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The Effect of Detonation Spraying Mode  

on the Structure and Tribological Properties of WC–Co Coatings 

The article presents the results of research into the structure and tribological testing of WC-Co detonation 

coatings with a barrel filling volume of 64 % and 74 %. X-ray diffraction analysis of the WC-Co coating re-

vealed that undesirable Co and W2C peaks disappear after detonation spraying. Morphological analysis 

showed that with 64 % and 74 % detonation barrel filling, the coatings had a dense structure with a thickness 

of 136 μm and 161 μm, respectively. EDS mapping showed a uniform distribution of elements. Tribological 

tests of the coating revealed that the friction coefficient of the samples ranged from 0.48 to 0.53 for 74 % and 

0.55–0.57 for 64 %. Based on the results obtained, the optimal technological regime for obtaining wear-

resistant WC-Co coatings by detonation spraying was established. 

Keywords: detonation spraying, WC-Co coatings, tribology, coatings, microstructure. 

Corresponding author: Bolatov, Sanzhar, sanzharbolatov94@gmail.com  

 

Introduction 

Nowadays WC–Co based coatings are widely used to improve wear resistance, as well as corrosion and 

erosion resistance of engineering components, including valves, drill bits and downhole tool components 

used in the mining, oil and gas industries [1]. Due to their excellent wear resistance and mechanical stability, 

WC–Co coatings are commonly used for steel rolls, zinc bath rolls, corrugated rolls, pump housings, impel-

ler shafts, compressor stators, and aircraft flap guides. Additionally, these coatings find application in cams 

and expansion joints operating under severe service conditions [2]. 

It has been established that the wear resistance of WC–Co coatings is significantly affected by various 

factors, such as the morphology, chemical and phase composition of the initial powder, the size and distribu-

tion of WC particles, and spraying parameters [3-4]. During thermal spraying of WC–Co, undesirable phe-

nomena associated with the decomposition of carbide phases can occur. As a result, the content of the solid 

WC phase decreases, and decomposition products such as W2C, metallic W, and amorphous or 

nanocrystalline Co–WC phases are formed instead. Therefore, to obtain hard alloys with high mechanical 

properties, it is necessary to minimize the decomposition of the WC phase. 

https://doi.org/10.31489/2026PH1/6-12
mailto:sanzharbolatov94@gmail.com
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Despite the widespread use of WC–Co coatings, numerous studies have shown that thermal spraying re-

sults in decarburization of WC particles. As noted by Ahmed et al. in their review, high temperatures and 

prolonged exposure of particles to the flame zone lead to the formation of W2C, metallic W, and η-phases 

(M6C and M12C). This complicates the coating microstructure and reduces its mechanical properties [5]. 

Detonation spraying represents a very promising direction in the field of thermal spray technology, of-

fering a viable solution for the production of high-quality wear-resistant coatings. Research by Du et al. 

showed that even at high oxygen-fuel ratios, the degree of WC decarburization remains low, allowing for the 

production of coatings with high density and strength [6]. This contrasts with plasma spraying methods, 

where WC decomposition is significantly more pronounced. 

Yuan et al. showed that the introduction of submicron WC particles into the spray boundaries promotes 

the formation of a stronger interlayer structure, significantly increasing the wear resistance of HVOF coat-

ings. WC–Co [7]. However, this type of spraying can lead to partial decomposition of the WC carbide phase, 

resulting in the formation of undesirable phases such as W2C and metallic W. 

The aim of this article is to study the influence of detonation spraying modes on the structure and phase 

composition of WC–Co coatings. 

Materials and methods of research 

WC–Co based coatings, low-alloy structural steel of grade 20 was selected as the substrate material. 

Samples were manufactured with dimensions of 50×50×7 mm. Before coating application, the substrate sur-

faces were ground on all six sides using MIRKA 1000-grit sandpaper to ensure a uniform and smooth sur-

face. The samples were then sandblasted to improve the adhesion of the applied coating. After sandblasting, 

the samples were washed in an ultrasonic bath filled with 90 % alcohol to remove sand particles from the 

sprayed surface. The nominal particle size of the WC–Co powder ranged from 30 to 45 μm. The coatings 

were applied using a CCDS 2000 detonation complex (Russia). WC–Co coatings were obtained by filling the 

cylinder with explosive gas to 64 % and 74 %, respectively. The distance between the barrel of the detona-

tion gun and the sample was 150 mm, and the number of shots reached up to 50 times per sample. 

A SEM 3200 scanning electron microscope (China) equipped with an energy-dispersive spectrometer 

was used to study the microstructure of the coating cross-section. X-ray diffraction (XRD) analysis was per-

formed using an X'PertPRO diffractometer with Cu-Kα radiation (λ=1.54 Å) at 40 kV and 30 mA to identify 

phases in the coatings and WC–Co powder. Diffraction patterns were collected over a 2θ range from 20° to 

90° with a step size of 0.02° and a counting time of 0.5 seconds per step. The data were analyzed using 

HighScore software. 

To study the tribological properties of WC–Co coatings produced by detonation spraying, a TRB3 

tribometer was used in various tribology modes. All coatings were tested in the following modes: distance 

100 m, speed 5 cm/s and 10 cm/s, trace radius 3 mm, and load 10 N and 15 N. 

The volumetric wear of the samples was determined by Formula (1) as follows [8]: 

 
3

 
· ·n

V mm
W

F s N m


 
  

 
, (1) 

where V — volume of wear material [mm
3
]; Fn — normal force applied to the sample [N]; s — friction 

path [m]. 

Results and discussion 

X-ray diffraction analysis was used to study the phase composition of the powder and coatings. Figure 1 

presents the results of X-ray diffraction analysis of the detonation coatings and powder. The diffraction pat-

terns identified the main peaks corresponding to the WC phase in both the original powder and the sprayed 

coatings. The powder also contains weak reflections belonging to metallic cobalt, indicating the presence of 

a binder phase. After detonation spraying, the Co peaks virtually disappear, indicating a redistribution of the 

binder cobalt or its partial dissolution in the carbide matrix during high-temperature exposure. 

Compared to the original powder, the WC peaks in the coatings are somewhat broadened and less in-

tense, which is due to a decrease in the average crystallite size and an increase in structural imperfections due 

to the rapid cooling of the molten particles. The absence of W2C and metallic W phases indicates that no 

thermal decomposition of the WC occurred under the selected conditions, and therefore, the spraying process 

occurred under optimal conditions in terms of temperature and particle residence time in the plasma. 
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Figure 1. Diffraction pattern of detonation coatings and WC–Co powder 

A comparison of coatings obtained with different barrel filling volumes (64 % and 74 %) shows that 

with increasing filling volume; the intensity and clarity of the WC peaks decrease slightly. This indicates an 

increase in thermal load, leading to partial recrystallization and the formation of internal stresses in the coat-

ing. With a smaller filling volume (64 %), the structure is closer to the original, with more pronounced WC 

peaks, confirming the preservation of the phase composition and minimization of thermal stress. 

Figure 2 shows a cross-section of the WC-Co coating at a filling volume of the barrel of the CCDS 

2000 detonation complex. 

 

 

Figure 2. Cross-sectional morphology of WC–Co detonation coatings with a barrel filling volume of 64 % 

The cross-sectional morphology of the WC–Co coating, produced by detonation spraying at a barrel fill 

volume of 64 %, reveals the formation of a dense structure with a uniform thickness of approximately 136 

µm. The BSE image clearly shows a distinct substrate–coating boundary, free of microcracks and defects, 

indicating high adhesion. EDS mapping reveals a uniform distribution of tungsten, carbon, and cobalt 

throughout the coating. This structure indicates stable detonation spraying and effective fusion of WC–Co 

particles, ensuring the formation of a dense and uniform protective layer. 

The cross-sectional morphology of the WC–Co detonation coating at a barrel fill volume of 74 % 

demonstrates the formation of a denser and more uniform layer compared to the 64 % regime (Fig. 3). The 

coating thickness increases to ~161 µm, while porosity decreases, indicating more complete melting and 

compaction of the particles under conditions of increased barrel fill volume. The BSE image shows a uni-

form lamellar structure without pronounced defects, and the interface between the substrate and the coating 

remains smooth and well-welded. EDS mapping results confirm a uniform distribution of the main ele-

ments — W, C, and Co — throughout the coating volume, without localized zones of WC enrichment or 
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degradation. The absence of Fe diffusion into the coating layer indicates the absence of overheating and a 

stable thermal regime. Overall, the coating obtained at a barrel fill volume of 74 % is characterized by high 

density, good adhesion, and an optimal microstructure for operation under conditions of intense wear. 

 

 

Figure 3. Cross-sectional morphology of WC–Co detonation coatings with a barrel filling volume of 74 % 

Figure 4 shows the results of tribological tests of WC-Co detonation coatings at barrel fill volumes of 

64 % and 74 %. Both coatings were tested in four different modes. 

 

    
 a b 

0x axis — friction path, m; 0y axis — friction coefficient 

Figure 4. Results of tribological tests of WC–Co detonation coatings  

with a barrel filling volume of 64 % (a) and 74 % (b) 

The friction coefficient versus friction path curve (Figure 2) shows that the coating obtained at a 64 % 

fill volume (left) exhibits more pronounced instability of the friction coefficient and an increased level of 

oscillations, especially at low speed (5 cm/s) and a load of 10 N, where the coefficient reaches maximum 

values of ~0.47–0.52. This indicates a less dense structure and increased sensitivity to local surface 

microroughness. At the same time, the coating at 74 % fill volume (right) exhibits more stable behavior: the 

amplitude of friction oscillations is noticeably lower, and the average friction coefficient for all load and 

speed modes remains in the range of 0.47–0.49 without sharp jumps. This stability is explained by the higher 

density and lower porosity of the coating, which reduces the likelihood of local deformation and promotes 

the formation of a more uniform contact pair. Thus, increasing the barrel filling volume to 74 % improves 

the wear resistance and friction stability of the WC–Co coating due to a denser and more uniform structure. 

Table 1 presents the results of tribological tests of WC–Co detonation coatings with a filling volume of 

64 % and 74 %. The test parameters varied from 10 N to 15 N load and from 5 cm/s to 10 cm/s sliding speed. 
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T a b l e  1  

Results of tribological tests 

Sample Test parameters CoF Wear intensity, W
×10

–4
, mm

3
/(m·N) V, mm

3
 

WC–Co 64 % 

F=10 N, v= 5 cm/s 0.468 7.546 4.0044 

F=10 N, v= 10 cm/s 0.475 12.7 6.7431 

F=15 N, v= 5 cm/s 0.471 6.908 6.1104 

F=15 N, v= 10 cm/s 0.528 7.511 5.9800 

WC–Co 74 % 

F=10 N, v= 5 cm/s 0.486 8.327 4.4188 

F=10 N, v= 10 cm/s 0.473 7.154 3.7968 

F=15 N, v= 5 cm/s 0.490 7.194 5.7262 

F=15 N, v= 10 cm/s 0.477 4.162 3.3135 

 

The tabulated data show how friction loading parameters affect the tribological properties of WC–Co 

coatings produced with different barrel fill volumes. For a coating with a 64 % fill volume, the friction coef-

ficient ranges from 0.468 to 0.528, accompanied by relatively high wear intensity (6.908– 

12.7×10
–4 

mm³/(m·N)) and increased worn surface volume (4.004–6.743 mm
3
). Increasing the barrel filling 

volume to 74 % results in a comparable friction coefficient (0.473–0.490), but significantly reduces the wear 

intensity to 4.162–8.327×10
–4

 mm³/(m·N) and the wear volume to 3.313–5.726 mm
3
. Thus, increasing the 

filling volume to 74 % results in a denser, more wear-resistant coating structure, leading to a significant re-

duction in wear volume and area under similar friction conditions. 

Conclusion 

Based on the results obtained, the following findings and conclusions were made: 

– The cross-sectional morphology of the WC–Co coating at 64 % and 74 % barrel fill rates demonstrate 

a uniform and dense structure. It is evident that the coating thickness at 74 % (~161 µm) is greater than at 

64 % (~136 µm). The SEM image clearly shows a distinct substrate–coating boundary, free of microcracks 

and defects, indicating good adhesion. EDS mapping demonstrates that the elements confirm a uniform dis-

tribution of the main elements — W, C, and Co throughout the coating, without localized zones of WC en-

richment or degradation. 

– X-ray diffraction analysis of detonation coatings and WC–Co powder revealed the presence of prima-

ry peaks corresponding to the WC phase in both the original powder and the coatings. The absence of W2C 

and metallic W phases indicates that no thermal decomposition of WC occurred under the selected condi-

tions, and, therefore, the spraying process occurred under optimal conditions for temperature and particle 

residence time in the plasma. 

Tribological testing revealed that the friction coefficient in all conditions was approximately 0.5. This 

demonstrates the wear-resistant properties of WC–Co coatings. However, the coatings obtained at 74 % bar-

rel fill demonstrated a more stable friction coefficient-distance curve. 

Thus, the obtained data show that detonation coatings obtained at 74 % barrel filling have a denser 

structure and improved tribological characteristics compared to coatings obtained at 64 %. 
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Ж.Б. Сағдолдина, Л.Г. Сулюбаева, Д.Б. Буйткенов,  

А.Б. Нәбиолдина, С.Д. Болатов, Д.К. Саржанов 

Детонациялық бүрку режимінің WC-Co жабындарының 

құрылымы мен трибологиялық қасиеттеріне әсері 

Мақалада оқпанды толтыру көлемі 64 % және 74 % болатын WC–Co детонациялық жабындарының 

құрылымы мен трибологиялық сынақтарының зерттеу нәтижелері келтірілген. WC–Co жабынының 

рентгендік дифракциялық талдауы детонациялық бүркуден кейін жағымсыз Co және W2C 

шыңдарының жойылатынын көрсетті. Морфологиялық талдау көрсеткендей, детонациялық оқпанның 

64 % және 74 % толтырылуымен жабындар сәйкесінше қалыңдығы 136 мкм және 161 мкм болатын 

тығыз құрылымға ие болды. ЭДС-ны картаға түсіру элементтердің біркелкі таралуын көрсетті. 

Қаптаманың трибологиялық сынақтары үлгілердің үйкеліс коэффициенті 74 % үшін 0,48-ден 0,53-ке 

дейін және 64 % үшін 0,55–0,57 аралығында болғанын көрсетті. Алынған нәтижелерге сүйене отырып, 

детонациялық бүрку арқылы тозуға төзімді WC–Co жабындарын алудың оңтайлы технологиялық 

режимі анықталды. 

Кілт сөздер: детонациялық бүрку, WC–Co жабындары, трибология, жабындар, микроқұрылым 

 

Ж.Б. Сағдолдина, Л.Г. Сулюбаева, Д.Б. Буйткенов,  

А.Б. Нәбиолдина, С.Д. Болатов, Д.К. Саржанов 

Влияние режима детонационного напыления  

на структуру и трибологические свойства покрытий WC-Co 

В статье представлены результаты исследования структуры и трибологические испытания детона-

ционных покрытий WC–Co при объеме заполнения ствола 64 % и 74 %. Рентгенодифракционный ана-

лиз покрытий WC–Co выявил, что после детонационного напыления исчезают нежелательные пики 

Co и W2C. Морфологический анализ показал, что при заполнении детонационного ствола 64 % и 74 % 

покрытия имели плотную структуру с толщиной 136 мкм и 161 мкм соответственно. ЭДС-

картирование показало равномерное распределение элементов. По результатам трибологических ис-

пытаний покрытий выявлено, что коэффициент трения образцов варьировался от 0,48 до 0,53 для 

74 % и от 0,55–0,57 для 64 %. На основе полученных результатов был установлен оптимальный тех-

нологический режим для получения износостойкого покрытия WC-Co методом детонационного на-

пыления. 

Ключевые слова: детонационное напыление, WC-Co покрытия, трибология, покрытия, микрострукту-

ра 
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Molecular Study of Cadmium Sulfide and Graphene Oxide Interfaces  

for Photocatalytic Water Splitting Using Sunlight 

This study presents a molecular-level investigation of the interaction between cadmium sulfide (CdS) and 

graphene oxide (GO) for photocatalytic water-splitting applications. Density functional theory (DFT) calcula-

tions were carried out using the LC-ωPBE functional and LANL2DZ basis set in the implicit water model 

(IEFPCM) to optimize the geometry and study the interface properties. The optimized CdS structure exhibits 

a stable tetrahedral Cd-S configuration, whereas the CdS-GO composite exhibits strong interfacial bonding 

through Cd-O and S-O interactions supported by charge redistribution across the interface. Reduction density 

gradient (RDG) and non-covalent interaction (NCI) analyses reveal the presence of significant weak interac-

tions, including van der Waals forces, hydrogen bonding, and Cd-O coordination, which stabilize the compo-

site. The visualization of the blue regions in the NCI and RDG plots indicates attractive non-covalent forces 

that strengthen electronic coupling and charge transfer between CdS and GO. These results confirm that GO 

acts as an efficient electron acceptor, suppresses the recombination of photogenerated carriers, and enhances 

photocatalytic efficiency. The combined structural and electronic insights from this work highlight the crucial 

role of non-covalent interactions in regulating photocatalytic performance. The results of the study provide 

valuable theoretical guidance for the design of stable and efficient CdS-GO-based nanostructures for sustain-

able hydrogen energy production via solar-powered water splitting. 

Keywords: Cadmium sulfide, graphene oxide, photocatalysis, water splitting, hydrogen energy 
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Introduction 

The increasing global demand for clean and sustainable energy has accelerated research into renewable 

sources capable of reducing dependence on fossil fuels while minimizing environmental impact. Among var-

ious renewable energy technologies, photocatalytic water splitting has emerged as a promising method for 

hydrogen production, providing a clean and efficient way to directly convert solar energy into chemical 

fuels [1]. In this context, the development of efficient, stable, and cost-effective photocatalysts remains one 

of the most pressing issues in increasing solar-powered hydrogen production. 

Cadmium sulfide (CdS) has been extensively studied as a visible-light responsive semiconductor 

photocatalyst because of its narrow band gap (≈2.4 eV) and strong absorption in the visible spectrum. These 

features allow CdS to effectively utilize sunlight for water splitting processes [2, 3]. However, its practical 

implementation is limited by two major limitations: (i) the rapid recombination of photogenerated electron-

hole pairs, which significantly reduces the photocatalytic efficiency, and (ii) photocorrosion upon continuous 

irradiation, which compromises structural stability. Therefore, measures to improve charge separation and 

reduce photocorrosion are essential for improving the overall performance of CdS-based photocatalysts. To 

overcome these limitations, the combination of CdS with graphene oxide (GO) has attracted considerable 

interest. GO has a two-dimensional layered structure, a large specific surface area, and excellent electrical 

conductivity, which allows it to serve as an efficient electron acceptor and carrier [4, 5]. When combined 

with CdS, GO facilitates the migration of photogenerated electrons from CdS to the conductive surface, re-

duces electron-hole recombination, and extends the lifetime of charge carriers. Moreover, the oxygen-

containing functional groups on the GO surfaces provide effective anchoring sites for CdS nanoparticles, 

leading to strong interfacial bonding and enhanced structural stability. 

https://doi.org/10.31489/2026PH1/13-21
mailto:enu-2010@yandex.kz
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Understanding the molecular structure of CdS-GO interactions is crucial for the rational optimization of 

photocatalytic systems. Electronic coupling, charge transport channels, and surface functional groups signifi-

cantly affect the efficiency of photocatalytic processes. Although numerous experimental studies that have 

revealed enhanced activity in CdS-GO composites, a complete theoretical understanding of their interfacial 

electronic structures, charge localization, and bonding properties remains limited [6, 7]. Consequently, mo-

lecular-level studies combining quantum chemistry and density functional theory (DFT) methodologies are 

needed to uncover the fundamental mechanisms governing charge transport and photocatalytic effects. 

This study focuses on the molecular-level study of CdS-GO interfaces for photocatalytic water splitting 

applications. We use DFT calculations to investigate the geometric, electrical, and interfacial properties of 

CdS nanostructures with different morphologies (rod-like and cluster-type) in the presence of water mole-

cules. The results of the study demonstrate the importance of interfacial charge redistribution, orbital hybrid-

ization, and water interactions in determining photocatalytic efficiency. These studies not only improve our 

understanding of CdS-GO interactions at the atomic level but also provide useful guidance for the rational 

design of next-generation photocatalysts for sustainable hydrogen energy production. 

Methodology 

All quantum chemistry calculations were performed with Gaussian 16 software package, and structural 

visualization and analysis were performed with GaussView 6. To accurately describe the electronic charac-

teristics of the cadmium-containing systems, the LANL2DZ effective nuclear potential basis set was used, 

which provides a reliable balance between computational efficiency and accuracy for heavy atoms [8–10]. 

The long-range corrected LC-ωPBE functional was chosen to better describe the electronic excitation and 

charge transfer behavior in photocatalytic systems. 

The self-consistent reaction field (SCRF) method was used in conjunction with the integral equation 

formalism polarizable continuum model (IEFPCM) to model the aqueous photocatalytic environment, with 

water as the solvent. Geometry optimizations were performed in an aqueous solution state to account for the 

effects of solvent polarization and stabilization on the electronic structure. Initially, a pure CdS nanostructure 

was optimized in aqueous solution to achieve a stable geometry and to determine its frontier molecular orbit-

als, charge distribution, and electrical properties. Subsequently, a composite model of CdS and graphene ox-

ide (CdS-GO) was constructed by anchoring graphene oxide to the CdS surface. This model was also opti-

mized using the same solution conditions to ensure a fair comparison between the isolated and composite 

systems. 

Post-optimization studies, including molecular orbital (MO) visualization, electron density difference 

(EDD) mapping, and charge transport evaluation, were performed using the Multiwfn software. These stud-

ies provided detailed information about the electrical interactions, interfacial charge redistribution, and 

photocatalytic efficiency of the CdS-GO system in aqueous media. 

While this cluster-based DFT study provides valuable atomic-scale insights into CdS-GO interfacial 

stability, charge redistribution, and non-covalent interactions supporting reduced recombination, it has inher-

ent limitations. Molecular cluster models optimized in Gaussian 16 (LC-PBE/LANL2DZ/IEFPCM) excel at 

local bonding and frontier orbital analysis but underestimate bandgaps (~2.4 eV predicted vs. experimental 

2.4–2.7 eV for CdS) and cannot generate density of states (DOS/PDOS), band structure diagrams, or explicit 

excitation dynamics, which require periodic DFT treatments for extended semiconductor systems. Conse-

quently, detailed electron-transfer pathways and illumination effects remain qualitative inferences from elec-

tron density differences and NCI plots. Future investigations will utilize periodic DFT codes (e.g., VASP 

with HSE06 functionals) on slab models to quantify band alignment, DOS contributions from CdS/GO orbit-

als, and time-dependent charge carrier dynamics, fully elucidating the photocatalytic mechanism for water 

splitting. 

This cluster-based DFT investigation (Gaussian 16, LC-PBE/LANL2DZ/IEFPCM) successfully opti-

mized CdS and CdS-GO cluster models exceeding 100 atoms, revealing key interfacial Cd-O/S-O bonding 

and non-covalent interactions via RDG/NCI analyses. However, the large system size rendered frequency 

calculations computationally intractable, precluding accurate Gibbs free energy changes (ΔG) for interface 

formation and binding energy quantifications. Work function determinations similarly demand periodic 

treatments to establish Fermi level alignments. While frontier orbital shifts qualitatively indicate favorable 

charge separation, these energetic metrics remain unavailable from molecular cluster approaches. Future 

work employing periodic DFT codes (e.g., VASP/Quantum ESPRESSO with HSE06 functionals) on opti-



Molecular Study of Cadmium Sulfide … 

“Physics” Series. 2026, 31, 1(121) 15 

mized slab supercells will compute binding energies, ΔG_interface, work functions (Φ), DOS/PDOS, and 

band alignments to comprehensively validate the photocatalytic enhancement mechanism. 

Results and Discussion 

Figure 1 presents the optimized geometries of (a) cadmium sulfide (CdS) and (b) CdS-graphene oxide 

(GO) obtained from DFT calculations using the LC-ωPBE functional and LANL2DZ basis set within the 

implicit aqueous environment. The optimized CdS nanostructure exhibits a well-defined tetrahedral coordi-

nation between the cadmium and sulfur atoms, maintaining bond lengths consistent with experimental data 

(≈2.52 Å). This geometry provides a stable electronic configuration suitable for visible light absorption. 

When CdS is combined with GO, a significant structural rearrangement occurs at the interface. Oxygen-

containing groups (hydroxyl and epoxide) on the GO surface establish weak interactions with the surface Cd 

and S atoms, forming Cd-O and S-O bonds, which increase the interface stability. 

The CdS nanoparticles are attached to the GO sheet by electrostatic attraction and partial orbital over-

lap, which ensures efficient charge exchange between the two components. In addition, the slight distortions 

in the Cd–S bond angles near the interface indicate the redistribution of electron density due to hybridization 

with the π-conjugated network of GO. Overall, the optimized CdS–GO structure exhibits improved interfa-

cial bonding and stability compared to pure CdS. This structural configuration provides an excellent envi-

ronment for the separation of photogenerated charge carriers, supporting the potential of the CdS–GO com-

posite as an efficient photocatalyst for solar-powered water splitting applications. 

 

 

Figure 1. Optimized structures of (a) cadmium sulfide (CdS),  

(b) graphene oxide bonded to cadmium sulfide (CdS–GO) 

Figure 2 shows the reduced density gradient (RDG) isosurfaces of (a) pure CdS and (b) implicit water 

CdS–GO composite. RDG analysis serves as a powerful tool for visualizing and distinguishing weak non-

covalent interactions such as van der Waals forces, hydrogen bonding, and steric repulsion based on electron 

density and its gradient. In the CdS system, the RDG map mainly shows green regions between Cd and S 

atoms, which correspond to weak van der Waals type interactions and indicate the uniformity and density of 

the crystal structure. However, when CdS is bound to GO, the RDG isosurface shows new blue and light 

green regions located at the CdS–GO interface. The blue regions represent attractive interactions such as hy-

drogen bonding between hydroxyl or epoxy oxygen atoms on GO and surface sulfur atoms on CdS. 

These interactions play an important role in stabilizing the composite and improving the interfacial 

charge transport. In addition, the weak red regions indicate weak steric repulsion due to atomic proximity at 

the bonding sites. The presence of multiple types of interactions confirms the synergistic nature of the CdS–

GO hybrid system, where both physical adsorption and weak chemical bonding contribute to strong interfa-

cial adhesion. Thus, the RDG analysis provides clear evidence of non-covalent stabilization and effective 

charge redistribution at the CdS–GO interface, which are important factors in enhancing the photocatalytic 

performance. 

 

b) a) 
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Figure 2. Radial density gradient (a) cadmium sulfide, (b) graphene oxide bonded to cadmium sulfide 

Figure 3 shows the non-covalent interaction (NCI) plots of (a) CdS and (b) CdS–GO composite. The 

NCI analysis complements the RDG results by providing quantitative and visual insights into the strength 

and nature of the intermolecular interactions. For pure CdS, the NCI surfaces mainly show green isosurfaces, 

indicating weak van der Waals forces within the Cd–S framework. These interactions maintain the structural 

integrity of the semiconductor lattice but contribute minimally to charge delocalization. When the CdS–GO 

interface is formed, the NCI plot shows prominent blue and cyan regions at the interface between the CdS 

and GO layers. 

 

 a) b) 

 

Figure 3. Bonding representation of (a) cadmium sulfide, (b) graphene oxide bonded to cadmium sulfide 

The blue regions correspond mainly to strong attractive interactions arising from Cd–O coordination 

and hydrogen bonding between the GO oxygen functions and the CdS surface atoms. The cyan and light 

green regions represent weak dispersion forces that further enhance the interfacial adhesion. Such multiple 

non-covalent interactions promote efficient electronic coupling, facilitating the rapid migration of electrons 

from the CdS to the GO surface. This interfacial charge exchange effectively reduces electron–hole recombi-

nation and improves the photocatalytic efficiency under visible light. The NCI results confirm that the CdS–

GO system achieves an optimal balance between stability and electronic coupling through a combination of 

weak and moderately strong non-covalent forces, making it a promising material for solar-driven hydrogen 

evolution. 

The optimized structures together with the reduced density gradient (RDG) and non-covalent interac-

tion (NCI) analyses provide a comprehensive understanding of the interfacial behavior between CdS and 

graphene oxide (GO) in aqueous media. Figure 1 shows that pure CdS exhibits a well-ordered tetrahedral 

Cd-S network that conforms to a typical wurtzite-like configuration. Although this structure maintains elec-

tronic stability, it remains prone to rapid electron-hole recombination during photocatalytic reactions. When 

b) a) 
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CdS interacts with GO, the optimized CdS-GO structure exhibits pronounced Cd-O and S-O bonds at the 

interface, indicating the formation of chemical and non-covalent bonding regions. Oxygen-containing groups 

on the GO surface, including hydroxyl and epoxy functions, facilitate the strong attachment of CdS nanopar-

ticles, which improves interfacial stability and efficient charge migration pathways. 

As shown in Figure 2, RDG analysis provides visual evidence of weak non-covalent interactions that 

contribute to interfacial stabilization. In pure CdS, the green RDG isosurfaces mainly reflect weak van der 

Waals forces within the Cd-S framework. However, the CdS-GO composite exhibits a combination of blue 

and light green regions localized at the interface, confirming the coexistence of attractive (hydrogen bonding 

and Cd-O interactions) and dispersive forces. These interactions effectively reduce electron-hole recombina-

tion by creating energetically favorable pathways for electron transfer from CdS to the conductive GO sur-

face. The blue regions near the interface represent charge delocalization regions, which play a particularly 

important role in enhancing photocatalytic efficiency. 

The NCI plots in Fig. 3, which complement the RDG results, further illustrate the nature and distribu-

tion of weak interactions. While pure CdS exhibits uniform van der Waals contacts in its lattice, the CdS-GO 

system exhibits intense blue and cyan isosurfaces at the interface, indicating strong attractive non-covalent 

forces. The overlap of these regions with the Cd-O and S-O bond sites indicates significant orbital hybridiza-

tion and interfacial charge coupling. The combined effect of hydrogen bonding, Cd–O coordination, and dis-

persion interactions ensures the structural integrity of the composite and facilitates charge separation and 

transport upon illumination. 

A comparison of Figures 1–3 clearly demonstrates that the integration of CdS with GO not only chang-

es the geometric arrangement but also significantly improves the interfacial electronic coupling. The syner-

gistic interaction between CdS and GO, as demonstrated by RDG and NCI analyses, leads to efficient charge 

redistribution and reduced recombination losses. Consequently, the CdS–GO interface acts as an effective 

heterojunction, enhancing structural stability, high electron mobility, and photocatalytic potential for water 

splitting under solar irradiation. 

Table 1 summarizes experimental data from literature on CdS-GO (and closely related) composites, fo-

cusing on bandgap tuning, photocurrent enhancement, and H2 evolution where available. Pure CdS typically 

shows ~2.4–2.7 eV bandgap, reduced in composites due to interfacial effects mirroring our DFT findings of 

charge redistribution and Cd-O/S-O bonding. Photocurrent densities improve markedly with GO (e.g., 

6.01 mA/cm
2
 vs. 4.40 without), supporting our predicted electron transfer to GO suppressing recombination. 

Limited direct H2 rates for CdS-GO were found, but analogous systems confirm viability; our electronic lev-

els align with these trends, affirming the heterojunction's photocatalytic potential. This comparison has been 

added post-Results section with discussion [11–15]. 

T a b l e  1  

Comparison of our work with experimental work 

Study Composite Experimental Bandgap (eV) 

Photocurrent 

Density 

(mA/cm²) 

Notes 

This work (DFT) CdS-GO 

N/A (cluster based DFT calculation, not 

periodic DFT for correct band gap cal-

culation) 

N/A 
LC-PBE/LANL2DZ; interfa-

cial narrowing expected 

Irfan et al. (2025) 

[11] 

CdS/MoS2-

GO 
Reduced vs. CdS N/A 

Solvothermal; ternary structure 

bandgap reduction 

Li et al. (2015) 

[12] 
CdS-based 2.7 (pure CdS); decreases with additives N/A 

UV-Vis; Zn doping effect 

analogous to GO 

Tachibana et al. 

[13] 

GO-

CdS/TiO2 
N/A 

6.01 (GO-

CdS); 4.40 

(CdS only) 

Photocurrent increase with GO 

Khaoula et al. 

(2024) [14] 
CdS/GO 0.16 (110 dir.) N/A 

DFT validation; small gap in 

certain orientations 

Patil et al. (2023) 

[15] 

CdS-GO 

films 
Decreases with GO content N/A 

Ultrasonic spray; improved 

optics 

 

Although the present study is theoretical in nature, the obtained results are in strong agreement with ex-

perimental observations reported for CdS–GO composites. In particular, the formation of Cd–O interfacial 
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bonds identified in the optimized structures and charge density difference maps provides a direct explanation 

for the XPS binding energy shifts toward higher Cd 3d energies commonly observed after GO incorporation, 

which are typically attributed to Cd–O coordination. The enhanced electronic coupling between CdS and 

graphene oxide, evidenced by orbital hybridization and interfacial charge redistribution, is consistent with 

experimentally reported red-shifts and absorption edge broadening in UV–Vis spectra of CdS–GO compo-

sites. Such optical changes originate from the modification of the electronic structure and improved charge-

transfer pathways at the heterointerface [11–15]. Moreover, the strong suppression of electron–hole recom-

bination predicted by the NCI and RDG analyses offers a molecular-level explanation for the pronounced 

photoluminescence (PL) quenching frequently observed in CdS–GO systems. The calculated electron trans-

fer from CdS to GO confirms the role of graphene oxide as an efficient electron acceptor, which prolongs 

charge carrier lifetimes and enhances photocatalytic activity [16–20]. The present DFT-based analysis pro-

vides a coherent theoretical framework that rationalizes key experimental signatures—including XPS shifts, 

optical absorption changes, and PL quenching—thereby reinforcing the experimental relevance and predic-

tive capability of the proposed CdS–GO interface model. 

A major limitation of pristine CdS photocatalysts is their susceptibility to photocorrosion under pro-

longed illumination, which originates from the accumulation of photogenerated charge carriers and subse-

quent oxidation of sulfide ions. The incorporation of graphene oxide plays a critical stabilizing role by modi-

fying the interfacial electronic structure and facilitating efficient charge separation. 

In the present study, the formation of Cd–O interfacial bonds and the pronounced charge transfer from 

CdS to GO, as revealed by charge density difference, RDG, and NCI analyses, indicate the existence of 

strong electronic coupling at the heterointerface. This coupling enables GO to act as an effective electron 

reservoir, rapidly extracting photogenerated electrons from CdS and thereby suppressing surface redox reac-

tions responsible for photocorrosion. 

Experimental studies have consistently reported enhanced photostability of CdS–GO composites com-

pared to bare CdS, with reduced sulfur oxidation and prolonged catalytic activity under visible-light irradia-

tion. The theoretical results obtained here provide a molecular-level explanation for these observations, 

demonstrating that interfacial charge delocalization and non-covalent stabilization significantly mitigate deg-

radation pathways. 

Therefore, beyond improving charge transport and photocatalytic efficiency, the CdS–GO interface also 

contributes to structural and chemical stability, making this composite system more suitable for long-term 

solar-driven water-splitting applications. 

Conclusion 

In this work, density functional theory (DFT) was used to investigate the interfacial interactions, charge 

redistribution, and stability of cadmium sulfide (CdS) and graphene oxide (GO) composites in the context of 

photocatalytic water splitting. The optimized geometries showed that pure CdS exhibits a strong tetrahedral 

configuration with uniform Cd-S bonds, while the CdS-GO composite exhibits distinct Cd-O and S-O bonds 

in the interfacial bonding, confirming the formation of strong interfacial bonds. This structural rearrangement 

improves both mechanical stability and electronic coupling between the semiconductor and the carbon sup-

port. 

Reduced density gradient (RDG) and non-covalent interaction (NCI) analyses provided insight into the 

nature of the bonding at the CdS-GO surface. The blue and green isosurfaces identified in these analyses cor-

respond to attractive non-covalent forces such as hydrogen bonding and van der Waals interactions, respec-

tively. These interactions not only stabilize the heterojunction but also serve as conductors for electron 

transport through the interfacial bond. The observed charge redistribution indicates that electrons preferen-

tially transfer from CdS to GO, which allows for efficient separation of photogenerated electron-hole pairs 

and reduced recombination losses. 

Such favorable electronic interactions directly contribute to the improvement of photocatalytic perfor-

mance under visible light irradiation. GO acts as a conductive bridge, promoting electron transport and ex-

tending the lifetime of photogenerated carriers. Thus, the synergy between CdS and GO results in an opti-

mized hybrid structure capable of efficiently converting solar energy into chemical energy. 

Overall, the study demonstrates that interface engineering through non-covalent interactions plays a 

crucial role in determining the photocatalytic behavior of semiconductor-graphene composites. The research 

results provide a fundamental understanding of the mechanisms governing charge transfer and stabilization, 
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providing a solid theoretical basis for the rational design of advanced CdS-GO-based photocatalysts for sus-

tainable hydrogen production and other solar energy applications. 
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Ж.Ы. Байтасова, И.С. Иргибаева, А.М. Асильбекова,  

Г.Е. Сагындыкова, С.Н. Пискунов, А.А. Алдонгаров 

Күн сәулесімен суды фотокаталитикалық ыдыратуға арналған  

кадмий сульфиді мен графен оксиді интерфейстерінің  

молекулалық зерттелуі 

Мақалада фотокаталитикалық суды бөлу қолданбалары үшін кадмий сульфиді (CdS) мен графен 

оксидінің (GO) өзара әрекеттесуінің молекулалық деңгейдегі зерттеуі ұсынылған. Геометрияны 

оңтайландыру және интерфейстік қасиеттерді зерттеу үшін тығыздық функционалдық теориясы (DFT) 

есептеулері имплицитті су моделі (IEFPCM) ішіндегі LC-ωPBE функционалдық және LANL2DZ 

базалық жиынтығы пайдаланылды және жүргізілді. Оңтайландырылған CdS құрылымы тұрақты 

тетраэдрлік Cd-S конфигурациясын көрсетеді, ал CdS-GO композиті интерфейс бойынша зарядты 

қайта бөлумен қолдау көрсетілетін Cd-O және S-O өзара әрекеттесулері арқылы күшті интерфейстік 

байланысты көрсетеді. Тығыздықтың төмендеуі градиенті (RDG) және ковалентті емес өзара 

әрекеттесу (NCI) талдаулары композитті тұрақтандыратын ван-дер-Ваальс күштері, сутектік байланыс 

және Cd-O координациясы сияқты айтарлықтай әлсіз өзара әрекеттесулердің бар екенін көрсетеді. NCI 

және RDG карталарындағы көк аймақтардың визуализациясы CdS және GO арасындағы электрондық 

байланысты және заряд алмасуын күшейтетін тартымды ковалентті емес күштерді көрсетеді. Бұл 

нәтижелер GO тиімді электрон акцепторы ретінде әрекет ететінін, фотогенерацияланған 

тасымалдаушылардың рекомбинациясын басатынын және фотокаталитикалық тиімділікті 

арттыратынын растайды. Осы жұмыстан алынған құрылымдық және электрондық түсініктердің 

біріккен нәтижелері фотокатализатордың жұмысын реттеудегі ковалентті емес өзара әрекеттесулердің 

негізгі рөлін көрсетеді. Зерттеу нәтижелері күн энергиясымен жұмыс істейтін суды бөлу арқылы 

тұрақты сутегі энергиясын өндіру үшін тұрақты және тиімді CdS-GO негізіндегі наноқұрылымдарды 

жобалауға арналған құнды теориялық нұсқаулық береді. 

Кілт сөздер: кадмий сульфиді, графен оксиді, фотокатализ, су ыдырату, сутек энергиясы 

 

Ж.Ы. Байтасова, И.С. Иргибаева, А.М. Асильбекова,  

Г.Е. Сагындыкова, С.Н. Пискунов, А.А. Алдонгаров 

Молекулярное исследование интерфейсов сульфида кадмия  

и оксида графена для фотокаталитического расщепления воды  

с использованием солнечного света 

В данной работе представлено исследование на молекулярном уровне взаимодействия сульфида кад-

мия (CdS) и оксида графена (GO) для фотокаталитического расщепления воды. Расчеты теории функ-

ционала плотности (DFT) проводились с использованием функционала LC-ωPBE и базисного набора 

LANL2DZ в неявной модели воды (IEFPCM) для оптимизации геометрии и изучения свойств интер-

фейса. Оптимизированная структура CdS демонстрирует стабильную тетраэдрическую конфигурацию 

Cd-S, тогда как композит CdS-GO демонстрирует прочные интерфейсные связи посредством взаимо-

действий Cd-O и S-O, поддерживаемых перераспределением заряда через интерфейс. Анализ градиен-

та плотности восстановления (RDG) и нековалентного взаимодействия (NCI) выявил наличие значи-

тельных слабых взаимодействий, включая силы Ван-дер-Ваальса, водородные связи и координацию 

Cd-O, которые стабилизируют композит. Визуализация синих областей на графиках NCI и RDG ука-

зывает на нековалентные силы притяжения, которые усиливают электронное взаимодействие и пере-

нос заряда между CdS и GO. Эти результаты подтверждают, что GO действует как эффективный ак-

цептор электронов, подавляет рекомбинацию фотогенерированных носителей и повышает эффектив-

ность фотокаталитического процесса. Совокупность структурных и электронных данных, полученных 

в ходе данной работы, подчеркивает решающую роль нековалентных взаимодействий в регулирова-

нии фотокаталитических характеристик. Результаты исследования дают ценное теоретическое руко-

водство для разработки стабильных и эффективных наноструктур на основе CdS-GO для устойчивого 

производства водорода путем расщепления воды с помощью солнечной энергии. 

Ключевые слова: сульфид кадмия, оксид графена, фотокатализ, расщепление воды, водородная энер-

гетика 
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Incorporating TiO2 Nanoparticles to Enhance Corrosion Resistance,  

Cytocompatibility of PEO Calcium–Phosphate Coatings on Titanium 

Titanium and its alloys are widely used in biomedical implants due to their favorable mechanical properties 

and corrosion resistance; however, their natural surface lacks sufficient bioactivity. Micro-arc oxidation is a 

promising approach to producing bioactive coatings, and the incorporation of nanoparticles such as TiO2 may 

further improve their functionality. This study aimed to determine the optimal TiO2 nanoparticle 

concentration in the micro-arc oxidation electrolyte that ensures coating stability and biological safety. 

Calcium–phosphate coatings were fabricated on commercially pure titanium using micro-arc oxidation with 

two TiO2 concentrations: 0.5 wt.% (MAO 1) and 1 wt.% (MAO 2). Surface morphology, porosity, and phase 

composition were analyzed by scanning electron microscopy, energy-dispersive spectroscopy, and X-ray 

diffraction. Corrosion resistance was evaluated via potentiodynamic polarization in NaCl and Ringer’s 

solutions, while biocompatibility was assessed in vitro using HOS human osteosarcoma cells and MTT 

assays. Increasing the TiO2 content to 1 % decreased coating porosity (13.7 % vs. 26.3 % for MAO 1), 

enhanced corrosion protection, and reduced the friction coefficient compared to bare titanium. However, 

MAO 2 exhibited high cytotoxicity (81 % cell death) and partial structural degradation in the biological 

medium. MAO 1 maintained integrity and showed no toxic effects (3 % cell death). These results suggest that 

0.5 % TiO2 is the optimal concentration, providing a balance between corrosion resistance, mechanical 

stability, and biocompatibility, supporting the development of safer implant coatings. 

Keywords: micro-arc oxidation; titanium; TiO2 nanoparticles; corrosion; biocompatibility; cytotoxicity 
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Introduction 

Titanium and its alloys are among the most widely used materials in modern medicine due to their high 

corrosion resistance, low density, favorable mechanical properties, and good bioinertness under physiologi-

cal conditions [1, 2]. However, the natural surface of titanium has several limitations, such as low wear re-

sistance and limited osseointegration [3, 4]. These factors drive the search for effective surface modification 

methods capable of improving the functional characteristics of titanium implants [5]. 

Various technologies are employed for the surface modification of titanium implants, including anodic 

oxidation, plasma spraying, sol-gel methods, laser texturing, ion implantation, and others [6–9]. These ap-

https://doi.org/10.31489/2026PH1/22-39
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proaches allow the formation of oxide or bioactive layers that enhance cell adhesion and improve the corro-

sion resistance of the material. However, they also have several limitations, including poor coating adhesion 

to the substrate, insufficient porosity that slows down the osseointegration process, and challenges in the 

controlled incorporation of functional elements into the layer composition [10, 11]. Micro-arc oxidation 

(MAO) is one of the most promising methods for producing bioactive coatings on titanium [12, 13]. During 

MAO, a multilayered oxide film with a well-developed porous structure forms on the surface, increasing the 

contact area with biological tissues and enhancing osseointegration [14]. The additional incorporation of na-

noparticles of various elements (Ag, Zn, Cu, TiO2, CeO2, etc.) into the coating can impart antibacterial, 

osteogenic, and photocatalytic properties [15–17], making MAO a versatile tool for the development of med-

ical implants. 

Particular attention has been given to TiO2 nanoparticles, which are widely used due to their 

bioinertness, photocatalytic activity, and ability to enhance the corrosion and mechanical resistance of coat-

ings [18–20]. However, growing evidence indicates potential toxicological risks associated with the migra-

tion of TiO2 nanoparticles from coatings into biological environments. In vivo and in vitro studies have 

demonstrated that nanoparticles can penetrate tissues and organs, accumulate in the liver, kidneys, and brain, 

and cause oxidative stress, cell membrane damage, and apoptosis [21–24]. These effects depend on the con-

centration, size, and degree of nanoparticle aggregation, as well as the stability of the coating in physiologi-

cal media. 

Recent review and experimental studies have confirmed the promising potential of MAO coatings while 

highlighting the need for precise control over the composition and dosage of incorporated ions. For instance, 

electrochemical modification of titanium with Zn, Cu, Ag, Sr, and Ce ions via MAO has been shown to en-

hance osteogenic, angiogenic, and antibacterial properties. However, systematic reviews emphasize the risk 

of uncontrolled ion release and coating instability during long-term exposure to physiological environments 

[25–29]. 

In vitro studies on cell cultures further underline the dose-dependent nature of TiO2 toxicity: high nano-

particle concentrations can induce oxidative stress, DNA damage, and cell cycle disruptions, particularly in 

three-dimensional models that mimic in vivo conditions. This highlights the increased cellular sensitivity to 

nanoparticle dosage and morphology and underscores the need for a comprehensive analysis of both the 

physicochemical and biological properties of such coatings [30, 31]. 

Despite the widespread use of TiO2-modified coatings in implantology, the mechanisms underlying 

their potential cytotoxicity at different nanoparticle concentrations remain unclear. A comprehensive study, 

combining physicochemical characterization and biological testing, is required to assess coating stability and 

safety for living cells. 

The aim of this work is to provide a systematic evaluation of the influence of TiO2 nanoparticle concen-

tration in the MAO electrolyte on the morphology, phase composition, corrosion resistance, and cytotoxicity 

of calcium–phosphate coatings formed on titanium. The findings of this study are expected to help define 

optimal MAO processing conditions that ensure a balance between mechanical and corrosion stability and 

biological safety, which is essential for the development of next-generation implantable medical devices. 

Materials and methods of experiments 

Commercially pure titanium (grade VT1-0) samples with dimensions of 10×10×3 mm were used in this 

study. Prior to treatment, the sample surfaces were subjected to mechanical grinding, ultrasonic cleaning in 

ethanol, rinsing with deionized water, and sandblasting to remove the native oxide layer and level the sur-

face. Calcium–phosphate coatings were produced by micro-arc oxidation (MAO) in an aqueous electrolyte 

containing 30 % phosphoric acid (H3PO4), 60 g L
−1

 hydroxyapatite (HA), and 90 g L
−1

 calcium carbonate 

(CaCO3). To investigate the effect of TiO2 nanoparticle concentration, two electrolyte compositions were 

prepared, containing 0.5 % and 1 % TiO2 nanoparticles, respectively. Samples obtained under these condi-

tions are hereafter designated as MAO 1 (0.5 % TiO2) and MAO 2 (1 % TiO2). In addition to the TiO2-

containing coatings, a control PEO coating was prepared in the same calcium–phosphate electrolyte without 

TiO2 nanoparticles (denoted MAO 0) to provide a reference for comparison of the morphological and physi-

cochemical properties. We used commercial titanium (IV) oxide nanopowder (anatase phase) purchased 

from Aldrich (catalogue No. 637254-50G, Lot No. MKCN0838). According to the manufacturer’s specifica-

tions, the particles have an average size of <25 nm, a purity of 99.7 %, and the crystalline phase is anatase. 

The base electrolyte for micro-arc oxidation was a calcium–phosphate solution consisting of 30 % H3PO4, 

60 g L
−1

 hydroxyapatite, and 90 g L
−1

 CaCO3. For the MAO 1 and MAO 2 samples, this same calcium–
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phosphate electrolyte was used, with the only difference being the addition of 0.5 wt.% or 1 wt.% of the TiO2 

nanopowder described above. The MAO process was performed using a KP-HI-F-40A600V pulsed power 

supply under the following parameters: voltage — 300 V, processing time — 600 s, frequency — 200 Hz, 

duty cycle — 15 %, and current density — 0.23–0.35 A/cm
2
. After treatment, the samples were rinsed with 

deionized water and dried at room temperature. 

The surface morphology and elemental composition of the coatings were analyzed using a Tescan scan-

ning electron microscope equipped with an energy-dispersive spectroscopy (EDS) detector. Phase composi-

tion was determined by X-ray diffraction (X’Pert PRO, PANalytical, Almelo, The Netherlands). Porosity and 

average pore size were quantified based on SEM images using the ImageJ software. 

Corrosion resistance was evaluated by potentiodynamic polarization using a CS350M potentiostat-

galvanostat (Corrtest Instruments) with a flat-type corrosion cell (model CS936) in a standard three-electrode 

configuration. The working electrode was a coated or uncoated sample with an exposed area of 1 cm
2
. A sat-

urated Ag/AgCl electrode served as the reference, and a platinum mesh was used as the counter electrode. 

Tests were conducted in two media: 3.5 wt.% NaCl and Ringer’s solution at 25 °C. Prior to polarization, the 

open-circuit potential (OCP) was stabilized for 30 min. The potential sweep was carried out from −0.25 V to 

0.00 V versus Ag/AgCl at a scan rate of 0.5 mV/s. The open surface porosity and pore size were quantified 

from plan-view SEM micrographs in ImageJ. After scale calibration images were segmented (Otsu thresh-

old) with watershed separation; edge-touching features and objects < 2 µm were excluded. For each condi-

tion, 5 random fields of view were analyzed; the results are reported as mean ± SD. Static water contact an-

gles were measured using a goniometer SDA-100 contact goniometer (Qchaida, Dongguan, China, sessile-

drop method (3 µL), at 23 ± 1 °C. 

Tribological tests were performed using an Anton Paar TRB3 tribometer in a ball-on-disk configuration 

in Ringer’s solution. As the counterbody, we used a 6 mm silicon–nitride (Si3N4) ceramic ball, supplied with 

the instrument, with an applied load of 2 N and a sliding distance of 100 m. The friction coefficient was rec-

orded in real time. Si3N4 was chosen because it is chemically inert and does not corrode in Ringer’s solution, 

allowing the tribological response of the coating itself to be evaluated without interference from the 

counterbody. 

For cytotoxicity evaluation, 10 samples were prepared (5 from each coating group). The study was car-

ried out using the HOS human osteosarcoma cell line in accordance with ISO 10993-5 [32]. The cell concen-

tration was 10
5
 cells/mL in culture medium (90 % DMEM, 10 % FBS, antibiotics, and L-glutamine). Sam-

ples were incubated with the cell culture for 24 h at 37 °C, 5 % CO2, and 100 % humidity. A culture without 

samples served as the control. After incubation, samples were removed, and 0.5 % MTT solution (NeoFroxx, 

Germany) was added and incubated for an additional 4 h, followed by dissolution of the formazan crystals in 

10 % dodecyl sulfate in 0.01 M HCl. Optical density was measured using a Multiskan FC spectrophotometer 

(Thermo Fisher Scientific, China) at 540 nm with a 630 nm reference. The cytotoxicity index (CI, %) was 

calculated using the following formula: 

 CI (%) = (K – O) / K×100 %   (1) 

where K is the absorbance of the control and O is the absorbance of the sample. Samples were considered 

non-cytotoxic when CI ≤ 30 %. Macro- and microscopic images of the surfaces before and after the experi-

ments were taken using a Canon Power Shot A630 digital camera and an ADF I350 inverted metallographic 

microscope after staining fixed cells with a mixture of Azure II and eosin. Statistical analysis was performed 

in RStudio (R) using the Shapiro-Wilk test (with Royston’s correction), Welch’s ANOVA, the Brunner-

Munzel test, and Games-Howell multiple comparisons, with a significance level of p < 0.05. Prior to cell 

contact, specimens were rinsed 3× with deionized water (and PBS), then air-dried; after MAO, all samples 

were rinsed and dried as described. 

Results of the research 

Surface Morphology of MAO Coatings 

Figure 1 presents the surface morphology of the coatings produced in electrolytes with different TiO2 

nanoparticle contents. The MAO 0 surface, obtained without nanoparticle addition, exhibits the typical mi-

cro-arc oxidation (MAO) morphology: a porous layer with rounded discharge craters of various sizes and 

relatively smooth, dense pore walls. When 0.5 wt.% TiO2 nanoparticles are introduced into the electrolyte 

(MAO 1, Figure 1b), the coating retains the characteristic MAO structure but shows a slightly denser ar-

rangement of pores and more uniform pore distribution. Increasing the nanoparticle concentration to 1 wt.% 
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produces a surface with reduced total open porosity and partial closure of some discharge channels; the large 

craters remain but their number is lower, indicating a more compact oxide layer. XRD analysis confirms the 

presence of TiO2 signals in both MAO 1 and MAO 2 coatings, demonstrating that the TiO2 nanoparticles 

become incorporated into the MAO layer during plasma-electrolytic oxidation. The amount of incorporated 

TiO2 increases with the nanoparticle content in the electrolyte, but no qualitative difference in the type of 

incorporated phase is observed. Thus, the main effect of increasing TiO2 concentration is a denser, less po-

rous microstructure with a higher level of TiO2 incorporation, which can influence the subsequent corrosion 

resistance and biological response. 

 

 

(a) MAO 0 — coating formed in the calcium–phosphate electrolyte without TiO2 nanoparticles,  

(b) MAO 1 — coating formed with 0.5 wt.% TiO2, (c) MAO 2 — coating formed with 1 wt.% TiO2 

Figure 1. Surface SEM images of the coatings 

Phase Composition 

Figure 2 presents the X-ray diffraction (XRD) patterns of the untreated titanium surface and the MAO 

coatings produced with different TiO2 nanoparticle concentrations.  

 

 

Figure 2. X-ray diffraction patterns of initial titanium and coatings containing TiO2 

For the uncoated titanium substrate, characteristic diffraction peaks of α-Ti are observed at 2θ ≈ 35°, 

38°, 40°, 53°, and 63°, corresponding to the hexagonal close-packed crystal structure of metallic titanium. 

After MAO treatment, additional diffraction peaks appear for both coating types (MAO 1 and MAO 2), 

which can be attributed to titanium dioxide phases. Distinct peaks of anatase TiO2 are detected at approxi-

mately 2θ ≈ 25°, 37°, 48°, and 55°, while rutile peaks are observed to a lesser extent near 2θ ≈ 27°. This in-
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dicates the formation of an oxide film with a mixed polymorphic composition. Increasing the TiO2 nanopar-

ticle concentration in the electrolyte (MAO 2) results in a higher intensity of both anatase and rutile peaks 

compared to MAO 1, suggesting a greater amount of crystalline TiO2 phases in the coating [33, 34]. The me-

tallic titanium peaks remain visible, which is attributed to partial penetration of the X-ray beam through the 

porous coating layer to the underlying substrate. Thus, a higher TiO2 nanoparticle content promotes the for-

mation of a coating with enhanced crystallinity and enrichment in the anatase and rutile phases. 

Porosity and Pore Size 

In aqueous electrolytes, such particles can form loose agglomerates of several hundred nanometers, 

which is typical for unmodified TiO2 suspensions in near-neutral or weakly alkaline solutions [35]. During 

micro-arc oxidation, the local plasma micro-discharges reach transient temperatures of 2000–10,000 K, but 

the residence time of individual nanoparticles in the discharge channel is extremely short (micro- to millisec-

onds) and rapid quenching occurs [36]. Numerous studies have shown that TiO2 nanoparticles do not melt 

completely; instead, they become partially sintered and are incorporated into the growing calcium–

phosphate/TiO2 oxide layer as crystalline anatase/rutile phases [37]. Our own XRD and EDS analyses (Fig-

ures 2 and 12) confirm the presence of anatase and rutile peaks in the final coating, demonstrating that TiO2 

nanoparticles survive the MAO process and are embedded within the oxide matrix rather than being dis-

solved or lost. 

 

 

Figure 3. Porosity and average pore size of MAO coatings formed with different TiO2 nanoparticle concentrations 

Figure 3 presents the porosity and average pore-size values of the coatings. For the MAO 1 sample, the 

total open surface porosity is 26.3 %, with an average pore size of 22.4 µm. Increasing the TiO2 nanoparticle 

concentration to 1 % (MAO 2) reduces the open porosity to 13.7 %, while the mean pore size decreases only 

slightly to 19.7 µm. SEM observations (Fig. 1) show that a few large discharge craters remain visible on 

MAO 2, but their areal density is lower, so that the overall mean pore diameter is marginally smaller. The 

reduction in open porosity is attributed to a more intense micro-arc oxidation process and the consequent 

densification of the oxide layer, which leads to partial closure of discharge channels [38–40]. Although high 

porosity can facilitate osseointegration by increasing the surface area available for cell attachment, excessive 

porosity may compromise corrosion resistance and mechanical strength. Thus, a TiO2 nanoparticle concen-

tration of 1 % promotes the formation of a denser coating with potentially improved structural stability while 

maintaining the characteristic MAO surface morphology. 

Coating Thickness (Cross-Sectional SEM) 

Cross-sectional SEM micrographs (Fig. 4) reveal the typical duplex MAO structure with a porous outer 

layer and a dense inner barrier layer. The coating thickness, determined from three independent measure-

ments on each sample, is about 72±8 µm for MAO 1 and about 123±5 µm for MAO 2. Although no statisti-

cal analysis was performed, these values clearly indicate that the coating obtained with 1 wt.% TiO2 is mark-

edly thicker than the one produced with 0.5 wt.% TiO2. The increase in thickness can be attributed to the 
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higher density and energy of micro-discharges in the electrolyte with a larger amount of TiO2 nanoparticles, 

which accelerates oxide growth and promotes the formation of a thicker porous layer. 

 

 

Figure 4. SEM cross-section images of MAO coatings: (a) MAO 1, (b) MAO 2 

A similar increase in coating thickness with a higher TiO₂ content in the electrolyte was also noted in 

the works [41, 42], where it was shown that TiO₂ nanoparticles increase the conductivity of the electrolyte, 

enhance the energy of microdischarges and accelerate the growth of the oxide layer. 

Surface Roughness 

The surface roughness (Ra) values obtained from contact profilometry shown in Figure 5. The untreated 

titanium surface exhibits an average roughness of 3.55±1.5 µm, which reflects the initial sand-blasted prepa-

ration. The TiO2-free MAO coating (MAO 0) shows a comparable Ra of 3.96±1.2 µm, indicating that the 

micro-arc oxidation process without nanoparticle additives does not substantially change the macro-scale 

roughness. In contrast, incorporation of TiO2 nanoparticles leads to a slight but measurable decrease: 

MAO 1 — 3.05±0.4 µm and MAO 2 — 2.98±0.7 µm. This trend is consistent with the SEM observations 

(Figure 1), where the coatings containing nanoparticles display partial closure of large discharge channels 

and a denser surface. A lower Ra can improve the uniformity of cell attachment while maintaining the char-

acteristic porous microstructure required for osseointegration. 

 

 

Figure 5. Surface roughness profiles of the tested samples 

Corrosion Behavior 

The anodic polarization curves (Fig. 6) demonstrate clear differences in the corrosion behavior of bare 

titanium and MAO-coated samples. In 3.5 wt.% NaCl solution (Figure 6a), the corrosion current density 

(Icorr) of untreated titanium is 1.48×10
−5

 A cm
−2

, whereas MAO 1 and MAO 2 show markedly lower values 

of 3.50×10
−6

 A cm
−2

 and 8.89×10
−6

 A cm
−2

, respectively. Both coatings also exhibit a positive shift of the 
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corrosion potential, indicating a slowdown of anodic dissolution processes. Among them, the MAO 2 coating 

provides the most pronounced improvement in the chloride medium. In Ringer’s solution (Figure 6b), the 

absolute Icorr values for all samples are lower, reflecting the formation of a protective passive TiO2 film 

promoted by the calcium- and phosphate-containing ions of the medium: 2.27×10
−6

 A cm
−2

 for bare titanium, 

9.68×10
−7

 A cm
−2

 for MAO 1, and 1.13×10
−5

 A cm
−2

 for MAO 2. Owing to this strong spontaneous pas-

sivation, the untreated titanium shows a slightly lower Icorr than the MAO coatings. This effect is well 

known for titanium in simulated body fluids and represents a temporary passivation phenomenon rather than 

superior long-term protection. Importantly, in the more aggressive chloride environment (NaCl), the MAO 

coatings, particularly MAO 2, still provide markedly better protection than bare titanium. The superior corro-

sion performance of MAO 2 compared with MAO 1 can be attributed to its lower open porosity (13.7 % vs. 

26.3 %), which limits the penetration of aggressive ions, and to the higher crystallinity of the oxide layer 

with an increased content of stable TiO2 phases [43, 44]. 

 

 

Figure 6. Polarization curves of the samples: (a) in 3.5 wt.% NaCl solution; (b) in Ringer’s solution 

Tribological Performance 

Figure 7 shows the evolution of the friction coefficient (µ) during ball-on-disk sliding in Ringer’s solution.  

 

 

Figure 7. Tribological test results 

All samples display an initial running-in stage with a rapid rise in µ, followed by a quasi-steady regime. 

The untreated titanium and the MAO 0 coating (formed without TiO2 nanoparticles) exhibit the highest 

steady-state friction coefficients, stabilizing at about 0.55–0.60 and 0.50–0.55, respectively. For the TiO2-

containing coatings the friction levels are lower overall: MAO 1 reaches approximately 0.46–0.50, while 
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MAO 2 remains in the range 0.38–0.42 throughout the test. It should be noted that, at longer sliding distanc-

es, the µ value of MAO 1 slightly exceeds that of the untreated reference, which we have now stated explicit-

ly; this reflects the combined effect of its relatively high open porosity and the formation of a stable 

tribolayer rather than any measurement artifact. The progressive reduction of µ from MAO 0 to MAO 2 cor-

relates with the decrease in open surface porosity and the more compact microstructure (Fig. 3), which favor 

better retention of the lubricating medium and reduce adhesive interactions with the Si3N4 counterbody. 

Thus, the incorporation of TiO2 nanoparticles, particularly at 1 wt.%, results in coatings with improved 

tribological behavior compared to both untreated titanium and MAO 0. 

In the revised manuscript, Figure 8 presents SEM micrographs of the wear tracks formed after 

tribological tests in Ringer’s solution. The width of the wear scars is approximately 1.2–1.4 mm for all coat-

ings. The MAO 0 surface shows a relatively rough track with visible micro-grooves, typical of abrasive 

wear. In contrast, MAO 1 and MAO 2 coatings exhibit smoother tracks without signs of delamination, indi-

cating that the oxide layer remained stable under sliding conditions. The MAO 2 sample demonstrates a 

slightly more compact and uniform wear zone, which correlates with its denser surface structure and lower 

friction coefficient. 

 

 
 

Figure 8. SEM images of wear tracks on the coatings after tribological testing in Ringer’s solution:  

(a) MAO; (b) MAO 1; (c) MAO 2 

Wettability (Water Contact Angle) 

Figure 9 shows the static water contact angles of the investigated surfaces. The untreated titanium ex-

hibits a contact angle of 68.0°, corresponding to a weakly hydrophilic surface. After micro-arc oxidation 

without TiO2 (MAO 0) the contact angle decreases to 52.0°, and further to 47.2° for MAO 1 (0.5 wt.% TiO2), 

indicating a more pronounced hydrophilic character. This trend correlates with the higher surface porosity 

and the moderately rough topography revealed by SEM and profilometry (Table 1), which favor the capillary 

penetration of water and thus enhance wetting. For MAO 2 (1 wt.% TiO2), the contact angle slightly increas-

es to 60.3°, remaining within the hydrophilic range (<90°). The small rise compared with MAO 1 can be re-

lated to the lower open porosity (13.7 % vs. 26.3 %) and the denser outer layer, which reduce the capillary 

effect despite similar Ra values. Overall, all coatings remain hydrophilic, a surface property known to be 

beneficial for early cell adhesion and subsequent osseointegration of implant materials [45]. All coatings re-

main hydrophilic (<90°), which is favorable for early cell adhesion. 
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Figure 9. Water contact angle images of the tested surfaces: (a) initial, (b) MAO 0, (c) MAO 1, (d) MAO 2 

Cytotoxicity and Surface Stability in Cell Culture 

In this study, dark-field light microscopy was employed to assess the microrelief of the coating surfaces 

before and after thermal sterilization, as well as to analyze the uniformity and structural changes induced by 

technological treatments. Reflective dark-field microscopy of the samples (Fig. 10) revealed a pronounced 

microrelief typical of calcium–phosphate coatings formed by the micro-arc oxidation process, consisting of 

bright spherulitic structures and darker surface depressions. 

 

 

Figure 10. Microscopic appearance of the sample surfaces before dry-heat sterilization (dark-field light microscopy), 

magnification ×500; (a) sample No. 31 from the MAO 1 group; (b) sample No. 21 from the MAO 2 group 

After sterilization at 160 °C for 60 min (prior to contact with the liquid cell culture), no additional sur-

face integrity changes (such as cracks or delamination of structural elements) were observed. However, when 

the sterile samples were placed in the cell suspension, yellowing of the culture medium was noticeable in the 

MAO 2 group (Fig. 11). Only sample No. 25 displayed a medium color similar to that of the control group 
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(cells without samples, K1 for comparison) and the MAO 1 test group (sample No. 35 for comparison). In 

addition, a white amorphous, flake-like precipitate formed at the bottom of the test tubes containing samples 

No. 21–24 (MAO 2 group), which was absent in the control tubes and in tubes containing samples No. 25 

and No. 35. Synthetic cell culture media have their own buffering systems that protect against pH fluctua-

tions. The yellowing observed in group 2 indicates acidification of the medium caused by chemical products 

released from the samples (e.g., detachment of structural coating elements or residual products of the micro-

arc oxidation process that were not fully removed during sample preparation). pH fluctuations of ±1 unit 

from the neutral range (7.0–7.4) indicate that the sample did not pass sanitary-chemical suitability tests for 

potential implant use. Therefore, samples from the MAO 2 group may subsequently demonstrate excessive 

cytotoxicity in the MTT assay. 

 

 

Figure 11. Change in the color of the culture medium immediately  

after adding samples from the MAO 2 group (Nos. 21–24) 

In this context, it should be noted that after contact with the cell culture, coating defects were observed 

on both sides of the MAO 2 samples, particularly along the edges, which may indicate partial dissolution of 

the coating and precipitation of its components into the medium (Fig. 10). In the MAO 1 group, this effect 

was much less pronounced. Edge defects of MAO coatings have been reported in the literature in cases of 

excessive coating dissolution and are presumably associated with “stress concentrators.” The condition of a 

normal distribution of sample characteristics was not met; therefore, a nonparametric test was used to com-

pare the results between the MAO 1 and MAO 2 groups. Verification according to Section 2.1.1 of the PI 

guidelines (Table 1) showed that the median cytotoxicity index (CI) in the MAO 2 group significantly ex-

ceeded the 30 % in vitro cytotoxicity threshold recommended by ISO 10993-5, reaching 81 % cell death 

compared to the control. In contrast, the MAO 1 group had a median CI of 3 % (Table 2), indicating the non-

cytotoxic nature of the samples in this group. Statistically significant differences (p<0.001) in the median CI 

values were identified between the two groups (Table 3). 

T a b l e  1  

Verification of MTT test results for the normal distribution of variables in the studied samples 

Group 
Shapiro–Wilk Test with  

Royston’s Correction 

Normal Distribution  

Law of the Variable 

MAO 1 SW = 0.94, p = 0.13 yes 

MAO 2 SW = 0.66, p < 0.001 no 

 

T a b l e  2  

Intergroup comparison of MTT test results in the studied samples 

Group 
Cytotoxicity Index Values,  

% of Control, Me (Q1; Q3) 

Pairwise Comparison,  

Brunner–Munzel Test 

MAO 1 3 (−2; 10) Brunner–Munzel Test  

Statistic = 17.63 

p < 0.001 
MAO 2 81 (76; 84) 
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Thus, the MAO 2 group samples exhibit a significant cytotoxic effect (>30 % relative to control) on the 

in vitro culture of HOS human osteosarcoma cells under direct short-term contact for 24 h. The results pre-

sented in Tables 3 and 4 indicate that the cytotoxic effect in the MAO 1 group varies around zero. Notably, 

sample No. 32 demonstrates statistically significant differences from the other samples in this group, show-

ing a cytoprotective effect (enhanced cell viability). 

T a b l e  3  

Intragroup comparison of MTT test results among samples within the MAO 1 group 

Group 
Cytotoxicity Index Values,  

% of Control (X ± SD) 

Multiple Comparison,  

Welch’s ANOVA 

Pairwise Comparison,  

Games–Howell Test 

Sample 31 10 ± 7 

F = 7.21 

p = 0.0054* 

p31–32 = 0.0067* 

p31–33 = 0.99 

p31–34 = 0.28 

p31–35 = 0.99 

p32–33 = 0.0091* 

p32–34 = 0.099 

p32–35 = 0.0095 

p33–34 = 0.39 

p33–35 = 0.99 

p34–35 = 0.41 

Sample 32 −15.80 ± 8.82 

Sample 33 8.80 ± 7.19 

Sample 34 −0.2 ± 7.82 

Sample 35 8.6 ± 7.16 

* n — sample size (number of measurement replicates); the intragroup distribution of the variable was consistent with normality 

according to the Shapiro–Wilk test with Royston’s correction. 

 

In turn, with the exception of sample No. 25 (CI = 11.8 %), the remaining four samples showed CI val-

ues in the range of 77.0 %–90.8 % (Table 4), which is 2.5–3 times higher than the threshold level recom-

mended by ISO 10993-5 (not exceeding 30 %). 

T a b l e  4  

Intragroup comparison of MTT test results among samples within the MAO 2 group 

Group n 
Cytotoxicity Index Values, % of 

Control (X ± SD) 

Multiple Comparison, Welch’s 

ANOVA 

Pairwise Comparison, Games–

Howell Test 

Sample 21 5 80.60 ± 1.67 

F = 201.47 

p < 0.001* 

p21–22 < 0.001* 

p21–23 = 0.042* 

p21–24 = 0.071 

p21–25 < 0.001* 

p22–23 < 0.001* 

p22–24 < 0.001* 

p22–25 < 0.001* 

p23–24 = 0.0014* 

p23–25 < 0.001* 

p24–25 < 0.001* 

Sample 22 5 90.80 ± 0.84 

Sample 23 5 84 ± 1.23 

Sample 24 5 77 ± 1.87 

Sample 25 5 11.80 ± 6.61 

* n — sample size (number of measurement replicates); the intragroup distribution of the variable was consistent with normality 

according to the Shapiro–Wilk test with Royston’s correction. 

 

Microscopic imaging of the sample surfaces after Azure II/eosin staining was used to visualize HOS 

cells adhered to the coatings (Fig. 12). Because of the irregular microrelief and variable depth of the MAO 

surface it was not possible to obtain sharply focused micrographs at all sites, even at low magnification 

(×200). Nevertheless, representative low-magnification images of the MAO 1 group (Fig. 12a) show multi-

ple scattered stained areas corresponding in size to individual cells. Examination of several fields of view at 

higher magnification (×500) confirmed the presence of cell nuclei-like structures in these stained regions 

(Fig.  12b). For the MAO 2 group (Fig.  12c), stained elements were also found, but in repeated fields the 

overall number of attached cells was lower than on MAO 1, even though the single representative image 

shows two stained spots. The lower apparent count in the selected micrographs should therefore be interpret-

ed qualitatively; the conclusion of higher cell adhesion on MAO 1 is based on observation of multiple areas 

rather than only the frames shown. 
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(a) MAO 1 No. 33, dark-field, ×200: numerous stained regions corresponding in size to individual cells are visible 

across the surface; (b) MAO 1, bright-field, ×500: single stained element showing a cell-nucleus-like structure;  

(c) MAO 2 No. 22, dark-field, ×500: representative view with two stained elements 

Figure 12. Microscopic appearance of sample surfaces after 24 h contact with HOS cells and Azure II/eosin staining 

Figure 12 presents the SEM results of the samples after cytotoxicity testing. For the MAO 1 group sam-

ples (Fig. 12a, b), the surface largely retains its original coating structure with minimal signs of degradation. 

The morphology remains relatively stable, with individual areas showing adhered cellular elements, confirm-

ing the low cytotoxicity of the coating and its ability to support cell adhesion. No significant dissolution or 

delamination of the coating was observed. In contrast, the MAO 2 group samples (Fig. 12c, d) exhibit more 

pronounced coating degradation, including localized dissolution, the appearance of microcracks, and areas 

where structural elements have delaminated. Some regions display residual decomposition products of the 

coating, likely released into the culture medium, correlating with the color change observed at the early stag-

es of the experiment (Fig. 11). Such surface alterations indicate coating instability and potential release of 

particles or ions that may cause toxic effects on cells [46–50]. 

The higher cytotoxicity observed for the MAO 2 coating containing 1 wt.% TiO₂ may be related to sev-

eral factors. First, a higher TiO₂ concentration can alter the electrolyte chemistry during coating growth and 

subsequently affect the surface stability in the biological medium. Partial leaching of Ti and P ions and local 

pH fluctuations may occur, leading to unfavorable conditions for cell viability. In addition, the increased dis-

charge energy and the formation of a thicker, more porous layer can promote partial structural degradation 

and enhanced release of reaction products into the culture medium. Similar effects were reported by other 

authors for oxide coatings obtained at high nanoparticle concentrations. 

EDS elemental mapping and spectra (Fig. 13) confirm the presence of titanium, calcium, phosphorus, 

oxygen, and trace amounts of carbon in both coatings. In the MAO 1 sample (non-cytotoxic coating), the 

distribution of calcium and phosphorus remains relatively uniform across the surface, and the overall compo-

sition shows minimal changes after contact with the cell culture. This indicates good chemical stability of the 

coating and low release of degradation products into the surrounding medium, correlating with the absence 

of cytotoxic effects. In contrast, the MAO 2 sample exhibits decreased phosphorus and calcium signals ac-

companied by an increased titanium and oxygen contribution, suggesting partial dissolution of the calcium–

phosphate layer and exposure of the underlying titanium oxide phase. These compositional changes are con-

sistent with the previously observed yellowing of the culture medium and the higher cytotoxicity index 

(>30 %). Thus, coatings formed with 0.5 % TiO2 nanoparticles (MAO 1) demonstrate better chemical stabil-

ity and biocompatibility compared to coatings formed with 1 % TiO2 (MAO 2). 
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Figure 13. EDS analysis of MAO coatings after cytotoxicity testing: (a) MAO 1; (b) MAO 2 

Table 5 summarizes the elemental composition of the coatings obtained from EDS mapping. Both coat-

ings consist primarily of oxygen, phosphorus, and calcium, confirming the formation of a calcium–

phosphate–titania layer. The titanium content is about 10.17 wt.% in MAO 1 and 7.24 wt.% in MAO 2, indi-

cating that TiO2 nanoparticles are successfully incorporated into the oxide layer. The slightly lower Ti con-

tent at 1 wt.% TiO2 addition is consistent with the thicker Ca–P-rich outer layer and agrees with the XRD 

identification of anatase and rutile phases. These EDS results, together with the XRD and SEM analyses, 

confirm the presence and stable incorporation of TiO2 nanoparticles in the MAO coatings. 

T a b l e  5  

Elemental composition (EDS, weight %) of the MAO coatings 

Element MAO 1 Weight, % Element MAO 2 Weight, % 

O 38.24 O 41.72 

P 30.12 P 23.68 

Ti 10.17 Ti 7.24 

Ca 15.31 Ca 20.18 

C 6.16 C 7.18 

 

The observed differences between coatings produced with 0.5 and 1 wt.% TiO2 nanoparticles can be 

explained by the influence of nanoparticle concentration on the micro-arc discharge behavior and the kinetics 

of oxide growth. TiO2 nanoparticles in the electrolyte act as additional charge carriers and heterogeneous 

nucleation sites, which modify the breakdown voltage and increase the density and energy of micro-

discharges [51]. At a higher nanoparticle content (1 wt.%), the higher discharge energy promotes more in-

tense local melting and resolidification of the oxide, leading to partial closure of discharge channels and for-

mation of a denser, more crystalline TiO2-containing layer. Conversely, at 0.5 wt.%, the lower concentration 
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of particles results in a more open, highly porous structure with larger areal density of discharge craters. The-

se microstructural changes directly affect the corrosion behavior, tribological performance, and cytotoxicity 

of the coatings. 

Conclusion 

This study demonstrated that the incorporation of TiO2 nanoparticles into the electrolyte during micro-

arc oxidation significantly affects the morphology, phase composition, and functional characteristics of cal-

cium–phosphate coatings formed on titanium. Both coatings exhibited a typical duplex structure with a po-

rous outer layer and a dense inner barrier layer. Increasing the TiO2 content from 0.5 wt.% to 1 wt.% resulted 

in a thicker coating (from 72±8 µm to 123±5 µm) and a higher proportion of anatase and rutile phases, which 

influenced the mechanical and electrochemical performance. 

The coating produced with 0.5 wt.% TiO2 (MAO 1) demonstrated a uniform microstructure, improved 

corrosion resistance, and the absence of cytotoxic effects, making it the most balanced composition in terms 

of protective and biological performance. In contrast, the coating with 1 wt.% TiO₂ (MAO 2) exhibited par-

tial degradation and elevated cytotoxicity, likely caused by pH changes and ion release into the biological 

medium. 

The developed coatings show strong potential for application on biomedical titanium implants, particu-

larly for orthopedic and dental devices, where corrosion stability, surface bioactivity, and cell compatibility 

are critical. The MAO 1 coating, in particular, may serve as a bioactive and corrosion-resistant layer that en-

hances implant longevity and integration with bone tissue. 

Future research will focus on long-term in vitro and in vivo testing to evaluate the coatings’ osteogenic 

properties and biological stability, as well as on optimizing the MAO parameters and electrolyte composition 

to achieve an improved balance between coating thickness, porosity, and bioactivity. Additional attention 

will be given to ion-leaching behavior, mechanical fatigue resistance, and coating adhesion under dynamic 

physiological conditions to ensure the reliability of these coatings in real biomedical applications. 
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А.Б. Кеңесбеков, А.Ж. Жасұлан, Н. Мұқтанова,  

Дарын Байжан, Е. Ахметова, А. Серікбайқызы 

Титандағы PEO-кальций-фосфаты жабындарының  

коррозияға төзімділігін, цитоүйлесімділігін және бактерияға қарсы  

қасиеттерін арттыру үшін TiO2 нанобөлшектерін енгізу 

Титан және оның қорытпалары қолайлы механикалық қасиеттеріне және коррозияға төзімділігіне 

байланысты биомедициналық имплантацияларда кеңінен қолданылады; дегенмен, олардың табиғи 

бетінде жеткілікті биобелсенділік пен бактерияға қарсы қасиеттері жоқ. Микродоғалық тотығу 

биоактивті жабындарды өндірудің перспективалы тәсілі және TiO2 сияқты нанобөлшектердің 

қосылуы олардың функционалдығын одан әрі жақсартуы мүмкін. Бұл зерттеу жабын тұрақтылығы 

мен биологиялық қауіпсіздікті қамтамасыз ететін микродоғалық тотығу электролитіндегі TiO2 

нанобөлшектерінің оңтайлы концентрациясын анықтауға бағытталған. Кальций-фосфатты жабындар 

екі TiO2 концентрациясы бар микродоғалық тотығу арқылы коммерциялық таза титанда дайындалды: 

0,5 % масса (МАО 1) және 1 % масса (MAO 2). Беттің морфологиясы, кеуектілігі және фазалық 

құрамы сканерлеуші электрондық микроскопия, энергия-дисперсиялық спектроскопия және рентген 

сәулелерінің дифракциясы арқылы талданды. Коррозияға төзімділік NaCl және Рингер 

ерітінділеріндегі потенциодинамикалық поляризация арқылы бағаланды, ал биоүйлесімділік HOS 

адам остеосаркома жасушалары мен MTT талдаулары арқылы in vitro арқылы бағаланды. TiO2 

мазмұнын 1 %-ға ұлғайту жабынның кеуектілігін төмендетті (MAO 1 үшін 13,7 %-ға қарсы 26,3 %), 

коррозиядан қорғауды жақсартты және жалаң титанмен салыстырғанда үйкеліс коэффициентін 

төмендетті. Дегенмен MAO 2 биологиялық ортада жоғары цитотоксикалық (81 % жасуша өлімі) және 

ішінара құрылымдық деградацияны көрсетті. МАО 1 тұтастығын сақтап, уытты әсерлерін көрсетпеді 

(3 % жасуша өлімі). Бұл нәтижелер TiO2 0,5 %-нің коррозияға төзімділік, механикалық тұрақтылық 

және биоүйлесімділік арасындағы тепе-теңдікті қамтамасыз ете отырып, қауіпсіз имплант 

жабындарының дамуын қолдайтын оңтайлы концентрация екенін көрсетеді. 

Кілт сөздер: микродоғалық тотығу, титан, TiO2 нанобөлшектері, коррозия, биоүйлесімділік, 

цитотоксикалық 
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Включение наночастиц TiO2 для повышения коррозионной  

стойкости, цитосовместимости и антибактериальных свойств  

ПЭО-кальций-фосфатных покрытий на титане 

Титан и его сплавы широко используются в биомедицинских имплантатах благодаря своим благопри-

ятным механическим свойствам и коррозионной стойкости. Однако их нативная поверхность не обла-

дает достаточной биоактивностью и антибактериальными свойствами. Микродуговое оксидирование 

является перспективным методом получения биоактивных покрытий, а включение наночастиц, таких 

как TiO2, может дополнительно повысить их функциональность. Целью данного исследования было 

определение оптимальной концентрации наночастиц TiO2 в электролите для микродугового оксиди-

рования, обеспечивающей стабильность покрытия и биологическую безопасность. Покрытия из фос-

фата кальция были получены на технически чистом титане методом микродугового оксидирования с 

двумя концентрациями TiO2: 0,5 мас.% (МАО 1) и 1 мас.% (МАО 2). Морфологию поверхности, по-

ристость и фазовый состав анализировали методами сканирующей электронной микроскопии, энерго-

дисперсионной спектроскопии и рентгеновской дифракции. Коррозионную стойкость оценивали ме-

тодом потенциодинамической поляризации в растворах NaCl и Рингера, а биосовместимость — in 

vitro с использованием клеток остеосаркомы человека HOS и МТТ-теста. Увеличение содержания 

TiO2 на 1 % уменьшало пористость покрытия (26,3 % против 13,7 % для MAO 1), улучшало защиту от 

коррозии и снижало коэффициент трения по сравнению с чистым титаном. Однако MAO 2 продемон-

стрировал высокую цитотоксичность (81 % гибели клеток) и частичную структурную деградацию в 

биологических средах. MAO 1 сохранял свою целостность и не оказывал токсического действия (3 % 

гибели клеток). Эти результаты свидетельствуют о том, что 0,5 % TiO2 является оптимальной концен-

трацией для разработки безопасных покрытий для имплантатов, обеспечивая баланс между коррози-

онной стойкостью, механической стабильностью и биосовместимостью. 

Ключевые слова: микродуговое оксидирование, титан, наночастицы TiO2, коррозия, биосовмести-

мость, цитотоксичность 
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Evaluation of Relativistic Plasma Dispersion Functions  

Using Downward Recursion and Analytical Relations 

The Dnestrovskii functions provide a powerful framework for understanding wave propagation, attenuation 

and instabilities in plasmas where relativistic effects dominate, as relativistic plasma dispersion functions. To 

calculate the Dnestrovskii functions for a wide range of parameter values, effective analytical and downward 

recurrence formulae are proposed in this study. These formulae allow users to make efficient calculations 

specific to high-energy or relativistic plasmas. Because the recurrence formulas are simple, calculating time 

and accuracy are improved, and the formulas are easy to use. The results obtained using the new analytical 

and downward recurrence formulae agree well with published results and those obtained using numerical cal-

culation methods for a wide range of parameters. 

Keywords: Dnestrovskii functions, downward recurrence relations, relativistic plasma dispersion functions, 

plasma physics 
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Introduction 

Relativistic plasma dispersion functions (PDFs) are essential for the study of wave propagation and in-

stabilities in high-energy plasmas. They generalize non-relativistic plasma theory to account for relativistic 

effects, which are critical in environments where particles approach the speed of light. These functions are 

highly applicable in astrophysics, fusion research and intense laser-plasma interactions [1–5]. The PDFs, of-

ten referred to as Dnestrovskii functions, are particularly applicable to high-energy or relativistic plasmas 

[3]. These functions are critical for analyzing the behavior of wave propagation, damping and instabilities in 

plasmas where particle velocities approach a significant fraction of the speed of light. The Dnestrovskii func-

tions provide a way of describing the relativistic effects on the plasma response to electromagnetic fields and 

waves [1–20]. 

The Dnestrovskii functions are typically defined by integrals involving the relativistic particle distribu-

tion function and the wave-particle interaction terms. Although closed-form analytical expressions are rare, 

these functions are essential for solving wave dispersion relations in relativistic plasmas, growth rates for 

instabilities in both thermal and non-thermal plasmas, energy transfer between particles and waves (e.g., for 

Landau and cyclotron damping in relativistic plasmas) [7–10]. 

High energy environments such as pulsar magnetospheres, relativistic jets and accretion disks around 

black holes all involve relativistic plasmas where Dnestrovskii functions are used to describe the behavior of 

waves and instabilities. In some fusion devices, especially in advanced scenarios involving high-energy par-

ticle beams, relativistic effects become important and Dnestrovskii functions are used to analyze plasma sta-

bility and wave-particle interactions. These functions extend classical plasma theory into the relativistic re-

gime, making them essential for the analysis of high-energy plasmas in both astrophysical and laboratory 

contexts [3, 4]. Numerous studies have been proposed for the evaluation of Dnestrovskii functions. These 

studies are widely used in applied sciences. 

Dnestrovskii functions play a crucial role in describing weakly relativistic, magnetised and thermal 

plasmas [3, 4].These functions, together with the Shkarofsky functions, are particularly important for waves 

with small wave numbers that are perpendicular to the magnetic field [3]. Robinson [3, 5] has made an ex-

tensive study of these plasma dispersion functions, providing series expansions, asymptotic series, recurrence 

relations, integral forms and approximations.An approach to relativistic quantum plasmas, including limit 

cases, using covariant Wigner functions has been presented in [6]. Matroli has developed a numerical meth-

https://doi.org/10.31489/2026PH1/40-48
mailto:numan.bakirci@gop.edu.tr
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od for the calculation of the weakly relativistic Vlasov dielectric dyad in magnetised thermal plasmas [7]. 

Another study investigated processes and equilibria in relativistic thermal plasmas, including the effects of 

magnetic fields on thermal, Comptonised synchrotron emission and pair equilibria [8]. The equilibria of rela-

tivistic thermal plasmas have been studied, taking into account electron-positron creation and annihilation, 

and photons produced in the plasma [9]. Krivenski provided a simple and exact expression for the weakly 

relativistic plasma dispersion functions in terms of the Z-function to study the absorption and emission prop-

erties of a magnetized plasma [10]. The physical properties of a finite thermal plasma as a function of tem-

perature, proton optical depth and proton density or radius were studied in [11]. A new representation of the 

dielectric tensor elements introduced in magnetized plasmas, including for the weakly relativistic case [12]. 

In addition, Robinson introduced a more general class of plasma dispersion functions for waves with arbi-

trary perpendicular wave numbers [3]. Xiao (1988) developed a formalism to evaluate the growth rate of 

electromagnetic R-mode waves in a relativistic magnetized plasma, showing that relativistic corrections re-

duce the wave growth rate compared to the non-relativistic approximation [13]. New results, presented by 

Robinson, on functions governing wave properties in non-relativistic and weakly relativistic plasmas [14]. 

Melrose extended this work by defining generalized Trubnikov functions for unmagnetized plasmas, deriv-

ing recursion relations to generate expressions in terms of the relativistic plasma dispersion function T(z, ρ) 

introduced by Godfrey et al. in 1975 [15]. Exact and moderately relativistic plasma dispersion functions for 

weakly relativistic, magnetized, thermal plasmas are presented in [16]. A closed set of Lorentz covariant flu-

id equations for relativistic magnetized plasmas, allowing for anisotropy and heat flow, derived by Hazeltine 

(2002). Analytical approaches to thermodynamic functions of dense, fully ionized, non-ideal electron-ion 

plasmas, including weakly relativistic and magnetized cases, are reviewed in [17]. Lyutikov discussed mi-

crophysical processes in magnetically dominated relativistic astrophysical plasmas, but does not mention 

Dnestrovskii functions [18]. The electrostatic dispersion relation in a magnetized plasma using a weakly rela-

tivistic quantum kinetic model based on the Dirac equation derived in [19]. A comprehensive review of 

quantum kinetic theory for modelling plasmas, including weakly relativistic, magnetized and thermal plas-

mas, given in [20]. The relaxation characteristics in dense plasmas have been studied from the effective po-

tentials using the Coulomb logarithm in [21]. Mamedov not only derived upward and downward 

Dnestrovskii recurrence formulas, but also developed an effective formula for Dnestrovskii functions using 

the binomial expansion theorem, expressing them in terms of binomial coefficients and incomplete gamma 

functions [4]. While in most cases the relativistic plasma dispersion function does not have a simple closed-

form expression, it can be computed numerically by integrating the relativistic particle distribution over ve-

locity space, considering the appropriate relativistic dynamics. The evaluation of Dnestrovskii functions can 

be challenging due to their complexity and dependence on relativistic effects. These functions generally lack 

simple closed-form solutions, so a variety of analytical approximations, numerical integration and special-

ized computational methods are used to evaluate them. 

In this study, the Dnestrovskii function is calculated using the downward recurrence relations and ana-

lytical formula. The new analytic formula for the Dnestrovskii function is obtained by the use of the expo-

nential-integral function. The results obtained according to the downward recurrence relation and the analyt-

ical formula obtained are evaluated and compared with those found in the literature. It is seen that the pro-

posed method is suitable in terms of time and accuracy of the calculations. 

Recurrence and analytical relations for the Dnestrovskii functions 

The Dnestrovskii functions for the integer and non-integer values of q  and z  are defined as follows 

[5], 

  
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In the literature there is also a series representation of the Dnestrovskii functions in the following 

form [3], 
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In case the value of z is real and positive, the following equation can be obtained [3], 
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In this study an analytical formula for the Dnestrovskii function is given using the exponential integral 

equation, which is given as follows, 

      Γz

q qF z e E z q  (5) 

where  qE z  is an exponential integral function which is defined as follows [22], 
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Note that the Dnestrovskii functions satisfy the following downward recurrence relations for an integer 

order and for a non-integer value, respectively, 
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The upward recurrence relations of the Dnestrovskii function for an integer and a non-integer value are 

obtained using Eq. (7) and Eq. (8) as follows, 
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In the case that q = 0, the Eq. (1) and Eq. (2) take on the following form, respectively, 
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For the special case 1q  , Eq. (9) and Eq. (10) take the following forms 
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where  1E z  is the 1q   case of the exponential integral function given in equation (6) and is defined as 

follows [21], 
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and in Eq. (14)  Erfc z  is referred to as the complementary error function, which is defined in [21] as, 
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Results and discussion 

In this study, the calculation of the Dnestrovskii function is carried out using the analytical formula and 

the downward recurrence relation. In addition, the results of the calculation with the formulas proposed in 
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the literature by means of approximate methods are compared with the results obtained in the present study. 

New approximations have been proposed for the calculation of the Dnestrovskii functions that arise from the 

propagation of waves and from instabilities in high energy plasmas. Based on the downward recurrence rela-

tions and new formula obtained in this study (Eq. (5)), a program was developed to compute the Dnestrovskii 

functions using the Mathematica 10 programming language. Furthermore, the results of our calculations are 

compared with numerical and theoretical models from the literature. Given a sufficiently high value for q, it 

is possible to select any initial value. As mentioned above, all values for  1
2

 
q

F z


 and  qF z functions have 

the same order, so we can use Eq. (10–13) as the starting point for the backwards calculation. It should also 

be noted that this study represents the first time in the literature that the results of calculating Eq. (2) and the 

downward recurrence relations are presented comparatively. 

The precision of the calculation results and their accuracy are listed in Table 1, in accordance with 

(Eq. (5)), downward (Eq. (7)) and upward (Eq. (9)) recurrence formulas (for  qF z ), the serial representa-

tion of the Dnestrovskii function (Eq. (3–4)), Mamedov’s formula [4] and the Mathematica numerical inte-

gration method (Eq. (1)) for arbitrary integer and non-integer values of the q and z parameters. Table 2 

shows the calculation results for arbitrary integer and non-integer values of the downward (Eq. (8)) and up-

ward (Eq. (10)) recurrence formulas (for  1
2

q
F z


) and the numerical integration method of (Eq. (2)) for 

arbitrary integer and non-integer values of the parameters q and z. As can be seen from Table 1, the Eq. (5) 

gives results that are in good agreement and high precision with Eq. (1) for all positive and real values of q  

and z . On the other hand, according to the calculations, it is easy to see from the table that Eq. (7) does not 

give results for values of    q z , while Eq. (9) gives results compatible with the Eq. (1). Similarly, while Eq. 

(7) gives results compatible with the Eq. (1) for values of    q z , Eq. (9) does not give results for these values 

of q  and z . Furthermore, this table shows that for values of    q z , Eq. (3) and Eq. (4) yield no results 

whatsoever. In the case where  q  is about ten times larger than  z , all of the equations, except for Eq. (7), 

give results that agree with the Eq. (1). As can be seen in Table 1, Eq. (3) and Eq. (4), which are the serial 

representations of the Dnestrovskii function, provide computational results only for some limited values of 

q  and .z  The same trend is observed for the downward Eq. (7) and upward Eq. (9) recurrence relations of 

the Dnestrovskii function as well. The empty cells in Table 1 and Table 2 are left blank because the corre-

sponding formulae fail to give correct results for the given values of q  and z . It should also be noted that in 

the evaluation of the calculation results obtained in Table 2, the downward recurrence formula Eq. (7) 

demonstrates improved calculation accuracy when the upper limit (N) is chosen between 50 and 100. At the-

se N values, the results obtained from the downward recurrence formula are closer to the values obtained 

from the Mathematica numerical integration results. 

Table 2 compares the calculated results for non-integer q  and z  values of Eq. (8) and Eq. (10) recur-

rence formulae with the Mathematica numerical integration equation (Eq. (2)) calculations. According to the 

calculation results shown in Table 2, in cases where z  is smaller than q , Eq. (8) gives no result. Eq. (8) 

gives a result when z  is greater than eight times q , but does not give a result for  z q values where this 

condition is not satisfied. In cases where the value of z is greater than 20 times the value of q, the downward 

recurrence formula Eq. (8) shows optimal performance when initiated at N = 50. Under these conditions, the 

results obtained from Eq. (8) are more consistent with the results obtained from the Mathematica numerical 

integral equation Eq. (2).The calculation results were evaluated for the values of q and z where both equa-

tions yield valid outputs. In these cases, the results obtained with both equations are in good agreement with 

the results obtained with the Mathematica numerical integral equation. 
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T a b l e  2  

The comparative values of the relativistic Dnestrovskii functions  

by using downward recurrence relations,  1
2

q+
F z  for 100N =  

    Eq. (10) Eq. (8) 
Mathematica numerical  

integration results (Eq.(2)) 

65,2 5,5 0.01415945096631 0.01415945956818 0.01415946020549 

31,2 1,5 0.03062168076122 – 0.03062168043606 

90,6 1,5 0.01074417463866 0.01074417463694 0.01074417401793 

90,6 7,5 0.01019403295080 0.01020148444383 0.01020148477889 

90,6 12,5 – 0.00971055000316 0.00971055061711 

90,6 35,5 – – 0.00794775825821 

1,1 35,5 0.02806487203395 – 0.02806487252910 

2,9 72,5 0.01343373410043 – 0.01343373434772 

4,3 12,5 0.06219097218131 – 0.06219097408672 

48,6 12,5 0.01643361558159 – 0.01642020642880 

99,4 8,5 0.00944895864996 0.00927449889396 0.00927449887642 

19,7 27,5 0.02144651625463 – 0.02144651245955 

9,7 46,5 0.01805778324645 – 0.01805778305634 

0,7 46,5 0.02163777350948 – 0.02163777340892 

9,7 4,5 0.07188671251409 – 0.07188671200669 

79,3 4,5 0.01194065842446 0.01194065842945 0.01194065838736 

37,5 4,5 0.02386796432871 – 0.02386796430175 

83,9 7,5 0.01095520717832 0.01095055813507 0.01095055849122 

91,3 27,5 – – 0.00843373526493 

62,4 83,5 – – 0.00688084291229 

62,4 3,5 0.01518640814421 0.01518640814399 0.01518640803752 

47,1 13,5 – – 0.01656101572075 

47,1 6,5 0.01869768084745 0.01865405371751 0.01869769133608 

2,7 10,5 0.08003592842445 – 0.08044447582587 

2,7 38,5 0.02483322536828 – 0.02483322945412 

75,1 3,5 0.01272968856100 0.01272968865274 0.01272968861057 

57 2,5 0.01659481082540 0.01659481082595 0.01659480990599 

 

Figure 1 shows the graph of the data plotted against each other from the calculated results obtained us-

ing the Eq. (5) and the Mathematica numerical integration method for arbitrary q  and z  values. As can be 

seen from the graph, the results of the calculations obtained from the two methods are in good correlation 

with each other. 

 

 

Figure 1. Correlation between Eq. (5) and Mathematica numerical integration results 
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Figure 2 shows 2D scatter plot that the calculation results of Eq. (5) and results of Mathematica numeri-

cal integration method are in a very good agreement. The ratio of the two sets of data to each other is cen-

tered around 1, as can be seen in the Figure 1. 

 

 

Figure 2. Comparison of the results obtained using the Eq. (5) and the Mathematica numerical integration method  

as a function of the parameter z  for q  = 5.8 and N  = 100 

Conclusion 

The results obtained using the new formula (Eq. (5)), proposed in this study and downward recurrence 

formula (Eq. (7 & 8)), which allows the Dnestrovskii function to be calculated with high precision, agree 

very well with those obtained using the Mathematica numerical integration method. The accuracy of the pro-

posed approaches for evaluating Dnestrovskii functions has been verified through comparison with other ex-

isting methods, demonstrating high consistency. These formulas, Eq. (5) and Eq. (7&8), provide a powerful 

computational framework for understanding wave propagation, damping and instabilities in plasmas where 

relativistic effects dominate. The performance of the Eq. (5) is better than previous ones and the formulas are 

easy to use. 

The proposed analytical and recurrence formulas are particularly beneficial for specific plasma physics 

problems including: (i) wave-particle interaction calculations in fusion plasma heating scenarios, such as 

electron cyclotron resonance heating and radio-frequency wave absorption in tokamaks; (ii) dispersion rela-

tion analysis in astrophysical relativistic plasmas, including pulsar magnetospheres, relativistic jets, and ac-

cretion disk environments; and (iii) stability analysis and wave propagation studies in high-intensity laser-

plasma interactions where weakly relativistic effects become significant. These methods provide computa-

tionally efficient alternatives to direct numerical integration, enabling faster parameter space exploration in 

plasma simulations. 

Several constraints must be considered when applying these formulas. The downward recurrence rela-

tions (Eq. 7–8) exhibit limited parameter range validity. For integer orders, reliable results require q>z, while 

for half-integer orders, z must be approximately 8–20 times larger than q. Outside these ranges, the recur-

rence relations fail and numerical integration becomes necessary. The analytical formula (Eq. 5) demon-

strates broader applicability but still requires careful initialization of the recurrence starting point  

(N = 50–100) to ensure numerical stability. Additionally, these functions are specifically designed for weakly 

relativistic, magnetized thermal plasmas with Maxwellian distributions, and therefore are not applicable to 

ultra-relativistic regimes, non-thermal particle distributions, or highly non-equilibrium plasma conditions. 
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М.Н. Бакирчи 

Релятивистік плазманың дисперсиялық функцияларын төмен қайтарым 

рекурсиясы мен аналитикалық қатынастар арқылы есептеу 

Днестровский функциялары релятивистік әсерлер басым болатын плазмалардағы толқындардың тара-

луын, әлсіреуін және тұрақсыздықтарын сипаттау үшін тиімді теориялық негіз және релятивистік 

плазманың дисперсиялық функциялары ретінде қолданылады. Бұл зерттеуде параметрлердің кең 

ауқымы үшін Днестровский функцияларын есептеуге арналған тиімді аналитикалық өрнектер мен 

төмен қайтарым рекурренттік формулалар ұсынылады. Ұсынылған өрнектер жоғары энергиялы және 

релятивистік плазмаларға тән есептеулерді жоғары тиімділікпен орындауға мүмкіндік береді. 

Рекурренттік формулалардың қарапайымдылығы арқасында есептеу уақыты мен дәлдігі жақсарады 

және формулаларды қолдану жеңілдейді. Жаңа аналитикалық және төмен қайтарым рекурренттік 
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формулалар арқылы алынған нәтижелер параметрлердің кең аймағы үшін бұрын жарияланған 

нәтижелермен және сандық есептеу әдістерімен алынған нәтижелермен жақсы сәйкестік көрсетеді. 

Кілт сөздер: Днестровский функциялары, төмен қайтарым рекурренттік қатынастар, релятивистік 

плазманың дисперсиялық функциялары, плазма физикасы 

 

М.Н. Бакирчи 

Оценка релятивистских дисперсионных функций плазмы  

с использованием рекуррентных формул нисходящего типа  

и аналитических соотношений 

Функции Днестровского представляют собой эффективный теоретический аппарат для описания рас-

пространения волн, затухания и развития неустойчивостей в плазмах, где доминируют релятивист-

ские эффекты, и выступают в качестве релятивистских дисперсионных функций плазмы. В настоящей 

работе предложены эффективные аналитические выражения и рекуррентные формулы нисходящего 

типа для вычисления функций Днестровского в широком диапазоне параметров. Данные выражения 

обеспечивают возможность высокоэффективных вычислений, характерных для высокоэнергетической 

и релятивистской плазмы. Благодаря простоте рекуррентных формул достигаются улучшенное вы-

числительное время и точность по сравнению с предыдущими методами, а также обеспечивается про-

стота применения. Полученные результаты на основе предложенных аналитических выражений и ре-

куррентных формул нисходящего типа находятся в хорошем согласии как с опубликованными дан-

ными, так и с результатами, полученными с помощью численных методов, в широком диапазоне па-

раметров. 

Ключевые слова: функции Днестровского, рекуррентные соотношения нисходящего типа, релятивист-

ские дисперсионные функции плазмы, физика плазмы 
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Designing and Prototyping a Microcontroller Device  

for Measuring the Main Parameters of Solar Panels 

This article presents the results of prototyping and designing a device for measuring the basic characteristics 

of solar panels (photocurrent and voltage) and climatic conditions (temperature and illumination). This device 

is being developed to identify potential faults in the solar panel-microinverter system, as well as the causes of 

reduced efficiency in converting light energy into electrical energy. As a result of prototyping, a prototype of 

the measuring device was assembled using an Arduino Mega 2560 R3 with a W5100 Ethernet module. Cur-

rent is measured by an ACS712 sensor. Voltage is measured via a voltage divider connected to the microcon-

troller's analog-to-digital converter input. OPT4003 light and DS18B20 temperature sensors are used. The 

IoT device is assembled using a RAK3172 sensor module and INA228, OPT4003, and DS18B20 microcir-

cuits. A power module based on two IRFP460 field-effect transistors was developed to measure the solar 

panel's current-voltage characteristics. Software has been written for the developed prototype and the IoT de-

vice. 

Keywords: IoT device, Solar panel, failure detection, microcontroller, current-voltage characteristics, operat-

ing algorithm 
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Introduction 

One of the current trends in the development of solar energy is an increase in the proportion of house-

holds using renewable energy sources [1-3]. One of the most popular sources is photovoltaic solar panels. 

With the development of this trend, there is a paradigm shift in the design of mini solar power stations. The 

use of microinverters to generate maximum solar energy from each individual solar module is increasing, as 

opposed to the use of an MPPT (maximum power point tracking) controller inverter, which works with sev-

eral solar modules [4, 5]. Given current trends, further growth in interest in this technology can be expected. 

To increase the efficiency of solar energy generation by a solar panel-MPPT controller system, it is 

necessary to constantly monitor the parameters of electricity generation in real-time. It is necessary to find 

optimal solutions between collecting a large amount of information and analysing it in real time and the min-

imum set of data necessary to increase the efficiency of electricity generation by solar modules. 

To address this issue, scientific research is being conducted in the field of improving the electrical cir-

cuit of the MPPT controller [6], algorithms for finding the maximum power point [7, 8], and algorithms for 

finding possible malfunctions in solar panels [9–11]. Mathematical modelling of solar panel operation [12, 

13] can be used to advance all these stages of improvement. One way to monitor the operation of the solar 

panel-MPPT controller system is to constantly monitor the efficiency of solar panel electricity generation. 

Usually, the illumination and temperature of the solar panel are monitored, and the current and voltage at the 

point of maximum power are determined [9, 14]. By comparing the generated electrical power with the theo-

retical power value obtained from the module’s illumination and temperature data, the efficiency of the solar 

panel is predicted [14]. In the last decade, numerous studies have appeared on the use of neural networks to 

calculate possible malfunctions of solar panels or their shading [11, 15]. Another option for monitoring the 

performance of solar panels is to use the volt-ampere characteristic (VAC) of the solar panel to monitor for 

errors in the operation of the solar panel [11, 15]. 

Currently, MPPT controllers with an error diagnosis function are not commercially available. The sci-

entific community is paying more attention to identifying more promising algorithms for finding the maxi-

https://doi.org/10.31489/2026PH1/49-58
mailto:guldeshka2812@gmail.com
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mum power point [16–18]. To find faults and inaccuracies in operation, laboratory equipment [19–21] is 

used, which allows the characteristics of solar modules to be measured by simulating possible errors and 

problems. Work is also underway to create a device for monitoring solar panel malfunctions based on micro-

controller devices [22] and PLC devices [23]. 

This paper presents the results of work on a microcontroller device for monitoring the main characteris-

tics of solar panels in order to determine possible causes of malfunctions or reasons for a decrease in the effi-

ciency of electricity generation by solar modules. 

Materials and Methods 

KZ PV 230 M60 polycrystalline silicon solar modules (from LLP “Astana Solar”, Kazakhstan) were 

used. 

A typical volt-ampere characteristic of a solar panel is shown in Figure 1, curve 1. An inverter or 

microinverter working with a solar panel maintains the operation of the solar panel at the maximum power 

point (MPP). 

 
a) b) 

  

Figure 1. a) Standard view of the VAC (1) and volt-power characteristic (2) of the KZ PV 230 M60 solar panel  

at illumination Eυ = 1000 W/m² and temperature T = 25 °C: MPP — maximum power point, OCP — open-circuit 

point; SCP — short-circuit point. b) Standard view of the VAC (1), VAC of the panel with short circuit  

of 20 series-connected elements (2), VAC of the panel under conditions when 2 cells from different parts  

of the module are shaded by 50 % of the standard illumination of 1000 W/m² (3), VAC of the panel  

under conditions of shading of 1 cell by 25 % of the value of 1000 W/m² (4) 

The VAC of a solar panel can be generally described using the formula: 

 0  - exp 1

SER SER
S S

PAR PAR
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T SER SER
SH

PAR

N N
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N N
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, (1) 

where IPV — photocurrent (A), I0 — diode reverse saturation current (A), I — output current of the solar 

panel (A), V — output voltage of the solar panel (V), VT — thermal voltage of the solar panel elements (V), 

A — diode ideality factor, RS — series resistance of the solar cell (Ω), RSH — shunt resistance (Ω), NSER — 

number of series-connected cells in the module, NPAR — number of parallel-connected cells in the module. 

The thermal voltage of the solar panel components is determined using the formula below: 

 
( 273.15)

 = T

k T
V

q


 (2) 

where, T — ambient temperature (°C), q — electron charge (1.106×10
–19

 C), k — Boltzmann constant 

(0.138×10
–23

 J/K). 

In the case of the KZ PV 230 M60 panel, which contains 60 series elements and no parallel electrical 

circuits, formula 1 can be rewritten: 
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. (3) 

To monitor the efficiency of power generation in a solar panel microinverter system, it is recommended 

to measure the voltage and current in the circuit. In operating mode, these are the voltage and current at the 

maximum power point (MPP) Umax and Imax. These parameters can be compared with the model parameters 

determined by formula (3). To use this formula, it is necessary to measure the solar panel temperature and its 

surface irradiance. The main solar panel parameters IPV, I₀, RS, RSH, and A from formula 3 can be determined 

using the algorithm described in the article [24] from the parameters given in the solar panel technical 

specifications: Umax — voltage at Pmax, Imax — current at Pmax, Voc — open-circuit voltage, Isc — short-circuit 

current, α — temperature coefficient of Isc, β — temperature coefficient of Voc. 

Previously, part of this research group implemented a project to design and manufacture a 

microcontroller device for playing musical melody in the presence of a person [25]. The experience gained 

during the implementation of this project was used in the work on this microcontroller device. 

In the event of significant differences between experimental and theoretical readings, an attempt is 

made to determine probable faults based on the Umax and Imax values. Figure 1a shows the short-circuit and 

open-circuit points on the solar panel’s VAC. These values are possible due to an electrical open-circuit or 

short circuit between the solar panel and the microinverter (Fig. 1). 

There is a possibility that Umax and Imax data will be insufficient to identify potential faults and causes of 

reduced solar panel output. If Umax and Imax parameters are insufficient to determine potential faults, it is 

recommended to measure the solar panel’s VAC. Using the measured and theoretical I-VAC, it is possible to 

identify other potential faults and causes of reduced electrical energy generation. Based on the curve's 

appearance or the difference in the numerical values between the measured VAC and the reference VAC, it 

is possible to identify potential faults or other causes of reduced solar panel electrical energy generation 

efficiency (Figure 1b, curves 2-4). In Figure 1b, the curves show the main (black dots) and additional (gray 

dots) points of maximum power. 

If the observed effects are not included in the list of those entered into the database, a message may be 

sent to the operator regarding an unspecified error type. 

The block diagram of the prototype and device under development is shown in Figure 2. This module 

contains a microcontroller device, a voltage and current measuring device, and temperature and illuminance 

meters. 

 

 

Figure 2. Functional diagram of the electrical device for measuring voltage and current  

at the maximum power point (Umax, Imax) and the I–V curve of the solar panel 

LTSpice software was used to verify the functionality of the accepted circuit solutions. The printed cir-

cuit board was designed on the ECAD platform. 

Functional requirements for the device — measurement of voltage, current, temperature and I–V curve 

of the solar panel. 

Power supply — the device must operate independently of power control systems and be charged by a 

solar panel or wind turbine. 
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Technical requirements for the measuring device: 

Measurable value ranges — voltage measurement range from 0 to 38 volts, current range from 0 to 

10 amps, temperature range from –40 to +55 °C, illuminance range from 0 to 130,000 lux. The device must 

measure the I–V curve of a solar panel with a capacity of up to 240 watts. 

Supported battery type (Li2TiO3) for independent power supply. Battery voltage not less than 5 volts. 

Operating conditions: operating temperature from –40 to +60 °C. Dust and moisture protection class 

IP 65, complete protection against dust and jets from all sides under low pressure. No protection against 

overvoltage and overheating. 

Supported communication interfaces: I2C, SPI, UART, OneWire, LoRawan 868 Mhz (license-free fre-

quency permitted in Kazakhstan). Device control via LoRawan communication protocol. There are no but-

tons or screens. 

Software and hardware requirements: STM32 platform microcontroller, support for firmware updates 

via UART and SWD interfaces. All collected data is transmitted to cloud storage via the LoRa wireless 

communication protocol, first to the gateway and then to the cloud. 

Results and discussion 

A prototype of a solar panel performance meter was assembled based on Arduino Mega 2560 R3 

(Fig. 3, a). A Wiznet W5100 Ethernet module supporting TCP/UDP protocols was used to connect the 

Arduino Mega board to a local network or the Internet. The board is based on the W5100 chip and supports 

up to 4 connections at speeds of 10 and 100 Mbit/s. The board contains a micro-SD memory card slot. The 

data exchange protocol is SPI. 

 
a) b) 

  

Figure 3. Block diagrams of the prototype (a) and measuring device (b) 

The current is measured by an ACS712-20A Hall-effect sensor (maximum 20 A), and the panel voltage 

is measured via a divider connected to the microcontroller's ADC input. The Hall-effect sensor with a nomi-

nal sensitivity of 100 mV/A. The sensor output was digitized by a 16-bit ADS1115 ADC. The total current 

measurement uncertainty is dominated by the sensor sensitivity tolerance and offset voltage, resulting in an 

estimated accuracy of ±0.25 A (±2.5 % at 10 A). 

The DC voltage was measured via a resistive divider (75 kΩ/10 kΩ, 2 % tolerance) followed by the 

same ADS1115 ADC. The resulting voltage measurement accuracy is approximately ±1.1 V, corresponding 

to ±2.8 % at 40 V. The ADC quantization error is negligible compared to the passive component tolerances. 

A high-precision OPT4003-Q1 sensor is used to measure the illumination of the solar panel. It has high 

sensitivity and is designed for automotive use (class Q1), which guarantees its performance at low tempera-

tures and under external influences. The device provides factory-calibrated illuminance data with a typical 

absolute accuracy of ±5 % and a maximum error of ±10 % over the specified operating conditions. Since the 

sensing element and ADC are integrated within the device, the quantization error is negligible compared to 

the sensor’s specified accuracy. 

DS18B20 digital temperature sensor was chosen as a reliable and widely used component with a digital 

interface, making it ideal for use in cold climates. The sensor provides factory-calibrated temperature read-

ings with a guaranteed accuracy of ±0.5 °C in the –10 to +85 °C range and a resolution of 0.0625 °C. Since 

the sensing element and ADC are integrated within the device, the quantization error is negligible compared 

to the sensor’s specified accuracy. 
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The Arduino board collects readings from all sensors and publishes them to the MQTT broker 

(Mosquitto). Telegraf subscribes to the relevant topics, receives the data and stores it in InfluxDB and 

PostgreSQL. Grafana connects to these databases and displays the data in the form of graphs and dashboards. 

More detailed information on the operation of the prototype and the experimental data obtained is given in 

[26]. 

The Arduino board control programme includes the following main modules: 

1. Initialisation and interaction with sensors; 

2.  Collection, averaging, and storage of measurement data. 

3. The programme measures the following physical quantities:  

 panel electric current; 

 panel electrical voltage; 

 illuminance level; 

 solar module surface temperature. 

4. Data transmission via MQTT protocol; 

5. Receiving control commands from the server; 

6. In case of a request from the server, an algorithm for step-by-step change of electrical load is played 

to measure current and voltage from the solar panel in order to build the I–V curve of the solar panel. 

One of the key functions of the device is the ability to automatically measure the I–V curve of the solar 

panel. Upon receiving a command from the server, the device performs the following sequence of actions: 

 A relay is activated, which connects an electronic load to the panel; 

 The load was adjusted step by step, which made it possible to obtain 50 discrete current values and 

50 voltage values; 

 The experimental points obtained form the panel’s I–V curve; 

 After the measurements are completed, all data is automatically sent to cloud storage via the MQTT 

protocol. 

The software can be found at [27]. 

An example of measured I–V characteristics for the KZ PV 230 M60 solar panel is shown in Figure 4. 

The I–V curves of the cells are measured under current operating conditions, short-circuit conditions for 20–

40 module cells, and open-circuit conditions for 20–40 module cells. The measurements showed results that 

correlated with model representations (Figure 1, b). However, analysis and comparison of theoretical and 

experimental data is not the primary goal of this work and will be conducted in future work. 

 

 
 

Figure 4. Measured I–V curves of the solar panel under different conditions:  

1) I–V curve of the module at illumination level and temperature (Eυ = 430 W/m
2
 and temperature T = 25 °C);  

2) with a short circuit of 20 module cells (Eυ = 395 W/m², T = 25 °C);  

3) with a short circuit of 40 module cells (Eυ = 395 W/m², T = 25 °C);  

4) with a break in electrical connection with 20 module cells (Eυ = 370 W/m², T = 25 °C);  

5) with a break in electrical connection with 40 module cells (Eυ = 370 W/m², T = 20 °C) 
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When designing an embedded IoT system for measuring the electrophysical parameters of a solar panel 

(Fig. 3, b), special attention was paid to the selection of components capable of functioning at low tempera-

tures and ensuring stable operation of the device in field conditions. All electronic components used were 

selected taking into account climatic and operational requirements, as well as their functional compliance 

with the tasks solved within the system. 

The RAK3172, an energy-efficient STM32-based module supporting the LoRaWAN protocol, was se-

lected as the central control module. It provides reliable data transmission and has low power consumption, 

which is especially important for autonomous power plants. OPT4003 light sensors and DS18B20 tempera-

ture sensors are used. Current and voltage are measured using the INA228, a precision digital measurement 

amplifier capable of operating in an extended temperature range and providing high measurement accuracy. 

Electrical circuit diagrams are shown in the Figures S1–S4 in the Supplementary materials with a brief de-

scription of their functional purpose. 

The device is powered by an LM2596T-5.0 DC-DC (Buck converter, step-down) stabilizer, which pro-

vides a stable output voltage of 5 V even when the input voltage fluctuates. ME6206A33PG linear stabilizer 

is used to power peripheral circuits, demonstrating high conversion efficiency and resistance to temperature 

fluctuations. 

The design of the VAC removal unit is based on two powerful IRFP460 field-effect transistors, which 

made it possible to work with the required currents and voltages. To increase reliability and electrical safety, 

the system was designed with galvanic isolation from the microcontroller, which eliminated the impact of 

high currents on the control electronics. For analog control of the transistor gate voltage, an HA17358B op-

erational amplifier is used, which is designed for precise regulation and is characterized by stable operation 

when the temperature changes. 

The design uses X7R SMD capacitors, which are characterized by stable electrical parameters over a 

wide temperature range. This dielectric class ensures reliable operation of the devices in low temperatures 

typical for outdoor use. X7R capacitors maintain their capacitance with minimal deviations during tempera-

ture fluctuations, which is especially important for the operation of analog and power circuits. 

The circuit also uses electrolytic capacitors specially selected for operation at sub-zero temperatures. 

Components with an extended temperature range are used, ensuring stable operation down to –40 °C and 

below, which prevents capacitance degradation and reduces the risk of failure during prolonged exposure to 

cold. This selection of passive components increases the reliability of the device and guarantees its resistance 

to external climatic influences. 

A 3D view of the printed circuit board is shown in Figure 5. 

 

 

Figure 5. 3D view of the finished printed circuit board 

The software for the device was developed in the Arduino IDE environment. This environment was 

chosen as the primary one for a number of practical reasons. First, it provides a convenient interface and ac-

cess to a wide range of libraries, which simplifies interaction with microcontrollers. Secondly, and critically, 

the firmware pre-installed in the RAK3172 module is officially supported in Arduino IDE. The module is 

based on the STM32 architecture and works using the LoRaWAN protocol, so the choice of environment 

was actually predetermined [28]. 

The C language was chosen for writing the programme because it allows you to work effectively with 

systems where precise resource management is important. It provides direct access to hardware capabilities 

and is considered the primary language for working with microcontrollers. 
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The software structure of the device is based on a modular approach. Each block is responsible for a 

strictly defined function: interaction with peripheral devices, data collection and pre-processing, information 

transfer via the LoRaWAN network, working with an SD card, receiving commands from the server, etc. 

This solution simplifies scaling, maintenance, and future functionality expansion. 

Initialisation begins with the configuration of all connected sensors. For example, current and voltage 

are measured using the INA228 microcircuit, which operates via the I²C interface. During initialisation, con-

figuration parameters are written to its registers. The OPT4003-Q1 light sensor, which also uses the I²C in-

terface, is configured using the same principle. The DS18B20 temperature sensor is connected via the 

OneWire bus using the DallasTemperature library. 

After initialisation is complete, the system begins to periodically poll the sensors. The values obtained 

undergo primary processing: conversion to physical units, filtering, and checking of acceptable value limits. 

The data is then packaged into a formatted packet containing timestamps and parameters and transmitted via 

the RAK3172 module to the LoRaWAN network. The information is sent to the server via a gateway and 

then visualised or stored in a database. 

A distinctive feature of the system is its support for feedback. The device not only transmits data, but 

can also receive commands from the server. This makes it possible, for example, to start the VAC measure-

ment procedure for a solar panel when necessary. In VAC measurement mode, the device switches to a spe-

cial mode: the output load is regulated by a PWM signal, which is converted into a linear voltage and fed to 

the gate of IRFP460 transistors, and the parameters—voltage and current—are measured dynamically. On 

the device itself, the VCC measurement command works as follows: the microcontroller switches the relay 

to the internal load from the transistors; the microcontroller outputs a PWM signal with a minimum duty cy-

cle of 1 % from the required contact; the integrating chain receives it, and the output is a constant voltage 

with a minimum amplitude which is fed to the operational amplifier, and from there to the power transistor; 

it opens to the minimum value, loading the panel; the current and voltage are measured; the data is packaged 

and sent to the server via the gateway. The process of increasing the opening and recording continues until 

the PWM signal is completely filled, which means that we have opened the transistor completely and meas-

ured the VAC graph. 

After each measurement, a packet is formed to be sent to the server and sent via LoRa to the gateway 

and then to the server. 

In the event of a temporary loss of connection to the cloud system, the device switches to local storage 

mode. In this case, all data is recorded on a memory card, and as soon as the connection is restored, it is au-

tomatically transferred in sequence. This prevents information loss and maintains the integrity of the data set. 

The program code is structured based on functions, macros, and user data types. Each logical block of 

the system is implemented separately, which improves readability and ease of maintenance. Working with 

sensors, LoRa connection logic, writing to an SD card, processing incoming commands — all of this is sepa-

rated into separate sections of code, which makes it possible to develop the project without affecting its basic 

structure. 

Thus, the software implemented as part of the work performs a full cycle — from collecting and analys-

ing readings to transmitting them and responding to control signals. The architecture remains flexible, allow-

ing the device to be adapted to new tasks, sensors to be added, and additional algorithms to be implemented 

in the future. 

Conclusion 

Thus, the proposed hardware and software solution provides comprehensive monitoring of key solar 

panel parameters — current, voltage, illuminance, and temperature — with data transmission over the net-

work for further storage, processing, and visualisation. 

To test the model, a system was assembled on an Arduino Mega 2560 R3 with an Ethernet Shield 

W5100, including ACS712 (20 A), a voltage divider, OPT4003 and DS18B20; VACs were measured using a 

controlled electronic load. The data was published in Mosquitto, aggregated by Telegraf, and stored in 

InfluxDB/PostgreSQL, followed by visualisation in Grafana. The sensors were calibrated against reference 

current and voltage sources. 

An example of the I–V curves of the KZ PV 230 M60 solar panel is given in the text of the article. 

During the course of the work, a full-fledged prototype of an embedded IoT system for monitoring solar 

panel parameters was developed, including both hardware and software components. Based on the prototype, 

a new device was created that meets all the functional and technical requirements. 
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During the development process: 

 functional and technical requirements for the system were formed, operating conditions and supported 

interfaces were defined; 

  a selection and justification of components capable of operating in a wide temperature range and en-

suring high measurement accuracy was made; 

 the schematic diagram and printed circuit board of the device were designed in the ECAD environ-

ment, component libraries and mounting locations were created in accordance with the technical doc-

umentation; 

 individual circuit nodes were simulated in LTspice, which allowed the correctness of the selected cir-

cuit solutions to be confirmed prior to the hardware implementation stage; 

 Software was developed in Arduino IDE using the C language, providing data collection from sen-

sors, their pre-processing, transmission via the LoRaWAN protocol, as well as support for local stor-

age of information and execution of control commands from the server. 

 Algorithms were implemented to measure the volt-ampere characteristics of the solar panel with sub-

sequent data transmission to the cloud. 

 A functional block diagram has been created that reflects the operation of key system nodes. 

Thus, the developed device meets the requirements: it operates autonomously from renewable energy 

sources, measures the necessary electrical and climatic parameters, is resistant to climatic conditions, and 

supports modern communication interfaces and the LoRaWAN protocol, which ensures integration into the 

IoT infrastructure. 

The practical significance of the work lies in the creation of a universal platform for monitoring the 

condition of solar panels and wind turbines, which may be in demand in distributed energy systems, scien-

tific research, and educational purposes. The result can be considered as a basis for further modernisation, 

adding new sensors and expanding the capabilities of the system depending on the specifics of operation. 
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А.Н. Дюсембаева, Е.В. Шейнмаиер, Т.А. Рахимгалиев, М.Қ. Қалиасқарова 

Күн панельдерінің негізгі параметрлерін өлшеуге арналған  

микроконтроллер құрылғысын жобалау және прототиптеу 

Мақалада күн панельдерінің (фототок және кернеу) және климаттық жағдайлардың (температура мен 

жарық) негізгі сипаттамаларын өлшеу құрылғысын прототиптеу және жобалау нәтижелері 

келтірілген. Бұл құрылғы күн панелі-микроинвертор жүйесіндегі мүмкін ақауларды, сондай-ақ жарық 

энергиясын электр энергиясына түрлендіру тиімділігінің төмендеуіне әкелетін себептерді анықтау 

мақсатында әзірленуде. Прототиптеу нәтижесінде W5100 Ethernet модулі бар Arduino Mega 2560 R3 

негізіндегі өлшеу құрылғысының макеті жиналды. Ток ACS712 сенсорымен өлшенеді. Кернеу 

микроконтроллердің ADC кірісіне қосылған кернеу бөлгіш арқылы өлшенді. Opt4003 жарық және 

DS18B20 температура сенсорлары қолданылады. Интернет тарату құрылғысы INA228, OPT4003, 
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DS18B20 сенсорлары мен чиптерінің rak3172 модулі негізінде құрастырылған. Күн панелінің Вольт-

Ампер сипаттамаларын өлшеу үшін екі irfp460 өріс транзисторларына негізделген қуат модулі жасал-

ды. Бағдарламалық жасақтама әзірленген прототип пен Интернет тарату құрылғысына жазылған. 

Кілт сөздер: Интернет тарату құрылғысы, күн панелі, ақауларды анықтау, микроконтроллер, Вольт-

Ампер сипаттамалары, жұмыс алгоритмі 
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А.Н. Дюсембаева, Е.В. Шейнмаиер, Т.А. Рахимгалиев, М.К. Калиаскарова 

Проектирование и прототипирование микроконтроллерного устройства  

для измерения основных параметров солнечных панелей 

В статье представлены результаты прототипирования и проектирования устройства измерения основ-

ных характеристик солнечных панелей (фототок и напряжение) и климатических условий (температу-

ра и освещенность). Данное устройство разрабатывается с целью определения возможных неисправ-

ностей в системе «солнечная панель — микроинвертор», а также причин, приводящих к снижению 

эффективности трансформации световой энергии в электрическую энергию. В результате прототипи-

рования был собран макет измерительного устройства на базе Arduino Mega 2560 R3 с Ethernet-

модулем W5100. Ток измеряется датчиком ACS712. Напряжение измерялось через делитель напряже-

ния, подключённый к входу АЦП микроконтроллера. Использованы датчики освещенности OPT4003 

и температуры DS18B20. IoT-устройство собрано на базе модуля RAK3172, датчиков и микросхем 

INA228, OPT4003, DS18B20. Для измерения вольт-амперных характеристик солнечной панели разра-

ботан силовой модуль на базе двух полевых транзисторов IRFP460. К разработанному прототипу и 

IoT-устройству написано программное обеспечение. 

Ключевые слова: Устройство интернета вещей, солнечная панель, обнаружение неисправностей, мик-

роконтроллер, вольт-амперные характеристики, алгоритм работы 
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Non-Standard Analysis in Electrical Engineering.  

Complex Circuits with Ideal Reactive Elements 

The article presents the application of concepts and methods of non-standard analysis to problems of theoreti-

cal electrical engineering. It is substantiated that standard methods of electrical engineering are not effective 

enough, because they are excessively complex or even unsuitable for calculating DC electrical circuits con-

taining ideal inductances and capacitances. This problem arises because for direct current (with zero frequen-

cy) the inductive resistance is zero, and the capacitive resistance goes to infinity. As a result, when using 

standard methods to calculate such electrical circuits, it is necessary to solve uncertainty expressions of the 

type 
0

0
 or 




, which creates difficulties within the framework of traditional mathematical analysis. Given 

the above difficulties, it is proposed to replace the classical mathematical analysis with a non-standard one. In 

this approach, the frequency of the direct current is considered not as zero, but as an infinitely small value α. 

This approach makes it possible to determine the reactance of inductive elements as L  and the reactance of 

capacitive elements as-
1

C
. This allows to successfully apply all standard methods of theoretical electrical 

engineering and avoid the need to work with indefinite expressions. The article provides specific examples of 

the analysis of complex direct current circuits with ideal inductances and capacitances. 

Keywords: complex direct current circuits, non-standard analysis, electrical engineering, ideal reactive ele-

ment 

Corresponding author: Kucheruk, Vladimir, vladimir.kucheruk@gmail.com  

 

Introduction 

Non-standard analysis became widely used in the middle of the last century, which was made possible 

by the new axiomatics of mathematical analysis proposed at that time. Nowadays, non-standard analysis 

methods are quite often used in various fields of science and technology. When solving various technical and 

scientific problems, in some cases it is necessary to reveal uncertainties of the type 
0

0
 or 




, which is ex-

tremely difficult when using classical methods of analysis [1]. In such cases, it is advisable to use ideas and 

methods of non-standard analysis, which consist in the direct use of infinitely small and large numbers [2, 3]. 

In [4], the axiomatics of mathematical analysis are considered, which is based on the set of hyperreal num-

bers, which contains, in addition to standard numbers, also non-standard (infinitely small, infinitely large, 

their combinations with standard numbers) numbers. The use of non-standard analysis methods in identify-

ing the internal parameters of electric motors, which in many cases cannot be implemented using traditional 

methods, is promising [5, 6]. Also, non-standard analysis methods can be used for mathematical modeling of 

electromechanical objects [7–9], mathematical modeling and calculation of measuring channels of electrical 

and non-electrical physical quantities [10–12], calculation of building structures [13, 14], analysis of biologi-

cal [15], chemical [16] processes, as well as in medicine [17, 18]. The use of non-standard analysis in theo-

retical electrical engineering is especially important. Traditionally, calculation methods based on Ohm's and 

Kirchhoff's laws are used to analyze DC electrical circuits, but there are a number of tasks for which the use 

of these methods is practically impossible. Therefore, it is relevant to use the mathematical apparatus of non-

https://doi.org/10.31489/2026PH1/59-68
mailto:vladimir.kucheruk@gmail.com
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standard analysis, which will allow using known unified methods for calculating such circuits. For example, 

this applies to the calculation of DC circuits with ideal reactive elements [19], as well as the analysis of tran-

sient processes in second-order electrical circuits with violation of switching laws [20]. This article discusses 

the use of non-standard analysis methods for complex circuits with ideal reactive elements. 

Formulation of the problem 

Calculation of DC circuits is usually carried out using traditional methods based on Ohm's and Kirch-

hoff's laws. However, such standard approaches are unsuitable for certain specific cases, in particular for 

complex electrical circuits containing ideal reactive elements. The complexity arises from the fact that at DC 

the resistance of an ideal inductance is zero, and the resistance of an ideal capacitance tends to infinity, 

which in this case makes it impossible to calculate complex circuits. In some cases, such problems can be 

solved by calculating using the energy characteristics of reactive elements, which significantly complicates 

the calculations, especially for complex circuits. In view of this, the application of the mathematical appa-

ratus of non-standard analysis, which allows the use of unified methods for calculating such circuits, is rele-

vant and promising. The paper considers non-standard analysis of complex DC circuits with ideal reactive 

elements. The aim of the article is to define a class of non-standard electrical engineering problems for the 

analysis of complex DC circuits with ideal inductances and capacitances, as well as to extend non-standard 

analysis methods to a wider class of problems involving the calculation of complex circuits with ideal in-

ductances and capacitances. 

Research results 

Let R  denote the ordered set of real numbers, and we will call the number   an infinitely small num-

ber if and only if 

  r R r    . (1) 

An infinitely large number will be called the number 
1

 


, for this case we can write 

  r R r    . (2) 

Infinitesimal numbers of the first, second, third, and k -th order are defined, respectively, as 
2 3 k       , and infinitely large numbers of the first, second, third, and k -th order are defined, respec-

tively, as 
2 3 k    . 

All the rules of algebra apply to infinitely small and infinitely large numbers, namely addition, subtrac-

tion, multiplication, division, exponentiation, and theorems (commutativity, associativity, etc.). Infinitely 

small and infinitely large numbers, together with the real numbers r R , form an ordered set of hyperreal 

numbers *R , the real numbers r R  are called standard or Archimedean in contrast to the non-standard 

numbers * *r R . In the following, the notation  .  ll mean the equivalence of two non-standard numbers. 

For standard numbers m  and n , the following relations are valid: 

 
m m

n n





, 

m m

n n


  , m n n  , km n n   , sin   , cos 1  . (3) 

Not only the set of real numbers, but also the set of complex numbers has the same structure, based on 

this we can write: 

 m jn jn  , m jn m   , m jn m   , m jn jn    .  (4) 

Since, in this case, the DC circuit is considered as a sinusoidal current circuit, the cyclic frequency of 

which is zero, the symbolic method can be used to solve such a problem, provided that  . Assuming 

 , for the complex resistance of the inductance we can write 

 
LZ j L  , (5) 

and for the complex capacitance resistance 

 
1

CZ
j C




, (6) 
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As a first example, consider the complex electrical circuit with three ideal inductances, two of which 

are magnetically coupled. First, consider the matched connection of ideal inductances, as shown in Fig. 1. 

 

 

Figure 1. Electrical circuit with three ideal inductances and magnetic coupling  

between two of them (matched switching) 

For the given circuit, the equations according to Kirchhoff's laws have the form: 

 
1 2 3 0I I I   , (7) 

    1 1 2 2 UI r j L j M j LI j M         , (8) 

 
3 3 2 2 1I j L I j L I j M     . (9) 

Let perform equivalent transformations for equation (8). 

    1 1 2 2 1r j L j M j L j M I r UI I          . (10) 

From expression (10) it follows: 

 1I
U

r
 . (11) 

Thus, new equations were obtained in accordance with Kirchhoff's laws: 

 2 3 0
U

I I
r
   , (12) 

 3 3 2 2

U
j L I j L j M

r
I      .  (13) 

Let’s determine the current 
3I  from the equation (12) and substitute it into the second equation. 

 3 2I
U

I
r

  ,  (14) 

 2 3 2 2

U U
I j L I j L j M

r r

 
      

 
.  (15) 

From these equations it follows 

 3 2 3 2 2

U U
j L I j L I j L j M

r r
       ,  (16) 

    3 2 3 2

U
j L j M I j L j L

r
       ,  (17) 

 
 

 

 

 

3
3

2

3 2 3 2

U
j L j M U L MrI

j L j L r L L

   
 

   
,  (18) 

 
 

 

 

 
3 2

3 2

3 2 3 2

U L M U L MU U
I I

r r r L L r L L

 
    

 
. (19) 
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As an example, let perform numerical calculations of the complex circuit shown in Figure 1 for three 

characteristic cases of the ratio between the inductances 
1 2 3, ,L L L  and the mutual inductance M , setting the 

following parameters: 30U   V, 10r   Ohm, 
1 0.2L   H, 

2 0.1L   H, 
3 0.12L   H. 

For the first characteristic case 0.05M   H, i.e. 
2M L . As a result of the calculation, we obtain 

2 0.955I   A, and 
3 2.045I   A. 

For the second characteristic case 0.12M  H, i.e. 
3M L . In this case, all the current flows in the 

third coil (
3 3I   А), and in the second coil it disappears (

2 0I   А). 

The most interesting is the third characteristic case, 0.14M   H, 3 1 2L M L L  . Here, the so-called 

"false capacitance effect" is observed, when the current in the third coil (
3 3.273I   А) exceeds the input cur-

rent, and in the second coil 
2 0.273I   A the current changes its direction. 

Let consider the case of counter-switching of inductors (Fig. 2). 

 

 

Figure 2. A circuit with three ideal inductances and magnetic coupling between two of them (counter-switching) 

For the given circuit, the equations according to Kirchhoff's laws have the form: 

 
1 2 3 0I I I   ,   (20) 

    1 1 2 2 UI r j L j M I j L j M         ,  (21) 

 
3 3 2 2 1j L I j L I j MI      .  (22) 

Let perform equivalent transformations for equation (21). 

    1 1 2 2 1r j L j M I j L j M I r UI           .  (23) 

From expression (23) it follows: 

 1 .I
U

r
   (24) 

Thus, new equations were obtained in accordance with Kirchhoff's laws: 

 2 3 0
U

I
r

I   ,  (25) 

 3 3 2 2

U
I j L I j L j M

r
     .  (26) 

Let's determine the current 
3I  from the equation (25) and substitute it into the second equation. 

 3 2I
U

I
r

  , (27) 

 2 3 2 2

U U
I j L I j L j M

r r

 
      

 
.  (28) 

From these equations it follows 
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 3 2 3 2 2

U U
j L I j L I j L j M

r r
       ,  (29) 

    3 2 3 2

U
j L j M I j L j L

r
       ,  (30) 

 
 

 

 

 

3
3

2

3 2 3 2

U
j L j M U L MrI

j L j L r L L

   
 

   
,  (31) 

 
 

 

 

 
3 2

3 2

3 2 3 2

U L M U L MU U
I

r r r
I

L L r L L

 
    

 
. (32) 

As an example, let perform numerical calculations of the complex circuit shown in Figure 2 for three 

characteristic cases of the ratio between the inductances 
1 2 3, ,L L L  and the mutual inductance M , setting the 

following parameters: 30U   V, 10r   Ohm, 
1 0.2L   H, 

2 0.1L   H, 
3 0.12L   H. 

For the first characteristic case 0.05M   H, i.e. 
2M L . As a result of the calculation, we obtain 

2 2.318I   A, and 
3 0.682I   A. 

For the second characteristic case 0.1M   H, i.e. 
2M L . In this case, all the current flows in the se-

cond coil (
2 3I   А), and in the third coil it disappears (

3 0I   А). 

The most interesting is the third characteristic case, 0.14M   H, 2 1 2L M L L  . Here, the so-called 

“false capacitance effect” is observed, when the current in the second coil (
2 3.545I   А) exceeds the input 

current, and in the third coil 
3 0.545I   A the current changes its direction. 

It should be noted that this task is very difficult to solve without the help of non-standard analysis 

methods, and for the next task it is practically impossible. 

Let consider the second example, in which we determine the currents in all branches of a complex elec-

trical circuit with ideal inductances and resistors, which is shown in Figure 3. 

 

 

Figure 3. Complex electrical circuit with ideal inductances and resistors 

Let the circuit shown in Figure 3 have the following parameters: 100U   V, 
1 10r   Ohm,  

2 20r   Ohm, 
1 0.2L   H, 

2 0.15L   H, 
3 0.1L   H, 

4 0.05L   H, 
5 0.025L   H. Let calculate this circuit 

using the loop current method. The equations for the loop current method have the form: 

 
11 11 22 12 33 13I I UI Z Z Z   , (33) 

 
11 21 22 22 33 23 0I Z I Z I Z   , (34) 

 
11 31 22 32 33 33 0I Z I Z I Z   . (35) 

Let find the self and common resistances of the contours: 

 
21 1Z j L   , 

23 2 5Z r j L    , 
31 2Z j L   ,  (36) 

 
22 1 3 5 2Z j L j L j L r       ,  (37) 

 
33 2 4 5 2I j L j L j L r       .  (38) 

Let first consider equation (33), substituting into it expressions for the self and common resistances. 
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      11 1 1 2 22 1 33 2I r j L j L I j L I j L U           .  (39) 

Since only the coefficient at 
11I  is not infinitely small, we perform equivalent transformations: 

      11 1 1 2 22 1 33 2 11 1I r j L j L I j L j L I r U             . (40) 

From equation (40) it follows 

 
11

1

U
I I

r
  . (41) 

Similarly, we perform equivalent transformations for equation (34). 

      1 22 1 3 5 2 33 2 5 2 22 2 33

1

0.
U

j L I j L j L j L r I r j L r I r I
r

                 (42) 

From equation (42) we obtain 

 
22 33I I , (43) 

and 

 
5 33 22 0I I I   . (44) 

Let perform equivalent transformations for equation (35). 

      
 

2 22 2 5 33 2 4 5 2 2 2 33

1 22

!
0.

! !

U n
j L I r j L I j L j L j L r r r

r r
I

n r
                


 (45) 

It is obvious that 

 
22 33I I . (46) 

Since there is no current in the inductance 
5L , the task is significantly simplified, so we can write 

 
 

 
3 4

1 2

1 2 3 4 1

3
U L L

I I
L L L L r


  

  
А, (47) 

 
 

 
1 2

3 4

1 2 3 4 1

7
U L L

I I
L L L L r


  

  
А. (48) 

Let’s consider the third example, we will determine in a DC branched circuit with ideal capacitances 

(Fig. 4) the voltages on the capacitors 
1 2 3, ,C C C , the circuit parameters: 100U   V, 

1 200C   μF,  

2 150C   μF, 
3 100C   μF. 

 

 

Figure 4. Branched circuit with ideal capacitances 

Let find the total complex resistance of the circuit 

 
  

  

2 32 3

2 31 1

2 3 2 3

11 1

1 1

1 1вх

j C j Cj C j C
Z

j C j Cj C j C

j C j C j C j C


  

    
   


   
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   

1 2 3 1 2 3

1 2 3 1 2 3 1 2 3

1 1
,

j C j C j C C C C

j C j C j C j C j C j C j C C C

      
   

         
 (49) 

then the current flowing through the capacitance 
1C  

 
 

1

1 2 3

вх 1 2 3

C

Uj C C CU
I

Z C C C

 
 

 
. (50) 

The currents flowing through the capacitors 
2 3,C C  are found as 

 
   

2 1

1 2 3 23 1 2

1 2 3 2 3 1 2 3

2 3

1

,
1 1C C

Uj C C C j Cj C Uj C C
I I

C C C j C j C C C C

j C j C

   
   

      


 

 (51) 

 
   

3 1

1 2 3 3 1 32

1 2 3 2 3 1 2 3

2 3

1

.
1 1C C

Uj C C C j C Uj C Cj C
I I

C C C j C j C C C C

j C j C

   
   

      


 

 (52) 

The voltages on the capacitors are determined by the following expressions: 

 
   

1 1

1 2 3 2 3

1 1 2 3 1 1 2 3

1 1
C C

Uj C C C U C C
U I

j C C C C j C C C C

  
    

     
42.857 V,  (53) 

 
2 2

1 2 1

2 1 2 3 2 1 2 3

1 1
C C

Uj C C UC
U I

j C C C C j C C C C


    

     
57.143 V,  (54) 

 
3 3

1 3 1

3 1 2 3 3 1 2 3

1 1
C C

Uj C C UC
U I

j C C C C j C C C C


    

     
57.143 V. (55) 

It is obvious that the voltages on the capacitors 
2 3,C C  are the same. 

Conclusion 

1. The article systematizes a specific class of problems in theoretical electrical engineering. These prob-

lems concern the analysis of complex DC electrical circuits containing ideal capacitive and inductive ele-

ments. It is argued that traditional methods of analysis for this class of problems are extremely difficult or 

cannot be applied at all. This is due to the emergence of uncertainties caused by the limiting values of 

reactances at zero frequency (at DC). 

2. To solve the above problems, it is proposed to apply a non-standard analysis, namely, to consider the 

frequency of the direct current not as zero, but as an infinitely small value. This approach transforms the 

original problem, making it suitable for solution using classical unified methods of theoretical electrical en-

gineering. 

3. The proposed approach, based on the use of non-standard analysis, has demonstrated high efficiency 

in solving electrical engineering problems on examples of analyzing complex electrical circuits with ideal 

reactive elements and contour parameters of various orders of infinitesimality. 

4. It is advisable to direct further research to identify similar problems in other branches of science and 

technology, where the use of classical methods is limited due to the presence of boundary processes or un-

certain analytical expressions. This will contribute to expanding the scope of application of non-standard 

analysis as an effective tool for mathematical modeling. 
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Мақалада теориялық электртехника мәселелеріне стандартты емес талдаудың тұжырымдамалары мен 
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мәселелерді шешуге тура келеді. Осы қиындықтарды ескере отырып, классикалық математикалық 

анализді стандартты емес анализге ауыстыру ұсынылады. Бұл тәсілде тұрақты ток жиілігі нөлдік емес, 

α шексіз шамасы ретінде қарастырылады. Осы тәсіл индуктивті элементтердің реактивтілігін, сондай-

ақ 
1

C
 сыйымдылық элементтерінің реактивтілікті кедергісін анықтауға мүмкіндік береді. Бұл 

теориялық электртехниканың барлық стандартты әдістерін сәтті қолдануға және белгісіз өрнектермен 

жұмыс істеу қажеттілігін болдырмауға мүмкіндік береді. Мақалада идеалды индуктивтілігі мен 

сыйымдылығы бар күрделі тұрақты ток тізбектерін талдаудың нақты мысалдары келтірілген. 

Кілт сөздер: тұрақты токтың күрделі тізбектері, стандартты емес талдау, электртехника, идеалды 

реактивті элемент 

 

С.Ш. Кацыв, В.В. Кухарчук, В.Г. Мадьяров, В.Ю. Кучерук,  

П.И. Кулаков, В.С. Маньковская, А.К. Хасенов, Д.Ж. Карабекова 

Нестандартный анализ в электротехнике.  

Сложные схемы с идеальными реактивными элементами 

В статье представлено применение концепций и методов нестандартного анализа к проблемам теоре-

тической электротехники. Обосновано, что стандартные методы электротехники недостаточно эффек-

тивны, поскольку они чрезмерно сложны или даже непригодны для расчета электрических цепей по-

стоянного тока, содержащих идеальные индуктивности и емкости. Эта проблема возникает из-за того, 

что для постоянного тока (с нулевой частотой) индуктивное сопротивление равно нулю, а емкостное 

сопротивление уходит в бесконечность. В результате при использовании стандартных методов расче-

та таких электрических цепей приходится решать выражения неопределенности типа 
0

0
или 




, что 

создает трудности в рамках традиционного математического анализа. Учитывая указанные трудности, 

предлагается заменить классический математический анализ на нестандартный. При таком подходе 

частота постоянного тока рассматривается не как нулевая, а как бесконечно малая величина α. Такой 

подход позволяет определять реактивное сопротивление индуктивных элементов как и реактивное 

сопротивление емкостных элементов как — 
1

C
. Это позволяет успешно применять все стандартные 

методы теоретической электротехники и избежать необходимости работы с неопределенными выра-

жениями. В статье приведены конкретные примеры анализа сложных цепей постоянного тока с иде-

альными индуктивностями и емкостью. 

Ключевые слова: сложные цепи постоянного тока, нестандартный анализ, электротехника, идеально-

реактивный элемент 
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A Study of Structural and Thermal Properties  

of a Novel Doped Perovskite-Type Oxide SrFe0.6Cu0.3Mo0.1O3–δ 

In this study, a novel perovskite-type oxide SrFe0.6Cu0.3Mo0.1O3–δ was synthesized via a conventional solid-

state reaction route and comprehensively characterized using neutron powder diffraction (NPD), scanning 

electron microscopy (SEM), and thermal analysis. The application of NPD enabled precise determination of 

the atomic structure and differentiation between cations with similar atomic numbers. Rietveld refinement of 

the NPD data confirmed the formation of a single-phase cubic perovskite with the space group Pm-3m 

(no. 221) and a lattice parameter of a = b = c = 3.8997(1) Å. SEM images revealed a highly porous, intercon-

nected microstructure with uniform elemental distribution, while thermogravimetric analysis (TGA) demon-

strated a two-step oxygen loss up to 1000 °C, confirming excellent thermal stability. The oxide exhibited a 

low thermal conductivity of 1.986 W·m–1·K–1 at 900 °C, attributed to enhanced phonon scattering induced by 

Cu and Mo co-doping and lattice disorder. These findings indicate that controlled B-site co-doping can effec-

tively tailor defect chemistry and phonon transport, resulting in materials with reduced thermal conductivity 

and improved structural integrity. Therefore, SrFe0.6Cu0.3Mo0.1O3–δ shows great potential for high-temperature 

energy conversion applications, including thermoelectric devices and solid oxide fuel cells. 

Keywords: perovskite oxide, neutron powder diffraction, Rietveld refinement, solid-state synthesis, scanning 

electron microscopy, thermogravimetric analysis, microstructure, oxygen non-stoichiometry, phonon scatter-

ing, thermal conductivity 
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Introduction 

Perovskite-type oxides (ABX3) were first identified in the mineral CaTiO3, where A and B are cations 

and X is an anion. The perovskite lattice exhibits remarkable compositional flexibility, nearly all transition 

metals, lanthanides, and actinides can occupy the B-site, while larger alkali, alkaline-earth, or rare-earth ions 

occupy the A-site with twelve-fold oxygen coordination [1]. Doped perovskites with general formulas 

A
2+

B
4+

O3, A
1+

B
5+

O3, or A
3+

B
3+

O3 have been widely studied because of their tunable physical and chemical 

properties [2]. Achieving single-phase perovskite oxides often requires high calcination temperatures and 

long sintering durations, especially when refractory metal oxides are incorporated [3–5]. Consequently, these 

https://doi.org/10.31489/2026PH1/69-80
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materials have found broad applications in energy conversion and storage, superconductivity, ferroelectrics, 

piezoelectrics, and electrodes, owing to their excellent electrical, magnetic, and pyroelectric properties [6–18]. 

Neutron powder diffraction (NPD) provides a powerful tool for elucidating the atomic structures of 

such materials. Unlike X-ray diffraction, neutron scattering lengths are largely independent of atomic num-

ber, allowing accurate localization of light atoms (e.g., H, Li, O) and differentiation between neighboring 

elements or isotopes [19, 20]. As a result, NPD has become increasingly important for investigating ad-

vanced energy materials [21–23]. 

In thermoelectric and solid-oxide fuel cell (SOFC) applications, low thermal conductivity is desirable to 

minimize heat loss and enhance efficiency. While pristine SrTiO3 exhibits relatively high thermal conductivi-

ty, targeted doping at the Sr- or Ti-site can effectively suppress phonon transport [24–29]. For example, La
3+

, 

Sm
3+

, and Y
3+

 substitutions at the Sr-site, or Nb-doping at the Ti-site, have yielded significant reductions in 

thermal conductivity. 

Building upon this concept, we developed a co-doped perovskite SrFe0.6Cu0.3Mo0.1O3–δ, introducing Cu 

and Mo at the B-site to tailor the crystal structure and defect chemistry. Using high-resolution time-of-flight 

neutron diffraction, we accurately determined the crystal symmetry and atomic arrangement, confirming a 

cubic perovskite phase with space group Pm-3m. Additionally, we investigated its microstructural morphol-

ogy and thermal transport behavior to elucidate the structure–property relationship. The findings demonstrate 

that controlled B-site co-doping can effectively lower thermal conductivity without compromising structural 

stability, suggesting potential use in high-temperature electrochemical and thermoelectric systems [30]. 

Materials and methods 

Grinding the powder particles mostly with mortar and pestle to homogenize the combination of reac-

tants is referred to in solid-state synthesis [31–35]. Repeated grinding and firing of the compound until it 

achieves a single phase is used in this method. Polycrystalline sample of the SrFe0.6Cu0.3Mo0.1O3-δ was syn-

thesized through a solid-state route by using SrCO3 (≥99.90 %, Aldrich), Fe2O3 (≥99.998 %, Aldrich), CuO, 

and MoO3 (≥99.50 %, Aldrich) ceramic powders with the inclusion of ethanol as a dispersing agent, the 

powders were manually ground in an agate mortar by a pestle. The hydraulic press was employed to pelletize 

the mixed powders, placed in α-Al2O3 crucibles, and annealed at elevated temperatures in a box furnace. The 

mixture of the powder samples was first annealed at 650 °C for 10 hours. After pelletizing, annealed at 

900 °C for 12 hours, then sintered at 1100 °C for 12 hours, with intermediate grinding and pelletizing. The 

entire synthesis process was carried out in air. 

Prior to neutron powder diffraction, XRD was used to determine the phase structure using a Bruker axs-

D8 Advance diffractometer. At the ISIS Neutron & Muon Source in the UK, neutron powder diffraction data 

were acquired using the Polaris diffractometer (medium-resolution powder diffractometer at a high intensity) 

[36, 37]. Utilizing GSAS-II software [38], the time-of-flight (TOF) powder diffraction data were analyzed. 

Standard parameters were used in the Rietveld analysis to refine the results, including a shifted Chebyshev 

series as background that was initiated by the GSAS software, zero shift, scale factor, profile parameters 

(type 3 in GSAS), cell parameters, atomic coordinates, site-occupancy factor (SOF), and atomic displace-

ment factors (ADP). 

Scanning electron microscopy (SEM) was used to examine the morphological structure and to evaluate 

its porosity. Since the sample was extremely conductive, a coating of carbon was applied to prevent over-

charging. The JSM-7610F (Japan Electron Optics Laboratory Co. Ltd., Japan) was used to capture the pic-

tures of the surface of the pellet, and it gave an outstanding, high-contrast view of the pellet. Netzsch-

Gerätebau GmbH-STA 409 PC Luxx Simultaneous Thermal Analyzer was employed to perform TGA in 

order to observe the weight change with rising temperature under flowing N2. SrFe0.6Cu0.3Mo0.1O3-δ powder 

weighing 68.342 mg was put in an Al2O3 DSC/TG pan and heated at a rate of 5 °C/min while flowing N2 at a 

rate of 20 ml/min. Before cooling, an hour of isothermal holding eliminated the absorbed species. To confirm 

that all pollutants had completely been desorbed, the procedure was then repeated. Once the desorption pro-

cess was finished, N2 flow was used in place of airflow, and the mass change was monitored until equilibri-

um was attained. A Netzsch-DSC 4044F1 was employed to perform differential scanning calorimetry in or-

der to observe the heat flow with rising temperature under a flowing inert atmosphere (Ar). A Netzsch-LFA 

467 HT/Hyper Flash was used to determine the thermal conductivity at a rate of 5 °C/min while flowing Ar 

at a rate of 20 ml/min. 
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Results and discussion 

Crystal Structure Analysis 

Perovskite oxides offer remarkable compositional flexibility due to the wide range of possible substitu-

tions at both the A and B sites, enabling precise control over oxygen vacancy concentration, redox-active 

centers, and physicochemical properties [39, 40]. Fe-doped SrTiO3 compositions such as SrTi0.3Fe0.7O3–δ and 

SrTi0.6Fe0.4O3–δ have demonstrated excellent anode performance for solid oxide fuel cells (SOFCs) when 

combined with Ce0.9Gd0.1O2–δ, as reported by Sungmee et al. [41]. 

In this study, the X-ray diffraction pattern of SrFe0.6Cu0.3Mo0.1O3–δ synthesized via the solid-state route 

revealed a single-phase cubic perovskite structure with space group Pm-3m (no. 221). To achieve a deeper 

understanding of its crystal structure, neutron powder diffraction (NPD) measurements were carried out at 

room temperature (Fig. 1). Rietveld refinement of the NPD data confirmed the single-phase cubic symmetry, 

with refined lattice parameters of a = b = c = 3.8997(1) Å, consistent with the simple perovskite framework 

(aₚ×aₚ×aₚ) where aₚ is the primitive perovskite lattice parameter [42]. 

The diffraction data were refined using Bank 2 (up to 7 Å) of the POLARIS diffractometer. The re-

finement statistics and structural parameters are summarized in Table 1. The obtained low R-factors 

(Rₚ = 2.94 %, Rwp = 4.36 %, and Rf = 3.38 %) indicate excellent agreement between the observed and calcu-

lated profiles. The refined atomic positions, isotropic displacement parameters (Uiso), and Wyckoff sites con-

firm a well-ordered cubic structure without secondary phases or superstructure reflections associated with 

oxygen vacancy ordering. 

 

 

Figure 1. a) Rietveld refinement profile at room temperature for SrFe0.6Cu0.3Mo0.1O3–δ.  

The original data is represented by a crossline (red), the measured profile data is depicted by a continuous line (green), 

and the difference is shown by a bottom line (purple) with a 3D polyhedral representation of SrFe0.6Cu0.3Mo0.1O3–δ in it 
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T a b l e  1  

Rietveld refinement parameters for SrFe0.6Cu0.3Mo0.1O3–δ at room temperature (space group Pm-3m),  

atomic coordinates and isotropic temperature factors (Uiso) 

Parameters SrFe0.6Cu0.3Mo0.1O3–δ 

Structure model Cubic 

Space group Pm-3m 

Volume (Å
3
) 271.5090 

R-factors  

Rf (%) 3.38 

Rp (%) 2.94 

Rwp (%) 4.36 

Cell parameters  

a (Å) 3.8997 (1) 

b (Å) 3.8997 (1) 

c (Å) 3.8997 (1) 

Atomic positions x, y, z 

Sr (1b)  0.5000, 0.5000, 0.0000 

Uiso (Å
2
) 0.0176 (1) 

Fe (1a)  0.0000, 0.0000, 0.0000 

Uiso (Å
2
) 0.0045 (2) 

Cu (1a)  0.0000, 0.0000, 0. 0.0000 

Uiso (Å
2
) 0.8000 (2) 

Mo (1a)  0.0000, 0.0000, 0. 0.0000 

Uiso (Å
2
) 0.0183 (1) 

O (3d)  0.5000, 0.0000, 0.0000 

Uiso (Å
2
) 0.0165 (1) 

 

Bond Length Analysis 

For an ideal cubic perovskite (ABO3) structure, the bond lengths are given by dₐ – O = 2a  and  

db – O = a/2, where a is the lattice constant. The experimentally refined bond lengths for SrFe0.6Cu0.3Mo0.1O3–δ 

are listed in Table 2. The average B–O bond length was found to be 1.946 Å, in close agreement with the 

theoretical value calculated from the lattice constant and Shannon ionic radii [43]. 

T a b l e  2  

Bond distances for cubic SrFe0.6Cu0.3Mo0.1O3-δ in (Å) (d ≤ 6 Å) extracted at room temperature (RT),  

based on NPD data 

Bond Multiplicity Bond length (Å) 

Sr–O1 ×12 2.75233 (3) 

Fe–O1 ×6 1.94619 (3) 

Cu–O1 ×6 1.94619 (3) 

Mo–O1 ×6 1.94619 (3) 

 

The absence of additional reflections in the NPD pattern suggests no symmetry reduction or long-range 

cation ordering, confirming that oxygen vacancies and cation substitutions do not induce structural distortion 

detectable within the resolution of the diffraction data. 

The bond lengths obtained from the refinement were very close to the calculated bond lengths. The ex-

perimental bond length (B–O) for SrFe0.6Cu0.3Mo0.1O3–δ was obtained at 1.9462 Å (Table 2). The NPD layout 

measured at room temperature was appropriately refined in the space group Pm-3m and the polyhedral repre-

sentation of the crystal structure as shown in Figure 1, displaying no extra peaks that ought to activist a su-

perstructure bobbing up from oxygen vacancies or the long-range ordering of metals, or a reduction in sym-

metry. 
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Microstructural Characterization 

The microstructure of the sample was examined using scanning electron microscopy (SEM) coupled 

with energy-dispersive X-ray spectroscopy (EDX). As shown in Figure 2, the SEM image reveals a porous 

and interconnected grain network, consistent with the open morphology typically observed in perovskite ox-

ides synthesized via solid-state routes. The microstructure is composed of micrometer-sized agglomerates 

formed by the sintering of irregular nanocrystalline particles. 

The presence of Cu
2+

 ions promotes enhanced grain growth and neck formation during sintering, lead-

ing to a partially fused morphology [44, 45]. The average grain size was approximately 1 μm, and EDX 

analysis confirmed a homogeneous elemental distribution of Sr, Fe, Cu, Mo, and O without detectable impu-

rity phases. This uniformity further supports the single-phase nature of the compound as observed in the 

NPD and XRD analyses. 

 

 

Figure 2. Scanning electron micrographs for SrFe0.6Cu0.3Mo0.1O3–δ pellet using a secondary electron image (SEI)  

detector with a low voltage (5.0 kV) with carbon-coated specimen and the associated EDS spectrum  

is shown in the inset 

Thermal Analysis and Thermal Conductivity 

Thermogravimetric analysis (TGA) of SrFe0.6Cu0.3Mo0.1O3–δ revealed a distinct two-stage weight loss 

pattern (Fig. 3). A sharp decrease in mass was observed up to 400 °C, similar to the thermal behavior report-

ed by Rattiphorn et al. [44]. This initial weight loss is attributed to the release of physically adsorbed species 

and the partial oxidation of transition-metal cations. Between 400 °C and 650 °C, the weight loss proceeded 

gradually, corresponding to further oxidation reactions within the lattice and the formation of higher metal 

oxides. At elevated temperatures, CuO can partially decompose to Cu2O, contributing to the observed mass 

change [45]. 

Copper-containing mixed oxides are widely recognized for their high oxygen exchange capacity and 

enhanced redox reactivity, which improve the performance of composite oxygen carriers and other function-

al materials [46–48]. To maintain an inert environment during the TGA experiment, the analysis was con-
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ducted under a nitrogen-rich atmosphere within a vacuum-sealed chamber. The onset of oxidation near 

400 °C confirmed the sample’s reactive oxygen mobility under thermal excitation. 

 

 

Figure 3. TGA diagram of SrFe0.6Cu0.3Mo0.1O3–δ on a scale of 20 °C to 950 °C 

Differential scanning calorimetry (DSC) measurements (Fig. 4) further revealed a gradual increase in 

heat flow between room temperature and 110 °C, associated with the release of surface-bound volatiles. Two 

broad endothermic peaks appeared at 914 °C and 949 °C, followed by an endothermic transition near 104 °C, 

indicating structural rearrangements and oxygen loss at high temperature. 

 

 

Figure 4. DSC diagram of SrFe0.6Cu0.3Mo0.1O3–δ on a scale of 25 °C to 950 °C 

Thermal conduction in oxides primarily arises from phonon transport, governed by the mobility of lat-

tice vibrations. Unlike metals, where free electrons dominate heat transfer, ceramic oxides exhibit inherently 

low thermal conductivity due to their predominantly ionic bonding and phonon scattering at grain bounda-

ries. Additional microstructural factors such as porosity and grain interfaces further impede heat transport. 

Perovskite-type oxides have, therefore, attracted considerable attention as low-thermal-conductivity ma-

terials with high structural stability at elevated temperatures [49, 50]. The measured thermal conductivity (κ) 

of SrFe0.6Cu0.3Mo0.1O3–δ from room temperature to 900 °C is presented in Figure 5. The oxide exhibited a 

value of 1.986 Wm
–1

K
–1

 at 900 °C, comparable to other complex perovskites such as 

Sr0.9La0.1(Zr0.25Sn0.25Ti0.25Hf0.25)O3 (1.89 Wm
–1

K
–1

 at 873 K) [51, 52] and significantly lower than undoped 

SrTiO3 (10 W m
–1

 K
–1

 at 300 K) [53]. 
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This reduction in κ can be attributed to enhanced phonon scattering caused by B-site cation disorder 

(Fe, Cu, Mo), oxygen vacancies, and the porous microstructure observed by SEM. These defects disrupt lat-

tice periodicity and inhibit coherent phonon propagation. As summarized in Table 3, SrFe0.6Cu0.3Mo0.1O3–δ 

demonstrates one of the lowest thermal conductivities among single-phase cubic perovskites, confirming that 

Cu/Mo co-doping effectively tunes lattice dynamics without compromising phase stability. 

Such a combination of structural stability, oxygen mobility, and low thermal conductivity suggests 

strong potential for this material in high-temperature thermoelectric and SOFC applications, where maintain-

ing temperature gradients and minimizing heat loss are essential for improved performance and longevity. 

 

 

Figure 5. Thermal conductivity of SrFe0.6Cu0.3Mo0.1O3–δ on a scale of 25 °C to 900 °C 

T a b l e  3  

Comparison of thermal conductivities for SrFe0.6Cu0.3Mo0.1O3–δ and other perovskite structures in the literature 

Compositions Temperature Thermal conductivity (Wm
–1

K
–1

) Ref. 

Sr0.9La0.1(Zr0.25Sn0.25Ti0.25Hf0.25)O3 873 K 1.89 [52] 

(Ca0.25Sr0.25Ba0.25La0.25)TiO3 1073 K 2.5 [54] 

SrZrO3 1273 K 2.1 [55] 

SrTiO3 300 K 10 [53] 

SrFe0.6Cu0.3Mo0.1O3-δ 1173 K 1.986 This work 

 

Compared to other perovskites possessing single-phase cubic structures, SrFe0.6Cu0.3Mo0.1O3–δ exhibits a 

notably low thermal conductivity, as summarized in Table 3. The structural and thermal analyses indicate 

that the sample combines high porosity with good phase stability and a controlled degree of oxygen deficien-

cy, which collectively contribute to its favorable thermal behavior. In this composition, the B-site cations 

(Fe, Cu, and Mo) occupy corner-shared octahedral sites within the cubic perovskite lattice, forming a well-

defined and symmetrical framework. 

The incorporation of Cu into the perovskite matrix not only promotes electronic conductivity but also 

modifies the lattice dynamics, enhancing phonon scattering and thereby reducing thermal transport. The re-

sulting microstructure, characterized by a highly porous and interconnected network, facilitates effective 

charge mobility while impeding heat conduction. Thermogravimetric analysis revealed weight loss primarily 

between 200 °C and 950 °C, corresponding to oxygen release and the formation of thermally stable oxide 

phases. 

Overall, the combination of single-phase cubic symmetry, controlled oxygen non-stoichiometry, and 

low thermal conductivity suggests that SrFe0.6Cu0.3Mo0.1O3–δ is a promising candidate for high-temperature 

thermoelectric and solid oxide fuel cell applications, where materials with low heat transport and stable 

structural integrity are essential. 

Conclusion 

A single-phase cubic perovskite oxide SrFe0.6Cu0.3Mo0.1O3–δ was successfully synthesized via the solid-

state reaction method and characterized using neutron powder diffraction, scanning electron microscopy, and 
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thermal analyses. Rietveld refinement of the neutron diffraction data confirmed that the material crystallizes 

in a simple cubic structure with space group Pm-3m and a lattice parameter of a = 3.8997(1) Å. The micro-

structural analysis revealed a homogeneous, porous morphology with interconnected grains, while TGA and 

DSC results demonstrated thermal stability up to 950 °C with oxygen release occurring in two main stages. 

The measured thermal conductivity of 1.986 Wm
–1

K
–1

 at 900 °C indicates that Cu and Mo co-doping at 

the B-site effectively enhances phonon scattering and reduces heat transport without disrupting the structural 

integrity of the perovskite lattice. The combined characteristics of structural stability, controlled oxygen non-

stoichiometry, and low thermal conductivity make SrFe0.6Cu0.3Mo0.1O3–δ a promising candidate for high-

temperature energy applications such as solid oxide fuel cells and thermoelectric devices. 

Future work will focus on correlating electrical conductivity and Seebeck coefficient data with the pre-

sent thermal results to evaluate the overall thermoelectric performance and optimize the dopant concentration 

for enhanced functional efficiency. 
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М.С. Реза, М.С. Ислам, К.А. Кутербеков, А.К. Азад 

Жаңа легирленген перовскит түріндегі SrFe0.6Cu0.3Mo0.1O3–δ оксидінің 

құрылымдық және жылулық қасиеттерін зерттеу 

Жұмыста жаңа перовскит түріндегі SrFe0.6Cu0.3Mo0.1O3–δ оксиді қаттыфазалық реакция әдісімен 

синтезделіп, нейтрондық ұнтақ дифракциясы (НҰД), сканерлеуші электрондық микроскопия (СЭМ) 

және жылулық талдау әдістері арқылы жан-жақты сипатталды. НҰД қолдану атомдық құрылымды 

дәл анықтауға және атомдық нөмірлері ұқсас катиондарды ажыратуға мүмкіндік берді. Ритвельд әдісі 

бойынша алынған нәтижелер Pm-3m (№ 221) кеңістік тобына жататын кубтық бірфазалы перовскит 

құрылымының қалыптасуын растады, ал тор параметрі a = b = c = 3.8997(1) Å болды. СЭМ кескіндері 

біртекті элементтік таралуы бар жоғары кеуекті және өзара байланысқан микроқұрылымды көрсетті. 

Термогравиметриялық талдау (ТГА) 1000 °C дейін екі сатылы оттегі жоғалтуды көрсетті, бұл 

материалдың жоғары жылулық тұрақтылығын дәлелдейді. 900 °C температурасында өлшенген 

жылуөткізгіштік 1.986 Вт·м–1·К–1 шамасында болып, Cu және Mo бірлесіп легирлеу нәтижесінде 

фонондардың шашырауының артуымен және тордың бұзылуымен түсіндіріледі. Алынған нәтижелер 

B-позициясындағы бақыланатын легирлеу дефекттік химияны және жылу тасымалын тиімді 

реттейтінін көрсетті. SrFe0.6Cu0.3Mo0.1O3–δ жоғары температуралы энергия түрлендіргіштерінде, соның 

ішінде термоэлектрлік құрылғылар мен қаттыоксидті отын элементтерінде қолдануға перспективті 

материал болып табылады. 

Кілт сөздер: перовскит типті оксид, нейтрондық ұнтақ дифракциясы, Ритвельд әдісі, қаттыфазалық 

синтез, сканерлеуші электрондық микроскопия, термогравиметриялық талдау, микроструктура, 

оттегінің қаттылығы, фонондардың шашырауы, жылуөткізгіштік 
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Исследование структурных и тепловых свойств нового легированного  

оксида перовскитного типа SrFe0.6Cu0.3Mo0.1O3–δ 

В данной работе оксид SrFe0.6Cu0.3Mo0.1O3–δ был синтезирован методом твёрдофазной реакции и оха-

рактеризован с использованием нейтронной порошковой дифракции (НПД), сканирующей электрон-

ной микроскопии (СЭМ) и термического анализа. Нейтронная дифракция позволяет проводить де-

тальный анализ сложных оксидов, особенно в случаях, когда атомы имеют близкие атомные номера. 

Уточнение по методу Ритвельда данных НПД подтвердило простую кубическую перовскитную струк-

туру с пространственной группой Pm-3m (№ 221) и параметрами элементарной ячейки 

a = b = c = 3.8997(1) Å. Результаты СЭМ показали высокопористую и взаимосвязанную микрострук-

туру, в то время как термогравиметрический анализ (ТГА) выявил двухступенчатую потерю кислоро-

да до 1000 °C, что указывает на хорошую термическую стабильность материала. Измеренная тепло-

проводность составила 1.986 Вт·м–1·К–1 при 900 °C. Полученные результаты демонстрируют, что со-

допирование медью и молибденом эффективно регулирует дефекты кристаллической решётки и рас-

сеяние фононов, что открывает перспективные возможности для разработки перовскитных оксидов с 

пониженной теплопроводностью для применения в области альтернативной энергетики, их высокой 

термомеханической совместимости, улучшенной проводимости и долговечности. 

Ключевые слова: оксид перовскитного типа, нейтронная порошковая дифракция, метод Ритвельда, 

твёрдофазный синтез, сканирующая электронная микроскопия, термогравиметрический анализ, мик-

роструктура, нестрогость по кислороду, рассеяние фононов, теплопроводность 
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Image of the Experimental 3D Concentration Field of the Separated Gas  

with Specified Thermophysical Properties under Conditions of Mechanical 

Equilibrium Instability in an Isothermal Ternary Mixture 

Isothermal diffusion and convective mixing in a ternary He–Ar–N2 mixture at varying pressures and initial 

compositions were examined experimentally by means of the two-flask method. The study was conducted 

under strictly controlled laboratory conditions to ensure precise, comparable, and reproducible results across 

all experiments. It was found that when the density decreases with height, the mechanical equilibrium of the 

mixture can be disturbed, causing gravitational flows and partial convection within the system. Anomalous 

transfer of the component with the greatest molecular mass was detected at particular pressures and starting 

compositions, pointing to the influence of supplementary convective processes beyond ordinary diffusion. 

When the experimental results were plotted in the phase space of the three variables — pressure, initial com-

position, and diffused component concentration — a pronounced wave-like iso-concentration surface 

emerged. This surface appeared in regions corresponding to well-developed convective flows. Its formation 

correlated with the highest intensity of partial component mixing, highlighting the combined influence of 

pressure, composition, and gravitational effects on the mixture’s dynamic equilibrium. These findings provide 

insight into the interplay between diffusion and convection in multicomponent gas systems, revealing condi-

tions under which gravitationally induced flows significantly alter component transport and overall mixture 

behavior. 

Keywords: diffusion, instability, convection, pressure, initial composition, concentration 
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Introduction 

Modern technologies for material production and the prediction of natural phenomena require a more 

accurate interpretation of heat and mass transfer processes in liquid and gaseous media. Complexities in the 

description of multicomponent systems are caused by the simultaneous influence of different heat and mass 

transfer mechanisms. The control of processes in such systems requires new knowledge about the specifics 

of combined mass transfer at different stages of mixing, especially in conditions where equilibrium is 

disturbed by gravitational convection [1, 2]. The generalizations presented in review studies [3, 4] on the in-

vestigation of non-isothermal mixing have shown that the emergence of different types of equilibrium insta-

bilities is related to the complex interaction between temperature and concentration gradients. It was also 

noted that the transition of the studied system to a thermo-gravitational mixing regime can be realized within 

the framework of convective stability theory by determining the critical Rayleigh numbers that define the 

transition of the system from a convective state to a mixing regime. Researches of stability of equilibrium 

states of binary systems in non-isothermal conditions, carried out on the basis of methods presented in [1–4], 

have shown the existence of various specific features of thermal-concentration mixing, associated with the 

nature of boundary conditions, interface surfaces and the appearance of combined flows, and so on. These 

findings make it possible to systematically refine and apply the obtained information within the context of 

the studied problem. For example, the investigation of the mixing of binary mixtures of magnetic fluids in a 

non-uniform temperature field has shown that as a result of positive thermo-diffusion, density inversion re-

gions are formed, which under the action of gravity destabilize the equilibrium of the system, causing the 

development of convective bursts [5, 6]. The peculiarity of this mixing regime is that the corresponding hy-

drodynamic currents manifest themselves in the so-called subcritical region, i.e., at Rayleigh numbers lower 

https://doi.org/10.31489/2026PH1/81-89
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than the critical value that defines the transition between regimes, indicating a situation where, at the initial 

stage of mixing, the system exhibits a stable state of mechanical equilibrium. 

A similar situation can occur in isothermal gas mixtures due to the diversity of diffusion mixing mecha-

nisms. However, for binary mixtures, convective transfer arises within the traditional framework of Ray-

leigh–Taylor gravitational convection [7], which represents the mixing of a denser medium with a less dense 

one and corresponds to Rayleigh numbers exceeding the calculated critical value [8]. The opposite direction 

of the mixture’s density gradient determines diffusive mixing [9], which is characterized by Rayleigh num-

bers significantly lower than the critical value that marks the onset of convection. Nevertheless, in ternary 

gas mixtures isothermal diffusion under certain conditions is capable of causing the appearance of analogs of 

convective bursts similar to those noted in [5, 6], with the subsequent development of concentration gravita-

tional convection [9]. Despite the similarity of the effects observed in thermal and isoconcentration convec-

tion, the mechanisms responsible for the formation of inversion layers exhibit distinctive features. These dif-

ferences are associated with the presence of multiple concentration gradients that give rise to specific diffu-

sion regimes [10], which are absent in the thermal diffusion mixing described in [4–6]. One manifestation of 

such special diffusion regimes was reported in [11], where significant differences in the diffusion coeffi-

cients of the components lead to a nonlinear concentration distribution in a vertical channel, ultimately re-

sulting in the inversion of the density gradient and the subsequent onset of isothermal gravitational convec-

tive flows. Several other features of diffusion mechanisms that cause concentration-driven gravitational con-

vection are discussed in the review [12]. Among them, it is worth noting experimental results showing that 

the loss of system equilibrium stability leads to isothermal concentration gravitational convection accompa-

nied by a synergistic increase in the rate of component mixing [9, 13]. In this case, the mixing intensity ex-

hibits a nonlinear dependence on pressure, initial composition, and several other thermophysical parameters. 

Thus, failure to take diffusion into account in multicomponent mass transfer leads to distortion in the 

description of concentration fields and their subsequent evolution. The need to take into account the appear-

ance of gravitational convection in gas mixtures due to the violation of the mechanical equilibrium of the 

system will allow for a more accurate description of heat and mass transfer in multicomponent mixtures, 

which is not always done in diffusion experimental and computational-theoretical studies. This paper pre-

sents experimental results on the study of diffusion and the recording of convective currents caused by the 

disturbance of the equilibrium of a ternary mixture of helium, argon, and nitrogen in a wide range of concen-

trations and pressures and at a constant temperature. Based on the obtained experimental data, a quantitative 

assessment was made of the degree of mixing of the partial component fluxes in both the diffusive and com-

bined regimes. 

Materials and methods 

Experiment 

Experimental device and experimental procedure 

Experimental studies were performed on a device that implements the two-flask method [14], upgraded 

to measure the partial concentrations of components not only in diffusion modes, but also in the field of con-

vective transfer using flat and cylindrical channels with different geometric parameters [15]. The schematic 

representation of the measuring complex is reproduced in Figure 1. 

Linear parameters and dimensions of the measuring device (diffusion cell) correspond to the following val-

ues: volume of the upper bulb Vu = (185.0 ± 0.5)·10
–6

 m
3
; volume of the lower bulb Vl = (186.0 ± 0.5)·10

–6
 m

3
; 

dimensions of the rectangular vertical channel a×b×L = (30.00 ± 0.05 × 6.00 ± 0.05 × 165 ± 0.05)·10
–3

 m 

(Figure 1b). In all measurements, the temperature was 298 K. Mixing time 300 s. 

The features of isothermal mixing were studied by analyzing the concentration and baric dependences 

of the ternary system He (1) + Ar (2) – N2 (3) at constant temperature. Table 1 presents the mutual diffusion 

coefficients as well as some thermophysical characteristics of the miscible components at normal pressure 

and temperature T = 298.0 K. In further discussion, we will assume that the numbers in parentheses after the 

chemical element determine its numbering in the system under study. The values given before the chemical 

elements of the mixture determine the initial composition in mole fractions. It should also be noted that in the 

pressure range of 0.1–2.0 MPa and temperature T = 298.0 K, the studied helium — argon — nitrogen mix-

ture can be considered ideal for any initial compositions. 
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a) Experimental setup scheme b) Diffusion cell 

Figure 1. Implementation of the two-column method 

T a b l e  1  

Some thermophysical properties of the mixture components and coefficients of mutual diffusion of gases 

Properties of gases [16] 

Gas Molecular weight, 10
–3 

kg/mole Density, kg/m
3
 Viscosity, 10

–5
Pa·s 

Helium He 4.0026 0.16 1.997 

Nitrogen N2 28.0134 1.13828 1.775 

Argon Ar 39.94 1.6 2.271 

Interdiffusion coefficients of gases, Dij·10
-4

 m
2
/s [8, 16] 

DHe-Ar DHe-N2 DAr-N2 

0.745 0.621 0.230 

 

At the initial stage of the experiment, aimed at studying both diffusive and convective separation of gas 

mixtures, the procedure of vacuumization of the internal volumes of the unit, including the main elements of 

the diffusion cell: the upper flask (2), the lower flask (3) and the connecting channel (1) is carried out. In the 

process of vacuumization the valve (4) remains closed. Further, the upper flask (2) is filled with a gas mix-

ture of helium and argon from the cylinder (5) through open valves (9) and (11) with closed valve (13). The 

pressure of the mixture is brought to the experimental value and controlled by the manometer (7), after 

which the valves (9) and (11) are closed. The lower flask (3) is filled with nitrogen from the cylinder (6) 

through the open system of valves (10) and (12) with the valve (14) closed. The gas is supplied until the re-

quired pressure is reached, monitored by the manometer (8). When the filling of the lower flask is complete, 

valves (10) and (12) are closed. When the procedure of pressure equalization in flasks (2) and (3) is complet-

ed, valve (4) is opened and the process of multi-component mixing begins. 

Experimental studies were carried out at pressures ranging from 0.15 to 2.55 MPa and temperature 

298.0 K. The accuracy of temperature control was 0.1 K, pressure — 0.02 MPa. Determination of compo-

nent concentrations was performed by gas chromatography with relative error not more than 1–3 %. Direct 

measurements were carried out for argon and nitrogen, and helium concentration was calculated from the 

condition of particle number conservation 

 
1

1
n

i

i

c


  

where ci is the concentration of the i-th component. To increase reliability, the results were averaged over 

several series of measurements under identical conditions. In all experiments, the upper flask of the diffusion 

cell contained a mixture of helium and argon, whereas the lower flask contained nitrogen. 
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The method of obtaining the concentration and baric dependence for isolated argon from experimental 

data 

The intensity of diffusive and convective mixing in ternary gas mixtures was quantitatively evaluated 

by comparing experimental concentration data with values calculated from kinetic models assuming diffu-

sion [8]. If the experimental and calculated data coincided within the experimental error, then this type of 

displacement was defined as diffusive. In the case of a discrepancy between them of tens or more percent, 

we can talk about the manifestation of convective transfer. By applying this approach at different pressures 

and initial compositions of the mixture and observing the constancy of all other experimental conditions in 

two-dimensional coordinates, it is possible to obtain baric or isoconcentration dependencies that characterize 

the corresponding type of mixing. By combining the characteristic dependencies and fixing the pressure, the 

initial mixture composition, and the concentration of the component governing the mixing behavior, an 

isoconcentration surface can be obtained in the coordinates of pressure, initial composition, and concentra-

tion of the transferred component. 

Results and discussion 

The main key parameter for understanding the dynamics of mixing and the kinetic transition from the 

diffusion regime to the convective one is to record the discrepancy between experimental and calculated 

concentrations at a certain value of the variable parameter (pressure, initial mixture composition). Figure 3 

illustrates typical dependences of the concentrations of components diffused into the lower (helium and ar-

gon) and upper (nitrogen) flasks of the diffusion cell, respectively. Figure 2a shows that in the 0.68 He(1) + 

0.32 Ar(2) – N2(3) system, in the pressure range of 0.1–1.5 MPa, the coincidence of experimental and calcu-

lated using the Stefan-Maxwell equations [8] concentrations of components is recorded. This type of mixing 

can be characterized as diffusion. With an increase in the fraction of argon, the component with the highest 

molecular weight in the mixture, a dependence uncharacteristic of diffusion is observed: the mixing intensity 

increases with increasing pressure (Figure 2b).  

 

  
а) b) 

Figure 2. Concentrations of components at different pressures in a vertical flat channel at T = 298.0 K:  

(a) — System 0.66 He + 0.34 Ar – N2. Experimental points 1 — ♦ correspond to argon. Solid line 2 is calculated  

assuming diffusion for argon; (b) — System 0.43 He + 0.57 Ar – N2. Experimental points ♦, ▲ correspond to:  

1 — argon, 2 — nitrogen. Solid line 3 and dotted line 4 correspond to data calculated assuming diffusion  

for argon and nitrogen 

For a number of compositions, pressure ranges are noted in which argon has a transport advantage over 

other components. This deviation from the classical diffusion concepts, assuming a weakening of mass trans-

fer with increasing pressure, indicates the occurrence of convection due to the violation of mechanical equi-

librium of the ternary system. The range of thermophysical parameters that determines the change in the 

“diffusion-convection” modes can be defined within the framework of stability theory [2], extended to the 

case of isothermal ternary gas mixtures [9]. However, it cannot be extended to describe combined mass 

transfer in the range of parameters significantly exceeding the boundary values for which nonlinear depend-

encies of the intensity of partial mixing of components on pressure are marked in Figure 3b. In this case, the 

condition of neutrality of convective perturbations [2] is violated, and the formalism of stability theory leads 

to significant quantitative discrepancies between experimental and calculated data. 
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Figure 3 shows the baric dependences of ternary mixtures with different argon contents in the mixture. 

Further experimental results are given for argon, since convective effects are most pronounced for argon. 

This allows us to avoid excessive detailing in the graphs and provide a more visual representation of the ob-

served phenomena. The points correspond to experimental data for different argon contents in the initial 

composition of the mixture under study. Solid lines are approximation curves. According to the data obtained 

and the results published in [9, 13], an increase in the mixing intensity is observed as the content of the com-

ponent with the highest molecular weight in the mixture increases. Visualization of this type of mixing car-

ried out in [17] showed the presence of complex convective flows with structural formations. It should also 

be noted that for some convective regimes, the maximum mixing intensity is fixed. 

 

 

Figure 3. Baric dependencies of argon concentrations when mixing in the He + Ar – N2 system with different initial 

compositions at T=298.0 K. The mixing time is τ = 300 s. The points determine the argon content at different pressures 

in the initial composition of the mixture expressed in mole fractions and correspond to: ◆ — 0.340; ■ — 0.420;  

▲ — 0.516; ✕ — 0.570; * — 0.610; ● — 0.649; + — 0.697. Solid lines are approximations of experimental data 

 

Figure 4. Argon concentrations when mixing in the He + Ar – N2 system at a given pressure and various  

initial compositions of argon in a binary mixture with helium at T = 298.0 K. The mixing time is τ = 300 s.  

Points at different compositions are determined by a given pressure value in MPa and correspond to:  

◆ — 0.60; ■ — 0.70; ▲ — 0.80; ✕ — 0.90; * — 1.00. Solid lines approximate the experimental data 
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Figure 4 shows the isoconcentration lines, a distinct nonlinear dependence is observed: with increasing 

content of the component with the highest molecular weight, the intensity of convective mixing increases 

significantly. Also, as for the previous case, there are characteristic areas of the initial composition (0.55–

0.65 mole fractions of argon) at which a pronounced nonlinearity of the mixing intensity is recorded. In fig-

ures 3 and 4, a number of characteristic modes of mass transfer can be distinguished: 

1 — at concentrations of 0.34 mole fractions of argon and below, we observe a purely diffusive mass 

transfer; 

2 — at concentrations from 0.34 to 0.61 mole fractions of argon, determining the condition of mixture 

density decrease with height, convection and diffusion processes are observed in the system, generating sep-

aration of the mixture into heavy (in terms of density) and light components. At certain pressures and com-

positions, the preferential transfer of argon is observed, which is atypical for diffusion processes; 

3 — at concentrations from 0.61 to 0.649 mole fraction of argon in the system under study, the condi-

tion of approximate parity of densities in the upper and lower parts of the channel is realized (approximate 

equality of the mixture density gradient to zero). Convective mixing modes continue in the system, but the 

signs of nonlinearity of partial mixing are not registered; 

4 — at concentrations from 0.649 to 0.697 mole fractions of argon, the density gradient of the mixture 

changes sign, convective and diffusion processes separate the components of the mixture according to the 

mechanisms determined by Rayleigh–Taylor convection [7]. 

 

 

Figure 5. Three-dimensional field of argon concentrations in diffusion and convection modes  

in the He + Ar – N2 system at T = 298.0 K and various initial compositions and pressures. Mixing time τ = 300 s 

Combining the experimental data presented in Figures 3 and 4, in the coordinates “pressure – initial 

composition of the mixture – diffused concentration of the component” and supplementing them with ap-

proximation lines, it is possible to obtain an experimental surface characterizing the concentration field in 

both diffusion and convective modes. Figure 5 shows a three-dimensional argon concentration field in the 

diffusion regime (up to 0.34 mole fractions of argon in the initial composition of the mixture) and then a ki-

netic transition to a state of gravitational concentration convection with a pronounced nonlinear increase in 

the intensity of mass transfer in the pressure range (0.25–0.7) MPa and the initial composition  

(0.42–0.57) mole fractions. The experimental values presented allow us to speak about the occurrence of 

spatial concentration waves, which occur at certain ratios between mixture composition and pressure leads to 

preferential transfer of the most dense component (see Table 1), i.e. argon. Such resonant manifestations sig-

nificantly turbulate convective flows created as a result of instability of the mechanical equilibrium, as can 
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be judged by comparing the concentrations of argon during mixing at the diffusion–convection boundary and 

in areas where pronounced nonlinearities are present. Moreover, as can be seen from Figure 5, the resulting 

concentration wave can be controlled not only by pressure and temperature, but also by the influence of these 

two parameters simultaneously. 

Conclusion 

The conducted studies show that in multicomponent mixtures, the difference in the diffusion coeffi-

cients leads to a violation of the mechanical equilibrium of the mixture and the occurrence of gravitational 

concentration convection. Experimental study of the helium + argon – nitrogen system under the condition of 

decreasing density of the mixture with altitude has shown that in certain pressure ranges and initial composi-

tion of the mixture there is a nonlinear increase in the mixing intensity for the component with the highest 

molecular weight, which is not characteristic of classical diffusion. Representation of this effect in the phase 

space of the three measured quantities —“pressure – initial mixture composition – diffused component con-

centration” — showed a non-monotonic, isoconcentration wave-like surface that appears in the region of de-

veloped convective flows. Its emergence corresponds to the highest intensity of partial component mixing. 

Control of its displacement in the phase coordinates can be achieved either through individual variations in 

pressure and initial mixture composition or by simultaneous adjustment of these parameters. 
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В.Н. Косов, С.А. Красиков, М.К. Асембаева, Е. Мейрамбекұлы 

Изотермиялық үштік қоспадағы механикалық тепе-теңдік тұрақсыздығы 

жағдайында көрсетілген жылуфизикалық қасиеттері бар бөлінген газдың 

тәжірибелік 3D концентрация өрісінің кескіні 

Изотермиялық диффузия және He–Ar–N2 үштік газ қоспасындағы конвективтік араласу әртүрлі 

қысымдар мен бастапқы құрамдар кезінде тік жазық каналмен жалғанған екі колба әдісі арқылы 

эксперименттік түрде зерттелді. Зерттеулер 0,15-тен 2,55 МПа-ға дейінгі қысымдар диапазонында 

және 298,0 К температурада жүргізілді. Қоспа компоненттерінің концентрациялары газдық 

хроматография әдісімен анықталды. Белгілі бір шарттарда тәжірибе бірнеше рет қайталанып, 

өлшенген шамаларды орташа алу арқылы компоненттердің концентрацияларының нақты мәндері 

анықталды. Қоспаның тығыздығы биіктік бойынша азаятын жағдайларда компоненттердің диффузия 

коэффициенттерінің әртүрлі болуы жүйеде тығыздықтың стратификациясына әкелетіні көрсетілді. 

Бұл өз кезегінде механикалық тепе-теңдіктің тұрақтылығының бұзылуына себеп болып, әртүрлі 

қарқындылықтағы гравитациялық ағындардың пайда болуын туындатады. Эксперименттік түрде 

белгілі бір қысымдар мен құрамдар кезінде үштік жүйелерде қоспадағы молекулалық массасы ең 

үлкен компоненттің басым тасымалдануы байқалатыны анықталды. Мұндай араласу диффузияға тән 

емес. Тәжірибелік нәтижелерді «қысым — қоспаның бастапқы құрамы — диффузияланатын 

компоненттің концентрациясы» атты үш өлшенетін шама фазалық кеңістігінде ұсыну барысында 

толқын тәрізді изоконцентрациялық бет анықталды. Бұл бет дамыған конвективтік ағындарға сәйкес 

келетін қысым мен құрам аймақтарында пайда болады. Оның қалыптасуы молекулалық массасы ең 

үлкен компоненттің араласу қарқындылығының жоғары болуымен, сондай-ақ қысым мен құрамның 

қоспаның динамикалық тепе-теңдігіне әсерімен байланысты. 

Кілт сөздер: диффузия, тұрақсыздық, конвекция, қысым, бастапқы құрамы, концентрация 
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Изображение экспериментального 3D поля концентрации выделенного газа  

с заданными теплофизическими свойствами в условиях неустойчивости 

механического равновесия в изотермической тройной смеси 

Изотермическая диффузия и конвективное перемешивание в тройной газовой смеси He–Ar–N2 при 

различных давлениях и начальных составах были экспериментально исследованы методом двух колб, 

соединенных вертикальным плоским каналом. Исследования проводились в диапазоне давлений от 

0,15 до 2,55 МПа и при температуре 298,0 К. Концентрации компонентов определялись методом газо-

вой хроматографии. При заданных условиях опыт повторялся несколько раз, и путем усреднения из-

меряемых величин определялось конкретное значение концентрации компонентов. Показано, что при 

условиях, когда плотность смеси уменьшается с высотой, различие коэффициентов диффузии компо-

нентов приводит к стратификации плотности в системе с последующим нарушением устойчивости 

механического равновесия, которое вызывает появление гравитационных потоков различной интен-

сивности. Экспериментально обнаружено, что при определенных давлениях и составах в тройных 

системах возникает приоритетный перенос компонента с наибольшим молекулярным весом в смеси. 

Такое смешения не типично для диффузии. При представлении опытных результатов в фазовом про-

странстве трёх измеряемых величин — «давление – начальный состав смеси – концентрация диффун-

дирующего компонента» — была обнаружена волнообразная изоконцентрационная поверхность. Эта 

поверхность появляется в областях давления и состава, соответствующих развитым конвективным те-

чениям. Её формирование связано с наибольшей интенсивностью перемешивания компонента с наи-

большим молекулярным весом и влиянием давления и состава на динамическое равновесие смеси. 

Ключевые слова: диффузия, нестабильность, конвекция, давление, исходный состав, концентрация 
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