demonstrates
the difference in alternating current frequencies
corresponding to the activation of pores of
different types. This should lead to a deviation of
the frequency response of the porous structure
from the behavior of the ideal capacitor and
should be taken into account when constructing
an equivalent circuit. In the equivalent circuit
proposed in [7] (Fig. 4b), the inductance element
(L) modeled electrical contacts; the ESR referred
mainly to the resistance of the electrolyte and the
material itself. Then, R, is the charge transfer
resistance with the constant phase element
(CPE_.,) connected in parallel to take into account
possible Faradaic processes at the interphase
boundaries. Also, there is a short transmission
line modeling the frequency response of the
hierarchical porous structure. The focus is on
determining the relaxation times (RCPE) for each
pore type modeling the migration of ions through
a hierarchical porous structure and related to
their sizes. The sizes of macropores (> 50 nm),
mesopores (2—50 nm), and micropores (< 2 nm) in
[7] match those used in the standard classification
of pore sizes. This circuit is successfully used
to describe the electrochemical impedance of a
series of carbon samples with different porosities
obtained by cellulose pyrolysis. This approach
also appears to be informative when analyzing the
frequency response of porous samples of laser-
induced graphene [18].

In this paper, an equivalent circuit is used,
similar to that proposed in [7]. However, it
has been modified. Charge transfer elements
have been eliminated from the circuit. Since
tantalum is an inert corrosion-resistant metal, the
contribution of Faradaic processes to interfacial
impedance and capacitance can be neglected under
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Fig. 4. Diagram demonstrating electrolyte transport in a porous structure, where ions move from macropores
to mesopores, after which they enter micropores (a); equivalent circuit, modeling the frequency response of a
hierarchical porous structure from [7] (b); modified equivalent circuit used to model the frequency response

of porous tantalum bodies (c)

experimental conditions. The L element has also
been eliminated, since in our case no inductance
is observed in the high-frequency region, but
it may be needed when measuring under other
conditions, for example, with another electrolyte
or in the AC frequency range. The modified circuit
is shown in Fig. 4c. In the proposed circuit, the
used designations of pores (macro-, meso-, and
micro-) are just conventional names not related
to the generally accepted classification of pores
by size but only indicate their position in the
hierarchy (Fig. 4a) and in the equivalent circuit
(Fig. 4¢). Relaxation times (1) for each pore type
were calculated as follows [7]:

Tmacro = CPEmacro (ESR + Rmacro) ’ (1 3)
Tmeso = CPEmeso (ESR + Rmacro + Rmeso) ) (14)
Tmicro = CPEmicro (ESR + Rmacro + Rmeso + Rmicro) ) (1 5)

where CPE is non-ideal capacitance.

Fitting the electrochemical impedance spectra
using a modified equivalent circuit (in the range
of 0.01-10000 Hz) demonstrates good results:
x?= 0.00070071 for Ta and y2= 0.00080137 for
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Ta/Ta ,O.. The fitting results are shown with solid
lines in Fig. 2, with the main parameters given
in Table 1 for the elements. Table 1 shows the
total resistance for ESR and R____ since it is not
possible to separate their contributions in series
circuits. For the Ta/Ta,0,porous body, all resistive
elements in the circuit exhibit greater resistance
as compared to Ta, which was associated with

Table 1. The main parameters of the equivalent
circuit elements determined by fitting the
experimental results

Element Ta Ta/Ta,O,
ESR+R__ . Q 1.621 7.212
Q(CPE__ ), mF-sf! 1.233 0.105
B\racro 0.93 0.96
R .. 0.603 3.515
Q(CPE___ ), mF-sf! 2.745 0.186
Breso 0.99 0.96
R .o Q 2.604 1074
Q(CPE__ ), mF-sf! 4.719 0.027
Bricro 0.98 1.01
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a dielectric layer and an increase in electrolyte
resistance with decreasing pore sizes [15]. While
(ESR+R_, ) and R . increased 4-6 times,R .
increases ~400 times, i.e. the most significant
changes are due to pores of smaller size difficult
to access.

The obtained modeling results provide
additional data on the behavior of the porous
structure, not available in [7]. Since factor
B for CPE elements varies from 0.93 to 1.01
which means low deviation from the ideal
capacitance for pores of any type, the non-ideal
CPE capacitance (Q) may be considered as the
ideal capacitance (C) for each type of pores. This is
supported by the fact that the sum of capacitances
(3.C) for all types of pores determined from the
model agreed well with the values of C’ (at a
minimum frequency of f = 0.01 Hz) obtained in
the experiment. For the Ta sample, YC=8.70 mF,
C’(0.01)=9.26 mF, the difference was only 6%. For
Ta/Ta,0,,¥C=0.318 mF, C’(0.01) = 0.345 mF, the
difference was 8%.

In this paper, we also determined frequencies
of the activation onset (activation frequencies) of
each pore type based on the calculated relaxation
time, which corresponded to the transition from
predominantly resistive to capacitive behavior.
The activation frequency was determined as
follows:

1
finore - T_ .

pore

(16)

Table 2 shows the fractions of the capacitance
attributable to each type of pores, as well as the
relaxation times and activation frequencies of
different type pores, determined from equations
(13)—(16). For clarity, the activation frequencies
and the fraction of the capacitance for different
types of pores obtained by modeling of the
frequency response are shown by the arrows on
the C’-f dependences (Fig. 3a and b).
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Relatively low relaxation times indicate that
the majority of pores according to the standard
classification are macropores (> 50 nm). For
example, the relaxation time for macropores in [7]
is on the order of ten milliseconds. As mentioned
above, the used classification of pores is based
on their position in the hierarchy (Fig. 4a).
The hierarchy of the porous structure is clearly
observed in electron microscopic images (Fig. 1).

For the Ta sample, the “macropores”
contributing 14% of the capacitance are most
likely pores 1-3 um in size (Fig. 1a-c). “Mesopores”
making 32% of the capacitance are 0.1-1 pm in
size, with the average size of ~0.3 um (Fig. 1b-c).
More than half of the capacitance arises from
“micropores” with a size of <0.1 pm (Fig. 1b-c). The
ratio of capacitance fractions from “macropores”
and “mesopores” is approximately 1 to 2, being
comparable for Ta and Ta/Ta,O.. The dimensions
of “macropores” (0.7-2) and “mesopores”
(£0.2 um) for Ta/Ta 0. are smaller (Fig. 1d-f) than
for Ta, which is associated with the appearance
of a 100 nm thick oxide layer in them. There is
a sharp decrease in the contribution from the
“micropores” from 54 to 9% on going from the Ta
sample to the Ta/Ta,O, sample. This is due to the
fact that “micropores” are blocked by the oxide
layer, since the dimensions of “micropores” in Ta
are comparable to the thickness of the dielectric
layer in Ta/Ta,O.. However, they are not blocked
completely. It is difficult to observe “micropores”
in electron microscopic images for Ta/Ta,O
because of their small size and low amount.

Relaxation times can be used to compare
pore sizes in samples with similar pore shapes,
interphase boundaries, and processes. Provided
that all other conditions are equal, the smaller
the pore size, the longer the relaxation time
and the lower its activation frequency [2, 3, 7].
Due to the difference in the thickness of oxide
layers in Ta and Ta/Ta,O,, it is impossible to
compare the pore sizes in these samples based

5

Table 2. Capacitance fractions, characteristic relaxation times, and activation frequencies for pores
of different type calculated from the parameters of the circuit modeling the frequency response

of a porous body

«Macropores» «Mesopores» «Micropores»
N% | T .,ms | f ~Hz |N%|~1,,ms|f ,Hz|N%| 1, ms|f.  Hz
Ta 14 2.00 500 32 6.10 164 54 22.8 44
Ta/Ta,O, 33 0.76 1316 58 2.00 500 9 29.3 34
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on the calculated relaxation times. The oxide
layer of large thickness leads to a decrease in the
relaxation times of “macro-” and “mesopores” in
the case of Ta/Ta,0, as compared to Ta despite
the reduction in their sizes. On the other hand, a
longer “micropore” relaxation time for Ta/Ta,O,
as compared to Ta may indicate a particularly
significant decrease in their size in Ta/Ta,0..

4. Conclusions

It has been shown that using an equivalent
circuit that takes into account the hierarchy of
pores in the porous body allows one to describe
the electrochemical impedance of porous tantalum
bodies. It can also provide valuable information
about the features of the porous structure and
its interaction with the liquid phase. The results
obtained by modeling the frequency response of
real samples agree well with the data obtained
by scanning electron microscopy. The proposed
approach to modeling the impedance spectra
makes it possible to estimate the accessibility
of the porous structure for the electrolyte and
to determine the fraction of the surface related
to each type of pores. These data can be useful
for determining the characteristics of a porous
structure depending on the modes of preparing
and treatment of a porous body in the tantalum
capacitors technology. It is also possible to model
the interaction of the porous structure of tantalum
bodies with fluids used to prepare solid electrolytes
of tantalum capacitors (concentrated solutions
of manganese nitrate, solutions of poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate).
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Abstract
Tungsten antimony acids (TAA) with the composition H, Sb, W,0,-nH,0 (0 < x < 1.45; 0 < n < 2.0) have been synthesized

by hydrolysis of antimony trichloride pre-oxidized with nitric(za)tcié in the presence of varying amounts of Na,WO,. To obtain
TAA protonated forms, the samples were kept in a 96% solution of sulphuric acid, the precipitate was washed until reaction
became neutral and dried in air. The amount of tungsten, antimony, and silver ions in TAA was determined using energy
dispersive analysis. Changes in structural parameters upon doping of AA with tungsten ions were studied using a Bruker
D8 ADVANCE X-ray diffractometer (CuK ,-radiation). The number of oxonium ions in TAA was determined by the substitution

of these ions by silver ions in equivalent amounts (Ag*-TAA forms).

All obtained TAA samples and Ag* TAA forms had a pyrochlore-type structure, space group symmetry Fd3m. Refinement
of the arrangement of atoms in the structure using the Rietveld method showed that tungsten ions replace antimony ions
and are statistically located in 16c, oxygen anions in 48f, and oxonium ions and water molecules in 16d and 8b positions,
respectively.

When tungsten ions were introduced into samples, the structural parameters of the resulting phases changed. There was
a decrease in the unit cell parameter and the distance between antimony ions and oxygen anions, while an increase in the
distance between oxonium ions and oxygen anions located in 48f positions was observed. This allowed the removal of a
proton from oxonium molecules and its transport via a system of hydrogen bonds formed by water molecules.
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1. Introduction

Materials with high proton conductivity can
be used for the production of electrochemical
current sources [1-2]. One of these compounds
is antimony acid (AA), which has a pyrochlore-
type structure (space group symmetry Fd3m) [3].
The peculiarity of AA is the structure formed
from jointed antimony-oxygen octahedra with a
negative charge. The compensation of negative
charge requires the presence of positively
charged particles, such as oxonium, silver,
potassium, sodium ions, etc. [4]. In this case, water
molecules are located in some positions located
in hexagonal cavities and can form oxonium ions
or diaquahydrogen ions with protons [4]. The
amount of proton conductivity of AA depends on
the number of water and oxonium molecules [5].

Studies [6-9] demonstrated that the
substitution of antimony ions Sb(V) with W(VI)
in complex antimony oxides creates defects
in the oxygen sublattice and promotes an
increase in ionic conductivity. Probably, the
creation of additional vacancies, which can be
filled with water molecules, should lead to a
restructuring of the proton hydrate sublattice of
AA, as a consequence, to an increase in proton
conductivity. The formation of vacant positions
is possible by introducing W(VI) ions with a
similar ionic radius [5] but having a different
valence from Sb(V) ions into the structure of
AA. However, data on the synthesis and study of
the structure of complex antimony oxides doped
with tungsten, sodium, and potassium ions are
limited and refer to samples synthesized by the
solid-phase method [5-10]. Protonated forms
obtained by substitution of monovalent ions in
these compounds with oxonium ions [11] are not
fully hydrated compounds.

Therefore, the goal of the study was to
develop a method for the synthesis of tungsten
antimony acid (TAA) with different contents of
W(VI) ions, determination of the concentration
range of stability of the resulting phases and their
structural parameters.

2. Experimental

The synthesis of TAA samples was carried out
by hydrolysis of pre-oxidized SbCl, with nitric
acid in the presence of Na,WO,. The resulting
precipitate was boiled for 6 hours, kept in the
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mother solution for seven days, washed with
distilled water and dried. The W/Sb ratio in the
resulting phases was varied by changing the
amount of Na,WO, in the original solutions.

To obtain the protonated form, the samples
were kept in a 96% solution of sulphuric acid at
room temperature for along time, the precipitate
was washed until neutral and dried in air.

The resulting TAA samples were a white
powder and had a composition that can be
described by the chemical formula:

H,,Sb, W,0,nH,0 (0 < x<1.45;0<n<2.0). (1)

The number of protons (oxonium) in the
structure of the obtained TAA phases was
determined using an ion exchange. For this,
the sample was placed in a concentrated AgNO,
solution and kept for 24 hours, after which it
was washed from excess of silver and nitric
acid until there was no reaction to Ag" ions.
The amount of silver, antimony and tungsten
ions in the structure was determined by energy-
dispersive X-ray fluorescence spectroscopy
using an EDXRF spectrometer (AR QUANT’X
from Thermo Fisher Scientific) according to
standard methods.

The phase composition was monitored
using Bruker D8 ADVANCE diffractometer
(CuK_ -radiation) in the range of diffraction
angles 26 from 10 to 70° with a step of 0.01°. The
structure of the resulting compounds was refined
by the Rietveld approach using the PowderCell
software package. For generation of the linear
shape of the diffraction maxima, pseudo-Voigt
function was used. For calculation of the distance
between the 16d, 16¢c, and 48f positions, the
formulas provided in [12] was used.

3. Results and discussion

The X-ray diffraction patterns of the AA and
TAA samples have the same set of diffraction
maxima, the totality of which is satisfactorily
described by the extinction laws for crystals with
cubic structure of the pyrochlore type of space
group symmetry Fd3m [13]. As the amount of
tungstenions in the TAA increases, no significant
redistribution of the relative intensities of
reflections with even and odd indices was
observed. In this case, the reflections shift toward
larger angles (Fig. 1). This may indicate the
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Fig. 1. X-ray diffraction patterns of AA and TAA samples obtained by coprecipitation in solutions containing
antimony and tungsten ions in different ratios: AA(a), W/Sb = 1/15(b),W/Sb = 3/5(c),W/Sb = 5/3(d)

substitution of some antimony ions with tungsten
ions and a change in structural parameters.
Elemental analysis of TAA showed that with
an increase in the concentration of tungsten
ions in the initial solutions, they increase
with a simultaneous decrease in the number
of antimony ions in the solid phase. In this
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case, the dependence of the change in W/Sb
ratios according to X-ray spectral analysis data
coincides with those calculated using formula (1)
(Fig. 2). Taking into account X-ray analysis, this
allows us to confirm the substitution of Sb(V)
ions with W(VI) in the same crystallographic
positions and consider the resulting TAA samples
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Fig. 2. Change in the ratio of Ag/ (Sb + W) (a) and W/Sb
(b) ions when doping AA with tungsten ions according
to data of X-ray fluorescent spectroscopy and calcu-
lated (solid lines) according to formula (1) for TAA and
Ag-forms of TAA with an average degree of proton
substitution by silver ions equal to 0.93

as substitutional solid solutions. Under the
assumption that the number of oxygen anions
in the octahedra does not change, and the
number of protons should correspond to the
electrical neutrality of the compounds, chemical
formulas have been proposed that describe
the compositions of the resulting TAA phases
(Table 1).

For experimental clarification of the number
of protons in TAA, additional studies on samples
in which hydrogen ions in solutions of silver
nitrate were substituted by silver ions (Ag forms
of TAA) were carried out.

As follows from the X-ray analysis data,
during ion exchange the set of diffraction maxima
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does not change, but a decrease in the relative
intensities of reflections with even and odd
indices was observed (Fig. 3). This indicates the
substitution of protons (oxonium) with silver ions
in TAA [11] without changing the symmetry of the
crystal lattice. The number of silver ions in TAA
samples decreases with an increase in the number
of substituted antimony ions for tungsten ions
(Fig. 2),which indicates a decrease in the number
of protons in TAA samples with the introduction
of tungsten ions.

The data obtained on the composition of
the samples allow to propose a model for the
arrangement of ions along a regular system
of points in a pyrochlore-type structure. The
main framework of the structure is formed
by antimony-oxygen and tungsten-oxygen
octahedra, connected by vertices. In this case,
antimony and tungsten ions are located in the
centre of the octahedra (16c positions), and
oxygen anions are located at their vertices (48f
positions). Oxonium ions and water molecules are
statistically located in the 16d and 8b positions.

A full-profile analysis of the TAA showed
good agreement between the proposed model of
ion distribution over positions of a pyrochlore-
type structure and experimental data (Table 2).
At the same time, with an increase in the number
of tungsten ions in the TAA samples, the unit cell
parameter decreased from 10.337 AA to 10.254
for TAA with composition H . .Sb ..W, ,.O,nH,0
(Table 2). At the same time, a decrease in the
distance between 16¢(Sb,W) — 48f(0) positions
was observed, as well as an increase in the
distance between 16d(H,0") - 48f(0) positions

Table 1. The number of Sb(V) and W(VI) ions in TAA samples and silver ions in Ag-forms of TAA

obtained by X-ray fluorescence spectroscopy

No Sb. at.% H f(\)/f]ﬁff%TAA W/Sh Ag f(;igl/sobf TAA Gross formula of TAA
1 100 0 0 0.886 H,Sb, O, nH,0
2 87.5 12.5 0.142 0.954 H, ,Sb, W, ,. 0 nHO0
3 85.0 15.0 0.176 0.970 H Sb W, 0 nHO
4 75.0 25.0 0.333 0.887 H, ,Sb, W, 0,nH,0
5 61.5 38.5 0.626 0.813 H ,.Sb ,.W, .0, nHO
6 46.0 54.0 1.173 0.869 H,,,Sb, ,W, ;s O, nH,0
7 41.5 58.5 1.409 0.951 H,4,Sb, W, ,; O,nH,0
8 27.5 72.5 2.636 1.092 H,,.Sb, W, ,.0,nHO0
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Fig. 3. X-ray diffraction patterns of AA, TAA, and Ag-form of samples of AA and TAA with compositions

H,Sb,0,-nH,0 (a); Ag,Sb,0,-nH,0 (b);H, ,Sb, ., ' W . O,-nH,0 (c); Ag, ,,Sb, ,;W
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11776
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1.70 7 " 0.30 6 11776

Table 2. Arrangement of atoms according to crystallographic positions of the structure of air-dry AA

Sb

and TAA samples with composition H,Sb,

W,0,nH,0 (where 0 < x < 1.45;0<n <

2.0) according to

full-profile X-ray analysis. Parameter values a of unit cell, x coordinate (O) and correlation factor Rwp

No TAA composition 16d 16c 481 | 8b a,A Rwp | x(O)
H/HO" | Sb* | we | 0> [HO|
1 H,Sb, O,nH,0 16 16 0 | 48 | 8 | 1034 | 11 | 0.32
2 H .Sb, . W, O nH,0 14 14 2 | 48 | 8 | 10.32 | 11.03 | 0.327
3 H, .Sb W, 0, nHO 13.6 13.6 | 2.4 | 48 | 8 10.31 | 9.84 | 0.329
4 H . Sb, W, O, nH,0 12 12 4 | 48 | 8 | 10.31 | 9.28 | 0.330
5 H ,Sb ,W, . 0 nHO 9.84 9.84 | 6.16| 48 | 8 10.29 | 8.44 | 0.330
6 H,,,5b,,W, s O, -nH,0 7.36 736 |8.64| 48 | 8 | 10.28 | 9.74 | 0.330
7 H, ,Sb, W, , O, -nH,0 6.64 | 6.64 |9.36| 48 | 8 | 10.27 | 9.72 | 0.330
8 H,..Sb, WHSOﬁnHO 4.4 44 |11.6| 48 | 8 | 10.25 | 10.45 | 0.330

(Fig.4.). Anincrease in the parameter x of oxygen
atoms was recorded (Table. 2).

This may be due to the fact that tungsten
ions have a higher electronegativity than
antimony ions and change the electron density
near oxygen anions, which led to distortion
of antimony-oxygen octahedra, a decrease in
interionic distances and the unit cell parameter.
An increase in the distances between oxonium
and oxygen anions makes the removal of proton
from oxonium molecules and its transport via
the system of hydrogen bonds formed by water
molecules more probable.
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4. Conclusions

The conditions for the synthesis of TAA samp-
les with the composition H, Sb, W0, nH,0
(0<x<1.45;0<n<20) were establlshed for a
wide range of concentrations and it was shown
that the TAA phases have a pyrochlore-type
structure, with antimony and tungsten ions
statistically located in 16¢, oxygen anions located
in 48f, and oxonium ions and water molecules
located in 16d and 8b positions, respectively.

The substitution of some antimony ions
with tungsten ions in AA led to a decrease in the
unit cell parameter and a change in interionic
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Fig. 4. The distance between the 16d, 16c, and 48f
positions from the ratio of substitution with tungsten
calculated using formula 2. R(H,0*-0) - distance bet-
ween the 16d and 48f positions, R(Sb(W)-0) — distance
between the 16c and 48f positions

distances, which was caused by a change in the
interaction energy in tungsten-oxygen octahedra
and a decrease in the number of protons in the
structure.
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Abstract

The materials of the tin-oxygen system and thin-film structures based on them are modern and actual for the creation of
a wide range of electronic devices, for example, resistive gas sensors of high sensitivity and short response time with low
energy consumption and high manufacturability. An important direction in the study of such materials and structures is
the control of properties with variations in technological formation regimes. Information on the composition, local atomic
and electronic structure of thin layers of the tin-oxygen system with varying approaches to their production is in demand.

The work is devoted to the study of the electronic structure of thin layers of tin oxides obtained by modern methods of
molecular beam epitaxy and magnetron sputtering. A study of the local partial density of electronic states in the conduction
band by X-ray absorption near edge structure spectroscopy of tin and oxygen has been carried out. The data were obtained
using high-intensity synchrotron radiation, which allows varying the monochromatized radiation quantum energy without
loss in intensity, that is necessary to obtain high-resolution X-ray spectral data.

It is shown that the composition, local atomic surrounding, electronic spectrum and their features depend on the technology
of formation and storage conditions of the studied structures. Synchrotron X-ray spectroscopy data show the presence of
intermediate oxides of the tin-oxygen system in the studied materials after prolonged storage in laboratory conditions.
The data obtained indicate the possibility of controlled variation in the composition, local atomic surrounding and electronic
spectrum of thin-film structures of tin oxides of small thickness. The results of the work can be used in the formation and
subsequent modification of thin and ultrathin layers of tin oxides by magnetron sputtering and molecular beam epitaxy,
as well as in their further application as active layers of microelectronics devices.
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nanolayers, Magnetron nanolayers, X-ray absorption near edge structure, Synchrotron investigations
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1. Introduction

Thin layers of SnO, tin oxide are widely
used in various fields of technology, including
microelectronics, such as resistive gas sensors,
transparent electrodes, catalysts, etc. [1-4].
The methods of producing tin dioxide largely
determine its properties. In addition, the
properties are influenced by the size and
morphology of the obtained materials, in the
case of layers, this is primarily the thickness,
macro- and microstructure. Thus, due to the
significant influence of the surface, the properties
of nanometer range structures differ greatly from
large ones in size,and can be used to create devices
with significantly improved characteristics. These
characteristics primarily include response speed,
miniaturization, power consumption, and others.
The creation of heterostructures based on tin and
silicon oxide is also promising for use in such
fields of technology as thermoelectrics [5]. One
of the effective and high-precision methods of
forming heterostructures consisting of ultrathin
ordered layers is the method of molecular beam
epitaxy [6-8]. This method is characterized by
a high degree of perfection of the grown layers,
including nanometer thickness, their structural
and phase boundaries and the ability to control
the composition, structure and functional
properties of the structures being formed. This
method makes it possible to obtain very thin
layers of tin on the surface of prepared substrates,
for example, silicon. The magnetron sputtering
method makes it possible to obtain high-quality
tin layers in a wide range of thicknesses for use
in various fields of technology. The advantage
of the method is the simplicity and flexibility
of controlling the modes of structure formation
[9-11]. The most noticeable disadvantage is
the difficulty of obtaining structurally highly
organized continuous layers of small thickness
comparable to epitaxial ones. It is known that
the properties of small-dimensional objects are
largely determined by the contribution of the
surface. Thin layers of the tin-oxygen system
are no exception. High-precision experimental
methods with increased sensitivity to the
composition, the specifics of the local atomic
surrounding, the electronic spectrum, and the
structure of the surface layers of the object
under study are especially in demand. One of
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these methods is the X-ray absorption near edge
structure (XANES) spectroscopy using high-
intensity synchrotron radiation. The possibility
of changing the quantum energy of synchrotron
radiation without changes in its extremely
high intensity is a prerequisite for obtaining
high-resolution XANES spectra. In the ultra-
soft X-ray region of the synchrotron radiation
spectrum, XANES spectroscopy is highly sensitive
to the local surrounding of a given sort of
studied material or structure surface atoms, and
therefore is particularly relevant for the analysis
of nanostructures of various compositions,
including those based on silicon [12-16] and tin
[17-21]. This paper presents the results of studies
using the XANES synchrotron method of the
composition, atomic and electronic structure of
thin tin layers formed by molecular beam epitaxy
and magnetron sputtering on crystalline silicon
substrates.

2. Experimental

The studied samples of “Epitaxy Sn/Si” were
obtained by molecular beam epitaxy on a Si (001)
substrate with a 50 nm thick Si buffer layer [5].
During the formation of the samples, the purified
and dried substrates were transported to an
ultrahigh vacuum film growth chamber, where the
thermal oxide was desorbed at a temperature of
840 °C. Then, 5 monolayers of tin atoms (~1.6 nm)
were grown (deposited) from an effusion cell
onto a 50 nm thick silicon buffer layer. Before
conducting synchrotron experiments, the samples
were stored in the laboratory for several weeks.
The method of high-resolution transmission
electron microscopy showed the continuity and
uniformity of the formed tin layer.

A series of “Magnetron Sn/Si” samples was
obtained by magnetron sputtering on a direct
current of a tin target with a purity of 99.999%
in argon plasma on Si (100) substrates. The argon
pressure in the working chamber was 10-* Torr,
the discharge current was 60 mA, the voltage
was 360 V. The film thickness was determined by
the sputtering time at constant operating modes
of the formation unit and amounted to 30 nm.
Morphology control performed by scanning
electron microscopy showed the formation of a
continuous uniform granular layer. The size of
the single granule did not exceed the thickness
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of the layer. Before conducting synchrotron
experiments, the samples were stored in the
laboratory for several weeks.

Studies of the samples electronic structure
were carried out using the non-destructive XANES
method, which allows obtaining information
about the local surrounding of absorbing tin
and oxygen atoms specificity and the effects of
ordering in the structural grid of these atoms
of the analyzed surface layer [22]. The XANES
method allows obtaining direct experimental
information on the distribution of the local
partial density of free electronic states in the
conduction band of the studied surface layer [14-
17, 20]. The high-intensity radiation of the ultra-
soft X-ray range of BESSY-II synchrotron, the
Russian-German beamline (Helmholtz-Zentrum-
Berlin, Berlin, Germany) [23] and KISI-Kurchatov
synchrotron, the NANOPES beamline (NRC
“Kurchatov Institute”, Moscow, Russia) [24] were
used. The photon flux was 10°-10!! photons/s,
the storage ring current was 50-300 mA. The
depth of the analyzed surface layer [25, 26] and
the energy resolution for the Sn M, and O K
edges were ~10 nm and 0.1 eV, respectlvely
The total electron yield (TEY) detection mode
was used when registering the compensation
(drain) current of the sample. The vacuum in the
experimental chambers was ~ 10-1° Torr. The angle
of incidence of synchrotron radiation was 90° to
the surface plane.

3. Results and discussion

Fig. 1 shows the XANES Sn M,  spectra
of reference materials and studied samples
of epitaxial (Epitaxy Sn/Si) and magnetron
(Magnetron Sn/Si) tin layers. The reference
materials include sintered compressed powder of
polycrystalline tetragonal tin dioxide — SnO,(T),
metal foil refreshed in situ in ultrahigh vacuum
of the spectrometer without natural oxide —
Sn foil refresh, metal foil of tin — Sn foil, for
which the XANES Sn M, . spectra were recorded
experimentally, under the same conditions as
the studied samples and previously known ones
[17, 19]. We also present data obtained from ab-
initio calculations [20] of XANES Sn M, ; spectra
for compounds unstable in laboratory condltlons
such as orthorhombic tin dioxide SnO,(O) and tin
single oxide SnO.

2024;26(1): 153-160
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XANES Sn M, . (3d) absorption spectra
represent the dlstrlbutlon of p states in the
conduction band, which, according to dipole
selection rules, reflect transitions from core 3d
states to free p- and f-states in the conduction
band. The distribution of the main spectral
features and their relative intensities, given in
a single range for the convenience of comparing
the spectra in Fig.1, show that the spectra of the
used references are sufficiently different from
each other and from the formed nanolayers
in terms of their fine structure. A detailed
discussion of the reference spectra fine structure
is presented in [19-20]. In the spectrum of the
studied magnetron layer of the Magnetron Sn/
Si sample, a sufficiently pronounced structure
of the absorption edges M5 and M4 is observed,
the most intense features of which are located at
energies ~487.1 eV and ~495.5 eV, B-C and G in

Intensity, arb.units

Sn foil
refresh

Epitaxy
Sn/Si

Magnetron | i
sn/si LA i

VR S PR Y :
480

484

Fig. 1. XANES Sn M, . of references (SnO,(T), SnO,(O),
SnO, Sn foil, Sn f011 refresh) and studled samples of
epitaxial (Epitaxy Sn/Si) and magnetron (Magnetron
Sn/Si) tin layers
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Fig. 1, respectively. Thus, spin-doublet splitting
of these edges is observed ~8.4 eV. These features
correspond in their energy position to tin single
oxide SnO with a fine structure of the XANES
spectrum at energies of ~487.9 eV, ~491.3 eV. At
the same time, a less intense structure is also
observed at energies 485.1 eV (A) and 493.5 eV
(F), with the same spin-doublet splitting,
corresponding to metallic tin without natural
oxide (reference spectrum of the Sn foil refresh
sample). Another “set” of high-energy features at
energies of ~492.3 eV and ~500.7 eV corresponds
to orthorhombic tin dioxide. Thus, in the sample
obtained by magnetron sputtering, single oxide
and orthorhombic tin dioxide were formed along
with metallic tin in a surface layer of ~ 10 nm,
accessible to XANES sensing when registering
Sn M, ; absorption edges. Thus, the 30 nm tin
layer obtained by magnetron sputtering of a
tin target does not completely oxidize when
exposed to air, even for a long time. However,
the oxides formed in this layer are unstable
under normal conditions. In addition, there is
no phase of stable tetragonal tin dioxide with
a characteristic fine structure of the M4 edge
of DFG (Fig. 1) at energies 491.3 eV, 493.2 eV
and 495.6 eV and the M5 edge of HI at energies
~499.5 eV and ~501.6 eV, respectively. Note
that when considering the tin metal foil (Fig.
1), stored without any special conditions, the
formation of stable tetragonal tin dioxide along
with unstable phases of tetragonal tin single
oxide and orthorhombic tin dioxide is observed
on its surface, as evidenced by the “blurring” of
the dip E between the features D and F at energies
491.3 eV and 493.2 eV. On the surface of the
studied 30 nm tin layer obtained by magnetron
sputtering, only the initial stage of tin oxidation
is observed, passing through the formation of
intermediate unstable phases of single oxide
and orthorhombic tin dioxide. The absence of
a stable phase of tetragonal tin dioxide, despite
being in laboratory conditions for several weeks,
indicates, perhaps, an insufficiently elapsed
period of oxidation of the tin layer or the need
for additional conditions for its production.
When considering the XANES Sn M, ,
absorption edge of the epitaxial tin film (Epitaxy
Sn/Si), it can be seen that it also has a very
pronounced fine structure. The most intense
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features were noted at energies 0of 492.3 eV (E) and
500.3 eV, which, in general, are located closest to
the characteristic features of the fine structure of
the orthorhombic tin dioxide SnO, (O) spectrum.
We note the observed electronic states in the
region of low-energy spectral features ~487.2 eV
and ~495.6 eV, which also correspond to tin single
oxide. It is worth noting that the distribution of
electronic states in the energy range of ~ 487-
488 eV, unlike tin layers obtained by magnetron
sputtering, has a double, split structure of the
sun at energies of ~ 487.2 eV and 487.8 eV. We
observe a similar peak splitting for the surface
of the metal tin foil (Sn foil), which is probably
due to the simultaneous presence of vacancies
in the sublattice of oxygen and the phase of tin
single oxide on the surface of this sample. The
high intensity of the fine structure features of
XANES Sn M, , corresponding to orthorhombic
tin dioxide, indicates the predominance of this
phase compared with tin single oxide. Thus, in
the sample of tin layers formed epitaxially, the
same phases of the “intermediate” tin oxides
SnO and SnO,(0) are observed as in the layers
obtained by magnetron sputtering, except for
metallic tin. The latter fact is related to the
critically small thickness of the epitaxial tin
nanolayer, all atoms of which are exposed to
interaction with oxygen atoms. In particular,
due to the silicon buffer layer presence under the
epitaxial tin layer. This layer of crystalline Si, as a
result of its noticeable electronegativity, attracts
oxygen atoms diffusing through the thin tin layer
at least to the tin-silicon interface. At the same
time, the XANES Sn M 4.5 Spectrum also lacks fine
structure features corresponding to the phase of
stable tetragonal tin dioxide. Thus, it is possible
to epitaxially obtain thin layers of intermediate
phases of tin oxides. To obtain a stable phase of
tin dioxide SnO,(T), the formation regimes should
be changed or additional modifying conditions
should be applied, for example, oxidative
annealing.

Fig. 2 shows the O K XANES spectra of
references (SnO2(T) and Sn foil) and studied
samples of magnetron (Magnetron Sn/Si) and
epitaxial (Epitaxy Sn/Si) tin layers. XANES O K
(1s) absorption spectra represent transitions
from the core 1s oxygen level to free p states
in the conduction band. It can be seen that the
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spectra of the presented reference samples, as
in the case of the absorption spectra of XANES
Sn M4.5, differ in their fine structure. Thus,
tetragonal tin dioxide has a pronounced peak
A at an energy of 533.9 eV, as well as features B
(536.5 eV), C (538 eV), D (540 eV), E (541.2 eV),
F (544.2 eV) and G (549.2 eV). The main peaks
A at an energy of 533.85 eV and D at an energy
of 540 eV are most pronounced in tin metal foil.
The remaining features of the fine structure are
smoothed out. The lack of data on the oxygen edge
in orthorhombic tin dioxide and tin monoxide
makes the interpretation of the oxygen edge of
the studied samples insufficiently complete and
is the subject of further research.

When considering the oxygen absorption edge
in a sample of tin layers obtained by magnetron
sputtering, A peak is observed at an energy of
533.9 eV, as well as D at an energy of 540 eV.
In general, the edge structure is similar in its
features and their energy position to the fine
structure of the absorption spectrum of the Sn
foil reference, where there are also no pronounced
features of the B, C, E and G of the spectra of the
tin dioxide reference. The difference observed
only in the distribution of intensities between the
two main peaks of the structure A and D and in
the observation of an insignificant dip in intensity
at an energy of 541.6 eV.

In the epitaxially obtained sample (Epitaxy
Sn/Si), A peak is also observed at an energy of
533.9 eV and D at an energy of 540 eV. However,
the intensity of the low-energy peak A is lower
than that of peak D. Here, a wide feature in the
D peak region probably indicates the oxidation
of the crystalline silicon epitaxial buffer surface,
which is located under the nanolayer of epitaxial
tin. We noted above that the tin-silicon layer
boundary is available for interaction with
atmospheric oxygen. At the same time, this
interface is in the range of the XANES O K
spectrum probing depth. Moreover, the shape
and position of feature D correlates well with
the data on the fine structure of the XANES O K
absorption edges of naturally oxidized silicon
[for example see 14]. Thus, the signal from the
oxidized silicon atoms of the Si-Sn interface is
superimposed on the signal from the tin oxide
of the epitaxial nanolayer, forming the spectrum
shown in Fig. 2.
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Fig. 2. XANES O K of references (SnO,(T), Sn foil) and

studied samples of epitaxial (Epitaxy Sn/Si) and mag-
netron (Magnetron Sn/Si) tin layers

4. Conclusions

There is a general agreement between the data
on the analysis of synchrotron XANES spectra of
tin (Sn M, ;) and oxygen (O K). On the surface of
the studied Epitaxy Sn/Si and Magnetron Sn/Si
samples there are oxides similar to natural ones
found on the surface of tin foil, but different
from tin dioxide tetragonal modification. The
layers obtained by molecular beam epitaxy are
completely oxidized with the predominance of
intermediate phases of tin oxides. Tin layers
obtained by magnetron sputtering contain the
same phases of intermediate tin oxides SnO and
SnO,(0) on the surface, however, the presence
of non-oxidized metallic tin is noted. That is, tin
layers undergo the same stages of oxide formation
during oxidation from the surface, regardless of
the method of obtaining these layers. At the same
time, the result of interaction with atmospheric
oxygen significantly depends on the thickness
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of the formed nanolayer as an indicator of the
amount of tin metal available for oxidation.
Absence of obvious traces (fine structure of
spectra) in the recorded synchrotron data of
stable tetragonal tin dioxide indicates insufficient
formation conditions for its formation. Thus,
the considered approaches require additional
effects or conditions to obtain nanolayers of
stable tetragonal tin dioxide. The obtained data
show the possibility of fine, through the modes
of formation and composition, control of the
local atomic structure and electronic spectrum
of thin layers of tin oxides formed by molecular
beam epitaxy or magnetron sputtering, which is
important for use in modern structures, including
microelectronic ones.
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Abstract

Porous silicon nanowires (pSi NWs) have attracted considerable interest due to their unique structural, optical properties
and biocompatibility. The most common method for their top-down synthesis is metal-assisted chemical etching (MACE)
of crystalline silicon (c-Si) wafers using silver nanoparticles as a catalyst. However, the replacement of silver with bioinert
gold nanoparticles (Au NPs) markedly improves the efficiency of pSi NWs in biomedical applications. The present study
demonstrates the fabrication of porous pSi NWs arrays using Au NPs as the catalyst in MACE of c-Si wafers with a resistivity
of 1-5 mOhm-cm. Using scanning electron microscopy (SEM), the formation of arrays of porous nanowires with a diameter
of 50 nm that consist of small silicon nanocrystals (nc-Si) and pores was observed. Raman spectroscopy analysis determined
the size of nc-Si is about 4 nm. The pSi NWs exhibit effective photoluminescence (PL) with a peak in the red spectrum,
which is attributed to the quantum confinement effect occurred in small 4 nm nc-Si. In addition, the pSi NWs exhibit low
toxicity towards MCF-7 cancer cells, and their PL characteristics allow them to be used as contrast agents for bioimaging.
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1. Introduction

Now, technologies for the design and use
of nanomaterials in biomedicine are being
intensively developed, and silicon nanowires and
nanoparticles occupy a special place among them.
It has been shown that silicon nanostructures can
be used in a variety of fields: from drug delivery
to tissue engineering [1]. This is possible due to
such unique properties of nanostructured silicon
as biocompatibility [2, 3], biodegradability [4, 5]
and photoluminescence (PL) in the visible region
of the spectrum [6,7]. PL is explained by the
quantum confinement effect (QCE) in 2-6 nm
silicon nanocrystals (nc-Si) [1, 4]. Due to the PL
properties, porous silicon nanostructures have
great potential in bioimaging [8-10].In addition,
the surface of porous silicon can be easily
functionalized with silane groups, antibodies,
polymers, etc., depending on the purpose [8,
11, 12].

There are several main methods for obtaining
porous nanostructures on the surface of crystalline
silicon substrates, and the most commonly used
method is electrochemical (EC) etching [11, 13].
The result of EC etching of c-Si substrates is
porous silicon (PSi) film, a spongy structure of
nc-Si and pores. At the same time, by changing
the parameters of the applied voltage, the level of
c-Si doping and the concentration of electrolyte
solutions used, macro-, meso-, and microporous
films with pore sizes of 1-5 nm, 5-50 nm and 50-
100 nm, respectively can be obtained [14]. The
EC etching method is quite simple and easily
scalable; however, mesoporous silicon films
often used for biomedical purposes do not have
sufficient PL properties for visualizing biological
objects. The reason for this is that the nc-Si in
them have too large size, far from the conditions
for the occurrence of QCE. Therefore, to intensify
the PL, PSi films or nanoparticles obtained from
them are oxidized, thereby reducing the size of
nc-Si, by incubating the samples in water, sodium
tetraborate, or selecting drying conditions [8,
15, 16].

Metal-assisted chemical etching (MACE) of
c-Si substrates is also the most commonly used
method for producing silicon nanostructures [17].
Silver nanoparticles are usually used as a catalyst
in MACE [18-20]. The result of MACE is arrays
of silicon nanowires (SiNWs) with a diameter
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of 20-100 nm on the c-Si surface. It has been
shown that the porosity of SiNWs depends on
the doping level of c-Si: the etching of low-doped
substrates results in non-porous SiNWs, while the
etching of highly doped substrates leads to the
synthesis of porous SiNWs [18, 19, 21]. Porous
SiNWs, immediately after their preparation,
are characterized by mesoporous structure and
effective stable PL, which undoubtedly facilitates
the preparation of samples for potential use in
the theranostics of diseases [22]. It should be
noted, however, that there are no studies where
PL of SiNWs synthesized by MACE with gold
nanoparticles (Au NPs) would be investigated. It
should be noted that the use of bioinert Au NPs
can significantly improve the characteristics of
SiNWs for their biomedical applications.

The purposes of the presented study were to
obtain and investigate the morphology and PL
properties of porous SiNWs synthesized using Au
NPs as catalysts in MACE, and to show their use as
contrast agents for the bioimaging of living cells.

2. Experimental

Porous SiNWs (pSi NWs) were synthesized by
MACE of ¢-Si (100) substrates with a resistivity
of 1-5 mOhm-cm. At the preliminary stage, c-Si
was washed in acetone and isopropanol in an
ultrasonic bath (Elmasonic US bath 37 KHz)
for 5 min, then washed with deionized water
(Millipore) and dried in air. To remove the oxide
layer, the c-Si substrate was kept in 5 M HF for
2-5 min, then washed again with water and
dried. Gold nanoparticles were reduced on the
c-Si surface from an aqueous solution of 0.01 M
AuCl,, mixed with 5 M HF inaratioof 1:1,for 15s.
Silicon etching was performed in a solution of 5 M
HF and 30% H,0, (10:1) for 60 min, the process
was stopped by moving the wafers into water.
Next, the samples were dried at room temperature
in air. Removal of Au NPs was carried out by
immersing the samples in aqua regia for 3 min.

To study the morphology of the obtained pSi
NWs, a Carl Zeiss ULTRA 55 FE-SEM scanning
electron microscope was used. To measure the PL
or Raman spectra, the pSi NWs were mechanically
separated from the c-Si substrate and placed on
a metal substrate. Raman spectra were measured
using a Confotec™ MR350 confocal microscope
with laser excitation at 633 nm and low power of
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1 mW to protect the samples from overheating.
The PL spectra of the samples were measured
upon excitation by a He-Cd laser at a wavelength
of 325 nm (power of 10 mW, spot diameter of
1 mm). The PL signal was recorded using a grating
monochromator (MS750, SOLAR TII) equipped
with a CCD matrix.

To study the cytotoxicity of pSi NWs, human
ductal adenocarcinoma cell line MCF-7 was used.
Cells were grown for 2 days in a culture flask
with an area of 25 cm? in DMEM culture medium
with the addition of 5% fetal bovine serum at
37 °C, 5% CO,. For the experiment, 0.1 ml of cell
suspension with an initial cell concentration
of 10°/ml was transferred into a 96-well plate.
Then, pSi NWs with different concentrations
were added to the wells, for which pSi NWs were
mechanically separated from the c-Si substrates,
the resulting powder was weighed and placed
in a phosphate buffered saline solution. To
determine the number of viable cells after a 24 h
incubation with pSi NWs, the Alamar Blue test
was performed: resazurin with a concentration
of 0.03 mg/ml was added to the wells; living cells
were able to oxidize it into luminescent resorufin.
Luminescence intensity was recorded using an
Infinite F200 plate spectrofluorimeter (Tecan).

For the biovisualization of cells with pSi NWs,
a Leica confocal fluorescence microscope with
a 63/NA 1.40 oil immersion objective and PL
excitation with a 405 nm laser was used. PSi NWs
with a concentration of 0.2 mg/ml were incubated
with MCF-7 cells for 9 h before the start of the
experiment. The cells were then stained by adding
3 mg/ml calcein-AM, Sigma for cytoplasmic

AuCly+HF
—_—
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staining, and 5 mg/ml bisbenzimide H 33342
(Hoechst, Calbiochem) for nuclear staining.

3. Results and discussion

Figure 1 shows a diagram of the production
of pSi NWs using gold-assisted chemical etching
(GACE) of highly doped c-Si wafers. At the
first stage GACE, gold nanoparticles (Au NPs)
were deposited from a solution of 0.01 M gold
(IIT) chloride and 5 M HF, which dissociates in
water into individual cations and anions and
participates in the process of electrochemical
reduction of Au** ions into the metallic state on
c-Si substrates [23]:

4 AU +3Si+18F — 4 Au’+3SiF> . 1)

At the second stage of GACE, chemical etching
of the c-Si substrate coated with Au NPs occurs
in a solution of 5 M HF and 30% H,0, according
to two parallel processes [18, 24].

Au NPs (cathode site) catalyze the reduction
of H,0,:
2Au°+H,0,+2H" - 2Au*+2H,0 >

2
— 2Au’+2h" +2H,0, @

injected holes oxidize Si (anode site) to SiO,:
Si+2H,0+4h" — Si0,+4H", (3)
the SiO, layer is etched by hydrofluoric acid:
Si0,+6HF — H,SiF, +2H,0. 4

As a result of the presented redox reactions
catalyzed by Au NPs, the c-Si surface is etched,
and the remaining unetched areas have a
nanowire-like morphology. Individual pSi NWs

HF+H,0, [l

p**c-Si1-5mQ.cm

WW Lo
/[

separate pSi NWs

Au NPs deposition

pSi NWs_Au

HCHHNO;

pSi NWs

Fig. 1. Scheme for obtaining pSi NWs by gold-assisted chemical etching of highly doped c-Si wafers.
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were obtained by mechanical separation from the
c-Si substrate using tweezers.

The SEM micrograph of a cross-sectional
view of porous pSi NWs on c-Si after 60 minutes
of GACE is shown in Fig. 2a. PSi NWs appear as
quasi-ordered arrays with a preferred orientation
along the [100] crystallographic direction.

The pSi NWs layer thickness is 20 um. The
tops of the pSi NWs stick together when they
were dried due to capillary forces. The pore
formation of pSi NWs was catalyzed by Au ions
in the etching solution [18]. At the same time, the
enlarged image (Fig. 2a) shows that the average
diameter of the nanowires was 50 nm, and the
pSi NWs consisted of small nanocrystals and
pores. Micrographs of individual porous pSi NWs
after their mechanical separation from the c-Si
substrate are shown in Fig. 2b. The nanowires can
break during the separation process; the average
length of the obtained pSi NWs is 8 um.

The Raman spectrum (RS) of the obtained
pSi NWs is shown in Fig. 3. Here, a scattering
line characteristic of nanocrystalline silicon
was observed with the position of the
maximum shifted by Aw relative to 520.5 cm~
! corresponding to longitudinal vibrations of
optical phonons in c-Si (shown by the dashed
line). Such a low-frequency Raman shift occurs
due to the quantum confinement of phonons
arising in small-sized nc-Si contained in pSi
NWs, their diameter (d,,) can be calculated using
the formula [25, 4]:

2024;26(1): 161-167

Photoluminescent porous silicon nanowires as contrast agents for bioimaging

0.63
52.3] . )

dRS = 0.543(E
The nc-Si sizes calculated from formula (5) is
4.5 nm.

Using the MagicPlot package, deconvolution
of the RS was obtained by Lorentian and Gaussian,
responsible for the crystalline and amorphous
phases in nc-Si, respectively. The percentage
of crystalline silicon in porous SiNWs samples
calculated in this way was 46.7%, and the
percentage of amorphous silicon was 53.3%.

The PL spectrum of pSi NWs, represented by
the wide band with a maximum at 755 nm is shown
in Fig. 4. Such effective PL of pSi NWs was possible
due to quantum confinement effects (QCE) arising
in the nc-Si inside pSi NWs upon photoexcitation.
QCE consists of secondary quantization of the
energy of charge carriers of both electrons and
holes in a quantum dot, nc-Si, which leads to an
increase in the effective band gap [13]. This energy
corresponds to the energy of emitted photons by
photoluminescent nc-Si in such a way that the
position of the maximum of the PL spectrum,
E, related to the average size of nc-Si (d,) in
accordance with the empirical formula [7]:

E, =E,+ 373 (6)

1.39
dPL

Where E is the band gap in c-Si. From here
an expression for the calculation of d,, can be
obtained:

Fig. 2. SEM micrographs of pSi NWs, side view at an angle of 38° (a); and individual pSi NWs after their sepa-
ration from the c-Si substrate (b). The inset in (a) shows an enlarged fragment of pSi NWs, demonstrating their

porous structure
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Intensity, arb. un.

480

520

Raman shift, cm-1

Fig. 3. Raman spectrum of pSi NWs. Thin lines repre-
sent the deconvolution of the spectrum. The dashed
vertical line shows the position of the c-Si Raman
maximum on 520.5 cm™!

3 73 0.72
d. =212

4

(7

where AE, = Ep, — E, . The average size of nc-Si
calculated using formula (7) is 4 nm, which is in
good agreement with the Raman data.

The result of measuring the cytotoxicity
of pSi NWs after 24 h incubation with MCF-7
cells is shown in Fig. 5. All points were taken
in relation to the control group, to which pSi
NWs was not added. It can be seen that over the
entire range of concentrations studied, pSi NWs

0.8

0.6

04

Cell number, arb. un.

0.2

100 1000

SiNW concentration, pg/ml
Fig. 5. Cytotoxicity of pSi NWs incubated for 24 h with

MCE-7 cells. All points were taken in relation to the
control group, to which pSi NWs was not added
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Fig. 4. PL spectrum of pSi NWs.

were characterized by extremely low toxicity,
which is certainly a good result for their future
applications in biomedicine.

Luminescent images of live MCF-7 cells after
9 h incubation with pSi NWs are shown in Fig.
6. Green, blue, and red colors correspond to the
luminescence of the cell membrane, cell nucleus,
and PL of pSi NWs, respectively. The merged
image of cells with pSi NWs is shown in the lower
right corner. In the presented micrograph, pSi
NWs are visible as PL red thread-like structures
located on the membrane and inside the cells.
Thus, it has been shown that low-toxic PL pSi

Fig. 6. Luminescence images of live MCF-7 cells after
9 h of incubation with pSi NWs. Green, blue, and red
colors correspond to the luminescence of the cell
membrane, cell nucleus, and PL of pSi NWs, respec-
tively. The lower right corner shows a merged image
of cells with pSi NWs.
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NWs can be used as contrast agents for cell
bioimaging.

4. Conclusions

In this study, pSi NWs arrays were obtained
by the GACE method, where Au NPs were used
as a catalyst. The morphology of the samples
was studied by scanning electron microscopy. It
has been shown that GACE of c-Si wafers with a
resistivity of 1-5 mOhm-cm produced arrays of
porous nanowires with the diameter of 50 nm
consisting of nc-Si and pores. The size of nc-
Si was calculated based on the Raman spectra
of pSi NWs and was about 4.5 nm. It was shown
that, due to the quantum confinement effect,
effective PL with a maximum in the red region
of the spectrum can be excited in such pSi NWs.
In this case, the size of nc-Si, calculated from the
PL spectra of pSi NWs, was about 4 nm, which is
in good agreement with the Raman data. It has
been shown that pSi NWs were characterized by
low toxicity towards MCF-7 cancer cells up to
concentrations of 1 mg/ml, and the PL properties
of pSi NWs allow their use as contrast agents for
bioimaging. The presented data open up new
possibilities for the use of low-toxic PL pSi NWs
for theranostics of various diseases.
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Fig. 1. Dependences of the parameters a and c of the tetragonal lattice of nanocrystalline PdO
films on the oxidation temperature T _: I - single-phase PdO films, 2 - heterophase PdO + Pd films;
3 - data of the ASTM standard [22, 23]

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

Table 1. Values of the ionic radii of palladium Pd?* and oxygen O? [30-32]

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

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