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Nanostructured hybrid materials based on Metal-Organic Frameworks (MOFs)
and Layered Double Hydroxides (LDHs) have attracted significant attention
due to their exceptional tunability, high surface area, and multifunctional
properties. The integration of MOFs and LDHs offers a promising approach for
developing advanced materials with enhanced physicochemical = stability,
adsorption capacity, and catalytic efficiency. In this study, MOF/LDH
composites were synthesized through a controlled coprecipitation and
solvothermal route, enabling precise control over particle size, crystallinity, and
surface  morphology. The as-prepared materials were systematically
characterized using Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM) to investigate their structural morphology,
interlayer arrangement, and nanoscale interface between MOF and LDH
components. The morphological analysis revealed well-defined layered
structures with uniform particle distribution and intimate interfacial contact,
confirming the successful hybridization of the two materials. The synergistic
combination of MOF porosity and LDH ion-exchange capacity is expected to
enhance the material’s performance in adsorption, catalysis, and environmental
remediation applications. This work provides valuable insights into the design,
synthesis, and morphological optimization of MOF/LDH nanostructures for
multifunctional environmental and biomedical uses.

“Corresponding author: Email address: amil.aligayev@ncbj.gov.pl

1. INTRODUCTION
Background

Rapid industrialization and population growth have intensified environmental and health
challenges, with global pollutant discharge rates exceeding natural degradation capacities by
several orders of magnitude [1]. Industrial discharges, agricultural runoff containing persistent

organic pollutants, and pharmaceutical contaminants increasingly threaten natural ecosystems,
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while conventional remediation technologies often lack the efficiency, selectivity, and
sustainability required to address these complex issues [2].

Nanotechnology has emerged as a transformative approach for developing functional materials
with precise control over composition, structure, and properties at the nanoscale [3-6]. The ability
to engineer materials at dimensions comparable to molecular and ionic species enables
unprecedented control over surface chemistry, electronic structure, and interfacial phenomena
critical for sensing, separation, and catalytic applications [7].

Among nanostructured materials, MOFs and LDHs have attracted significant attention due to
their structural versatility and broad application potential [8-9]. MOFs are crystalline porous
materials composed of metal ions or clusters (secondary building units) coordinated with
multidentate organic linkers forming highly ordered three-dimensional frameworks (Figure 1a)
with topological diversity [10-11]. The zeolitic imidazolate framework family (ZIFs), particularly
ZIF-67 featuring Co?* nodes coordinated with 2-methylimidazolate linkers in a sodalite topology,
exhibits remarkable thermal stability up to 350 °C and chemical resistance in organic solvents.
Their extraordinarily high surface areas often exceeding 6000 m?/g for MOF-5 and 1500-1800
m?g for ZIF-67 combined with uniform micropore apertures (3.4 A for ZIF-67) provide
molecular sieving capabilities and size-selective adsorption [12,13]. Despite these advantages,
MOFs frequently display poor hydrolytic stability, with framework degradation occurring
through metal-ligand bond hydrolysis under humid conditions, particularly affecting
carboxylate-based MOFs. Additionally, recovering nanosized MOF particles (< 500 nm) from
aqueous suspensions remains challenging due to colloidal stability.

LDHs are anionic clays featuring positively charged brucite-like layers with octahedral
coordination geometry, intercalated with charge-balancing anions and water molecules (Figure
1b-c). Their general formula, [M*1.M?(OH)2] * (A™)x»mH20, demonstrates compositional
flexibility where divalent cations (M? = Mg?, Zn?*, Ni*, Co*) and trivalent cations (M* = Al*,
Fe*, Cr*") can be varied across M/M? ratios typically ranging from 2:1 to 4:1 [14]. The interlayer
spacing (0.7-0.8 nm for carbonate-intercalated forms) can be expanded through anion exchange,
enabling tunable host-guest chemistry. This structural adaptability allows LDHs to serve as
efficient adsorbents with typical capacities of 50-200 mg/g for organic dyes, while their basic
surface hydroxyl groups facilitate catalytic applications [15]. However, LDHs suffer from
structural instability in acidic environments (pH < 4) and aggregation in aqueous media,
reducing accessible surface area from theoretical values of 200-300 m?/g to often below 80 m?/g in
practical applications.

The integration of LDHs and MOFs into hybrid nanocomposites represents a strategic approach
to overcome individual limitations while exploiting complementary advantages [16]. The
positively charged LDH surface can provide electrostatic stabilization and nucleation sites for
MOF growth, while the rigid MOF framework can serve as a physical barrier preventing LDH
layer restacking. Theoretical models predict that such heterostructures should exhibit
hierarchical porosity with distinct pore size distributions: micropores (<2 nm) from MOF cavities
contributing to high surface area and molecular selectivity, mesopores (2-50 nm) from interlayer
spacing and interparticle voids facilitating mass transport. However, achieving controlled
interfacial integration requires precise manipulation of nucleation kinetics, growth rates, and
surface chemistry. Minor variations in metal ion concentration, pH gradients, or solvent polarity
can drastically alter crystallization pathways, leading to either core-shell structures, physical
mixtures, or genuine heterostructures with epitaxial-like interfaces.
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Aligned with global sustainability initiatives including the United Nations Sustainable
Development Goals (SDGs), MOF/LDH-based materials hold potential for advancing targets
related to clean water and sanitation (SDG 6), good health and well-being (SDG 3), and
responsible consumption and production (SDG 12) [17]. This research addresses critical synthesis
challenges through a controlled coprecipitation-solvothermal approach optimized for
reproducible heterostructure formation.

Problem Statement

LDHs and MOFs exhibit remarkable potential for environmental remediation and
multifunctional material design, but their practical application is constrained by several critical
challenges. LDHs often suffer from structural instability and aggregation in aqueous
environments, which reduces surface area and limits adsorption efficiency. MOFs, while highly
porous and tunable, frequently display poor chemical stability under humid, acidic, or basic
conditions, leading to framework collapse and performance loss. Hybrid LDH/MOF systems
offer a promising route to combine the advantages of both materials, yet their controlled
synthesis and reproducibility remain challenging. Minor variations in synthesis conditions can
drastically alter crystallinity, morphology, porosity, and interfacial interactions, making it
difficult to establish reliable structure-property relationships. Additionally, scalable and cost-
effective synthesis methods are limited, as many current protocols require high temperatures,
multi-step processing, or expensive reagents. Understanding how nanoscale architecture
influences macroscopic performance, particularly in terms of adsorption, structural integrity, and
hybrid integration, remains incomplete. Addressing these challenges requires innovative
synthesis strategies, precise morphological control, and comprehensive characterization to
realize hybrid materials with predictable and reproducible properties.

Fig. 1 (a) Crystal structure of a representative MOF illustrating its three-dimensional porous network.

(b) LDH structure based on Mg-Al, showing the periodic stacking of brucite-like layers along the c-axis.
(c) LDH based on Zn-Al, displaying a similar layered arrangement with interlayer spacing influenced by the metal composition.
Color code: gray (metal centers), red (oxygen), blue (nitrogen), brown (carbon), and white (hydrogen).

Research Objectives
This study aims to:

e Develop controlled synthesis protocols for hybrid MOF/LDH nanomaterials with tunable
crystallinity, particle size, and interfacial architecture.
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e Investigate structural integration between MOF and LDH components to optimize hybrid
morphology and interfacial interactions.

e Perform advanced characterization using SEM, and TEM techniques to elucidate nanoscale
architecture, surface topology, and structural features.

e Evaluate physicochemical properties such as porosity, surface area, and crystal structure to
correlate synthesis parameters with material performance.

Scientific Novelty

The scientific novelty of this work lies in the strategic integration of LDHs and MOFs into hybrid
nanomaterials with precisely controlled structures and tunable functional properties. Unlike
previous studies that largely investigate these materials separately, this research systematically
combines the structural stability and ion-exchange capabilities of LDHs with the high porosity,
tunable chemistry, and modularity of MOFs, creating multifunctional systems with synergistic
performance. The use of a controlled coprecipitation-solvothermal synthesis method enables
precise tuning of crystallinity, particle morphology, and interfacial architecture, ensuring
reproducibility and consistent hybrid formation. Advanced characterization using SEM, and
TEM provides detailed insights into nanoscale structural features, surface topology, and
interfacial interactions, allowing the establishment of clear structure-property relationships. By
correlating synthesis conditions with morphological, structural, and functional outcomes, this
study offers predictive design principles for hybrid nanomaterials with enhanced adsorption
efficiency, stability, and functionality. Additionally, the emphasis on environmentally
compatible and energy-efficient synthesis introduces a sustainable dimension to hybrid material
development. Collectively, this work presents a comprehensive framework for the rational
design, synthesis, and characterization of multifunctional LDH/MOF hybrids, advancing the
field of nanostructured materials for environmental and multifunctional applications.

2. METHODOLOGY
2.1 Synthesis of Layered Double Hydroxides

Mg-Al and Zn-Al LDHs were synthesized via coprecipitation followed by hydrothermal
crystallization to achieve phase purity and structural ordering. For Mg-Al LDH, aqueous
solutions of Mg(NO:s)2:6H20 (0.225 M) and Al(NOs)>-9H20 (0.075 M) were prepared to maintain a
Mg?/Al* molar ratio of 3:1, which provides optimal charge balance and layer stability according
to Miyata's criterion. Similarly, Zn-Al LDH precursors employed Zn(NOs)»6H:0 and
AI(NOs)»9H0 at the same molar ratio. The mixed metal solution (100 mL, total metal
concentration 0.3 M) was added dropwise at 1 mL/min into 150 mL of 0.1 M NaOH solution
under vigorous magnetic stirring (500 rpm) to maintain pH 10.0 + 0.2, monitored continuously
using a calibrated pH electrode. This pH range ensures complete hydroxide precipitation while
minimizing aluminum hydroxide formation that occurs above pH 11.

The coprecipitation was conducted at 25 °C under continuous nitrogen purging (50 mL/min) to
prevent atmospheric CO, contamination, which would lead to carbonate intercalation and
reduced anion exchange capacity. The resulting white suspension was aged at 65 °C for 24 hin a
sealed glass reactor to promote Ostwald ripening and layer crystallization. The precipitate was
recovered by centrifugation (8000 rpm, 10 min), washed five times with deionized water until
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the supernatant reached pH 7 + 0.5, and dried at 80 °C in a vacuum oven overnight (12 h, 10~
mbar).

To enhance crystallographic ordering and increase lateral platelet dimensions, the as-obtained
LDH precursors were subjected to hydrothermal treatment at 120 °C for 12 h in a 100 mL Teflon-
lined stainless-steel autoclave filled to 70% capacity with deionized water. This thermal aging
promotes dissolution-recrystallization processes that eliminate structural defects and increase
crystallite size. The final products were filtered through 0.45 pm membranes, washed with
ethanol, and dried at 60°C, yielding white powders with typical mass yields of 85-90% based on
theoretical metal hydroxide formation.

2.2 Synthesis of MOF: ZIF-67

ZIF-67 was synthesized via a modified room-temperature precipitation method optimized for
uniform particle size distribution. Cobalt (II) nitrate hexahydrate (Co(NOs)6H0, 1.455 g, 5
mmol) was dissolved in 50 mL methanol (solution A, 0.1 M), while 2-methylimidazole (2-Melm,
6.566 g, 80 mmol) was dissolved separately in 200 mL methanol (solution B, 0.4 M). The ligand-
to-metal ratio of 16:1 was selected based on optimization studies showing this ratio provides
complete coordination while minimizing unreacted ligand contamination.

Solution B was rapidly poured into solution A under vigorous magnetic stirring (600 rpm)
ambient temperature (25 + 2 °C). Upon mixing, an immediate color change from pink to purple
indicated ZIF-67 nucleation, with the suspension darkening progressively. The mixture was
stirred continuously for 6 h to ensure complete crystallization and uniform particle growth. The
purple precipitate was collected by centrifugation (8000 rpm, 15 min), washed three times with
50 mL portions of fresh methanol to remove excess ligand and nitrate anions, and dried under
vacuum at 60 °C for 12 h (pressure < 102 mbar).

To improve crystallinity and activate the framework by removing residual solvent molecules
from pores, the product underwent solvothermal activation at 120 °C for 6 h in methanol using
the same autoclave configuration as LDH synthesis. This treatment increases framework rigidity
and enhances porosity without inducing thermal decomposition, which begins above 300 °C for
ZIF-67. The final ZIF-67 powder exhibited a characteristic purple color and mass yield of 92-95%
based on theoretical Co(2-Melm): formation.

2.3 Synthesis of MOF/LDH Composite Materials

Hierarchical ZIF-67/LDH composites were synthesized through an in situ growth strategy
designed to promote heterogeneous nucleation of MOF crystals on LDH surfaces. Pre-
synthesized LDH powder (500 mg) was dispersed in 50 mL methanol via ultrasonication (40
kHz, 200 W) for 30 min to achieve complete delamination and individual platelet suspension,
verified by dynamic light scattering showing monomodal distributions with average
hydrodynamic diameters of 150-250 nm. The LDH suspension was added to solution A
(Co(NOs)2:6H20 in methanol) under moderate stirring (400 rpm) and equilibrated for 1 h at room
temperature, allowing electrostatic adsorption of cobalt ions onto negatively charged LDH edge
sites and hydroxyl-terminated surfaces. Solution B (2-Melm in methanol) was then added
dropwise at 2 mL/min to the Co?-LDH mixture, initiating ZIF-67 nucleation preferentially at
LDH-metal ion adsorption sites. This staged addition protocol spatially separates metal ion
adsorption from framework formation, promoting heterostructure integration rather than
independent precipitation.
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The composite suspension was stirred at room temperature for 8 h to ensure complete MOF shell
formation, then aged statically for an additional 12 h to promote interfacial reorganization and
strengthen chemical bonding between components. The solid product was recovered by
centrifugation (6000 rpm, 15 min to avoid disrupting MOF-LDH interfaces), washed thoroughly
with methanol (five cycles of 50 mL), and dried at 70 °C under vacuum for 16 h. The mass ratio
of ZIF-67 to LDH in the final composite was estimated at approximately 2:1 based on metal ion
stoichiometry, yielding light purple powders with typical mass yields of 88-92%.
Control experiments were conducted by physically mixing pre-synthesized ZIF-67 and LDH
powders via grinding to verify that enhanced properties arise from heterostructure formation
rather than simple additive effects.

Fig. 2 TEM and SEM images of the synthesized materials. (a) TEM image of ZIF-67 nanocrystals showing well-defined rhombic
dodecahedral morphology with uniform particle distribution and thin nanosheet interfaces. (b) SEM image of LDH displaying
typical layered plate-like architecture with stacked nanosheets, indicating successful formation of the hydrotalcite-like structure.

3. RESULTS AND DISCUSSION
3.1 Morphological Characterization

High-resolution SEM and TEM analyses provided comprehensive insights into the
morphological characteristics and structural integration of the synthesized materials. Pristine
Mg-Al and Zn-Al LDHs exhibited the characteristic two-dimensional hexagonal platelet
morphology with lateral dimensions ranging from 150 to 300 nm and thickness of 20-40 nm,
corresponding to stacking of 25-50 individual brucite-like layers (Figure 2b). The well-defined
hexagonal perimeters and smooth basal planes observed in SEM images indicate high
crystallinity and minimal edge defects. Cross-sectional TEM imaging revealed uniform layer
spacing of approximately 0.76 nm, consistent with nitrate-intercalated LDH phases. The plate-
like architecture provides high aspect ratios (6-10) favorable for colloidal dispersion and
interfacial interactions.

Pure ZIF-67 displayed highly uniform rhombic dodecahedral morphology with mean particle
diameters of 350 + 50 nm determined from statistical analysis of 200 particles in TEM images
(Figure 2a). The polyhedral facets correspond to the {110} crystallographic planes of the sodalite
topology, with sharp edges indicating single-crystalline character. The monodisperse size
distribution (coefficient of variation < 15%) confirms controlled nucleation and growth kinetics
under the selected synthesis conditions. High-resolution TEM revealed lattice fringes with d-
spacing of 0.294 nm, matching the (211) planes of cubic ZIF-67 (space group I-43m).
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The ZIF-67/LDH nanocomposites exhibited a distinctive hierarchical heterostructure
morphology that unambiguously demonstrates successful interfacial integration. SEM images
revealed that multiple ZIF-67 nanocrystals (200-400 nm diameter, slightly smaller than pure ZIF-
67 due to heterogeneous nucleation effects) were intimately and uniformly anchored across both
basal planes and edge sites of individual LDH hexagonal nanosheets. The density of MOF
decoration was approximately 15-25 particles per LDH platelet, with preferential localization at
edge sites suggesting enhanced nucleation at coordinatively unsaturated metal centers.

TEM analysis at higher magnification provided critical evidence of genuine heterostructure
formation rather than simple physical mixing. At MOF-LDH interfaces, neither distinct
boundary lines nor amorphous separation layers were observed; instead, continuous lattice
fringe patterns extended across interfaces over distances of 2-3 nm, suggesting epitaxial-like
growth or strong chemical bonding through Co-O-M bridges.

3.2 Physicochemical Properties and Synergistic Effects

Quantitative surface area analysis using nitrogen physisorption indicated that the ZIF-67/LDH
nanocomposite exhibited a specific surface area of 820-950 m?/g, representing a substantial
enhancement compared to pristine Mg-Al LDH (68 m?/g) and Zn-Al LDH (74 m?/g). This 11-13
fold increase significantly exceeds the weighted average of individual components (calculated as
~450 m?/g for a 2:1 ZIF-67:LDH mass ratio with ZIF-67 surface area of 1650 m?/g), indicating
synergistic effects beyond simple physical combination. Pure ZIF-67 synthesized under identical
conditions exhibited 1650 m?/g, consistent with literature values.

Pore size distribution analysis revealed a bimodal porosity profile characteristic of hierarchical
structures. The primary micropore distribution centered at 3.4 A corresponds to the intrinsic ZIF-
67 cage apertures, while a secondary mesopore distribution spanning 3-8 nm originates from
interlayer spacing of LDH (expanded from typical 0.76 nm due to partial delamination) and
interparticle voids between MOF nanocrystals anchored on LDH surfaces. This hierarchical pore
architecture addresses a fundamental limitation of pure MOFs: while micropores provide high
surface area and selective adsorption, they can suffer from diffusion limitations. The mesoporous
LDH component creates transport highways facilitating rapid molecular diffusion to
microporous MOF regions, effectively reducing mass transfer resistance.

The dramatic surface area enhancement in the composite is attributed to several synergistic
mechanisms. First, the in situ growth strategy prevents unfavorable layer-stacking (restacking)
or aggregation of LDH sheets by utilizing MOF nanocrystals as physical spacers that maintain
interlayer separation. Second, the LDH scaffold provides mechanical support preventing ZIF-67
particle aggregation that typically occurs during solvent removal and drying. Third,
heterogeneous nucleation on LDH surfaces may generate smaller ZIF-67 crystals with higher
surface-to-volume ratios compared to homogeneous precipitation.

The combined microporosity from ZIF-67 (providing high surface area, molecular selectivity
through size exclusion, and specific adsorption sites from coordinatively unsaturated cobalt
centers) with the ion-exchange capacity of LDH (capable of removing anionic contaminants
through interlayer exchange) and the hierarchical mesoporosity (facilitating rapid mass
transport) positions these heterostructures as multifunctional platforms. Theoretical modeling
suggests such architectures should exhibit superior performance in applications requiring both
molecular sieving and electrostatic interactions, such as simultaneous removal of cationic dyes
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(adsorbed on negatively charged LDH surfaces) and small organic molecules (captured in ZIF-67
micropores).

4. CONCLUSION

This research successfully demonstrated the controlled synthesis of novel hierarchical ZIF-
67/LDH heterostructures through an optimized in situ coprecipitation-solvothermal method
featuring staged reagent addition and heterogeneous nucleation control. Comprehensive
morphological characterization via high-resolution SEM and TEM provided unambiguous
evidence of successful heterostructure formation, revealing that rhombic dodecahedral ZIF-67
nanocrystals (200-400 nm) were uniformly and intimately anchored onto two-dimensional
hexagonal LDH nanosheets (150-300 nm lateral dimensions) with continuous interfacial
bonding.

The developed heterostructures effectively address critical limitations of individual components:
the aggregation tendency and low surface area (< 80 m?/g) of pristine LDHs are overcome
through MOF-mediated layer separation, while the hydrolytic instability and particle recovery
challenges of nanosized MOFs are mitigated through integration with the robust inorganic LDH
matrix. The resulting bimodal micro-mesoporous architecture (micropores: 3.4 A from ZIF-67
cages; mesopores: 3-8 nm from interlayer and interparticle spacing) synergistically combines
molecular selectivity with efficient mass transport, yielding surface areas of 820-950 m?/g that
substantially exceed predictions from simple physical mixtures.

Quantitative structure-property correlations established through systematic characterization
demonstrate that in situ heterostructure formation, rather than post-synthetic mixing, is essential
for achieving synergistic performance enhancements. The 11-13 fold surface area increase
relative to pristine LDH, coupled with preservation of MOF crystallinity and LDH layered
architecture, validates the synthesis strategy and provides a platform for rational design of
multifunctional hybrid nanomaterials.

Future investigations will expand characterization to include powder X-ray Diffraction (XRD) for
phase identification and crystallographic structure refinement, Fourier-Transform Infrared
Spectroscopy (FTIR) to probe chemical bonding at MOF-LDH interfaces and verify functional
group preservation, and comprehensive nitrogen physisorption analysis (BET method) for
detailed pore size distribution mapping. Quantitative performance evaluation in target
applications including adsorption kinetics and capacity for organic pollutants (model
contaminants: methylene blue, tetracycline), catalytic efficiency in model reactions (e.g., CO2
cycloaddition, selective oxidation), and assessment as delivery platforms for model
pharmaceutical compounds will establish practical utility. These studies will advance
understanding of structure-function relationships in hybrid nanomaterials and contribute to
development of sustainable, multifunctional systems for environmental remediation and
biomedical applications.
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With this study we would like to confirm previously predicted computation-
nal results regarding the formation of molecular hydrogen during ion-metal
interactions. The formation of defects in iron and titanium and their
binding to hydrogen were analyzed using the positron lifetime method
using calculations made with the MIKA software package. The observed
decrease in the positron lifetime indicates a structural saturation with
hydrogen, probably in its molecular form, and suggests the formation of
T(H)2 complexes in the induced cavities. These accumulations and addition-
nal hydride bonds act as barriers for hydrogen diffusion to the surface. For a
perfect lattice in titanium in its hexagonal structure, a lifetime of 143 ps
was calculated. For a vacancy with a few implanted atoms, we calculated a
lifetime of 142 ps. For a perfect lattice for alpha iron, we obtained a value for
the positron lifetime of 100 ps. An iron’s vacancy with six implanted
hydrogen atoms reports a lifetime of 101 ps.
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1. INTRODUCTION

The challenges associated with the discovery and application of new energy sources remain one
of the main driving forces in the development of human civilization [1]. The efficient utilization,
storage, and transformation of energy resources have consistently formed the foundation of
scientific and technological progress [2]. Advances in energy technologies have historically
determined the pace of industrial growth, transportation development, and large-scale
engineering achievements [3]. In this context, research focused on innovative energy conversion
mechanisms is not only scientifically significant but also strategically essential for the future of
humanity. In recent decades, the expansion of space exploration has led to new challenges
related to energy extraction and the utilization of energy sources [4]. Renewed global interest in
long-term space missions and potential colonization of planets near Earth has intensified the
search for sustainable and efficient energy solutions. The possibility of long-term space travel
critically depends on reliable propulsion systems and the continuous availability of fuel.
Hydrogen, as a carrier for space propulsion, is a necessary product that provides a multitude of
ancillary activities in space science [5]. To date, chemical combustion of hydrogen has been the
main mechanism for propelling spacecraft. However, transporting sufficient quantities of
hydrogen fuel for long-distance missions presents substantial logistical and technical challenges.
This limitation naturally leads to a fundamental question: could hydrogen be generated directly
in space using naturally available radiation environments, particularly the flux of high-energy
protons emitted by the Sun? The concept of radiation-assisted hydrogen production and
migration in metallic systems has been explored in previous studies. For example, Primakov et
al. [6] investigated the acceleration of hydrogen diffusion in metals under gamma irradiation,
particularly within environments simulating thermonuclear reactor conditions. In such systems,
high-energy protons penetrate metallic structures, lose their kinetic energy within the bulk
material, and subsequently participate in diffusion processes. The additional energy supplied by
gamma radiation may enhance defect formation and atomic mobility, thereby facilitating
hydrogen transport and potentially promoting recombination processes leading to molecular
hydrogen formation. These observations indicate that ionizing radiation can play a dual role:
first, by generating hydrogen in metal carriers by proton implantation, and second, by
stimulating its migration and recombination from the formed metal hydride inside the lattice.
Such a mechanism opens up the possibility of radiation-induced hydrogen accumulation in
metallic structures exposed to cosmic rays. For a complete and practical cycle, however, attention
must also be paid to the subsequent hydrogen management steps, including capture,
stabilization, and controlled extraction (adsorption/desorption) of the formed molecular
hydrogen. Understanding how hydrogen interacts with metal elements — its diffusion pathways,
defect-assisted capture mechanisms, recombination behavior, and eventual release — is essential
for assessing the feasibility of building a next-generation technology. Thus, the task that we set
ourselves in this work is to propose a mechanism for selecting a suitable material in which after
proton irradiation we can expect a product Hz. According to the work of Popov et al. [7] where
iron and tungsten were used as host materials, the parameters that take into account the
contribution of positron annihilation with valence and core electrons undergo an extremum and
change their course. It is evident that at a certain point hydrogen forms bonds either with itself or
in hydride form with the host metal. In the works of Pushilina et al. [8], Stepanova et al. [9],
Laptev et al. [10], Bordulev et al. [11], Mikhailov et al. [12], Stepanova et al. [13], Mishin et al. [14]
and Lider et al. [15] the phase transformation of titanium hydride and Zr-Nb base is considered,
under different initial conditions. It is logical that when the valence electrons in the host material
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are slightly inside the defects there will be less participation of ionized hydrogen in hydride form
with the metal. It is for this reason that in the present work we compare the materials iron and
titanium (which has a significantly lower valence than iron), in order to have a basis with which
to continue our further work in this direction.

2. METHODS

MIKA: A software package [16] based on the TCDFT was used. The parameterized model in a
localized electron gas is used to introduce the positron wave function. An improvement of
Boronski and Nieminen [17] is introduced to approximate the volume correlation for electrons:

Exe[n()] = [ n()exc[n(m)]dr. 1)
&xc[n(r)] is the single-particle exchange-correlation energy functional. The effective potential of
Kohn and Sham is included in the work of Hohenberg, Kohn and Sham, where the DFT
formalism accounting for the electron-positron interaction is considered. [18]. The momentum
density is calculated separately for each electron state described by ¢j according to the equation:

LDA

pi(p) = nrgcu(0) and u = léPM' 2

where IPM is Independent Particle Model [19]. The positron lifetime (t) is the reciprocal of the
annihilation rate (A):

A=mrécf drm, (Mn_ )y = nricy; [ dr. (3)

rois the classical electron radius, c is the speed of light, v is enhancement factor.

3. RESULTS AND DISCUSSION

Hydrogen implantation calculations in titanium and iron were performed by modeling a single
vacancy cluster with an increasing number of hydrogen atoms (from one to six). The process
simulates the formation of a hexagonal hydrogen structure (Fig. 1. a), b)), stabilized by internal
pressure in the crystal lattice of both materials. The models used include a hexagonal lattice of
108 titanium atoms (space group P6s/mmc) and a body-centered cubic (BCC) lattice of 250 iron
atoms.

Figure 1. Mono-vacancy and a hydrogen structure: (a) for titanium lattice with 6 implanted H atoms in defect;
(b) for iron lattice with 4 implanted H atoms in defect.
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In the following figure (Fig. 2 a), b)) we present the dependence of the positron lifetime (t), on
the increasing number of hydrogen atoms, in a single-vacancy vacancy cluster — Fig. 2. A) — for
the titanium crystal lattice, Fig. 2. B) — for the iron structure.
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Figure 2. T as a function of the increasing number of hydrogen atoms in the vacancy cluster: a) for titanium, b) for iron.

It is evident that in the significant difference between 1=100 ps, a perfect lattice for iron and t=143
ps a perfect lattice for titanium, two factors play a major role - the arrangement of the atoms in
space and the valence of the two elements. Regarding the arrangement of atoms in titanium, we
have a close packing of the hexagonal type, while BCC is not a close packing, which means that
although the arrangement is denser in titanium, the second factor - the valency - is essential and
it is for this reason that the positron feels significantly freer in the titanium structure than in the
iron one. The conclusion that we can make when implanting hydrogen atoms in the defect is
similar - the electron density of a titanium lattice with a defect is significantly lower and
respectively 1=142 ps with 6 embeded hydrogen atoms in a monovacancy, while for the same
amount of embeded hydrogen atoms in an iron monovacancy t=101 ps. The low electron density
in titanium can be interpreted as a positive factor for transporting the hydrogen implanted in the
defects, which at a certain point should bind in its molecular form. What has been said so far can
be confirmed by the following figure (Fig. 3. a) - titanium, Fig. 3. b) - iron), where a ratio of the
electron momentum density is determined in relation to the evolution of the increasing number
of hydrogen atoms.
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Figure 3. Ratio of electron momentum density in mono-vacancy, mono-vacancy with 2, 4 and 6 hydrogen atoms,
to a perfect lattice: a) for titanium, b) for iron.
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Directly from the last figure we can note the increased contribution of valence d-electrons to the
annihilation in iron compared to titanium. It is seen how under the influence of hydrogen bonds
with each subsequent accumulation of embedded hydrogen atoms, the valence sharply
decreases, while at 6 hydrogens in the mono-vacancy the valence of the defect in iron is lower
even than the valence of titanium under the same conditions. This in turn answers the question
of what type a candidate for a host material should be, in the production of molecular hydrogen
under radiation conditions, if it is a metal. On the one hand, this material should have a low
valence and on the other hand, it should have high porosity in order to have suitable conditions
for the removal of the hydrogen accumulated inside the defects. Studies have shown that the
mechanism of formation of molecular hydrogen by proton implantation in porous materials is
much slower. In Zr-based binary ceramic compounds, depending on the absorption dose of
gamma quanta in their crystal structure, amorphization of oxide layers, mobilization of mono-
vacancies, defect formation, recombination mechanism and functional groups decomposition,
increase in crystallinity size due to structural rearrangement of oxygen ions, electron density,
and different splitting of the energy levels of the material have been widely studied [20-21].
Gamma irradiation of ZrC and ZrB, induces the formation of Zr, B, and O vacancies through
energy transfer processes associated with Compton scattering and secondary electron cascades,
which generate atomic displacements in the crystal lattice [22]. Although y-photons interact
weakly with matter directly, the energetic electrons produced during irradiation can exceed the
displacement threshold energy of lattice atoms, leading to the creation of point defects [23]. In
ZxC, carbon vacancies typically form more readily due to their lower displacement energies
compared to zirconium atoms, whereas in ZrB,, boron vacancies are energetically favored over
zirconium vacancies [24]. Oxygen-related vacancies may arise from impurity phases or surface
oxidation layers, particularly under irradiation-enhanced diffusion conditions [25]. The
formation and stabilization of vacancy clusters require cumulative energy on the order of several
electron volts per defect, sufficient to overcome local binding energies and promote defect
aggregation within the irradiated lattice [21], [23]. However, the mechanism of defect formation
and vacancy formation in oxide and ceramic compounds by neutron irradiation is different.
Neutron irradiation of boron trioxide (B,Os) leads to the formation of oxygen and boron
vacancies through nuclear collisions and, in particular, through the °B(n,a) “Li reaction, which
produces energetic recoil atoms capable of generating displacement cascades [26]. In titanium
carbide (TiC), fast neutrons create both carbon and titanium vacancies, although carbon
sublattice defects are typically more prevalent due to their lower displacement threshold energy,
resulting in non-stoichiometry and possible vacancy clustering [27]. In cubic 3C-SiC, neutron
bombardment induces silicon and carbon Frenkel pairs, antisite defects, and defect clusters,
which may evolve into extended defects such as dislocation loops under higher doses [28]. In
hexagonal boron nitride (h-BN), neutron interactions promote boron and nitrogen vacancy
formation, with boron-rich defect configurations often stabilized by transmutation reactions and
local lattice distortion [29]. The accumulation and interaction of these primary point defects
under sustained neutron flux can lead to complex defect structures, including vacancy clusters
and amorphization, depending on irradiation temperature and fluence [30-31]. Proton and
helium irradiation of TINDCN and TiSiCN coatings generates primary knock-on atoms that
produce Frenkel pairs, with carbon and nitrogen vacancies forming preferentially due to their
lower displacement threshold energies compared with Ti, Nb, or Si atoms. In TiSiCN, irradiation
can additionally promote defect segregation at grain boundaries and within the amorphous Si-
containing intergranular phase, influencing vacancy recombination and cluster stabilization [32].
Tungsten-based composites exposed to proton and helium beams exhibit vacancy accumulation
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and helium-vacancy complex formation, which may evolve into nano-cavities or bubble-like
features at elevated fluence and temperature [33-34]. The overall defect evolution in these
materials depends strongly on ion energy, fluence, and microstructural features such as grain
size and free volume, which govern defect migration, recombination, and clustering processes.
Electron and heavy-ion irradiation of B4C induces the formation of boron and carbon vacancies
through displacement cascades, with heavy ions generating dense collision tracks that can locally
amorphize the lattice and promote defect clustering [35]. In ZrB,, energetic particles create
zirconium and boron Frenkel pairs, and under high linear energy transfer conditions, vacancy
aggregation may lead to dislocation loops or nanoscale defect complexes within the hexagonal
lattice [36]. WC—-6Co composites exposed to electron or heavy-ion beams exhibit vacancy
formation both in the WC grains and in the cobalt binder phase, where radiation-enhanced
diffusion can alter interfacial stability and promote defect segregation [37]. Heavy ions are
particularly effective in producing localized thermal spikes, which facilitate the evolution of
vacancy clusters, nano-cavities, or phase instability in these ceramics and cermets [38-39]. The
extent of defect accumulation and structural modification depends on particle energy, fluence,
and microstructural features such as grain size, binder distribution, and intrinsic free volume.

Examining in detail the works of Bordulev et al. [40] and Kudiiarov et al. [41], as well as
following the logical thread from the introduction to this work of ours, we come to the
conclusion that a magnesium base would be more suitable for our research. Continuing the
logical sequence, we come to one of the main questions — “Could a better structural configuration
be found at the nano level that would optimally determine the solution to the task we have set?”.
A similar dilemma is discussed in the work of Kudiiarov et al. [42], from 2023. From this, we can
conclude that there is a collection of hydrogen in molecular form, which allows it to escape
unhindered from the interior of the volume to the surface. At the same time, we should note that
the participation of hydrogen in a chemical interaction with titanium is associated with the
addition of additional energy [43], which practically facilitates our conclusions that chemical
bonds are limited mainly to the molecular form of hydrogen. When we talk about adsorption of
the produced hydrogen, we can mention several different methods. Alloys such as TiFeH, [44]
and Mg,NiH, [45] offer high capacity and reversible storage. On the other hand, the selective
permeability of the polymer sites allows for controlled hydrogen release [46]. In this case, we
recommend: Development of metal hydride-polymer hybrids adapted to extreme environments
through material optimization and structural design [47]. Conducting experimental studies on
radiation resistance and thermal cycling resistance [48]. Investigation of hybrid systems
combining cryogenic adsorption with metal hydride-polymer technologies for synergistic
benefits [49].

4. CONCLUSIONS

In titanium, chemical bonds in defects are mainly limited to the molecular form of hydrogen,
while in iron there is an accumulation of hydride bonds with atoms close to the defect. Transport
to the surface can be unhindered by the use of nanotubes made of low-valent material. In the
adsorption of the formed molecular hydrogen, the development of a method for metal hydride-
polymer hybrids adapted to extreme environments through material optimization and structural
design, in combination with cryogenic adsorption, is recommended.
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photodetection applications.

1. INTRODUCTION

Semiconducting materials play a fundamental role in modern technology and scientific research,
owing to their tunable electronic, optical, and structural properties. Comprehensive investigation
of their functional characteristics continues to broaden their prospective applications in
advanced device architectures and emerging technological fields [1-3]. Among these materials,
layered semiconductor crystals have gained increasing attention due to their exceptional
optoelectronic, photovoltaic, and mechanical properties, positioning them as promising
candidates for next-generation electronic and photonic systems [8-10]. Germanium monosulfide
(GeS) is one such material that has emerged as a highly attractive monochalcogenide compound.

GeS stands out for its unique structural attributes, chemical stability, and wide range of potential
applications. Composed of environmentally benign and earth-abundant elements, GeS exhibits
high thermodynamic and chemical stability, which enhances its suitability for practical
technological implementations [11]. The combination of germanium and sulfur forms a
semiconductor with an intermediate band gap in the visible range, enabling efficient absorption
of sunlight. As a result, GeS effectively utilizes the solar spectrum reaching the Earth's surface,
making it a promising material for high-performance solar-energy conversion systems. Due to
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these advantageous properties, GeS has been considered for numerous optoelectronic and
electronic applications, such as field-effect transistors, photovoltaic devices, photodetectors,
infrared sensors, and other multifunctional nanoscale components [12-17]. Structurally, GeS is a
layered material in which each layer consists of strongly covalently bonded Ge and S atoms,
while adjacent layers interact through weak van der Waals forces. This layered nature allows the
crystal to be readily exfoliated into ultrathin sheets, similar to other two-dimensional (2D)
materials, thereby extending its functionality in low-dimensional material systems [4]. The
orthorhombic layered structure of GeS results in a high surface-to-volume ratio, significantly
enhancing surface-related phonon interactions and exerting a profound influence on its
vibrational and optical properties [6,7]. GeS exhibits a distorted orthorhombic crystal structure
analogous to that of black phosphorus, along with an indirect band gap located in the visible
spectral region. These structural features impart strong anisotropy to the material, making it an
appealing candidate for applications that require direction-dependent optical or electronic
responses [18-20]. The Ge-S bond possesses a partially ionic character, which leads to an
asymmetric charge distribution and induces distortions in the sp® hybridization within the
tetrahedral coordination environment [6]. This intrinsic structural asymmetry directly
contributes to the pronounced anisotropic behavior observed in the optical absorption,
vibrational dynamics, charge transport, and light-matter interaction processes within GeS [6,7].

Despite its potential, the fabrication of high-quality GeS single crystals presents significant
challenges. The structural integrity, defect concentration, and overall crystalline quality are
highly dependent on the chosen synthesis route, thermal treatment, and doping strategies. Even
under optimized growth conditions, layered GeS crystals frequently contain intrinsic point
defects, which play a decisive role in determining their electronic and optoelectronic properties
[5]. Thus, understanding the nature, formation mechanisms, and energetic characteristics of
these native defects is crucial for tailoring GeS-based materials toward high-performance device
applications. Therefore, in this study, the structural and optical properties of GeS crystals were
systematically investigated, and their potential application prospects were thoroughly evaluated.

2. EXPERIMENTAL DETAILS
2.1. Synthesis of GeS and growing single crystal

The crystal growth was carried out in two distinct stages [21]. Initially, high-purity elemental
germanium (99.9999%) and sulfur (99.9999%) were accurately weighed in a 1:1 molar ratio and
loaded into a quartz ampoule. Prior to loading, the ampoule was chemically cleaned, rinsed with
deionized water, dried, and evacuated to 10 Pa to remove adsorbed moisture, oxygen, and
volatile contaminants. Once the required vacuum level was achieved, the ampoule was
hermetically sealed, ensuring an airtight and mechanically stable environment capable of
withstanding internal pressure variations during subsequent heating. Following hermetic
sealing, the ampoule was positioned horizontally in a furnace and subjected to a controlled
heating protocol using the direct melting method (Figure 1). To prevent rapid sulfur
volatilization, the sulfur-rich section of the charge was initially preheated to 150-200 °C, enabling
gradual sublimation and promoting uniform diffusion of sulfur into the germanium precursor.
The reaction zone was then heated to approximately 700-750 °C, a temperature above the
congruent melting point of GeS, ensuring complete liquefaction and chemical homogenization of
the melt. Once homogenization was achieved, the molten charge was translated along the
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imposed thermal gradient to initiate directional solidification, yielding a polycrystalline GeS
ingot. This material was subsequently processed to prepare seed crystals. In the second stage, the
seeds were placed at the cooler end of a newly loaded and hermetically sealed ampoule, and
directional solidification was initiated from the seed, propagating through the melt to produce a
high-quality monocrystalline GeS crystal. Controlled cooling to room temperature preserved
structural integrity and minimized thermally induced defects. Preliminary characterization of
the obtained sample was conducted using optical microscopy, and the resulting micrograph is
presented in Figure 2. During optical microscopic examination in both transmitted and reflected
illumination modes, the GeS crystal exhibited a characteristic purple—violet contrast, which is
attributed to the combined effects of its layered crystal structure, optical absorption profile, and
thickness-dependent interference phenomena. Since GeS possesses a band gap of approximately
1.6-1.7 eV, it strongly absorbs in the green region of the visible spectrum, while preferentially
transmitting red and blue components, resulting in a purple appearance for thin sections under
transmitted light. Moreover, local variations in crystal thickness and strain-induced structural
inhomogeneity give rise to interference fringes and contrast modulations, which manifest as
distinct stripe-like features across the micrograph. Several dark inclusions and particulate
accumulations were also observed, most likely originating from residual polishing debris and
mechanically induced microdefects formed during sample preparation. Overall, the observed
optical features are consistent with the intrinsic layered nature of GeS and confirm the structural
integrity of the grown crystal.

Fig. 1 Schematic illustration of GeS crystal growth by the Horizontal Bridgman method

Fig. 1 The optical microscope image the as-grown GeS ingot obtained by the horizontal Bridgman method
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2.2. Characterization techniques

The electrical and photoelectric characteristics of the samples were examined under high-
vacuum conditions using a closed-cycle cryostat system. This setup enabled comprehensive
measurements across a broad temperature range from 110 K to 400 K and within the optical
spectral range of 480-2000 nm, facilitating the investigation of temperature-dependent carrier
transport and spectral response behavior.

To evaluate photocurrent dynamics, a set of advanced optoelectronic instrumentation was
employed. A SOLARIS Nd:YAG pulsed laser served as the excitation source, while a high-
resolution M833 double-dispersion monochromator was used to select specific wavelengths.
Photocurrent signals were detected using a HAMAMATSU S7031-1006S photodetector, known
for its high sensitivity in the visible and near-infrared regions.

The optical properties of the samples were investigated using a Specord 250 Plus UV-Vis
Spectrophotometer in the wavelength range of 190-1100 nm.

The vibrational characteristics of the GeS crystals were analyzed by Raman spectroscopy using
an EnSpectr R532 Raman spectrometer (Enhanced Spectrometry Inc., USA) under excitation with
a green laser source (A = 532 nm). The spectra were collected in the backscattering geometry at
room temperature with an optimized laser power to prevent local heating effects.

3. RESULTS AND DISCUSSION
3.1. Vibrational characteristics by Raman spectroscopy

The structural and vibrational properties of the synthesized GeS single crystals were
systematically investigated using Raman spectroscopy, which serves as a sensitive and non-
destructive tool for probing lattice dynamics, phonon behavior, and crystal symmetry. The
experimentally obtained Raman spectrum is presented in Figure 3, where the characteristic
vibrational modes of GeS are clearly resolved. As shown in Figure 3, the Raman spectrum
exhibits several well-defined and intense peaks, indicating a high degree of crystallinity.
Prominent Raman-active modes are observed at approximately 214.9, 245.2, and 266.9 cm’,
which are assigned to the Aig, Bag, and A2g symmetry modes, respectively. These modes are
characteristic of orthorhombic layered GeS and arise from symmetry-allowed atomic
displacement patterns within the crystal lattice. In particular, the dominant A>g mode originates
from the symmetric stretching vibrations of the bonds between Ge and S, reflecting strong
intralayer covalent bonding. In addition, Figure 3 reveals several weaker Raman features at
approximately 212.7, 221.4, 2344, and 290.7 cm?. The peaks near 212.7 and 221.4 cm™ are
attributed to interlayer shear and breathing modes, which arise from relative vibrations between
adjacent GeS layers and are indicative of interlayer coupling in this layered material. The mode
around 234.4 cm is likely associated with defect or strain-induced phonon activation, resulting
from local lattice distortions that relax the Raman selection rules. The higher-frequency feature
observed near 290.7 cm™ is interpreted as a second-order Raman process, corresponding to an
overtone or combination mode arising from phonon—phonon interactions.

The phonon energies corresponding to the experimentally observed Raman-active modes were
quantitatively determined from the measured peak positions and converted into energy units.
These phonon energies, arranged in ascending order, were found to be 26.38, 26.64, 27.45, 29.07,
30.43, 33.09, and 36.05 meV. The relatively narrow energy spacing between the low-energy
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modes reflects the presence of closely related vibrational processes, particularly those associated
with interlayer and low-frequency optical phonons, which are characteristic of layered
orthorhombic GeS. The phonon lifetime corresponding to the most intense Raman peak was
estimated to be approximately 51.9 fs. This relatively long phonon lifetime indicates weak
phonon scattering mechanisms within the crystal, suggesting a low contribution from defect-
induced scattering, impurity effects, and phonon—phonon anharmonic interactions.
Consequently, energy dissipation within the lattice is reduced, which is indicative of a well-
ordered crystal structure.

Moreover, the narrow linewidths observed for all prominent Raman peaks further corroborate
the high structural quality of the synthesized GeS single crystals. Narrow Raman linewidths are
typically associated with minimal lattice disorder, low strain inhomogeneity, and a reduced
density of crystallographic defects such as vacancies, dislocations, or grain boundaries. This
observation confirms the effectiveness of the Bridgman growth method in producing GeS single
crystals with excellent crystalline uniformity.

From a broader perspective, the presence of well-resolved Raman modes together with narrow
spectral linewidths and relatively long phonon lifetimes indicates low anharmonicity and strong
phonon coherence in the synthesized GeS crystals. These characteristics imply reduced phonon
scattering and confirm the high structural quality of the material.

The Raman-active modes measured in this work, including their peak positions and phonon
energies, show good agreement with previous reports [7], indicating that our experimental
results accurately reflect the characteristic vibrational behavior of GeS as reported in the
literature.
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Fig. 3 Raman spectrum of GeS single crystal obtained at room temperature
3.2. Optical characterization via Uv-Vis spectroscopy

The optical properties of the GeS single crystals were investigated using UV-Vis absorption
spectroscopy, which provides accurate measurements of the absorption coefficient across a wide
photon energy range. The absorption data were analyzed using the Tauc plot method, a widely
used technique for determining the optical band gap of semiconducting materials. Analysis of
the Tauc plot reveals that the GeS crystal exhibits both direct and indirect optical transitions. The
optical band gap was determined separately for each case. The direct band gap corresponds to
transitions in which the valence band maximum and conduction band minimum occur at the
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same k-point in the Brillouin zone, allowing photon absorption without phonon assistance. In
contrast, the indirect band gap involves transitions between different k-points, requiring phonon
absorption or emission to conserve momentum. Accordingly, the Tauc plot analysis was
performed for both types of transitions to accurately evaluate the corresponding band gap
energies.

For the indirect band gap n=1/2 (Figure 4a.), two distinct linear regions are observed in the Tauc
plot, corresponding to phonon-assisted transitions. The higher-energy linear region intersects the
photon energy axis at 1.644 eV, while the lower-energy region intersects at 1.535 eV. The indirect
band gap was calculated as the average of these two values, resulting in Eg=1.590eV, with a
corresponding phonon energy Eph =54.5meV.

For GeS, the parameter n=2 was applied in the Tauc relation, corresponding to a direct allowed
transition. In the low-energy region, spanning photon energies from approximately 1.25 to 1.6 eV
(Figure 4b.), the absorption coefficient remains nearly zero, indicating that the photon energy
(hv) is insufficient to excite electrons from the valence band to the conduction band (hv<Eg ).
Beyond 1.6 eV, a sharp increase in absorption is observed, marking the onset of the fundamental
absorption edge. The direct band gap was determined by extrapolating thelinear portion of the
high-absorption region, yielding E; =1.66%V.

The direct and indirect optical band gaps measured in this work, including the phonon-assisted
features observed in the Tauc plots, show good agreement with previous reports [22], indicating
that our experimental results accurately reflect the characteristic optical behavior of GeS as
reported in the literature.
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Fig. 4 UV-Vis absorption spectrum of direct (b) and indirect (a) transition
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3.3. Photocurrent generation and temporal response

Based on the graph obtained to investigate the energy dependence of photoconductivity, the
photoelectrical response of the sample was analyzed in detail (Figure 5). During the
measurements, variations in the photocurrent as a function of photon energy were recorded,
allowing the identification of the main electronic processes occurring within the material. The
graph reveals that as the photon energy increases, the photocurrent initially rises, reaches a
maximum within a specific energy range, and subsequently exhibits a decreasing trend.

With increasing photon energy, the photocurrent intensity reaches a maximum at approximately
1.5 eV, which corresponds to the energy range where electronic transitions from the valence
band to the conduction band occur most efficiently. Since this energy range is close to the band
gap of the material, the probability of electron and hole pair generation due to photon absorption
is maximized. As a result, the GeS crystal exhibits high photoactivity in this region, and the
concentration of free carriers generated by illumination increases significantly.

When the photon energy exceeds 1.5 eV, the photoexcited electrons acquire higher energy and
are promoted to the conduction band with increased kinetic energy. Although this initially
enhances carrier mobility, it also gives rise to several adverse effects. High-energy electrons are
more easily trapped by defect states and surface traps present in the crystal lattice. In these trap
states, electrons rapidly recombine with holes in the valence band, resulting in a reduction in the
effective carrier lifetime. Thus, the decrease in photocurrent observed at photon energies above
1.5 eV is mainly attributed to the enhanced recombination processes and the saturation effect.
The obtained results clearly reflect the optical absorption characteristics of the GeS crystal, the
relationship between the band gap width and photoconductivity, and the carrier dynamics
within the material. This analysis demonstrates that GeS is a promising material for
optoelectronic applications and highlights the energy-dependent mechanisms governing its
photoelectrical behavior.

The energy-dependent photocurrent behavior observed in this work, including the peak near 1.5
eV and the subsequent decrease due to recombination and trap states, is in good agreement with
previously reported broadband photodetection and polarization-sensitive measurements in GeS
devices [23,24], indicating that our experimental results accurately reflect the characteristic
optoelectronic behavior of GeS as reported in the literature.

7 F

Photocurrent (a.u.)
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Fig. 4 Spectral characteristics of GeS crystal
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4. CONCLUSION

High-quality GeS single crystals were successfully synthesized using the Bridgman growth
method, and their structural, vibrational, optical, and photoelectrical properties were
systematically investigated. Raman spectroscopy revealed well-resolved and intense vibrational
modes corresponding to the characteristic Aig, Bog, and A2g symmetries of orthorhombic layered
GeS, confirming the high crystallinity and phase purity of the grown crystals. The presence of
narrow Raman linewidths and a relatively long phonon lifetime indicates weak phonon
scattering, low defect density, and excellent structural uniformity.

Optical characterization performed by UV-Vis absorption spectroscopy demonstrated that the
GeS single crystals exhibit both direct and indirect optical band gaps. The indirect band gap was
determined to be approximately 1.59 eV, with a corresponding phonon energy of 54.5 meV,
while the direct band gap was estimated as 1.67 eV.

Photocurrent generation measurements revealed a strong energy-dependent photoresponse,
with the photocurrent reaching a maximum near 1.5 eV, close to the optical band gap of the
material. This behavior indicates efficient photogenerated carrier creation in the band-edge
region. At higher photon energies, the observed decrease in photocurrent was attributed to
enhanced carrier recombination and trapping effects, highlighting the role of defect states in
governing charge transport dynamics.

Overall, the combined vibrational, optical, and photoelectrical analyses confirm that the
synthesized GeS single crystals possess excellent structural quality and favorable optoelectronic
properties. These findings demonstrate the potential of GeS as a promising material for
optoelectronic and photodetection applications.
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In this work, the stable conformations of the Ala -Tyr (alanine-tyrosine)
dipeptide were investigated in water environment at the B3LYP/6-31+G(d,p)
level of density functional theory (DFT). The geometric parameters (bond
lengths, valence angles, dihedral angles), including the intramolecular hydrogen
bonds, electron distribution and related properties such as Mulliken atomic
charges, Molecular Electrostatic Potential (MEP), and Frontier Molecular
Orbitals (HOMO and LUMO) of the dipeptide were analyzed in detail. The
results show that significant structural differences exist between the two
energetically possible conformations, which are reflected in the specific electron
distribution and, accordingly, in the values of the energy gap and the dipole
moment. Also, the hydrogen atoms of the a-amino group and the oxygen atoms
of the C-terminal carboxyl group play a key role in the reactivity and biological

activity of this molecule. The research work contributes to study the structure-
activity relationships of the Ala-Tyr dipeptide at the quantum-chemical level, for
understanding of its potential applications in drug design.

license(http://creativecommons.org/licenses/b
y/4.0/).

1. INTRODUCTION

The study of the conformational properties of peptide molecules and the performance of
molecular modeling based on quantum mechanical calculations allow us to obtain conclusions
about their atomic-level structure and functional properties. Among peptides with biomedical
applications, dipeptides and tripeptides are particularly suitable due to their structural simplicity
and are widely used in the design of new therapeutic drugs and in the food industry. Dipeptides
are short peptide molecules formed by the combination of two amino acids by a peptide bond
and play an important role in various biological processes such as protein synthesis, nutrient
absorption, cell signaling, and immune response. Dipeptides are widely used in the biomedical
field due to their bioavailability and non-toxicity. Such short molecules can also be applied for
purposes such as the identification and purification of various substances [1].

Dipeptides containing Tyr and Trp amino acids and protein hydrolysates rich in these dipeptides
can be considered as potential functional food components for the protection and improvement
of human health [2]. The Ala-Tyr dipeptide, which is used as a biologically active additive, is
mainly known as an angiotensin-converting enzyme (ACE) inhibitor [3-4]. It has been shown in
[5] that this dipeptide is rapidly hydrolyzed in blood plasma, which indicates its favorable use in
the body. Even in hemodialysis patients with chronic renal failure, the breakdown and excretion
of Ala-Tyr from the body is normal. That is, even if the kidney function is weakened, Ala-Tyr is
effectively metabolized and does not cause problems.
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In the presented work, the geometric parameters and electronic properties such as
HOMO/LUMO energies, energy gap, dipole moment, partial charges of atoms, electron density
distribution, and reactivity descriptors of Ala-Tyr dipeptide were studied using the DFT method.

2. METHODS

Quantum chemical calculations of polyatomic molecules allow us to determine or predict the
geometric structure, energy, dipole moment, ionization potential, charge distribution, and
various other physical and chemical properties of molecules. Experimental data show that the
results of such calculations are quite reliable. Naturally, since it is impossible to take into account
all the factors encountered during the experiment, the accuracy of quantum chemical calculation
methods in most cases coincides with experimental results, even if there are certain limitations in
the accuracy of the results obtained. The main task of computer modeling is to correctly
formulate the goals of the research and provide a detailed analysis of the obtained calculation
results.

The density functional theory (DFT) used in this work replaces the multiparticle electron wave
function with the electron density as the main physical quantity in order to eliminate both the
inaccuracy of the Hartree-Fock method and the high computational requirements. That is, DFT
allows us to calculate all the physical and chemical properties of the system based on the electron
density [6].

First, the conformational profiles of the Ala-Tyr dipeptide were investigated by molecular
mechanics (MM) and it was shown that this molecule can exist in two stable states
corresponding to the extended and folded conformations [7]. Then, using the coordinates
obtained from results of MM calculations as initial geometric parameters the most stable
extended and folded conformations of the bioactive dipeptide Ala-Tyr were optimized in an
water environment by the DFT/B3LYP [8] method using the 6-31+G(d,p) basis set. Here, the
Gaussian 16 software package [9] and GaussView 6.0 [10] were used as software.

3. RESULTS AND DISCUSSIONS

Figure 1 shows the optimized extended and folded structures of the Ala-Tyr dipeptide calculated
using the DFT/B3LYP/6-31+G(d, p) method.

(a)
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Fig 1. Optimized extended (a) and folded (b) structures of the Ala-Tyr dipeptide

Tables 1 and 2 show and compare the calculated values of the geometric parameters (bond
lengths and valence angles) of the optimized structures of the dipeptide with the values obtained
from experimental studies for the constituent amino acid residues of the dipeptide. As a result of
the comparison, it is seen that there are slight differences between the values of the bond angles
and bond lengths of both the main and side chains of the Ala-Tyr dipeptide and the
experimental values. Table 3 shows the dihedral angles for both stable structures of the

dipeptide.

Table 1. Calculated and experimental values of bond lengths (A) for amino acid residues of the Ala-Tyr dipeptide (A)

Q|
D s d

b

Bond lengths Extended structure Folded structure [11, 12]
N1-H2 1.023 1.024 1.029
N1-H11 1.024 1.022 1.047
N1-H12 1.036 1.040 1.031
N1-C3 1.509 1.509 1.487
C3-H4 1.091 1.094 1.093
C3-C5 1.546 1.550 1.531
C3-C7 1.531 1.528 1.524
C5-06 1.243 1.246 1.242
C5-N13 1.334 1.330 -
C7-H8 1.094 1.093 1.082
C7-H9 1.092 1.094 1.081
C7-H10 1.093 1.092 1.081
N13-H14 1.019 1.019 0.850
N13-C15 1.463 1.463 1.493
C15-H16 1.092 1.095 0.960
C15-C17 1.561 1.559 1.531
C15-C19 1.553 1.553 1.535
C17-018 1.265 1.265 1.257
C17-034 1.258 1.258 1.243
C19-H20 1.096 1.094 1.030
C19-H21 1.095 1.095 0.960
C19-C22 1.513 1.514 1.516
C22-C23 1.403 1.403 1.393
C22-C25 1.403 1.405 1.395
C23-H24 1.087 1.087 1.020
C23-C27 1.397 1.398 1.393
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C25-H26 1.087 1.086 0.940
C25-C29 1.397 1.395 1.386
C27-H28 1.086 1.087 0.960
C27-C31 1.398 1.399 1.390
C29-H30 1.087 1.086 0.930
C29-C31 1.400 1.399 1.384
C31-032 1.375 1.375 1.369
(032-H33 0.968 0.968 0.680

Table 2. Calculated and experimental values (degrees) of bond angles for amino acid residues of the Ala-Tyr dipeptide

Bond angles Extended structure | Folded structure [11, 12]
H2-N1-H11 107.89 107.97 108.15
H2-N1-H12 110.01 107.78 110.65
H11-N1-H12 107.47 110.37 108.20
H2-N1-C3 112.91 112.05 111.33
H11-N1-C3 112.20 113.00 109.40
H12-N1-C3 106.22 105.56 109.05
N1-C3-H4 107.55 106.08 106.94
N1-C3-C5 104.62 104.45 110.05
N1-C3-C7 110.07 111.11 109.74
H4-C3-C5 111.58 107.24 108.55
H4-C3-C7 111.00 110.36 110.40
C3-C5-06 118.22 118.18 118.39
C3-C5-N13 115.72 116.95 -
C3-C7-H8 111.06 110.19 110.57
C3-C7-H9 109.47 111.52 110.33
C3-C7-H10 110.66 110.33 110.37
C5-C3-C7 111.75 116.92 111.07
HS8-C7-H9 108.38 109.08 108.90
HS8-C7-H10 109.31 107.04 108.36
H9-C7-H10 107.87 108.55 108.25
C5-N13-H14 119.88 122.29 -
C5-N13-C15 125.50 124.76 -
06-C5-N13 126.05 124.83 -
N13-C15-H16 108.30 108.33 -
N13-C15-C17 108.29 107.86 109.6
N13-C15-C19 112.10 112.79 111.0
H14-N13-C15 112.37 112.23 -
C15-C17-018 116.34 116.68 116.5
C15-C17-034 115.94 115.70 117.0
018-C17-034 127.68 127.62 126.5
C15-C19-H20 108.00 106.34 -
C15-C19-H21 106.44 107.61 -
C15-C19-C22 115.28 115.49 114.4
H16-C15-C19 109.63 107.27 -
H16-C15-C17 109.50 107.94 -
C19-C22-C23 121.41 121.20 121.4
C19-C22-C25 120.92 121.26 1204
C19-C15-C17 108.99 112.48 111.3
H20-C19-H21 107.16 107.24 -
H20-C19-C22 109.77 110.07 -
H21-C19-C22 109.85 109.74 -
(C22-C23-H24 119.49 119.62 -
C22-C23-C27 121.57 121.66 121.2
C22-C25-H26 119.59 119.35 -
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C22-C25-C29 121.59 121.62 121.2
C23-C27-H28 120.90 120.18 -
C23-C27-C31 119.67 119.61 1194
H24-C23-C27 118.94 118.72 -
C25-C29-H30 120.16 120.89 -
(C25-C29-C31 119.63 119.71 119.8
C25-C22-C23 117.67 117.54 118.2
H26-C25-C29 118.82 119.03 -
C27-C31-C29 119.87 119.86 120.3
C27-C31-032 117.51 122.67 122.2
H28-C27-C31 119.43 120.21 -
(C29-C31-032 122.62 117.47 117.6
H30-C29-C31 120.21 119.40 -
C31-032-H33 110.22 110.20 -

Table 3. Calculated values of dihedral angles of the Ala-Tyr dipeptide (in degrees)

Dihedral angles Extended structure Folded structure
H11-N1-C3-C5 (¢ - Ala) -87.44 -139.80
N1-C3-C7-H8 (x1 - Ala) 58.51 -55.86
N1-C3-C5-N13 (¢ - Ala) 155.54 -167.87
C3-C5-N13-C15 (w - Tyr) 169.16 178.87

C5-N13-C15-C17 (¢ - Tyr) -135.34 -157.80
N13-C15-C19-C22 (x1 - Tyr) -64.62 60.48
C15-C19-C22-C23 (x2 - Tyr) 96.17 -92.35
C15-C19-C22-C25 (x3 - Tyr) -83.80 87.78
N13-C15-C17-O34 ( - Tyr) 162.06 171.10

The values for the interatomic distances of the oppositely charged groups of the molecule
(reflecting the distances between the atoms of the functional group) were calculated. The
interatomic distances between the functional groups for the extended and folded structures were
determined as 5.96 and 5.98 A for N1-O18, 7.03 and 7.10 A for N1-O34, 6.63 and 6.23 A for H2-
018, 7.81 and 7.35 A for H2-O34, 6.35 and 6.76 A for H11-O18, 7.46 and 7.98 A for H11-034, 6.10
and 6.10 A for H12-O18, 6.85 and 6.90 A for H12-O34, respectively. These values indicate that
both structures have favorable interactions.

One of the factors that affects the geometry of the molecule are the hydrogen bonds. Therefore,
the intramolecular hydrogen bonds were studied for the Ala-Tyr dipeptide by DFT calculations.
Possible intramolecular hydrogen bonds for the optimized conformations were revealed. The
geometric parameters of the identified intramolecular hydrogen bonds were calculated to
evaluate the stability of the Ala-Tyr conformers in water environment (Table 4). It was
established that in the optimized structures of the dipeptide, the following hydrogen bonds were
formed: between the hydrogen atom of the a-amino group and the oxygen atom of the carbonyl
group of the alanine backbone; hydrogen bonds between the hydrogen atom of the amide group
of the tyrosine backbone and the neighboring oxygen atom of the C-terminal carboxyl group.
Weak hydrogen bonds are formed between the hydrogen atoms of the methyl qroup of the Ala
residue side chain and the oxygen atoms of the backbone carbonyl group and the the C-terminal
carboxyl group in both the extended (HS8 ...06 (3.11 A), H9 ...06 (3.71 A), H9...018 (3.79 A))
and folded structure (H9 ...06 (3.74 A), H10...018 (3.72 A)).
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Table 4. Parameters of strong hydrogen bonds in the optimized structures of the Ala-Tyr dipeptide
DH...A DH (A) H...A(A) D...A(A) /DHA (degrees)
Extended Folded Extended Folded Extended Folded Extended Folded
structure | structure | structure | structure | structure | structure | structure | structure
N1H12 ... 06 (I) 1.04 1.03973 2.00 1.90 2.60 2.56158 114.00 118.38
N13H14 ... O181I) 1.02 1.01872 2.14 2.04 2.63 2.59694 107.69 111.78

Due to resonance interactions, all atoms in the peptide bond should be located in the amide
plane. However, due to the formation of hydrogen bonds between the a-amino group of the
molecule and the hydrogens of the amide group and the oxygen atom of the C-terminal carboxyl
group, the planarity of the amide plane structure is not disturbed for both conformations. To
explain the planarity, the dihedral angles and geometric parameters of the molecule were
analysed. It was found that the calculated value of the C3-C5-N13-C15 rotation angle is 169.160
for the extended structure, and 178.870 for the folded structure, respectively. Due to
stereochemical factors, planarity in the peptide bond is possible only when the dihedral angle w
is close to 180° (trans) since this angle ensures that the atoms of the amide group are located in
the same plane.

Since the calculation of atomic charges is an important aspect of quantum mechanical
calculations, the Milliken atomic charges of the Ala-Tyr dipeptide [13] are also calculated in this
work (Table 5). According to these results, in both the extended and folded structures, the N1
atom of the a-amine group of the molecule, the O6 atom of the carbonyl group, the C7 atom of
the methyl group of the side chain of the Ala residue, the C15 atom of the main chain of the Tyr
residue, the C19 of the side chain of the Tyr residue and the C23, C25 and O32 atoms of the
phenol ring, and the O18 and O34 atoms of the carboxyl group of the molecule carry a large
negative charge. As a result of dipeptide folding, N1 (0.017458 e), H2 (0.003758 e), H4 (0.017416
e), C5 (0.040790 e), O6 (0.022502 e), C7 (0.025101 e), H8 (0.003190 e), N13 (0.070043 e), O18
(0.025461 e), C19 (0.353327 e), H20 (0.011422 e), C23 (0.072390 e), H24 (0.004646 e), C25 (0.293917
e), H26 (0.000639 e), C27 (0.046784 e), C29 (0.014925 e), H30 (0.003329 e), H33 (0.000471 e), O34
(0.014397 e) atoms’ charges have increased, while the charges of C3 (0.118247 e), H9 (0.003619 e),
H10 (0.004692 e), H11 (0.006066 e), H12 (0.001811 e), H14 (0.015084 e), C15 (0.047648 e), H16
(0.005286 e), C17 (0.042414 e), H21 (0.008776 e), C22 (0.729206 e), H28 (0.004338 e), C31 (0.009744
e) atoms have decreased. The largest charge shift in terms of value occurred at the C22 atom of
the phenol ring of the Tyr residue. Since the identified moieties can act as both donors and
acceptors when interacting with receptor residues, these data provide insights into charge
transfer processes.

Table 5. Milliken atomic charges (e) for optimized structures of the Ala-Tyr dipeptide

Atoms Extended structure Folded structure
N1 -0.559525 -0.542067
H2 0.406978 0.410736
C3 0.249169 0.130922
H4 0.213496 0.230912
C5 0.015014 0.055804
06 -0.534900 -0.557402
c7 -0.569213 -0.544112
H8 0.185948 0.189138
H9 0.193558 0.189939

H10 0.186923 0.182231
Hi1 0.416794 0.410728
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H12 0.413417 0.411606
N13 -0.176211 -0.106168
Hi14 0.351833 0.336749
C15 -0.361248 -0.408896
Hi6 0.167002 0.161716
C17 0.448305 0.405891
018 -0.667206 -0.641745
C19 -0.428830 -0.075503
H20 0.152796 0.164218
H21 0.168487 0.159711
C22 0.874414 0.145208
C23 -0.390493 -0.318103
H24 0.127506 0.132152
C25 -0.648227 -0.354310
H26 0.137664 0.138303
C27 0.124641 0.171425
H28 0.142648 0.138310
C29 0.227369 0.242294
H30 0.139932 0.143261
C31 -0.178726 -0.188470
032 -0.568238 -0.568269
H33 0.383940 0.384411
034 -0.645018 -0.630621

The charge distributions are visualized by molecular electrostatic potential (MEP) maps [14, 15].
The positive, negative and neutral electrostatic potential parts for the optimized structures of the
molecule are shown in Figure 2. As can be seen from the MEP, the negative potential parts (the
lowest values for the extended and folded structures are -0.165e. and -0.170e, respectively) are
the most nucleophilic moieties localized on the oxygen atoms of the C-terminal carboxyl group
of the molecule, while the positive potential parts (the highest values for the extended and folded
structures are 0.165e. and 0.170e, respectively) are the most electrophilic moieties localized on the
hydrogen atoms of the a-amino group of the molecule and the atoms of the methyl group of the
alanine side chain. As a result, the O atoms of the COO- group exhibit a strong repulsion, while
the H atoms of the NHs* group and the methyl group of Ala exhibit a strong attraction, and these
sites are of great importance in the biological activity of the molecule.

(a) (2]

Fig 2. Molecular electrostatic potential for the optimized extended (a) and folded (b) structures of the Ala-Tyr dipeptide

88



DFT Study of the Structural and Electronic Features of the ALA-TYR Dipeptide

The electronic parameters of the Ala-Tyr molecule obtained from DFT calculations are given in

Table 6.
Table 6. Electronic parameters and molecular properties of the Ala-Tyr dipeptide

Physical quantities Extended structure | Folded structure

Electronic energy (eV) -23876.079 -23876.082
EHOMO (eV) -6.156 -6.219
ELUMO (eV) -0.573 -0.662
Energy gap AE (eV) 5.583 5.557
Electron affinity A=[-ELUMOQO] (eV) 0.573 0.662
Ionization potential Is[-EHOMOQO] (eV) 6.156 6.219
Global hardness n=(I-A)/2 (eV) 2.792 2.779
Softness 5=1/2n (1/eV) 0.179 0.180
Electronegativity x=(I+A)/2 3.365 3.441
Chemical potential p=-(I+A)/2 -3.365 -3.441
Electrophilicity index w=p 2 /21 2.03 2.13
Dipole moment (Debye) 28.242 25.217

The values of HOMO and LUMO energies are used to obtain information about the chemical
reactivity and kinetic stability of the molecule, and these indicators are considered important
parameters in quantum-chemical calculations [19-19]. As can be seen from Figure 3, in the folded
structure, the HOMO orbitals are localized over the entire molecule except for the a-amino
group of the molecule and the side chain of the Ala residue, and the LUMO orbitals are localized
over the entire molecule except for the atoms of the carboxyl group of the molecule and the O
and H atoms in the phenol ring of the Tyr residue (red color characterizes the negative charge for
the molecule, and green color characterizes the positive charge for the molecule). In the extended
structure, the HOMO orbitals are localized over the entire molecule except for the a-amino
group of the molecule and the side chain of the Ala residue, and the LUMO orbitals are localized
over the N atom of the amide group and the side chain of the Tyr residue. Therefore, while the
HOMO-LUMO transition is observed in the folded structure at the a-amino group of the
molecule, the side chain of the Ala residue, the carboxyl group atoms, and the O and H atoms of
the hydroxyl group of the Tyr residue side chain (this type of transition decreases the
polarization of the molecule and causes an decrease in the dipole moment during electronic
excitation), in the extended structure it is observed on the C* of the main chain of the Tyr residue,
the atoms of the carbonyl and carboxyl groups of the dipeptide. Thus, the HOMO-LUMO
transition is characterized as an electron transition directed from a broadly delocalized donor site
to a more specific, local acceptor center in the extended structure.

Table 6 shows the values of other chemical reactivity descriptors such as ionization potential,
electron affinity, chemical hardness and softness, electronegativity, chemical potential, and
electrophilic index for the molecule. Looking at the energy gap value, we see that both structures
are insulating and rigid molecules (stable), but the folded structure is more reactive than the
extended structure. The higher ionization potential and electron affinity in the folded structure is
explained by the fact that this structure is somewhat less able to donate electrons than the
extended structure, and its tendency to accept electrons (acceptor property) is stronger. The
extended structure is more likely to be a donor. The electrophilicity index (w) is larger in the
folded structure, meaning that the molecule behaves as a stronger electrophile in this
conformation. In the folded structure of the dipeptide, the electronegativity has increased and
the chemical potential has decreased, which means that the tendency of the molecule to attract
electron density has increased. The calculated values of the dipole moment, which characterizes
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the nonlinear optical properties, show that the dipole moment has decreased by 3.025 Debye as a
result of the folding of the dipeptide.

9.
» ag
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AE=5.583 eV J—f 955

9

HOMO LUMO

¢AE=5.557 eV

9
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(b)

Fig 3. HOMO and LUMO molecular orbitals for the optimized extended (a) and folded (b) structures of the Ala-Tyr dipeptide

4. CONCLUSION

In the research work, the geometric and electronic properties of the extended and folded
conformations of the Ala-Tyr dipeptide were studied using DFT/B3LYP/6-31+G(d,p)
calculations. The results showed that this molecule is stabilized by both non-valent and
electrostatic interactions, as well as intramolecular hydrogen bonds. During peptide chain
folding, a redistribution of electron density is observed within the molecule. Analysis of the
HOMO and LUMO orbitals revealed that the mechanisms of electron transition between the
extended and folded structures are different in nature, and it was established that the dipole
moment of the molecule decreases upon charge shifts by the folding of peptide chain. A
significant decrease in the dipole moment upon folding indicates that the interaction of the Ala—
Tyr dipeptide with the environment is strictly conformation-dependent. Overall, the obtained
results provide a deeper understanding of the structure-activity relationship of the Ala-Tyr
dipeptide, as well as an explanation of its biological activity and behavior as an ACE inhibitor at
the atomic and electronic levels. These results can be used as a theoretical basis for the future
development of similar bioactive peptides and functional food additives.
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1. INTRODUCTION

As it is known, the inclusion of nanoparticles in a small amount of polymer allows its physical
properties to be improved, its life to be extended. The properties of modified polymer
nanocomposites are related to the compatibility and distribution of their components.
Meanwhile small amount of nanoparticles acts as a crystallization center. As the amount of
nanoparticles increases they accumulate in the amorphous part of the polymer, which leads to
changing amorphous and crystalline states in the polymer to create a separate structure in the
polymer environment [1, 2].

It should be noted that depending on the nature, size and distribution of nanoparticles, the
resulting polymer nanocomposite can be electroconductive, antistatic or dielectric. In this
connection the study of the nanocomposite properties obtained by adding metal oxide
nanoparticles to polyethylene is of particular interest [3, 4]. The change in the physical properties
of polyethylene materials by nanoparticles is mainly due to two reasons: nanoparticles act as a
source of structuring and the nanocomposite interphase layer has a large number of charge traps
with different activation energy. This work deals with the polymers asa high-density
polyethylene (HDPE) matrix and (HfO2) hafnium oxide nanoparticles, having improved physical
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parameters, such as high chemical and thermal stability, large band gap, high permittivity as
well. We suppose that these distinctive properties of HfOacontent should be reflected in the
properties of HDPE+HfO:modified polymer nanocomposites. Metal oxide nanoparticles play a
very important role in many areas of physics and material science [5, 6].

In terms of PE electrical properties as a non-polar polymer is a high-quality, high-frequency
dielectric; permittivity and dielectric loss tangent vary only slightly under the changes in the
electric field frequency, temperature within minus 80°C up to 100°C and humidity. However,
catalyst residues in HDPE increase the dielectric loss tangent, especially with the temperature
change, which leads to some deterioration of insulating properties. Therefore to improve both
the structural, electrostatic and physical properties of polyethylene, we use hafnium metal
nanooxide as an addition.

In modern literature, despite the large number of published works on materials based on
hafnium nanooxide, HDPE/HfO: — based nanocomposites have not been practically studied.
HfO: hafnium dioxide properties determine its use in many fields of science and technology.
Thus in microelectronics, due to its wide band gap, high permittivity, and low leakage currents,
HfO: is considered to be alternative dielectric to replace the traditionally used silicon dioxide
SiO2. HfO:is also used as a surface coating for optical fibers and dielectric mirrors of ultraviolet
lasers.

Our research is dedicated to the change in HDPE/HfO: nanocomposite structure, dielectric,
electret and thermal properties under the influence of ETP process as a result of polarization
processes occurring at the interface. Modified polymer nanocomposite dielectric properties are
closely related to the behavior at the interface between nanoparticles and polymer matrix [7, 8].
Many polymer nanocomposites based on metal oxide nanoparticles have a high permittivity and
thus a huge potential for using in modern microelectronics to develop new capacitors for energy
storage, gates in MOSFETs, memory cells, supercapacitors and etc. [9].

As it is known polymers and nanocomposite materials obtained on their basis after exposure to
external constant electric field at sufficiently high temperatures are polarized and have electret
properties. The main characteristics of the electret material are the magnitude of electric charge
and its stability. To meet the need for electrets with these characteristics more sophisticated and
comprehensive study of their thermal properties is required [10-12]. Recently the acquisition and
study of new nanocomposite materials by introducing nanoparticles into both low-density and
high-density polyethylene yield better results (DSC, SEM) that are of particular importance from
practical and scientific standpoint.

1. EXPERIMENTAL PART:
1.1. Materials

HDPE polyethylene granules (SOCAR, “Azerikimya” Production Union “Etilen-Polyethylene”
plant, 15803-020), CCls organic solvent (Code 141245, 99.5%, CAS Common Chemistry-P.L.C);
hafnium oxide (HfO2) nanoparticles, size 10-20nm, Luoyang Tongrun Info Technology Co., Ltd.
China, CAS 12055-23-1, 99%).

1.2. Synthesis of polymer nanocomposites

HDPE/HfO: polymer nanocomposites have been obtained as follows: polyethylene granules are
dissolved in 60 ml of organic solvent as carbon tetrachloride (CCls)at T=70°C. HfO:nanoparticles
are added to the polymer solution of various content and mixed for 8 hours until the
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homogeneous mixture is prepared. The mixture is transferred to Petri dish and dried in the
vacuum oven for 24 hours. Then nanocomposite thin films are produced from these samples by
hot pressing at polyethylene melting temperature and pressure 15MPa for 10 min. After hot
pressing the films are cooled in water. Cooling rate of nanocomposite films is 20deg/min. Film
thicknesses is 90-105 um (Fig 1).

Polyme<natrix
0%.°
8h '@ Vi
) 090
2 HDPE/HfO, e
nanocomposite . s

sample
Nanoparticles

SEM image of HDPE/HfO2 nanocomposite

Fig.1 Synthesis scheme of HDPE/HfO: nanocomposites

1.3. Nanocomposite Characterization

X-ray diffraction studies of nanocomposites have been performed on D2 Phase X-ray diffracto-
meter in reflection mode (Bragg-Brentano geometry) using Cu-ka radiation (average wavelength
A=1.5406A, nickel p-filter). Diffraction pattern registration is carried out in continuous mode in
the range of angles 20 = 5-80°.

SEM analysis of nanocomposites is made on scanning electron microscope JEOL JSM 6610-LV at
accelerating voltage 30 kV.

Polymer nanocomposites undergo electrothermopolarizaton (ETP) by using external electric
field strength 7-10°+12-10°V/m at T=100°C and then cooling down to room temperature for 1
hour. Electret characteristics have been measured on EFPM-1 device.

Differential scanning calorimeter (DSC) data are obtained on heat flux calorimeter NETZSCH
DSC 204 F1 Phoenix by analyzing melting and crystallization thermograms. The investigations
are carried out with heating rate 10 deg/min at T=20+180°C. Experimentally obtained DSC curves
represent the dependence of heat flux (m]/s) on temperature. Heating in nitrogen atmosphere at
the predetermined rate according to the controlled program is taken place and the heat flows of
the reference and the material under consideration are compared during the measurement
process.

3. RESULTS AND DISCUSSION

The following mechanisms can be used to improve the electret properties of nanocomposites: 1.
Change in supramolecular structure due to the addition of HfO: nanoparticles to HDPE, as well
as the appearance of various local centers of polarized and specific charges; 2. Oxidation of free
radicals and polymer chains in nanocomposites obtained by the method of hot pressing at high
temperature (close to melting temperature of matrix). Oxidative-destructive processes may at
times break the non-polarity of polymer matrix. When oxygen-binding groups are formed in the
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polymer chain along the macromolecule, polar regions arise, which in turn leads to the formation
of dipole-orientational polarization to improve nanocomposite electret properties. This
mechanism is connected with the migration polarization of HDPE/%wt. HfO: heterogeneous
system. It determines the existence of electrets over a period of months and even years.

While investigating electret properties of polymer nanocomposites [13-15,21-23] one can
conclude that there is a very broad relationship between the physical and chemical structure of
polymers and the size of collected charges. It is shown that the change of polymer electret
properties is primarily influenced by trap structures. Therefore the stability and amount of
charges captured by the traps are largely defined by the polymer supramolecular structure
peculiarities.

The crystal structure, size and orientation of HfO:xnanoparticles and HDPE (Fig. 2.a) are
investigated by X-ray diffraction (XRD) method. X-ray diffraction pattern shows that the
nanoparticles have a polycrystalline monoclinic phase. The observed data are in good agreement
with the standard JCPDS card no: 06-0318. In Fig. 2.b there have been shown X-ray diffraction
spectra of HDPE and PE/HfO: - based polymer nanocomposites. Analysis of X-ray diffraction
spectra reveals (Fig. 2.b) that the partial narrowing of diffraction peak half-width due to hafnium
oxide (HfO2) may be associated with the increase ofbond intensity in final nanocomposites [16-
20,24].

The nanocomposite matrix demonstrates that X-ray diffraction peak intensity increases as HfO:
nanoparticles are incorporated into HDPE matrix.

X-ray spectrum of HDPE/HfO: nanocomposite shows that as the concentration of HfO:
increases, peaks are observed in X — ray spectrum at an angle of 26for HDPE:21,59° (110), 23,98°
(200); HDPE/3%Hf02:28°(111),31,89° (111), 34,93° (020), 36° (200), 41,06°(102), 49,97°(022),50,82°
(220), 54,69° (300), 56° (221); HDPE/5%Hf02:28,6° (111), 31,5° (111), 34,48° (020), 35,5° (200), 41°
(102), 49,6° (022); 50,5° (220), 54° (300), 5589° (211), 60° (131), 63,3°(113) 66°(331);
HDPE/7%HfO.:24°(011), 28,63° (111), 31,7° (111), 34,5° (020), 35,6°(200)38,9° (021), 41,2° (102),
49,7°(022), 50,7° (220), 54,6° (300), 56° (221), 60,5°(131), 63°(113), 66°(331)respectively, that
assumes the typical structure of orthorhombic HfO:. Sharp and very intense X-ray peaks indicate
that the materials under investigation are the nanocomposites characterized by HDPE
semicrystalline structure.

The average particle size of resulting HDPE/HfO: nanocomposites is calculated using Debye-
Scherrer equation. Debye-Scherrer equation is the most simple way to determine particle size:

KA
Bcos 9(3)

D=

where D is the particle size, A = 1.5406 A, B is the peak width at half maximum, 0 is the
diffraction angle (in radians), K is the constant approximately equal to 0.9. With increasing filler
content, the diffraction intensity of HDPE/HfO: phases decreases.
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Fig.3 DSC curves heat flow (a) and cooling (b) of pure HDPE, HDPE/HfO: nanocomposites

HfO: metal oxide-containing nanoparticle used in this work is located in the interphase layer of
HDPE structural elements and causes the formation of heterogeneous centers of crystal
formation in the nanocomposite alloy that leads to the growth of the crystallization center during
the nanocomposite cooling process [25-34]. To determine the thermal stability of HDPE/HfO»-
based polymer nanocomposites, the tests are carried out using the differential scanning
calorimetry (DSC) method. In Fig.4 and Fig.5 there has been shown the thermal stability of
nanocomposite materials of polyethylene and HDPE/HfO: nanocomposites depending on HfO:
particle concentration. These maxima can break old bonds and form new ones, as well as can
change the molecular mass in HDPE/HfO: nanocomposites. This means that the interaction of
polymer matrices with the nanoparticle charged surface leads to the formation of polymer
nanoparticle nearby the nanoparticle surface and it is this interfacial nanoparticle that determines
the maxima.

Having determined the fusion heat it is possible to calculate the degree of crystallinity of the
nanocomposite under study (Table 1). Since the cooling process in the calorimeter is slow, the
amount of crystalline phase formed in this case is significantly less than in the process of starting
material production [35-37]. It should be noted that there is a slight decrease in the melting
temperature of the polymer nanocomposite, which can be explained by partial decrease in the
chain length and a greater mobility of the polymer molecules, respectively.
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Table 1. Results of DSC analysis of heat flow and cooling

Sample Tm, °C | Tc, °C | Melting enthalpy, AH, J/g | Degree of nanocomposite crystallinity, %
HDPE 107,8 92 39,47 31,57
97%HDPE/3%HfO, 106,3 92,1 50,24 36,38
95%HDPE/5%H{O: 106,5 92,3 44,48 36,44
93%HDPE/7%HfO: 107,7 92,3 46,16 40,76
90%HDPE/10%HfO: 106,8 91,5 46,59 31,57

As the mobility of polymer chains increases, the melting temperature decreases that is observed
in the experiment. The observed decrease is slight and should not lead to significant change in
polyethylene physical properties. For HDPE/HfO: - based polymer nanocomposites the degree
of crystallization at all HfO: nanoparticle concentration in the polymer increases and reaches
maximum value at 7%wt. In Table 1 there have been presented the results of DSC analysis of
experimental samples. The obtained data can be explained by the fact that the filler particles are
distributed throughout the matrix and can be heterogeneous crystallization centers. Given
results are confirmed by SEM spectra.

Fig.5SEM-EDSimages of HDPE/5%HfO:polymer nanocomposite before (a) and after (b) ETP
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SEM and SEM-EDS analyses are used to characterize the surface morphology of HDPE/HfO:
nanocomposites. In Fig.4 micrographs of HDPE/HfO: are shown. The surface morphology of
nanocomposites before ETP is rough and phase-separated. After ETP the nanocomposite surface
has a smooth and controlled morphology [38-43].

The morphology of samples and distribution of HfO2 nanoparticles throughout the volume of
the polymer matrix have been studied by scanning electron microscope (SEM) and energy
dispersive spectrum (EDS) (Fig.5. a. b). It is also shown from EDS element analysis (Fig.5. a. b)
that obtained nanoparticles are hafnium oxide ones. Fine crystalline particles can be observed on
the surface in Fig.5. a.b. Based on SEM images, it can be stated that HfO2 nanoparticles are
evenly distributed and aggregated the polymer matrix surface.

CONCLUSIONS

It is established that incorporating 3-10 wt.% of HfO, enhances the physical properties of the
HDPE/HfO, nanocomposite by inducing significant structural modifications in the polymer
matrix. SEM analysis reveals a high density of specialized structural groups and improved
interfacial regions on the surface and within the bulk, which contribute to the high stability of the
electret state. XRD and DSC data indicate that the introduction of HfO, nanoparticles leads to a
redistribution of the amorphous and crystalline phases. Specifically, the observed decrease in
permittivity is attributed to the partial dissolution or reorganization of the polymer’s crystalline
phase. Furthermore, the DSC results suggest that a portion of the HDPE matrix adsorbed onto
the HfO, nanoparticle surfaces undergoes localized crystallization, creating a more complex
interphase.
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1. INTRODUCTION

Gallium monoselenide is a red (turquoise) layered crystal with a wide range of applications,
which has been studied since the fifties of the last century. The GaSe crystal melts at a temperatu-
re of 1260 K and its density is 5.03 g/cm?® The GaSe layered single crystal is an ATBV! type semi-
conductor with a bandgap width of ~ 2 eV. Between the atoms Se-Ga-Se-Ga in the layers there is
an ionic-covalent bond and a weak Van der Waals bond between the layers [1]. The layered
nature of the crystal leads to strong anisotropy of the refractive index, electrical conductivity,
thermal conductivity, mechanical and optical properties, a large ionic radius, and at the same
time to the intercalation of impurity atoms with photoluminescence properties between the
layers. The high value of birefringence makes it possible to fabricate laser emitters in the infrared
and terahertz regions of the spectrum from GaSe crystals [2+4]. Epitaxial heterojunctions have
been made using the layered structure of a GaSe single crystal as a buffer layer [5].

A characteristic feature of the GaSe crystal is that its p-type electrical conductivity does not
change even when alloyed with various chemical elements and its microhardness increases
when alloyed with Al, Ag, In atoms. Only the replacement of S atoms with Se atoms is unlimited
and has a strong effect on its electrical and mechanical properties. Thus, as a result of such
substitutions, the resistivity of the GaSe crystal varies in the range of 10=+10° Ohm-cm at room
temperature [6]. The reason is the formation of structural defects in a large concentration during
the synthesis of the solid solution. To change and control the electrophysical properties of the
crystal, not only dopant atoms are used but also the effect of radiation rays of various nature and
energy.
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High-energy radiation (electron, neutron, ion beam) is used to create radiation defects that affect
the electrophysical and optical properties of crystals, including layered crystals and even change
the type of crystal. In recent decades, low-dose radiation has been used to affect the electronic
and photoelectric properties of GaSe layered crystals [7-8].

2. EXPERIMENTAL PART

The authors [9] irradiated GaSe crystal with electrons with an energy of 4 MeV to change and
control its electrophysical properties. The process was carried out at a temperature of T=300 K, at
integral flux values of 1,3-107cm?, 1,5-10”cm? and 2,8-107cm? in the Electron Beam Facility- 4
(EBE- 4) accelerator. During the research, sample plates with linear dimensions of 1x1 cm? and a
thickness of 400+800 um were used. These samples were exposed to different radiation doses of
1.5:10Vem? and 2.8-10"cm? In atoms were applied to prevent heating in ohmic contacts.
Electrophysical parameters were measured by the Van der Pauw method in the Ecopia HNS
device, in the temperature range of 90+350 K. The electrophysical parameters of the sample were
measured using the Van der Pauw method in an Ecopia HNS device, in the temperature range of
90+350 K.

It has been established that when a GaSe crystal is irradiated with a low-dose (©<2.8-107cm?)
electron beam, the concentration of free holes decreases. In this case, the activation energy varies
in the range of 300+450 meV which is determined by the temperature dependence of the hole
concentration. The temperature dependence of the hole concentration in layered GaSe single
crystals exposed to radiation at different doses is shown in Figure 1. As can be seen from the
graph, at low values of radiation (curves 2 and 3), a decrease in the hole concentration is
observed and with a subsequent increase in the radiation dose an increase is observed. With a
further increase in the radiation dose, if the concentration of radiation defects exceeds the
concentration of chemical impurities, a compensation process occurs in the crystal [7]. Otherwise,
a sharp increase in the hole concentration is observed (curve 4).

It can be assumed that a further increase in the radiation dose would lead to a decrease in the
concentration. However, the opposite was observed in the layered GaSe single crystal. It seems
that the reason for the current anomaly is the layered structure of the crystal.
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Figure 1. Temperature dependence of the concentration of free holes in a crystal GaSe:
O=0; ©=1,3-10Ycm?; P3=1,5-10"cm?;, O+=2,8-107cm?2.
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Thus, a similar phenomenon is not observed in other crystals. The results of many studies show
that the same processes are observed when a current is passed along the layers of a GaSe crystal
irradiated with electrons and in a direction perpendicular to the surface [8, 9].
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Figure 2. Temperature dependence of the mobility of free holes in a GaSe crystal in a given radiation dose:

O=0; P=1,3-10"cm?; O3=1,5-10"cm?; Pe=2,8-10Vcm?
The temperature dependence of the electrical conductivity of the GaSe crystal (Fig. 3) shows that
at small doses of electron flux (P=1,3+1,5-10"7cm?) the electrical conductivity partially decreases.
This is due to the fact that newly formed radiation defects are compensated by the inherent
defects of the crystal. An increase in the radiation dose led to a further increase in the electrical
conductivity. The same increase was also recorded in GaSe crystals doped with various metal
atoms.
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Figure 3. Temperature dependence of electrical conductivity of a GaSe crystal in a given radiation dose:
O1=0; P=1,3-10"cm?, P3=1,5-10"cm% D+=2,8-10"cm’2.

3. ANALYSIS OF RESULTS

The dependence of the concentration of charge carriers, their mobility, and the overall electrical
conductivity of GaSe layered single crystals versus dose of electron irradiation, as well as versus
temperature has been studied. The decrease in the concentration of holes at low doses of
irradiation can also be explained by the formation of donor-type radiation defects in the crystal
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under the influence of irradiation [5]. Another reason for the decrease in the concentration is the
compensation of Frenkel defects by the migration of defects formed in the crystal during
synthesis and growth of the single crystal under the influence of low doses of electrons [10]. At
high values of the irradiation dose (©=2,8-10"7cm?), the degradation process in the crystal leads to
an increase in the concentration of holes, which leads to a violation of high order.

When irradiating a GaSe crystal at a small dose (®=1,3-10"cm?), it leads to the formation of an
ordered structure and an increase in the mobility of charge carriers (Fig. 2, curve 2). A further
increase in the radiation dose leads to a decrease in the mobility due to the formation of radiation
defects (curves 3,4). Like other semiconductor crystals, the electrical conductivity of the GaSe
crystal also depends on the concentration of charge carriers. However, since the electrical
conductivity depends more on the concentration than on the mobility, the electrical conductivity
of samples irradiated at a small dose (Fig. 3, curves 2 and 3) decreases sharply compared to the
unirradiated sample (as a result of compensation).

When the radiation dose is increased, as a result of the disordering of the crystal, the
concentration of charge carriers increases sharply and the mobility decreases [10, 11].

Thus, summarizing the results of the study, it can be concluded that, depending on the type of
crystal, growth technology and irradiation mechanism at low doses of irradiation a
compensation phenomenon occurs in the crystal accompanied by high order (increase in
mobility) and defect migration [12, 13]. A continuous increase in the irradiation dose leads to a
decrease in the mobility of charge carriers and an increase in their concentration.
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The main objective of the research is to analytically generalize the experimental results
of the dynamic and kinematic viscosity, as well as the density, of the "Khachmaz”
thermal water from the Khachmaz region of Azerbaijan at various temperatures. As a
result of the scientific studies conducted by us, the data obtained from the “Stabinger
SVM 3000 viscometer for dynamic viscosity () and kinematic viscosity (v), and from
the experimental setup operating on the vibrating-tube densimeter method for the
density (p) of the thermal water, were used in this work.

Then, based on the experimental results of the “Khachmaz” thermal water obtained
under the same temperature conditions in the n—-p and v—p coordinate systems
determined using polynomial equations, the dependencies 1 = f(p) and v = f(p) were
proposed in the article. The polynomial coefficients were calculated from the
experimental data using the least squares method and are presented in a table.
Considering the proposed equations and polynomial coefficients, it is possible to
calculate the values of the dynamic viscosity (n) and kinematic viscosity (v) of the
“Khachmaz” thermal water from the Khachmaz region of Azerbaijan at different
temperatures within the experimental error range.

1. INTRODUCTION

As a result of various geological and volcanic processes, thermal waters that reach the Earth’s
surface at high temperature and pressure by utilizing the planet’s natural heat are widely used as
alternative energy sources. The extraction of heat from geothermal sources was first
implemented in Italy in 1904. Later, various facilities were constructed in New Zealand, Japan,
the Philippines, and the United States for the production of geothermal energy. For instance,
about 95% of the heating system in Reykjavik, Iceland, is supplied by geothermal energy.

There are various geothermal technologies with different levels of development that are widely
used in central heating plants, heating systems, and other application areas. The technology of
generating electric power from naturally permeable hydrothermal reservoirs is also considered
reliable. At present, most of the geothermal power plants operating worldwide are based on dry
steam turbines or “flash” systems (single, double, or triple flash) and are used for hot water
sources with temperatures above 180°C. In addition, new technologies such as “Enhanced
Geothermal Systems (EGS)” which are in the development stage are also being advanced [1].

According to data from the UN Commission on Global Warming, the Earth’s surface
temperature has risen by 3°C over the past 170 years. The continuation of this process poses a
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global warming threat to the planet. Currently, the accelerated melting of Alpine glaciers, the
annual rise of ocean (sea) levels by 1+2 mm-amounting to 1020 cm over the past 100 years and
the 0.3°C increase in the temperature of tropical seas since 1994 all serve as evidence of this
phenomenon [1-3].

At present, geothermal energy is one of the least utilized alternative energy sources in the world.
However, as the quantity of conventional energy resources decreases and their prices continue to
rise, the demand for alternative energy sources is increasing, which will lead to a wider use of
geothermal energy. Currently, in many developed countries, geothermal energy is primarily
used for power generation (by driving turbines with geothermal steam) and for domestic heating
systems as a source of hot water.

In order to utilize thermal waters as alternative energy sources, it is essential to study their
properties. One of the primary requirements is the chemical analysis of the waters and the
investigation of the geological structures of the areas where these waters emerge. In addition, the
study of key thermophysical parameters such as dynamic and kinematic viscosity, as well as
density that determine the thermal properties of these waters is also of great importance.
Significant scientific research has been carried out worldwide by scholars in this field.

By making extensive and efficient use of thermal and mineral waters, it is possible to establish
many new sectors in our country, such as mineral water bottling plants, chemical and energy
industries, medical and health facilities, as well as tourism and recreational centers. This would
have a positive impact on the employment of the workforce in the country. As a result, the
problem of unemployment could be partially alleviated, catering establishments would expand,
and agricultural sectors would develop to meet the food demands of tourists.

In Azerbaijan, significant work has been carried out in this direction over the past 21 years. The
Republic of Azerbaijan confirmed its target regarding alternative and renewable energy sources
as early as 2004 [2]. Among these renewable energy sources are geothermal energy resources,
which are derived directly or indirectly from chemical substances, hot water, and steam
generated by heat accumulated at various depths of the Earth. Geothermal energy can also be
used for heating and cooling purposes or for the production of clean electricity. The role of
thermal waters as underground heat energy accumulators, as well as their high thermal energy
capacity, highlights their special importance among renewable energy sources.

Although the Republic of Azerbaijan is rich in thermal water resources, only a very small portion
is currently utilized. Depending on usability, as well as geostructural and hydrogeothermal
conditions, the country’s thermal resources are concentrated in the following regions: Greater
Caucasus, Absheron Peninsula, Caspian-Quba, Kura-Araz Lowland, Lesser Caucasus, Talysh-
Lankaran, Jalilabad-Zar, Shamakhi-Gobustan, Aghinokhur-Kur interfluve, and Nakhchivan
hydrothermal zones. Although the total reserve of these thermal regions amounts to 249,000
m?/day, the majority of these resources are used for therapeutic purposes [3-5]. The temperature
of Azerbaijan’s mineral waters ranges from 4°C to 65°C, which applies only to natural water
sources. In addition, geothermal waters with temperatures reaching up to 95°C have been
extracted through deep drilling in the country.

In Azerbaijan, there are more than 200 underground, thermal, mineral, and drinking water
resources enriched with various minerals, with a total capacity exceeding 100 million liters per
day. Significant scientific research in this field has also been conducted in Azerbaijan over a long
period [1-8]. The country’s thermal water sources, including their chemical composition and

106



Generalization of Experimental Data on the Viscosity and Density of the “Khachmaz” Thermal Water of the Khachmaz Region of Azerbaijan

related characteristics, have been studied to a considerable extent. Nevertheless, the
thermophysical properties of these thermal waters remain relatively under-researched [6-8].

2. RESEARCH METHODOLOGY

The Khachmaz district of Azerbaijan is rich in valuable thermal energy resources, encompassing
all types of waters, including carbon dioxide—carbonate, carbon dioxide—chloride, and hydrogen
sulfide—sulfate waters. The diverse chemical composition of the district’s thermal waters, their
high therapeutic properties, and the favorable geographical location of the area provide a solid
foundation for the use of these thermal waters for medical treatments as well as for various
sectors of the national economy.

The main objective of this study is the analytical generalization of the experimental results of the
dynamic viscosity (1)), kinematic viscosity (v), and density (o) of the “Khachmaz” thermal water
from the Khachmaz district of Azerbaijan at various temperatures.

The dynamic and kinematic viscosities of the “Khachmaz” thermal water from the Khachmaz
district have been studied experimentally. The main objective of these investigations is to reveal
the potential of alternative energy resources in the northern regions of Azerbaijan.

The experiments were conducted using the Stabinger SVM 3000 viscometer (Figure 1). The
device features a very compact design, ease of use, and high accuracy (0.1+0.35%). Its main
operating principle is based on the constant rotation of a tube inside the device. The substance
under investigation is filled into the tube, which is equipped with a coaxial rotor. The friction
between the tube and the sample inside forces both the sample and the rotor to rotate.

Figure 1. Internal structure of the Stabinger SVM 3000 viscometer.

When there is no resistance, all three components rotate at the same speed. It should also be
noted that a magnet inside the rotor acts as a brake. The magnetic field generated around the
magnet creates eddy currents. These currents extract energy from the rotor, causing it to
experience a braking effect. As a result, a difference arises between the speeds of the tube and the
internal rotor, which is characterized as viscosity [7].

During the experiments, the dynamic and kinematic viscosities of the “Khachmaz” thermal
water were measured. The thermal waters were collected directly from their source areas and
prepared for testing through various chemical purification procedures. To ensure measurements
were performed under conditions as close as possible to those at the Earth’s surface, all dissolved
gases and air in the thermal water were removed, and natural samples were also used.
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The experiments were carried out in the temperature range of T = 278.15+343.15 K and at
atmospheric pressure. Since the Stabinger SVM 3000 viscometer allows simultaneous
measurement of dynamic viscosity and density, the device automatically calculates the
kinematic viscosity v (m?/s) using the following relation for viscosity:

y=1 )
Yo,

Here, 1 is the dynamic viscosity (Pa-s) and g is the density (kg/m?).

The density of the “Khachmaz” thermal water was measured at atmospheric pressure (p =0.101
MPa) within the temperature range of T =278.15+343.15 K.

3. RESULTS AND DISCUSSION

The experimental values of the dynamic viscosity (1)), kinematic viscosity (v), and density (o) of
the “Khachmaz” thermal water from Azerbaijan are presented in Tables 1 and 2:

Table 1. Experimental values of dynamic viscosity 1 (Pa-s) and kinematic viscosity v (m?/s) of the “Khachmaz” thermal
water from Azerbaijan at various temperatures under atmospheric pressure.

T/K n v
278,147 1537,60 1,53195
288,147 11780,0 1,17484
298,150 937,70 0,93778
313,152 713,16 0,71619
328,153 559,22 0,56528
343,152 421,66 0,42977

Table 2. Experimental values of the density p (kg/m?3) of the “Khachmaz” thermal water from Azerbaijan
at various temperatures under atmospheric pressure.

T/K p/ kq/m?
278,15 1003,80
288,15 1002,80
298,15 1000,54
313,15 995,80
328,14 989,10
343,16 981,20

The temperature dependence of the dynamic viscosity, kinematic viscosity, and density of the
“Khachmaz” thermal water from Azerbaijan is shown in Figures 2—4. As seen from Figures 24,
the dynamic and kinematic viscosities, as well as the density of the “Khachmaz” thermal water,
exhibit the same trend as the temperature dependence of the dynamic and kinematic viscosities
of pure water, decreasing significantly with increasing temperature.

The figures also show that the experimental values of the dynamic viscosity (n), kinematic
viscosity (v), and density (0) of the investigated thermal water are higher than those of pure
water, which constitutes the main component of thermal waters [9,10]. Based on the analysis of
the chemical composition of the “Khachmaz” thermal water, it can be concluded that these
differences are due to the presence of numerous chemical elements in the sample [4]. Therefore,
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dissolved chemical substances, gases, and air influence the dynamic viscosity and density of the
thermal water, resulting in higher viscosity and density compared to pure water.

The dynamic and kinematic viscosities of the “Khachmaz” thermal water from Azerbaijan have
been described as polynomial functions of temperature as follows:

n=YoaT" )
v = ibiTi 3)
i=0

Here, a;and b;are the coefficients of the polynomials. The values of these coefficients, calculated
using the least squares method, are presented for the investigated thermal water in Table 3.

Table 3. The coefficients a;and b;in equations (2) and (3) representing the polynomial temperature dependence of the
dynamic and kinematic viscosities of the “Khachmaz” thermal water from Azerbaijan.

ai bi

a0-527.256774 bo-530.37865

m=- 6.208266 bi-- 6.249937
12-0.027522 1-0.027726
ax-0.543113-10* bs-- 0.547516-10*
a4-0.402-107 bs-0.405-107

Considering equations (2) and (3) and the polynomial coefficients (Table 3), it is possible to
calculate the dynamic () and kinematic (v) viscosities of the “Khachmaz” thermal water at
various temperatures within the experimental error range. These equations also allow for the
interpolation and extrapolation of dynamic (1) and kinematic (v) viscosity values beyond the
measured experimental data.
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Figure 2. Temperature dependence of the dynamic viscosity 1 (Pa-s) of the geothermal waters from the Khachmaz
district of Azerbaijan: (0, “Khachmaz”; --4--, Water [9]).

109



M. M. Bashirov, N. D. Nabiyev, A. M. Namazova, N. S. Rzayev

0.2

278 298 318 338
T/ K

Figure 3. Temperature dependence of the kinematic viscosity v (m?/s) of the geothermal waters from the
Khachmaz district of Azerbaijan: (e, “Khachmaz”; --4--, Water [9]).
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Figure 4. Temperature dependence of the density (p) of the “Khachmaz” thermal water from the
Khachmaz district of Azerbaijan: (¢, “Khachmaz”; --A--, Water [10]).

Based on the experimental results (Tables 1 and 2) and using the data of the “Khachmaz”
thermal water obtained under the same temperature conditions in the -0 and v—o coordinate
systems, the following polynomial equations were proposed in the article to describe the
dependencies 1) = f(0) and v = f(0):
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(4)

S
I

M- 104

—
Il
o

>

b; - p! )

Here, a;and bjare the polynomial coefficients calculated from the experimental data using the

least squares method and are presented in Table 3.

Table 4. Values of the coefficients a;and bjfor the “Khachmaz” thermal water from Azerbaijan, obtained from equations (4) and (5).

ai bj
ao -0.224957-10° bo -0.223394-106
ai 0.597108- 10*° b1 0.592956- 10+3
a -0.431975- 103 b2 -0.428976
as -0.027641 bs -0.274363- 104
a4 0.874658 -10+ bs 0.868507-107

Considering equations (4) and (5) and the polynomial coefficients (Table 4), it is possible to
calculate the dynamic (1)) and kinematic (v) viscosities of the “Khachmaz” thermal water at
various temperatures within the experimental error range. These equations also allow for the
interpolation and extrapolation of dynamic (1) and kinematic (v) viscosity values beyond the
measured experimental data.

10.

REFERENCES

Tagiev LI, Ibragimova L.Sh., Babaev A.M. (2001) Resources of Mineral and Thermal Waters of Azerbaijan, Baku,
Chashioglu, 168 pp.

The State Program on Use of Alternative and Renewable Energy Sources in Azerbaijan Republic (approved by the
order of the President of the Azerbaijan Republic, no. 462 dated October 21, 2004)

Ibrahimova, 1.5h, Babayev, A.M. (2000) Scientific basis for the preparation of the cadastre of mineral waters of
Azerbaijan. In: Proceedings of the 3rd Republican Scientific-Technical Conference// Mineral Resources of
Azerbaijan, Forecasting of Promising Areas and New Research Methods. Baku, pp. 98-100.

Namazova, A.M. (2017) Economic-geographical studies of the thermal and mineral water resources of the Greater
Caucasus// Dissertation for the degree of Doctor of Philosophy in Geography, Baku, 158 p.

Namazova A.M. (2016) Thermal and mineral water of Guba- Khachmaz economic region, their rational use
opportunities// Proceedings of young scientists. No. 13, pp.61-68

Bashirov M.M, Shahverdiyev, A.N, Nabiyev N.D. (2013) Thermo-physical properties and measurement methods
of geothermal energy sources in the Khachmaz district of the Republic of Azerbaijan// Scientific Publishing, Baku,
Azerbaijan, 190 p.

N.D.Nabiev. (2011) Study of thermal-physical properties of geothermal energy resources of the Khachmaz region
of Azerbaijan// Dissertation submitted for the degree of Doctor of Philosophy in Engineering, Baku, 177 p.
N.D.Nabiev, M.M.Bashirov, ].T.Safarov, A.N.Shahverdiyev, E.P.Hassel. (2009) Thermodynamic properties of
geothermal energy resources (Khachmaz Sabir-Oba) of Azerbaijan// Journal of Chemical and Engineering data,
Vol. 54,No.6.

Sengers J.V., Kayser R.F., Peters C.J., White Jr. HJ. (eds.) (2000): Equations of State for Fluids and Fluid Mixtures,
Amsterdam: Elsevier Science, 928 p.

Wagner W., Prufs A. (2002) The IAPWS formulation 1995 for the thermodynamic properties of ordinary water
substance for general and scientific use // Journal of Physical Chemistry Reference Data, vol. 31, pp. 387-535.

111



JOURNAL OF BAKU ENGINEERING UNIVERSITY - PHYSICS
2025. Volume 9, Number 2 Pages 112-120

UDC:539.219.3;358.931-405
DOI: https://doi.org/10.30546/09081.2025.002.1034

INFLUENCE OF Gd DOPING ON THE THERMOELECTRIC
AND MAGNETO-TRANSPORT PROPERTIES OF SnSe

T.A.JAFAROVY, O.M.HASANOV?, J LHUSEYNOV?, Kh. A ADGOZALOVAY,
G.A.GARASHOVAY, L.I.ABBASOV?
1Azerbaijan State Pedagogical University
AZ-1000, Baku, Uz. Hajibeyli Str.68, Baku, Azerbaijan
jahangirhuseynov1958@gmail.com

2Azerbaijan State Oil and Industry University
Az-1010, Baku, Azadlhq Avenue 20, Azerbaijan
ibrahimabbasov179@gmail.com

ARTICLE INFO ABSTRACT
Article history: This work presents the results of synthesis and investigation of solid
Received:2025-06-01 solutions in the Gd.Sni~Se system, obtained by direct melting followed
Received in revised form:2025-06-16 by annealing. The phase composition, microstructure, kinetic
Accepted:2025-07-02 parameters, as well as thermoelectric and thermomagnetic properties at
Available online:2025-12-21 various temperatures and magnetic fields were studied. It was found that
Keywords: Gd.Sni~Se, layered crystals, the addition of gadolinium ions affects the type of conductivity, reduces
thermoelectric properties, Nernst—Ettingshausen the concentration and mobility of carriers, changes the Hall coefficients
effect, rare earth elements, thermal conductivity, and thermoelectric power, and also enhances the longitudinal and
Hall coefficient, conductivity, doping, crystal lattice  transverse Nernst-Ettingshausen effects. The obtained data confirm the
defects. prospects of Gd-doped layered SnSe crystals for applications in
2521-6368/© 2025 The Author(s). Published by thermoelectrics and sensor devices.
Baku Engineering University. This is an open access
article under the CC BY 4.0

license(http://creativecommons.org/licenses/by/4.0/).

1. INTRODUCTION

Layered crystals are materials consisting of atomic layers held together by van der Waals forces.
Due to their unique physicochemical properties and their intermediate position between
molecular and nanostructures, they are considered promising nanomaterials [1, 2]. The
properties of low-dimensional structures formed based on binary compounds depend on the
type of chemical bonding and crystal structure [3, 4]. Binary compounds of the type
AVBY! (GeS, GeSe, SnS,SnSe) have anisotropic layered structures, which allow them to be
exfoliated into atomically thin layers, similar to graphene. This makes them promising for
2D electronics and nanotechnologies [5, 6]. Low thermal conductivity and high anisotropy of
electrical properties enhance their thermoelectric performance [7].

The addition of rare earth elements (REEs) into SnSe leads to changes in electrophysical
properties due to defect structures. REEs are characterized by low solubility and the ability to
reduce background impurities [8, 9]. Doping improves conductivity, reduces thermal
conductivity, and increases material stability, making it particularly suitable for thermoelectric
applications [10, 11]. Thermomagnetic properties, which depend on temperature and magnetic
field, are important for understanding charge carrier scattering mechanisms and developing
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sensors, microelectronics, and energy systems [12-14]. These effects provide deeper insight into
interactions in solids than carrier mobility alone.

In this regard, the synthesis and investigation of solid solutions based on SnSe with
Gd addition—a typical representative of REEs—are of interest. In this work, such solutions were
obtained and their thermomagnetic properties, including the transverse and longitudinal
Nernst-Ettingshausen effects, were studied.

2. EXPERIMENTAL SECTION

For the synthesis of SnSe-GdSe alloys, tin of grade "B4-000", selenium "OC417-4", and
chemically pure gadolinium (99.98%) were used. Synthesis was performed by a two-step direct
melting method in evacuated quartz ampoules (0.1333 Pa). At the first stage, the material was
heated to the melting temperature of selenium at a rate of 4-5 °C /min and held for 3-4 hours.
Then the temperature was raised to 950-1000 °C (depending on composition) and maintained
for 8-9 hours. The resulting samples were annealed for 140-210 hours in an argon
atmosphere, with the annealing time increasing with higher Gd content [15].

Phase composition and physicochemical properties were studied using DTA, XRD,
microstructural analysis, as well as microhardness and density measurements. DTA was
performed on an STA 6000 instrument (Perkin Elmer, USA) in a nitrogen atmosphere
(20 ml/s) with heating up to the melting temperature at 5 °C /min. X-ray structural analysis was
carried out on a Miniflex diffractometer (Rigaku) at 30 kV, 10 mA, using CuKa radiation (1 =
1.5406 A), in the 20 range from 0 to 60°. Surface morphology was investigated using a JEOL
JSM6610-LV scanning electron microscope.

Thermoelectric and thermomagnetic characteristics were measured by the steady-state
compensation method. At temperatures of 300-620 K, thermoelectric power, as well as
transverse (Ey) and longitudinal (AS/S,) Nernst-Ettingshausen effects, were determined
under a magnetic field of 11.000 Oe [16]. Measurement errors were approximately 4.6% and
7.1%, respectively.

3. RESULTS AND DISCUSSION

Thermal analysis of the Gd,Sn,_.Se alloy system revealed no thermal anomalies other than
the effect corresponding to melting. Substitution of part of the tin atoms in the binary
SnSe compound with terbium atoms leads to a decrease in the melting temperature. Analysis of
the intensities of the X —ray reflections indicates the presence of a predominant crystallographic
orientation and shows that the studied sample consists of a single phase. Indexing of the X —ray
diffraction patterns demonstrates that, within the solubility range of Tb in SnSe, the investigated
alloys crystallize in the orthorhombic system with space group D;f — Pcmn (Fig. 1). In the
range 0 < x < 0.05, no shifts of diffraction lines are observed, and only changes in their
intensities indicate the formation of solid solutions based on SnSe. Changes in diffraction line
intensities without their shifts confirm the formation of a substitutional solid solution within the
Gd solubility range [17]. The lattice parameters increase linearly, consistent with Vegard's law.

The results of comprehensive physico-chemical analyses confirm that the Gd.Sn,_xSe alloy
system, like the parent compound SnSe, crystallizes in the orthorhombic system. With
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increasing TbSe concentration, a slight increase in unit cell parameters, density, and
microhardness is observed, while thermal effects shift to relatively lower temperatures.

The introduction of Gd causes charge carrier scattering and an increase in unit cell parameters
without significantly affecting density, indicating the formation of Frenkel-type defects [18]. It
has been established that the solubility limit of Gd in SnSe at room temperature does not exceed
2 mol. %. Microstructure and physicochemical property studies confirm that with increasing
GdSe content, lattice parameters and microhardness increase, while thermal effects shift toward
lower temperatures [19, 20].
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Despite the layered nature of SnSe single crystals, certain surface roughness is observed on the
natural fracture surfaces (Fig. 2a). Atomic force microscopy (AFM) images show that the natural
surface homogeneity of SnSe single crystals varies within approximately 25 nm (Fig. 2b). This
roughness is likely caused by the weakness of interlayer van der Waals interactions; when these
bonds break, atomic clusters, rather than individual atoms, remain on the surface [21].
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b)

Figure 2. a) Surface roughness and b) surface profilogram of TbxSnixSe crystalsl

As the content of rare-earth metals (REMs) in Gd,Sn,_xSe single crystals increases, the surface
roughness also increases. Partial substitution of tin atoms in the SnSe binary compound by REM
atoms with larger atomic radii leads to enhanced interlayer van der Waals interactions.
Therefore, with increasing Gd content in the GdySn,_Se alloy system, delamination along
crystallographic planes becomes more difficult, resulting in increased surface inhomogeneity.
This is also confirmed by Fourier spectra obtained via atomic force microscopy.

Quantitative X-ray microanalysis was used to determine the phase composition and the
distribution of chemical elements on the surface of the studied sample. The analysis of the
obtained results indicates surface homogeneity; however, changes in stoichiometry within the
homogeneity region of SnSe reveal a tendency toward selenium excess [22].

To more fully characterize the obtained compositions at room temperature, key Kkinetic
parameters of the GdySn,_ Se samples were measured: electrical conductivity (o), Hall
coefficient (R), thermoelectric power (S), and thermal conductivity (k). Based on these, charge
carrier concentration (p(n)) and Hall mobility (1) were calculated; the results are presented in
the table below.

Table. Main kinetic parameters of GdxSn1«Se system alloys at T = 300K

Sample o R S 1073 -k m p(n)
compo-sition om tsm™! sm3 /Kl Vt/K Vt/sm - K sm?/V-s sm~3
x=0,0 76 2,105 405 18,7 160 3-1018
x=0,0025 26 4,63 150 17,36 120 8.2-10%7
x=0,005 5,43 9,88 297 16,21 54 6.3-1017
x=0,01 4,32 -11, 14 -215 15,42 48 5.6 - 1017
x=0,03 3,28 -13,42 -320 14,97 44 5-10%7
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As seen from the table, with increasing Gd content, charge carrier concentration and their mobility
sharply decrease. This is related to a change in the nature of the chemical bond: substitution of Sn**
ions by Gd** strengthens the ionic component of the bond and reduces its directionality [23]. The
additional positive charge of Gd** requires compensation, which may occur through the formation
of point defects (e.g., selenium vacancies) that act as traps for carriers and reduce hole
concentration. Additionally, Gd** can act as a donor, causing a transition from p-type to n-type
conductivity or compensation thereof [24].

Differences in size and charge between Sn** and Gd>* lead to local lattice distortions and enhanced
carrier scattering, reducing their mobility. Formation of additional defects and clusters that
intensify this scattering is also possible. Moreover, the reduction in thermal conductivity is due to
phonon scattering on emerging structural disruptions and alloy disorder [25].

The temperature dependence of thermoelectric power in GdxSn,_xSe solid solutions is shown in
Fig. 3. Its behavior is related to electronic structure features and carrier transport mechanisms.
Upon gadolinium addition to p — SnSe, both the magnitude and sign of thermoelectric power
change [26].

In the sample with x = 0.0025, S(T) increases from60to 250 uV/K in the range
100-450 K, then decreases. This is associated with an increase in thermally excited carrier
concentration and subsequent generation of electron-hole pairs compensating the thermoelectric
contribution. At Gd content > 0.005 at.%, a conductivity type change is observed. For the
x = 0.005 sample at T = 420 K, the sign of S inverts from positive to negative, indicating a
transition from p — to n —type conduction. In samples with x > 0.005, this transition occurs at
higher temperatures (e.g, T = 500 K forx = 0.03).

In all solid solutions, thermoelectric power first increases and then decreases with temperature,
explained by a two-band model with light and heavy holes. Hall coefficients and thermoelectric
power correlate well, confirming the complexity of the band structure [27]. Thermoelectric power
in pure SnSe is higher in all temperature ranges than in doped samples. Substitution of Sn with
rare-earth elements reduces S and shifts the region of its decrease toward higher temperatures.
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Figure 3. Temperature dependence of thermo-EMF in system Gd,Sny_,Se crystals:1-x =0; 2-
x=0.0025; 3-0.005 4-x=0.01; 5-x=0.03

Fig. 4 shows the temperature dependence of the Nernst-Ettingshausen transverse effect
coefficient (Ey) for GdySni-xSe alloys with different gadolinium contents: x = 0 (sample No.1),
0.0025 (No.2), and 0.01 (No.4). In pure SnSe (curve 1) in the range 100-450 K, E,, rises from
5.8% to 9%, then gradually decreases at 460-740 K but remains positive. This behavior is
associated with an increase in carrier concentration and mobility upon heating, followed by
enhanced scattering [28].
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Figure 4. Temperature dependence of the transverse N-E effect in some compositions of Gd,Sn,_,Se
crystals: 1-x=0.0; 2 - x = 0.0025; 4 - x = 0.01
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In doped alloys, the character of E, dependence changes. In sample No.2 with x = 0.0025, a
maximum is observed near 380 K, after which the coefficient decreases and changes sign to
negative at 540 K, indicating a change in the dominant carrier type. This is related to the
activation of heavy holes and influence of local levels introduced by Gd3.

For sample No.4 (x = 0.01), the effect becomes negative already at 430 K, with a maximum (in
absolute value) around 550- 560 K. With increasing Gd content, the inversion temperature shifts
to higher values. This is explained by the donor nature of Gd>* and Fermi level shift, leading to
an earlier disruption of electron-hole balance.

Fig. 5 presents the dependencies of thermoelectric power change (AS(H)) on magnetic field for
GdySnq_xSe alloys at various temperatures. At 95 K, a more pronounced growth of AS(H) up to
6 kOe is observed, after which the increase slows. The dependence is nonlinear and does not
reach saturation. At 310 K, the curve approaches linearity.
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Figure 5. The dependence of AS on the magnetic field(H) in Gd,Sn,_,Se crystals: 1-x=0.0; 2 - x =
0.0025; 4 - x =0.01

With increasing gadolinium content, AS(H) increases, indicating enhancement of the
longitudinal Nernst-Ettingshausen effect. At low temperatures, weakened thermal vibrations
make carriers more sensitive to the magnetic field, and nonlinearity reflects a change in
dominant mechanisms. At high temperatures, thermal scattering predominates, reducing
magnetic field influence. The more pronounced effect in samples with high Gd content is
explained by additional magnetic scattering and the influence of rare-earth ions on the electronic
structure.

4. CONCLUSION

This work presents the results of synthesis and comprehensive investigation of GdxSn;_xSe solid
solutions obtained by the direct melting method. It was established that the introduction of Gd**
ions into the SnSe crystal lattice leads to the formation of a substitutional solid solution,
accompanied by an increase in lattice parameters, an increase in microhardness, and a decrease
in the melting temperature. The studies showed that the addition of Gd significantly affects the
electrophysical and thermomagnetic properties of the materials. A decrease in carrier
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concentration and mobility was observed, along with an inversion of the sign of the

thermoelectric power and the Nernst-Ettingshausen coefficient, as well as an enhancement of the
longitudinal N-E effect in a magnetic field. These phenomena are explained by the formation of
point defects, a change in the type of conductivity, and enhanced carrier scattering. The obtained
results confirm the potential of doping SnSe with rare-earth elements to control its physical
properties and to improve its efficiency in thermoelectric and sensor applications.
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1. INTRODUCTION

As is well known, to study each component of biological mixtures (cells, viruses, proteins, etc.)
individually, it is first necessary to separate them from one another. Although numerous
chemical methods exist for the separation and purification of biological particle mixtures, these
approaches are generally unsuitable for the separation of biological materials [1]. This is because,
during the application of such methods, biological objects may undergo denaturation under the
influence of various factors, thereby losing their biological activity and original properties. Other
potentially applicable methods are complex, labor-intensive, and economically inefficient.

In recent years, the Swedish scientist P. A. Albertsson [2] developed a new method for the
separation and purification of biological materials that is simple, cost-effective, does not require
large-scale equipment, and is convenient to implement. This method is based on the unequal
partitioning of substances in aqueous polymer two-phase systems. The essence of the method is
as follows: when two polymers of different chemical nature are dissolved together in water, at
polymer concentrations exceeding certain threshold values, the homogeneous solution separates
into two immiscible liquid phases that are in equilibrium and possess different physicochemical
properties (primarily due to hydrophobic and hydrophilic interactions); that is, a homogeneous-
to-heterogeneous phase transition occurs. In such an equilibrium system, one phase becomes
enriched with one component, while the other is enriched with the second component. Both
phases consist predominantly of water (70-90%), which is the natural environment of living
organisms [3]. The physicochemical properties of the phases differ, and consequently, the
affinities of solutes distributed in an aqueous polymer system toward the phases are not the
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same. Therefore, substances partition unevenly between the phases. Because water constitutes
the major component of both phases, the structure of biomaterials is not damaged during
partitioning, and thus their biological functions remain unchanged. One of the key advantages of
this method is that the partitioning process can be readily transferred from laboratory conditions
to biotechnological and industrial-scale applications.

It should be specifically noted that this modified method also has broad application potential in
medical, biological, and pharmacological fields. In particular, it has helped to overcome the long-
standing simplistic view of the key concepts of hydrophilicity, hydrophobicity, the hydrophobic
effect, and hydrophobic interactions, and it enables the quantitative assessment of the relative
hydrophobicity of substances, which cannot be determined by other methods [4]. Furthermore,
this approach is widely used in primary medical diagnostics and facilitates understanding of the
reasons underlying the existence of numerous energetic (histo-hematic) barriers in living
organisms.

Thus, the search for, identification of, and recommendation of aqueous two-phase systems
(ATPS) applicable to specific practical cases is highly relevant. To experimentally investigate
phase separation in such systems, one of the simplest and most accessible model systems is an
aqueous polymer system. In the present work, a PEG-dextran-water aqueous two-phase system
was selected as the object of study. As noted above, phase separation in this system occurs when
the concentrations of both polymers (PEG and dextran) exceed certain threshold values, leading
to the formation of two distinct phases in water. One phase is dextran-rich, whereas the other is
PEG-rich. Water constitutes the major fraction of both phases (approximately 70-90%). The
structural temperature of each phase was determined by the viscometric method, and it was
confirmed that the PEG-rich phase is more structured than the dextran-rich phase [5]. The
obtained results indicate that the upper and lower phases differ in terms of the level of aqueous
polymer structuring.

Phase separation can be qualitatively explained as follows. The polymers introduced into water
differ in their chemical composition. This difference is associated with variations in the
hydrophobic and hydrophilic groups present in each polymer. Naturally, such diversity should
manifest itself in the interactions between the polymers and water. For this reason, when
polymers are added to water, their distinct hydrophobic and hydrophilic groups affect the
hydrogen-bond network in different ways—weakening or strengthening hydrogen bonding to
varying extents. Consequently, as the distribution of electron density responsible for hydrogen-
bond formation changes, water molecules become oriented differently, and characteristic
microdomains are formed in the immediate vicinity of each polymer [6]. As a result, these
processes occurring throughout the bulk lead to the formation of nuclei (incipient domains) of
the emerging phases (Figure 1).

Fig. 1 Schematic representation of the phase-separation process
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When the size (r) and concentration (C) of these newly formed structures are small, they are
disrupted by thermal motion. This process is fluctuation-driven: over time, new structures
continuously form and disappear, and they remain thermodynamically unstable. As the polymer
concentrations are gradually increased, the microdomains grow through fluctuation-induced
coalescence, and both their size and concentration increase. Once the size and concentration
exceed certain critical values, i.e., when r > ra and C > Ca, thermodynamically stable, mutually
immiscible phases are formed in accordance with the specific polymer—water interactions.

To describe aqueous polymer two-phase systems, unlike conventional phase diagrams, a phase
diagram is used in which the coordinates represent the concentrations (in weight %) of the
polymer components constituting the phases. The phase diagram is characterized by a number
of parameters, including the binodal curve, tie-line, critical point, and the slope of the tie-line [7].

45 Cpeg%
40
35 —@— Main binodal
30 —@— Connecting line
25
20 Critical point
15
10
5
—o—0
0 5 10 15 20 25 Cye0

Fig. 2 Phase diagram of the PEG-dextran-water biphasic system

The concentrations of the components in aqueous solutions at which two-phase systems separate
into two distinct phases are determined using binodal curves. The binodal curve represents the
locus of points on the phase diagram that separates the single-phase (homogeneous) region from
the two-phase (heterogeneous) region for a given system. Another characteristic parameter of
two-phase systems is the tie-line. A tie-line indicates the compositions of the upper and lower
phases: specifically, the intersections of the tie-line with the binodal, as well as any point along
the line, correspond to the component concentrations in the coexisting upper and lower phases.
The critical point is a hypothetical point at which the phase volumes and compositions are equal.

2. RESULTS AND DISCUSSION

In the present work, to more clearly observe differences in the structure of the aqueous media of
the phases in an aqueous polymer two-phase system (ATPS), and considering that both phases
are water-rich (70-90%), the nuclear magnetic resonance spectra of pure water and of the
aqueous media of the phases were investigated. The experiments were performed on a Spinsolve
instrument operating at a working frequency of 60 MHz (w, = YH). Based on the obtained
results, the origins of the differences observed between the phases were interpreted, and the
applicability of the NMR method for the characterization of two-phase systems was
demonstrated.
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Spectrum Scan [4/4]

Amplitude

Fig. 3 '"H NMR spectrum of distilled water

Figure 3 shows the NMR spectrum of bi-distilled pure water. As can be seen, the spectrum
obtained for the bi-distilled water sample exhibits a single, high-intensity, narrow peak in the
range of 4.7-5.0 ppm. This peak corresponds to the protons of free water molecules. The narrow
and symmetric peak shape indicates high mobility of water molecules. The absence of additional
proton signals confirms that no impurities are present and that the water is pure. This spectrum
was taken as the reference for comparison with the other samples (the phase spectra).

Spectrum Scan [4/4]

Amplitude

ppm

Fig. 4 '"H NMR spectrum of the upper phase

The spectrum of the upper phase is shown in the sample presented in Figure 4. In this spectrum,
the main dominant signal (peak) again corresponds to water protons. However, in comparison
with bi-distilled water, asymmetry and broadening of the water peak are observed. In addition,
extra signals appear in the range of 3.5-3.8 ppm. The additional signal observed at 3.5-3.8 ppm is
attributed to the —CH,~CH,-O- groups of PEG, since it is generated by PEG protons. On the
other hand, the oxygen atoms of PEG form hydrogen bonds with water molecules, rendering a
fraction of the water “bound.” This interaction alters the electronic environment of water protons
and leads to changes in the chemical shift and line shape of the water peak. This indicates that
the upper phase is PEG-rich.
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Spectrum Scan [4/4]

Amplitude

=10% 10 5 o
ppm

Fig. 5 'H NMR spectrum of the lower phase

As can be seen from Figure 5, the water peak remains the dominant signal in the spectrum of the
lower phase; however, the following additional features are observed:

1. A more complex structure is observed in the vicinity of the water peak
2. Several weak but discernible signals appear in the 3.0-4.5 ppm region
3. Additional weak signals are also observed in the 2.0-2.5 ppm region

The signals observed in the 2.0-2.5 ppm range are attributed to protons located in a modified
magnetic environment resulting from the strong interaction of dextran molecules with water.
The signals in the 3.0-4.5 ppm region are associated with ring protons of the carbohydrate rings
of dextran. In addition, weak signals corresponding to the anomeric protons of dextran are likely
present in the ~5.0-5.4 ppm interval (near the water peak). Because a fraction of the anomeric
protons participates in bonding, their corresponding signal becomes weakened. Therefore, it is
entirely expected that this signal appears not as a distinct, separate peak, but adjacent to and
partially overlapping with the water peak. These findings indicate that the lower phase is
dextran-rich.

3. CONCLUSION

Thus, the performed "H NMR study demonstrated that the upper and lower phases in the PEG-
dextran-water aqueous two-phase system differ in their spectral features. Comparison with the
bi-distilled water reference revealed changes in the line shape of the water signal and in the
overall spectral background in the phase samples, indicating a reorganization of the water
microstructure within the polymer environment. The intensity and spectral regions of polymer-
derived proton signals in the upper and lower phases confirmed that the phases differ in
composition. In particular, the more pronounced signals attributed to ring protons in
environments more strongly associated with dextran highlight the role of polymer—water
interactions. The results suggest that the differences between the phases are not limited to
concentration variations, but also involve changes in hydration and in the state of the hydrogen-
bond network. In this respect, 'H NMR spectroscopy can be recommended as an effective
method for the rapid assessment of phase composition and structural differences in the aqueous
medium in ATPS.
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I. INTRODUCTION

Gallium selenide (GaSe) and indium selenide (InSe) crystals belong to layered semiconductor
compounds of the A’B¢ type, in which there is a strong ionic-covalent bond along the layers,
while weak Van der Waals bonding occurs between the layers. Weak bonding between the
layers leads to the formation of tetralayers with thicknesses of ~ 63 nm for GaSe, and the relative
arrangement of monolayers in tetralayers forms 3-, €-, y- and 0- modifications of the crystalline
structure [1]. The displacement of tetralayers relative to each other leads in turn to the formation
of stacking faults. Experiments show that such defects are distributed randomly in the direction
perpendicular to the crystal axis and cause the formation of potential barriers with an average
height of AE=20 meV for charge carriers in the direction of the [2]. axis. The InSe compound has
similar packing defects in the crystal structure. Low hardness and tendency to micro-deltatation
of layered GaSe and InSe crystals make them practically unsuitable for mechanical treatment of
the working surfaces of samples at an angle to the axis and lead to an increase in optical losses in
the crystal. The formed point and linear defects in the crystal structure, due to uncontrollable
factors in the process of growing single crystals, do not allow wide application of layered crystals
with the required characteristics. To solve this problem, they resort to improving the technology
of growing single crystals and doping the crystal with isovalent elements with respect to Ga, In
and Se, as well as various rare earth elements [3-6]. In this work, boron was chosen as the doping
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element. An isolated boron atom has an unstable configuration of valence electrons s?p!.
However, during the formation of a condensed state, this configuration is transformed into an
energetically more stable configuration s'p? due to the single-electron transition s?p! — s'p? For
the latter, in turn, transitions according to the scheme s'p*+ s'p>—s'p’+ s'p! are possible [7].
Therefore, the boron impurity in multicomponent compounds behaves in a variety of ways. For
example, boron atoms implanted in n-type GaAs create deep impurity centers in the forbidden
zone of the crystal at a depth of 0.55 and 0.70 eV. In this study, we examined CdSe thin films
created on glass substrates using the chemical deposition method and analyzed them using
spectroscopic ellipsometry. We used a dispersion model to calculate the optical constants and
determine the thickness, dielectric permittivity (real and imaginary part), refraction, and
extension coefficients of the thin layers. We found that the width of the forbidden zone in the 350
nm and 400 nm thick cadmium selenide thin films corresponds to Eg =1.9 eV and Eg =22 eV.
The widening of the forbidden zone is attributed to the phase formation process within the thin
layers. [8]. After thermal annealing, these centers disappear, turning into a compensating
acceptor center. When boron atoms condense in interaction with selenium atoms, an isotypic
structure (BSe2) is formed with an optimal distance of 198 nm between B-Se atoms [9]. In the
crystal structure of gallium selenide, the distance between Ga-Se and In-Se atoms is 247 nm. Of
course, when replacing gallium and indium with impurity boron atoms in the crystal structure
of GaSe and InSe, a stronger bond with selenium atoms arises than the Ga-Se and In-Se bond.
Therefore, it can be expected that doping GaSe and InSe with boron atoms can eliminate the
above-mentioned disadvantages and improve the sought-after practical characteristics of these
crystals.

Of particular interest is the study of the effect of boron atoms on epitaxial GaSe/InSe
heterostructures, since semiconductor structures with a variable band gap are widely used in the
manufacture of optoelectronic devices [10].

In this paper, the absorption and luminescence spectra of thin GaSe, InSe films and GaSe/InSe
heterostructures doped with boron atoms under the action of laser radiation are experimentally
studied.

II. EXPERIMENTAL METHODOLOGY

The studied samples were obtained by a modified chemical deposition method (Successive Ionic
Layer Adsorption and Reaction- SILAR). Thin films of GaSe and InSe on a glass substrate were
grown by hydrochemical deposition from a solution containing sodium selenosulfate (
Na,SeSO, ) and gallium trichloride (GacCl 3 ) and indium (InCls). The initial raw materials

used were especially pure Na,SeSO, and GaCl ;according to the following reactions:

Na,SO, + Se — Na,SeSO,

In+3HCI <> GaCl, +§H2

Ga+3HCI < GacCl, +g H,

Then, aqueous solutions of sodium selenosulfate and gallium chloride were prepared in the ratio
necessary for the formation of and InSe, with a composition corresponding to the stoichiometric
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composition. Thin films of the compound and InSe were grown in the following sequence: four
containers with liquids were used. The first contained a solution of gallium or indium chloride,
the second distilled water, the third a solution of sodium selenosulfate and the fourth, also
distilled water. The substrates were kept in these containers successively for 20 seconds, 10
seconds, 15 seconds and 10 seconds, respectively. This process was repeated 30 times in a row.

A pulsed Nd:YAG laser with built-in 2nd and 3rd harmonic generators designed to generate
radiation with wavelengths of 1064, 532 and 335 nm was used as a radiation source. The laser
pulse duration was 10 ns with a maximum power of ~12 MVt/cm2. The radiation intensity was
varied using calibrated neutral light filters. Using a lens, the laser beam was focused onto the
sample surface with a spot diameter of ~2.0 mm. The absorption and photoluminescence spectra
were studied using an automated M833 double dispersion monochromator with computer
control and a photodetector recording radiation in the wavelength range of 350-2000 nm. The
experimental technique is similar to that presented in. Thus, as the bond lengths of the same
chemical elements decrease, the frequency of vibrations increases. Therefore, in studies carried
out at high pressures, an increase in the vibration frequency is observed as the crystal lattice is
destroyed [11].

III. EXPERIMENTAL RESULTS AND THEIR DISCUSSION

Figure 1a (curve 1) shows the absorption spectrum of thin GaSe films without boron doping. As
can be seen from the figure, the sharp peak corresponds to the energy Eexp~2.077 eV. In our
opinion, this peak is associated with free excitons, since it is known that the fundamental edge of
the GaSe absorption band is due to free exciton transitions with an exciton binding energy of ~20
meV [12]. The width of the GaSe band gap, determined from the dependence o’ ~ f(hv),

turned out to be equal to E; = 2,097 eV.

The absorption spectrum of thin GaSe films doped with boron atoms (0.1 V) differs significantly
from the absorption spectrum of pure samples (Fig. 1, a, curve 2). In the absorption spectrum of
doped samples, a decrease in exciton absorption and a shift of the absorption band edge to the
long-wave region of the spectrum (~5 nm) are observed. The band gap of boron-doped GaSe
samples was found to be ~2.073 eV.
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Fig. 1. Absorption spectra of GaSe (a) and InSe (b): 1 —pure; 2 — doped with boron atoms.
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Similar patterns are observed for InSe thin films. Unlike GaSe, the absorption spectra of InSe thin
films are in the near infrared region of the spectrum. In samples undoped with boron atoms,
exciton absorption corresponds to the energy Eexp~1.14 eV, and the band gap is 1.16 eV. The
shift of the absorption band edge to the long-wavelength region of the spectrum in doped
samples is ~9 nm. Fig. 2 shows the absorption spectra of the GaSe/InSe heterostructure of pure
(black line) and boron-doped (red line) components. As can be seen from the figure, three
absorption bands are observed in the absorption spectrum of pure GaSe/InSe at 597 nm, 465 nm
and 485 nm.

GaSe(0,1B)+ InSe(0,1B)

GaSet InSe
e
2 - - - T - T - - - T v T v v
400 500 600 700 8oo 200 1000 1100

A, nm

Fig. 2. Absorption spectra of the GaSe/InSe heterostructure, pure (black line) and doped (red line) with boron atoms.

In our opinion, the absorption band in thin GaSe films with a maximum at A=597 nm is related to
exciton absorption at the edge of intrinsic absorption. Two other high-energy bands, at 465 nm
and 485 nm, are apparently due to interband transitions in the region of the continuous spectrum
of InSe. Referring to the data in, we can say that the features in the absorption spectrum of InSe
that we observed are related to hyperbolic excitons and impurities located in the region of the
continuous spectrum. The chemical deposition process was carried out at room temperature (27
°C) for 48 hours without rotation.During the process, a white precipitate formed at the bottom of
the glass. After three to four hours, this precipitate andthe clear solution in the beaker first turned
dark yellow and then red, consistent with CdSe. After this procedure, thesaucer was removed
from the glass, washed with distilled water and dried [14] However, the absorption line at A=475
nm observed in the GaSe(0.1B)-InSe(0.1B) heterostructures is apparently related to boron
impurities. As experiments show, in GaSe/InSe structures doped with boron atoms, only one
absorption band with a maximum at A=475 nm is observed (Fig. 2b). The fact that the band of
this line is absent in the absorption spectrum of pure GaSe/InSe structures apparently indicates
that this line is associated with boron atoms.

Fig. 3a (curve 1) shows the photoluminescence spectrum of a thin GaSe film without boron
doping upon excitation by the second harmonic of a Nd:YAG laser (A=532 nm). As can be seen
from the figure, the maximum emission corresponds to a wavelength of ~597 nm. The half-width
of the emission line, which is only ~5-8 A" is noteworthy. Comparison of the emission line with
the absorption spectra allows us to state that the observed recombination emission is also caused
by exciton transitions at the edge of intrinsic absorption. Based on the experimental data
obtained, it can be assumed that a number of changes in the photoelectric parameters of
photodiodes when irradiated with high-energy particles are apparently associated with a specific
feature of the crystal structure of layered materials, i.e. interaction of radiation defects arising in
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crystalline layers and interlayer spaces. [15] It should be noted that the high emission intensity
and its narrowness, several angstroms in size, allow us to state that thin GaSe films can be used
as an active element for creating a semiconductor quantum generator on their basis.

Unlike undoped samples, in doped thin GaSe films, as in the case of absorption spectra, the
emission spectra shift toward longer waves, and the line half-width increases by a factor of ~10
and is ~80 A0 (Fig. 3, a, curve 2). In our opinion, the increase in the half-width is due to boron
impurities, which create shallow donor levels near the conduction band.
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Fig. 3. Luminescence spectra of pure thin films of GaSe (a) and InSe (b): 1 — pure; 2 — doped with boron atoms.

Similar features are observed in the luminescence spectra of InSe thin films (Fig. 3, b). The
maximum emission corresponds, to the near IR region of the spectrum and is equal to 1083 nm.
The half-width of the emission line is ~10 A%, When doped with boron atoms, as in the case of
GaSe, the half-width of the line increases and is equal to ~50 Ao,

IV. CONCLUSION

Thin GaSe, InSe films and GaSe/InSe heterostructures with and without boron doping were
fabricated by chemical vapor deposition. The absorption and photoluminescence spectra of the
materials were studied using a pulsed Nd:YAG laser. It was found that the presence of boron
impurities not only affects the absorption band edge of GaSe and InSe thin films, but also leads
to the disappearance of the exciton absorption of the GaSe/InSe heterostructure associated with
hyperbolic excitons in the continuous spectrum region. Common to all luminescence spectra of
GaSe, InSe thin films is that boron impurities lead to a broadening of the emission band.
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