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Abstract 
Purpose: Nowadays gas sensors are of great interest for disease detection and assessment of treatment efficacy based on 
exhaled breath analysis. One of the promising materials for gas sensors are composites of graphitic carbon nitride with 
metal oxides.
Experimental: The article considers the basic properties of g-C3N4 and provides a review of methods that can be effective 
for obtaining its composites with metal oxides.
Conclusions: The study presents the mechanism of interaction of g-C3N4 with gases of different nature. In addition, it gives 
some examples of sensors based on composites of g-C3N4 with metal oxides.  
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1. Introduction
Gas sensors are widely used to detect low 

concentrations of flammable, explosive or 
toxic gases and to monitor environmental 
pollution. Generally, the main requirements 
for a gas-sensitive material are as follows: high 
sensitivity, fast performance and good selectivity. 
Development of inexpensive and reliable sensor 
devices for gas detection, especially at room 
temperature, is an important scientific and 
technological task. For its solution, sensors 
operating on the basis of various principles 
are used. In regard to this, semiconductor 
adsorption sensors are favorably characterized 
by simple construction, low cost and a wide 
choice of materials of the primary sensing 
element [1, 2]. The principle of their operation 
is based on the change in the resistance of the 
material when chemical reactions of interaction 
with oxidizing or reducing gases occur on its 
surface [3, 4]. The sensing material should be 
selected so that it has a large surface available 
for interaction with gas molecules, suitable 
active centers for their adsorption. The main 
advantage of semiconductor gas sensors is their 
high sensitivity, but their wide application is 
limited by low selectivity and high operating 
temperatures [5]. The problems of selectivity can 
be solved by using different sensitive materials 
and realizing multisensor systems [6], as well 
as thermomodulation mode [7, 8]. To reduce 
operating temperatures, heating is replaced by 
exposure to ultraviolet or visible light [9, 10]. 
Over the years, the gas-sensitive properties of 
n-type semiconductor oxides such as SnO2 [11], 
ZnO [12], TiO2 [13], Fe2O3 [14] и WO3 [15] have 
been widely studied. To a lesser extent, p-type 
oxides such as CuO [16], NiO [17] и Co3O4 [18] 
have also been investigated. Studies on mixed 
metal oxides (perovskites [19] and cubic spinels, 
such as ferrites [20] and orthostannates [21]), 
have shown that they can have much higher 
response in some cases. In the last decade, two-
dimensional (2D) materials [22] with nanoscale 
thickness and large surface-to-volume ratio have 
shown great promise for gas sensors. Efficient 
gas sensors can be obtained by combining the 
advantages of different groups of materials and 
creating composites of metal oxides with 2D 
materials [23, 24].

Nanomaterials based on graphitic carbon 
nitride (g-C3N4) have found wide applications in 
various types of catalysis due to their low density, 
high chemical stability, tunable morphology 
and low consumption [25]. The g-C3N4 has 
a hierarchical structure and consists of an 
aromatic plane and a π-conjugated s-triazine unit 
composed of hybridized multiple sp, sp2 and sp3 
carbon and nitrogen atoms [26]. 

These materials are usually fabricated by 
thermal condensation of nitrogen-containing 
precursors such as melamine, dicyandiamide 
and urea [27, 28]. The morphology of g-C3N4 can 
be easily controlled, which allows increasing 
the specific surface area and the number of 
adsorption centers for reactions with target gases.

Based on the mechanism of gas sensitivity, the 
large specific surface area and a larger number 
of adsorption centers in g-C3N4 allow more 
gas molecules to participate in reactions with 
target gases. In addition, simple and inexpensive 
methods of obtaining g-C3N4 are advantages of 
its application in the field of gas sensing. Since 
the band gap of g-C3N4 is 2.7 eV, the valence band 
electrons easily move to the conduction band 
when exposed to visible light, which leads to 
excellent catalytic activity and allows reducing 
the activation energy of the chemical reaction 
leading to a sensor response.

Nitrogen atoms give g-C3N4 semiconducting 
properties and complexation ability, making it 
to some extent a more efficient catalyst than 
graphene. However, some drawbacks remain, 
limiting its further application in this field. The 
g-C3N4 obtained by direct calcination of the 
precursor usually has a dense structure and low 
specific surface area [29]. The low charge carrier 
mobility and low electrical conductivity of pure 
g-C3N4 result in long response time and poor fast 
performance [30]. Pure g-C3N4 has low sensitivity, 
high operating temperature and low selectivity 
[31]. Creating composites of g-C3N4 with metal 
oxides allows increasing the surface area, creating 
more surface active centers. The formation 
of a heterojunction between the material and 
g-C3N4 can provide electron transfer. Thus, SnO2/ 
g-C3N4 composites show higher sensitivity and 
selectivity to ethanol compared to SnO2 [32]. The 
g-C3N4 /ZnO based sensor has been shown to have 
excellent performance for CH4 detection [33].
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The aim of this study is to analyze the 
properties of g-C3N4, review the main methods 
of obtaining its composites with metal oxides 
and the achieved results on their application in 
gas sensing.

2. The structure of g-C3N4

The strong covalent bonding between N 
and C atoms in the g-C3N4 layer provides 
its high chemical and thermal stability [34]. 
Two-dimensional π-bonded polymer systems 
including triazine or tri-s-triazine (s-heptazine) 
blocks linked by tertiary amines make g-C3N4 
stable at room temperature (see Fig. 1) [35]. 

The individual layers are linked to each other 
by weak van der Waals forces. Under ambient 
conditions, g-C3N4 is thermally and chemically 
stable, biocompatible, environmentally friendly 
and resistant to acidic and alkaline environments 
[36]. 

The g-C3N4 obtained by thermal condensation 
of N-containing precursors has low crystallinity 
due to the appearance of defects connected 
with insufficient deamination during thermal 
condensation and the formation of heptazine-
based melon. In melon, layers of one-dimensional 
chains of NH-linked melem monomers are 
connected by hydrogen bonds in a zigzag shape. 
As a result, the charge carriers generated by 
photon exposure are concentrated in certain 
regions, which reduces the conductivity [37].

3. The properties of g-C3N4

Graphitic carbon nitride (g-C3N4) has recently 
attracted the interest of researchers due to its 
outstanding properties including low cost, large 

surface area, abundance in nature, fast electron 
transfer, π-π bond pairing, and absence of metals 
[38]. It is an excellent polymeric semiconductor 
operating in the visible region of the spectrum, 
with biocompatibility and excellent catalytic 
properties. 

Pacha et al. synthesized bulk and thin film 
g-C3N4 by thermal polycondensation of melamine 
[39]. X-ray photoelectron spectroscopy was used 
to determine the chemical composition of bulk 
and thin films of g-C3N4. Peaks corresponding 
to C 1s, N 1s, as well as a peak of O 1s of weak 
intensity, are observed in the spectra (see Fig. 2).

The paper shows the C-V characteristics of the 
ITO/g-C3N4/Al structure from -5 V to 5 V for a wide 
frequency range from 1 kHz to 1 MHz. At 1 kHz, 
the capacitance is 3.42 nF, and it decreases to 
3.18 nF as the frequency increases up to 100 kHz. 
The decrease in capacitance at high frequencies 
can be explained by the low conductivity of 
g-C3N4. Moreover, the paper shows the frequency 
dependence of dielectric constant of g-C3N4 thin 
film, the values of which are 8.05–7.17 in the 
frequency range from 100 Hz to 100 kHz.

Giusto et al. observed that g-C3N4 film has a 
refractive index (nD = 2.43) which is the highest 
for polymeric materials [40]. The highly oriented 
and conjugated g-C3N4 films exhibit intense blue 
photoluminescence (PL) under UV excitation. 
The PL spectra of g-C3N4 films differ from those 
of powders due to the large number of allowed 
radiative transitions between different energy 
levels upon light excitation. When the film 
thickness is more than 1 μm, the absorption 
spectra are similar to the absorption spectra of 

Fig. 1. (a) Triazine and (b) tri-s-triazine (heptazine) two-dimensional network based on g-C3N4 (white, gray, 
and blue balls denote H, C, and N, respectively) [35]
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bulk powder. The optical absorption edge shows 
the thickness dependence of absorption [41].

The absorption spectra of g-C3N4 powders 
show that the absorption edge of the material 
is around λ = 450 nm [42]. By contrast, g-C3N4 
films exhibit thickness dependent absorption 
spectra. A 55 nm thick g-C3N4 film exhibits intense 
absorption bands at λ = 307 nm and two additional 
bands at λ = 366 and 386 nm; they are due to π-π*, 
π-π* and LP-π* transitions, respectively, where π* 
are the levels of excited π-orbitals. The differences 

between the wavelengths of the calculated and 
measured absorption bands are related to the 
size of the monoatomic sheets and the thickness 
of the films. Theoretical calculations show that 
the energy bands will be separated into discrete 
energy levels.

Being a carbon/nitrogen compound with tri-
s-triazines linked via tertiary amines, g-C3N4 
has corresponding band positions (conduction 
band (CB) at ≈ –1.1 eV and valence band 
(VB) at ≈+  1.6  eV relative to the standard 
hydrogen electrode (NHE) at pH = 0) [43]. The 
chemical potential allows g-C3N4 to exhibit redox 
properties in various photocatalytic reactions 
under visible light irradiation. As shown in Fig. 3, 
the energy conversion process under sunlight in 
bulk g-C3N4 mainly involves four factors, namely, 
photon excitation, generation/separation of 
photogenerated charge carriers, and surface redox 
reactions involving electrons/holes [44]. 

The disadvantages of bulk g-C3N4 are high 
bulk or surface recombination. It limits the ability 
of pure g-C3N4 to achieve high photocatalytic 
performance.

To overcome the drawbacks of pure g-C3N4, 
its composites with other materials are prepared 
and investigated. In particular, composites with 
metal oxides are used to improve sensor and 
photocatalytic performance.

Fig. 2. X-ray photoelectron spectrum of bulk and thin-
film g-C3N4 [31]

Fig. 3. Four main processes of g-C3N4 photocatalysis
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4. Synthesis methods of metal oxide 
composites with g-C3N4

The synthesis of g-C3N4 composites with 
various compounds, including TiO2 [45], ZnO 
[46], CdS [47], Bi2WO6 [48], Bi2MoO6 [49], In2O3 
[50], Ag3PO4 [51], AgBr [52] и MoS2 [53], has been 
reported in the literature. The heterostructure 
formed based on g-C3N4 cannot be formed 
with all materials. Since the efficiency of the 
heterostructure stimulated by visible light 
depends on the ability to hybridize bonds, the 
main criteria for material selection are the 
corresponding band structure. In addition, 
band bending occurs at the interface due to the 
potential difference between the semiconductors 
in contact. The photogenerated electrons and 
holes move in the opposite directions due to 
the internal field created by the band bending. 
As a result, pairs of electrons and holes are 
effectively separated and combined on the 
opposite sides of the heterojunction. ultrasonic 
mixing, precipitation-calcination, ultrasonic 
dispersion, hydrothermal method, and ultrasonic 
deposition are the methods for synthesizing 
g-C3N4 composites.

Ultrasonication is the simplest method 
for producing g-C3N4-based composites. The 
method involves mixing g-C3N4 powders (derived 
from nitrogen-containing precursors such as 
urea, melamine) with appropriate metals or 
metal oxides in water or an organic solvent. In 
this process, it is possible to form composites 
in which the metal oxide is distributed on the 
surface of g-C3N4 during the stirring process. 

The nanocomposite is extracted after complete 
evaporation of the solvent or water during heat 
treatment. In addition, other factors such as 
mechanical stirring and particle movement in 
the ultrasonic field can modify the deposition 
and dissolution process. A simple precipitation-
calcination procedure was used by Yuan et al. [46] 
to obtain nanocomposites consisting of ZnO on 
g-C3N4 nanosheets (see Fig. 4).

Nanocomposites based on g-C3N4 can be 
obtained by heat treatment at high temperatures 
(calcination) of metal oxides with g-C3N4 
precursors. Due to its advantages including 
low time, low cost, simplicity and high yield, 
this method is a popular method for fabricating 
g-C3N4-based nanocomposites. However, the 
obtained composites have small specific surface 
area, large size particles, inhomogeneous particle 
distribution, etc., because there is no mixing of 
precursors in aqueous medium in this method, 
and higher calcination temperatures are required. 
The formation of heterostructure between the 
components in the fabricated nanocomposite 
reduces the probability of recombination of 
electron-hole pairs.

The hydrothermal method has become 
a promising technology for the creation of 
nanocomposite materials [54]. In this method, the 
crystallite size, morphology and crystallinity of 
materials can be improved due to the fact that the 
process takes place at relatively low temperatures. 
In addition, there are other parameters such as 
pressure, reaction temperature, pH, additives, 
solvent types, reaction time and precursor 

Fig. 4. Fabrication process of nanocomposites from g-C3N4 and ZnO nanosheets [46]
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composition that determine the surface chemistry 
and play an important role in the synthesis 
process. Idresse et al. [55] used the hydrothermal 
method to form niobium pentoxide (Nb2O5)/ 
g-C3N4 heterostructure (see Fig. 5). 

Due to the low temperature used in this 
process, the particles obtained by hydrothermal 
synthesis have higher specific surface area, 
smaller size and better stability compared to 
those obtained by solid-state technology.

The synthesis of nanomaterials using the 
microwave method has become widespread due to 
the homogeneous heating of precursors at a high 
rate. This results in the formation of crystallites 
with a narrow size distribution, which is explained 
by the sequential nucleation and rapid crystal 
growth [56]. g-C3N4 is unstable as an organic 
polymer and decomposes at high temperatures. 
The formation of contact between g-C3N4 and 
semiconductor promotes oxygen activation and 
hence its decomposition [57].

Thus, in this work, methods for synthesizing 
materials based on g-C3N4 from various precursors 
are considered, which are aimed at investigating 
methods for synthesizing g-C3N4 in the form of 
quantum dots, nanosheets or thin films, as well 
as composite heterostructures of g-C3N4 with 
other materials.

5. Application of g-C3N4 in the 
development of gas sensors

The high adsorption capacity and unique 
surface morphology of g-C3N4 contribute to high 
sensitivity. The high efficiency of charge transfer 
in g-C3N4 in the context of interaction with 
various target gas molecules depends largely on 
the type of electrical conductivity. It is suggested 
that the sensitivity mechanism can be explained 
by the self-protonation of g-C3N4 nanosheets. The 
sensing mechanism of g-C3N4 is shown in Fig. 6.

The type of electrical conductivity in  g-C3N4 
strongly depends on the presence of functional 
groups on its surface. In [59], treatment of g-C3N4 
fibers in H2SO4 promotes their protonation 
and provides hole conductivity. In addition, in 
the process of high-temperature annealing, 
decomposition of residual SO4

2- groups to SO3 
is likely, which leads to the oxidation of g-C3N4 
fibers with the formation of oxygen-containing 
groups such as C=O and O=C-OH, which exhibit 
electron-acceptor properties. It contributes to an 
increase in the hole concentration.

Carbon nitrides contain amino groups 
that attract oxygen molecules [60]. When NO2 
molecules interact with amino groups in g-C3N4, 
they capture more electrons due to their higher 
electronegativity compared to carbon atoms. 

Fig. 5. Scheme of the hydrothermal method for synthesis of Nb2O5 and Nb2O5/g-C3N4 [55]
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This is followed by the process of charge transfer 
from the N atom in g-C3N4 to the NO2 atom. 
When NO2, a typical electron acceptor gas, is 
adsorbed, the resistance of g-C3N4 decreases. 
In addition, NO2 can react with water vapor in 
the air to form HNO3, which can protonate the 
g-C3N4 fibers, thereby reducing the resistance. 
For comparison, the obtained sensors were also 
used to detect gases with weak ability to give up 
electrons, such as NH3 and acetone. In contrast, 
when reducing gases interact with g-C3N4, its 
surface resistivity increases, which is a typical 
property of a p-type semiconductor. However, 
when exposed to a neutral gas (hexane or ether), 
the effect of charge carrier scattering on the 
surface becomes dominant due to physically 
adsorbed molecules on the surface of g-C3N4, 
which leads to an increase in the surface 
resistivity. Thus, the large pore area and volume 
as well as the surface area of pure g-C3N4 are the 
main factors for the high response of the sensor 
based on it [58].

Gas sensors based on g-C3N4 are separated 
depending on the oxidation or reduction process 
on the surface of this material. This leads to a 
corresponding change in the surface resistivity 
value of the material. In the case of reducing 
gas, g-C3N4 has proven its ability to detect toxic 
gases, industrial and domestic emissions such 

as acetic acid, n-butanol, carbon monoxide 
[32]. In addition, there are capabilities to detect 
other gases such as acetone, methane, ethanol, 
hydrogen, and toluene [61]. In the case of 
oxidizing gases, g-C3N4 has been investigated 
and proved to be applicable for the detection of 
NO2 and CO2 gases. In addition, g-C3N4 can detect 
ambient humidity. However, the application of gas 
sensors based on pure g-C3N4 is very limited. This 
has led to the modification of g-C3N4 to improve 
its applicability in gas sensors. Techniques such as 
morphology modification, doping and formation 
of heterostructures have been used to improve 
the electrical structure of g-C3N4 material. The 
main focus is the combined surface structure 
modification and heterostructure formation 
with metal oxides. Since this increases the 
surface area where the reaction takes place, the 
concentration of charge carriers increases and 
the recombination of electrons and holes is 
minimized. Table 1 summarizes the main works 
on gas sensors using g-C3N4.

It was shown in [66] that the addition of carbon 
to g-C3N4 contributes to the increase in sensitivity 
to NO2, which is due to the contact between the 
carbon and the g-C3N4 network. This is due to 
delocalized π-bonds leading to modification of 
the electronic structure of C/g-C3N4 and improved 
electron movement. The gas sensitivity of g-C3N4 

Fig. 6. Sensitivity mechanism of g-C3N4 in the detection of oxidizing (case 1), reducing (case 2) and neutral gas 
(case 3) [58]
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with the addition of carbon 10  wt% is 3 times 
higher than that of the original g-C3N4.

There are a number of publications devoted 
to the development of gas sensors based on 
composites of g-C3N4 and metal oxides. For 
example, ZnO/rGO/g-C3N4 nanocomposite for 
ethanol detection was obtained in [72]. The 
developed sensor showed excellent performance: 
sensitivity to 100 ppm ethanol at 300 °C ~ 178 
(Ra/Rg), detection limit below 500 ppb. The addition 
of g-C3N4 leads to a 2-fold increase in sensitivity, 
which is attributed to the electron sensitization 
mechanism. The improved sensitivity of the 
ZnO/rGO/g-C3N4 nanocomposite-based sensor 
to ethanol is mainly due to the combined effects 
of the small size of ZnO, the superior electronic 
conductivity of rGO, the formation of a p-n 
heterojunction between ZnO and rGO, and the 
improved generation of electrons and holes due 
to the wide band gap of g-C3N4.

The authors of [68] synthesized an efficient 
acetone sensor based on g-C3N4/WO3 nanocom-
posites, the Ra/Rg response of which to 100 ppm 
acetone at 340 °C was 35. The obtained value is 
approximately 3 times higher than the response 
of pure WO3. The unique sensing properties are 
attributed to the synergistic effects combining 
ultrathin nanosheets, suitable crystalline phase 
and porous surface of WO3, as well as the increase 
in specific surface area and change in electrical 
properties after g-C3N4 modification.

The hierarchical structure of ZnO decorated 
with g-C3N4 was synthesized in [33]. The results 

showed that the response (Ra/Rg) of g‑C3N4/ZnO to 
1000 ppm CH4 at 320 °C was 11.9 and exceeds that 
of ZnO under the same conditions by 2.2 times. 
The factors determining the improvement 
of sensing properties are increase of specific 
surface area and formation of p-n heterojunction. 
Different lattice parameters of ZnO and g-C3N4, 
involved in the formation of the p-n junction, 
lead to the formation of a large number of defects 
between ZnO and g-C3N4, which are potential 
active centers. The different positions of the 
Fermi level in ZnO and g-C3N4 play an important 
role in providing improved sensing properties. 
Since the Fermi level in g-C3N4 is located higher 
than in ZnO, at the interface between g-C3N4 
and ZnO, electrons will transfer from g-C3N4 to 
ZnO until their Fermi levels are equalized. Thus, 
when the composite sensor is exposed to CH4, the 
electrons that were captured by the chemisorbed 
oxygen anions are transferred back to ZnO. The 
supply of additional electrons from g-C3N4 leads 
to a more significant reduction in the depleted 
charge region. The authors of [73] showed an 
increase in the sensitivity to acetone during the 
formation of CuO/g-C3N4 heterostructures. Thus, 
the response of composites containing 4 wt% 
g-C3N4 to 1000 ppm acetone at room temperature 
is almost 30 times higher than that of a pure 
CuO sample. At the same time, the same factors 
listed above are cited as reasons for the improved 
properties.

There are a number of studies confirming the 
efficiency of photoactivation of gas sensitivity 

Table 1. Main works on gas sensors using g-C3N4

Materials Target gas Working conditions Response Ref.
g-C3N4(8 %)/ZnO Ethanol, 104 ppm RT, UV {(Ib − Ia)/Ia} = 3.26 [61]

Графен/g-C3N4 (15 %) NO2, 500 ppm T = 100 °C Ra/Rg = 2 [62]

g-C3N4(10 %) /TiO2 CO2, 1500 ppm T = 450 °C Ra/Rg = 0.88 [63]

α-Fe2O3/g-C3N4 (60 %) Ethanol, 100 ppm T = 340 °C Ra/Rg= 7.76 [64]

g-C3N4 /Co3O4 Toluene, 100 ppm T = 220 °C Rg/Ra = 25.8 [65]

C (10 %)/ g-C3N4 NO2, 50 ppm T = 200 °C (Rg−Ra)/Ra = 0.71 [66]

g–C3N4(10 %)/ SnO2 Acetic acid, 1000 ppm T = 185 °C Ra/Rg= 87.7 [67]

g-C3N4(1 %)/ WO3 Acetone, 100 ppm T = 340 °C Ra/Rg= 35 [68]

g-C3N4/NiO NO2, 50 ppm RT Ra/Rg= 25.4 [69]

ZnO/ g-C3N4(30 %) NO2, 10 ppm T = 180 °C (Rg−Ra)/Ra = 14.6 [70]

g-C3N4(12 %)/ In2O3 Formaldehyde, 100 ppm T = 119 °C Ra/Rg= 1405 [71]
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at room temperature in “metal oxide/g-C3N4” 
nanocomposites due to the separation of 
photogenerated charge carriers. For example, 
this has been shown in the detection of ethanol 
upon exposure to UV light by sensors based on 
ZnO/g-C3N4 [61], TiO2-C/g-C3N4 [74] composites. 
Determination of NO2 presence at room 
temperature and visible light exposure is possible 
with sensors based on 2D/2D ZnO/g-C3N4 [75], 
In2O3/g-C3N4/Au [76].

A sensor based on a nanocomposite of 
graphene and g-C3N4 [62] showed its efficiency 
in NO2 detection due to the synergetic effect, 
in which graphene with high mobility of charge 
carriers plays the role of a channel for signal 
transmission, while g-C3N4 with an active 
surface takes part in the interaction with analyte 
molecules.

The creation of composites based on two-
dimensional materials and metal oxides has 
become an important area in gas sensing.

In [77], composites of reduced graphene oxide 
(rGO) and ZnO showed a sensitivity of 25.6 % to 
5  ppm NO2 at room temperature. At the same 
time, the response of rGO starts to be observed 
only at higher concentrations of NO2. 

The gas-sensitive properties of the graphene/
SnO2 composite material have been investigated 
[78]. At an optimum operating temperature of 
150 °C, the response value to 1 ppm NO2 was 24.7, 
while the response of pure SnO2 was less than 10. 

In [79], gas-sensitive ZnO/MoS2 composites 
were developed. The response value of the 
obtained sensor to 50 ppm ethanol reached 42.8 
at an operating temperature of 260 °C. For pure 
ZnO, the optimum temperature was 240 °C, 
and the response to the same concentration of 
ethanol was ~ 24.

MoS2-TiO2 composites obtained in [80] 
demonstrated excellent sensing properties and 
high sensitivity to ethanol vapors at low operating 
temperatures, and their response was almost 11 
times higher than that of TiO2 nanotubes. At the 
optimum operating temperature of 150 °C, the 
response to 100 ppm ethanol reached ~ 14.2.

Analysis of the current developments in gas 
sensors showed that the main disadvantage 
of metal oxide-based sensors is the high 
operating temperature, and 2D materials show 
unsatisfactory selectivity. Effective strategies 

for further improvement (to increase selectivity, 
reduce operating temperature, improve sensitivity 
and other properties) include the creation of 
composite structures. To date, research on 
2D metal oxides is still at an early stage. It is 
necessary to further study the mechanisms of 
their interaction with gas molecules.

6. Conclusions
Currently, g-C3N4 is a material with great 

potential for gas sensor applications. The 
structure and basic properties such as electrical 
and optical properties of g-C3N4 are summarized 
in this review. The mechanism of g-C3N4 in gas 
sensors is discussed and specific gas sensor 
applications are listed. 

From this, the following conclusions can be 
drawn about the properties of g-C3N4 for gas sensor 
applications. The high specific surface area of 
g-C3N4 provides more active centers for interaction 
with gases and hence improves sensitivity. The 
surface catalytic properties of g-C3N4 improve 
the sensor performance in oxidation of target 
gases, ultimately minimizing the operating 
temperature. Controlling the mesoporosity of 
g-C3N4 through optimal pore size and volume 
provides a percolation pathway for diffusion of 
gas molecules, which in turn leads to increased 
sensor efficiency. The formation of heterojunction 
between g-C3N4 and metal oxides changes the 
charge transfer properties. The possibility of 
the existence of metal oxides in multiple phases 
(e.g. γ-WO3 and ε-WO3) with g-C3N4 enhances 
the sensing response due to electron transfer 
between the homojunction (γ-WO3 and ε-WO3) 
and heterojunction (WO3/ g-C3N4). Since the metal 
or metal oxide has a higher work function than 
g-C3N4, electrons move from the conduction band 
of g-C3N4 to the metal/metal oxide, resulting in 
band bending. A larger surface area and higher 
electrical conductivity can be achieved by using 
a composite of 2D-2D materials (graphene and 
g-C3N4) to effectively interact with gases.
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1. Introduction
The development of luminescent and laser 

sources of radiation in the mid-infrared (IR) 
range is a promising practical application 
of glasses based on germanium and gallium 
chalcogenides [1, 2]. Until recently, research 
in this area was limited to the evaluation of 
potential capabilities of chalcogenide glasses 
doped with rare-earth elements (REEs) as laser 
materials [3, 4]. In cooperation with Devyatykh 
Institute of Chemistry of High-Purity Substances 
of the Russian Academy of Sciences (ICHPS RAS), 
Dianov Fiber Optics Research Centre (FORC) 
and Prokhorov General Physics Institute of the 
Russian Academy of Sciences (GPI RAS), for the 
first time, laser generation at a wavelength ≥ 5 μm 
was achieved first in bulksamples of REE-doped 
chalcogenide glasses [5] and then in optical fibers 
based on them [6-8].

In recent years, there has been increasing 
interest in germanium and gallium telluride 
glasses due to their optical transparency in a 
wide spectral range up to 35 μm for bulk samples 
[9] and 16 μm for optical fibers [10]. This makes 
such glasses promising for the transmission of 
CO2 laser radiation with operating wavelengths 
at 9.3 and 10.6 μm [11]. Optical devices based on 
telluride glasses can be used to solve problems 
related to space exploration [12–14].

The main difficulty in preparing especially 
pure glasses, containing gallium and REE, is the 
extremely low volatility of these metals in the 
form of simple substances and chalcogenides 
[15, 16]. This virtually excludes the possibility 
of purification of the glass-forming melt by 
distillation, which is the most important step in 
preparing low impurity chalcogenide glasses [17].

The purpose of this review is to systematize 
the scientific fundamentals of the methods for 
preparing especially pure chalcogenide glasses 
developed at the Institute of Chemistry of High-
Purity Substances of the Russian Academy of 
Sciences for the last 15 years. The first part 
of the review presents the results of batch 
synthesis via volatile iodides of p-elements, 
germanium monochalcogenides, and thermal 
decomposition of germanium sulfide and 
selenide iodides [18]. The second part focuses on 
the application of chemical transport reactions 
for preparing low impurity chalcogenide 

glasses. The article presents data on REEs as 
effective getters for binding oxygen impurities 
in telluride glasses.

2. Preparation of chalcogenide glasses 
with chemical transport reactions

Chemical transport is one of the most 
effective methods for the deep purification of 
substances [19, 20]. The method is based on the 
interaction of the vapors of the transport agent 
with the target low volatile substance, resulting 
in the formation of one or more highly volatile 
compounds. For the “main substance – impurity” 
system, chemical transport reactions can be 
written in the following form:

υ1A(c) + υ22C(g)  ΣυiDi,	 (1)

υ3B(c) + υ42C(g)  ΣυiEi,	 (2)

where A – main substance; B – impurity; C – 
transport agent; Di –product of interaction with 
the main substance; Ei –product of interaction 
with the impurity; υi – stoichiometric coeffi-
cient. If at T2 the reactions (1) and (2) proceed 
mainly in the forward direction and at T1 in the 
reverse direction, then by creating a tempera-
ture gradient T2 → T1 it is possible to ensure the 
transport of components A and B from the zone 
with T2 to the zone with T1. If the thermody-
namic or kinetic reaction (1) is more favorable, 
component A will be transported preferentially. 
This leads to a spatial separation of the main 
substance and impurity, which provides the 
purification effect.

The partition coefficient a for chemical 
purification methods is determined by the ratio:

a =
+ +
x

x x
y

y y

*

*

*

*/ , 		  (3)

where x, x* – concentrations of the main substance 
and impurity in the starting reagents; y, y* – con-
centrations of the main substance and impurity 
in the reaction products. If the impurity is trans-
ported less efficiently than the main substance, 
the reaction products are impoverished by the 
impurity compared to the initial reagents, and 
a  1. For the simplified case, when all stoichio-
metric coefficients of the reactions (1) and (2) are 
equal to 1, a can be estimated by standard ther-
modynamic functions of chemical transport 
participants [20]:
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where K1
0 and K2

0 – standard equilibrium constants 
of reactions; DrH1

0 and DrH2
0 – changes in the stan-

dard enthalpies of reactions; DrS1
0 and DrS2

0 – 
changes in the standard entropies of reactions; 
R – universal gas constant; index 1 refers to the 
reaction involving the main substance, index 2 to 
the reaction involving the impurity. When mod-
eling chemical transport by the method of mini-
mizing thermodynamic potentials, the partition 
coefficient is estimated directly from the calcu-
lated equilibrium concentrations of the system 
components. It should be noted that the above 
calculation method is an estimation, since in 
reality chemical transport of substances occurs 
under conditions far from thermodynamic equi-
librium. The separation effect in chemical trans-
port can be based not only on differences in 
equilibrium constants, but also on differences in 
the rate constants of reactions involving the main 
substance and impurity.

2.1 Chemical transport of gallium
Gallium(III) iodide is a convenient reagent for 

vacuum loading of gallium into a reactor with a 
chalcogenide batch with chemical transport. The 
transport agent can be prepared by passing iodine 
vapor over metallic gallium in a vacuum reactor 
and further purified by multiple distillation. 
Chemical transport is based on the reaction:
GaI3 + 2Ga  3GaI. 		  (5)

At higher temperatures, the reaction proceeds 
in the forward direction, transferring non-
volatile gallium to the vapor phase in the 
form of monoiodide. In the lower temperature 
region of the reactor, gallium monoiodide 
disproportionates, releasing metallic gallium and 
GaI3. The main impurities limiting the optical 
properties of chalcogenide glasses contained in 
especially pure gallium are Ga2O3 and Ga(OH)3. 
They have absorption bands in the range 10, 
15–20 μm [21, 22] and may be in the form of 
heterogeneous inclusions at concentrations 
above the solubility limit. These impurities are 
formed when manipulating (weighing, loading, 
storage) metallic gallium and are not controlled 
in commercial high purity samples. To evaluate 
the optimal conditions of chemical transport 

ensuring high efficiency of gallium loading and 
its purification from oxide impurities, the GaI3 – 
Ga – Ga2O3 system was modeled using the method 
of minimization of thermodynamic potentials 
in the IVTANTERMO software package [23]. The 
quantitative evaluation of the efficiency of the 
purification of gallium from oxygen impurities 
was carried out on the basis of the calculation 
of the separation coefficient a[O](T), which 
was determined from the ratio of the initial 
concentration of this impurity in the condensed 
phase n[O]

0 to the equilibrium pressure in the vapor 
phase p[O](T) at a given temperature:

a T
n
n

p T
p TO

O

i

O

i
[ ]

[ ] [ ]/( ) =
( )
( )Â Â

0

0 	 (6)

where ni
0 – initial content of the i-th component 

in the condensed phase; pi(T) – equilibrium pres-
sure of the i-th component at temperature T.

Fig. 1a shows the results of modeling in 
terms of temperature dependence of the relative 
concentrations of the vapor phase components 
and oxygen impurity partition coefficient. The 
high content of gallium monoiodide in the system 
is reached at temperatures > 600 °C. From the 
dependence of the concentration differences 
of the vapor phase components at 600 °C and a 
given temperature T (flow method [19]), it follows 
that efficient transport is observed at ΔT > 250 °C 
(Fig. 1b). The oxygen-containing component of 
the vapor phase is gallium(I) oxide. At 600 °C, 
the partition coefficient is about 103, indicating 
the high efficiency of chemical transport to 
purify gallium from oxygen impurities. The data 
obtained was used as reference values for the 
development of the gallium loading method.

The method was used to prepare glasses of 
the Ga – Ge – As – Se system [24]. The optimum 
conditions for chemical transport are as following: 
the temperature in the ampoule with gallium 
600–650 °C; temperature of the GaI3 evaporator 
220–240 °C; the temperature of the gallium 
receiver 250-280 °C. The Ge – As – Se batch, 
previously alloyed with aluminum and TeCl4 to 
bind oxygen and hydrogen impurities, was fed 
into the gallium reactor by vacuum distillation. 
The glass synthesis was carried out at 800 °C for 
4 hours in a rocking furnace.

Figure 2 shows the absorption spectra of four 
glass samples prepared by different methods. 
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Sample 1, with the Ga3Ge16As17Se64 composition, 
was prepared by melting simple, especially pure 
substances without additional purification. 
Sample 2, with the Ge16As17Se67 composition, was 
prepared by adding getters and purification of 
the melt by distillation. The other two samples, 

with the Ga3Ge16As17Se64 composition, were 
synthesized using the same technique with the 
addition of metallic gallium by conventional 
loading (sample 3) and chemical transport (sample 
4). In sample 1, along with the high intensity of 
the absorption bands, we observe a significant 

Fig. 1. Thermodynamically determined composition of the GaI3 – Ga – Ga2O3 system (a) and the dependence 
of the amount of the transferred vapor phase component on the temperature difference ΔT = 600°C – T (b)

Fig. 2. Absorption spectra of glasses prepared by different methods: 1 – the Ga3Ge16As17Se64 sample, prepared 
by melting simple high purity substances; 2 – the Ge16As17Se67 sample, prepared with the addition of getters 
and distillation purification of the melt; 3 – the Ga3Ge16As17Se64 sample, prepared from sample 1 with the ad-
dition of gallium by the usual loading; 4 – the Ga3Ge16As17Se64 sample, prepared by the method of sample 1 with 
the addition of gallium by the chemical transport method [69]

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2025;27(1): 190–202

A. P. Velmuzhov et al.	 Advanced methods for preparing especially pure glasses based on germanium and...



194

scattering in the short wavelength region of the 
spectrum. This is due to the presence of gallium(III) 
oxide impurities in the form of heterogeneous 
inclusions. The addition of gallium to the 
Ge16As17Se67 glass by the conventional method 
leads to a 2-fold increase in the intensity of the 
absorption bands of the SeH- groups, germanium 
and arsenic oxides – by a factor of 3. This is due to 
the incorporation of Ga2O3 and Ga(OH) 3 impurities 
(or a more complex composition) present in the 
initial metallic 7N gallium. In the glass prepared 
with Ga loading with chemical transport, the 
intensity of the impurity absorption bands is 
lower by an order of magnitude. Consequently, 
the developed method has high efficiency for 
preparing gallium-containing chalcogenide 
glasses with the low impurity content.

1.2. Chemical transport of gallium 
telluride(III)

The high chemical activity of gallium towards 
the silica glass reactor is a disadvantage of 
chemical transport in the form of a simple 
substance. This facilitates the formation of 
relatively volatile lower iodides of gallium and 
silicon, which enter the glass-forming melt:

2Ga + SiO2  Ga2O + SiO. 	 (7)

To avoid contact of metallic gallium with the 
reactor walls when preparing glasses of the Ga – 
Ge – Te system, a method of transport loading of 
gallium(III) telluride has been developed [25, 26]. 
The method is based on the reaction:

GaI3(g.) + Ga2Te3(c.)  3GaI(g.) + 3/2Te2(g.). 	 (8)

According to the results of thermodynamic 
modeling [25], a significant transition of gallium 
to the vapor phase in the form of GaI happens at 
temperatures above 600 °C. The minimum value 
of ΔT for effective chemical transport of gallium 
telluride(III) at 750 °C is 250 °C. The oxygen 
impurity content can theoretically be reduced 
by a factor of 103–104 at transport temperatures 
of 680–700 °C. It has been experimentally 
determined that the optimum conditions for 
chemical transport of gallium telluride are: the 
temperature in the ampoule with Ga2Te3 is 680–
720 °C; the temperature of the GaI3 vaporizer 
is 220–240 °C; the temperature of the Ga2Te3 
receiver is 250–280 °C. The average loading rate of 
Ga2Te3 under these conditions was 0.3 g·h–1·cm–2.

A specific task in the transport loading of 
gallium(III) telluride for preparing especially 
pure chalcogenide glasses is the synthesis 
of this compound. The interaction of simple 
substances in the intermediate reactor requires 
the subsequent extraction of the synthesized 
telluride and its introduction into the chemical 
transport unit. These operations have a high 
probability of contaminating the reactant with 
atmospheric impurities. The tellurium vapor 
passing over metallic gallium, analogous to the 
synthesis of GeTe [27], is inefficient because the 
resulting layer of non-volatile Ga2Te3 prevents 
further reaction. In view of these difficulties, a 
method of Ga2Te3 synthesis has been developed 
which consists in preparing a glass with the 
composition Ga10Ge15Te75 by the interaction of 
simple substances and its subsequent thermal 
decomposition. According to the results of X-ray 
diffraction phase analysis and atomic emission 
spectrometry with inductively coupled plasma 
[28], the decomposition of Ga10Ge15Te75 glass at 
a temperature of 750 °C can be described by a 
chemical reaction:

Ga10Ge15Te75 → 5Ga2Te3 + 15GeTe + 45Te. 	 (9)

The method was used to synthesize the 
especially pure Ga10Ge15Te75 and Ga10Ge15Te73I2 
glasses. In the first step, the (GeTe)xTe100-x batch 
was prepared by passing tellurium vapor over a 
mixture of germanium granules with aluminum 
and loaded into an ampoule with metallic gallium. 
The ampoule was sealed, and the batch was 
melted at 800°C for five hours without being 
disconnected from the vacuum post. Tellurium 
and germanium(II) telluride were then extracted 
from the resulting Ga10Ge15Te75 melt at 750 °C. 
Gallium(III) telluride was left in the evaporator. In 
the next step, the transport loading of gallium(III) 
telluride into the batch reactor was carried 
out by passing of gallium(III) iodide. To obtain 
Ga10Ge15Te73I2 glasses with improved stability 
against crystallization, the calculated amount 
of gallium(III) iodide was returned to the batch. 
The ampoule containing the batch was sealed-
off and melted at 850°C for five hours. The melt 
was quenched in water and annealed at 170 °C to 
relieve mechanical stress.

Fig. 3 shows the absorption spectra of 
glasses of the Ga – Ge – Te – I system, prepared 
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by different techniques, in a broad spectral 
range (a), in the impurity absorption region of 
germanium oxides (b), in the absorption region 
of gallium oxides (c). The lowest intensity of the 
impurity absorption bands is observed for the 
sample prepared with Ga2Te3 chemical transport, 
synthesized by thermal decomposition of  the 
Ga10Ge15Te75 glass. The intensities of the impurity 
bands in this sample are below the detection limit 
obtained for samples up to 30 mm in length. The 
estimated Ge–O impurity content calculated from 
the absorption in the 12.5 μm region is <1 ppb(wt). 
This is by far the best result for germanium and 
gallium telluride-based glasses. The absence of a 
known absorption coefficient for oxygen impurity 
in the form of gallium oxides makes it difficult to 
estimate its content.

2.3 Chemical transport of REE
The interest in REE-doped chalcogenide 

glasses is due to the possibility of achieving mid- 
IR laser generation in them. REEs have been 
shown to be a significant source of hydrogen 

impurities and heterogeneous inclusions in 
chalcogenide glasses [29]. Hydrogen in REEs 
is present in dissolved form and as stable 
hydrides [30]. The difficulty in purifying REEs 
from hydrogen by conventional heating in 
vacuum is due to the thermal stability and 
refractoriness of the hydrides: most of them 
decompose significantly only above the melting 
point (> 1000 °C). Hydrogen impurity can have a 
significant negative effect on the luminescence 
and generation properties of doped chalcogenide 
glasses due to radiation-free impurity relaxation 
[31]. This is due to the spectral proximity of the 
absorption bands of SH- and SeH groups and the 
emission bands of REEs.

To prepare especially pure glasses, we 
proposed to use a method of vacuum alloying 
of metals with gallium for purifying REEs from 
hydrogen impurities [32]. The addition of 
gallium significantly reduces the decomposition 
temperature of REE hydrides due to the formation 
of fusible intermetallics, e.g. Ga3Tm, Ga2Pr, 
Ga2Tb. This ensures efficient purification at 

Fig. 3. Absorption spectra of Ga – Ge – Te – I glasses prepared by different methods: in a wide spectral range 
(a), in the absorption range of germanium oxide impurity (b), in the absorption range of gallium oxides (c). 
1 – the Ga10Ge15Te73I2 sample, prepared by melting simple substances and germanium(IV) iodide; 2 – the 
Ga10Ge15Te75 sample, prepared with preliminary synthesis of Ga2Te3 in an individual reactor and subsequent 
chemical transport; 3 – the Ga10Ge15Te73I2 sample, prepared with preliminary synthesis of Ga2Te3 by passing 
tellurium vapor over gallium and subsequent chemical transport; 4 – the Ga10Ge15Te73I2 sample, prepared with 
loading of metallic gallium by chemical transport [28]); 5 – the Ga10Ge15Te75 sample, prepared with preliminary 
synthesis of Ga2Te3 by decomposition of Ga10Ge15Te75 and subsequent chemical transport [25]
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temperatures of 700–750°C. In combination with 
germanium loading via monochalcogenides, the 
method made it possible to significantly reduce 
the content of hydrogen impurities in the form 
of SH- and SeH- groups in REE-doped Ga5Ge36S59 
and Ga5Ge36Se59 glasses from (10–26)±2 ppm(at.) 
to (0.16–0.22)±0.02 ppm(at.) (Fig. 4) [32]. In 
the Tb-doped Ga5Ge36Se59 sample prepared by 
the developed method, laser generation in the 
5 μm range was achieved for the first time for 
chalcogenide glasses [5].

To prepare REE- doped optical fibers, the 
requirements for the content of heterogeneous 
impurities, which have a negative effect on the 
optical losses, increase significantly. The doping 
of chalcogenide glasses leads to contamination 
with REE oxide inclusions and products of their 
interaction with the silica glass reactor [33]. 
For deep purification of this type of impurity, a 
method consisting of chemical transport of REE in 
a gallium(III) iodide flow has been developed [34]:

3GaI3 + 2R  3GaI + 2RI3, 	 (10)

where R – REE. According to the results of 
thermodynamic modeling of GaI3 – R – R2O3 sys-

tems, the effective chemical transport of REE 
takes place at reactor temperatures above 650 °C 
and ΔT > 250 °C. The equilibrium partition coef-
ficient for oxygen impurity under these condi-
tions is in the order of n ×103. The formation of 
complex iodides may also facilitate chemical 
transport:

GaI3 + RI3  Ga[RI6],		  (11)

GaI + RI3  Ga[RI4].		  (12)

The volatility of such complexes is significantly 
higher than that of the simple iodides of the 
corresponding REE [35]. It has been found 
experimentally that the average rate of chemical 
transport increases by two orders of magnitude 
at preliminary alloying of REE with gallium. This 
may be due to the additional amount of GaI by 
reaction (12), which promotes the formation 
of complex iodides. This approach enables the 
simultaneous loading of REE and gallium into 
the batch reactor.

The Ga5Ge20Sb10Se65 composition was chosen 
as a base glass for REE doping. This glass has high 
crystallization stability, which is a critical property 
for preparing low-loss optical fibers. The glasses 

Fig. 4. Absorption spectra of Ga5Ge36S59 glasses doped with 1400 ppm(wt) Tm (a) and Ga5Ge36Se59 glasses doped 
with 760 ppm(wt) Pr or Tb, prepared using different methods of REE purification (b). 1 – undoped sample; 2 – 
vacuum alloying of Tm and Ga; 3 – treatment of Tm in sulfur vapor (the technique is proposed in [33]); 4 – 
without Tm purification; 5 – undoped sample; 6 – without Pr purification; 7 – vacuum alloying of Pr and Ga; 
8 – treatment of Tb in selenium vapor; 9 – vacuum alloying of Tb and Ga [32]
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were doped with Ce, Pr, Nd, Tb, Dy in the range 
of 0.05–1 wt. %. The developed process included 
the following main steps: 1) preparation of Ge – 
Sb – Se batch by passing selenium vapor over a 
mixture of germanium and antimony; 2) double 
distillation of the batch; 3) alloying of gallium with 
REE; 4) chemical transport of REE and gallium in 
the flow of gallium(III) iodide into the reactor; 
5)  loading of Ge – Sb – Se batch by distillation 
into the reactor with gallium and REE; 6) melting 
of Ga5Ge20Sb10Se65 + REE batch, quenching of the 
melt, glass annealing and slow cooling.

It has been shown that at chemical transport 
loading of rare earth metals, some impurities 
(REE oxides, SiO2, Al2O3, Ga2O3, TiO2, Ta2O5, 
REE oxofluorides), chemically inert to gallium 
iodide vapors, remain in the initial ampoule. 
Metal impurities (iron, manganese, titanium, 
aluminum, tin, etc.), capable of forming stable 
and volatile at temperatures of 300–700 °C simple 
and complex iodides, are transported together 
with the REE iodides; tungsten and molybdenum 
impurities do not completely transform into 
iodides and are partially transported. In the 
process of REE loading they are purified from 
impurities of fluorine, hydrogen, oxygen, some 
metals, and heterogeneous inclusions.

The glass samples doped up to 1 wt % REEs 
were prepared with reproducibly low content 
of hydrogen impurity in the form of SeH- 
groups not more than 1.5 ppm(at.); metals in 
total <  1 ppm(wt.); micron-sized inclusions 

< 102 pcs/cm3 and submicron particles – at the 
level not exceeding the background scattering 
of the glass. Optical losses in the optical fiber 
with the 20 μm diameter Ga5Ge20Sb10Se65 + 
1130  ppm(wt) Tb core glass and Ge12As20Sb5S63 
clad glass were 1.8 dB/m at a wavelength of 1.56 
μm [6]. This is significantly lower than the values 
measured in 230 μm diameter unclad optical fibers 
doped with 500 ppm(wt) PrCl3 or PrI3 prepared by 
the conventional method in [36] (25–75 dB/m).

Fig. 5 shows the spectrum of laser generation 
in the optical fiber drawn from Ga5Ge20Sb10Se65 + 
1130 ppm(wt) Tb glass [7]. The 53 cm long fiber 
was pumped with a thulium laser (λ = 1.98 μm). 
The maximum output power was 150 mW. The 
possibility of achieving laser generation in the 
5 μm region in doped chalcogenide glasses with 
practically significant properties correlates 
with the presence of micron heterogeneous 
inclusions and optical losses due to these 
inclusions. Significant characteristics of laser 
generation have so far been achieved only in 
samples prepared using the developed method 
of REE loading, in which the content of micron 
inclusions does not exceed < 102 pcs/cm3.

The limitation of the developed method of 
REE loading is due to the high reactivity of their 
iodides towards silica glass [37]:

2RI3 + SiO2  2ROI + SiI4.	 (13)

In this reaction, REE iodides act as transporters 
for silica(IV), which enters the chalcogenide 

Fig. 5. Laser generation spectra of the optic fiber fabricated from the 1130 ppm(wt) Tb-doped Ga5Ge20Sb10Se65 
core glass and the Ge12As20Sb5S63 cladding glass (a); the dependence of the output power of generation Poutput 
on the pump power Pinput (b). Curves b1 and b2 refer to optical schemes with the use of an attached mirror and 
without it respectively. Parameter η is the slope efficiency [7]
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batch. Heterogeneous SiO2 inclusions appear to 
be the main source of excessive optical losses 
in fibers based on doped chalcogenide glasses. 
To improve the laser properties of chalcogenide 
optical fibers, it is necessary to further reduce the 
content of this impurity.

3. Application of REE for binding oxygen 
impurities

Due to the disadvantages of aluminum 
and magnesium mentioned in [18], a search 
was initiated for alternative getters to prepare 
especially pure chalcogenide glasses with a 
low content of oxygen impurities. It was found 
that along with an increase in the intensity of 
the absorption bands of hydrogen-containing 
impurities, the addition of REE leads to a 
significant increase in the transparency of the 
glasses in the absorption regions of germanium, 
tellurium and gallium oxides. The results of 
thermodynamic modeling predict a high ability 
of REE to reduce oxides of chalcogenide glass 
components, which increases in the series (Al) → 
Eu → Ce → La → Pm → Pr → Nd → Sm → Yb → 
Gd → Dy → Tb → Tm → Lu → Ho → Er → Y [38].

To experimentally confirm the efficiency 
of REEs as oxygen impurity getters, a series of 
glasses with the Ga10Ge15Te75 + 1000 ppm (wt) REE 
composition were prepared [38]. The absorption 
spectra of the prepared samples are shown in 
Figure 6. The Ge20Te80 glass spectrum shows 

intense absorption bands of Te–O (13.6 μm) and 
Ge–O (12.6 and 8.0 μm). In the spectrum of the 
Ga10Ge15Te75 sample without the addition of the 
getter, the intensity of these bands decreases by 
a factor of 30–50. Intense Ga–O bands appear in 
the 15–20 μm region and a low intensity band 
in the 10 μm region, which may correspond to 
Ga–OH impurity [22]. Consequently, gallium 
is quite effective in reducing germanium and 
tellurium oxides and improving the transparency 
of telluride glasses in the 8–15 μm region. The 
addition of 1000 ppm(wt) of aluminum and REE 
to Ga10Ge15Te75 glasses results in a significant 
decrease in the intensity (<5·10–4 cm–1) of the 
Ga–O, Ga–OH and Ge–O absorption bands 
due to the greater reducing power of these 
elements compared to gallium. This corresponds 
to a reduction in the impurity content of the 
gallium(III) oxide by 3 orders of magnitude. 
Absorption bands of the corresponding oxides 
appear in the spectra of glasses doped with 
Al, Pr, Sm, La and Eu [39]. When distilling the 
glass-forming melt, a significant decrease in the 
intensity of these bands can be expected due to 
the non-volatility of the oxides. However, the 
absence of absorption bands in the initial samples 
is preferable, as incomplete removal of oxides 
during distillation may occur. In the spectrum of 
the Eu-doped sample, the intensity of the oxide 
band is the highest among the REEs studied and 
the Ga–O absorption bands are present. This 

Fig. 6. Absorption spectra of Ga10Ge15Te75 glasses with the addition of 1000 ppm(wt) of getter [38]
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is due to the tendency of europium to oxidize 
rapidly in the air and to have the lowest reducing 
power among the REEs according to the results 
of thermodynamic modeling.

The spectra of glasses doped with Dy, Tb, Sm 
and Pr show absorption bands due to electronic 
transitions [40]. In the studied samples of 
Ga10Ge15Te75 glasses in the spectral range of 
2–20 μm, there are no intense absorption bands 
when doped with Y, Gd and Lu. These getters seem 
to be the most suitable for preparing especially 
pure telluride glasses with low oxygen impurity 
content. Ho and Tm can also be included in this 
series as their absorption bands as electronic 
transitions are in the short wavelength region 
(< 2 µm) and practically do not appear in the 
spectrum of the telluride glass. However, these 
bands will be present in the spectra of sulfide and 
selenide glasses.

Among 11 REEs investigated for their ability 
to bind oxygen impurities in chalcogenide glasses, 
the following groups can be distinguished:

1) give no absorption bands due to electron 
transitions and oxide impurities – Y, Gd, Lu;

2) give absorption bands due to electronic 
transitions but no oxide bands – Tm, Dy, Tb and 
Ho;

3) give oxide absorption bands – Eu, Sm, Pr, La.
The advantages of REE groups 1) and 

2) in comparison with aluminum, which is 
conventionally used as a getter, are:

– high efficiency in the reduction of gallium, 
germanium and tellurium oxides;

– more complete removal at distillation of 
chalcogenide glass melt;

– absence of intense absorption bands from 
oxides in the glass transparency region;

– lower etching capacity of the silica-glass 
surface compared to aluminum.

These REEs are recommended as getters for 
preparing especially pure glasses with extremely 
low oxygen impurity content. For example, 
the efficiency of Dy as a getter for preparing 
especially pure glasses of the Ge – As – Sb – S 
system has been shown in [41].

The disadvantage of REEs as oxygen getters 
compared to aluminum is rapid oxidation when 
stored in the air. Aluminum in contact with 
oxygen and moisture is covered with a thin but 
dense protective film which prevents further 

oxidation. REEs, mainly La, Pr, Ce, Nd, Eu and Sm, 
oxidize quite rapidly to form oxides, hydroxides, 
carbonates and hydrocarbonates. Oxidation 
penetrates deep into the metal volume, so the 
application of these REEs requires special sample 
preparation. To a lesser extent, oxidation in air is 
characteristic of Y, Gd and Lu.

4. Conclusions
The chemical transport method is highly 

efficient in preparing especially pure chalcogenide 
glasses with extremely low content of limiting 
impurities. This is due to the fundamental reasons 
that the separation factor in this deep purification 
method is determined by the ratios of equilibrium 
constants or rates of chemical reactions involving 
the main substance and impurities. By selecting 
a suitable transport agent and optimizing the 
process conditions, it is possible to achieve 
high values of the separation factor and ensure 
a reduction of the impurity content by several 
orders of magnitude in a single stage.

A major advantage of chemical transport is that 
it is not only a method of deep purification, but 
also of vacuum loading of the batch components 
into the reactor. This eliminates subsequent 
interaction of the purified materials with the air 
atmosphere until the finished glass is removed 
from the reactor.

P-element iodides are the optimal, but not 
the only transport agents for deep purification 
of chalcogenide batch components. There are 
several fundamental and technological reasons for 
this. Firstly, iodides exhibit less chemical activity 
against silica-glass at elevated temperatures than 
other halides. Secondly, residual iodines (typically 
less than 0.1 at.%) do not adversely affect the 
target properties of the glasses. As noted in the first 
part of the review [18], small additions of iodide 
increase the crystallization stability of the glasses, 
the overall level and range of transparency, and 
promote the dissolution of REE. Thirdly, iodides 
are easily synthesized under laboratory conditions 
without the use of highly toxic reagents. Along 
with gallium(III) iodide, germanium(IV) iodide 
can be used for the chemical transport of batch 
components, particularly in the preparation of 
gallium-free glasses.

A further improvement of the developed 
methods for  preparing especially  pure 
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chalcogenide glasses may be the multiple 
purification of the batch components with 
chemical transport. In this case, the efficiency of 
impurity removal compared to a single process 
increases in an–1 time, where n – the number of 
stages. Another direction is to extend the range 
of batch components that can be purified and 
loaded with chemical transport. Silver iodide 
is one of such components. The addition of AgI 
significantly increases the crystallization stability 
of telluride glasses and makes it possible to 
fabricate optical fibers from them [10, 42].

The most significant result presented in 
the review is the achievement of mid- IR laser 
generation on REEs in chalcogenide glasses, 
which was previously not possible. This result is 
an example of a solution to a classic problem in the 
chemistry of high-purity substances – increasing 
the purity of materials led to the discovery of a 
new functional property in them, which was not 
manifest due to the high impurity content for 
this property. This brings chalcogenide glasses 
into the class of laser materials [43] and greatly 
expands their practical applications.
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1. Introduction
Increasing the efficiency of thermoelectric 

devices along with the search for new materials 
includes the development of new technologies 
for the realization of metal-semiconductor 
switching interconnection. Previously, the 
authors of this article have conducted a series of 
studies of the effect of pulsed photon treatment 
(PT) by radiation of powerful xenon lamps on 
the mechanical properties of semiconductor 
thermoelectric branches (based on solid solutions 
Bi2Te3−Bi2Se3) and adhesion of interconnect 
layers [1], electrical properties [2], thermal 
conductivity and Q-factor of thermoelectric 
branches [3]. These studies have shown the 
principal possibility and efficiency of using the 
PT method in the development of thermoelectric 
devices. It was shown in [4] that the energy effect 
of PT stimulates local recrystallization of the 
surface layer, which leads to the formation at a 
depth of ~ 500 nm of an area characterized by 
a gradient dispersion of the crystal structure, 
namely, adjacent large and nanoscale crystallites 
and, as a consequence, to changes in the 
electrical properties, thermal conductivity and 
thermoelectric Q of semiconductor materials.

The authors of papers [5–7] have shown that 
the effect of PT compared to conventional thermal 
treatment is manifested in the acceleration of 
diffusion processes [5], increase in the dispersity 
of the formed structures [6], and decrease in 
the temperature thresholds of phase formation 
[7]. Possible mechanisms of acceleration at 
photon activation of metal diffusion processes 
in semiconductors, synthesis of silicides and 
recrystallization in metal films have been 
considered in papers [8-10]. However, as shown 
in the review [11], the current mechanisms of 
activation of processes due to their complexity 
and stages in each specific case are not the same 
and require individual consideration taking 
into account the athermic and thermal nature. 
On the examples of synthesis of thin films of 
metals, silicides, carbides, nitrides and oxides, the 
authors considered the effect of PT, manifested 
in the excitation of the electronic subsystem 
(for the crystallization of amorphous materials), 
the rupture of interatomic bonds, the formation 
of vacancies, recrystallization. Such studies of 
massive multicomponent semiconductor systems 

have not been carried out, and the mechanism of 
the influence of PT on the structure of the surface 
region of the semiconductor material Bi2Te3–хSeх 
still awaits its detailed characterization.

The aim of this work is to reveal the nature and 
systematize the mechanisms of gradient structure 
formation in the surface layer of bismuth 
chalcogenide at PT by incoherent radiation of 
xenon lamps.

2. Experimental part
Initial samples of Bi2Te3–xSex (x ~ 1) for 

research were obtained by the method of cold and 
subsequent hot pressing in steel molds from the 
powder of material of corresponding composition 
with dispersity of 0.063÷1 mm. 

PT of plates was performed alternately 
from both sides by powerful radiation of xenon 
lamps (spectral range λ = 0.2÷1.2 μm) in argon 
atmosphere on the UOLP-1M installation 
with radiation doses EI = 125÷175 J/cm2, which 
corresponded to the processing time 1÷1.4 s.

To investigate the wavelength dependence of 
the reflection coefficient for Bi2Te3–xSex samples, 
rectangular samples of 10×10×0.5 mm3 with 
larger faces normal to the briquette pressing 
axis (z-cut) and parallel to the briquette pressing 
axis (x-cut) were used. Reflection spectra of 
unpolarized radiation were recorded on a Lambda 
650 spectrophotometer with a URA module in the 
wavelength range 0.190÷0.9 μm with a resolution 
of ± 0.15 nm at a temperature of 300 K, the angle 
of incidence of radiation on the sample did not 
exceed 8°.

3. Results and their discussion
Previously, we found [4] that the energy 

effect of PT at EI~175 J/cm2 stimulates local 
recrystallization of the surface layer with the 
formation in the surface region of the solid 
solution Bi2Te3–xSex (n-type) gradient region 
at a depth of ~ 500 nm and more (Fig.1). ), in 
which large crystallites of 0.5÷3 microns in size 
border the surface nanostructured layer with a 
high density of defects (nanopores, nanocracks, 
inclusions) and crystallite size ~ 15÷30 nm.

The modified layer contains a large number 
of pores and inclusions (Fig. 1a), the average 
density of which is ~ 2·1010 cm–2. Crystallites 
are morphologically isotropic (average size 
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~ 40÷60 nm) and practically do not contain linear 
defects (dislocations).

The material in the sample volume (starting 
from a depth of 1 μm) has a large-block structure 
(Fig. 1b), the crystallite size is 0.5÷3 μm. This 
grain structure is characterized by the presence 
of large lamellar inclusions and cracks ranging in 
size from 50 nm to 1 μm, as well as small globular 
defects up to 50 nm. Some large crystallites 
contain a network of dislocations with a linear 
density of ~ 1–106 cm–2.

No change in the phase composition of the 
samples after PT was detected, as evidenced by 
X-ray diffractometry studies (Fig. 2). Thus, when 
the surface of bismuth telluride is irradiated with 
high-energy radiation from xenon lamps for a 
very short period of time (t = 1.4 s), accelerated 
recrystallization occurs in the surface layer of 
the material with the formation of a gradient 
nanocrystalline structure without changing the 
phase composition.

According to [12] the emission spectrum of 
xenon lamps INP-16/250 is incoherent, covers 
the wavelength range of 0.2–1.2 µm and has 
two maxima near 0.4 and 0.9 µm (Fig. 3). This 
spectrum was obtained at minimum values of 
radiation power. With increasing power of xenon 
lamps, the plasma temperature increases with 
increasing fraction of ultraviolet radiation and 
decreasing fraction of infrared radiation [13].

According to paper [14], the concentration 
of free electrons in bismuth telluride is 
n  =  (2.0÷2.25)·1020 cm-3. The concentration 
of free electrons increases at the PT surface 
of Bi2Te3 due to the internal photoeffect. 
The maximum intensity of electromagnetic 
radiation from xenon lamps in the infrared 
range of 0.8÷1.0 μm corresponds to the energy 
interval of photons (2.0÷2.5)·10–19J (1.4÷1.6 eV). 
At the irradiation dose with EI = 125 J/cm2 
delivered to the sample in 1.4 s, the photon flux 
is more than 3·1020 cm–2·s–1. 

Fig. 1. TEM micrograph of a cross section of a 
Bi2Te3–xSex sample after PT in argon at EI ~ 175 J/cm2 
[4] 

Fig. 2. X-ray diffractograms from the surface of the studied samples before (1) and after PT in Ar with 
EI ~ 125 J/cm2 (2) [4]
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The band gap of bismuth telluride is 
0.15÷0.17  eV [15], so the photon energy of 
xenon lamps is sufficient to activate electronic 
conduction in the surface layer of the material, 
the thickness of which is equal to the thickness 
of the skin layer for the infrared range in Bi2Te3. 
Thus, the concentration of electrons in the 
surface layer of bismuth telluride at the moment 
of PT is comparable to the concentration of free 
electrons in the metal. The free electrons in the 
metal in the process of scattering electromagnetic 
waves form a reflected wave of high intensity, 
allowing a small fraction of the radiation in. As 
a rule, in the infrared and visible parts of the 
spectrum the reflection coefficient is larger than 
in the ultraviolet range [16].

Fig.4 shows the reflection spectra of the 
surfaces of z- and x-sections of the original 
Bi2Te3–xSex samples. As can be seen from the 
figure, for both samples in the spectrum there 
are no maxima or minima, indicating polarization 
or absorption of radiation by the crystal in this 
region of the spectrum. The curves are monotonic 
and similar to the dependences observed for 
metals in the corresponding wavelength range 
[16]. The reflection coefficient is 20÷28 and 
42÷48 % in the ultraviolet and infrared ranges, 
respectively. A slight difference in the reflectivity 
of z- and x-cut samples indicates the lowest 
roughness of the briquette faces, which are cut 
perpendicular to the pressing axis. The obtained 
results are in agreement with the data of [17, 18], 
in which the lumen studies of thin films of Bi2Te3 
and Bi2Te2.7Se0.3 with a thickness of ~ 100 nm in 
the wavelength range of 0.2÷1.1 μm showed low 
transmittance. Thus, the transmittance ratio for 
Bi2Te3 was not more than 15% and for Bi2Te2.7Se0.3 
not more than 3 %.

It can be assumed that for the investigated 
Bi2Te3-xSex samples the skin effect, i.e. exponential 
decrease of the absorbed energy at removal from 
the surface, will be manifested in the process of 
PT. The skin-layer thickness in bismuth telluride 
for a given emission spectrum can be estimated 

by the known approximation d
pnmm s

= 1

0

, where 

ν – emission frequency, µ0 – magnetic constant; 

Fig. 3. Spectral distribution of the emission intensity 
of xenon lamps INP 16/250 [12]

Fig. 4. Reflection coefficient spectra of Bi2Te3-xSex crystals: curve 1 - z-cut, curve 2 - x-cut
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µ – relative magnetic permeability; σ – specific 
electrical conductivity [19, 20].

Based on the obtained data, Fig. 5 shows the 
dependence of the skin layer thickness for Bi2Te3 
on the wavelength and photon energy of PT. The 
skin layer thickness does not exceed 90 nm for 
the whole radiation spectrum.

Also, for comparison, we evaluated the 
radiation absorption depth δ in polycrystalline 
bismuth telluride films for the wavelength range 
0.2÷1.4 μm using in calculations the optical 
parameters of the material [21, 22]: δ = 2/α, where 
α = 4πk/λ0 is the attenuation coefficient, k is the 
extinction coefficient [22], λ0 is the wavelength of 
the incident radiation. The results are presented 
in Fig. 6. 

Comparison of the skin-layer thickness 
determined from the electrical and optical 
characteristics in the wavelength range 
0.4÷1.2  μm with the results described above 
allows us to conclude that the entire radiation 
energy is absorbed in the Bi2Te3–хSeх surface layer 
with a thickness not exceeding 60 nm. Electron-
photon interaction takes place in the whole 
range of xenon lamps, so several mechanisms of 
acceleration of the recrystallization process of the 
surface layer are possible. First, energy absorption 
in a small surface layer leads to surface heating, 
which initiates active propagation of acoustic 
phonons in the surface region. Second, a pulsed 
multiple increase in the number of charge carriers 
(exclusively in the surface region of the material) 

will lead to a concentration gradient and diffusion 
of charge carriers from the surface region into 
the material volume. These factors will lead to 
an intense interaction between electrons and 
acoustic phonons in a skin layer no thicker than 
60 nm. As a result of electron-phonon interaction, 
the concentration of defects, primarily vacancies, 
increases sharply in the surface region of the 
material, which accelerates the recrystallization 
process.

Due to the gradient nature of the energy 
impact at PT, the collecting recrystallization 
within the skin layer is very difficult, and 
secondary recrystallization is possible both within 
the skin layer and in the volume of the material, 
which leads to the formation of a gradient grain 
structure at the surface of the material. Activation 
of secondary recrystallization in the surface layer 
of bismuth telluride is due to the nonequilibrium 
concentration of vacancies that actively diffuse 
from the skin layer.

The photon energies of xenon lamps are 
sufficient for the formation and migration of 
tellurium vacancies (1.41÷1.18 and 0.94÷1.17 eV, 
respectively [15]). Consequently, for an absorption 
coefficient m = 2.1–107 m–1 (λ ≈ 0.55 μm) [23] at a 
skin-layer depth of 50 nm, the intensity of absorbed 
light energy (I = 0.62 – I0exp(–μh) ≈ 0.2I0) is up to 
20% of the incident at PT, which corresponds to 
the number of absorbed quanta of light ≈ 6·1019. 
The same layer of irradiated material contains 
about 3.3·1016 atoms, so the fraction of atoms in 
the excited state can be extremely large. It was 
shown in papers [24–25] that laser irradiation 

Fig. 5. Graph of dependence of skin layer thickness on 
the wavelength / photon energy of incident radiation

Fig. 6. Dependence of absorption depth for polycrys-
talline films of bismuth telluride on the wavelength 
of incident radiation
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of metal films initiates a high concentration of 
nonequilibrium vacancies (up to 10–4). Taking 
into account practically equal values of vacancy 
formation energies in metals and bismuth 
telluride 1.2÷1.4 eV [26] and 1.18÷1.41 eV [15], 
respectively, we can assume for bismuth telluride 
the vacancy concentration of ~10–4.

The nature of the PT effect can be analyzed 
in the framework of the theory of excitation 
of the electronic subsystem of the crystal by 
high-energy quanta of light [27]. The skin effect 
limits light penetration to depths on the order of 
wavelength. The absorbed energy excites surface 
electronic states relaxing as a result of electron-
phonon interaction mainly by the radiationless 
mechanism. The probability of such a transition 

in the Bickson–Jortner model [28] is 
2
eff eff

2
hP e
p- n r

= , 
where 2

effn  – some effective matrix element of 
the electron-phonon interaction, and reff – the 
effective density of electronic states. Excited 
surface centers propagate hypersonic waves 
into the sample volume. Emerging phonons of 
resonance frequencies, determined by elastic 
parameters and crystal symmetry, have amplitude 
of oscillations significantly higher than thermal 
ones. The high energy of vibrating atoms allows 
them to initiate phase transformations and 
leads to structural rearrangements. Since the 
hypersonic velocity is three orders of magnitude 
greater than the thermal field propagation 
velocity, powerful hypersonic waves lead to the 
formation of point crystal defects, which do not 
occur during heat treatment, or occur at higher 
temperatures. This photon activation mechanism 

explains the acceleration of the recrystallization 
process in metal thin films at PT [11].

It can be seen that the formation of 
the gradient structure in the surface layer 
(~500  nm) during the PT of Bi2Te3–xSex plates 
can be caused by the complex interaction of the 
processes simultaneously occurring during PT: 
amorphization, formation of nanocrystalline 
phase, growth of free electron concentration, 
generation of nonequilibrium vacancies under 
the action of hypersonic phonons, flux from the 
skin layer of point defects, growth of material 
plasticity, secondary recrystallization initiated 
by sonic phonons and temperature gradient [29]. 

A significant increase in the sample surface 
temperature to 0.4÷1.0 TPL at PT [29] precludes 
amorphization of the surface region of Bi2Te3-xSex 
plates. The diffractograms from Bi2Te3-Bi2Se3 
plates after PT show no peaks (Fig. 2), indicating 
the formation of new phases. Consequently, the 
processes of phase transformations, formation of 
superstructures, and spinoidal decomposition can 
be considered unlikely in the PT process.

Fig. 7 schematically presents an illustration 
of the processes assisting phase and structural 
transformations in the PT process.

A conventional division into structural zones 
near the surface of Bi2Te3–xSex plates can be 
proposed: 1) the most defective region preserving 
nanocrystalline phases after PT; 2)  the region 
of structural rearrangement of the material by 
hypersonic phonons; 3) the region of secondary 
recrystallization initiated by sonic phonons, 
a high concentration of mobile point defects 

Fig. 7. Schematic illustration of the process-
es assisting structural transformations at the 
surface of Bi2Te3–xSex plates during the PT 
process: V – local vacancy concentration; 
ne – concentration of free electrons; T – local 
temperature; D – average crystallite size; 1, 
2, 3 – conditional zones differing in disper-
sion of the crystal structure
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coming from the skin layer. These zones can 
significantly overlap each other, however, the 
gradient principle remains and forms a gradient 
grain structure, where the most dispersed 
crystallites are located near the surface of the 
material, and the largest ones - in the depth.

4. Conclusion
Thus, the nature of nanostructuring and 

formation of gradient layer in the surface layer of 
bismuth telluride at PT by incoherent radiation 
of xenon lamps is caused by a sequence of 
independent processes:

− growth of free electrons concentration;
− decrease of defect formation threshold;
− localization of a large temperature gradient 

in the skin layer;
− generation and propagation of sonic 

phonons;
− secondary recrystallization;
− formation of nanocrystalline phase in the 

Bi-Te-Se system.
As a result of PT by incoherent radiation 

of xenon lamps, a surface layer with a gradient 
of the average crystallite size grad D is formed. 
At the free surface the value of grad D in the 
direction of the volume of bismuth telluride 
reaches the maximum value. High rate of energy 
impact of broadband radiation of gas-discharge 
lamps causes nanostructuring of the surface 
region, changes in structural and morphological 
parameters and physicochemical properties of 
the massive semiconductor material Bi2Te3–хSeх. 
Determining factors of photon activation of 
structural transformations: internal photoeffect, 
decrease of defect formation threshold.
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1. Introduction
The papers [1–3] reported the discovery by 

computer modeling of a crystalline modification 
of ice called ice 0. This ice is a ferroelectric, 
contains 12 water molecules in the unit cell, and 
forms at a pressure of 0.1 MPa at temperatures 
below –23 °C. Ice 0 is considered a transitional 
form from deeply supercooled water to hexagonal 
ice Ih. In papers [3, 4], such an ice phase was 
registered during measurements of the extinction 
of laser radiation in the visible range when 
radiation was transmitted through plates made 
of various dielectrics with a layer of nanometer-
thick ice condensed from water vapor. The 
plates consisted of glass, mica, Ih ice and sodium 
chloride crystals. 

The special property of the ferroelectric to 
form strongly conducting thin, on the order of 
nanometer, layers at the dielectric boundary 
was utilized in the experimental studies [5,6]. 
These layers created a significant absorption 
(and reflection) of external electromagnetic 
radiation from the ice film 0 deposited on 
the dielectric substrate. If the plates with the 
investigated ice were heated above –23 °C, the 
extinction effect abruptly disappeared, which 
served as evidence for the formation of ice  0 
on the surface. The electrodynamic model of 
the structure was presented in the form of 
island films of ice covered with a layer of high 
conductivity, in which a resonance of surface 
plasmon modes appeared [7, 8]. These modes in 
the case of irregularly shaped conductive particles 
of nanometer dimensions create scattering and 
absorption in a wide frequency interval extending 
from the optical to the radio range. The upper 
frequency of this interval is determined by 
the plasma frequency of charge carriers with a 
sharp maximum of the effect, which is located 
at the Frelich frequency. At this frequency, for 
a conducting layer ε′ = –2 (ε’ is the real part of 
the relative complex dielectric constant). For 
example, theory and extinction measurements 
for small aluminum ellipsoids have shown that 
the extinction changes by about 5 orders of 
magnitude as the wavelength increases from its 
maximum (~0.5 µm) to 1 mm [7]. For spherical 
particles, the same change is much larger and 
amounts to 9 orders of magnitude. Thus, it can 
be expected that extinction should be manifested 
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during the formation of inhomogeneous ice film 0 
not only in the optical, but also in the microwave 
range. It should be noted that in recent years, 
studies of nanostructures made of water and 
ice that exhibit unusual physical and chemical 
properties have been initiated [9]. 

The purpose of this work was to measure the 
response of a microwave resonator to a dielectric 
plate with ice deposited on it in order to establish 
the possibility of detecting ice 0 when it forms in 
a cold atmosphere and to determine the degree 
of influence of such layers on the characteristics 
of the resonator at microwave frequencies. The 
detection of this effect is of interest for the 
development of electromagnetic non-contact 
techniques for studying the characteristics of 
boundary layers between ice 0 and various media. 

2. Experimental
The scheme of the setup for the study is 

presented in Fig. 1. 
In the experiment, we cooled a rectangular 

resonator with thin quartz glass plates installed 
in it. The natural frequency of the resonator 
is about 2.8 GHz; its linear dimensions are 
72×34×77 mm; the resonator material is copper 
(the quality factor of the loaded resonator at room 
temperature is ~ 550). The thickness of quartz 
glass plates was 0.19 mm, their dimensions were 
24×24 mm, and their number was 13 pcs. After 
cooling by cold nitrogen vapor to the minimum 
temperature, the resonator, in some cases, was 
pumped with a certain volume of air to introduce 
an additional amount of water vapor into the 
cavity. The minimum temperature in the cooling 
chamber was –140 °C. 

Measurement of the characteristics of the 
resonator: its Q-factor (Q) and values of the 
resonant frequency (fp) were performed in the 
mode of slow heating of the refrigerating chamber.  
The average heating rate of the resonator was 
~  1  °C/min. Heating was carried out when the 
supply of cold nitrogen vapor was stopped and the 
temperature in the laboratory room was stable. 
During this process, water vapor in the resonator 
condensed on the surface of quartz plates and 
walls of the resonator to form a thin layer of ice. 
In the absence of air supply to the resonator, 
as well as the relative humidity of air ~ 15 % at 
the initial temperature of 20 °C, the maximum 
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possible calculated thickness of the ice film was 
~ 100 nm. Since the plates were cooled through 
the walls of the resonator, the largest mass of 
water condensed on them. Therefore, pumping a 
certain volume of air through the resonator was 
also used in the experiments. The mass of the 
incoming water vapor and the formed volume of 
ice, as well as the known values of the dielectric 
permittivity of ice Ih show that their amount 
for the case of hexagonal ice cannot noticeably 
change the characteristics of the resonator.  

From measurements of the resonant response 
of the resonator, we found fp, the bandwidth of its 
passband at the level of 0.5 dB (∆fp), the passband 
power at the resonant frequency (P); Q (Q = fp/∆fp) 
was determined by calculation. One measurement 
was performed for a time of ~ 1 s. The total time 
of measurements was ~ 3 hours. Accuracy of 
absolute measurements of air temperature in the 
chamber: ~ 1 °C, amplitude of the transmitted 
power ~ 0.05 dB, Q-factor ~ 3. We also calculated 
the derivative of the measured quantities by 
temperature (T): dP/dT and dQ/dT. 

3. Measurement results
The results of measurements of dQ/dT and dP/

dT as a function of temperature during heating of 
the resonator from -140 °C are shown in Fig. 2. In 
this experiment, the deposition of gases from the 
primary filled and isolated from the atmosphere 

volume of the resonator cavity was used. The 
initial value of air temperature was 20 °C and 
its relative humidity (W) ~ 15 %. The derivatives 
were found for a slow heating process, which was 
carried out when the cooling device was switched 
off. This was done to obtain smooth dependences 
on temperature and time, since during cooling 
there were possible some irregularities in the 
temperature increment, worsening the accuracy 
of measurements. This procedure also allowed 
us to obtain a larger value of the thickness of the 
deposited ice layer in the temperature range of 

Fig. 1. a) Scheme of the installation for searching for ice films 0 during its formation in a microwave resonator: 
1 – refrigerator, 2 – resonator, 3 – scalar analyzer of radio frequency circuits P4-18, 4 – data collection system; 
b) scheme of the resonator type H101, where 5 – thin plates of quartz glass, 6 – thermocouple outlet, 7 – air 
pumping tubes

а
и

Fig. 2. The dependence of the derivatives of Q-factor 
(1) and power (2) of the resonator transmission at the 
resonant frequency on temperature. Averaging the 
derivative over 50 points. The total number of mea-
sured points is ~ 104. (dP/dT – in relative units)
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interest (below -20 °C). Vapor condensation at the 
beginning of the experiment occurred at about 
-5 °C. The exact value of the saturated vapor 
pressure for ice 0 is unknown, but this ice could 
not have formed at temperatures above -23 °C.

The total surface area of the metal and 13 
quartz glass plates used in the experiment allowed 
us to obtain the maximum possible ice thickness 
at a water vapor mass of 5.5×10-4 g of about tens 
of nanometers with its uniform distribution on 
the surface of the plates. 

Since, as noted above, it was expected that 
thinner films were deposited on the quartz plates 
than on the metal of the resonator walls, the 
experiments also included an additional air supply 
to the cavity. Fig. 3 shows the data for this case. 
At a relative humidity of 16 % (air temperature 
20 °C), 3 liters of air were injected into the cavity 
using a compressor for a time of 1.5 min. The 
addition of water vapor was 0.0083 g. Additional 
water vapor was introduced at a temperature in 
the resonator of about -150 °C. The maximum 
calculated thickness of the ice layer on the surface 
was 900 nm. The calculations were performed 
for the known values of the mass of water vapor, 
the area of quartz plates and the walls of the 
resonator. The real value of this layer on the plates 
is significantly lower, since some vapors could 
condense in the supply tube and also escape from 
the waveguide cavity before settling on the plates. 

To compare the data in the analysis, we 
measured the parameters of the resonator with 
plates when it was filled with nitrogen. In this 
case, a uniform variation of the transmittance 
power with temperature was observed. The 
approximation of P(T) for the case of no gases in 
the resonator is shown in Fig. 3a with a dashed 
line. 

4. Results and discussion 
When performing the experiments, it was 

assumed that the formed ice layer 0 creates a 
conductive layer of nanometer thickness at the 
dielectric boundary [3, 4]. This will lead to a 
sufficiently pronounced effect of changing the 
goodness of the resonator and, consequently, 
the transmittance power even in the low-
frequency region of the microwave range. In this 
case, the absorption effect is associated with an 
increase in the loss factor due to the resonance 
of surface plasmons in island conducting films. 
The thickness of about 10 nm is necessary for 
the occurrence of such a state of the films [7]. 
Therefore, it is sufficient to deposit on the surface 
of quartz plates layers of ice 0 with a thickness 
of ~ 10...100 nm for appreciable changes in the 
Q-factor. Since it is difficult to obtain ice 0 in 
the experiment, we used a technique with initial 
cooling of the whole system (vapor and substrate), 
in which some initial vapor deposition in the form 

                                                 а                                                                                                b
Fig. 3. a) The dependence of the power transmission through the resonator on the temperature when it is 
heated after purging the resonator with air with an initial humidity of 16% (at an initial temperature of 20 °C). 
Power in decibels from the conditional level. The dashed line is the same for the case of approximating the 
absence of gases in the resonator; b) The dependence of the derivatives of Q (1) and power (2) of the resonator 
transmission at the resonant frequency on the temperature after purging the resonator with air with an initial 
humidity of 16 % (at an initial temperature of 20 °C). Averaging the derivative over 100 points. The total num-
ber of measured points is ~ 104. (dP/dT – in relative units)
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of ice Ih in the temperature range from -5 °C and 
below was possible. However, ice 0 can also form 
on the surface of ice Ih, which was shown in our 
earlier experiment [10]. It can also be formed in 
the volume of ice Ih in the form of individual 
clusters, which was shown in [11]. 

Examination of the results of Fig. 2, which 
correspond to an ice layer on ~10 nm quartz 
glasses, reveals two features in the region slightly 
below –78 °C and in the –45 °C region. No clear 
traces associated with ice 0 are observed in this 
experiment. In Fig. 3, where films on the order of 
one hundred nanometers thick were deposited, in 
contrast, the temperature of –23 °C clearly stands 
out, where an extremum of increasing P compared 
to the calibration value was observed (dashed 
line for the case of no gases in the resonator). In 
addition, a power jump was observed at –78 °C 
and some increase in the –110 °C region.

The deviations of the plots from the mean 
value near –78 °C can be related to the solid-
gas phase transition process for carbon dioxide, 
which is also in air and appears in the mixture 
with ice. The phase transition of solid carbon 
dioxide into gas and leads to some fluctuations 
of values in a small temperature range. These 
temperature values appear more sharply in the 
plots of the dQ/dT and dP/dT derivatives, Fig. 3b. 
This figure shows a sharp change in the slope 
of the derivative plots as the temperature rises 
above –23 °C, which corresponds to the transition 
of ferroelectric ice 0 to hexagonal ice Ih with the 
disappearance of conductive films of nanometer 
thickness at the boundaries of ice 0 with other 
dielectrics. 

It is interesting to note the appearance of 
the resonator response for the case presented in 
Fig. 3, at a temperature of –105 °C (approximately 
–95 to –115 °C). Such a feature was also observed 
in the extinction plots of laser radiation when 
passing through ice films deposited on a dielectric, 
previously found in [3, 4], which, however, was not 
investigated. 

It also turned out that in the subsequent work 
[12], in the study of flexoelectric phenomena – 
charge formation in areas with anisotropy of 
mechanical strain, a phase transition near –110 °C 
was detected in ice. It was concluded that electric 
polarization induced by strain anisotropy can be 
an effective method to detect phase transitions 

in surface layers; especially for ferroelectric. Our 
results support this conclusion. 

It is worth mentioning the physical features 
of thin layers during gas condensation which 
were utilized in the technique of the performed 
measurements. The most important one is the 
detection of highly conductive layers several 
nanometers thick. According to papers [5, 6], 
such layers arise at the contacts of dielectric and 
ferroelectric. Consequently, using the proposed 
technique it is possible to detect both ultra-
thin (nanometer) and thicker (micron) layers 
of ferroelectric materials. The temperature 
dependences of the resonator response determine 
the ferroelectric phase transition. 

The phase transition near –105 °C can be 
associated with the formation of ice XI. This ice 
is formed at temperatures below –200 °C, but 
its nuclei remain when the samples are heated 
to a temperature of ~ –120 °C, as presented 
in the paper [13]. Since the concentration of 
ice XI is small at high temperatures, it has not 
been previously recorded by standard methods 
of matter structure measurements. Another 
important feature manifested in the method 
we used is the increase in the goodness of the 
resonator, i.e., the decrease in its losses, during 
the formation of ferroelectric ices. This can be 
explained by plasmon effects during the growth 
of nanometer island films and the emergence of 
highly conductive contact films. Such phenomena 
associated with increasing electromagnetic fields 
are studied in plasmonics and are associated 
with resonances of plasmonic modes [7, 14]. An 
example is giant Raman scattering, when the 
amplification of scattered fields by groups of 
molecules near specially fabricated structures 
can increase 1010 times [8]. The details of this 
phenomenon require a special study. For example, 
in the paper [15] they investigated the effect 
of percolation transition on ultra-thin island 
metal films and found significant changes in the 
resonance of surface plasmon-polaritons and, 
consequently, in their electrophysical properties. 

4. Conclusions
It is shown that the emergence of a conducting 

layer of nanometer thickness on the dielectric 
surface is a consequence of the formation of a 
film of ferroelectric ice 0 on it. The occurrence of 
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resonance of plasmon modes in the microwave 
range in ice films deposited in the resonator was 
confirmed by the change of its parameters. 

In the performed experiment with a microwave 
resonator near the resonant frequency of 2.8 GHz, 
in the temperature range of 5...–140 °C, filled 
with quartz plates, the changes in the transmitted 
power at the resonant frequency and its goodness 
of fit were observed. The measurements revealed 
characteristic changes of these parameters at a 
temperature of –23 °C, which corresponds to the 
value at which the ferroelectric ice 0 is formed.  

The used microwave technique for recording 
the formation of ferroelectric films during gas 
condensation is applicable to the study of the 
characteristics of superfine layers when their 
electrical conductivity changes. 
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1. Introduction
Self-assembly at the liquid-air interface 

plays a crucial role in designing new systems 
for targeted drug delivery. Lipid-polymer hybrid 
nanoparticles (lipoplexes), which combine the 
advantages of liposomes and polymerosomes 
and compensate for their disadvantages, are of 
greatest interest for the delivery of various drugs, 
including nucleic acids [1, 2].

The important requirement for polymers 
chosen as platforms is not only their low toxicity, 
amphiphilicity, ability to form micelles, Langmuir 
monolayers, and thin films at various interfaces, 
but also their cationic charge. Cationic polymers, 
especially those containing ionene units with 
a high positive charge, combined with lipids, 
are especially attractive for developing lipid-
polymer nano-systems at the liquid-air interface 
enhancing the efficiency of drug delivery to the 
cell nucleus. Several studies have shown that 
cationic pH-sensitive methyl methacrylate 
copolymers (Eudragit) when combined with lipids, 
such as cholesterol, lecithin or their derivatives, 
effectively deliver nucleic acids to target cells with 
minimal cytotoxicity via polymeric nanoparticles 
[3, 4, 5]. Controlled incorporation of ionene chains 
of a given length into methacrylic amides or 
esters, such as methoxy[oligo(propylene glycol)-
co-oligo(ethylene glycol)-methacrylate-co-N-
[3-(dimethylamino)propyl]methacrylamide) 

and their methyl iodide-quaternized analogs, 
is of particular interest not only due to their 
strong bactericidal, antioxidant, and fungicidal 
properties but also due to their ability to self-
assemble at interfaces. All polymers were found 
to form stable mixed monolayers with lipids 
(cholesterol, dihexadecyl phosphate) at various 
interfaces.

Ionene polymers containing ammonium 
groups represent a unique class of cationic 
polymers since they are characterized by a very 
high density of their ionic sites and controllable 
charge densities along their skeletal chains [6-9]. 
In addition, the synthesis of ionene polymers is 
usually relatively simple.

In this work, we investigated the self-
assembly at the water-air interface of three 
cationic pH-sensitive polymers (Fig. 1): 1) 
methyl methacrylate-butyl methacrylate-
dimethylaminoethyl methacrylate (MMA-BMA-
DMAEM), similar to Eudragit 100; 2) ionene 
macromonomer – PK-Im; 3) homopolymer 
ionene macromonomer PK-Im – PK-Ip, each 
combined with a mixture of lipids. The study 
focused on: 1) the surface behavior of the 
polymers in mixed polymer-lipid monolayers 
composed of cholesterol and Lipoid S100 as 
model lipids; 2) the colloidal-chemical properties 
of hybrid polymer-lipid nanoparticles produced 
by precipitation.

Fig. 1. General formulas of cationic pH-sensitive polymers
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2. Experimental

2.1. Materials and methods
Dimethylaminopropyl methacrylamide 

(DMAPMA) and 1,3-bisdimethylaminopropan-
2-ol (BDAP) were purchased from Sigma-
Aldrich. Epichlorohydrin (ECH) and initiator 
2,2’-azobisisobutyronitrile (AIBN) were purchased 
from Acros Organics.

Solvents, i.e. acetone, hexane, chloroform, 
methanol, and DMSO, were purchased from Acros 
Organics. Deionized water was produced using a 
Chromatek deionizer, Russia, Dzerzhinsk, with an 
electrical conductivity of less than 0.1 μOhm/cm. 
A statistical copolymer (MMA-BMA-DMAEM) 
with MW = 89,000 was obtained by radical 
polymerization in toluene at 60 °C using AIBN 
as the initiator. The reaction proceeded to high 
conversion, with a monomer feed ratio of 1:1:2.

2.2. Synthesis of PK-Im macromonomer
The macromonomer was synthesized by 

polycondensation of epichlorohydrin (ECH) and 
1,3-bisdimethylaminopropan-2-ol (BDAP) in the 
presence of dimethylaminopropyl methacrylamide 
(DMAPMA) in water with stirring at 25 °C in a 
reactor with a reflux condenser. Epichlorohydrin 
was added to a mixture of amines in water under 
stirring and cooling for 30 min, then the reaction 
mixture was kept at room temperature. The ratio 
of ECH:BDAP:DMAPMA was 3.5:3:1 with a total 
reagent content of 40% by weight. After 6 hours of 
synthesis, the conversion of the initial monomer 
was 60%, and after 24 hours it reached 74%. The 
macromonomer was precipitated with acetone. IR 
spectrum (Shimadzu, Japan) was as follows: in the 
region of O-H stretching vibrations it was 3,500–
3,400 cm-1 (broad and intense band), in the region 
of carbonyl group stretching vibrations it was 
1,730–1,668 cm–1, and in the region of C-H bond 
stretching vibrations of the hydrocarbon skeleton 
it was 3,000–2,800 cm–1. The 1H NMR spectrum 
of the ionic macromonomer (Agilent DD2 
NMR 400WB, USA; tetramethylsilane standard, 
DMSO-D6 solvent) showed the following signals 
(δ, ppm): -CH3 in different positions designated 
by letters at 1.7 (m), 2.49 (q), and 3.25–3.26 (d, e); 
the vinyl group =CH2 (a) at 5.25–5.32 and 5.52–
5.75; -CH2- at 3.18–3.25 (g, h) and 3.48–3.52 (c, 
d); and >CH- at 4.16–4.20. The molecular weight 
of the macromonomer (1H NMR) was 642 g/mol, 

which corresponded to 4 atoms of quaternary 
ammonium in the monomer.

2.3. Synthesis of PK-Ip ionene polymer
P o l y m e r i z a t i o n  o f  P K- I m  i o n e n e 

macromonomer was carried out in a stirred 
reactor in a nitrogen flow in DMSO at a monomer 
concentration of 20% by weight. The reaction was 
carried out at 70 °C with 1% by weight of AIBN as 
the initiator, achieving a conversion of 89.9%. The 
resulting polymer was precipitated in acetonitrile. 
The homopolymer had Mw = 13,900, Mn = 6,300, 
and polydispersity = 2.2 (HPLC chromatograph 
Chromos ZhK-301, Russia; column Agilent PL 
aguagel-OH, aqueous eluent with 0.1 M Na2SO4, 
polyethylene glycol standards).

2.4. Study of monolayers in the aqueous 
subphase

Polymer self-assembly into monolayers was 
studied by recording surface pressure isotherms 
π = f(A) using a Wilhelmy plate method with 
a KSVmini device (Finland). Deionized water 
was used as an aqueous subphase. The polymer 
with a concentration of 1 mg/ml (10 μl) and 
lipid solutions (Lipoid S100 or cholesterol) in 
chloroform with a concentration of 1 mg/ml 
(5-20 μl) were added dropwise to the aqueous 
subphase using a chromatographic syringe. Each 
new portion was added after the previous one had 
completely spread. The introduction of portions 
“drop by drop” promotes the formation of stable 
Langmuir monolayers. The solvent evaporation 
time was 30 minutes, the monolayer compression 
rate was 10 mm/min. The electrical conductivity 
of deionized water (Chromatek deionizer, Russia) 
was less than 0.1 μOhm/cm. To prepare mixed 
polymer-lipid monolayers, lipid was first applied 
to the surface of the aqueous subphase and 
after 30-minute evaporation of the solvent, the 
polymer solution was applied dropwise.

2.5. Lipoplex studies
Zeta potential was determined by dynamic light 

scattering (DLS) on a NanobrookOmni instrument 
(Brookhaven Instruments Corporation, USA). For 
analysis, 1 mg of the sample was dispersed in 
25 ml of deionized water (or a buffer solution with 
pH = 7.4), ultrasonicated for 5 min, and filtered 
through a polyethersulfone filter with a pore 
size of 0.8 μm. Average hydrodynamic diameter 
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was obtained by using polymodal analysis of the 
correlation function (25±0.1 °C, angle 90 ° in the 
range from 0.1 to 5,000 nm in 1 cm polystyrene 
cuvettes).

2.6. Methods for the preparation of 
nanoparticles with an ionene homopolymer

Weighed portions of Lipoid S100 and 
cholesterol were placed in a round-bottomed flask 
and dissolved in 10 ml of chloroform. The solvent 
was removed on a rotary evaporator for 1 hour. 
Then the sample was left in air for 10 minutes to 
remove residual solvent. A weighed portion of an 
ionene polymer was dissolved in 10 ml of water. 
The lipid film was hydrated with the resulting 
solution. The resulting suspension was treated 
in an ultrasonic bath for 30 min.

3. Results and discussion
3.1. Mixed cholesterol and Lipoid S100 
Langmuir monolayers

Fig. 2 shows the compression isotherms of 
mixed lipid monolayers on pure water at different 
molar ratios. The molecular area A0 (the area 
occupied by one lipid molecule in a monolayer) 
for Lipoid S100 was 1.4 nm2. This differed 
significantly from the value for egg lecithin 
(1-oleoyl-2-palmitoyl-phosphatidylcholine), 0.56 
± 0.2 nm2 [10]. The molecular area of cholesterol 
was 0.38 nm2, which was almost identical to the 
results of previous studies [11].

The elasticity of the resulting lipid film, 
a potential shell for lipoplexes, and its 
mechanical properties were calculated using the 
compressibility modulus (Cs-1) by the formula:

CS
–1 = –A0(dπ/dA)P,T 		  (1),

where A0 is the area occupied by one molecule in 
a monolayer at a surface pressure of π and dπ/dA 
is the gradient or rate of changes in the surface 
pressure during the spread of the surface film. 
The compressibility modulus of cholesterol on 
the subphase of pure water with pH 5.0–6.0 is 
about 700 mN/m [11], however, the analysis of 
the obtained data showed that cholesterol mono-
layers can be unstable at the “water-air” interface 
and can have two phase states upon compression: 
the first at about π = 10 mN/m and the second at 
about π = 30 mN/m on the aqueous subphase 
under the analyzed conditions (compression rate, 

pH, and the temperature of the experiment). The 
compression conditions for the monolayers were 
selected in such a way as to make it possible to 
obtain mixed polymer-lipid films in the future. 
Fig. 2 demonstrates improved elasticity of mixed 
lipid monolayers as the Lipoid S100 proportion 
increases: the maximum compressibility modulus 
(elasticity) increases in the following series of 
Lipoid S100 to cholesterol ratios: 1:1 < 3:1 < 5:1 
< 7:1.

Thus, based on the study of elasticity (by com-
pressibility modulus) of lipid monolayers, it fol-
lows that the basic lipid support can be a mixture of 
non-ionizing lipid cholesterol with ionizing phos-
phatidylcholine-containing lipids (conventionally 
called “lecithin”), while the main requirement for a 
stable phase state of the monolayers is Lipoid S100 
: cholesterol ratio of 5:1 or 7:1.

3.2. Study of cationic polymers self-assembly 
in homogeneous and mixed polymer-lipid 
Langmuir monolayers

The primary and essential requirement for the 
formation of hybrid polymer-lipid nanoparticles 
is the formation of stable mixed “polymer-lipid” 
monolayers at the “water-air” interface.

The state of the surface film of the copolymer 
(MMA-BMA-DMAEM) depended on the conditions 
of its formation (volume of the applied polymer 
solution, compression rate). The molecular 
area changed from 260 nm2 to 180 nm2 with 
increasing copolymer concentration, while the 
compressibility modulus remained unchanged at 
about 45 mN/m, which is characteristic of liquid-
condensed films whose elasticity is close to that 
of lecithin’s. Fig. 3 shows a typical compression 
isotherm and the compressibility modulus of the 
polymer (MMA-BMA-DMAEM) monolayer on 
water at the maximum copolymer concentration.

In contrast, PK-Im and PK-Ip ionene cationic 
polymers did not form stable monolayers on the 
water surface. However, all studied polymers 
formed stable mixed Langmuir monolayers with 
cholesterol and Lipoid S100. Fig. 4 shows the 
compression isotherms and hysteresis curves of 
mixed monolayers of ionene polymers and Lipoid 
S100 (a, c) and cholesterol (b, d).

The degree of hysteresis was estimated by the 
formula ΔА0 = A0 – A0’, where A0’ is the limiting 
area of the lipid under tension in the mixed 
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Fig. 2. Compression isotherms and compressibility moduli of mixed lipid monolayers with Lipoid S100 (L) – 
cholesterol (Chol) ratios of (1:1 – a, b: 3:1 – c, d; 5:1 – e, f; 7:1 – g, h)
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monolayers. The minimum hysteresis of the 
compression-tension curves of mixed monolayers 
was as follows: PK-Ip – Lipoid S100 (ΔА0 = 0.07 
nm2); PK-Im – Lipoid S100 (ΔА0  =  0.01  nm2); 
PK-Ip – cholesterol (ΔА0 = 0.01  nm2); and 
PK-Im – cholesterol (ΔА0 = 0.01 nm2). These 
data indicate stable and similar states of all 
examinated monolayers, and that polymer and 
monomer monolayers had the same structure. 
Table 1 summarizes the characteristics of mixed 

“copolymer (MMA-BMA-DMAEM) – lipid” 
Langmuir monolayers. The data indicate that 
stable mixed monolayers form when the Lipoid 
S100 : cholesterol ratio did not exceed 3:1. Further 
increasing the Lipoid S100 proportion beyond this 
point did not enhance monolayer stability.

3.3. Colloidal-chemical properties  
of the studied lipoplexes

One of the problems of the formation of 
hybrid polymer-lipid nanoparticles (or lipoplexes) 

Fig. 4. Hysteresis curves of mixed monolayers of PK-Ip ionene polymer with Lipoid S100 (a), PK-Ip ionene 
polymer with cholesterol (b), PK-Im ionene macromonomer with Lipoid S100 (c), and PK-Im ionene macro-
monomer with cholesterol (d)

Fig. 3. Compression isotherm and compressibility modulus of monolayers of the MMA-BMA-DMAEM copoly-
mer
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is their tendency to aggregate resulting in 
instability. Accordingly, determining the size of 
nanoparticles, particularly their hydrodynamic 
radius can be used to monitor the stability of 
nanoparticles. Additionally, the size of lipoplex 
particles (from 100 to 200 nm) affects their surface 
charges. The assessment of the zeta potential 
prior to the formation of stealth lipoplexes can 
also be used as a standard method of analysis. 
The inclusion of hydrophilic polymers (commonly 
modified polyethylene glycols) in the aqueous 
phase intended to ensure “stealth” properties 
during the second stage of lipoplex formation 
significantly changes the surface charge. As a 

rule, without modified PEGs, hybrid polymer-
lipid nanoparticles have a high positive or 
negative charge, which determines their stability. 
After PEGylation, the particles tend to acquire 
an insignificant charge. In this regard, when 
developing technologies for producing lipoplexes, 
the charge of the particles is controlled before 
and after PEGylation. Table 2 shows the zeta 
potential values of poly(MMA-BMA-DMAEM)-
lipid nanoparticles in water. Negative zeta 
potential values characterize the stability of the 
system consisting of the main components of the 
future nanocontainer and the small size of the 
nanoparticles.

Table 1. Properties of mixed monolayers of copolymer on lecithin and on a mixture of lipids (calculated 
by lipids)

Monolayer L:Chol Vpolymer, µl А0, nm2
Compressibility

CS
–1, mN/m π, mN/m

L 1:0 – 1.40 (L) 56 28
L–P 1:0 5 1.90 (L) 61 23

L–P 1:0 10 2.30 (L) 60
32

19
39

Chol 0:1 – 0.48 (Chol) 228 31

Chol–P 0:1 5 0.84 (Chol) 71
46

22
41

Chol–P 0:1 10 1.04 (Chol) 55
40

20
42

Chol–L 1:1 – 0.34 (Chol) 45 16
Chol–L–P 1:1 5 0.57 (Chol) 50 21

Chol–L–P 1:1 10 0.65 (Chol) 51
24

15
39

L–Chol 3:1 – 0.95 (L) 70 30
L–Chol–P 3:1 5 1.68 (L) 55 25
L–Chol–P 3:1 10 2.43 (L) 58 18

L–Chol 5:1 – 0.95 (L) 67
87

17
36

L–Chol–P 5:1 5 1.54 (L) 65 26

L–Chol–P 5:1 10 2.54 (L) 60
22

17
37

L–Chol 7:1 – 0.85 (L) 90 30

L–Chol–P 7:1 5 1.90 (L) 57
28

23
43

L–Chol–P 7:1 10 2.50 (L) 58
22

17
37

* L – Lipoid S100, Chol – cholesterol, P – copolymer (MMA-BMA-DMAEM)
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The zeta potential value decreased when the 
lipid-polymer film was dispersed in a phosphate 
buffer solution (pH 7.4). Since the obtained 
polymer is pH-sensitive and dissolves at pH 5, it 
is expected to dissolve at endosomal acidic pH, so 
it is preferable to form the nanocontainer core at 
pH 8 or higher. The charge sign of the hybrid lipid-
polymer particles also affects their stability and 
distribution in the body. For example, liposomes 
containing dioleyloxytrimethylammonium 
propane, which carry a positive charge, enhance 
the accumulation of antitumor drugs in the 
abdominal cavity of test animals. This effect 
is achieved due to the delayed release of the 
active substance and the resistance of these 
nanoparticles to macrophages. We have shown 
that nanoparticles based on an ionene polymer 
make it possible to obtain nanoparticles with a 
high positive charge (Table 3), which is a good 
indicator for predicting the stability of these 
particles.

4. Conclusion
In this work, we have shown that a number 

of polymers, such as poly(MMA-BMA-DMAEM) 
copolymer and ionene polymers (PK-Im and 
PK-Ip), combined with lipids (Lipoid S100 and 

cholesterol) form genuine mixed layers that are 
most stable at various surface pressures. This 
stability is particularly pronounced at Lipoid 
S100: cholesterol molar ratio of 3:1, indicating 
a stable surface film under these conditions. 
In addition to the molecular area and collapse 
pressure, the compressibility modulus (Cs–1) can 
be used as a stability control parameter with 
a minimum value of 50 mN/m. Nanoparticles 
of the MMA-BMA-DMAEM–lipid composition 
exhibited a strong negative charge (from –15 to 
–45 mV) and had small sizes in ranging from 32 
to 73 nm. An alternative composition of stable 
lipid-polymer nanoparticles was a combination 
of lipids with positively charged ionene polymers, 
forming nanoparticles with a high zeta potential 
(from +8 to +49 mV).

Thus, we have proposed a method for 
predicting the compatibility and miscibility of 
the main components in hybrid lipid-polymer 
nanoparticles and demonstrated it using the 
(MMA-BMA-DMAEM) copolymer, ionene polymer 
(PK-Ip), Lipoid S100 lecithin, and cholesterol. 
This approach employs Langmuir monolayer 
technique and a method for preparation of lipid-
polymer nanoparticles.

Table 2. Colloidal properties of the obtained nanoparticles poly(MMA-BMA-DMAEM)-Lipid

N L, mg Chol, mg P *, mg Zeta potential, mV Size, nm
1 200 50 200 –36.95±1.02 51
2 16 4 200 –27.68±4.06 73
3 10 10 200 –44.93±2.41 38
4 200 50 200 –34.95±1.54 49
5 10 10 200 –39.02±1.43 41
6 26.5 13.5 200 –49.68±3.96 32
7 132.8 67.2 40 –39.81±2.42 41
8 186 94 40 –53.69±1.79 31

 9** 132.8 67.2 40 –15.23±1.23 73
Notes: * P = poly(MMA-BMA-DMAEM) copolymer (Mw. 89000); L – Lipoid S100, ** Liposome formation medium – phosphate 
buffer solution, pH 7.4

Table 3. Properties of nanoparticles with ionene polymer PK-Ip*

N Lipoid, mg Chol, mg Ionene, mg L:Chol Lipids:ionene Zeta potential, mV

1 8 32 40 1:4 1:1 +48.89±0.91
2 3 32 10 1:4 4:1 +26.25±2.92
3 20 20 10 1:1 4:1 +24.55±1.16
4 10 10 200 1:1 1:10 +8.02±1.55

Notes: * Lipids are dissolved in 10 ml of chloroform; ionene – in 10 ml of water
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Abstract 
Purpose: Inhibitors of corrosion shield metals from corroding. Such chemicals may be added to a corrosive environment to 
either halt or slow down metal corrosion. The molecular structure of 3-acetyl benzoic acid (3ABA) C9H8O3 consists of planar 
molecules. These molecules aggregate by centrosymmetric hydrogen-bond pairing of ordered carboxyl groups. The novelty 
of the research and its primary objective was to perform a theoretical computational study on derivatives of 3ABA-M (Metal), 
where M molecule is modified by adding lithium (Li), sodium (Na), and potassium (K). 
Experimental part: The study was carried out withing the framework of the density functional theory (DFT) at the B3LYP/6-
31G+ (d) level in the Gaussian 09W software. It involved geometrical optimization, analyzing spectral properties, electronic 
transitions, and the energy gap between the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular 
Orbital (LUMO). The calculated properties included EHOMO, ELUMO, energy band gap (Egap), ionization energy (IE), electron 
affinity (EA), absolute electronegativity (χ), global hardness (h), and global softness (S). 
Conclusions: The chemical reactivity of the studied molecule was investigated by analyzing its molecular electrostatic 
potential (MEP) and electron localization function (ELF), using the Multiwfn 3.7 software. Consequently, it was concluded 
that the large energy gap of 3BAB (5.617 eV) and its high hardness (2.809) correlate with a low refractive index, dielectric 
constant, and low corrosion inhibition, whereas significant molecular softness of 3ABA-Na (2.88 eV-1) is associated with a 
high refractive index.
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1. Introduction
Metals can be protected from corrosion by 

corrosion inhibitors. Introducing such chemicals 
into a corrosive environment can prevent or slow 
down metal corrosion. One of the most popular 
and successful methods for protecting metal 
surfaces from oxidation or damage is the use 
of corrosion inhibitors. Every year, substantial 
amounts of material are lost due to corrosion and 
the irreversible breakdown of metals and alloys 
in a variety of sectors [1–4].

The global community has seen the fast spread 
of infectious illnesses, which pose a significant 
threat to human health due to the emergence 
of resistance to existing antimicrobial agents 
[5, 6]. Extensive research has been conducted 
on the biological properties of 3-acetylbenzoic 
acid (3ABA) combined with physiologically 
active heterocycles. It is highly valuable in the 
production of heterocyclic compounds and serves 
as a primary substance in a variety of chemical 
processes [7]. Due to its powerful antimicrobial 
capabilities, this molecule has been the focus of 
considerable research exploring its biological and 
physiological effects, including antifungal, anti-
inflammatory, antibacterial, antimalarial, and 
anticancer effects. 3ABA is used as a component 
in hair dyes and as an intermediate agent in 
the pharmaceutical, cosmetics, agricultural, 

and food industries [8]. Due to its ability to 
effectively interact with molecular targets, 
the designated chemical has a diverse range 
of binding interactions, making it potentially 
valuable in the field of drug development. Fig. 1 
shows the 3ABA structure with doped substituted 
alkali metals, lithium (Li), sodium (Na), and 
potassium (K).

In the past few decades, there has been a 
growing interest in predicting and understanding 
the mechanisms of interaction and adsorption 
between organic analytes and active substrates, 
particularly metals. The adsorption orientation 
and binding sites of 3ABA on metals were 
determined using Raman and SERS spectroscopy 
[9,10]. The findings were interpreted using 
quantum chemical calculations based on 
density functional theory (DFT) at the B3LYP/ 
LANL2DZ level, while the absorption spectra were 
analyzed using the IEFPCM method across four 
distinct solvents. It is essential to perform DFT 
calculations in order to comprehend the structure 
of molecules and their properties. In this study, 
the structure, spectra, and characteristics of 
physiologically significant molecules were 
examined using hybrid functionals, including 
B3LYP and M062X [11,12]. The primary objective 
of quantum molecular DFT computations is to 
identify the structure geometry with the lowest 

Fig. 1. 3-Acetylbenzoic acid derivative structure using Chemdraw
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value of global potential energy surface (PES). 
The experimental findings were substantiated 
by molecular optimization and various chemical 
reactivity calculations, which were used to 
verify the molecular behavior of the 3ABA. The 
spectroscopic analysis of 3ABA was used to 
measure its structural properties, and the results 
were compared to the calculated values.

The main focus of the current investigation 
was the structural and electronic characteristics of 
compounds determined through DFT calculations 
using the B3LYP functional and the 6-31G+(d) 
basis set. The acquired data made it possible to 
estimate the corrosion-inhibiting activity of the 
3-acetylbenzoic acid (3ABA) molecule, which 
was examined using the Gaussian 09W software 
suite. In this study, zinc was substituted with 
alkali metals, lithium (Li), sodium (Na), and 
potassium (K).

2. Computational method
The molecular structure of the 3-acetylbenzoic 

acid (3ABA) molecule was examined using 
the Gaussian 09W software suite, with zinc 
substituted by alkali metals, lithium (Li), sodium 
(Na), and potassium (K). 3ABA molecule was 
optimized using the DFT method with the B3LYP 
functional and the 6-31G+(d) basis set [13]. The 
obtained characteristics included EHOMO, ELUMO, 
energy band gap (Eg), ionization energy (IE), 
electron affinity (EA), absolute electronegativity 
(χ), global hardness (h), and global softness (S). 
In addition, the molecular electrostatic potential 
(MEP) on the surfaces was studied [14]. The 
fundamental optical properties were calculated 
for every chemical, including work function (Φ), 
Fermi energy (Ef), and optical electronegativity 
(Δχ*). The electron localization function (ELF) 
and localized orbital locator (LOL) topologies for 
the studied compounds were generated using the 
Multiwfn 3.7 software [15].

3. Results and discussion
Quantum chemical calculations, such as the 

HOMO-LUMO energy analysis, are increasingly 
used to predict corrosion inhibition efficiency. 
These calculations show that the inhibitor has 
the ability to both donate (HOMO) and receive 
(LUMO) electrons from the metal surface, which 
affects the formation of protective layers and, 

eventually, the efficiency of corrosion inhibition 
[16, 17].

All theoretical calculations were performed 
using the Gaussian 09W software package, and the 
results were subsequently analyzed with Gaussian 
to evaluate them. The stability of the molecular 
structure was evaluated by PES scan analysis using 
the B3LYP level of theory with the 6-31G+(d) 
basis set. The electronic properties, vibrational 
characteristics, and optimized structures in 
both solid and solvation (DMSO) phase were 
calculated using the DFT-B3LYP method with the 
6-31G+(d,p) basis set [18]. The HOMO and LUMO 
molecular orbitals (MOs) of an organic molecule 
are closely linked to its chemical and biological 
activities. The ground-state minimum energies of 
the optimized molecular structure are shown in 
Table 1. The energy of a bonded structure, such as 
an atomic unit, can be negative if the total energy 
of the system is lower than the sum of the energies 
of its individual components [19, 20].

The electrostatic potential (ESP) map 
simultaneously shows the molecular size, shape, 
and electrostatic potential using color grading, 
making it a great tool for correlating the chemical 
structures of biomolecules with their physical 
characteristics. According to the color coding, 
areas with a low electron density are shown 
in blue, areas with a high electron density are 
shown in red, and sections with no electrical 
charge are shown in green. The potential values 
decrease in the order: red < orange < yellow < 
green < blue. In the 3ABA-Na molecule, the most 
electronegative areas were located around the 
oxygen atoms, as shown in Fig. 2, whereas the 
most electron-rich regions were located in the 
orange and red regions. The 3ABA-Na molecule 
had a higher negative potential where the deeper 
red zones on an electrostatic potential map 
aligned with areas of high electronegativity. On 
the other hand, areas of low electronegativity in 
3ABA were within lighter blue zones, indicating 
significantly more positive potential. Fig. 2 shows 
that the most electron-rich (red and orange) 
and electronegative (bright) areas of the 3ABA- 
molecule are centered around the oxygen atoms; 
while other electron-rich (yellow) areas are at the 
centers of the cyclopentadienyl rings of ferrocene 
and the benzene rings, where negatively charged 
carbon atoms are present [21].
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We described the optimized bond lengths and 
angles for the studied molecule, 3-acetylbenzoic 
acid, in two distinct phases: gas phase and 
solvation phase. The experimental data for the 
studied molecule were then compared with the 
results from the theoretical optimization of 
its structure. The studied molecule consists of 
thirteen carbon atoms, eight hydrogen atoms, 
and three oxygen atoms (Fig. 2). Bond lengths and 
bond angles associated with the bonds connected 
to O1 and O2 in the original structure are notably 
short. These bonds exhibit the shortest bonds 
recorded both experimentally and theoretically. 
The bond angles with the smallest values are 
C12-O2-H20, C10-C11-H17, and O2-C12-C6 while 
O1-C10, O3-C12, and O2-C12 are the shortest 
bonds. C4-C10 and C4-C7-H14 are bond angles 
with the greatest values, whereas C4-C7-C9 and 
C10-C11 are the longest bonds [22].

3.1. HOMO–LUMO analysis
Molecular electrostatic potential analysis 

provides a good visualization of the reactivity of 
molecules identifying sites prone to nucleophilic 
or electrophilic attack. The studied molecule 
contains the following components: a benzene 
ring, a carbonyl group, a carboxyl group, and 
a methyl group. The electrostatic potentials 
are shown using various colors. Specifically, a 
deep red color indicates a negative potential, 
which implies nucleophilic attack. Conversely, 
a bright blue color signifies a positive potential, 
representing an electrophilic attack. Finally, a 
green color represents a zero potential, indicating 
a radical attack. As can be seen from the figure, 
nucleophilic attack in the molecule is most 
pronounced in the benzene ring attached to the 
carboxyl group, as well as in the benzene and 
methyl groups attached to the carbonyl groups. 
Conversely, the electrophilic attack is observed in 
the methyl group and benzene ring. Alternatively, 
the chemical behavior of the 3ABA molecule 
may be characterized by calculating its HOMO-
LUMO energies. These energies are shown in 
Fig. 3. The HOMO-LUMO energies calculated for 
3ABA, 3ABA–Li, 3ABA–Na, and 3ABA–K in the 
gas system are: –7.12805, –4.89915, –4.71835, and 
–4.59419 eV and –1.51103, –1.04438, –1.25094, 
and –1.12211 eV respectively. The band energy 
gaps for these compounds are: 5.617, 3.855, 3.467, 

and 3.472 eV respectively. The studied molecule 
exhibits a higher electrophilicity index (3.322 eV) 
and a higher electronegativity (4.320  eV). 
The results are shown in Table 1 [23]. These 
values provide strong evidence of the enhanced 
electronic transition in the studied molecule.

To characterize the molecular structure and 
determine the optical and electrical properties 
of molecules, particularly 3ABA and 3ABA-M, 
the potential energy map, or PEM, is crucial. 
The values of electronegativity for 3ABA, 3ABA - 
Li, 3ABA - Na, and 3ABA - K were 4.320, 2.972, 
2.985, and 2.858 eV, respectively. Similarly, the 
values for hardness and softness were 2.809, 
1.927, 1.734, and 1.736 eV and 0.178, 0.259, 0.288, 
and 0.288 eV, respectively. As can be seen from 
Table 1, this means that 3ABA is more stable 
and less reactive than 3ABA-M. The blue zone, 
corresponding to the higher electrophilicity 
index of 3ABA (4.320 eV), indicates areas with 
a higher electron density. The potential energy 
map can also be impacted by other factors, such 
as electronegativity [24].

In molecular orbital theory, the “EHOMO-
ELUMO energy gap” refers to the minimum 
energy required to excite an electron from the 
highest occupied molecular orbital to the lowest 
unoccupied molecular orbital. This energy gap 
is the key indicator of the substance’s chemical 
reactivity and stability. The 3ABA, 3ABA - Li, 
3ABA - Na, and 3ABA – K compounds had the 
following HOMO and LUMO values: –7.12805, 
–4.89915, –4.7183 and –4.59419 eV and –1.51103, 
–1.04438, –1.25094 and –1.12211 eV respectively.

Thus, it can be concluded that a larger energy 
band gap indicates a softer molecule, but the 
opposite is also true: a greater molecular hardness 
3ABA (2.809 eV) is associated with a softer 
molecule, as Table 1 illustrates. These results 
show that the neutral molecule was impacted 
by Li, Na, and K elements. A molecular structure 
with a smaller energy gap, such as the 3ABA - 
Na compound, exhibits increased flexibility 
and high polarization, which are directly linked 
to decreased stability and increased chemical 
reactivity. This means that it performs better as 
a corrosion inhibitor. The inhibitory efficiencies 
of the studied compounds follow the order: 
3ABA - Na > 3ABA - K > 3ABA - Li > 3ABA >, which 
aligns well with the theoretical data. These data 
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Fig. 2. Left-hand geometry optimization, right hand Electro static potential (ESP) surface
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Fig. 3. The FMOS for the title compounds
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suggest that the five extremely electronegative 
3ABA molecules (4.320 eV) are ineffective 
corrosion inhibitors. Fig 4. shows global reactivity 
correlations for the studied compounds.

The energy gap values, ranked from highest 
to lowest, are: 3ABA > 3ABA - Li > 3ABA - K > 
3ABA -  Na. In contrast, the refractive indices 
follow the opposite order: 3ABA - Na > 3ABA - K > 
3ABA - Li > 3ABA. Similarly, the dielectric constants 
are arranged as 3ABA - Na > 3ABA - K > 3ABA – Li 
> 3ABA. Data from Tables 1 and 2 show a linear 
inverse relationship between refractive index 
and dielectric constant and the HOMO-LUMO 
energy gap. Consequently, we have revealed that 
a higher hardness (η) value corresponds to a lower 
refractive index and dielectric constant, whereas 
greater molecular softness (S) is associated with 
higher refractive index.

In summary, a large HOMO and LUMO energy 
band gap (3ABA), lower refractive index (3ABA), 
and dielectric constant (3ABA) indicate poor 
corrosion inhibition performance due to its lower 
electrical conductivity and reduced reactivity, 
while a smaller energy band gap for 3ABA – Na 
is associated with enhanced corrosion inhibition 
potential (Tables 1 and 2).

3.2. Electron localization function (ELF)
In computational chemistry, the electron 

localization function (ELF) is a valuable tool for 
visualizing and understanding the distribution of 
electrons within molecules. ELF provides insights 
into the electronic structure by indicating the 
probability of finding electrons localized in 
specific regions. There is a correlation between 
the ELF and the likelihood of electrons with the 

Table 1. Global reactivates calculation

Parameters [25]  3ABA 3ABA - Li 3ABA - Na  3ABA - K
SCF energy (a.u) –572.98 –508.45 –735.22 –1172.81
HOMO (eV) –7.12805 –4.89915 –4.71835 –4.59419
LUMO (eV) –1.51103 –1.04438 –1.25094 –1.12211
IP (eV) 7.128 4.899 4.718 4.594
EA (eV) 1.511 1.044 1.251 1.122
Band gap energy (Eg) (eV) 5.617 3.855 3.467 3.472
Hardness (η) (eV) 2.809 1.927 1.734 1.736
Softness (S) 0.178 0.259 0.288 0.288
Electronegativity (χ) (eV) 4.320 2.972 2.985 2.858
Chemical potential (µ) (eV) –4.320 –2.972 –2.985 –2.858
Electrophilicity index (ω) (eV) 3.322 2.291 2.569 2.353
nucleophilicity index 0.301 0.436 0.389 0.425
back-donation –0.702 –0.482 –0.433 –0.434
charge transfer (∆Nmax) 1.538 1.542 1.722 1.646
Total Dipole Moment (Dy) 7.028 5.195 6.328 9.622
Fermi level energy (Ef) (eV) –7.884 –5.421 –5.344 –5.155
work function (Φ) (eV) 7.884 5.421 5.344 5.155
Optical electronegativity (Δχ*) 1.505356 1.03314 0.929156 0.930496

Table 2. Refractive indexes of compounds (n), and Dielectric constants of computed (ε)

Calculated 
Methods

6-31G (d,p)
Refractive indexes (n) Dielectric constants of computed (ε)

 3ABA 3ABA - Li 3ABA - Na  3ABA - K  3ABA 3ABA - Li 3ABA - Na  3ABA - K
Moss Relation [26] 2.027 2.228 2.287 2.287 4.112 4.964 5.234 5.230
Ravind Revelation [27] 0.601 1.693 1.934 1.931 0.361 2.868 3.741 3.729
Herve Relation [27] 1.799 2.108 2.200 2.199 3.239 4.447 4.843 4.838
Reddy relation [28] 2.327 2.577 2.654 2.653 5.414 6.642 7.045 7.040
Kumar Relation [29] 1.930 2.179 2.255 2.254 3.726 4.749 5.085 5.080
Tripathy Relation [29] 1.889 2.141 2.237 2.236 3.569 4.587 5.007 5.001

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2025;27(2): 226–236

R. O. Kareem, O. A. Hamad	 The potential corrosion inhibition properties of acetyl benzoic acid derivatives...



233

same spin being close to each other. This method 
identifies regions of electron pairing, including 
bonds, lone pairs, and core electrons. The ELF 
values range from zero to one, where 0 indicates 
completely delocalized electrons and 1 stands for 
highly localized electrons.

Important characteristics: regions near 
atomic nuclei exhibit high ELF values (close to 
1), indicating localized core electrons. In bonding 
regions, ELF values are intermediate, reflecting 
the sharing of electron pairs between atoms. 
High ELF values in areas that are not engaged in 
bonding correspond to lone pairs.

A related concept, LOL, is concerned with 
the localization of orbitals rather than electron 
pairs. Based on the kinetic energy density, LOL 
helps identify regions with concentrated electron 
density. LOL provides a complementary perspective 
to ELF, making it particularly useful for analyzing 
the kinetic aspects of electron localization.

Important characteristics of bonding and 
non-bonding regions: LOL highlights the 
probable locations of electrons in both bonding 
and non-bonding orbitals. It can provide a more 
accurate view of orbital localization than ELF, 
especially in complex systems, and can be useful 
for visualization purposes.

In this study an ELF shaded surface map 
was used in computational chemistry to show 
where electrons were located within a molecule. 
This three-dimensional map enables chemists 
to better understand bonding patterns, lone 
pairs, and core electrons. The use of a color scale 
enhances visualization, clearly highlighting the 
nature of chemical bonds and interactions. Fig. 5 
shows an ELF color-filled map with a color scale 
ranging from 0.000 to 1.000. The blue surface 
represents delocalized electrons (below 0.500) 
around the carbon and oxygen atoms, whereas the 
red surface indicates highly localized electrons 
(over 0.500) around the hydrogen atoms. Covalent 
bond interactions are indicated by the red 
area between C-C atoms, while the blue areas 
correspond to electron depletion zones between 
shells [22].

4. Conclusion
In conclusion, our extensive investigation 

employing Gaussian simulations with DFT 
approach, using the B3LYP functional and 
6-31G+(d) basis set, provided valuable insights 
into the molecular properties of 3-acetyl benzoic 
acid (3ABA) C9H8O3. The primary objective of 
this research was to theoretical study derivatives 

Fig. 4. The global reactivity correlations
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Fig. 5. The ELF, and ELF shaded surface map
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of 3ABA-M (Metal) where M is represented by 
lithium (Li), sodium (Na), and potassium (K). The 
analysis revealed that the most electron-rich (red 
and orange) and electronegative (bright) areas of 
the 3ABA molecule are located near the oxygen 
atoms; while other electron-rich (yellow) areas 
are found in the center of the cyclopentadienyl 
rings of ferrocene and benzene rings, where 
negatively charged carbon atoms are present. A 
molecular structure with a smaller energy gap, 
such as the 3ABA - Na compound (3.467 eV), 
along with lower hardness (1.734 eV) and higher 
softness (0.288 eV-1) has enhanced flexibility 
and high polarization. These properties are 
associated with decreased stability and increased 
chemical reactivity, which contribute to its 
superior performance as a corrosion inhibitor. 
Consequently, it can be concluded that a large 
energy gap in 3ABA (5.617 eV) and a high hardness 
(2.809eV) correspond to low refractive index and 
dielectric constant values, whereas significant 
molecular softness of 3ABA-Na (2.88  eV–1) is 
associated with a higher refractive index. In the 
ELF color-filled map, the blue surface represents 
delocalized electrons (below 0.500) around the 
carbon and oxygen atoms, whereas the red surface 
indicates highly localized electrons (over 0.500) 
around the hydrogen atoms.
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Abstract 
Purpose: Epinephrine (EP) may affect lipid and glucose metabolism in addition to haemodynamic parameters, according 
to a number of studies. This study’s primary goal was to provide a theoretical computer analysis of the EP molecule by 
including halogens like fluorine (F), chlorine (Cl), and bromine (Br): (EP, EP-Br, EP-Cl, and EP-F). 
Experimental part: The Gaussian program was used to obtain the optimal shape of the EP compound, and the DFT/6-311G 
(d,p) basis set and B3LYP level of theory were employed. Quantum chemistry properties were then analyzed, including the 
energy gap (EHOMO-ELUMO), reduced density gradient (RDG), density of states (DOS), and molecular electrostatic potential 
(MEP) on surfaces. 
Conclusions: The results showed that the larger refractive index of the EP-F molecule was associated with a higher value 
of EP-F (0.446 eV-1) molecular softness, while the EP molecule exhibited higher hardness (η) (2.296 eV) and a smaller 
refractive index. On the other hand, a smaller bandgap for EP-F (4.483 eV) indicated reduced chemical stability, increased 
electron dispersion, a lower work function (2.40682 eV), and improved electrical conductivity (σ = 1.249). According to our 
Electron Localized Function (ELF) topological analysis data, the group of H atoms had a red patch around them, indicating 
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1. Introduction
Although both norepinephrine (NEP) and 

epinephrine (EP) are catecholamines that are 
chemically similar and play a part in the fight-
or-flight response, they are distinct from one 
another in terms of their receptor selectivity, 
spectrum of physiological effects, release 
patterns, and medical uses. Both are organic 
substances produced by the body’s adrenal 
glands. In healthy individuals, NEP has been 
demonstrated to have an impact on hemodynamic 
parameters, lipid and carbohydrate metabolism, 
and plasma EP increases. On mineral metabolism, 
EP physiological effects are unknown. There 
are conflicting reports on how much EP affects 
blood magnesium levels and large dosages of 
the hormone have been shown to lower amounts 
of inorganic phosphorus and calcium [1]. EP 
is involved in the control of the sympathetic 
nervous system and the body’s response to 
stress, whereas selenium is more closely linked 
to enzymatic processes and antioxidant defense 
[2]. The body releases adrenaline (AD) into the 
circulation in response to perceived stress or 
danger. Moreover, it is a component of various 
emergency medical circumstances, such as 
cardiac arrest, and is utilized medicinally to treat 
severe allergic responses. In cases of emergency 
or rapidly deteriorating circumstances, it can be 
given by injection [3]. The chemical structure of 
the powdered form of EP is white to almost white 
in microcrystalline form, tasteless, and melting 
point (211–212) °C. The pH of aqueous solutions 
is somewhat alkaline, numbing, somewhat bitter 
flavor.

The three -OH and one -NH groups found 
in the EP molecule are both involved in the 
formation of hydrogen bonds and are readily 
exposed to redox processes. The likelihood of an 
H-bond forming between these four potential 
bonding places is higher for the –OH group 
attached to C [5]. Moreover, carboxyl or carbonyl 
groups might develop as a result of the oxidative 
sensitivity of the aliphatic OH next to the amino 
group [6]. It is essential to comprehend the sites 
of binding and hydrogen bonding interactions 
of adrenaline [7]. After optimization, all bond 
lengths that surfaced fall within permissible 
boundaries [5]. By rotating the three angles from 
the alcohol groups, –COH, and the dihedral angle 

H–C–N–H, the potential energy surface (PES), in 
which the corresponding lowest energy was for 
the expanded geometry, was derived [6].

The chemical structure of EP includes halogen 
atoms, specifically one or two halogen atoms. It’s 
important to note that the addition of halogen 
atoms, such as chlorine, fluorine, and bromine can 
influence certain properties of a compound, but in 
the case of epinephrine, the halide atoms mainly 
contribute to its structural configuration rather 
than dramatically altering its chemical or physical 
properties [8]. Energy in a chemical context can 
refer to various aspects, including the internal 
energy of the molecule, its potential energy in a 
certain environment, or its energy of formation. 
The presence of halides affects the bond energies 
within the molecule. The energy required to break 
or form bonds can be quantified, but these values 
depend on specific conditions [9].

The  EP species ’ chemical  s tabi l i ty 
demonstrates the results of the quantum chemical 
calculations. Among other electronic properties, 
the global hardness and chemical potential were 
computed. Density Functional Theory (DFT) was 
utilized to determine the molecular structure of 
the NEP molecule. In addition, the electronic 
distribution, energy-related to the structures, and 
distribution of HOMO and LUMO iso-surfaces are 
provided [6]. More investigation is required to 
find out more about the conformational stability 
of these substances [10]. On the other hand, for 
computing molecular structure, chemical reaction 
energies, and energy electronic calculations, DFT 
is a trustworthy and effective technique [11]. 
The improved molecular geometries [12]. They 
found that other factors outside the hydrogen 
bonding interaction are also responsible for the 
relative stabilities and activity [7]. An extensively 
employed approach for determining molecular 
energies and structural characteristics, as well 
as for accurately and successfully assessing 
many molecular properties, is the DFT method. 
Norepinephrine (NEP) and epinephrine (EP) 
are both catecholamines with similar chemical 
structures. The main difference between them 
is that norepinephrine has a hydrogen atom (H) 
attached to the nitrogen atom, while epinephrine 
has a methyl group (-CH₃) attached to the 
nitrogen atom. NEP plays a major role in the 
fight-or-flight response by increasing heart rate, 
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blood pressure, and blood sugar levels. It not only 
increases heart rate, but also dilates airways and 
stimulates glucose release from the liver [13, 14].

The current study is the first theoretical report 
on the EP molecule, produced by introducing 
halogens into the ortho position of the benzene 
ring. Research was conducted mostly with the aim 
of performing a theoretical and computational 
analysis of the EP molecule by the inclusion 
of halogens such fluorine (F), chlorine (Cl), 
and bromine (Br) to the structure as shown in 
Fig.  1. Researchers have discovered a number 
of intriguing correlations between the HOMO-
LUMO energy gap, the refractive index (n), the 
dielectric constant (ε), the electrical conductivity 
(σ), and the optical electronegativity (Δχ*). 
Additionally, they have discovered the Fermi level 
energy (Ef) and the work function (Φ) of four 
distinct types of EP molecules. These molecules 
were created by employing substituted halogens 
with names such as: EP, EP-Br, EP-Cl, and EP-F.

2. Computational studied
The Gaussian 09W software suite was used 

to look at the structure of the epinephrine 
(EP) molecule using different halogens, which 
were named: epinephrine (EP), epinephrine 
bromine (EP-Br), epinephrine chlorine (EP-Cl), 
and epinephrine fluorine (EP-F) [15]. A useful 
way to study molecular structure is through the 

density-functional theory (DFT). Based on the 
B3LYP level of theory, and 6- 311G(d, p) basis 
set, the EP molecule was optimized by using the 
DFT methodology. The following parameters are 
often recognized as eigenvalues that represent 
various energy-related properties: EHOMO, ELUMO, 
the energy band gap (Eg), ionization energy (IE), 
electron affinity (EA), absolute electronegativity 
(χ), global hardness (h), global softness (S). 
Also, the reduced density gradient (RDG), 
the density of state (DOS), and the molecular 
electrostatic potential (MEP) on surfaces have 
been investigated. The Multiwfn_3.7 program 
is used to create contour maps that illustrate 
the Electron localized function (ELF) for the 
title compounds [15–21]. For each chemical, we 
determine its essential optical characteristics, 
such as the, the Fermi level energy (Ef), and the 
work function (Φ) [22, 23], refractive index (n), 
the dielectric constant (ε), electrical conductivity 
(σ), and the optical electronegativity (Δχ*): Moss 
relation [24], Ravind relation [25], Herve relation 
[25], Reddy relation [26], Kumar relation [27], 
Tripathy relation [27].

3. Result and Discussion
3.1. Geometric optimization and charge 
distribution

The optimal form was obtained by using the 
Gaussian software in conjunction with the DFT/ 

Fig. 1. The title compound’s structure
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6-311G (d,p) basi sets, which were neutral to the 
structure of the epinephrine (EP). This is shown 
in Fig. 1 left hand. The first step of a geometry 
optimization technique that can be used for this 
method is to look at the energy that is linked to a 
certain starting shape of the molecules. There is a 
clear correlation between the form and type of the 
molecular orbitals (MOs) of organic chemicals, 
which are often referred to as HOMO and LUMO, 
and the chemical and biological functions of 
these substances [18]. In comparison to other 
elements such as carbon (C), nitrogen (N), 
hydrogen (H), halogens like fluorine (F), chlorine 
(Cl), and bromine (Br), the nitrogen (N) atoms. 
The N-H groups was investigated to be the most 
negatively charged: (–0.4299, –0.4342, –0.4336, 
and –0.4335 e–) for the EP, EP-Br, EP‑Cl, and EP-F 
molecules. According to the results, the N element 
with EP has a lower charge (4N = -0.4299 e-). This 

is because the electronegativity of the hydrogen 
or (H = 2.20) is less than Br, Cl, and F elements. 
As can be seen on the right-hand side of Fig. 2, 
the physicochemical characteristics and chemical 
reactions of the compounds EP, EP-F, EP-Cl, 
and EP- Br are influenced by the electrostatic 
potential (ESP) maps and the electron charge 
densities. It was observed that the charge 
distribution of all molecules was altered by the 
presence of halogens like fluorine (F), chlorine 
(Cl), and bromine (Br). Equation (1) provides a 
quantitative demonstration of the ESP creation 
surrounding molecules at a location and a point 
r (in atomic units) [28, 29]:

V
z

R r
r dr
r rr A

A

A
( )

( )=
-ÈÎ ˘̊

-
-ÈÎ ˘̊ÚÂ r 



,	 (1)

where r(r) is the electronic density and ZA is the 
nucleus charge at RA. The overall charge distribu-

Fig. 2. Left-hand geometry optimization, right hand Electrostatic potential (ESP) surface, DFT approach
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tion (electron + nucleus) of the molecule reflects 
the net electrostatic effect at r. The potential (V) 
is a function of distance (r). Molecular electrostat-
ic potential (MEP) analysis is a powerful tool for 
studying the boundary of a molecule’s charge 
concentration. Through the use of MEP analysis, 
the physicochemical characteristics of the system, 
including chemical reactivity, dipole moment, and 
partial charges, are linked to the geometry of the 
system shape [22]. A number of factors are asso-
ciated with the ESP, including partial charges, 
electronegativity, the dipolar moment, and the 
location of chemical processes within the molec-
ular structure. The various color zones that are 
connected with each molecule are related with 
varied electronegativity, which are ordered here: 
F = 3.98 > Cl = 3.16 > Br = 2.96 > H = 2.20 eV. In an 
electrostatic potential map, areas with a high 
electronegativity tend to correlate with redder 
zones, which indicates a more negative potential. 
On the other hand, areas with a low electronega-
tivity will seem much more positive (bluer) zones. 
Fig. 2 shows that, according to the EP picture, C-OH 
had a higher negative charge density and a red 
zone than other groups. Blue has more positive 
charge, smaller electron density, and lower proton 
affinity. When the colors red, yellow, green, and 
blue are arranged in this way, the potential is in-
creased. The existence of a broad negative zone 
(green) range is an indication that the molecular 
structure of norepinephrine (EP, EP-Br, EP-Cl, and 
EP-F) is particularly reactive with nucleophilic 
types. This is shown by the fact that the range of 
the negative zone is vast [29, 30].

3.2. Global reactivates analyses
As can be seen in Fig. 3, the energy gap (Eg) that 

exists between the highest occupied molecular 
orbital (HOMO), and the lowest unoccupied 
molecular orbital (LUMO) is examined in this 
section. Additionally, the Frontier molecular 
orbitals (FMOs) of (EP, EP-Br, EP-Cl, and EP-F) 
compounds are analyzed as well. FMO analysis is 
crucial because it reveals the optical properties 
and electronic behavior of the material. In 
addition, it provides details on the electrical 
conductivity of the compound, the distribution 
of electrons, its stability, and its resistance to 
sensing. The energy gap (Eg) values reveal aspects 
of charge transport and system reactivity. The 
complex with the lowest energy gap values has 
a large electronic distribution from donor to 
acceptor orbitals, resulting in increased electrical 
conductivity of title compounds. A smaller 
bandgap (Eg) EHOMO-ELUMO is associated with higher 
electrical conductivity, more electron dispersion, 
less chemical stability, and more reactivity, 
according to a review of the literature [12, 17, 22, 
31]. The term “EHOMO-ELUMO energy gap” is used in 
the context of molecular orbitals to refer to the 
minimum amount of energy that is necessary to 
transfer a molecular orbital from its occupied 
state to its unoccupied state. It is necessary to 
investigate, and evaluate both the HOMO and the 
LUMO aspects of the system in order to acquire an 
understanding of the electronic structure of the 
molecular system as well as the mechanism that 
is responsible for the transfer of potential energy, 
and chemical stability- reactivity of molecules. 

Fig. 3. The Front molecular orbitals (FMOs) diagram according to HOMO-LUMO
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An inventory of the HOMO-LUMO energy gap as 
well as other global reactivities of all compounds 
can be found in Table 1, which can be seen below. 
The DFT/ B3LYP level of theory (technique) was 
used to determine this gap using the basis sets 
6-311G (d, p) [16, 17, 32, 33].

Fig. 4a displays the graph illustrating the 
variety of correlation between the HOMO, and 
LUMO of the compounds, as well as the energy 
gap. The EP-F compound with a lower energy 
gap of 4.483 eV shows characteristics of high 
electronic distribution, low chemical stability, 
high electrical conductivity, and high reactivity. In 
contrast EP, EP-Br, and EP-Cl have higher energy 
gaps, resulting in less electronic distribution, 
high stability, low electrical conductivity, and 
low reactivity. The EP-F values with the lowest 
energy gap, which are 4.483 eV, have a significant 

electronic dispersion from the donor orbitals to 
the acceptor orbitals.

According to the literature assessment, 
systems with higher chemical hardness and 
ionization potential values imply less reactivity 
than systems with lower values. Because they 
can transmit electrons more easily than hard 
molecules, soft molecules are more reactive. In 
Table 1, molecular hardnesses are listed from 
greatest to lowest: EP > EP-Cl > EP-Br > EP-F 
while molecular softness EP-F > EP-Br > EP- Cl > 
EP compounds. The PE-F molecule has a softness 
of 0.446 eV–1, which indicates that it is very 
capable of transferring electrons. According to 
Fig. 4b, based on this, we may deduce that a larger 
energy band gap indicates a lower molecular 
softness, and that the reverse is also true: that 
a higher molecular hardness is correlated with a 

Table 1. Calculation of global reactivates parameters DFT/ 6-311 G (d, p)

Parameters
Calculation 

[16, 17, 18, 19, 34, 35, 36]
EP EP-Br EP-Cl EP-F Recent study

DFT/ SSD [17]

HOMO (eV) –4.57086 –4.76543 –4.76854 –4.64816 –5.698
LUMO (eV) 0.02043 –0.27986 –0.27564 –0.16547 –0.101
IP (eV) 4.571 4.765 4.769 4.648 5.698
EA (eV) –0.020 0.280 0.276 0.165 0.101
Band gap energy (Eg) (eV) 4.591 4.486 4.493 4.483 5.597
Hardness (η) (eV) 2.296 2.243 2.246 2.241 2.798
Softness (S) (eV–1) 0.436 0.445 0.445 0.446 0.357
Electronegativity (χ) (eV) 2.275 2.523 2.522 2.407 2.899
Chemical potential (µ) (eV) –2.275 –2.523 –2.522 –2.407 –

Fig. 4. Displays calculations for Compression HOMO, LUMO, BG, hardness, and softness
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lower softness (Fig. 4b). Electronegativity, which 
is represented by the symbol χ, is a measurement 
that measures the ability of an atom to take 
an electron. It is possible that EP-Br attracts 
electrons with a larger degree of attraction force 
when its electronegativity is high (2.523 eV), 
since this indicates that the element has a high 
electronegativity capacity [17, 30, 37, 38]. Based 
on the current findings, the literature analysis 
confirms and agrees with the HOMO and LUMO 
calculation approaches [17].

3.3. Optical properties 
The optical characteristics of norepinephrine, 

including its refractive index (n), dielectric 
constant (ε), and optical electronegativity (Δχ*), 
are discussed in this section. The following 
formula is used to determine the refractive 
index of the EP, EP-Br, EP-Cl, and EP-F: Moss 
et al. [24], Ravindra et al. [25], Herve et al. [25], 
Reddy et al. [26], Kumar et al., and Tripathy et 
al. [27]. The coefficients of the refractive index 
that were estimated by using the Moss, Tripathy, 
Kumar, and Herve equations each have values 
that are rather close to one another, as can be 
observed by looking at the information that was 
collected in Table 2. The association between the 
refractive index and the energy gap is laid out in 
Tables 1, 2 are listed from the highest to lowest 
value: refractive index (EP-F> EP-Br > EP-Cl> 
EP), while energy gap (EP> EP-Cl> EP-Br> EP-F). 
From the information shown in Tables 1 and 2, it 

is clear that the refractive index of EP Derivatives 
and the HOMO-LUMO energy gap are inversely 
connected to one another. The high refractive 
index corresponds with great molecular softness. 
The big energy gap is connected with a decreased 
refractive index. As demonstrated in Tables 2 
and 3, the dielectric constant (ε) of the EP, EP-
Br, EP-Cl, and EP-F increases with increasing 
optical refractive index values for these elements. 
According to the data shown in Tables 1, 2, and 
3, a higher energy gap is associated with a lower 
refractive index and a lower dielectric constant 
[39, 40]. Our findings indicate that high molecular 
softness (S) correlates with a high refractive 
index, whereas high hardness (η) correlates with 
a low refractive index.

3.4. Correlation between Fermi energy, 
and  energy gap

The energy gap (Eg) values, Fermi level energy 
(Ef), and work function (Φ) values obtained in the 
present study provide electronic distribution, low 
chemical stability, high electrical conductivity, 
and high reactivity. The DFT/B3LYP level of 
theory (technique) was used to determine this 
Fermi level energy, and work function 6-311G (d, 
p) basis sets. Equation (2) provides the formula 
for calculating the Fermi level energy or (Ef), 
which is the amount of energy that an electron 
occupies while it is at a temperature of zero 
degrees Celsius. This energy may be derived from 
the FMO orbitals. where the work function or (Φ) 

Table 2. Refractive indexes of compounds (n)

Species EP EP-Br EP-Cl EP-F
Moss Relation [24] 2.13281938 2.145192 2.144356 2.14555

Ravind Relation [25] 1.23744575 1.302542 1.298202 1.304402
Herve Relation [25] 1.96123086 1.980418 1.979121 1.980974
Reddy Relation [26] 2.45695842 2.472461 2.471413 2.472912
Kumar Relation [27] 2.05995684 2.075377 2.074334 2.075825

Tripathy Relation [27] 2.00701618 2.023146 2.022042 2.02362
                     

Table 3. Dielectric constants of computed (ε)

Species EP EP-Br EP-Cl NEP-F
Moss Relation [24] 4.548919 4.601847 4.5983 4.6034

Ravind Relation [25] 1.531272 1.696615 1.6853 1.7015
Herve Relation [25] 3.846427 3.922054 3.9169 3.9243
Reddy Relation [26] 6.036645 6.113066 6.1079 6.1153
Kumar Relation [27] 4.243422 4.30719 4.3029 4.3090

Tripathy Relation [27] 4.028114 4.09312 4.0887 4.0950
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is the amount of energy that must be expended 
in order to remove one electron from the Fermi 
level [41].

Fermilevel energy ( )
HOMO LUMO

Ef = +
2

,	 (2)

F = + • -Vel( , ) Ef ,		   (3)

where the electrostatic potential energy of the 
electron far from the surface of the material is 
denoted by Vel (+, ∞), and it is equal to zero. 
Because of chemical interactions and the 
transfer of energy levels from the HOMO to the 
LUMO, substituted halogens such as fluorine (F), 
chlorine (Cl), and bromine (Br) also impact the 
Ef and work function (F) values for epinephrine 
or (EP) compounds. As a result of the fact that 
the electrostatic potential energy is equal to 
zero, the work function (Φ) is taken as the 
negative of the Fermi level energy value. The Ef 
is computed by taking the average of the HOMO 
and LUMO energy values [23]. Using Equation 
(3), we can determine the relationship that exists 
between the work function and the Fermi level 
energy. The variations in the values of the work 
function also show that there is a transfer of 
charges between substituted halogens and 
compounds including epinephrine (EP) [23]. The 
values of the minimal work function (2.40682) 
and the Fermi level energy (–2.40682) are 
experienced by the EP-F compound. According 
of this, the small energy bandgap (Eg) indicates 
better electrical conductivity, greater electron 
dispersion, less chemical stability, minimal work 

function, and the Fermi level energy as seen in 
Table 5, and Fig. 5. As a result of this, the small 
energy bandgap (Eg) exhibits characteristics 
such as improved electrical conductivity, 
increased electron dispersion, decreased 
chemical stability, a minimum work function, 
and the Fermi level energy, as can be shown in 
Table 5 and Fig. 5.

3.5. Electrical conductivity
The process by which electrons travel from 

the valence band (VB) to the conduction band 
(CB) is referred to as the electrical conductivity 
of a substance. The varied electronic properties 
of the complexes are the cause of the variations 
in the electrical conductivity of the complexes. 
Equation (4) is the primary factor in determining 
the electrical conductivity [42]:

s = ¥
-Ê

ËÁ
ˆ
¯̃A EXPT

E
KT

3
2 2 .		  (4)

Where σ is the electrical conductivity, A is the 
Richardson constant (A = 6·106, T = 298.16), Boltz-
mann constant (K = 8.318·106 kJ/ mol·k) [43]. The 
presented equation establishes a connection 
between the HOMO–LUMO energy gap values 
and the electrical conductivity of the complexes. 
As can be seen in Table 6, this data reveals that 
an increase in the values of the energy gap leads 
to a decrease in the electrical conductivity of the 
compounds.

3.6. Electron localized function (ELF) 
topological analysis

Electron localized function (ELF) topology 
studies are often used to reveal the structure of 
atomic shells, categorize chemical bonds, and 
validate charge-shift bonds on the surface of 
molecules, as well as electron concentrations 
such as bonding, nonbonding, and lone pair. ELF 
employs τ (r) to detect the additional kinetic 
energy density induced by Pauli’s repulsion 
principle [44]. The Multiwfn_3.7 program is used 

Table 4. Optical electronegativity (Δχ*)

Compounds Name 6-311G (d, p)

EP 0.058375

EP-Br 1.202248

EP-Cl 1.204124
EP-F 1.201444

Table 5. The work function (Φ), Fermi level 
energy (Ef), and energy gap (Eg) correlation

Compounds 
Name Eg (eV) Ef [23] (eV) Φ [22, 23] (eV)

EP 4.591 –2.27521 2.27521
EP-Br 4.486 –2.52265 2.52265
EP-Cl 4.493 –2.52209 2.52209
EP-F 4.483 –2.40682 2.40682

Table 6. The electrical conductivity (σ), and 
energy gap (Eg) correlation

Compounds Name Eg (Ev) σ
EP 4.591 122

EP-Br 4.486 1.248
EP-Cl 4.493 1.247
EP-F 4.483 1.249
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to create contour maps that illustrate the ELF for 
the title compounds, as seen in Fig. 5 [45].

Fig. 5 depicts ELF color-filled maps ranging 
from 1.0 to 0.0, illustrated by red and blue colors, 
respectively. The red color patches surrounding 
C-C, C-N, and bonds have greater density values, 
indicating interaction with a confined electron 
cloud, particularly the hydrogen atoms in 
terminal carbon. The blue hue area surrounding 
a few C atoms in compounds indicates delocalized 
bonding. The group of H atoms has a red area 
encircling them, which indicates that there are an 
excessive number of electrons that are considered 
to be delocalized (Fig. 5) [44, 46].

3.7. RDG analyses
The Multiwfn application was applied in 

order to accomplish the task of making the 
colorful RDG scatter plots [45], whereas the VMD 
program was utilized in order to achieve the goal 
of delivering a graphical representation of the 
three-dimensional iso surface [47]. Chemical 
interactions influence the stability of molecular 
structures. Analyzing reduced density gradient 
(RDG) calculations may help identify weak 
interaction or intermolecular forces attraction. 
The colorful RDG scatter plots were generated 
using the Multiwfn free software. For the purpose 
of determining the RDG values, we applied 

Equation (5) below according to the electron 
density ρ(r):

RDG( )
( )

( ) ( )
r

r

r r
=

—1

2 3 2
1
3

4
3

r

p r
.		 (5)

In three-dimensional space, r stands for the 
position vector. This vector indicates a particular 
place in space where several criteria – including 
electron density and its gradient – are assessed. 
The low-density gradient reveals regions that 
contain a limited number of electrons, which 
are the cause of weak interactions. As part of 
the isosurface plots, RDG is plotted against 
the second eigenvalue of the electron density 
Hessian matrix (λ2), and the electron density 
ρ(r). The characteristics of weak interaction may 
be determined from the isosurface, and these 
characteristics are dependent on the values of λ2. 
The blue zone, which is characterized by negative 
values, also known as λ2 (r) ρ(r) < 0, is associated 
with strong interactions, such as hydrogen 
bonding, and a high electron charge density. As 
opposed to the green zone, which corresponds 
to van der Waal interactions that are relatively 
weak, the red zone, which has positive values λ2(r) 
ρ(r) > 0, indicates a strong repulsive interaction 
and a drop in electron density. The green zone is 
marked by the sign λ2(r) ρ(r) ≈ 0. The RDG plots 

Fig. 5. Electron localized function (ELF) topology
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that were anticipated for the test compounds EP, 
EP-Br, EP-Cl, and EP-F are shown in Fig 6.

3.8. Density of state (DOS)
The density of state, often known as DOS, 

is a crucial metric that provides information 
on the number of states that exist inside the 
HOMO-LUMO unit energy interval for a certain 
chemical system. Its graph is used for the purpose 
of assessing the type of electron structure in 
addition to the distribution of molecular orbitals 
along with the energies linked with their EHOMO, 
and ELUMO constituents. For the purpose of 
determining the DOS of the compounds that 
were investigated, we used the DFT/6-311G (d,p) 
basis set in this study. Equation (6) allows one to 
determine the DOS in relation to energy levels 
[23,48-52]:

DOS(E) = Σ g(E – εi).		  (6)

In this formula, E represents the total electron 
energy, ‘g’ corresponds to a Gaussian function 
with a fixed Full Width at Half Maximum (FWHM) 

of = 0.3, and εi signifies the energy associated 
with the ith [53]. It was discovered that the 
variation in the energy gap (Eg): 0.1687, 0.1648, 
0.1651, and 0.1647 a.u for the EP, EP-Br, EP-Cl, 
and EP-F, respectively in Fig. 7. Therefore, it is 
possible to draw the conclusion that the highest 
and lowest DOS values in the Eg were found for 
compounds containing EP and EP-F compounds. 
With the presence of substituted halogens in the 
epinephrine (EP) molecule, it is possible that 
the density of states (DOS) of the molecule will 
be altered, as shown in Fig. 7. This is in addition 
to the peak shifts that occur in the electronic 
spectra of the molecule. This may be attributed 
to a number of factors, including the following: 
shifts in the energy levels of electronic states and 
the orbitals of molecules.

4. Conclusion
In conclusion, our extensive investigation 

employing Gaussian program simulations 
with DFT/6-31G(d,p) basis set, and substituted 
halogens in the molecule of epinephrine (EP) 

Fig. 6. The RDG scatter
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compounds offered crucial insights into their 
molecular properties. Front molecular orbitals 
(FMOs), which include HOMO and LUMO as well 
as other molecular orbitals, provide information 
about electronic structure, chemical stability, and 
reactivity. Estimated HOMO-LUMO energy gaps 
at the B3LYP level of theory (method), The EP-F 
compound with a smaller energy gap of 4.483 eV 
has excellent electrical conductivity, reactivity, 
and electronic distribution, and less chemical 
stability. Results show that the PE-F molecule 
has a softness of 0.446 eV–1, which indicates that 
it is very capable of transferring electrons. The 
optical characteristics of epinephrine, including 
its refractive index (n), dielectric constant 
(ε), and optical electronegativity (Δχ*), are 
discussed in this section. The correlation between 
refractive index, and energy gap  are listed from 
the highest to lowest value: refractive index 
(EP‑F > EP‑Br > EP-Cl > EP), while energy gap 
(EP > EP‑Cl > EP‑Br > EP-F). When the refractive 
index is high, it means that the molecules are 
relatively soft, while large hardness (η) is related 
to small refractive index. It is associated with 
a higher energy gap and is associated with a 

lower refractive index and a lower dielectric 
constant. Results from calculations show that a 
smaller bandgap (Eg) implies a higher Fermi level 
energy, poorer chemical stability, a smaller work 
function (Φ), and better electrical conductivity. 
The optical electronegativity (Δχ*) was used to 
distinguish between different kinds of bonds, 
and the correlation between lower Δχ* values 
and higher refractive indices demonstrated its 
connection to the HOMO-LUMO energy gap. The 
presence of substituted halogens in the molecule 
of norepinephrine, often referred to as NEP, has 
the ability to bring about alterations in the energy 
levels of electronic states, and the orbitals of 
molecules. This is because the molecule contains 
halogens that have been replaced. Modifications 
in the physicochemical properties of the EP 
molecule, including its stability and reactivity, are 
also seen. According to our ELF data, the group 
of H atoms have a red patch surrounding them, 
indicating that there are too many delocalized 
electrons.

The online version contains supplementary 
material 

Fig. 7. Total Energy (a.u), the density of state (DOS) using Fragments 1, and 2 DFT/B3LYP/ 6-311G (d,p)
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Abstract 
Purpose: The article aims to establish the regularities of the influence of external influences (thermal and electrical) on the 
activation of domain walls in oxygen-octahedral-type ferroelectric materials with perovskite structure which have a wide 
application in electronic devices. One of the problems in this case is the stability of domain walls with respect to external 
influences. With this in mind, the aim of the paper is to determine the activation energy of irreversible motion of domain 
walls when switching the polarization of a ferroelectric by electric field in a wide temperature range.
Experimental: The value of the critical energy Wmax of interaction of ferroelectric domains with an external electric field 
necessary for irreversible change of the domain structure of a ferroelectric under different thermal conditions is determined. 
For this purpose, the dielectric hysteresis loops P(E) of samples obtained at different temperatures were analyzed. 
Ferroelectric materials with oxygen-octahedral perovskite structure were chosen as objects of study: BaZrO3/BaTiO3 
superlattice, Pb(Zr0.3Ti0.7)O3, ceramics (Pb0.96Sr0.04(Mg1/3Nb2/3)0.275(Ni1/3Nb2/3)0.1Ti0.375Zr0.25O3 and ceramics 
Pb0.88Ba0.06Sr0.06(Mg1/3Nb2/3)0.37Zr0.375Ti0.255O3).
Conclusions: Temperature dependences of the critical energy Wmax of interaction of ferroelectric domains with an external 
electric field necessary for irreversible change of the domain structure of a ferroelectric have been determined. The 
assumption that the energy Wmax has the meaning of the activation energy of the domain structure of a ferroelectric at 
switching of polarization by an electric field, necessary for irreversible change of its domain structure, has been substantiated. 
It is established that the critical energy Wmax decreases linearly with temperature in a wide temperature range below the 
Curie point. The obtained results have scientific and practical value, since they allow to determine the conditions of stability 
of the domain structure of a ferroelectric to external influences and expand the possibilities of application of the Sawyer-
Tauer method for determination of activation energies of irreversible change of the domain ferroelectric structure.
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1. Introduction 
For practical applications in electronic 

engineering and fundamental research in 
solid state physics and chemistry, of particular 
interest are ferroelectric perovskites – inorganic 
crystalline materials whose structure contains 
internal surfaces of phase interfaces with 
different direction of the electric polarization 
vector – domain walls. The presence of domain 
walls for ferroelectrics determines especially 
large values of relative dielectric constant 
(103−104), and also gives a contribution to 
dielectric losses.

Domain structures can be studied by direct 
(microscopy) and indirect methods (dielectric 
spectroscopy). The application of the latter allows 
us to determine the conditions of stability and 
activation of its domain structure, as well as to 
estimate the activation energy of domain walls 
by the dependences of the complex dielectric 
constant of a ferroelectric on the magnitude 
of external influences (temperature, pressure, 
electric field) [1]. Another method of indirect 
study of the domain structure is the measurement 
of dielectric hysteresis loops P(E) under various 
external influences (temperature, mechanical, 
electrical). Determination of domain wall energies 
is also possible from first principles, which was 
done by the authors of papers [2] to evaluate the 
structure and energies of several types of domain 
walls for two prototypical tetragonal ferroelectric 
perovskites: PbTiO3 и BaTiO3, including charge-
neutral 90° domain walls of the Ising and Ising-
Bloch types, as well as 180° domain walls of 
different orientations.

Since real ferroelectrics contain various 
structure defects, the process of nucleation and 
motion of domain walls occurs in interaction 
with the “stopper” system of defects in its crystal 
structure [3], which affects the mobility of domain 
walls in their interaction with lattice defects 
[4]. Although the nucleation and growth of the 
reverse polarity ferroelectric domain is controlled 
by the external electric field, this process is 
also influenced by thermal activation [5]. Thus, 
the analysis of the temperature evolution of 
dielectric hysteresis loops allows us to obtain 
data on the interaction energy of domain and 
defect structures and the nature of its change 
with temperature.
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Despite the numerous studies of ferroelectric 
perovskites, even today there are still works on 
studying the structure of domains, domain walls 
and defects in these materials, as well as the 
evolution of these structures under the action 
of electric fields [6]. It was found that point 
defects of the crystal lattice, in particular, oxygen 
vacancies, play a significant role in the stability 
of the domain structure of perovskites. For the 
ferroelectric BaTiO3, the activation energy of the 
motion of such vacancies has a value of 0.91 eV 
[7].

Dislocations in ferroelectrics also cause the 
anchoring of domain walls and the nucleation of 
ferroelectric domains, which significantly affects 
the electromechanical properties of ferroelectrics. 
For example, to determine the role of dislocations 
in ferroelectrics, the driving force of domain walls 
and their interaction with dislocations have been 
analyzed by finite element method [8]. It was 
found that the needle domain originating from 
the dislocation nucleus causes the domain walls 
to be anchored, and the interaction of the domain 
wall with the needle domain leads to a nonlinear 
dependence of the critical electric field required 
for the breakthrough of the domain walls through 
dislocations on the Burgers vector [8].

On this basis, it seems relevant to investigate 
the influence of external influences on the 
activation of domain walls of ferroelectrics 
with perovskite structure. For this purpose, 
the results of the study of dielectric hysteresis 
loops P(E) of several ferroelectric perovskites 
at different temperatures [9-12] are analyzed 
and summarized in this work, from which the 
interaction energies of ferroelectric domains with 
an external electric field in different temperature 
and electrical conditions are determined.

2. Experimental
To determine the critical energy required to 

irreversibly change the domain structure of a 
ferroelectric when its polarization is switched 
by an electric field, in this paper, based on 
our previous studies [13, 14], we analyze the 
dependence of W(E) obtained from the measured 
ferroelectric hysteresis data P(E) according to the 
formula:

W = –P · E,		  (1)
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where P is the polarization value of the ferroelectric 
corresponding to the electric field E determined 
from the dielectric hysteresis loop P(E).

The dependences of P(E) for several ferroelectric 
materials with perovskite structure in the form of 
films, ceramics, single crystals, superlattice were 
obtained at different temperatures. Experimental 
data presented in papers [9–12] were used for this 
purpose, namely:

1) Ferroelectric superlattice (multilayer 
epitaxial layer structure) of barium zirconate/
barium titanate BaZrO3/BaTiO3(BZ/BT) with 
comparable unit cell sizes consists of 32 repeating 
BZ and BT layers with the thickness of individual 
BZ layers - 6.65 nm, and BT layers – 6.67 nm, 
deposited by pulsed laser deposition on a 
single-crystal MgO substrate. To investigate the 
dielectric hysteresis loops at temperatures of 523, 
633, and 658 K, a modified Sawyer–Tauer scheme 
with conductivity compensation and an external 
electric field frequency of 10 kHz was used [9].

2)  Lead zirconate t i tanate f i lms of 
Pb(Zr0.3Ti0.7)O3 were obtained by sintering and 
crystallization of the gel-solution precursor at 
923 K for 10 min. The polarization hysteresis 
loops of P(E) were obtained at an electric field 
frequency of 100 Hz in the temperature range of 
293-343 K [10].

3 )  C e r a m i c s 
Pb0.88Ba0.06Sr0.06(Mg1/3Nb2/3)0.37Zr0.375Ti0.255O3 
(modified lead magnoniobate zirconate 
titanate PMN-PZT ceramics) were prepared by 
conventional solid-phase reaction method at a 
sintering temperature of 1,533 K. Polarization 
P(E) hysteresis loops were obtained at a frequency 
of 1 Hz in the temperature range from 298 to 
433 K [11].

4 )  C e r a m i c  s a m p l e s  o f  m o d i f i e d 
lead  z i rconate  t i tanate  ceramics  PZT 
(Pb0.96Sr0.04(Mg1/3Nb2/3)0.275(Ni1/3Nb2/3)0.1Ti0.375Zr0.25O3) 
were prepared by solid-phase reaction at a 
sintering temperature of 1,343 K. The polarization 
hysteresis loops of P(E) were measured using 
Sawyer-Tauer scheme in the temperature range 
from 300 to 433 K at a frequency of 1 Hz [12].

3. Results and discussion
The shape of the dielectric hysteresis loop is 

largely determined by the domain structure of 
the ferroelectric. And, as noted by Smolensky et 

al [15], the change in the direction of spontaneous 
polarization occurs during polarization switching 
not by a jump in the whole domain, but by the 
motion of domain walls. Domain walls are fixed on 
pinning centers, which in real crystals are various 
defects of the crystal lattice, with which domain 
walls interact during their motion [16]. In a weak 
periodic electric field, the domain walls make 
reversible oscillations relative to the stationary 
position. If the electric field exceeds some critical 
value Ecr, which is less than the coercive field Ec, 
the domain walls detach from the stoppers and 
their motion becomes irreversible. The electric 
field Ecr is characterized by the fact that its effect 
on the ferroelectric leads to a change in the shape 
of individual lines of the X-ray diagram, which 
is a manifestation of the change in the domain 
structure of the ferroelectric [13]. The value of 
the critical field Ecr can also be determined from 
the P(E) dependence [14]. For this purpose, it 
is necessary to determine the field dependence 
W(E) of the energy W from formula (1). In the 
phenomenological theory of ferroelectrics, 
expression (1) is the additional energy in the full 
thermodynamic potential in an external electric 
field:

F = U – T · S + p ·V – P · E,		 (2) 

where U is the internal energy, T, p, V are 
thermodynamic parameters (temperature, 
pressure and volume), S is the entropy, P is the 
polarization of the ferroelectric in the electric 
field E [15]. 

The polarization of ferroelectrics is due to the 
action of several mechanisms [17], but the main 
contribution is given by the domain polarization 
mechanism. Therefore, the contribution of other 
polarization mechanisms will be neglected in the 
following.

The polarization switching process can be 
accompanied either by the growth of existing 
domains, in which the polarization vector is 
opposite to the applied field, through the motion 
of domain walls, or by the nucleation and growth 
of new domains with the opposite direction of 
the polarization vector [15]. Under conditions 
of constant thermodynamic parameters T, p, V, 
the change of the full thermodynamic potential 
in an external electric field will be caused by the 
polarization switching processes. In this case, 
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the spontaneous polarization within each of 
the domains remains constant, and the main 
contribution to the macroscopic polarization of 
the ferroelectric is due to the rearrangement of 
its domain structure, which largely determines 
the parameters of the ferroelectric hysteresis. 
Based on these considerations, the value of W 
is predominantly determined by the interaction 
energy of the ferroelectric domains with the 
external electric field. On the example of the 
classical ferroelectric BaTiO3 (ceramic and 
monocrystalline), Fig. 1 shows the dependence 
P(E) taken from the monograph [18] and the 
dependence W(E) obtained in this work. Two 
maximum points Wmax– and Wmax+, corresponding 
to the external critical electric fields -Ecr and Ecr 
are emphasized on the W(E) dependence. As it 
was mentioned above, in the critical field Ecr, the 
domain structure of the ferroelectric undergoes 
a rearrangement [13, 14]. This means that the 
energy Wmax is the critical energy of interaction 
of ferroelectric domains with an external electric 
field, at which irreversible changes in the domain 
structure of the ferroelectric begin under external 
electric influence on it. In this work, the energy 
dimensionality W is defined in joules per one 
mole of matter (J/mole), assuming that the 
polarization dimensionality P is C/cm2 and the 
electric field strength E is V/cm. The transition of 
the energy dimensionality W from J/cm3 to J/mole 
is done by multiplication by the molar volume Vm 
(Vm = M/ρ, where M is the molar mass, g/mole; ρ 

is the density, g/cm3).
This paper analyzes the W(E) dependences 

obtained from experimental P(E) dependences of 
ferroelectric materials with perovskite structure 
measured at different temperatures [9–12].

F o r  t h e  fe r r o e l e c t r i c  s u p e r l a t t i ce 
BaZrO 3/BaTiO 3 [9], the dependences of 
the interaction energy of the ferroelectric 
domains with the external electric field W(E) at 
temperatures 523, 633, and 658 K are shown in 
Fig. 2. The dependence Wmax(T) is approximated 
by a linear dependence at temperatures 20 K 
below the Curie temperature:

Wmax = –aT · T + bT, 		  (3)

where aT and bT  are coefficients, T is temperature. 
For Wmax-: aT ≈ 0.07 J/mole·К, bT ≈ 48.6 J/mole. For 
Wmax+: aT ≈ 0.24 J/mole·К, bT ≈ 158.9 J/mole.

The reason for the different values of Wmax– and 
Wmax+ at T = 523 K for BaZrO3/BaTiO3 superlattice 
(Fig. 2b) is the asymmetry of the dielectric 
hysteresis loop arising due to the presence of an 
internal electric field in the sample.

Analyzing the dependence of the maximum 
values of switching currents on the applied field 
strength, Sidorkin A.S. and co-authors [9] found 
that the full switching curve has two sections. The 
initial, so-called “activation” region or the region 
of “weak” fields, where the specified dependence 
of the switching current on the applied field is 
close to exponential, and the subsequent linear 
region, i.e., the region of “strong” fields, or the 

Fig. 1. Field dependence of the interaction energy of ferroelectric domains with an external electric field W(E) 
and the dielectric hysteresis loop P(E) of the ferroelectric BaTiO3 in the form of ceramics (a) and a single crys-
tal (b). Ec is the coercive field, Ecr is the critical field. From the experimental data P(E) [18]
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region of “sliding”, where the dependence of the 
maximum switching current is proportional to the 
field imax ≈ µPЕs/d (P – polarization, µ – mobility 
of domain walls, s – area of the top electrode, d – 
thickness of the sample). The boundary between 
the regions of activation and non-activation 
switching modes, the so-called Eth threshold or 
critical field, defined by the switching currents 
as the field corresponding to the transition of 
the exponential dependence into a linear one, 
approximately corresponds to the coercive field 
defined by the dielectric hysteresis loop [9].

The results of our work suggest that the 
critical field Eth determined by the authors [9] 
will correspond to the maximum value of the 
interaction energy of ferroelectric domains 
with the external electric field Wmax (Fig. 2a) 
and the corresponding critical field Ecr (Fig. 1). 
Then the decrease in the linear law (3) of the 
energy value Wmax with increasing temperature 
T can be associated with the growth of the 
domain wall mobility µ due to the decrease 
in the activation energy of the domain wall 
motion, which is caused by the weakening of 
the interaction of domain walls with the crystal 
lattice and defective environment, as well as 
by the decrease in spontaneous polarization as 
we approach the Curie temperature ТС. During 
polarization switching of the sample, domains of 
opposite sign are also nucleated, and mainly at 

the interfaces (grain boundaries, sample surface). 
But their subsequent growth is also determined 
by the mobility of domain walls, which mainly 
determines the polarization switching process.

For film samples Pb(Zr0.3Ti0.7)O3 [10], the 
dependences of W(E) in the temperature range 
293–343 K are shown in Fig. 3а. In this case, the 
dependences Wmax+(T) and Wmax–(T) presented 
in Fig. 3b, is also satisfactorily approximated by 
relation (3). For Wmax–: aT ≈ 0.29 J/mole·К, bT ≈ 
134.9 J/mole. For Wmax+: aT ≈ 0.19 J/mole·К, bT ≈ 
98.1 J/mole.

The dependences of W(Е) for ceramics 
Pb0.88Ba0.06Sr0.06(Mg1/3Nb2/3)0.37Zr0.375Ti0.255O3, 
plotted according to [11], are shown in Fig. 4a, 
and the Wmax+(T) and Wmax-(T) dependences, 
which practically coincide, are shown in Fig. 4b. 
Two areas can be distinguished on them. The 
first one corresponds to the temperature interval 
298–409 K; and the second one – 409–433 K. At 
both sites, the dependences Wmax+(T) and Wmax–(T) 
are close to linear and can be approximated 
by expression (3). The best approximation 
corresponds to the following parameters. At the 
first site: aT ≈ 0.04 J/mole·К, bT ≈ 15.7 J/mole. At the 
second site: aT ≈ 0.003 J/mole·К, bT ≈ 1.2 J/mole.

As can be seen from Fig. 4b, the dependences 
Wmax+(T) and Wmax–(T) have two linear sections, the 
transition between which occurs at a temperature 
of 409 K. The authors of the paper [11] determined 

Fig. 2. Dependences W(E) of the superlattice BaZrO3/BaTiO3 at different temperatures (a) and the temperature 
dependences of Wmax+ и Wmax– (b), obtained using experimental data from [9]
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that starting from this temperature the hysteresis 
dependence of P(E) has the form of a double 
loop. This temperature practically coincides 
with the temperature Tnr (the lower index “nr” 
denotes the transition from normal to relaxor 
ferroelectric state at Tnr = 409 K [11]), at which 
the ferroelectric macrodomains decompose into 
microdomains – polar microspheres inherent 
in relaxor ferroelectrics. Such a process is 
characteristic of relaxor ferroelectrics [19, 20]. 
The questions of the formation of different 
types of domain structures in these materials 

and the influence of external influences on them 
are currently an urgent task and require further 
studies [21, 22]. 

As noted above, in the temperature region 298 - 
409 K (site 1 in Fig. 4b), the hysteresis dependence of 
P(E) has a form inherent to classical ferroelectrics. 
It can be assumed that below the temperature 
of 409 K polarization switching in ceramics 
Pb0.88Ba0.06Sr0.06(Mg1/3Nb2/3)0.37Zr0.375Ti0.255O3 occurs 
according to the laws common to ferroelectrics. 
Then the value of Wmax will also have the meaning 
of the interaction energy of ferroelectric domains 

Fig. 3. Dependences W(E) of thin films of Pb(Zr0.3Ti0.7)O3 at different temperatures (a) and temperature depen-
dences of Wmax+ и Wmax- (b), obtained using experimental data from [10]

Fig. 4. Dependences W(E) of Pb0.88Ba0.06Sr0.06(Mg1/3Nb2/3)0.37Zr0.375Ti0.255O3 ceramics at different temperatures (a) 
and temperature dependences of Wmax+ и Wmax- (b), obtained using experimental data from [11]
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with the electric field. At the transition of the 
investigated sample to the relaxor state in the 
temperature region 409–433 K (section 2 in 
Fig. 4b), corresponding to the blurred ferroelectric 
phase transition of the first kind [15], part of 
the electric field energy is spent to induce the 
polar state, as evidenced by the double dielectric 
hysteresis loops, and the value of Wmax loses the 
meaning of the interaction energy of ferroelectric 
domains with the electric field.

A n a l y s i s  o f  W m a x +( T )  a n d  W m a x -( T ) 
d e p e n d e n ce s  ( F i g .  5 )  o b t a i n e d  f r o m 
dielectric hysteresis loops for ceramics 
Pb0.96Sr0.04(Mg1/3Nb2/3)0.275(Ni1/3Nb2/3)0.1Ti0.375Zr0.25O3 
[12] showed that they can be satisfactorily 
a p p r o x i m a t e d  b y  f o r m u l a  ( 3 ) .  F o r 
Wmax–: aT ≈ 0.019  J/mole·К, bT ≈ 8.7 J/mole. For 
Wmax+: aT ≈ 0.021 J/mole·К, bT ≈ 9.5 J/mole.

Analyzing the obtained results, it can be seen 
that the values of Wmax– and Wmax+ for samples of the 
same composition can both differ from each other 
(Fig. 2b, Fig. 3b) and practically coincide (Fig. 4b, 
Fig. 5b). As noted above, for the BaZrO3/BaTiO3 
superlattice such difference is explained by the 
asymmetry of the dielectric hysteresis loop as 
a result of the presence of the internal field of 
interlayer polarization. For Pb(Zr0.3Ti0.7)O3 thin 
films, this asymmetry indicates the presence of 
an internal displacement field [23]. In the case of 
ceramic bulk samples, however, this asymmetry 

is absent (Fig. 4b) or negligible (Fig. 5b). 
Another issue that deserves attention is the 

reason for different values of Wmax and different 
rates of their decrease aT with increasing 
temperature for different materials. Thus, for 
BaZrO3/BaTiO3 superlattice and Pb(Zr0.3Ti0.7)O3 
thin f﻿ilms, Wmax values reach 30–50 J/mole and 
aT values reach 0.2–0.3 J/mole K. At the same 
time, for the studied samples of modified PZT 
and PMN-PZT ceramics, Wmax and aT have values 
an order of magnitude smaller: Wmax = 3–5 J/mole 
and aT = 0.02–0.03 J/mole K. Apparently, this is 
due to the fact that the values of the coercive 
field for thin-film and bulk samples also differ 
by an order of magnitude (Ec ~ 10 kV/mm and 
Ec ~ 1 kV/mm, respectively), while the values of 
spontaneous polarizations for the four analyzed 
samples do not differ so significantly and are 
within the range of values from 20 to 35 μC/cm2 
according to [9–12].

It is worth noting that the growth of the 
coercive field value with decreasing thickness of 
the ferroelectric samples is an experimentally 
established fact [24]. And the reason for this 
dependence is explained in the model of surface 
anchoring of domain walls and nucleation near 
electrodes [25].

Fig. 5. Dependences W(E) of Pb0.96Sr0.04(Mg1/3Nb2/3)0.275(Ni1/3Nb2/3)0.1Ti0.375Zr0.25O3 ceramics at different tempera-
tures (a) and temperature dependences of Wmax+ и Wmax- (b), obtained using experimental data from [12]
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4. Conclusions
Based on the analysis of ferroelectric hysteresis 

loops P(E), the values of critical energies Wmax of 
interaction of ferroelectric domains with an 
external electric field at different temperatures 
have been determined. In the course of the work, 
a reasonable assumption that the critical energy 
Wmax has a physical meaning of the activation 
energy of the domain structure of a ferroelectric 
at switching polarization by an electric field, 
necessary for an irreversible change in its domain 
structure, has been put forward. It was found 
that in conditions of complete switching of the 
ferroelectric polarization, the critical energy 
Wmax decreases according to a nearly linear law 
with increasing temperature from 300 K to the 
temperature lying slightly below the Curie point. 
The obtained results are of scientific and practical 
value, since they allow us to determine the 
conditions of stability of the domain structure of 
a ferroelectric to external conditions and expand 
the possibilities of application of the Sawyer-
Tauer method for determining the activation 
energies of irreversible changes in the domain 
ferroelectric structure.
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Abstract 
Purpose: Desloratadine is a drug with proven antihistaminic activity, is currently presented on the pharmaceutical market 
only in dosage forms: tablets, solution and syrup. A significant factor limiting the development of new drugs of desloratadine 
is its low solubility in water. The actual direction of pharmaceutical technology in this regard is research on creation of 
dosage forms of desloratadine, aimed at increasing its water solubility. Currently, a promising direction in pharmaceutical 
technology in the development of drug composition is the use of computer modeling. The use of molecular dynamics 
modeling method is very relevant in the development of solid dispersions of drugs. The aim of this study was to carry out 
molecular dynamics modeling of desloratadine release from alloys with polyethylene glycol-6000 (desloratadine: polymer 
ratio 1:1, 1:2, 1:5) into the dissolution medium. 
Experimental: modeling of desloratadine release from alloys with polyethylene glycol-6000 was carried out by molecular 
dynamics method (Gromacs 2023 program, Amber 99 force field). The van der Waals interaction energies of desloratadine 
with polyethylene glycol-6000 and with water were calculated; the fraction of desloratadine molecules that lost the bond 
with polyethylene glycol-6000. It was found that the average energy of interaction of desloratadine with polyethylene glycol 
-6000 and with water. Polyethylene glycol-6000 decreases as the content of desloratadine in the alloy decreases. Desloratadine 
in the alloy, while the interaction energy with water increases. 
Conclusions: The studies on the release rate of desloratadine from alloys with polyethylene glycol-6000 by molecular 
dynamics method showed that the highest release rate of desloratadine was achieved at 1:1 (5.47±1.11 %), 1:2 (5.39±0.51 %) 
ratios and the lowest at 1:5 (3.03 ± 0.00 %). The obtained results indicate the promising use of solid dispersions 
“desloratadine – polyethylene glycol-6000” (1:1 ratio). 
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1. Introduction
Desloratadine, a histamine H1-receptor 

antagonist, has a proven safe and effective 
non-sedative antihistaminic activity and finds 
use in allergic rhinitis, allergic asthma and 
urticaria [1, 2]. Desloratadine is available on the 
pharmaceutical market in the following dosage 
forms: film-coated tablets, solution and syrup. A 
significant factor limiting the use of desloratadine 
is its extremely low solubility in water, which 
significantly reduces the therapeutic effect of 
pharmaceutical substances from dosage forms 
[3, 4]. 

Several studies have attempted to improve 
the solubility of Desloratadine by complexing 
desloratadine with β-cyclodextrin in solution [5]. 

Currently, various approaches such as salt 
formation, solubilization with co-solvents, 
reduction of particle size or preparation of solid 
dispersions are used to improve the solubility 
and dissolution rate of poorly water-soluble 
pharmaceutical substances. A promising and 
relevant direction in pharmaceutical science 
is the preparation of solid dispersions [6]. 
Amorphous solid dispersions are single phase 
amorphous systems in which drug molecules are 
molecularly dispersed (dissolved) in a polymer 
matrix [7]. Obtaining solid dispersions is the most 
promising method for solubility enhancement 
because it overcomes the limitations of the above 
approaches, such as the need to use organic 
solvents [8].

The class of polymeric carriers widely used 
in the technology of solid dispersions includes 
polyethylene glycols (PEG) of different molecular 
weights [9,10]. In particular, PEG-6000 has been 
used as a carrier to increase the dissolution rate 
of poorly water-soluble drugs such as tacrolimus, 
diclofenac, itraconazole and rofecoxib [11-
14]. The conducted literature analysis revealed 
no information on the use of  PEG as carrier 
polymers to produce solid dispersions with 
desloratadine in order to increase its water 
solubility in the creation of dosage forms. Thus, 
the development of an oral capsulated dosage 
form with Desloratadine with an increased 
bioavailability will expand the nomenclature of 
antihistaminic drugs, which is undoubtedly an 
urgent task for the development of the modern 
pharmaceutical market.

A promising direction in pharmaceutical 
technology is the following obtaining and 
research of solid dispersions with PEG-6000, 
including the method of molecular dynamics 
[15]. The application of molecular modeling, 
which is important for optimizing formulations 
and predicting drug release profiles, can provide 
insight into the interactions between drugs and 
excipients, including complexation. The aim of 
this work is to carry out Molecular dynamics 
simulations of desloratadine release from alloys 
with PEG-6000 (desloratadine: polymer ratio 1:1, 
1:2, 1:5) into dissolution medium.

2. Experimental
Modeling of the release of desloratadine 

from alloys with PEG-6000 was carried out by 
molecular dynamics method (Gromacs 2023 
program [16], Amber 99 force field). Desloratadine 
molecules, spatial structures of monomers were 
constructed in HyperChem program. Polymer 
chains assembly, force field parameterization 
for the molecules of the components of the 
simulated systems was carried out using the 
ParmEd program [17–19]. 

PEG molecules (Figure 1) with a length of 136 
monomers with a molar mass of 6009, as well as 
desloratadine molecules in the form of cation and 
Cl– ions were included in the components of the 
modeled systems (Figure 2). 

Fig. 1. Structure of the PEG molecule

In the first step of the work, models of 
desloratadine alloys with PEG-6000 were 
constructed. Using periodic boundary conditions 
in all coordinate axes, models of desloratadine 
alloys with PEG-6000 were prepared by means of 
molecular dynamics simulations [20, 21]. 

The van der Waals interaction energy (VDWIE) 
of desloratadine with PEG-6000 and with water 
was calculated; the fraction of desloratadine 
molecules that lost their bond with PEG-6000. 
A desloratadine molecule was considered to 
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be released into water if it did not bind to the 
polymer and bound to water. 

3. Results and discussion
Starting to discuss the results obtained 

from modeling, it is necessary to present those 
possible physicochemical interactions that will 
occur during the absorption and desorption 
of desloratadine by the polymer. It should be 
noted that we are dealing with a heterogeneous 
system in which the polymer in the polymer 
(polyethylene) matrix contains polar -OH-groups 
that do not possess ion-exchange properties. 
Desloratadine reacts as a doubly charged cation 
upon absorption of PEG-6000. Consequently, the 
uptake of desloratadine by PEG will be due to the 
formation of dispersion, induction and hydrogen 
bonds (with the participation of water molecule 
as an active reagent). This was the reason for the 
composition of the modeled systems (Table 1).

The release of desloratadine from the alloy with 
PEG-6000 1:1 occurs partially, and the formation 
of associates of desloratadine molecules in the 
aqueous medium was observed. The percentage of 
release of desloratadine during the first 20 ns is 8% 
(Figure 3), while ΔE in the interaction energies of 

“Desloratadine-PEG-6000” and “Desloratadine - 
Water” interaction energies reach –70; –40 kJ/mol 
(Fig. 4), and clear transitions of desloratadine to 
water are observed.

Release rate of desloratadine from the fusion 
with PEG-6000 at a 1:2 ratio of desloratadine 
to polymer by mass occurs to a small extent 
over a simulation time of more than 20 ns. The 
VDWIE between desloratadine and polymer less 
than –100 kJ/mol and between desloratadine 
and water greater than –40 kJ/mol indicate no 
high involvement of desloratadine in solvent 
interaction and significant binding to the polymer 
(Fig. 5).

The percentage of desloratadine release 
within the first 18 ns is 8 % (Fig. 6), although the 
ΔE in the interaction energies of “Desloratadine-
PEG-6000” and “Desloratadine-Water” reaches 
–140; –30 kJ/mol (Fig. 4), and clear desloratadine-
to-solvent transitions at distinct time intervals 
are observed.

At the ratio of desloratadine with PEG-6000 
1:5 by mass, the release of desloratadine into 
the aqueous medium is insignificant (more than 
3 %) (Fig. 7). The VDWIE between desloratadine 
and polymer less than –140 kJ/mol and between 
desloratadine and water greater than -30 kJ/mol 
indicate little involvement of  desloratadine in 
interaction with the solvent and strong binding 
to the polymer (Fig. 8). 

The mean values of VDWIE of desloratadine 
with PEG-6000 and with water, and the mean 
values of release rate into water from the fusion 
with PEG-6000 were calculated (Table 2). 

The  average  interact ion  energy  of 
desloratadine with polymers decreases as the 
desloratadine content of the alloy decreases, 
while the interaction energy with water increases. 
This trend indicates that the involvement of 
desloratadine in the solvation and desorption 
processes decreases as its content in the mixture 
with the polymer decreases.

Fig. 2. Chemical structure of the desloratadine mole-
cule

Table 1. Amounts of molecules of components of simulated systems

Substance Desloratadine-PEG-6000 
1:1

Desloratadine-PEG-6000 
1:2

Desloratadine-PEG-6000 
1:5

Desloratadine cation 328 164 66
Cl– ion 328 164 66

PEG-6000 17 17 17
Water 20056 20425 20086
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Fig. 5. VDWIE of desloratadine with PEG-6000 and with water (desloratadine: PEG-6000 1:2)

Fig. 4. VDWIE of desloratadine with PEG-6000 and with water (desloratadine: PEG-6000 1:1)

Fig. 3. Extent of release of desloratadine molecules not bound to PEG-6000 in water (desloratadine: PEG-6000 
1:1)
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Fig. 8. VDWIE of desloratadine with PEG-6000 and with water (desloratadine: PEG-6000 1:5)

Fig. 7. Extent of release of desloratadine molecules not bound to PEG-6000 in water (desloratadine: PEG-6000 
1:5)

Fig. 6. Extent of release of desloratadine molecules not bound to PEG-6000 in water (desloratadine: PEG-6000 
1:2)
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4. Conclusions
The studies of desloratadine release from 

alloys with PEG-6000 by molecular dynamics 
method showed that the highest release rate 
of desloratadine from PEG-6000 into aqueous 
medium was achieved at a ratio of 1:1, and the 
lowest at a ratio of 1:5. At ratios of 1:1 and 1: 2, 
the average interaction energy of desloratadine 
with PEG-6000 per desloratadine molecule was 
the highest (–72.02±0.87 kJ/mol) and (–103.68±1, 
09 kJ/mol), respectively, while the interaction 
energy of desloratadine with water was low 
(–42.49±0.78 kJ/mol) and (–36.20±0.96 kJ/mol), 
respectively, indicating the greatest involvement 
of desloratadine in the solvation and desorption 
at this ratio. The results obtained indicate that 
the use of solid dispersions “Desloratadine – 
PEG” (1:1 ratio) is promising. The computer 
modeling data will be subsequently used to 
establish the value of the computer modeling 
results characteristics, allowing to obtain solid 
dispersions of desloratadine with specified 
biopharmaceutical characteristics.
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Abstract 
Purpose: The phase diagram of the system of sodium sulfate with indium sulfate has been studied for the first time.
Experimental: Thermal and X-ray phase analysis (XRD) techniques, including high-temperature analysis, were used.
Conclusions: In the Na2SO4 - In2(SO4)3 system determined a several substances. The NaInSO4 compound incongruently melted 
at 800 °C. The Na3In(SO4)3 compound has polymorphic transformations at 210 and 580 °C, and decomposes in the solid 
state at 680 °C. The compound containing 7±1 mol. % In2(SO4)3 (φ phase), changing to the solid solution at 540 °C. The 
eutectic coordinates are 710 °C, 18 mol. % In2(SO4)3. The solid solution region based on α-Na2SO4 is 11±1 mol. % In2(SO4)3. 
The solid solution melting curves show a maximum at 895 °C and 3 mol. % In2(SO4)3. According to XRD data, the NaInSO4 
compound crystallizes in the structural type of javapaite - KFe(SO4)2 (monoclinic space group (C2/m) with lattice parameters 
a = 8.024 Å, b = 5.069 Å, c = 7.211 Å, β = 90.6°), and is isostructural to compounds of similar composition with aluminum, 
gallium, iron, chromium, vanadium and rhodium sulfates. Low-temperature modification Na3In(SO4)3 crystallizes in trigonal 
space group (R-3) with lattice parameters a = 13.970 Å, c = 8.871 Å), and is isostructurally similar to similar compounds 
with sulfates of aluminum, gallium, iron (III), vanadium, rhodium, scandium. X-ray diffraction pattern of the mid-temperature 
modification Na3In(SO4)3 is indexed in monoclinic space group (P21/c) with lattice parameters a = 16.187(4) Å, b = 13.584(3) Å, 
c = 9.639(2) Å, β = 91.6°. The X-ray diagram of the φ phase is indexed in monoclinic space group (P21/c) with lattice parameters 
a = 7.836 Å, b = 14.845 Å, c = 4.57 Å, β = 91.14º.
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1. Introduction
An urgent task of chemical materials science 

is the development of materials with high ionic 
conductivity that could serve as a substitute 
for scarce lithium in electrochemical energy 
sources [1–3]. Sodium ionic conductors, including 
solid solutions based on high-temperature 
modification of sodium sulfate, are promising 
[4–6]. In sulfates, an original mechanism of ionic 
conductivity enhancement due to rotational 
dynamics of sulfate ions is realized [7–8].

The investigated phase diagrams of systems 
with the participation of sodium sulfate indicate 
the formation of heterovalent solid solutions 
with the introduction of two-, three- and four-
valent cations into the Na2SO4 lattice, with the 
formation of cation vacancies that facilitate ionic 
transport [6, 9-15].

The phase diagrams based on sodium sulfate 
with sulfates of a number of trivalent metals, 
namely aluminum [11], iron [12], neodymium, 
terbium and ytterbium [13], and bismuth [16], 
have been previously investigated. Preliminary 
results of our study of the phase diagram of 
Na2SO4 – Ga2(SO4)3 are published in [15]. In all 
systems, except Na2SO4 – Bi2(SO4)3, the formation 
of solid solutions based on high-temperature 
modification of sodium sulfate was revealed.

The phase diagram of the Na2SO4 – In2(SO4)3 
system has not been studied previously. There 
is a report on the existence of the compound 
Na3In(SO4)3 [17]. The aim of this work is to 
study phase equilibria in the system of indium 
sulfate with sodium sulfate Na2SO4 – In2(SO4)3 
and to carry out a comparative analysis of phase 
formation in systems of sodium sulfate with 
trivalent metal sulfates.

Indium sul fate  i s  character ized  by 
polymorphism [18]. The high-temperature 
modification In2(SO4)3 crystallizes in trigonal 
space group (R-3) while the low-temperature 
monoclinic has another space group P21/n.

2. Experimental methodology
Na2SO4 with grade “chemical purity” was 

calcined at 180 °C for four hours to remove 
crystallization water and placed in the desiccator.

Indium sulfate from LANHIT (purity 99.9 % 
by metal impurities) was used in this work. In 
addition, indium (III) sulfate was synthesized 

from indium bromide by heating with sulfuric 
acid dehydrated with thionyl chloride (the water 
in the sulfuric acid was bound to volatile SO2 and 
HCl, which left the liquid phase):

2InBr3 + 3H2SO4 = In2(SO4)3 + 6HBr↑ (~ 95 %)	 (1)

2InBr3 + 6H2SO4 =  
= In2(SO4)3 + 3Br2↑ + 3SO2↑ + 6H2O↑ (~ 5 %)	 (2)

In turn, indium bromide was obtained 
by direct interaction of metallic indium and 
dehydrated bromine under heating.

To prepare samples with indium (III) sulfate 
content of 25 mol. % (compound of Na3In(SO4)3), 
sodium pyrosulfate was mixed with indium oxide 
in stoichiometric ratios according to Eq.3:

3Na2S2O7 + In2O3→ 2Na3In(SO4)3	 (3)

In turn, sodium pyrosulfate was prepared by 
heating sodium hydrosulfate to 250 °C (4 h):

2NaHSO4 → Na2S2O7 + H2O↑,	 (4)

and indium oxide was synthesized by 
decomposition of indium nitrate at 250 °C:

4In(NO3)3 → 2In2O3 + 12NO2↑ + 3O2↑	 (5)

Indium (III) nitrate was prepared by dissolving 
indium metal (In-00) in excess concentrated 
nitric acid.

Solid-phase synthesis was carried out at 
500 °С by sintering of sodium and indium sulfate 
mixtures in a porcelain mortar. In addition, 
compositions with low indium sulfate content 
(< 25 mol. %) was obtained by adding additional 
amounts of sodium sulfate to the reaction 
product (3).

Parallel studies have yielded converging re-
sults. Indium sulfate preparations are hygro-
scopic.

Gallium sulfate was obtained by the method 
described in [19]. In addition, samples in the 
Na2SO4 – Ga2(SO4)3 and Na2SO4 – Al2(SO4)3 
systems were synthesized via ammonium alum, 
which was precipitated from concentrated sulfate 
solutions by adding stoichiometric amounts 
of ammonium sulfate. The thoroughly ground 
mixtures with sodium sulfate were calcined at 
450 °C for 5 h.

Scandium sulfate was obtained from the oxide 
by interaction with concentrated sulfuric acid at 
80 °C.
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Thermal analysis (DTA + DTG) was carried 
out on a Q-1500 D derivatograph. A platinum-
rhodium thermocouple, open platinum crucibles 
were used. Heating and cooling rates in air were 
10 deg/min. The weight of the suspensions was 
350-400 mg.

In addition, a second DTA technique was 
used. Samples weighing about 1 g were sealed 
in Stepanov vessels, which had small holes in 
the upper part to bleed excess pressure into 
the atmosphere. Thermographic studies were 
performed in heating mode at a rate of 4K/min.

Decoding of thermograms was carried 
out according to the method [20, 21]. The 
temperatures of noninvariant transformations 
were fixed by the onset of effects on the heating 
curves. Liquidus temperatures were recorded 
from the onset of effects on the cooling curves, 
as well as from maxima on the heating curves 
when an appropriate instrumental correction 
was introduced (about 10°С). Recording of 
thermograms was stopped when a noticeable 
mass loss (due to sulfate decomposition and SO2 
release) was observed.

X-ray phase analysis (XRD) was performed 
on a Bruker D8 Discover A25 diffractometer, Da 
Vinсi Design, CuKα emission. X-ray diagrams 
were processed with EVA program version 2.1. 
Calculation of lattice parameters were carried out 
using the TOPAS version 4.2 program. The high-

temperature XRD was performed using the HTK 
1200N high-temperature chamber manufactured 
by Anton Paar. The samples were held at each 
temperature for about 20 min before recording 
XRD.

3. Results and discussion
The melting and polymorphic transition 

temperatures of sodium sulfate are 887 and 240 
°C according to our data. Sulfates of trivalent 
elements decompose by reactions when heated:

R2(SO4)3 = R2O3 + 3SO2 + 1.5O2	 (6),

that imposes significant limitations on the 
study of phase equilibria with their participation. 
In derivatography mode (heating at a rate of 10 
deg/min) decomposition of Ga2(SO4)3 starts at 
680 °С [19].

3.1. Na2SO4 -In2(SO4)3 system
In this system (Fig. 1) are formed compounds 

NaInSO 4 which melts  incongruently at 
800  °C, Na3In(SO4)3, which has polymorphic 
transformations at 210 and 580 °C and 
decomposes in the solid state at 680 °C, and 
a compound containing 7±1 mol. % In2(SO4)3 
(φ-phase), transforming on heating into solid 
solution based on α-Na2SO4 (α-phase). The 
eutectic coordinates are 710 °C, 18 mol. % 
In2(SO4)3. The solid solution region based on 
α-Na2SO4 is up to 11±1 mol. % In2(SO4)3. The 

Fig. 1. Phase diagram of the system Na2SO4 - In2(SO4)3. 1 – DTA data; 2 – single-phase samples; 3 – two-phase 
samples according to XRD data
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solid solution melting curves show a maximum 
at 895 °C and 3 mol. % In2(SO4)3.

The Na3In(SO4)3 compound was known [17], 
while the NaInSO4 compound and the φ-phase 

seem to be described for the first time. X-ray dif-
fraction patterns of the compounds and high-tem-
perature XRD data are presented in Fig. 2, 3 and 
in the Tables S1-S3 of the electronic application.

Fig. 2. High-temperature X-ray phase analysis of the sample 93 % Na2SO4 - 7 % In2(SO4)3: a – 24 °C; b – 200 °C; 
c – 380 °C; d – 430 °C; e – 490 °C; f – 530 °C; g – 600 °C; h – 550 °C high-temperature modification of Na2SO4
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According to XRD data NaInSO4 is isostructural 
to compounds NaRSO4 (R = Al, Ga, V, Fe, Rh, 
Cr), the so-called “anhydrous alum” [22-24] 
(structural type of javapaite – KFe(SO4)2 [25]), see 

Table 1. According to high-temperature XRD, no 
polymorphic transitions of NaInSO4 were recorded 
up to 300 °C. When heated in air it decomposes 
starting from 600 °C with SO2 emission.

Fig. 3. High-temperature X-ray phase analysis of a sample of 75 % Na2SO4 - 25 % In2(SO4)3: a – 25 °C; b – 180 °C; 
c – 220 °C; d – 300 °C; e – 575 °C; f – 635 °C; g – JCPDS 00-027-1414 (Na3In(SO4)3) 25 °C; h – 25 oC
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The low-temperature γ-modification 
Na3In(SO4)3 is isostructural to the compounds 
Na3R(SO4)3 (R = Al, Ga, V, Fe, Rh), see Table 2. High-
temperature XRD confirmed the polymorphism 
of Na3In(SO4)3 (Fig. 3). X-ray powder diffraction 
of the mid-temperature β-modification of 
Na3In(SO4)3 is indexed in monoclinic space group 
(P21/c) with lattice parameters a = 16.187(4) Å, 
b = 13.584(3) Å, c = 9.639(2) Å, β = 91.6° (Tab. S2). 
No analogs were found.

X-ray powder diffraction of the φ-phase is 
indexed in monoclinic space group (P21/c) with 
lattice parameters a = 7.836 Å, b = 14.845 Å, 
c = 4.57 Å, β = 91.14° (Tab. S3). No analogs were 
also found. The φ-phase on heating changes 
to a solid solution based on high-temperature 
modification of sodium sulfate at 540 °C. The 
transition is captured by both thermography and 
high-temperature XRD data (Fig. 2).

3.1. Na2SO4 - R2(SO4)3 systems: 
a  comparative analysis

The compounds Na3R(SO4)3 and NaRSO4 
form extended isomorphic series. We synthe

sized similar compounds with scandium. 
Crystallographic data are summarized in Tables 1 
and 2. Note that the structural types are preserved 
despite the change of ionic radii of trivalent 
cations in wide range. The X-ray diffraction 
patterns of our synthesized compounds in 
the systems Na2SO4 - R2(SO4)3 (R  = Al, Ga) are 
presented in Fig. 5–7 and in the Tables S4-
S7. Previous indexing of X-ray radiographs of 
Na3R(SO4)3 (R = Al, Ga) in the tetragonal space 
group was erroneous [15].

There is a great similarity of phase diagrams 
of Na2SO4 - R2(SO4)3 (R = Al, Ga, Fe) and apparently 
for systems with vanadium, chromium and 
rhodium. The phase diagrams of systems with 
rare-earth element (REE) sulfates look different. 
Compound with cation ratio 3:1 do not exist, 
while compound with cation ratio 1:1 have 
different structure. Indium and apparently 
scandium are intermediate cases.

Solid solutions based on the high-temperature 
α-modification of sodium sulfate revealed in 
this work are a typical example of heterovalent 
isomorphism with a variable number of atoms 

Table 1. Lattice parameters of NaR(SO4)2 compounds, monoclinic space group (C2/m), Z = 2 (“anhydrous 
alum”)

R а, Å b, Å c, Å β Ref.
Al 7.9007 5.003 7.1202 92.87 Our data
Al 7.89 5.10 7.10 92.15 [22]
Ga 7.912 5.095 7.143 92.70 Our data
Ga 7.92 5.10 7.13 92.53 [22]
In 8.024 5.069 7.211 90.60 Our data
Fe 8.02 5.14 7.18 92.20 [22]
Cr 7.956 5.112 7.109 92.20 [22]
V 8.020 5.160 7.135 91.870 [24]
V 8.01 5.16 7.14 91.88 [22]

Rh 7.921 5.127 7.134 92.83 [23]

Table 2. Lattice parameters of compounds Na3R(SO4)3, trigonal space group (R-3), Z = 6, and ionic radii 
of R3+ cations according to Shannon [27], coordination number 6

R а, Å c, Å r, Å Ref.
Al 13.3516 8.9080 0.535 Our data
Ga 13.413 8.980 0.620 Our data

In (γ) 13.970 8.771 0.800 [17]
In (γ) 13.970 8.871 0.800 Our data

Sc 13.881 8.975 0.870 Our data
Fe 13.415 9.0250 0.69-0.785 JCPDS 39-0243
V 13.43 9.091 0.640 [26]

Rh 13.306 8.604 0.665 [23]
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Fig. 4. Scheme of phase equilibria in systems Na2SO4 - R2(SO4)3

Fig. 5. X-ray diagram of Na3Al(SO4)3. 1 – experimental X-ray diagram; 2 – calculated X-ray diagram; 3 – diffe
rence curve
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Fig. 6. X-ray diagram of NaAl(SO4)2. 1 – experimental X-ray diagram; 2 – calculated X-ray diagram; 3 – differ-
ence curve

Fig. 7. X-ray diagram Na3Ga(SO4)3. 1 – experimental X-ray diagram; 2 – calculated X-ray diagram; 3 – difference 
curve
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in the unit cell [10, 28]. The formation of such 
solid solutions involves heterovalent cationic 
substitutions with the formation of vacancies in 
the cationic sublattice [6]. The formation of solid 
solutions of this type correlates with maxima on 
melting curves [29] and high ionic conductivity 
of the corresponding materials [10]. In Na2SO4 - 
R2(SO4)3 systems, in addition to the system with 
indium sulfate studied in this work, maxima on 
the melting curves of solid solutions based on 
Na2SO4 with R2(SO4)3 are formed in systems with 
R = Nd, Tb, Yb [13] and are predicted in the system 
with scandium sulfate, as well as over the entire 
lanthanide series.

Fig. 8 shows the dependence of the limiting 
concentration of solid solutions based on 
Na2SO4 with R2(SO4)3 on the ionic radius of the 
trivalent ion for coordination number 6 [27]. For 
these systems, the coincidence of ionic radii of 
sodium and isomorphic cations is not an optimal 
condition for the formation of solid solutions. 
This is typical for heterovalent solid solutions 
with a variable number of particles in the unit cell 
[10]. In the system with bismuth sulfate, where 
the ionic radii of Na+ and Bi3+ practically coincide, 
the formation of the corresponding solid solution 
was not observed at all (the first investigated 

point corresponds to the content of 5 mol. % 
Bi2(SO4)3 [16]). It is obvious for Na2SO4 - R2(SO4)3 
systems the presence of a two-hump dependence 
similar to that for solid solutions of divalent 
metal sulfates in lithium sulfate [30]. Apparently, 
this character of solubility is associated with the 
presence of two crystallographic positions in the 
structure of the high-temperature modification 
of Na2SO4-I [31].

Solid solutions based on high-temperature 
modification of sodium sulfate are formed in 
all systems of this group. The thermal effect of 
the polymorphic transition of sodium sulfate 
disappears upon addition of gallium sulfate, i.e. 
stabilization of the structure of hexagonal high-
temperature modification of sodium sulfate up to 
room temperature is observed, which is confirmed 
by XRD data. The phase diagram of the Na2SO4 - 
Al2(SO4)3 system [13] is similar to the Na2SO4 - 
Ga2(SO4)3 system, but the Na2SO4-based solid 
solution region is much smaller (~ 2 mol. % at 
the eutectic temperature), and the introduction 
of Al2(SO4)3 does not lead to stabilization of the 
α-Na2SO4 structure up to room temperature. 
In the case of indium, the corresponding solid 
solution is wedged out due to the formation of 
the φ-phase.

Fig. 8. Dependence of the limiting concentration of solid solutions based on Na2SO4 with R2(SO4)3 on the ion-
ic radius of the trivalent ion. Data for Al by [11], Ga by [15], Fe by [12], In by this study, Yb, Tb, Nd by [13], Bi by 
[16]. Ion radii according to [27] for coordination number 6 
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4. Conclusion
Stabilization to room temperature in the 

case of REE allowed growing single crystals of 
stabilized solid solutions doped with neodymium 
[7] and ytterbium [32]. Solid solution with gallium 
is the next step.

Indium compounds can be considered as 
model compounds of corresponding compounds 
of elements with variable valence (chromium, 
iron, vanadium) in oxidation degree +3, which can 
be used as cathode materials in electrochemical 
devices.

The online version contains supplementary 
material 
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Abstract 
Purpose: The aim of the work is to study by X-ray photoelectron spectroscopy the transformation of the surface architecture 
of zinc oxide powders, previously obtained by mechanical milling, during their etching with argon ions.
Experimental: The etching was carried out in two steps of 30 s duration each at a current of 1 μA. It was found that on the 
surface of initial powders 45 % of zinc is a part of the crystal lattice of ZnO, and the remaining 55 % exist in the form of 
hydroxide.
Conclusions: The first etching step reduced the fraction of hydroxyl groups on the surface to 1 per 5 zinc cations in the ZnO 
lattice, and further etching showed the impossibility of deeper purification of the sample from OH-groups. In contrast, the 
carbon atoms almost completely left the powder surface after the end of the second etching step.
Keywords: Zinc oxide, Etching, X-ray photoelectron spectroscopy, Surface
Funding: The research was supported by the Russian Science Foundation grant No. 23-29-00844, https://rscf.ru/
project/23-29-00844/.
Acknowledgements: The measurements were partially conducted using the equipment of the Research Park of St. Petersburg 
State University “Centre for Physical methods of surface investigation”.
For citation: Pronin I. A., Komolov A. S., Lenshin A. S., Yakushova N. D., Karmanov A. A. Investigation of the transformation 
of the surface architecture of zinc oxide powders synthesized by grinding during etching with argon ions. Condensed Matter 
and Interphases. 2025;27(2): 278–283. https://doi.org/10.17308/kcmf.2025.27/12804
Для цитирования: Пронин И. А., Комолов А. С., Леньшин А. С., Якушова Н. Д., Карманов А. А. Исследование 
трансформации поверхностной архитектуры синтезированных размолом порошков оксида цинка при травлении 
ионами аргона. Конденсированные среды и межфазные границы. 2025;27(2): 278–283. https://doi.org/10.17308/
kcmf.2025.27/12804

  Igor A. Pronin, e-mail: pronin_i90@mail.ru
© Pronin I. A., Komolov A. S., Lenshin A. S., Yakushova N. D., Karmanov A. A., 2025

The content is available under Creative Commons Attribution 4.0 License. 

Condensed Matter and Interphases. 2025;27(2): 278–283



279

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2025;27(2): 278–283

I. А. Pronin et al.	 Investigation of the transformation of the surface architecture of zinc oxide powders...

1. Introduction
Semiconducting metal oxides are materials 

with applications in gas sensing, catalysis and 
photocatalysis, transparent conductive coatings, 
etc. Often the useful properties of this group 
of materials are determined by their surface 
condition [1–3]. For example, the sensitivity of 
tin dioxide to ethanol can be regulated by the 
ratio of surface Lewisian and Brönsted centers 
[4]. The efficiency of photocatalysts depends 
both on the rate of surface recombination of 
photogenerated charge carriers and on the 
ability of the semiconductor surface to adsorb 
water, carbon dioxide, and oxygen particles. In 
this regard, the study of surface architecture 
is of great interest. However, the peculiarity 
of this group of materials is the intensive 
interaction of the environment with their 
surface, which complicates the research process 
without additional sample preparation. In X-ray 
photoelectron spectroscopy (XPS), Ion etching is 
usually used as a pre-treatment. The aim of the 
present work is to investigate the transformation 
of the surface architecture of zinc oxide by XPS 
method during argon ion etching. The object of 
the study was zinc oxide powder, obtained on the 
basis of commercial (LLC “Vekton”, St. Petersburg, 
Russia) by grinding in an attritor for 5 h in 
isopropyl alcohol (grinding process parameters: 
grinding media material – zirconium dioxide; 
grinding media diameter – 3 mm; grinding media 
mass ratio to ZnO mass – 18:1; grinding speed - 
400 rpm) [5].

2. Experimental 
The surface structure of the samples was 

investigated using a Scanning electron microscope 
VEGA 3 SBH (TESCAN, Czech Republic) with 
a reflected electron detector. Crystal structure 
was determined by Powder diffraction on an 
automatic X-ray diffractometer DRON-3M (CJSC 
“Burevestnik”, Russia) with CoKα-radiation in 
the range of 35°< 2θ < 85° X-ray photoelectron 
spectra were measured under ultrahigh vacuum 
conditions (10-7 Pa) using an Escalab 250Xi 
spectrometer (Thermo Fisher Scientific Inc., USA) 
with photon energy Al-Kα = 1,486 eV. The energy 
scale of the spectrometer was calibrated using 
the sputter-cleaned Au surface as a reference, so 
that the binding energy of the Au 4f7/2 peak was 

set at 84.0 eV. The etching of the sample surface 
with argon Ar+ ions took place at a current of 1 μA 
for 30 s (mode 1) and 60 s (mode 2), respectively.

3. Results and discussion
Fig. 1 shows the diffractogram of the initial 

sample and a micrograph of its surface.
It can be seen that the ZnO powder is 

represented by crystallites with a large size 
variation in the range of 50 nm – 1 μm. Analysis of 
the diffractogram shows the presence of reflexes 
(100), (002), (101), (102), (110), (103), (200), (112) 
and (201) corresponding to the crystal structure 
of wurtzite [6], other phases were found in the 
sample. A joint calculation of the sizes of the 
coherent scattering regions [7] and microstrains 
of the sample showed that the average crystallite 
size is ~ 21 nm at strains of ~ 0.575 %, indicating 
that the material is in a sufficiently stressed 
state, and the crystallites visualized by scanning 
electron microscopy are organized from a large 
number of single crystals.

F ig . 2  presents  an  over v iew X-ray 
photoelectron spectrum of the original zinc 
oxide sample, indicating the presence of elements 
corresponding both to the chemical composition 
of the material (Zn and O) and resulting from 
contamination of its surface with organic 
components (C).Low-energy components of the 
spectrum corresponding to the Valence band 
(Zn3d, Zn3p, Zn3s), high-energy components of 
core levels (Zn2p3/2 and Zn2p1/2), and Auger 
peaks such as the Zn LMM are reliably identified.

Fig. 1. X-ray diffraction pattern of a sample of zinc 
oxide powder and micrograph of its surface
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The individual components of the X-ray 
photoelectron spectra of the original and the 
sample treated in both modes are shown in Fig. 3, 
and the Table 1 gives the chemical composition. 
Consider the characteristics of the initial 
powder (curve 1 of Fig. 3). The Zn2p spectrum is 
represented by a duplet with BE binding energies 
of 1021.08 eV (Zn2p3/2) and 1044.50 eV (Zn2p1/2). 
We will use Zn2p3/2 for further analysis. This 
curve has a symmetrical appearance and, as a 
rule, the value of binding energy allows us to 
attribute it to the zinc cation Zn2+ in the crystal 
lattice ZnO. Nevertheless, practice shows that at 
the same BE values it is possible to identify the 
zinc cation in the Zn(OH)2 hydroxide molecule, so 
it is not possible to reliably distinguish between 
zinc oxide and hydroxide by the XPS method 
[8]. The spectrum of O1s, on the contrary, is 
asymmetric and two shapes can be distinguished 
in it:O(lat) with a binding energy of 529.9 eV 
(corresponding to the oxygen anion O2– in the 
ZnO crystal lattice) and O(ads) with a binding 
energy of 531.30 eV (corresponding to oxygen in 
molecules adsorbed on the surface: OH-groups, 
CO2, etc.) [9].The C1s spectrum is also asymmetric 

and can be decomposed into three components 
with Binding energies of 285.00, 286.20, and 
289.00 eV: the first corresponds to -C-C- bonds 
in the graphite structure (which is the Control 
point of the spectrum); the second corresponds 
to surface C-H groups; and the third corresponds 
to C=O groups formed on the powder surface due 
to chemical adsorption of atmospheric carbon 
dioxide [10].

Since the atomic fractions of [Zn] and [O(lat)] 
in the original sample are not equal to each other, 
then, based on the ratio in [Zn(lat)] = [O(lat)] in 
zinc oxide, it can be assumed that part of the zinc 
atoms in the sample does not occupy a position 
in the crystal lattice, but is probably in the 
hydroxylated state in the form of Zn(OH)2. The 
calculation shows that only 45% of zinc cations 
on the unetchable surface can be attributed to 
ZnO – Table 2.

Let us consider the processes occurring on 
the sample surface during its etching by argon 
ions. The Zn(lat)/Zn ratio increases in the first 
etching step from 0.45 to 0.55, with the second 
step no longer having any effect on the fraction 
of zinc atoms included in the oxide. Apparently, 

Fig. 2. Survey X-ray photoelectron spectrum of zinc oxide before argon ion etching

Table 1. Chemical composition of the surface according to XPS data

Sample Zn, at.% O, at.% C, at.% O(lat), at.% O(ads), at.%
0 54.00 36.08 9.92 24.08 12.00
1 57.68 38.09 4.23 31.66 6.43
2 60.08 37.44 2.49 32.26 5.18
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this is primarily due to the desorption of surface 
hydroxyl groups, which is completed already 
at the first etching stage, and the second 
stage practically does not affect this process. 
The Zn(lat)/O(ads) ratio shows that, if on the 
initial sample on average 1 oxygen atom in the 
composition of adsorbed particles corresponded 
to 2 Zn2+ cations in the ZnO lattice, then after 
the first etching step it was already five, and 
after the second – a little more than six. Together 
with the fact that the values of Zn(lat)/Zn after 
the first and second etching steps are almost the 
same, this indicates that not all O(ads) particles 
are bound directly to zinc cations in the form of 
hydroxyl groups. There are other surface forms 
which, judging from the chemical composition 
of the sample, contain carbon.

Consider the transformation of the Zn(lat)/C 
ratio during the etching process. In the original 
sample, on average, one carbon atom accounts for 
2.45 zinc cations; the first etching step increases 
this number to 7.5 and the second to ~13.This 
shows that during two etching steps it is possible 
to remove almost completely carbon from the 
sample surface both in the form of residues of 
organic molecules and carbonate-like forms and 
in the form of graphite. Also the Table 2 shows 
the ratio Zn(lat)/(O(ads)+C), which characterizes 
the number of adsorbed particles per Zn2+ cation 
in the ZnO lattice. Before etching, Zn(lat) ≈ 
(O(ads)+C), indicating that the powder surface 
is heavily contaminated. The first treatment 
step with argon ions reduced the amount of 
impurities on the surface to one particle per three 

                                      а                                                                  b                                                             c
Fig. 3. XPS spectra of Zn2p (a), O1s (b) and C1s (c) (curve 1 – initial sample; curve 2 – etching in mode 1; curve 
3 – etching in mode 2)

Table 2. Ratios of surface forms according to XPS data

Sample Zn(lat)/Zn Zn(lat)/O(ads) Zn(lat)/С Zn(lat)/(O(ads)+С) BE Zn2p3/2, eV
0 0.45 2.03 2.45 1.11 1021.08
1 0.55 4.93 7.50 2.98 1022.08
2 0.54 6.26 13.03 4.23 1022.33
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Zn2+ cations, while the second step reduced the 
amount of impurities to 4.23.

The increase in the binding energy of Zn2p3/2 
during etching should also be noted (Table. 2).
This process is accompanied by an increase in 
the binding energy of O1s by about the same 
values, while the binding energy of C1s does not 
change. This indicates a change in the effective 
oxidation degree of the zinc cation and a change 
in the ratio of Zn and O ions occupying regular 
positions in the nodes of the oxide crystal lattice. 
This indicates the removal process from the 
Zn(lat) surface and the formation of vacancies 
in the zinc VZn sublattice [11]. In connection 
with this process, the argon ion beam energy 
corresponding to a current of 1 μA was chosen: 
at a higher value, not only the adsorbed particles 
are discharged, but also the surface structure 
of crystallites is destroyed; a lower value does 
not allow effective removal of surface hydroxyl 
groups. Processing times of 30 and 60 s were 
chosen as typical times, clearly demonstrating 
the physicochemical processes occurring on the 
surface.

4. Conclusions
The transformation of surface groups of 

zinc oxide powders, previously obtained by 
mechanical milling, during etching with argon 
ions has been studied by the XPS method. The 
powders had a wurtzite crystal structure with 
an average size of coherent scattering regions 
~ 20 nm. It was found that on the surface of the 
original sample only 45 % of zinc atoms were 
included in the crystal lattice of ZnO, the rest 
existed in the form of hydroxide. The first etching 
step increased the proportion of zinc atoms in 
the oxide lattice to 55 %, but the second step did 
not change this ratio. Detailed analysis showed 
that for powder there is a limiting ratio of one 
hydroxyl group per 5–6 zinc cations in the crystal 
lattice, and deeper purification from OH-groups 
by increasing the etching time is difficult. On the 
contrary, carbon atoms (existing both in the form 
of graphite and in the composition of organic 
molecules) and oxygen particles included in the 
residues of organic groups in combination with 
carbon are almost completely removed from the 
surface: after two etching steps, there was only 
1 C atom per 13 zinc cations.
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Abstract 
Purpose: This paper aims to look into the anisotropic thermal diffusivity of thermally expanded graphite (TEG) foil using 
flash method. Its structure is compared with graphene oxide (GO) multilayer foil. Morphology, diffractogram and surface 
profilometry of TEG and GO produced by two different manufacturing processes are demonstrated. TEG was made of 
intercalated graphite by thermolysis, and GO was made by microwave-assisted graphite oxide peeling (MEGO).
Experimental: The paper studies temperature distribution in the TEG sample as a result of continuous exposure to laser 
radiation and compares it to those of copper and aluminum samples.
Conclusions: It also provides a perspective on possible application of TEG in heat transfer.
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1. Introduction
The aim of this research is to measure 

the anisotropic physical properties of TEG, in 
particular thermal and thermal diffusivity, and its 
practical application. The obtained structure of 
TEG is compared with that of GO, also studied in 
the frame of this research. Jackie Renteria et al. [1] 
carried out orthotropy studies on GO and found a 
significant difference in GO thermal conductivity 
values of 61 W/m·K in the in-plane direction and 
0.09 in the perpendicular (vertical) direction. 
Further reduction of the oxygen content in GO by 
high-temperature treatment up to a temperature 
of plus 1000 °C in theoretical calculations leads 
to a value of the thermal conductivity coefficient 
of about 500 W/m·K. Graphene is superior in 
its thermophysical properties to metals such 
as copper and aluminum which ensures its 
applicability in heat dissipation devices like air 
and liquid cooling radiators.

Mass production of GO is currently carried out 
by chemical methods such as vapor deposition 
and subsequent deposition of graphene on the 
substrate, oxidation of graphite and subsequent 
reduction from graphene oxide in liquid, 
application of surfactants (surfactants) in 
graphite layering, etc. The GO under study was 
produced by GRAFENOX LLC using the modified 
Hummers’ method. [2] The thickness of the GO 
is about 10 µm.

Mass production of TEG was carried out 
by Silur LLC from intercalated graphite by 
thermolysis. Natural, clearly crystalline (coarsely 
flaked) graphite was used as a starting material 
whose interlayer space was filled with sulfite ions 
(intercalants) in the presence of sulfuric acid 
H2SO4. Then the oxidized graphite was heated at a 
heating rate of at least 600 C°/s to release gaseous 
decomposition products of H2SO4. During the 
thermal expansion of the intercalated graphite, 
there was an increase in the size of graphite 
crystallites along one direction by more than 300 
times. The obtained TEG was rolled into thin films 
with anisotropy maintenance to thicknesses of 
0.3 and 1.5 mm.

The paper also provides a comparison of the 
side surface morphology of the TEG and GO, in 
contrast to the work of Teddy Tite et al. [3], where 
the morphology of graphene nanoplates of 1 to 
20 nm frontal surface only was considered which 

does not determine the quality of the overlapping 
graphene layers.

TEG and GO side surface roughness 
measurements were performed by optical 
profilometry. Thermal diffusivity was measured 
by flash method, which measures the temperature 
increase of the sample as a function of time using 
a cadmium-mercury-tellurium (MCT) infrared 
detector. 

To obtain diffractograms, the X-ray 
diffractometric method was used with the same 
imaging conditions and slits, a Soller slit was 
installed both on the X-ray tube side and on the 
detector side.

Practical studies were carried out based 
on the results of reaching the maximum 
temperature in copper and aluminum samples, 
as well as the sample formed after pressing 
TEG layers. Throughout the experiment, the 
temperature change of the samples achieved by 
laser irradiation was continuously recorded by a 
thermal imager.

It is well known that ultrahigh pressures affect 
the interatomic distances in the graphene crystal 
lattice. The relationship between the Grüneisen 
parameter and thermal conductivity is described 
by the Leibfried–Schleman formula (1):

c
p g

q
= 3
10 3

3

3 2

3k Ma
h T
B D 		  (1)

where χ is the heat transfer coefficient (W/m K), 
θD is Debye temperature (К), kB is the Boltzmann 
constant (1.381⋅10–23 J/K), M is the molecular 
weight (kg), h  is  the Planck’s constant 
(6.626·10–34 J/s), a is the lattice parameter (m), 
T – temperature (K), γ – the Grüneisen parameter.

However, it should be noted that the Grüneisen 
parameter is more appropriately perceived as 
a combination of acoustic γac, elastic γel, and 
thermodynamic γtg factors whose values together 
give a difference in the readings from 10 to 15 %. 
Numerical values for these parameters are given 
in V. N. Belomestnykh et al. paper [4] and are 
available for calculation by formulas (2–4):
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where gac is Grüneisen acoustic parameter, x is the 
parameter characterizing the ratio of propagation 
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velocity of longitudinal elastic waves to trans-
verse waves.

g s
sel = +

-
3
2
1
2 3

,		  (3)

where gel is the elastic Grüneisen parameter, σ is 
the Poisson’s ratio.

g a
btg
tg

= V
CV

,		  (4)

where gtg is the Grüneisen thermodynamic pa-
rameter, α is the thermal expansion coefficient 
(1/K), btg is the volumetric compressibility (1/Pa), 
СV is the specific heat capacity at constant volume 
(J/K).

In the course of pressing polycrystalline 
graphene made by chemical reduction of graphite 
oxide [5], it was found that without taking into 
account its anisotropic properties, the thermal 
conductivity coefficient is about 59 W/m K at the 
pressing pressure up to 44 MPa. Macroscopically, 
anisotropy is most clearly manifested in single 
crystals, but can also be observed in polycrystals, 
for example, the most stable for boron nitride 

hexagonal crystal lattice (h-BN) has a layered 
structure with anisotropic thermal conductivity 
that ranges from 200 to 500 W/m K in the in-plane 
direction [6] and up to 30 W/m K in the out-of-
plane direction [7].

The cross-sectional plane images of the TEG 
and GO samples shown in Fig. 1 were made by 
scanning electron microscopy using an AURIGA 
CrossBeam scanning electron microscope. As can 
be seen from Fig. 2, the GO sample has a more 
oriented arrangement of layers which facilitates 
the study of its anisotropic properties. However, 
as the sample thickness equals just about 10 µm, it 
is not possible to measure the thermal diffusivity 
with the flash method, at least with the LFA 467 
HyperFlash analyzer. For this reason, further 
thermal diffusivity measurements including 
anisotropy were performed for the TEG sample.

For TEG, the thermal diffusivity measurement 
in the in-plane direction was performed by 
the flash method on an LFA 467 HyperFlash 
analyzer at various temperatures. In contrast to 
the hot guard zone (GHP), heat plates (HFM) or 
thermally stimulated current (TCT) methods, 

               а                                                          b                                                                              c
Fig. 1. TEG and GO samples: a – GO approx. 10 µm thick; b – TEG approx. 0.3 mm thick; c – TEG approx. 1.5 
mm thick

                               а                                                                 b                                                                c
Fig. 2. Lateral surface morphology of TEG and GO samples: a – GO approx. 10 µm thick; b – TEG approx. 0.3 
mm thick; c – TEG approx. 1.5 mm thick
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the flash method (LFA) allows the most accurate 
measurement of thermal diffusivity of the sample 
in the range of highest values.

Surface roughness of the samples in the cross-
sectional plane was determined by arithmetic 
mean of absolute values of surface deviations 
from the reference plane Ra, RMS value of 
surface heights (RMS) Rq, average maximum 
profile height (average of ten maximums and 
ten minimums of the surface) Rz and maximum 
surface height (distance between maximum and 
minimum of the surface) Rt. Surface roughness 
was created and visualized by optical profilometer 
WYKO NT 1100 by the non-contact method of 
optical profilometry.

The diffractograms of the studied samples 
with a step of 1.2 angular minutes presented 
in Fig. 3 were obtained by X-ray diffractometric 
method using X-ray diffractometer DRON-8. On 
the X-ray tube side, a Soller slit and a 0.5 mm 
equatorial slit were installed, and on the detector 
side, a Soller slit, a 0.05 mm equatorial slit, and a 
nickel beta filter were installed.

For practical studies of temperature 
distribution in the samples, a unit with a 
controlled semiconductor laser was assembled 
whose structure scheme is shown in Fig. 4. The 
device contains segmental indicators of the 
current flowing through the semiconductor 
laser, its voltage, dissipating electric power and 
temperature in the laser spot. The unit’s main 
control device is a microcontroller with power 
management technology (picoPower). A USB-

UART interface converter with an integrated 
clock generator and an initial reset circuit at 
power-on (Power-On Reset) made on a chip 
base was used as a linking device between the 
microcontroller and a personal computer. An 
analog-to-digital converter was used to measure 
the amount of current and voltage flowing 
through the laser. The value of current flowing 
through the laser was constant and amounted 
to 1 A at a voltage of 4.6 V. To measure the 
temperature in the laser spot (sample surface) a 
Fluke Ti125 thermal imager was used in addition 
to the thermocouple.

2. Experimental
Thermal diffusivity coefficient α of the TEG 

sample was measured by placing it a cuvette 
whose bottom surface was heated by pulses of 
0.6 ms with radiant energy of 10 J produced by 
a xenon lamp. The cuvette made of aluminum 
was specifically designed for layered samples 
or composites to measure thermal diffusivity in 
different directions. Subsequently, the sample 
diffusivity was extracted from the layered cuvette-
sample model using Netzsch Proteus software. 
This software allows to make certain adjustments 
following heat loss and changes in the distance 
from the xenon lamp to the sample inside 
the measuring chamber. Measurements were 
performed after the sample was thermostated for 
60 minutes at constant temperatures of +25 °C, 
+100 °C and + 150 °C. The time interval τ between 
pulses (shots) was 7 minutes, and there were 

Fig. 3. Diffractograms of TEG and GO samples: top – TEG; bottom – GO
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between 10 and 20 of them in order to obtain 
the average of the measured value. The density 
of samples ρ was determined after preliminary 
thermostatization of the sample in vacuum by 
direct measurements of the sample geometric 
dimensions and its mass. Heat capacity was 
determined by differential scanning calorimetry 
using a DSC 204 F1 calorimeter where both the 
sample and the reference (AXM-5Q graphite) are 
maintained at an equal and constant temperature. 
Value of the heat transfer coefficient was 
calculated using formula 5 under the assumption 
of a homogeneous system:

c a r( ) ( ) ( ) ( )T T T C Tp= ◊ ◊ 		 (5).

Where ρ is the sample density (kg/m3), α is the 
diffusion coefficient (m/s2), Сp is specific heat 
capacity at constant pressure (J/kg K).

Based on diffractograms shown in Fig. 3, 
crystallite sizes of the samples can be roughly 
estimated using Scherrer equation 6:

d
k= l

b qcos
		  (6),

where d is the mean size of coherent scattering 
regions (nm), k is the sample particle shape factor, 
λ is the X-ray wavelength (nm), β is half-height 
reflex width (º), θ is the diffraction angle (º).

Scanning electron microscopy method 
not only helps to define layer orientation as 
was shown in Fig. 2, but also to confirm its 
polycrystalline structure. For samples under 
study, the morphology of the frontal surface, the 
characteristic sizes of crystallites obtained by this 
method were defined (also see Fig. 5).

For practical studies of temperature 
distribution in the sample, a controlled 
semiconductor laser was used. The TEG sample 
was previously compressed under pressure of 300 
MPa to a cubic shape with a side of 1.5 cm. The 
pressing was performed on a hydraulic press by a 
single impact on 105 layers of the sample which 
inevitably led to layer compaction and a change in 
the Grüneisen parameter γ and, consequently, in 
thermal conductivity coefficient χ. The obtained 
sample shown in Fig. 6 was placed at a distance 
of 10 cm from the radiation source as shown in 

Fig. 4. Structural diagram of controlled semiconductor laser unit
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Fig. 7. After 30 seconds of continuous exposure 
of the sample to laser radiation, the maximum 
value of its temperature was recorded. A larger 
value of thermal conductivity coefficient χ and 

thermal diffusion α of the sample resulted in a 
larger maximum temperature Tmax. To compare 
the obtained results, two samples of copper and 
aluminum similar in shape and size were also 
used.

3. Results and discussion
Table 1 shows the results of measurements 

and calculations of physical properties of the TEG 
sample under study.

A temperature increase in copper, aluminum 
and silver from + 27 to + 127 °С results in a 
thermal conductivity coefficient decrease by 2 % 
[12, p. 70] for copper and by 1.3 % [12, p. 76] for 
silver, yet in a thermal conductivity coefficient 
increase by 1 % [12, p. 108] for aluminum. As Table 
1 shows, an increase in the TEG temperature 
at almost similar temperatures (from + 25 °C 
to + 150 °C) leads to an increase in thermal 
conductivity by 3 %, but it should be noted that 
in order to obtain a qualitative dependence of 
temperature on the TEG thermal conductivity 
coefficient, it is necessary to increase the 
number of measurements to several dozens. On 
average, thermal conductivity of the TEG sample 
exceeds that of silver by almost one third in 
the investigated temperature range. It is worth 

Fig. 5.  Frontal surface morphology of TEG and GO 
samples: a – GO approx. 10 µm thick; b – TEG approx. 
0.3 mm thick; c – TEG approx. 1.5 mm thick

Fig. 6. TEG sample compressed at 300 MPa

Fig. 7. Experimental conditions for studying tempera-
ture distribution in samples under laser irradiation

а

b

c
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noting that the change in thermal conductivity 
of TEG in the studied temperature range is more 
pronounced. When the temperature of copper, 
aluminum and silver increases from + 27 to + 127 
°С their thermal conductivity decreases by 5 % 
[12, p. 70], 2 % [12, p. 76], and 0.2 % [12, p. 108], 
respectively, whereas the TEG conductivity 
decreases by 43 % at almost similar temperatures.

The side surface roughness of the compressed 
TEG sample whose 2D relief images are shown 
at various resolutions in Fig. 8, does not require 
further processing before use in heat transfer.

Measuring the the TEG and GO surface 
morphology allowed to determine a polycrystalline 
structure with crystallite interfaces.

Table 2 shows the results of calculations for 
diffractograms of TEG and GO samples shown in 
Fig. 3. The TEG sample has a peak near 26.55° 
(Fig. 3) corresponding to the graphite phase with 
orientation (002) [14], and a peak near 54.69° 
with orientation (004). The peaks in the regions 
of 23° to 25° and 42° to 45° may correspond 
to both graphite and graphene phases. The 
diffractogram of the GO sample has one intense 
peak in the region of angle 11°. Based on earlier 
studies of graphene diffractograms [15–17], it can 
be concluded that the diffractogram of the TEG 
sample corresponds to that of graphite, yet it is 
impossible to reliably conclude that graphene is 
absent in it. The diffractogram of the GO sample 
corresponds to the diffractogram of grapheme 
without any graphite content.

When studying temperature distribution in 
the TEG sample compressed under continuous 
exposure to laser radiation, the thermogram 
was obtained as shown in Fig. 9. As a result of 
continuous exposure to laser radiation for 30 

seconds, the maximum temperature of +31.2 °C 
was recorded in this sample, while in similar 
samples of copper and aluminum it was +29.0 °C 
and +28.4 °C, respectively.

4. Conclusions
Application of anisotropic properties of 

TEG in the in-plane direction allows to increase 
thermal conductivity by an order of magnitude 

Table 1. Physical property measurements of TEG 
sample

ρ, kg/m3 α, mm2/s χ, W/(m·K) T, °C

990

116.75±da 622.8±dc plus 25

81.94±da 597.4±dc plus 100

66.37±da 642.6±dc plus 150
* da – relative error of thermal diffusivity measurement 

3 % [8] or ± 8 % [9].
** dc – relative error of thermal conductivity measurement 

4 % [8, 10] or 10.5 % [9, 11], calculated on the basis of the 
total error according to formula (5) with negligibly small 
density measurement error (approx. 0.2 %)

Fig. 8. Side surface roughness of compressed TEG 
sample at different resolutions: a – 5.1 X; b – 20.5 X; 
c – 51.1 X

а

б

в
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which allows for its application as a material 
replacing copper in heat spreading covers (IHS), 
simplest cooling radiators, and thermal interfaces 
(TIM).

Some of the features limiting TEG application 
include its high conductivity of electric current, 
and problems in using it for making complex 
shaped structures.

Although it is impossible to measure thermal 
diffusivity of the GO sample with the flash 
method, at least with the LFA 467 HyperFlash 
analyzer, due to its thickness of about 10 µm, 
thermophysical properties of this sample may 
be superior to those of the TEG sample. It is 
possible to make similar measurements for the 
GO sample by pressing multiple GO samples at 
high pressures (up to several GPa).
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1. Introduction
Among the global issues humanity is facing, 

environmental and energy issues are paramount. 
The consumption of resources and energy, 
and consequently waste, is increasing at a 
tremendous rate. Synthetic dyes, antibiotics and 
plastic microparticles which are toxic substances 
endangering flora and fauna constitute a 
significant percentage of the waste discharged. 
They have a negative effect on aquatic environment 
reducing the oxygen level, and lead to genetic 
mutations due to their carcinogenic properties. 
Therefore, the issue of their neutralization is 
acute. Various methods to treat wastewater such 
as biological and physico-chemical treatment 
are already in use. However, due to the toxicity 
and complex molecular structure of pollutants, 
modern and highly efficient treatment methods 
such as photocatalysis are required.

Due to its ability to operate under green 
energy conditions, photocatalysis, is one of 
the key areas in the field of environmental 
remediation. To date, a significant amount 
of work has been done on designing and 
developing photocatalysts for applications such 
as degradation and transformation of hazardous 
organic substances, hydrogen generation, and 
CO2 and NOx reduction [1, 2].

Recombination of electron-hole pairs 
(excitons) serves as a factor reducing photoca
talytic activity. An effective method is to create 
an interface at the boundary of two materials with 
different forbidden band widths which allows to 
obtain a heterojunction and spatially separate 
photogenerated charges due to internal electric 
field. This leads to an increase in the exciton 
lifetime [3]. Different types of heterojunctions 
such as Schottky barrier [4], p-n junction (or 
isotype) heterojunctions [5], van der Waals [6] 
and faceted heterojunctions [7] are designed 
and investigated depending on the specific 
objectives for their application. Each type has 
its own advantages and disadvantages, so the 
proper choice of heterojunction is important. 
Semiconductor materials, especially metal oxides 
[8], perovskites [9], chalcogenides [10], as well as 
hierarchical structures including organometallic 
frameworks (MOFs) [11], covalent organic 
frameworks (COFs) [12], and MXenes [13] are 
widely used in modern nanophotocatalysis.

Nanoarchitectonics is a cutting-edge 
direction in design of new materials including 
heterostructures. This concept considers various 
approaches, such as atomic-molecular design, 
unconventional growth mechanisms, including 
oriented splicing and mesocrystal formation, 
use of colloidal quantum dots to extend the 
optical sensitivity range of porous hierarchical 
structures, and sol-gel technologies to obtain new 
nanostructured materials with desired properties 
[14–16].

Among semiconductor materials, zinc oxide 
stands out for its strong oxidizing ability, 
excellent optoelectronic and catalytic properties, 
high chemical stability, nontoxicity, and low cost 
[17, 18]. ZnO nanoparticles, which are generally 
n-type semiconductors, have a forbidden 
bandwidth of 3.37 eV and many active catalytic 
centers. However, the photocatalytic activity of 
the material is limited by its ability to absorb 
electromagnetic radiation. Properties of this 
material are strongly dependent on intrinsic point 
defects structure. This has led to development 
of various techniques to modify the surface 
of ZnO specimens [19-20]. For example, it is 
possible to change the concentration of oxygen 
vacancies on the surface of the material, to form 
new adsorption centers, and change the type of 
conductivity by mechanical activation, electron 
beam irradiation, or annealing [21, 22].

Modification of ZnO with metallic elements 
such as Au, Ag and Cu can lead to an improvement 
in photocatalytic performance of the material 
due to change in the zone structure and the 
plasmon effect. Silver nanoparticles are the most 
interesting among other metal nanoparticles. 
They have attracted attention because of their 
unique electrical conductivity, chemical stability, 
catalytic and antimicrobial activity [23]. Making 
ZnO-based composites with addition of Ag leads 
to changes in the properties of the semiconductor 
material. They act as a modifier of reaction 
centers and also as a catalyst for decomposition of 
pollutants [24]. ZnO islands capture photoinduced 
charge carriers and enhance light absorption, 
with both effects accelerating redox reactions 
and enhancing the photocatalytic efficiency of 
the material [25–27]. 

Research papers show that deposition and 
introduction of precious metal nanoparticles are 
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promising methods to enhance the photocatalytic 
activity of the material. Thus, in [28], the co-
precipitation method was used to synthesize 
ZnO specimens containing silver. The flaked 
specimens were finely dispersed. The activity 
study was carried out using methyl blue. Addition 
of silver resulted in an increase in activity from 
87.7 to 97.7 % when the silver concentration was 
increased to 1 wt % with all other conditions 
of the catalyst activity study being equal. The 
study [29] used a photo-deposition method to 
produce zinc oxide with silver nanoparticles on 
the surface. Presence of silver enhanced specimen 
performance. It was observed that increasing 
the amount of silver up to 1 wt % leads to a 
significant increase in photocatalytic activity, but 
further increase in the amount of silver leads to a 
decrease in activity. This is explained by blocking 
of active centers of zinc oxide.

In the course of this study, ZnO-Ag specimens 
with different silver mass fraction were obtained 
by chemical reduction of silver nanoparticles. 
This is a simple method of obtaining zinc oxide-
silver composite.

2. Experimental
2.1. Synthesis technique

Commercial powder ZnO all-Union State 
Standard (GOST) 10262-73, pure according to 
chemical classification, was used as the basis 
of the composite with the content of the parent 
substance no less than 99 %, and specific surface 
of 8-10 m2/gram.

In order to establish correlation between the 
composition of ZnO-Ag composite and change 
in its activity, specimens with different silver 
mass fraction were synthesized. The composites 
were obtained by reduction of silver from AgNO3 
salt using NaBH4 on ZnO surface in presence 
of polyvinylpyrrolidone stabilizer (PVP) in 
accordance with the following procedure:

1) ZnO was dispersed in distilled water on an 
ultrasonic bath for several minutes; 

2) AgNO3 was pre-dissolved in a small amount 
of distilled water using an ultrasonic bath; 

3) the AgNO3 solution was added to ZnO and 
stirred vigorously for one hour; 

4) to prevent active agglomeration of silver 
during the reduction, PVP solution was added 
equimolar to AgNO3;

5) the resulting solution was stirred for one 
hour;

6) NaBH4 solution equimolar to AgNO was 
used for silver reduction; 

As a result, specimens with different ratios of 
components were obtained.

3. Results and discussion
3.1. Characterization of specimen 

The specimens obtained had different 
coloration ranging from pale yellow to dark gray. 
Yellow tint can be considered as an indirect sign 
of silver nanoparticles recovery on the substrate 
surface. Table 1 shows external characteristics of 
the specimens obtained.

Using a Bruker scanning electron microscope, 
SEM images of the surface of the studied 
specimens were obtained (see Fig. 1). Primary 
analysis of the images showed that the substrate 
used was a finely dispersed powder. According 
to the obtained image of pure zinc oxide at 
5000x magnification, it can be noted that the 
ZnO particles size was in the submicron range. 
Analysis of modified specimen images (Fig. 1b-
d) allows to draw a similar conclusion about the 
specimen dispersibility.

For further information about the surface 
of the powder catalyst, the surface was scanned 
using an atomic force microscope (AFM) Ntegra 
Prima by NT-MDT. Scanning was carried out in 
semi-contact mode. As a result, surface scans 
of the ZnO-Ag-2 specimen were obtained (see 
Fig. 2). Scan analysis allowed to obtain further 
details about the specimen surface. The powder 
is comprised of both large formations of more 
than 1 μm and smaller ones of about 200 nm. The 
data obtained from these scans do not provide 
any reliable confirmation of silver nanoparticle 
deposition on the substrate surface.

Table 1. Characteristics of synthesized samples

 Sample Silver content, 
wt % Powder color

ZnO 0 White

ZnO-Ag-0.2 0.2 Light yellow

ZnO-Ag-0.5 0.5 Yellow

ZnO-Ag-2 2 Dark grey
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Energy dispersive analysis (EDX) was 
performed to confirm the presence of silver on 
the surface of the synthesized specimens. Local 
chemical composition was estimated from EDX 
spectra of the synthesized specimens shown in 
Fig. 3. In EDX spectrum for pure ZnO specimen 
(Fig. 3a) the major elements Zn, O are well 
distinguished, yet C, Al and Si are also present. 
Presence of carbon, aluminum and silicon is due 

to the peculiarities of the substrate on which the 
specimens were deposited.

The EDX spectrum of ZnO-Ag-0.2 specimen 
is shown in Fig. 3b. The spectral pattern of the 
specimen demonstrates that in addition to C 
and Al impurities, characteristic X-ray lines 
corresponding to Ag (about 0.25 KeV and 3 KeV) 
are observed. EDX spectra of the remaining 
specimens also show the presence of silver 

Fig. 1. SEM images of samples: a) – pure ZnO; b) – ZnO-Ag-0.2; c) – ZnO-Ag-0.5; d) – ZnO-Ag-2

Fig. 2. AFM scan of the sample surface ZnO-Ag-2. Scan area a) – 2.5x2.5 mm, b) – 5x5 mm
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in the obtained specimens (Fig. 3c, d). The 
specimens were quantitatively analyzed based 
on the obtained spectra. The calculated values 
of mass percentages of elements are given in 
Table 2.

By means of elemental mapping of ZnO-
Ag-0.2 specimen it was possible to evaluate the 
uniformity of Ag nanoparticles recovery (Fig. 4). 
The obtained elemental map confirms the 
presence of homogeneously distributed silver on 
the substrate surface.

According to the obtained mass percentages 
of the composite elements (Table 2) calculated 
on the basis of EDX spectra, it can be noted that 
the composition of the synthesized specimens 
corresponds to estimated composition. The 
obtained data allow to reliably identify the 
relationship between the change in the 
photocatalytic activity of the composite and the 
amount of deposited silver.

3.2. Evaluation of photocatalytic activity 
of  specimens

Activity of the specimens was evaluated on 
the basis of photocatalytic decomposition of 
Rhodamine 6G (R6G). The initial concentration 
of organic dye was 21±0.64 μmol/liter and the 
volume of solution was 75 mL. The change in 
dye concentration was evaluated using a PE 
5400UV spectrophotometer. Rhodamine 6G 
has a pronounced absorption peak (526 nm) 
and its intensity was taken to calculate the 
concentration using the Bouguer-Lambert-
Bera law. The spectral response of Rhodamine 
6G was measured 5 and 10 minutes after the 
beginning of irradiation of the catalyst with UV 
light. A UV diode with a wavelength of 365 nm 
and a power of 4.9 W was taken as an irradiation 
source. The photocatalytic decomposition was 
investigated under constant stirring. The mass 
of the catalyst was 5.3±0.2 mg. The study was 
carried out at least three times for each of the 

Fig. 3. Energy dispersive spectra EDX a) – pure ZnO; b) – ZnO-Ag-0.2; c) – ZnO-Ag-0.5; d) – ZnO-Ag-2

Table 2. Percentage of composite elements according to EDX spectra

Sample/element Zn (wt %) O (wt %) Ag (wt %)
ZnO 77 23 –

ZnO-Ag-0.2 86 15 0.13
ZnO-Ag-0.5 86.65 13 0.35
ZnO-Ag-2 80.5 17.12 2.38
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specimens to obtain more accurate data on 
their activity.

Since the same commercial zinc oxide with 
the same specific surface area was taken as a 
basis for synthesized catalysts, the weight activity 
was used as a comparative characteristic. Table 3 
shows the results of calculations.

Analysis of the obtained results showed that 
the average activity of the composite material 
exceeds the activity of the initial substrate by 
58 % (ZnO-Ag-0.2 specimen). As the amount 
of deposited silver increases from 0.2 to 2 %, 
the activity of the composite increases from 
58 to 92 %. This dependence has a nonlinear 
character and begins to reach saturation after 2 
wt % of precipitated silver (Fig. 5). According to 
the obtained dependence, it can be noted that 
further increase in the amount of silver does 

not lead to a significant increase in the activity 
of the composite material. On the contrary, the 
probability of undesirable overlapping of active 
catalytic centers of zinc oxide increases.

To obtain more complete data on synthesized 
catalysts, the reaction kinetics was studied. The 
kinetics of photodegradation of dyes is usually 
described by the Langmuir-Hinshelwood model 
and approximated by the following kinetic 
equation:

–dC/dt = k1KaC1 + KaC,

where C is the current dye concentration at time 
t, k1 is the rate constant of the process, Ka is the 
adsorption equilibrium constant.

At low dye concentration (C << 1 mM), the 
equation simplifies to a pseudo-first-order 
process rate equation:

Fig. 4. Elemental map of ZnO-Ag-0.2: a) – SEM image of the surface; map of element concentrations: b) – Zn; 
c) – O; d) – Ag

Table 3. Summary table of the results of the study of the activity of samples

Sample Weight activity (300 сек), 
mmol/g·s

Weight acrivity (600 сек), 
mmol/g·s Rate constant, min–1

ZnO 0.3447 0.2348 0.0660
ZnO-Ag-0.2 0.5461 0.3330 0.1030
ZnO-Ag-0.5 0.6265 0.3648 0.1350
ZnO-Ag-2 0.6611 0.3945 0.1631
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ln(C/C0) = k1Kat = kappt,

where kapp is the pseudo-first-order rate constant.
Fig. 6 shows the graph of dependence 

ln(C/C0) = f(t), plotted on the basis of experimental 
data. Using linear approximation, the rate 
constants for the specimens under study were 
determined, and the estimated values were 
recorded in Table 3. Since the rate constant is 
numerically equal to the reaction rate, the value 
of the constant allows to evaluate the effect of the 
catalyst on the rate of the dye photodegradation 
process. Based on the data obtained, it can be 

said that the deposition of 0.2 wt % silver leads 
to acceleration of the photocatalytic degradation 
reaction by 56 %, and when 2 wt % is reached, the 
rate increases by 147 %.

4. Conclusions
In this course of the present research, 

specimens of composites with different silver 
content on their surface were synthesized. The 
amount of silver in the composite was estimated 
by EDX spectra. The obtained results are 
compared with the estimated values and allow 

Fig. 5. Graph of the dependence of the composite activity on the silver content

Fig. 6. Dependence graph ln(C/C0) = f(t)
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to reveal the correlation between the amount 
of silver and the change in the activity of the 
composite. To confirm the uniformity of silver 
recovery, an elemental map of the ZnO-Ag-0.2 
specimen was obtained.

Analysis of the activity of composites 
containing silver showed a positive effect of 
deposited silver on the properties of zinc oxide. 
An increase in catalytic activity was observed 
with an increasing amount of silver. The ZnO-
Ag-2 specimen has a weight activity higher by 
92 % compared to the original ZnO and increases 
the rate of photocatalytic degradation by 147 %. 
According to the available dependence of activity 
on the amount of silver, it can be noted that 
2 wt % is the optimum limiting value at which 
a significant increase in the activity of the 
composite occurs.
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1. Introduction
Recently, there has been growing interest 

in metal oxides since thin film coatings of 
metal oxides are a group of the most demanded 
materials in modern micro- and nanoelectronics. 
Among them, zinc oxide (ZnO) is one of the most 
high-potential materials used for application of 
transparent electrically conductive contacts, gas 
sensors and piezoelectric transducers production.

ZnO is one of the most important semiconductor 
materials. Due to alternate placement of zinc and 
oxygen in the unit cell of the crystal lattice, it has 
the structure of wurtzite belonging to hexagonal 
crystal lattice and space group P6₃mc. Application 
of ZnO thin films in optoelectronic devices such as 
solar cells is possible due to high binding energy 
of excitons (60 meV) [1,2,3]. Zinc oxide ZnO with 
its good optoelectronic properties is often used as 
a transparent conducting oxide (TPO) electrode 
in photovoltaic devices and in planar displays. 
PPOs are materials that have high visible light 
transparency (> 80 %) and low resistivity (< 10-3 
Ohm cm) [4,5].

Morphological, structural, optical, electrical 
and photodetection properties of ZnO have been 
studied well enough, yet influence of doping 
with various impurities is still insufficiently 
investigated. The parameters of undoped ZnO 
thin films are often unstable due to changes in 
surface conductivity by chemisorption and oxygen 
adsorption. Doping is an effective way to influence 
the surface states, electrical conductivity, 
formation of energy levels and concentration of 
charge carriers in a semiconductor. One of the 
important characteristics is the possibility of 
changing the bandgap width of ZnO by doping 
it with group II elements such as Be, Mg, Ca, Co, 
Cd and Sr. Studies of doped ZnO have shown that 
their properties often depend on the method of 
synthesis. Magnesium doped zinc oxide (MZO) 
thin films can be synthesized by high frequency 
sputtering, molecular beam epitaxy, sol-gel 
method, pulsed laser deposition and chemical 
vapor deposition [6]. In the course of the present 
research, the spray pyrolysis method was used 
since it is not labor-intensive and allows to obtain 
the materials with required properties through a 
minimum number of technological operations.

Spray pyrolysis is a method of spraying an 
aerosol onto a heated substrate. The aerosol is 

produced from a pressurized solution of metal 
salts which vaporizes and, once on the substrate 
surface, chemically reacts to form the desired 
properties of the substance. The possibility 
of moving the nozzle of the atomizer over the 
substrate provides homogeneous thickness 
of coatings on the entire surface. The main 
disadvantages of this method include relatively 
high temperatures (400 °C for ZnO) impossible to 
use with flexible polymer substrates [7,8].

The aim of present research is to determine 
the optimal technological conditions including 
temperature, pressure, and time for preparation 
of Mg-doped ZnO films with predetermined 
properties by spray pyrolysis, as well as to study 
the structural and optical parameters of the 
obtained MZO films.

2. Methods
To obtain the specimens by spray pyrolysis, 

zinc acetate dihydrate (Zn(CH3COO)2-2H20) was 
used as the base material, and methanol and 
diethanolamine (DEA) were used as solvents and 
stabilizers. First, 5 g of zinc acetate dihydrate 
was dissolved in 30 mL of methanol, and then 
diethanolamine was added slowly using a 
magnetic stirrer to obtain a solution with a 
molar concentration of 0.75 M. ZnO doping with 
magnesium was carried out by adding magnesium 
acetate tetrahydrate Mg(CH3COO)2-4H2O along 
with zinc acetate to methanol. The ZnO:Mg ratio 
was 1 at. % for MZO specimen, 1.3 at. % for MZO 
specimen, 3.5 at. % for MZO specimen, 5.7 at. 
% for the MZO7 specimen and 15 at. % for the 
MZO15 specimen. 0.047 g of magnesium acetate 
tetrahydrate was added to the resulting solution 
for doping 1 at. % Mg, 0.141 g for doping 3 at. 
% Mg, 0.234 g for doping 5 at. % Mg, 0.328 g for 
doping 7 at. % Mg, and 0.705 g for doping 15 at. % 
Mg. The resulting mixture was stirred for 1 hour at 
65 °C, and then for 3 hours at room temperature 
until a clear and homogeneous solution was 
obtained. ZnxMg1-xO films were deposited by spray 
pyrolysis on glass substrates aged at 400°C. The 
distance between the atomizer and the substrate 
was 20 cm. The MZO films were sputtered onto 
the surface of preheated glass at a rate of 2.0 
mL/min at an air pressure of 2 bar. Multilayer 
sputtering of the ZnO film was carried out for 
1 min each followed by a break of 30 seconds to 
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restore the substrate temperature. Thus 20 layers 
were prepared.

Thickness of the films prepared was 
determined on an interference microscope 
MII4. Structural studies of thin films of metal 
oxides MZO were carried out by X-ray diffraction 
method on XRD-6100 diffractometer. The X-ray 
voltage was 40 kV and the current was 30 mA. 
The scanning range was 8.0-70.0 degrees, the 
scanning speed was 2 deg/min, and the scanning 
step was 0.02 degrees. Optical transmission 
spectra of the investigated films in the range from 
200 to 800 nm were obtained on a SPEX SPP-715 
M spectrophotometer.

3. Results and discussion
Thickness of the films obtained is 344.3 nm 

for ZnO, and it varies for different doped films. It 
is 348.4 nm for MZO1, 353.1 nm for MZO3, 357.6 
nm for MZO5, 362.2 nm for MZO7, and 380 nm 
for MZO15. Thus, thickness of the films ranges 
from 344 to 380 nm.

X-ray diffraction patterns of ZnO:Mg thin film 
with Mg concentration of 1 at. %; 3 at. %; 5 at. %; 
7 at. %; 15 at. % are given in Fig.1. The studies 
showed that all the diffraction maxima of the 
X-ray diffraction pattern of ZnO film belong to 
wurtzite structure. As Fig. 1 shows, the intensity 
of structural line (002) is much stronger than 
other diffraction lines. This indicates that thin 

films have a polycrystalline structure with a 
predominant c index. Fig. 2 shows that structural 
reflex of the crystallographic direction (002) is 
shifted toward small angles (from 2θ = 34.56° 
to 2θ = 34.44°), i.e., toward Δθ = 0.12° with 
increasing number of doping Mg atoms in the 
X-ray diffraction pattern. It was found that the 
lattice parameters of the magnesium-doped 
films at room temperature are a = b = 0.3265 nm 
and c = 0.5219 nm, the c parameter increases 
insignificantly (Δc = 0.0009 nm). This, in turn, 
indicates that Mg+2 ions are substituted with 
Zn+2 in the crystal lattice of the film. In addition, 
we determined the half-widths (FWHM) of these 
reflections which first increased (doping with Mg 
atoms up to 7 at. %) and then decreased (doping 
with Mg atoms more than 7 at. %).

The obtained results indicate that the ZnO 
structure does not change upon addition of Mg. 
Sizes of the formed crystallites (D) in ZnO:Mg 
thin films were calculated according to Scherrer’s 
formula [9]:

D
k= l

b qcos
,		  (1)

where, λ is radiation wavelength of 0.154 nm, θ 
is scattering angle (half of the diffraction angle 
2θ), β is physical line broadening on the diffrac-
togram (width of the reflex at the half of intensi-
ty maximum), coefficient k ≈ 0.91.

Fig. 1. X-ray images of ZnO and ZnO:Mg thin films with Mg content 1 at. %; 3 at. %; 5 at. %; 7 at. % and 
15 at. %
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The lattice strain ε of Mg-doped ZnO thin 
films can be estimated through the following 
expression:

e b q= cos
4

.		  (2)

The dislocation density δ is calculated as 
follows:

d = 1
2D

 .		  (3)

The estimated values of characteristics of 
MZO films from the X-ray diffraction data are 
presented in Table 1. The results showed that 
with the increasing content of doping impurity 
Mg in MZO films from 1 to 7 at. %, the full width 
at half of the maximum value of peaks on X-ray 
diffraction decreases, i.e. the size of crystallites 
in the film decreases. This is probably due to 
the increase in the film deposition rate with 
increasing Mg doping degree. Consequently, the 
crystallite size can be controlled by varying the 
Mg concentration. In fact, higher doping impurity 
level creates more nucleation centers along with 
lattice defects and thus leads to a decrease in 
crystallite size in thin films. The results also 
showed that the dislocation density increases 
with increased Mg doping which contributes to an 
increase in lattice defects along grain boundaries 
in MZO thin films.

It is known that the peak (002) is related to 
film deformation. As Figs. 1, 2 show, when Mg 
is doped at concentrations of 1 at. %, 3 at. %, 
5 at. % and 7 at. %, the diffraction peak (002) 
is at 2θ: 34.54, 34.50, 34.46 and 34.44 degrees, 
respectively. Hence, as the concentration of 
Mg doping impurity increases, the peak (002) 
gradually shifts towards a higher angle, indicating 
the increasing strain in the films. Magnesium 

doping also affects the intensity of the diffraction 
peak (002). An increase in the degree of doping 
leads to a decrease in the intensity of peak (002) 
compared to the similar peak in the unalloyed 
ZnO film (see Figs. 1, 2).

Fig. 3 shows the optical transmittance spectra 
of MZO films at different Mg concentrations. 
Obviously, with increasing Mg2+ concentration, 
the optical transmittance in the visible range 
increased. ZnO films doped with Mg atoms (from 
1 to 15 at. %) have high transmittance from 70 to 
85 % in the visible and near-infrared radiation 
regions. It can be seen that the ZnO film has 
high transmittance starting from wavelength 
of 387 nm. The doped MZO film (15 at. % Mg) 
has a high transmittance of 85 % starting from a 
wavelength of ~ 358 nm. When doped with Mg, 
transparency of the MZO film increased by 15 % 
compared to the undoped ZnO film, and reached 
its highest value at 15 at. % Mg addition. The 
transmission spectra of MZO thin films have a 

Table 1. Characteristics of ZnO:Mg films obtained on the basis of X-ray diffraction data

Sample Peak position (002) 
(2θ), degree

Crystallite size D, 
nm

Lattice deformation 
ε, degree

Dislocation density δ, 
nm-1

MZO 34.56 92.9 –1.15·10–3 1.16·10–4

MZO1 34.54 87.6 –1.72·10–3 1.30·10–4

MZO3 34.50 78.5 –2.7·10–3 1.62·10–4

MZO5 34.46 73.05 –3.46·10–3 1.87·10–4

MZO7 34.44 69.07 –4.19·10–3 2.09·10–4

MZO15 34.59 93.02 –1.154·10–3 1.15·10–4

Fig. 2. Shape of reflections (002) of X-ray diffraction 
patterns of undoped and Mg-doped (from 1 to 15 at. %) 
ZnO films
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transparency of more than 80 % in the visible and 
infrared spectral regions. The transparency limit 
is in the ultraviolet range [10]. The effect of Mg 
doping on the bandgap width of MZO thin films 
was studied by the absorption spectra shown in 
Fig. 4. The bandgap width of unalloyed ZnO thin 
films and Mg-doped ZnO films was determined 
by the Tautz method [11] whose value can be 
estimated through the following expression:

ahv B hv Eg= -( )2 ,		  (4)

where α is the absorption factor, hn is the photon 
energy calculated on the basis of experimental 
results of optical transmittance (B); Eg is the for-

bidden band width. The absorption factor (α) can 
also be calculated through the following expres-
sion from transmittance (B):

a = 1 1
d B
ln ,		  (5)

where d is the layer thickness.
The forbidden band width of ZnO film 

was 3.20 eV which is the same as in ZnO films 
prepared by other authors [12]. Fig. 4 shows 
that after Mg doping, the bandgap width of ZnO 
gradually increased from 3.20 eV (unalloyed ZnO 
film) to 3.42 eV (MZO15 film with Mg content of 
15 at. %). It is due to defects probably arising as 
a result of replacement of Mg2+ ions by Zn2+ ions 
in the crystal lattice of MZO film. It is known that 
the value of Mg2+ ion radius (0.57 Å) is close to 
that of Zn2+ ion radius (0.60 Å); therefore, when 
doping ZnO films with magnesium, inclusion of 
Mg2+ ion in the ZnO lattice is likely [13]. According 
to the Poling scale, their electronegativities are 
1.65 for Zn and 1.31 for Mg. Due to difference in 
electronegativities of Zn and Mg atoms and ionic 
radius, formation of new point defects in the 
structure can cause an increase in the width of 
the forbidden zone. In addition, the difference in 
electronegativities of Zn and Mg atoms increases 
the width of the forbidden zone due to interaction 
of Mg2+ and O2- ions. It should also be noted that 
the compound MgO (Eg = 7.8 eV) has a larger 
bandgap width than ZnO (Eg = 3.20 eV) [14].

4. Conclusions
In the course of the present research, ZnO thin 

films doped with Mg in various concentrations 
from 1 to 15 at. % were prepared by spray pyrolysis. 
Based on the analysis of X-ray diffraction patterns, 
an obvious growth of MZO films along the plane 
(002) with hexagonal wurtzite structure was 
established. With increased Mg concentration, 
light transmittance of MZO films increases from 
70% to 85% in the visible region of the spectrum. 
The forbidden band width of MZO films increased 
with increased Mg content in the ZnO structure 
from 3.20 to 3.42 eV.

Properties of magnesium-doped ZnO thin 
films prepared can be used in many optoelectronic 
devices such as solar cells, gas sensors, as 
photocatalysts, etc.

Fig. 3. Optical transmission spectra of pure ZnO films 
and ZnO films with different Mg dopant content

Fig. 4. Optical absorption spectra of pure ZnO films 
and ZnO films with different Mg dopant content
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1. Introduction
AIIIN semiconductors, with GaN being 

the most prominent example, have excellent 
electrophysical and optical properties that make 
them ideal for their use in high-power, high-
frequency electronic devices [1,2]. However, 
there are still some unresolved problems related 
to the growth of high quality AIIIN layers on 
silicon substrates, which are most affordable 
for the production of microelectronic devices. 
These problems are associated with significant 
differences in the parameters of crystal lattices 
and thermal expansion coefficients [3].

Over the past decades, many methods have 
been proposed to reduce number of defects in the 
operating area [4, 5], with the most prominent 
of them being the use of Al transition and buffer 
layers. However, methods for optimizing AIIIN 
growth conditions vary depending on the used 
substrate. Interestingly, several studies have 
demonstrated that optical and electronic devices 
can be manufactured without intermediate layers 
like AlN or AlGaN.

In our previous work concerned with the 
study of the initial stages of plasma-assisted 
molecular beam epitaxy (PA MBE) of GaN layers 
on Si(111) substrates, it was demonstrated that 
the smoothest surfaces of GaN layers on Si(111) 
substrates can be obtained either without pre-
epitaxial substrate nitridation or after high-
temperature nitridation (TN = 850 °C) [6]. 
Therefore, it is extremely important to study the 
mechanisms of nitride growth in the region of 
the epitaxial layer/substrate hetero-interface, 
which would effectively reduce the elastic 
stresses to a level where microcracks and defects 
are not formed in the operating area. Thus, this 
paper describes the results of diffractometric 
studies of the peculiarities of PA MBE growth 
of GaN layers on silicon substrates without 
substrate nitridation and the formation of an 
intermediate AlN nucleation layer under Ga-
enriched conditions and with additional In flow 
intended in order to increase the surface mobility 
of adatoms.

2. Materials and methods
In the study, the GaN epitaxial layers were 

grown by PA MBE technique on a Veeco Gen 200 
setup, which allows simultaneously using up to 4 

four-inch plates (or one substrate with a diameter 
of up to 200 mm) during the growth process 
[6]. Undoped GaN layers were grown on semi-
insulating Si(111) substrates (R > 10,000 Ohm/cm) 
that had been treated using the Shiraki method.

The PA MBE synthesis of GaN layers consisted 
of two stages. First, a low-temperature LT-GaN 
nucleation layer with a thickness of ~10 nm 
was grown. Then (second stage), the main GaN 
layer was grown, which for A-type samples was 
synthesized at Tp = 720 °C, while for B-type 
samples, the main GaN layer was under a similar 
nitrogen flow, but at a lower temperature of 
Tp = 700 °C, with the addition of indium flow 
intended to increase the surface mobility of the 
adatoms and consequently achieve a smoother 
GaN surface.

Reflection high-energy electron diffraction 
(RHEED) was used for in-situ observation of 
the nucleation and changes in the surface 
morphology of the GaN/Si(111) layers. It 
was found that the onset of the growth was 
accompanied by a decrease in the intensity 
of the initial RHEED pattern of the substrate 
followed by the formation of misoriented LT-
GaN grains (“polycrystalline” RHEED pattern) 
characteristic of nucleation. At the beginning 
of the main GaN layer growth, there was a 
gradual formation of a “dot” RHEED pattern, 
characteristic of the growth of a continuous 
layer with a developed surface morphology. 
Further growth of the main GaN layer was 
accompanied by a transition from a “dot” to 
“linear” RHEED pattern, indicating a transition 
from nanocolumnar to two-dimensional growth.

Fig. 1 schematically shows the technological 
profiles of the grown samples.

High-resolution X-ray diffraction data 
were obtained at 305 K using a DRON-8T 
diffractometer. The 2θ-ω scans and ω rocking 
curves (XRC) were taken using CuKα radiation 
with an angular reproducibility of ±0.0001°. 
High resolution was achieved with the help of a 
Ge(220)×4 Bartels monochromator and a 0.05 mm 
slit installed in front of the detector.

Processing and analysis of experimental 
diffractometric data (smoothing, fitting, baseline 
removal, determination of centers of maximum) 
were performed using the Fityk, OriginPro 
software packages (OriginLab Corporation) [7].
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3. Results and discussion
Fig. 2 shows the X-ray diffraction results 

for GaN/Si (111) heterostructures. Only two 
reflections were observed in the 2θ-ω scans. The 
first one (less intense) was a reflection from (111) 
plane of the silicon substrate, and the second, 
(0002), was a reflection from the GaN plane, 
respectively. No other reflections were detected, 
indicating that the grown GaN layer was in a 
monocrystalline state and had a hexagonal lattice 
with wurtzite structure.

To determine the crystalline quality of the 
epitaxial films, symmetric and asymmetric 

X-ray 2θ-ω scans and high-resolution ω rocking 
curves were obtained for the (0002) and (101̄2) 
planes. The results are shown in Fig. 3. It can be 
seen that the Bragg angle of the maxima of the 
symmetric and asymmetric reflections in the 
2θ-ω scans (Fig. 3a, c) differ between samples 
A and B, which means that they have different 
parameters of the crystal lattice of the GaN 
layer.

Moreover, besides the main high-intensity 
maxima, the 2θ-ω (101̄2) scan for sample A 
(Fig. 3C) has an additional diffraction pattern 
(in the region of large Bragg angles). There is 

Fig. 1. Schematic representation of samples GaN/Si(111) heterostructures

Fig. 2. XRD 2θ-scans for the GaN/Si(111) heterostructures
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also an additional low-intensity maximum at 
the (101̄2) of the ω rocking curve for sample 
A (Fig. 3d). These facts may indicate that a 
sublayer with a smaller lattice parameter than 
that of the main GaN layer was formed in 
sample A.

For each diffraction maximum, the full width 
at half maximum (FWHM) was determined 
using XRD scans. The analysis of FWHM values 
provided further information on the crystalline 
quality of the samples. Thus, the FWHM of the 
diffraction reflection in the 2θ-ω scan showed 
the presence of inhomogeneous deformation 
and changes in the grains size of the sample. 
Additionally, the FWHM of the maximum in the 
ω rocking curve provided information on the 
orientation of the crystallites in the epitaxial 
layer, i.e. mosaic structure.

The analysis of the obtained results (Fig. 3) 
revealed that the FWHMs of the main diffraction 
maximum in the 2θ-ω and ω-scans for the 
(0002) plane had similar values for samples A 
and B, while the FWHM of the (101̄2) reflection 
was lower for sample B. This may also indicate 
that in the direction of growth of the GaN layer, 
both samples had the same relaxation values 
and degrees of mosaic structure, while in the 
growth plane these values, as well as the lattice 
parameters, differed between the samples. The 
measured FWHM (0002) values in the 2θ-ω scans 
for samples A and B were 360 and 350 arcseconds, 
respectively. We compared the obtained values 
with those presented in the study by Jae-Hoon 
Lee et al. [8] where a high-quality GaN layer 
(~1.5 μm) with reduced stress and dislocation 
density was grown on Si substrate. As a result, 

Fig. 3. XRD 2θ-scans (a,c) and ω-swing curves (b,d) GaN/Si(111) simples
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it can be concluded that the FWHM values for 
the (0002) plane were similar while the FWHM 
value for the  (101̄2)  plane was much lower. 
Also, the FWHM values for the (0002) plane on 
the ω rocking curves were much higher than the 
FWHM value in the 2θ-ω scans. It means that 
at the same value of the film’s mosaic structure 
GaN layer should have better relaxation in the 
growth direction.

Asymmetric X-ray diffraction scans for the 
(101̄2) plane provided information for directions 
coinciding with a and c axes of the wurtzite lattice 
[9]. The FWHM value for the (101̄2) reflection 
was higher in the ω scans than in the 2θ-ω scans. 
This indicates at a lower stress due to the lattice 
mismatch in this direction; however, it also means 
more pronounced mosaic structure. Moreover, 
the FWHM value for the (101̄2) reflection in the 
ω-scan for sample A was significantly higher than 
that one for sample B.

It is well known that an increase in the FWHM 
of X-ray reflections, which is associated with 
both the orientation and microdeformation of 
crystallites in the epitaxial layer, represents the 
formation and changes in the density of screw 
(c-type) dislocations along c crystal axis and edge 
(a-type) threading dislocations. In [10], it was 
shown that the values of the density of screw and 
edge dislocations in the epitaxial layers of nitrides 
can be estimated by ω rocking curves based on the 
following relations [11]:

D
bS
S

=
b0002
2

24 35.
	 	 (1)

D
bE
E

=
b1012
2

24 35.
		  (2)

Here, b0002 and b101̄2 are the FWHMs for the sym-
metric and asymmetric omega scans, while 
bS = 5.1864 Å  and bE = 3.1890 Å are the lengths of 
the Burgers vectors. The calculations showed 
(see Table 1) that the density of screw disloca-
tions in the epitaxial layer of GaN in both sam-
ples was higher than that one of the edge dislo-
cations. However, the density of screw and edge 
dislocations in sample B was lower than in the 
sample A.

HRXRD data were used to determine lattice 
constants a and c for the epitaxial layer with the 
wurtzite structure [12].

Experimentally obtained values of the lattice 
constants were used to determine the relaxation 
coefficient R of GaN layer relative to the Si 
substrate, the biaxial stress coefficient, and the 
residual stresses (see Table 1).

The lattice relaxation in the epitaxial layer 
can be calculated by the formula:

R
a a
a a
e S

S

=
-
-0

	 	 (3)

where ae is the lattice parameter measured exper-
imentally; aS is the lattice parameter equivalent 
to that one which the layer would take if it was 
completely deformed; and a0 is the lattice param-
eter which the layer would take in the bulk state.

The monocrystalline silicon (substrate) 
oriented along the (111) direction had the 
effective lattice parameter aS = 3.84 Å [13]. The 
values of the lattice parameter for unstressed GaN 
were taken from previous studies: c0 = 5.1864 Å, 
a0 = 3.1890 Å [14,15].

The obtained results (Table 1) indicate that 
GaN layer grown on a Si substrate by the proposed 
method was almost ~99% strain-free for the 
samples of both types.

Since the a parameter of the GaN wurtzite 
lattice is larger than the effective lattice 
parameter of the silicon substrate with (111) 
orientation, cooling of the sample after its 
growth is accompanied by appearance of biaxial 
deformation in the GaN epitaxial layer .[16]. 
The in-plane biaxial stress σxx of GaN can be 
calculated as follows [17–19]:

s exx xxM= - .		  (4)

Deformations in the εxx plane (along the 
a-axis) and in the direction of the εxx growth 
(along the c-axis) were calculated as follows [20]:

e exx
e

zz
ea a

a
c c
c

=
-

=
-0

0

0

0

, 	 (5)

M is biaxial elastic modulus.

M C C
C
C

= + -11 12
13
2

33

2 		  (6)
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According to (8), for GaN with a wurtzite 
lattice M ~ 479 ГПа.

The calculations showed (see Table 1) that 
the level of residual in-plane biaxial stress for 
sample A was at ~270 MPa, while for sample B it 
was almost three times higher and attained up 
to ~930 MPa.

4. Conclusions
The paper describes the structural features 

of the growth of GaN layers synthesized by PA 
MBE on silicon substrates without substrate 
nitridation and without the formation of an 
intermediate aluminum-containing layer.

High-resolution X-ray diffractometry was 
used to show that the suggested method can be 
used to grow strain-free GaN films.

It was found that in GaN layers grown directly 
on the Si substrate after the passivation of its 
surface with Ga atoms, the value of residual strain 
is of 300 MPa, while the use of indium atoms as 
a surfactant during the growth of the GaN layer 
results in a higher residual strain.

The obtained results are important for 
understanding the viability of the proposed 
approach for the formation of GaN layers directly 
integrated with Si without substrate nitridation 
and formation of an aluminum-containing 
buffer. This method opens up new opportunities 
for designing AIIIN-based optoelectronic 
devices.
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1. Introduction
The problem of finding alternative energy 

sources is very relevant nowadays, attempts are 
being made to make wider use of solar and other 
types of energy. Research on organic solar cells 
has evolved over the last 40 years, but especially 
in the last decade it has attracted scientific and 
economic interest driven by the rapid increase 
in energy conversion efficiency. This has been 
achieved through the introduction of new 
materials, improved manufacturing techniques 
and more sophisticated device designs [1]. 
Scientists estimate that between 2004 and 
2030, annual global energy consumption will 
increase by more than 50 %. A commensurate 
increase in CO2 emissions is expected, most of 
which is due to the burning of coal, the world’s 
fastest growing energy source. Despite the 
projected steady increase in oil and gas prices, 
less than 10 % of global energy production 
in 2030 is projected to come from renewable 
energy sources such as hydroelectric, solar, wind, 
hydrothermal and biomass. To reduce global 
dependence on exhaustible natural resources 
and their environmentally hazardous burning, 
more scientific effort must be directed towards 
reducing the cost of renewable energy production. 
Current annual solar energy use is well below 
1% of total energy use, while fossil fuels account 
for over 90 % of energy use. Before solar energy 
can be utilized on a large scale, more efficient 
photovoltaic systems need to be developed at 
lower costs [2–8].

The high cost of solar radiation conversion 
largely restrains the development of this area. 
A possible way to make it cheaper is to attract 
new low-cost materials and technical devices 
based on them that increase the efficiency of 
sunlight conversion [9]. Such systems can include 
photovoltaic concentrators, which are designed 
to increase the electrical energy obtained from 
the solar panel [10]. High optical concentration 
without excessive heating in a stationary 
system can be achieved using luminescent 
solar concentrators (LSC) [11–13]. Luminescent 
solar concentrators consist of a dye dispersed 
in a transparent waveguide. The incident light 
is absorbed by the dye and then re-emitted. 
The energy difference between absorption and 
emission prevents the dye from re-absorbing 

light. Thus, luminescent solar concentrators 
can achieve high optical concentrations without 
tracking sunlight [14]. Unfortunately, the 
efficiency of fluorescent solar concentrators is 
limited by self-absorption losses.

In recent years, luminescent materials 
capable of converting a wide spectrum of light 
into photons of a specific wavelength have been 
synthesized and used to minimize losses in the 
solar cell-based energy conversion process [15]. 
This technique, called third generation solar 
photon conversion, involves the introduction 
of a passive luminescent layer in photovoltaic 
cells [16–18]. An important aspect of using 
this technology is that the spectral converters 
are easily applicable to existing solar cells 
with minor modifications, since the spectral 
converters and solar cells can be optimized 
independently. To improve the efficiency of single 
junction solar cells, three luminescence processes 
including upconversion, quantum reduction, 
and downconversion are being investigated to 
develop efficient photovoltaic devices. Trivalent 
lanthanide ions are prime candidates for efficient 
spectral conversion because of their rich energy 
level structure (known as the Dicke diagram), 
which allows photons to be easily manipulated 
[19–21]. In order to increase the efficiency of 
the initial solar cells within the framework of 
the conducted research, binuclear complexes 
of copper with pyridyltriazole were used as 
luminescent materials, namely, copper complex 
C62H50Cu2I2N8P2 was considered [22].

2. Materials, methods and main idea
The basic idea of increasing the efficiency of a 

solar cell (SC) is to apply to the surface of the SC a 
thin film material having such optical properties 
that the material will transmit the main spectrum 
of the incident electromagnetic radiation. At 
the same time this material due to luminescent 
properties will convert a part of the spectrum 
from the region of low efficient operation of the 
solar cell to the region of the spectrum of more 
efficient operation of the SE. The realization of 
this task is possible thanks to the achievements 
in the field of organic and inorganic chemistry, 
which make it possible to create materials with 
specified optical properties. In particular, it is 
proposed to apply to the surface of the solar cell 
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a material having absorption in the ultraviolet 
range region and re-emission in the visible range 
region.

The objects of research were binuclear 
complexes of copper with pyridyltriazole, namely, 
the complex of Cu C62H50Cu2I2N8P2 (b-phen). The 
methodology of synthesis of these materials 
is described in detail in [22].Copper b-phen 
complexes are interesting materials due to 
their mechanochromic properties. When this 
material is mechanically pulverized, a shift of 
luminescence spectra from green to yellow area is 
observed. At the same time, this effect is reversible 
by mild annealing [22]. The second interesting 
property of this compound is the variation of 
the luminescence spectrum depending on the 
excitation wavelength. This phenomenon occurs 
in the excitation wavelength range of 385 to 435 
nm with corresponding over-emission in the 
range of 508 to 595 nm. Note that the quantum 
yield of the compound C62H50Cu2I2N8P2 is 28 % at 
room temperature and 55 %, at 77 K [22].

Absorption and transmission spectra 
were investigated using a GBC Cintra 4040 
spectrophotometer. Tungsten and deuterium 
lamps were used as sources, which made it 
possible to realize the range of incident radiation 
from 250 to 800 nm with a slit width of 0.1–
2 nm. Analyzing the absorption spectra of copper 
complexes, we note that the absorption maximum 
of these materials is in the range of 290–350 nm 
with a subsequent decline in the visible range 
(Fig. 1a). In turn, analyzing the transmission 
spectra, we emphasize the fact of almost complete 

transmittance of electromagnetic radiation in the 
visible range and near-IR (Fig. 1a). Luminescence 
spectra were studied using a FluoroMax-4 
instrument. In order to identify the optimal 
maximum of excitation radiation, a standard 
technique of pulse excitation, in which multiple 
irradiations of film structures are performed, 
was employed. Fig. 1b shows the luminescence 
spectrum of the copper b-phen complex at an 
excitation wavelength of 400 nm. Note that 
the luminescence maximum is observed at a 
wavelength of 530 nm (Fig. 1b).

The presented copper complexes fully meet 
the objective of increasing the efficiency of solar 
cells, but the thickness and homogeneity of the 
corresponding film is also an important factor. 
Therefore, the formation of b-phen thin films on 
the surface SE was carried out by centrifugation 
(Fig. 2b). Chloroform (CHCl3) was used to create a 
solution from the original solid-state, powdered 
copper complexes. The concentration of the 
starting substance in the solution was 1 mg/ml. 
The mass of powder materials was controlled by 
weighing on high-precision analytical scales HR-
250AZ. In the process of material application, 
the rotational speed of PE-6900 centrifuge was 
brought to 1500–3000 rpm in steps of 500 rpm 
[23]. The volume applied per application cycle 
was 1 ml.

In this research, single-crystalline silicon 
solar cells created by diffusion technology with 
an efficiency of ~ 22 % were used (inset of Fig. 2a) 
[24]. Fig. 2a shows the quantum efficiency of the 
silicon solar cell. It is worth noting the decline 

Fig. 1. Optical (a) absorption (1) and transmission (2) spectra and luminescence (b) of copper b-phen complexes
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in the conversion efficiency of the element 
in the UV range, which is due to such factors 
as the dissipation of part of the energy on 
phonons - transition to thermal energy, as well 
as recombination on the surface states of charge 
carriers [24].

An important  factor  in  conduct ing 
measurements of the parameters of a pure 
solar cell and a luminescent-coated cell 
was strict adherence to the identity of the 
experimental conditions. The study of electrical 
parameters of solar cells was carried out using 
a Keysight B1500A semiconductor analyzer. 
Through volt-ampere characteristic analysis 
(VAC) and subsequent calculations, the main 
characteristics including efficiency and Fill 
factor (FF) were obtained. The measurements 
were carried out at a temperature of 20 °C. An 
LED matrix was used as an illumination source, 
the emission spectrum of which is in the range 
of 400–950 nm The total incoming power was 
~ 22 W/m2.

3. Results and discussion
The VAC was measured under two variations 

of the incident radiation, namely in the range 
from 400 to 950 nm and a power of 22 W/m2, 
as well as under incident radiation with a 
maximum wavelength of 400 nm and a power 
of 6 W/m2.

The choice of a separate narrow range of 

incident radiation in the UV region is due to the 
excitation wavelength of the copper complexes.

In Fig. 3 shows the VACs of both pure SE and 
with a surface layer of copper complex. In the 
course of the experiment, the thin film copper 
complex was applied layer by layer to the surface 
of the solar cell with the measurements of the 
VAC at each stage.

Analyzing the obtained results, we note 
that in the range of radiation 400-950 nm, the 
efficiency of pure single-crystalline solar cell 
was 21.74 %, whereas with the surface layer of 
copper complex, an increase in the efficiency of 
SE is observed (Fig. 3A). The maximum increase 
in the efficiency is seen when the volume of the 
deposited material V = 2 ml, on the surface of the 
SE, the efficiency was 22.17 %.

For incident radiation with a maximum of 400 
nm, the increase in efficiency of a solar cell with 
a surface over-emitting layer is more pronounced 
(Fig. 3b). The efficiency of the pure element in 
such a case was 19.76 %. In turn, when the volume 
of applied material V = 3 ml, the efficiency was 
21.21 %.

Photovoltaic conversion efficiency is defined 
as the ratio of the maximum electrical output 
power to the total incident power, and the solar 
cell fill factor is taken into account:

FF
P
U I

= max

OC SC

,		  (1)

Fig. 2. Quantum efficiency of single crystal solar cell (a) scheme of deposition of copper b-phen complexes on 
solar cell by centrifugation (b)
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where FF – solar cell fill factor; Pmax – solar cell 
power; UOC - solar cell no-load voltage; ISC – solar 
cell short-circuit current.

The efficiency of a solar cell is in turn defined 
as:

h =
P
ES
max ,		  (2)

where E is the intensity of radiation falling on the 
solar cell; S is the surface area of the solar cell.

The measurement results as well as the 
calculated values of the solar cell parameters with 
and without the applied over-emitting coating are 
presented in Table1 and 2 for the 400–950 nm 
range and the narrow range with a maximum at 
400 nm, respectively.

4. Conclusion
Thus the deposition of a thin film of copper 

complex C62H50Cu2I2N8P2 on the surface of a 

monocrystalline solar cell allowed to increase 
the efficiency of the solar cell by converting the 
energy from the ultraviolet range region to the 
visible range region. In particular, there is an 
increase in the short-circuit current of the SE 
and, as a consequence, an increase in efficiency.

The layer-by-layer application of the 
investigated material on the surface of the SE 
allowed determining the optimal ratio of the 
amount of applied material, while maximizing 
the efficiency. As a result, with incident radiation 
of 400–950 nm and volume of applied material 
in solution – 2 ml, we observe an efficiency gain 
of 0.43 %, an increase from 21.74 to 22.17 %. In 
turn, at incident radiation in the UV region with 
a maximum of 400 nm and the volume of applied 
material in solution – 3 ml, the efficiency gain is 
1.45 %, an increase from 19.76 to 21.21 %. It is 
worth noting that further increase in the thickness 
of the surface layer of the copper complex leads to 

Fig. 3.Volt-ampere characteristics in the 400–950 nm range (a) and at λ = 400 nm (b)

Table 1. Solar cell parameters at incident wavelength of 400-950 nm

Parameter Monocrystalline
solar cell

1 layer 
of material

2 layer 
of material

3 layer 
of material

4 layer 
of material

Pmax, mW 114.79 115.92 117.06 116.97 116.52
Umax,

 mV 325 325 325 325 325
Imax, mA 353.22 356.69 360.18 359.92 358.53
UOC, mV 595.25 595.22 595.80 595.37 595.14
ISC, mA 480.33 488.50 485.94 488.55 482.95

FF 0.401 0.398 0.404 0.402 0.405
η, % 21.74 21.95 22.17 22.15 22.06

E, mW/cm2 2.2 2.2 2.2 2.2 2.2
S, cm2 240 240 240 240 240
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parasitic absorption of this material in the visible 
range, which appreciably reduces the efficiency.

Traditional inorganic solar cell models based 
on Shockley’s work have been widely used to 
understand the bulk heterojunction response 
of organic solar cells. While these models can 
be useful, there are key points that differ from 
traditional solar cell behavior. The competition of 
the two physical processes described above leads 
to the need for strict control of the application of 
the luminescent material on the surface of the SE 
while respecting the maximum efficiency of the 
latter. The presence of the luminescence peak of 
copper complexes at wavelengths of 530-550 nm 
opens obvious prospects for the application of 
the investigated material for GaAs photovoltaic 
cells, in which the conversion maximum occurs 
in this region. Among other things, the results in 
this paper are of significant interest in the space 
industry, where the share of the high-energy 
spectrum is much higher.
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1. Introduction 
Thiourea coordination compounds of lead 

are in demand in practical terms due to the 
possibility of their application as precursors in the 
preparation of lead sulfide films. Semiconductor 
films of narrow-gap PbS with a forbidden bandgap 
width of Eg = 0.41 eV [1] are used in the fabrication 
of various photovoltaic and optoelectronic 
devices: photovoltaic converters, photodetectors, 
various sensors, IR detectors in the infrared 
region of the spectrum, and other devices [2–6]. 

Among a large number of methods for 
deposition of lead sulfide films with controlled 
crystalline structure and properties, chemical 
deposition from solutions and aerosol pyrolysis 
can be distinguished [7–11]. The method of aerosol 
pyrolysis of solutions of thiourea coordination 
compounds (TCC) allows the formation of a solid 
phase of metal sulfide in the process of thermal 
destruction of complex compounds on a heated 
substrate [12, 13]. The composition and structure 
of the initial coordination compound determines 
the type of crystal structure, optical, photoelectric 
and electrophysical properties of the deposited 
sulfide layers.

The processes of formation of coordination 
compounds in aqueous solutions of various 
lead and thiourea salts were previously studied 
and the domination regions of different TCC 
of lead were determined [10, 12, 14–16]. The 
spatial structure of the thiourea-acetate complex 
Pb((NH2)2CS)2(mono-CH3COO)2 was determined 
by quantum-chemical modeling in [17]. 

The aim of this work was to study the 
processes of complexation in aqueous solutions 
of lead acetate and thiourea and to establish the 
optimal concentration regions of thiocarbamide 
coordination compounds, which are precursors in 
the preparation of pyrolytic films of lead sulfide.

2. Modeling
When studying the processes of complexation, 

we considered ionic equilibria in an aqueous 
solution of lead salt and thiourea (TM), calculated 
the fractions (α) of all complex forms present in 
it, constructed three-dimensional distribution 
diagrams and predominance diagram according 
to the method described in [10, 14, 16]. Based on 
the dependence of the molar fractions of complex 
compounds on the analytical concentration of 

lead salt and thiocarbamide, the domination 
areas of specific complex forms were identified 
and the points (lines) where the fractions of 
the predominant coordination compounds in 
aqueous solution are equal were fixed.  

From the presented diagram of the predomi
nance of coordination compounds in the system 
“Pb(CH3COO)2 – (NH2)2CS” it can be seen that 
in low-concentration solutions (СPb2+  =  10–5–
2·10–3 mol/L and СТМ = 10–5–2·10–1 mol/L) a 
wide region of existence of aquacomplexes of 
Pb(H2O)n

2+ is observed (Fig.). When increasing 
the concentration of lead acetate up to 1 mol/L 
in the same concentration range of thiourea, 
there is an increase in the proportion of complex 
ions Pb(CH3COO)+. Thus, the specified range 
of concentrations of components of the initial 
solution “Pb(CH3COO)2 – (NH2)2CS” is not suitable 
for obtaining PbS films. 

In the deposition of metal sulfide films, the 
formation of coordination compounds whose inner 
sphere includes thiourea is of greatest interest. 
Among thiourea coordination compounds in the 
aqueous solution of “Pb(CH3COO)2 – (NH2)2CS” 
the complex ions PbTM4

2+, PbTM3(CH3COO)+, 
PbTM2(CH3COO)2 are dominant. The maximum 
fractions of these complexes in solution have 
values of 0.87, 0.34, 0.33, 0.32, respectively. The 
distribution diagram in three-dimensional space 
and cross sections of lines of equal fractions 
for some complexes are given in [16, 18]. The 
fraction of lead hydroxocomplexes in the 
considered system does not exceed 0.03 %, their 
concentration sharply increases with increasing 
pH. 

The studies have shown that of the other ex-
isting complex compounds in aqueous solution of 
lead acetate and thiourea, PbТМ(CH3COO)3

– (α = 
0.2), PbTM2

2+ (α = 0.14), PbТМ(CH3COO)+ (α = 0.06), 
PbTM(CH3COO)2 (α = 0.06) are relatively stable 
[16]. The maximum fraction of homogeneously 
liganded TCCs increases in the series PbTM3

2+ < 
PbTM2

2+ < PbTM2+ < PbTM4
2+, and for the differ-

ently liganded complexes: PbTM2(CH3COO)+ < 
P b T M ( C H 3 C O O ) 2 ≈   P b Т М ( C H 3 C O O ) +  < 
P b Т М ( C H 3CO O ) 3

– <  P b T M 2( C H 3CO O ) 2  < 
PbTM3(CH3COO)+. It should be noted that of all 
the thiourea complex forms formed in aqueous 
solution of lead chloride and thiourea, the PbTM4

2+ 
(α = 1) is also predominant [14].
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The distribution diagrams were used to obtain 
data on the quantitative distribution of thiourea 
coordination compounds contained in the initial 
solution at a constant concentration of lead acetate 
and varying concentration of thiocarbamide. 
Thus, at the lead salt concentration of 0.1 mol/L, 
thiourea complexes with acetate ion in the inner 
sphere exist in solution, and their total fraction 
has values from 0.384 to 0.825 (Table). The total 
content of acetate TCCs increases with increasing 
thiourea concentration. At СPb2+ = 0.01 mol/L, 
the initial solution contains all homogeneously 

liganded thiourea complexes Pb(TM)m
2+ as well as 

heterogeneously liganded PbТМn(CH3COO)m
2–m. 

With increasing thiourea content in the initial 
solution, the total fraction of all TCSs increases.  

Analyzing the obtained results, it can be 
noted that the most probable precursors in the 
process of deposition of PbS films using different 
concentrations of lead salt can be complex 
forms of PbTM4

2+, PbTM2+, PbТМ(CH3COO)3
–, 

PbTM2(CH3COO)2, PbTM3(CH3COO)+. Varying 
the concentration of thiourea and lead acetate 
allows the formation of a complex of the desired 

Fig. Diagram of the dominance of complex сompounds in an aqueous solution of lead acetate and thiourea

Table. Content of thiocarbamide coordination compounds at different concentrations of thiourea in 
solution (СPb2+ = 0.1 mol/l)

Proportion  
of complexes

Concentration of thiourea, mol/l
0.2 0.4 0.6 0.8 1

PbТМ(CH3COO)+ 0.040 0.041 0.034 0.019 0.009
PbTM(CH3COO)2 0.048 0.048 0.047 0.038 0.026
PbТМ(CH3COO)3

– 0.145 0.183 0.190 0.198 0.180
PbTM2(CH3COO)+ 0.014 0.018 0.018 0.017 0.015
PbTM3(CH3COO)+ 0.035 0.082 0.198 0.215 0.278
PbTM2(CH3COO)2 0.102 0.193 0.238 0.310 0.317

Total proportion of 
thiourea complexes 0.384 0.565 0.725 0.797 0.825
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composition in the initial solution for the 
synthesis of PbS films with controlled properties 
depending on the practical purpose of the formed 
layers [19]. Thus, at the stage of coordination 
compound formation in aqueous solution, 
“metal-sulfur” bonds are formed, which are 
fragments of the metal sulfide structure released 
during thermal decomposition of TCC on a heated 
substrate.

Thermolysis of homogeneously liganded 
thiocarbamide complexes PbTM2+, PbTM2

2+, 
PbTM3

2+, PbTM4
2+ leads to the deposition of more 

stoichiometric in composition PbS films with 
higher sulfur content. To obtain such samples 
it is necessary to use low concentrations of lead 
salt from 10–5 to ~ 5·10–2 mol/L, and thiourea from 
4·10–2 to 8·10–1 mol/L. 

In the concentration ranges of СPb2+ = 10–3–
6.5·10–1 mol/L and СТМ = 9·10–2–1, acetate TCCs 
are formed in which the lead atom is linked 
by covalent bonds with the sulfur atom of the 
thiocarbamide molecule and the oxygen atom 
of the acetate ion. Thus, according to quantum-
chemical calculations of the structure of the 
coordination compound PbTM2(CH3COO)2, the 
nearest environment of the metal atom is a 
strongly distorted tetrahedron of the composition 
PbS2O2 [16]. During the thermal degradation of 
acetate complexes, oxygen enters the formed 
sulfide, replacing sulfur in the anionic sublattice 
(OS), which can affect its photovoltaic and 
electrophysical properties. 

It was previously found [20] that oxygen 
impurities and oxide phases affect the mechanism 
of current transfer and photoconductivity in 
films of various sulfides. In the presence of 
oxygen in the samples, the potential barriers 
controlling the current transfer increase in 
the intergranular interlayers, and as a result, 
the electrical conductivity may decrease. The 
electrical conductivity and photosensitivity of 
PbS films are enhanced by annealing in air, during 
which oxygen adsorption on the sample surface, 
changes in its defect structure, and ordering of 
the crystalline structure of the sulfide [12, 19]. 
PbS films synthesized by aerosol pyrolysis of TCC 
solutions have a cubic structure regardless of the 
type of the initial thiourea complex [10, 17, 18].  

Previous IR spectroscopic studies of TCC 
formed in a solution of lead acetate (0.1 mol/L) 

and thiourea [15] showed that at three-, four-, 
and fivefold excess of (NH2)2CS, the coordination 
compound PbTM2(CH3COO)2 predominates 
in the solution, while an excess of thiourea 
molecules remains in an unbound state. Also, 
with increasing concentration of (NH2)2CS in 
solution, the formation of PbS films with more 
developed surface topography and less dense 
packing of grains occurs [18].  Thus, to obtain 
high-quality lead sulfide layers, it is desirable 
not to exceed a fivefold excess of thiocarbamide 
in the initial solution. 

The concentration of (NH2)2CS in the stock 
solution also affects the photoelectric and 
electrophysical properties of the sulfide films. 
According to [21], with increasing thiourea 
concentration in the initial solution, the resistivity 
and differential TEDS of the deposited PbS 
layers decrease, while the specific conductivity 
increases. It was also revealed in [22] that the 
use of different concentration ratios of lead 
acetate and thiourea allows to vary not only the 
resistivity of PbS films, but also their structural 
and morphological characteristics. According 
to the authors [23] an increase in the synthesis 
temperature leads to a decrease in the resistivity 
of pyrolytic lead sulfide layers. 

3. Conclusion
On the basis of predominance diagrams and 

three-dimensional distribution diagrams, the 
domination regions of various coordination 
compounds formed in aqueous solutions of lead 
acetate and thiourea have been determined. It 
is established that the concentration range of 
СPb2+ = 10–5–1 mol/L and CTM = 10–5–2·10–1 mol/L 
is not suitable for the preparation of lead 
sulfide films, since aqua- and acido complexes 
of Pb(H2O)n

2+ and Pb(CH3COO)+ predominate in 
it. It is shown that of all thiourea coordination 
compounds existing in solution, the complex forms 
dominate: PbTM4

2+, PbTM2+, PbTM3(CH3COO)+, 
PbTM2(CH3COO)2. The maximum proportion of 
homogeneously liganded complexes increases 
in the series PbTM3

2+ < PbTM2
2+ < PbTM2+ < 

PbTM4
2+, and for the dissimilarly liganded 

TCSs: PbTM2(CH3COO)+ < PbTM(CH3COO)2 
≈  PbТМ(CH 3COO) + <  PbТМ(CH 3COO) 3

– < 
PbTM3(CH3COO)+ < PbTM2(CH3COO)2. When the 
concentration of thiourea in the stock solution 
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increases, the total fraction of thiourea complex 
compounds increases.
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Professor DSc Pavel Pavlovich Fedorov, 74, 
passed away suddenly on March 31, 2025. He 
was an outstanding materials scientist, chemical 
engineer, and inventor of several new optical 
materials.

In addition to chemistry and physics, Pavel 
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Fedorov-Schastlivtsev.
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physical and chemical analysis and phase 
equilibria from his father, Prof. Pavel Il’ich 
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Science and Pseudoscience? Quantitative 
Criterion and Features of Pseudoscience, Moscow, 
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Pavel P. Fedorov graduated from M. V.  Lo
monosov Moscow Institute of Fine Chemical 
Technology with an MS degree in chemical 
engineering in 1972, while majoring in chemical 
technology of rare and trace elements.  Upon 
graduation, Prof. Fedorov dedicated his entire 
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CaF2-(Y,Ln)F3 systems and polymorphism of rare 
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“High-temperature chemistry of the condensed 
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A. V. Shubnikov Institute of Crystallography of 
the Russian Academy of Sciences from 1972 to 
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was affiliated with the Scientific Center for Laser 
Materials and Technology at A. M. Prokhorov 
General Physics Institute of the Russian Academy 
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of Sciences, where he served as the leading 
research fellow, group leader, and laboratory head 
of the laboratory for nanomaterials technology 
for photonics, head of the nanotechnology 
department, and chief research fellow.

Over the span of his extensive career Pavel 
Pavlovich published more than 1,000 research 
papers (including 33 reviews), and 5 textbooks, 
and authored an additional 31 patents.

In addition to his extensive publications, 
Prof. Fedorov was a prolific mentor, serving as 
a scientific advisor for more than 30 MS theses, 
9 PhD theses, and a scientific consultant for 3 DSc 
theses.
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Fedorov P. P. Etudes in physical and chemical 
analysis (collection of papers), Moscow, Science, 
2019 (191 pp.) and Fedorov P. P. Etudes in crystal 
chemistry and crystal growth (collection of 
papers), Moscow, Science, 2020 (241 pp.)
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учреждениях и науке. Найти оптимальное 
решение, сочетающее в себе 
приемлемую цену без потери качества, - 
главная цель нашей работы.

Больше 10 лет мы занимаемся как комплексным оснащением новых лабораторий, так и 
дооснащением существующих. Огромный опыт и знания, накопленные за все время 
работы, позволяют нам четко выполнять обязательства и экономить ваш бюджет.

Многолетнее партнерство с ведущими Российскими и зарубежными производителями 
дает возможность нашим заказчикам получать необходимое лабораторное 
оборудование, мебель, посуду и расходные материалы по ценам производителей, а 
также гарантирует качество поставляемых товаров, подтвержденное соответствующей 
документацией.

Заказать в одном месте все, что нужно для 
вашей лаборатории, - это удобно!

грамотный подбор
оборудования 
от специалистов с
опытом работы
10+ лет

собственное производство
лабораторного
оборудования и посуды
OmnisLab

доставка в любой
регион России 

официальные дилеры и
представители
производителей (ЛОИП,Simple
PRO, Смоленское СКТБ СПУ,
BIOSAN,Mettler Toledo, Unico,
Минимед и др.)

постоянный
участник 
Госзакупок 
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Лабораторное 
оборудование

весовое оборудование
термостаты
сушильные шкафы
муфельные печи
шейкеры
мешалки магнитные
оборудование для 
хроматографии
анализаторы влажности
спектрометры и 
спектрофотометры
ламинарные боксы
стерилизаторы и многое 
другое

Лабораторная мебель

вытяжные шкафы
столы 
специализированные
столы-мойки
столы на опорных 
тумбах
стеллажи к столам
тумбы хранения
шкафы хранения
зонты вытяжные
технологические стойки 
к лабораторным столам
вспомогательное 
оборудование и многое 
другое

Лабораторная посуда из 
стекла и пластика

колбы конические, 
круглодонные, мерные 
и др.
воронки лабораторные
воронки делительные
стаканы высокие и 
низкие
банки из светлого и 
темного стекла с 
винтовыми и 
притертыми крышками
пипетки
чашки Петри и многое 
другое

Поделитесь с нами своей задачей по оснащению лаборатории и мы 
обязательно поможем вам сэкономить время, деньги и нервы!

Открыты для общения с Пн по Пт с 9.00 до 18.00 по мск времени.

Наш офис в Москве

г. Москва, ул. Кольская, д. 1 

+7 (495) 210-34-35

info@plt-lab.ru
www.plt-lab.ru

Наш офис в Краснодаре

г.Краснодар, ул. Уральская, 
д.126Б 

+7 (861) 248-88-01

prolabtreyd.3@list.ru


