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Abstract: In this review, the current state of ZnO-Cd based materials for photocatalytic applications is 

summarized. Relevant technological synthesis methods such as pulsed laser deposition, magnetron sputtering, 

electrodeposition, sol-gel, metalorganic chemical vapor deposition, evaporating, spray pyrolysis, reflux are 

considered, and recent developments in effective and reproducible synthesis technology of nano- and 

microstructured zinc oxide, doped with cadmium and solid solutions of Zn1-xCdxO for photodecomposition of 

organic pollutant molecules are discussed. The synthesis technology and level of Cd doping has a significant effect 

on the structure and morphology of zinc oxide and, as a result, on the optical and photocatalytic properties. The 

figures of merit, the theoretical limitations and rational control of the concentration of the cadmium alloying 

impurity is necessary to create a material with balanced optical properties and photocatalytic activity. Lastly, the 

importance of doping ZnO by isovalent Cd impurity significantly improves its photocatalytic properties due to a 

narrowing of the band gap, a decrease in the rate of recombination of electron-hole pairs, which increases the 

efficiency of spatial charge separation, the formation of active oxide radicals and an increase in the specific surface 

area. Thus, ZnO-Cd based materials are the most promising photocatalytic materials for organic pollutants. 

Keywords: zinc oxide; cadmium doping; morphology; nanostructures; optical properties; photocatalysis. 
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Introduction 

Toxic organic air and water pollutants pose a 

significant danger to both human health and the eco-fauna 

as a whole. In this regard, the development of the latest 

environmental technologies for quick and safe 

deactivation of organic pollutants is a particularly relevant 

scientific task. Currently, the main efforts of the world 

scientific community are focused on the development of 

photocatalysis technology as a highly productive process 

of decomposition of organic compounds under the 

influence of light. Therefore, the realization of a reliable 

and reproducible synthesis of materials with high 

photocatalytic properties becomes important. 

Due to its unique physico-chemical properties, 

biocompatibility and availability of synthesis methods, 

wide bandgap (~ 3.3 eV) zinc oxide is one of the most 

promising photocatalytic materials of the future [1]. Due 

to its multifunctional properties, ZnO is promising for use 

in solar cells, medical equipment, automotive industry, 

semiconductor industry, optoelectronics, biomaterials and 

for photocatalytic applications [2,3,4,5,6]. From an 

industrial point of view, ZnO is considered a very 

important material due to a number of advantages, such as 

low production cost, efficiency and non-toxic catalyst and 

environmental safety [7]. ZnO has high radiation 

resistance, good thermal properties, structural stability, 

biological compatibility, and effective optical absorption 

in the UV range [8]. It can be doped with impurity 

elements to obtain films with high conductivity and 

optical transparency [9,10]. However, the main 

disadvantage of zinc oxide is that this semiconductor 

material is able to effectively absorb light exclusively in 

the ultraviolet region of the optical spectrum, which 

significantly limits its use for photocatalysis. 

Over the past 20 years, researchers have studied the 

alloying effect of Cd, Cu, Mg, Mn, Ni in zinc oxide on its 

optical properties. Among the above-mentioned alloying 
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elements, especially Cd provides the smallest bandgap 

value in the material, so it has many applications in 

industry and the environment protection. Bandgap tuning 

is desirable for wavelength stability and achieving a 

bandgap that matches the visible spectrum. Mosquera et 

al. [11] found that the band gap decreased from 3.21 eV to 

3.11 eV as the evidence of influence Cd on the sample 

increased. With the correct Zn/Cd ratio, the band gap can 

be reduced to 2.92 eV [12,13,14]. 

I. Technological methods of synthesis of 

ZnO-Cd thin films (nanomaterials) 

To date, several research articles have been published 

on the synthesis of the ZnO-Cd system using a variety of 

deposition methods, such as pulsed laser deposition (PLD) 

[5,15,16,17,18,19], electrodeposition [20,21,22], 

hydrothermal synthesis [21,20], sol-gel process 

[11,12,22,20,21,22,23,24], direct current [13,14,25] and 

radiofrequency magnetron deposition [27,28], spray 

pyrolysis (SP) [3,22,26,27,28,29], thermal co-evaporation 

[22, 36], molecular beam epitaxy (MBE) [2,5,36], remote 

plasma-enhanced metalorganic chemical vapor deposition 

(RPE-MOCVD) [5,37,38], ion layering (SILAR) [34,39], 

spin-coating [4,40] and even reflux method [42] (Fig. 1, 

2). 
The article [22] describes the production of ZnO-Cd 

films by the SP method. This method is based on the 

preparation of homogeneous precursor solutions from 

salts, thin films of which are deposited on preheated 

substrates (Fig. 3). During the processes of deposition of 

thin oxide film, both chemical and thermal reactions 

occur. Using SP, relatively uniform films are grown with 

very high growth rates of the order of several hundreds of 

nanometers per minute. Therefore, it is an attractive and 

widely used method in industry for covering large areas. 

Among the listed methods, sol-gel is a simple and 

suitable for large-area deposition method, which is 

useness for almost any transparent conductive films. The 

spin-coating technique is simple, as it does not require a 

vacuum or high temperature to deposit the films. The 

technology of films deposition by this method is shown in 

Fig. 4. 

 

 
Fig. 1. General scheme of nanomaterial synthesis methods [43]. 

 

      
Fig.2. Synthesis methods of zinc NPs and their potential use [43]. 
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II. Physical properties of thin films of 

the ZnO-Cd system 

2.1.Microstructure and chemical composition of 

ZnO-Cd thin films. 

The article [43] proposes growing nanostructures 

(NS) by the evaporation method on anodic aluminum 

oxide (AOA) substrates with gold (Au) particles deposited 

on it. SEM images of the obtained NS are shown at Fig. 5. 

It was established that temperature is a key factor in 

the morphology of catalytically grown ZnO NS. At the 

higher temperature (700 °C), only ZnO nanowires were 

formed. At the lower temperature (680 °C) nanobelts 

appeared. ZnO nanocombs were formed when the 

temperature was 660 °C. 

Undoped and doped ZnO samples (Fig. 6) with 

different doping concentrations (1–5% by weight of Cd ) 

are labeled CZO-0, CZO-1, CZO-2, CZO-3, CZO-4, and 

CZO-5, respectively. Sample CZO-0 deposited at 450 °C 

on a glass substrate (Fig. 6, a), consists of various tiny 

spherical grains. A similar morphology is observed for 

sample CZO-1. For the CZO-2 sample, the morphology of 

which is shown in Fig. 6, c, the grain density is higher, and 

the grain size is 50 nm. Surface morphology changes with 

3 % Cd doping (Fig. 6, d). Agglomeration of grains is 

observed on the surface of CZO-3 films. With a higher 

cadmium doping of CZO-4 and CZO-5 samples, a smooth 

surface covered with many spherical grains of 80-100 nm 

in size was observed. Among all the samples, the CZO-2 

film shows a well-distributed granular morphology [40]. 

SEM images presented in the article [39] for undoped 

and Cd-doped ZnO films are shown in Fig. 7. It can be 

seen from this figure that the surface of the zinc oxide film 

is rough and consists of large and faceted grains (Fig. 7, 

a), and the thin ZnO-Cd film consists of almost hexagonal 

crystallites, mainly oriented perpendicular to the surface 

of the substrate, that is, along the c axis (Fig. 7, b). This 

change in the shape of the grains is probably related to the 

inclusion of cadmium, which disrupts the arrangement of 

atoms. 

 
 

Fig. 3 Scheme of the installation for obtaining thin 

films by the spray pyrolysis method [22]. 

Fig. 4. Block diagram of deposition of ZnO:CdO 

sol-gel thin films by the spin-coating method [27]. 

 

 
Fig. 5. SEM images of ZnO NS grown on substrates filled with Au particles at: а – 700 °C; b – 680 °C; 

c - 660 °C [44]. 

 
Fig. 6. SEM images of Cd-ZnO thin films deposited by pyrolysis sputtering with different concentrations  

of Cd doping: a – CZO-0; b – CZO-1; c – CZO-2; d – CZO-3; e – CZO-4; f – CZO-5 [40]. 
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The authors [42] synthesized ZnO and ZnO-Cd 

nanoparticles by the reflux method. ZnO nanoparticles 

were obtained, as well as nanoparticles with 5 % and 10 % 

by weight fraction of cadmium doping. 

In Fig. 8 shows X-ray patterns of synthesized undoped 

ZnO and doped ZnO with different Cd content. All the 

obtained peaks are in good agreement with the hexagonal 

crystal structure of ZnO. No other impurity peak was 

observed in the X-ray pattern, indicating ZnO 

nanocrystals that have a pure hexagonal crystal structure. 

No impurity peaks were observed. The observed ZnO 

diffraction reflections appear at 31.71 °, 34.41 °, 36.24 °, 

47.52 °, 56.6 °, 62.8 °, 66.3 °, 67.9 °, 69.1 °, 72.4 ° and 

76.9 ° and correspond to the orthogonal planes (100), 

(002), (101), (102), (110), (103), (200), (112), (201), (004) 

and (202), respectively. 

 

 
Fig. 8. Combined X-ray patterns of synthesized thin films 

[42]. 

 

An increase in the Cd content causes decreasing in the 

intensity of all diffraction peaks. This decrease is 

explained by the effect of defects created by cadmium ions 

included in the structure of the ZnO lattice. Compared to 

the pure ZnO film, the intensity of the (002) peak 

decreases for Cd-doped ZnO films, which is confirmed by 

the X-ray patterns in Figure 8. It is worth noting that the 

relative intensity of the (101) peak increases for Cd-doped 

ZnO films. Thus, doping with cadmium leads to the loss 

of the predominant orientation along the c axis . These 

observations, combined with a decrease in the relative 

intensity of the (002) peak, confirm that the inclusion of 

Cd increases the degree of polycrystallinity of the films. 

Therefore, the synthesized nanocrystals retain a stable 

hexagonal ZnO phase. 

The grain size of the samples was calculated using 

Scherrer's formula. The obtained crystallite sizes of the 

(002) plane of pure ZnO, ZnO doped with 5 % Cd, and the 

ZnO sample doped with 10 % Cd are 32.19, 48.23, and 

57.94 nm, respectively. It is shown that doping with 

cadmium leads to an increase in the size of crystallites. 

To investigate the overall morphology, the as-grown 

undoped and cadmium-doped ZnO nanoparticles were 

examined by SEM, and the results are shown in Fig. 9. 

In Fig. 9, a, shown that undoped ZnO is synthesized 

in nanocrystalline structures of high density. The SEM 

image shows a polycrystalline morphology of 

nanocrystalline size with interconnected grains present on 

undoped ZnO nanoparticles. In Fig. 9, b shows highly 

agglomerated particles with a size of 400–500 nm for ZnO 

samples doped with 5 % Cd. It should be noted that the 

samples look like particles oriented in different directions. 

In Fig. 9, c shows highly agglomerated quasi-spherical 

particles with a size of 600–700 nm for a ZnO sample 

doped with 10 % Cd. Some of them connected together to 

form secondary particles derived from tiny particles with 

a high surface tendency to cluster. It is obvious that the 

crystallite size gradually increases with increasing Cd 

doping. The full array of one crystal structure is in the 

range of 2 μm [42]. 

Quite the opposite result, in contrast to those shown 

in Fig. 8 [42] demonstrated the samples synthesized in 

[35] by the SP method. The samples in this paper 

demonstrated an increase in the intensity of the (002) peak 

when doped with cadmium (Fig. 10). This behavior 

indicates a decrease in the level of crystallinity of the 

structure. 

In Fig. 11 shows that the positions of the diffraction 

peaks systematically shift towards smaller angles with 

increasing cadmium concentration. This testifies to the 

successful replacement of Zn2+ by Cd2+ ions . 

 
Fig. 7. SEM images of thin films: a – ZnO; b – ZnO-Cd [39]. 
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Fig. 11. Shift of the (002) peak position of Zn1-xCdxO 

when the level of cadmium doping changes [35]. 

 

The resulting structure was studied by SEM. The low-

magnification image shows the uniformity of the 

formation of the microstructure without any holes or 

cracks. At higher magnification, it can be observed that 

the film consists of densely packed and randomly arranged 

lamellar structures. When adding 5 molar Cd %, the 

surface is modified with grains of arbitrary shape, as 

shown in Fig. 12, b. Increasing the cadmium concentration 

to 10 and 20 molar % results in a thin films with a grainy 

morphology. This granularity in structures can be 

observed in Fig. 12, c,d . These results show that the 

concentration of cadmium changes the surface 

morphology of the films. The resulting structures are of 

great importance due to their high specific surface area 

and adsorption capacity. In general, SEM image in Fig. 12 

can be called similar to the results shown in Fig. 7 [39]. 

 

2.2. Optical properties 

Optical transmission spectra of Cd-doped ZnO thin 

films synthesized by the sol-gel method is considered in 

the article [28]. In Fig. 13 shows the transmission spectra 

of samples with different molar Cd %, as well as PL 

spectra. 

The films are 198, 205, 180, and 140 nm thick with a 

cadmium weight fraction of 0 %, 0.45 %, 0.51 %, and 

0.56 %, respectively. All films demonstrate transparency 

of 80-90 % in the visible and infrared regions of the 

spectrum. High transparency is associated with good 

structural homogeneity, crystallinity and thickness. 

It was found that the transparency decreases if the 

 
Fig.9. SEM photograph of nanoparticles synthesized by the method dephlegmation: a – undoped ZnO; b – ZnO 

doped with 5 % Cd; c – ZnO doped with 10 % Cd [42]. 

 

 
Fig. 10. X-ray diffraction of Zn1-xCdxO thin films with different atomic fractions of doping:  

a – 0%; b – 5%; c - 10 %; d – 20 % [35]. 
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annealing temperature is more than 450 °C. On the optical 

transmission spectra at cadmium concentrations of 0.51 % 

and 0.56 % in Fig. 13, a, an interference pattern is 

observed, which is characteristic of thin films [16]. Also 

at 370 nm, a sharp absorption edge is observed, which 

shifts towards a higher wavelength with doping 

increasing. This red shift of the absorption edge indicates 

a decrease in the optical bandwidth of ZnO thin films [28]. 

PL excitation spectra were recorded for emission at 

385 nm, equivalent to the optical transmission band of 

3.22 eV of the ZnO film in this study. The corresponding 

photoluminescence spectra are shown in Fig. 13, b. 

A similar PL spectrum is observed when studying the 

sample that was synthesized in [17] by the method of 

pulsed laser deposition on a quartz substrate. 

Experimental PL spectra of Zn1-xCdxO with different 

concentrations of Cd are shown in Fig. 14. At Cd 

x = 0.074 and less, the near band edge (NBE) emission 

peak shows a red shift from 381 nm to 426 nm or from 

3.252 eV to 2.908 eV. When the Cd concentration is 

further increased to 0.151, a very broad emission band 

extending from 400 nm to 530 nm in visible range of  the 

PL spectra. 

PL spectra of undoped and Cd-doped ZnO 

nanostructures synthesized by the evaporation method 

were measured and shown in Fig. 15 [44]. The curve in 

Fig. 15, a with the center of the emission band at 494 nm 

and the curve in Fig. 15, b with the center at 505 nm refer 

to undoped ZnO samples and ZnO-Cd in accordance.  

 

 
Fig. 14. PL spectra of Zn1-xCdxO films with different 

concentrations of Cd [17]. 

 

The green emission band around 500 nm arises as a 

result of the recombination of holes with electrons 

occupying a singly ionized oxygen vacancy. According to 

the PL emission band on the ZnO curve, the emission band 

 
Fig. 12. SEM image of Zn1-xCdxO with different atomic fraction of doping:  

a) – 0 %; b) – 5 %; c) - 10 %; d) - 20 % [35]. 

 

 
 

a) b) 

Fig. 13. Spectra of ZnO thin films with different levels of Cd doping:  

a) – optical transmission spectra; b) - PL spectra [28]. 
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of ZnO nanostructures doped with cadmium has a red 

shift. In opposite to [17] at [28], no emission in the 375 

nm region was detected, which could be a consequence of 

the high density of oxygen vacancies. 

 

 
Fig. 15. PL spectra of undoped and Cd-doped ZnO 

nanostructures [44]. 

 

In Fig. 16, all samples show similar broad emission 

bands with different maxima associated with exciton 

recombination [29], edge emission (NBE), as well as 

maxima from transitions from deep defect levels, such as 

oxygen vacancy traps. The specific peak, its position and 

the corresponding mechanism observed in the resulting 

Zn1-xCdxO (0 ≤ x ≤ 1) structure are given in table 1. 

 

 
Fig. 16. PL spectra structure of Cd1-xZnxO (0 ≤ x ≤ 1) [45]. 

 

PL spectra of the Zn1- xCdxO structure with cadmium 

content 0 ≤ x ≤ 1, can be seen in Fig. 20. More detailed 

information on PL mechanisms and peaks is given in table 

1. 

CdO sample has two peaks at 422 and 448 nm, which 

correspond to undoped CdO. Since CdO is a direct-band 

semiconductor nanomaterial, a slight shift of the exciton 

emission peaks is observed when substituted with zinc. In 

addition, with increasing Zn content, the emission edge by 

recombination of excitons in ZnO (sample Zn0.2Cd0.8O), 

shifts toward shorter wavelengths. In Fig. 16, it can be 

seen that the shift of the emission peak of CdO is 

insignificant compared to the shift of the exciton peak of 

ZnO [45]. 

Table 1. 

Description of observed PL peaks in the structure Zn1- xCdxO (0 ≤ x ≤ 1) [1] 

 Peaks of FL 
Mechanism 

radiation 

 CdO Cd0.8Zn0.2O Cd0.6Zn0.4O Cd0.4Zn0.6O Cd0.4Zn0.6O ZnO  

1 – – 387 382 380 378 

The edge emission of 

undoped ZnO is 

associated with the 

recombination of excitons 

2 422 420 419 417 415 – 
The emission is associated 

with charge transfer in 

undoped CdO 

3 448 – – – – – 

The emission is associated 

with transitions of charge 

carriers from the defect 

level of internodal 

cadmium to the valence 

band 

4 – 486 486 486 486 486 

The emission is associated 

with the transitions of 

charge carriers from the 

defective level of 

internodal zinc to the 

valence band 

5 – 520 520 520 520 520 

The emission is associated 

with singly ionized 

oxygen vacancies (Vo) 

existing in Zn1-xCdxO 
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In Fig. 17 shows the transmission and absorption 

spectra of ZnO and Zn0.9Cd0.1O films, which were 

synthesized by the spin-coating method. It can be seen that 

both films have a transparency of 80-90 %. It was also 

found that cadmium doping causes a slight decrease in 

transmission in the visible region. ZnO-Cd film shows a 

shift of the absorption edge by about 80 nm compared to 

the ZnO film [30]. A similar result was obtained in [17], 

where the films were synthesized by pulsed laser 

deposition method. 

Undoped ZnO shows absorption at 367 nm. This is 

shown in Fig. 18. After adding 5 % and 10 % Cd to ZnO, 

it shows a higher absorption band at 377 and 385 nm, 

respectively. Undoped ZnO and ZnO doped with 

cadmium have a large optical transmission window in the 

region of 400–800 nm. No visible absorption band was 

detected in this region. A wide transparency area is 

nessessary for fabrication nanodevices and is applicable to 

optoelectronics. 

The energy gap width (Eg) of undoped ZnO and Cd-

doped ZnO nanoparticles is shown in Fig. 19, were 

calculated according to the formula: 

 

 𝐸𝑔 =  
ℎ𝑐

𝜆
 (1) 

 

where h – Planck's constant, 

c – speed of light, 

λ – wavelength. 

The appropriate values of the energy gap width of 

undoped ZnO and Cd-doped ZnO nanorods are shown in 

Fig. 19. It can be seen that with an increasing level of 

cadmium doping, the edge of the fundamental absorption 

decreases. The value of Eg for undoped ZnO is 3.24 eV. It 

decreases to 3.21 eV for ZnO doped with 5 % Cd and to 

3.18 eV for ZnO doped with 10 % Cd. This decrease can 

be explained by the large difference in Eg values for zinc 

oxide and cadmium oxide [34,37,38,40]. 

The effect of an increased dose of doping, which was 

considered in [37] on optical properties, can be seen in Fig. 

20 and Fig. 21. 

Optical analysis in the wavelength range of 200–800 

nm at room temperature of CdO-ZnO films deposited on 

a glass substrate is shown in Fig. 20, a. All films have a 

high transmittance in the visible area, which decreases 

with an increasing concentration of cadmium impurity. 

This change was a consequence of the large gap in 

electronic band structure of CdO and ZnO. The ZnO thin 

film has the highest transmittance, while the minimum 

transmittance was observed in the CdO film in the visible 

region. 

From the dependence (αhυ)2 to hυ for the films shown 

in Fig. 20, b, received values of 2.10, 2.40, 3.01 and 3.20 

eV. This sequence corresponds to thin films of CdO, No.1, 

        
a) b) 

Fig. 17. Spectra of ZnO0.9Cd0.1O thin films : a) – optical transmission; b) – absorption spectra [41]. 

 

 

 

Fig.18. Absorption spectra of undoped and Cd-doped 

ZnO nanoparticles [42]. 

 

Fig. 19. The width of the energy gap of undoped and 

cadmium-doped ZnO synthesized by reflux method 

[42]. 
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No.2 and ZnO. The width of the energy gap is inversely 

proportional to the concentration of Cd in the thin film. 

The electron binding energy of CdO may be responsible 

for the narrowing of the bandgap because, due to the large 

atomic radius, conduction electrons require less energy to 

move into the valence band compared to ZnO. 

PL spectra of CdO-ZnO at room temperature are 

shown in Fig. 21. Wide mission peaks were observed in 

the 380–440 nm region, which corresponds to excitonic 

emission near the band edge. The spectrum also shows 

emission in the visible region centered around 720 nm (red 

light), as shown in Fig. 21. The maximum intensity of the 

PL peak for red light was observed for thin film №1 with 

a ratio of Zn:Cd = 3:1. This emission occurs due to the 

transition of electrons from the bottom of the conduction 

zone to the level of vacancies - defects in the crystal 

structure of CdO and ZnO. 

 

 
Fig.21. PL spectra of CdO-ZnO thin films [25]. 

 

It is also appropriate to consider the study optical 

properties of Zn1-xCdxO thin films in the article [36], in 

particular to investigate the spectra of optical 

transmittance and the dependence of (αhυ)2 to hυ for the 

films that were deposited by spray pyrolysis method. The 

corresponding curves are shown in Fig. 22. 

Comparing the graphs shown in Fig. 20, a, and Fig. 

22, a, you can see the similarity of the results obtained by 

different methods and at different doping concentrations. 

In addition, films synthesized by the spray pyrolysis 

method show greater transparency in the ultraviolet 

spectrum (Fig. 22, a, c). 

Thin films were deposited by synthesized by the DC 

and RF reactive magnetron co-sputtering Zn1-xCdxO in the 

article [30]. The peculiarity of this work is that it used two 

metal targets made of undoped zinc and cadmium. 80 W 

was applied to the zinc target and to modulate the molar 

fraction of cadmium in the structure, the power applied to 

the cadmium target was varied from 0 to 120 W. Table 2 

shows the ratio of the composition of elements in  

Zn1-xCdxO films applied at different powers of sputtering 

a cadmium target (PCd). Using the method of energy 

dispersive X-ray spectroscopy, it was found that the Cd 

content increases with an increase PCd. 

As a result of increasing the proportion of cadmium in 

the structure, the width of the energy gap decreases. This 

is demonstrated in Fig. 23. 

On the basis of all considered materials and synthesis 

methods, a summary table can be compiled that will 

demonstrate the effect of cadmium doping on the width of 

the energy gap (Table 3). 

 

2.3 Photocatalytic activity  

Photocatalysis appears to be an interesting approach 

to water purification with the possibility of using sunlight 

as a sustainable and renewable energy source (Fig. 24). 

This technology is based on the use of a semiconductor 

that can be excited by light with an energy higher than the 

band gap, inducing the formation of electron-hole pairs 

that can participate in redox reactions. Nanoscale 

semiconductors typically have high activity and high 

degree of functionality, large specific surface area, and 

size-dependent properties, which making them suitable for 

water treatment applications. 

In recent years, most photocatalysts have been 

specifically designed for applications under sunlight, but 

many researchers have focused their attention on UV-

active systems. Thus, nanoscale semiconductors sensitive 

to UV and visible or sunlight should be considered. 

Some publications have demonstrated a better 

photoresponse for ZnO compared to TiO2 for the 

photocatalytic decomposition of some dyes in water [43]. 

 
Fig. 20. Summary graphs of the optical characteristics of the obtained samples: a – optical transmission spectra; 

 b – dependence of (αhυ)2 to hυ [25]. 
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Several literature studies determined the method of doping 

ZnO-Cd to achieve a good photocatalytic effect. Despite 

this, the properties and the mechanism behind have not 

been fully explained [43]. It should be noted that the 

improvement of photocatalytic efficiency is closely 

related to structural properties, such as morphology, 

particle size, crystal orientation, degree of crystallization 

and oxygen defects, which greatly affect the activity and 

stability of photocatalysts [44]. 

Effect of doping with Cd ions on the photocatalytic 

 
Fig. 22. Optical transmission spectra (a), dependence (αhυ)2 to hυ (b) and appearance of deposited 

Zn1-xCdxO thin films (c) [35]. 

 
Table 2. 

Composition of Zn1-xCdxO films according to energy dispersive analysis [30Ошибка! Закладка не определена.] 

 Atomic fraction, % 

PCd,W O Zn Cd 

20 50.68 48.67 0.65 

40 51.24 47.45 1.31 

60 51.59 46.07 2.34 

120 51.99 40.48 7.53 

 

Table 3. 

Comparative analysis of different doping concentrations and different synthesis methods [18] 

Cadmium content in the 

film Zn1-xCdxO, % 
Synthesis technique 

Band gap 

width, eV 
Link 

x = 0.45 atomic 

Sol-gel method 

3.20 

[28] x = 0.51 atomic 3.19 

x = 0.56 atomic 3.15 

x = 16 atomic 

Pulsed laser deposition 

2.75 

[17] x = 25 atomic 2.4 

x = 50 atomic 2.19 

x = 10 atomic Sol-gel spin coating 2.66 [41] 

x = 5 molar 
Reflux method 

3.21 
[42] 

x = 10 molar 3.18 

x = 67 voluminous 
Sol-gel spin coating method 

2.4 
[25] 

x = 33 voluminous 3 

x = 0.65 atomic 

High-frequency reactive magnetron 

sputtering 

3.21 

[30] 
x = 31 atomic 3.16 

x = 2.34 atomic 3.07 

x = 7.53 atomic 2.82 

x = 5 atomic 
Pulsed laser deposition 

3.2 
[19] 

x = 10 atomic 2.97 

x = 5 atomic 

Spray pyrolysis method 

3.2 

[35] x = 10 atomic 2.91 

x = 20 atomic 2.82 
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properties of ZnO nanoparticles obtained by the 

deposition method is described in [47]. 

 

 
Fig. 23. Dependences (αhυ)2 to hυ for Zn1-xCdxO films at 

different sputtering powers of the cadmium target [30]. 

 

To study the photocatalytic activity of ZnO-Cd 

nanostructures, the absorption spectra obtained during the 

degradation of crystal violet in an aqueous solution at 

ambient temperature were used (Fig. 25). The dye solution 

containing photocatalyst was exposed to UV irradiation 

with a 6 W mercury lamp and samples were collected at 

regular intervals to determine the photocatalytic behavior. 

The sample was centrifuged for 3 minutes at 2500 rpm to 

separate the catalyst particles from the aqueous phase to 

determine the degree of discoloration. 

In Fig. 25, and in the Table 3 shows the percentage 

degradation of crystal violet for undoped ZnO and Cd 

doped ZnO with different molar fractions during 120 min 

of illumination. 

The results showed that the best dye degradation in 

cadmium-doped ZnO catalysts occurs in the following 

order: 0.5 mol %, 0 mol %, 2 mol %, 1.5 mol %, 1.0 mol 

% cadmium doping. It can be concluded that the 

 
Fig. 24. Photocatalytic mechanism of degradation of crystal violet using ZnO - Cd nanoparticles [47]. 

 
Fig. 25. a – diagram of photocatalytic degradation of crystal violet depending on the time of irradiation;  

b – a graph of the dependence of the concentration of crystal violet at different molar ratios of ZnO doped with Cd 

[47]. 

Table 3. 
Influence of molar fraction of cadmium on photodegradation of samples [47] 

  Duration of photocatalysis, min 

  30 60 90 120 

  Biodegradation, % 

Molar fraction 

of Cd, mol % 

Cd = 0 % 56.88 73.57 85.17 92.47 

Cd = 0.5 % 66.14 75.87 90.4 92.13 

Cd = 1 % 36.88 63.85 73.94 79.08 

Cd = 1.5 % 5.82 62.0 71.0 81.0 

Cd = 2 % 42.56 60.91 77.24 86.23 
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implantation of 0.5 mol % cadmium improves the 

photocatalytic activity of ZnO in the crystal violet due to 

the increased charge separation potential. Excessive 

inclusion of Cd leads to an increase in the rate of 

recombination of electrons and holes, which leads to a loss 

of photocatalytic activity. The authors of the article [47] 

suggested that this may be due to the presence of cadmium 

nanoparticles in the volume of zinc. The presence of a Cd 

impurity of more than 0.5 molar % in the photocatalyst 

leads to a decrease in the efficiency of the photocatalyst. 

Undoped and cadmium doped ZnO samples were able 

to degrade the crystal violet dye, as seen by the decrease 

in concentration, which indicated that the chromophoric 

groups of the dye were converted to intermediate products. 

Fig. 25, b shows that more than 80 % of the dye 

decomposes within 120 minutes in ZnO-Cd nanoparticles. 

The results in Fig. 26, and showed that nanoparticles 

of the ZnO-Cd series can destroy approximately from 53 

to 67 % of alizarin red (AR) dye during irradiation with an 

ultraviolet lamp. In Fig. 26, it is shown that a significant 

decomposition was observed in the ultraviolet in the 

absence of a catalyst. The rate of decomposition reached 

84 % in 120 minutes. These results show that a series of 

ZnO-Cd compounds can be effectively used to destroy 

cationic dyes, but not anionic ones. 

The work also investigated the influence of the 

catalyst dose in the range from 0.5 mg to 3.0 mg on the 

decomposition of crystal violet. In the Table 4 shows the 

efficiency of dye degradation. Increasing the amount of 

catalyst in the range from 0.5 mg to 2.0 mg led to an 

increase in photocatalytic degradation. This suggests that 

the rate of degradation improves with increasing amount 

of catalyst. In turn, this result can be caused by an increase 

in the number of active centers on the surface of the 

catalyst. Since a higher dose of catalyst blocks the rays of 

the ultraviolet lamp from penetrating the solution, it also 

leads to a decrease in catalytic activity. 

The pH level is one of the most important factors that 

can affect the process of dye degradation on the surface of 

the photocatalyst. The influence of different pH values in 

the range from 2 to 12 (in acidic, neutral and alkaline pH 

environments) on the efficiency of dye degradation was 

investigated. The obtained dependencies were presented 

in the Table 5. 

In an acidic environment, the degradation efficiency 

of crystal violet was 90%, but in an alkaline environment 

it was higher and amounted to 100 % for 12 pH (Fig. 27). 

The efficiency of crystal violet decomposition was 

increased from 85% at pH 8 to 100% at pH 10 in pure ZnO 

solution. 100% decomposition was achieved in less than 

60 min at pH 12. During the same time, 0.5 mol % Cd in 

the ZnO structure allows the dye to be decomposed by 

 
Fig. 26. Percentage diagram of the photocatalytic decomposition of alizarin red with:  

a – different concentration of the catalyst in UV; b – only in UV without catalyst [47]. 

Table 4. 

Influence of the catalyst content on the photodegradation of samples [47] 

  

Duration of photocatalysis, min 

30 60 90 120 

Biodegradation, % 

Catalyst content, 

mg 

0,5 69.2 77.6 87.2 90.4 

1 66.14 75.87 90.4 92.15 

2 79.6 86.2 95.6 100 

3 69.6 77.7 88.5 88.5 

Table 5. 

Influence of the acidity of the medium on photodegradation of samples [47] 

pH level 

 

Duration of photocatalysis, min 

30 60 90 120 

Biodegradation, % 

2 71.28 82.12 88.26 92.15 

4 48.62 73.39 83.3 93.76 

6 44 80 85.13 86.23 

8 59.81 85.87 88.44 94.31 

10 64.4 100 100 100 

12 100 100 100 100 
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approximately 94 % at pH 8, 100% at pH 10 and 12 in 60 

and 30 minutes respectively. 

 

 
Fig. 27. Results of photodegradation of crystal violet [47]. 

 

From the Table 4 and 5 clearly show that 2 mg of the 

catalyst doped with 0.5 mol % Cd at pH 10 and 12 have a 

higher decomposition efficiency for 60 min and 30 min 

compared to 1, 1.5 and 2 mol % Cd in the ZnO structure. 

The photocatalytic activity was also studied in the 

article [23]. ZnO and ZnO-Cd nanoparticles were 

synthesized by the hydrothermal method. 

The photocatalytic activity of hydrothermally 

synthesized ZnO doped with cadmium was evaluated by 

testing the degradation of rhodamine B. The diagram of 

the decomposition of the ZnO-Cd photocatalyzed dye is 

shown in Fig. 28. Also, for comparison, a graph of dye 

decay on a sample of undoped ZnO is given. The time 

diagrams demonstrate a significant enhancement of the 

photocatalytic activity when ZnO is doped with cadmium 

using the hydrothermal method. 

 

 
Fig. 28. Photocatalytic degradation of rhodamine B [23]. 

 

In Fig. 29 residual concentration of methylene blue 

(MB) was obtained for all samples and compared with the 

results decomposition of MB without a photocatalyst. It 

was observed that the MB dye decomposed by 99% within 

180 minutes using the Cd0.2Zn0.8O sample as catalyst, 

while only 28, 48, 65, 88 and 94 % of the dye decomposed 

when the zinc samples were used x = 0; 0.2; 0.4; 0.6 and 

1 in Cd1-xZnxO, respectively, as a catalyst under the same 

experimental conditions [45]. 

 

 
Fig.29. Graph of the residual concentration of methylene 

blue (MB) during photocatalysis by structures with 

different content of cadmium doping [45]. 

Conclusions 

Materials based on ZnO and cadmium, are gaining 

increased attention as promising photocatalytic material 

and can be successfully applied for organic dyes 

degradation. This review considers the influence of 

cadmium doping on morphology, structure and optical 

properties of ZnO obtained by various techniques. It was 

discussed that Cd-doping modifies the characteristics of 

ZnO and enhances its suitability for photocatalysis due to 

suppressing the recombination rate of electron-hole pairs, 

increasing charge separation efficiency, and improving the 

production rate of hydroxyl radicals. The band 

engineering of ZnO toward visible range by Cd-doping 

leads to the increased ability to absorb more irradiation of 

the solar spectrum. Additional research is needed to 

evaluate how photocatalyst properties of Cd-doped ZnO 

correlate with their optical properties. It was shown that 

Cd-doped ZnO is the perspective multifunctional material 

for wide-scale environmental, technological, and 

biomedical applications. 
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Особливості технологічного синтезу та властивості матеріалів на основі 

ZnO-Cd для фотокаталітичного застосування.  

Огляд 

Інститут проблем матеріалознавства ім. І.М. Францевича НАН України, Київ, Україна, romanik619@gmail.com 

У цьому огляді узагальнено поточний стан матеріалів на основі ZnO-Cd для фотокаталітичних 

застосувань. Розглядаються відповідні технологічні методи синтезу, такі як імпульсне лазерне осадження, 

магнетронне розпилення, електроосадження, золь-гель, металоорганічне хімічне осадження з парової фази, 

випаровування, розпилювальний піроліз, а також останні розробки в ефективній та відтворюваній 

технології синтезу нано- та мікроструктурованого оксиду цинку, обговорюються леговані кадмієм тверді 

розчини Zn1-xCdxO для фоторозпаду молекул органічних забруднювачів. Технологія синтезу та рівень 

легування кадмієм істотно впливає на структуру та морфологію оксиду цинку і, як наслідок, на оптичні та 

фотокаталітичні властивості. Показники добротності, теоретичні обмеження та раціональний контроль 

концентрації легуючої домішки кадмію необхідні для створення матеріалу зі збалансованими оптичними 

властивостями та фотокаталітичною активністю. Нарешті, важливість легування ZnO ізовалентною 

домішкою Cd значно покращує його фотокаталітичні властивості за рахунок звуження забороненої зони, 

зниження швидкості рекомбінації електронно-діркових пар, що підвищує ефективність просторового 

розділення зарядів, утворення активних оксидних радикалів і збільшення питомої поверхні. Таким чином, 

матеріали на основі ZnO-Cd є найбільш перспективними фотокаталітичними матеріалами для органічних 

забруднювачів. 

Ключові слова: оксид цинку; легування кадмієм; морфологія; наноструктури; оптичні властивості; 

фотокаталіз. 
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Establishing the relationship between crystal structure and transport properties is an important issue that is 

directly connected with the applicability of functional materials. In this work, we present the analysis of the crystal 

structure, chemical bonding, and electronic and thermal transport properties of Cu2МеHf3S8 (Ме – Mn, Fe, Co, Ni) 

compounds. The increase of weighted mobility in the Mn → Fe → Со → Ni series as well as the change of the 

dominant scattering mechanism of charge carriers from scattering on point defects to the scattering on acoustic 

phonons explains the best electronic transport in Cu2NiHf3S8. Moreover, bonding inhomogeneity between the 

covalent δ(Co – S) and δ(Hf – S) from one side, and more ionic δ(Cu – S) interactions from the other side leads to 

low lattice thermal conductivity in Cu2MeHf3S8 (Me – Mn, Fe, Co, Ni) materials. The work also suggests the link 

between the occupation of the octahedral 16d site and the thermoelectric performance of the investigated 

thiospinels. Particularly, the best thermoelectric performance is observed in the case of the presence of two valence 

electrons in the d-level of atoms in octahedral voids, which can be essential for further enhancement of the 

thermoelectric performance in thiospinels. 

Keywords: bonding inhomogeneity; crystal structure; weighted mobility; thermal conductivity; quaternary 

sulfides. 
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Introduction 

Development of the new materials with ultralow 

thermal conductivity for thermoelectrics and thermal 

barrier coatings is among the hot topics in modern 

materials science [1–4]. However, materials with low 

thermal conductivity usually contain heavy and hazardous 

elements [5–8], which is in contradiction with the required 

low weight of thermoelectric devices [9,10] and even 

more crucial for the thermal barrier coatings used for the 

protection of aircraft turbines [4]. However, a lot of recent 

works show that ultralow thermal conductivity can be 

achieved even in materials consisting of lightweight 

elements through the crystal structure complexity 

engineering and chemical bonding hierarchy [3,11–15]. 

Among the most successful approaches for the reduction 

of lattice thermal conductivity are the phonon-liquid 

electron-crystal (PLEC) concept (which is based on the 

liquid-like behavior of superionic conductors) 

[2,12,13,16], bonding anisotropy in layered structures 

[8,17,18], lattice anharmonicity induced by the lone-pair-

electrons [5,19–21] and bonding inhomogeneity [22–24]. 

Following the market requirements, sulfides attract more 

attention recently and they are frequent objects of current 

investigations [25–28].   

A lot of promising environmental-friendly sulfides 

with low thermal conductivity were explored recently. 

Among them, special attention was devoted to the binary 

copper-based sulfides Cu2-xS [29], chalcopyrites [30,31], 

ternary Cu-Sn-S semiconductors [32,33], colusites [34], 

tetrahedrites [13,35], argyrodites [12,36], and some others 

[37]. However, often low thermal conductivity in these 
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compounds is caused by weak chemical bonding which in 

turn leads to the low thermal stability of the majority of 

these compounds (e.g. Cu2-xS, Cu-rich tetrahedrites, and 

argyrodites) [2]. This reason restricts the wide utilization 

of such materials for energy converters and thermal barrier 

coatings due to the structural degradation of the materials 

at elevated temperatures [38,39]. Therefore, the effective 

compromise between disturbed phonon transport and the 

thermal stability of materials is still a great challenge. 

Ternary and quaternary transition metal thiospinels are the 

perspective materials that can effectively meet both 

requirements [40,41]. 

The phases based on the MgAl2O4 crystal structure 

type attract special attention. The structure of spinels with 

the general formula AB2X4 is based on the diamond 

structure. The 8а site of A atoms corresponds to the 

diamond structure, B atoms occupy the 16d site, and X 

atoms are in the 32e site. The unit cell of the AB2X4 

structures can be expressed as A8B16X32. The cations 

occupy one-eighth of the tetrahedral sites and half of the 

octahedral sites. Such a structure favors the low thermal 

conductivity in the Cu2MeHf3S8 materials (Me = Mn, Fe, 

Co, Ni) [9]. However, the finding of the correlation 

between the crystal structure and the transport properties 

of the spinel structure is an important task.  

Aiming to find stable materials with low thermal 

conductivity, this study is dedicated to the investigation of 

the relations between the crystal structure of Cu2MeHf3S8 

and electronic and thermal transport properties. With this 

goal, we performed the analysis of structural parameters, 

chemical bonding, charge carrier mobility, and lattice 

thermal conductivity. The effective engineering of carrier 

mobility is crucial for designing electronic devices, while 

low thermal conductivity is necessary for efficient energy 

converters and thermal barrier coatings. 

I. Experimental details 

The concentration tetrahedron of the sulfide systems 

Cu – Me – Hf – S (Me – Mn, Fe, Co, Ni) is presented in 

Fig. 1. 

 

 
Fig. 1. Quaternary diagram Cu – Me – Hf – S and the 

quasi-ternary section Cu2S – MeS – HfS2 (Me – Mn. Fe, 

Co, Ni). 
 

The quaternary sulfides Cu2МеHf3S8 are formed in the 

quasi-ternary systems Cu2S – MeS – HfS2 that are one of 

the possible sections of the concentration tetrahedron. The 

Cu2МеHf3S8 sulfides can be obtained by various 

techniques: 

а) synthesis from the elementary substances Cu, Mn, 

Fe, Co, Ni, Hf and S; 

b) interaction of the binary sulfides Cu2S, MeS (Me – 

Mn, Fe, Co, Ni) and HfS2  taken in the ratio of 1:1:3; 

c) the Cu2МnHf3S8 and Cu2FeHf3S8 sulfides can be 

synthesized from the Сu2MeS2 (Me – Mn, Fe) and HfS2 

sulfides taken in the ratio of 1:3. 

In the present work, we obtained the samples for 

investigation from high-purity elements. The total mass of 

a sample was 3g. Co-melting of the elements was held in 

evacuated ampoules (residual pressure 10−2 Pa) in an MP-

30 programmable electric muffle furnace in two stages. 

The first stage was heating to 1423 K (heating rate 

12 K/h); exposure to 1423 K for 4 h; cooling to room 

temperature (cooling rate 12 K/h). At the second stage to 

obtain homogeneous samples, pre-synthesized ingots 

were ground into powder and pressed into tablets. These 

were again placed in evacuated containers, reheated to 

773 K at the rate of 12 K/h, annealed at this temperature 

for 500 h, and quenched into room-temperature water 

(without depressurizing the containers). 

Phase identification was performed with a BRUKER 

D8 Advance X-ray diffractometer using CuKα-radiation 

(λ = 1.5418 Å, Δ2Ѳ = 0.005o, 2Ѳ range 10 – 120o) with 

Bragg-Brentano geometry. Rietveld refinement of the 

crystal structure was performed in the WinCSD program 

package [42]. Visualization of the crystal structure utilized 

VESTA program [43]. 

Quantum chemical (QC) calculations were performed 

using the Firefly QC program package [44], which is 

based on the GAMESS (US) source code [45]. The 

calculations were performed based on the hybrid 

functional B3LYP that used the Becke GGA functional for 

the exchange energy, and the Lee-Yang-Parr GGA 

functional for the correlation energy [46,47]. For the 

calculations, we employed lattice parameters, symmetry 

information, and atomic coordinates obtained during the 

crystal structure refinement of the Cu2CoHf3S8 and using 

literature data for CuCo2S4 and CuHf2S4 compounds. The 

basis sets for the self-consistent calculations can be 

obtained from the authors. The analysis of the chemical 

bonding for the investigated materials was performed by 

the electron localization function. For this purpose, the 

electron localization function (ELF) maps were calculated 

and visualized using the specialized module implemented 

in ChemCraft [48] and Vesta [43] software. 

II. Results and discussion 

2.1. Chemical bonding analysis in the Cu2МеHf3S8 

(Ме – Mn, Fe, Co, Ni) sulfides 

Multicomponent chalcogenides are interesting objects 

from the point of view of the nature of chemical bonding. 

To a large extent, the nature of the bond is determined by 

the features of the crystal structure. It is known that the 

spinel structure can be represented as a stacking of face-

centered unit cells in which sulfur atoms form a three-

layer closest packing of the ABCABC type (Fig. 2). 
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Fig. 2. Closest-packed structure of Cu2MeHf3S8 (Me–Mn, 

Fe, Co, Ni) compounds. 

 

To consider the nature of chemical bonding in the 

Cu2МеHf3S8 (Ме – Mn, Fe, Co, Ni) structure, we 

employed the data on atomic and ionic radii (Table 1). 

From the results of the calculation of experimental 

diffraction patterns, it can be seen that the Cu – S bond has 

mostly covalent component, with the bond ionicity 

increasing in the Mn → Fe → Co → Ni series of the 

Cu2МеHf3S8 compounds. The opposite situation is 

observed for the Hf – S bonds where the covalent 

component increases in this series. For the Me – S bond, 

the ionicity fraction increases in the Mn → Fe → Co → 

Ni series. Considering the above analysis, an important 

role in the structure plays the Me metal atoms, which cause 

the strengthening of the ionic component. If we consider 

the formation of these phases from the point of view of a 

three-component system, it is appropriate to compare the 

values of interatomic distances (Table 2) of the 

experimentally obtained starting phases Cu2S, HfS2, MnS, 

FeS, CoS, and NiS (Table 3). Hence, in binary 

compounds, the covalent component prevails. 

The crystal structure of the quaternary phases 

Cu2MeHf3S8 (Me – Mn, Fe, Со, Ni) has cubic symmetry. 

The calculated and experimental diffractograms of the 

compounds are presented in Fig.3. Having the crystal 

structure with high symmetry of the structural elements, it 

is simplier to find the relationship between crystal 

structure and properties because each elements (atomic 

site, plane etc.) is responsible for appropriate properties 

The lattice parameter a changes substantially in the 

Mn→Fe transition. The stable d5-state in which all 

electrons of the d-sublevel are valence electrons 

transforms to d6-state with 4 valence electrons with 

subsequent reduction of valence electrons (Со–d7, Ni–d8). 

Thus, Ni atoms have only two valence electrons. Hf atoms 

also have a d2-state (two-valence electron state). 

Table 1.  

Data for analysis of the nature of chemical bonds 

 

 

Electron 

configuration of 

atoms 

r*cov, Å r*metal, Å r*ion, Å 

Electron 

configuration 

of ions 

r(Me) 

+ r(S) 

r(Me+x)+ 

r(S2-) 

Cu [Ar]3d104s1 1.17 1.28 0.98 (Cu+1) [Ar]3d104s0 2.19 2.8 

Mn [Ar]3d54s2 1.17 1.30 0.91 (Mn+2) [Ar]3d34s2 2.19 2.73 

Fe [Ar]3d64s2 1.17 1.26 0.80 (Fe+2) [Ar]3d44s2 2.19 2.62 

Co [Ar]3d74s2 1.16 1.25 0.78 (Co+2) [Ar]3d54s2 2.18 2.6 

Ni [Ar]3d84s2 1.15 1.24 0.74 (Ni+2) [Ar]3d64s2 2.17 2.56 

Hf [Xe]4f145d26s2 1.44 1.59 0.82 (Hf+4) [Xe]4f145d06s2 2.46 2.64 

S [Ne]3s23p4 1.02 – 1.82 (S-2) [Ne]3s23p6 – – 

*- Bokiy G. B. Kristallokhimiya. Izd. Tretye. pererabotannoye i dopolnennoye. izdalstvo «Nauka». 1971 g.. str. 400 

 

Table 2.  
Interatomic distances in the Cu2MeHf3S8 (Me – Mn, Fe, Co, Ni) structure 

Bond 
δ(Me – X )exp, Å 

Cu2MnHf3S8 Cu2FeHf3S8 Cu2CoHf3S8 Cu2NiHf3S8 

Cu – S 2.302 2.318 2.334 2.344 

Hf – S 2.571 2.538 2.524 2.511 

Mn – S 2.571    

Fe – S  2.538   

Co – S   2.524  

Ni – S    2.511 

 

Table 3. 
Interatomic distances Me – S 

Compound Bond δ(Me – X)exp, Å 

Cu2S (Fm–3m) Cu – S 2.3155 

HfS2 (P63/mmc) Hf – S 2.51278 

MnS (P63/mmc) Mn – S 2.4264 

FeS (P63/mmc) Fe – S 2.4529 

CoS (P63/mmc) Co – S 2.3412 

NiS (P63/mmc) Ni – S 2.3779 
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Fig.3. The calculated and experimental diffractograms of 

Cu2MeHf3S8 (Me  – Mn, Fe, Co, Ni) compounds. 

 

Accordingly, the filling of the 16d site with Hf and Ni 

atoms contributes to the reduction of the thermal 

conductivity of Cu2MeHf3S8 thiospinels. The change of 

lattice parameters, interatomic distances, atomic 

coordinates, and bond angles of the compounds are 

presented in Fig.4(a)(b). 

The interatomic distances δ(Ме/Hf – S) decrease with 

the decrease of Ме atomic radii, whereas the δ(Сu–S) 

distance increases which indicates increasing bond 

ionicity. The arrangement of atoms in this structure 

indicates that the change in the 32e site coordinates should 

be considered since the first coordination environment for 

this site consists of (Me/Hf) and Cu atoms. The analysis of 

graphical dependence (Fig. 4(b)) indicates that the 32е site 

shifts in the direction of the 16d site in which the Me/Hf 

statistical mixture is located. Moreover, the Cu – S – 

(Mе/Hf) angle decreases in the Mn → Fe → Со → Ni 

series, and the decrease is almost linear. At the same time, 

the value of the (Mе/Hf) – S – (Mе/Hf) angles increases 

linearly in the Mn → Fe → Со series, stabilizing at 90° for 

Cu2NiHf3S8. 

 
Fig.4. The change of lattice parameter and interatomic 

distances (a), atomic coordinates and bond angles (b) of 

Cu2MeHf3S8 (Me  – Mn, Fe, Co, Ni). 

 

The nature of the change in isovalent parameters of 

atoms is ambiguous. This can be ascertained by analyzing 

the dependence of thermal oscillations of atoms on the 

qualitative composition of the studied sulfides (Fig. 5). It 

can be concluded from the presented dependences that the 

largest oscillations are shown by copper atoms. It is worth 

noting that the respective Biso value is stabilized at 1.03 Å2 

in the Cu2NiHf3S8 structure. Expectedly, the lowest Biso 

value is for heavy Hf atoms. The value of the isovalent 

parameter of S atoms has a tendency to increase in the 

structure of Cu2MnHf3S8, Cu2FeHf3S8, and Cu2CoHf3S8 

while this parameter is decreasing to 0.70 Å2 in the 

Cu2NiHf3S8 structure. Clearly, copper atoms will have the 

largest effect on weighted mobility. 

 

 
Fig. 5. Dependence of isovalent atomic parameter on 

composition. 

 

The weighted mobility of state-of-the-art 

thermoelectric materials decreases with temperature as 

T−3/2 because the electrons are scattered by phonons [49]. 

To calculate the weighted mobility for Cu2MeHf3S8 

samples, we used numerical data of temperature-

dependent Seebeck coefficient and electrical conductivity 

from our previous work [9]. The change of weighted 

mobility of the Cu2MeHf3S8 phases (Fig. 6(a)) shows that 

the increase of mobility with temperature indicates, that 

the carrier scattering on defects (ionized impurities or 

grain boundaries) is dominating [49]. The low mobility 
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below room temperature could be a sign of grain boundary 

scattering. However, in contrast with Cu2MeHf3S8 (Me – 

Mn, Fe, Со) phases, Cu2NiHf3S8 shows decreasing 

tendency of weighted mobility above 400 K, suggesting 

that electrons are mainly scattered by phonons as in the 

state-of-the-art thermoelectric materials [50]. Such a 

tendency of weighted mobility together with its highest 

values in the series indicates the best electronic transport 

in Cu2NiHf3S8. 

Fig. 6(b) shows the lattice thermal conductivity (κlat) 

of the studied Cu2MeHf3S8 samples after sintering. All 

specimens possess very low thermal conductivities, in the 

range of 0.7–1.2 W m–1 K–1 at 300 K, decreasing to 0.4–

0.7 W m–1 K–1 at 673 K which are among the lowest values 

observed in spinel-type materials. Fig. 6(c) shows the 

compositional dependence of lattice thermal conductivity 

at selected temperatures for Cu2MeHf3S8. The values of 

κlat decrease in series Mn → Fe → Со and slightly increase 

for the Ni-contained sample. 

Interestingly, such a compositional dependence of 

lattice thermal conductivity reflects well the deviations in 

bond angles and atomic coordinates from its ideal values, 

as it is shown in Fig. 4(b). This observation suggests a very 

strong interconnection between the crystal structure 

distortion and lattice thermal conductivity in the 

investigated materials. For the deeper analysis of 

electronic and thermal transport in Cu2MeHf3S8 materials 

and their structural origin, we performed the analysis of 

chemical bonding between atoms in studied thiospinels.   

We decided to start the analysis of chemical bonding 

from the ternary thiospinels CuCo2S4  and CuHf2S4. In the 

CuCo2S4 structure, the overlapping of electron clouds 

between Cu-S atoms is weaker than for Co-S, suggesting 

a more covalent nature of Co-S bonds. However, in the 

case of CuHf2S4, the overlapping of electron clouds 

between different cations and anions is very similar, 

suggesting small bonding inhomogeneity. To understand 

the chemical bonding environment in Cu2MeHf3S8 (Me – 

Mn, Fe, Co, Ni), we calculated the electron localization 

function (ELF). The visualized 3D maps of the ELF sliced 

on the planes [1 0 1] and [1 0 -1] are shown in Fig. 7. 

In order to calculate the electron localization function 

(ELF) maps for disordered Cu2CoHf3S8 with the statistical 

occupation of the 16d site by Co/Hf, we created a 

structural model with a random distribution of Co and Hf 

over this site. 

This analysis indicates that the electron clouds of Co 

and Hf atoms strongly overlap with chalcogen atoms 

highlighting the existence of strong covalent bonding 

between δ(Co – S) and δ(Hf – S). In this pair of bonds, 

δ(Co – S) shows slightly stronger overlapping of electron 

clouds than δ(Hf – S) in Cu2CoHf3S8. The overlapping of 

electron clouds between δ(Co – S) and δ(Hf – S) is much 

stronger in Cu2CoHf3S8 compared to CuCo2S4 [51] and 

CuHf2S4 (Fig. 6 a-c). On the other hand, the weaker 

overlapping of electron clouds between Cu and S atoms 

reveals a more ionic nature of chemical bonding between 

them. Such bonding inhomogeneity between the covalent 

δ(Co – S) and δ(Hf – S) from one side, and more ionic 

δ(Cu – S) interactions leads to low lattice thermal 

conductivity in Cu2MeHf3S8 (Me – Mn, Fe, Co, Ni) 

materials.  

Moreover, even if the bonding inhomogeneity is 

present in the CuCo2S4 structure, this material shows quite 

high values of sound velocity (vl = 4377 m s-1,  

vt = 2367 m s-1) which leads also to relatively high lattice 

 
Fig.6. The properties of Cu2MeHf3S8 (Me  – Mn, Fe, Co, Ni): a) weighted mobility, b) thermal conductivity, and (c) 

the composition and thermal conductivity at 300, 400, 500, and 600 K.  
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thermal conductivity in this material (ranging from 

1.48 W m-1K-1 at 323 K to 0.57 W m-1K-1 at 723 K) [51]. 

Interestingly, strong bonding inhomogeneity observed in 

Cu2CoHf3S8 leads to the lowering of its sound velocity  

(vl= 4072 m s-1, vt = 2172 m s-1) as was hypothesized by 

Grin [22], this fact causes a significant lowering of lattice 

thermal conductivity in the material (ranging from  

0.78 W m-1K-1 at 298 K to 0.50 W m-1K-1 at 673 K). This 

work confirms that bonding inhomogeneity can be 

effectively used to disturb thermal transport in functional 

materials.  

Conclusions 

The analysis of the crystal structure of Cu2MeHf3S8 

(Me – Mn, Fe, Co, Ni) sulfides indicates that if the 16d site 

in spinel structures is occupied by a d-element, then the 

number of electrons in the d-sublevel is important. 

Additionally, the formation of a statistical mixture in this 

site has an important effect on the electronic properties. 

Specifically, it was established that the best electronic 

transport is observed in the presence of the same two 

valence d electrons in both [1Ni:3Hf] atoms. Moreover, 

random occupation of the 16d site by Me/Hf atoms in 

Cu2MeHf3S8 (Me – Mn, Fe, Co, Ni) leads to a strong 

bonding inhomogeneity and one of the lowest lattice 

thermal conductivity in materials with spinel structure 

type. The best thermoelectric performance of Cu2NiHf3S8 

can be explained by its highest weighted mobility 

described by electron scattering on phonons and the low 

lattice thermal conductivity due to strong bonding 

inhomogeneity. 

 

 

Smitiukh Oleksandr – Candidate of Chemical Sciences, 

Senior Laboratory Technician of the Department of 

Chemistry and Technologies;  

Soroka Oksana – Ph.D, Associate Professor of the 

Department of Forensic  Medicine, Medical and 

Pharmaceutical Law; 

Marchuk Oleg – Candidate of Chemical Sciences, 

Associate Professor of the Department of Chemistry and 

Technologies. 

 
 

 

 

 

 
Fig.6. Bonding analysis in Cu2CoHf3S8 (a), CuCo2S4 (b), and CuHf2S4 (c) by means of electron localization function 

(ELF) with isosurface value of 0.02 e bohr−3 sliced on the planes [1 0 1] and [1 0 -1], respectively. 

 



Effect of the crystal structure and chemical bonding on the electronic and thermal transport in Cu2MeHf3S8 … 

 241 

 

[1] Z. Chen, X. Zhang, Y. Pei, Manipulation of Phonon Transport in Thermoelectrics, Adv. Mater., 30, 1705617 

(2018); https://doi.org/10.1002/adma.201705617. 

[2] K. Zhao, P. Qiu, X. Shi, L. Chen, Recent Advances in Liquid‐Like Thermoelectric Materials, Adv. Funct. Mater., 

30, 1903867 (2020); https://doi.org/10.1002/adfm.201903867. 

[3] T. Ghosh, M. Dutta, D. Sarkar, K. Biswas, Insights into Low Thermal Conductivity in Inorganic Materials for 

Thermoelectrics, J. Am. Chem. Soc., 144, 10099 (2022); 

https://doi.org/10.1021/JACS.2C02017/ASSET/IMAGES/LARGE/JA2C02017_0008.JPEG. 

[4] R.A. Miller, Thermal barrier coatings for aircraft engines: History and directions, J. Therm. Spray Technol., 6, 

35 (1997); https://doi.org/10.1007/BF02646310/METRICS. 

[5] O. Cherniushok, R. Cardoso-Gil, T. Parashchuk, R. Knura, Y. Grin, K.T. Wojciechowski, Lone-Pair-Like 

Interaction and Bonding Inhomogeneity Induce Ultralow Lattice Thermal Conductivity in Filled β-Manganese-

Type Phases, Chem. Mater. 34,  6389 (2022); https://doi.org/10.1021/acs.chemmater.2c00915. 

[6] T. Parashchuk, A. Shabaldin, O. Cherniushok, P. Konstantinov, I. Horichok, A. Burkov, Z. Dashevsky, Origins 

of the enhanced thermoelectric performance for p-type Ge1-xPbxTe alloys, Phys. B Condens. Matter. 596, 

412397(2020); https://doi.org/10.1016/J.PHYSB.2020.412397. 

[7] T. Parashchuk, B. Wiendlocha, O. Cherniushok, R. Knura, K.T. Wojciechowski, High Thermoelectric 

Performance of p-Type PbTe Enabled by the Synergy of Resonance Scattering and Lattice Softening, ACS Appl. 

Mater. Interfaces, 13, 49027 (2021); https://doi.org/10.1021/acsami.1c14236. 

[8] T. Parashchuk, R. Knura, O. Cherniushok, K.T. Wojciechowski, Ultralow Lattice Thermal Conductivity and 

Improved Thermoelectric Performance in Cl-Doped Bi2Te3–xSex Alloys, ACS Appl. Mater. Interfaces. 14, 

33567 (2022); https://doi.org/10.1021/acsami.2c08686. 

[9] O. Cherniushok, O. V. Smitiukh, J. Tobola, R. Knura, O. V. Marchuk, T. Parashchuk, K.T. Wojciechowski, 

Crystal Structure and Thermoelectric Properties of Novel Quaternary Cu2MHf3S8(M-Mn, Fe, Co, and Ni) 

Thiospinels with Low Thermal Conductivity, Chem. Mater. 34, 2146 (2022); 

https://doi.org/10.1021/acs.chemmater.1c03593. 

[10] M. Maksymuk, K. Zazakowny, A. Lis, A. Kosonowski, T. Parashchuk, K.T. Wojciechowski, Development of 

the anodized aluminum substrates for thermoelectric energy converters, Ceram. Int. 49, 4816(2023); 

https://doi.org/10.1016/J.CERAMINT.2022.09.371. 

[11] W.G. Zeier, A. Zevalkink, Z.M. Gibbs, G. Hautier, M.G. Kanatzidis, G.J. Snyder, Thinking Like a Chemist: 

Intuition in Thermoelectric Materials, Angew. Chemie Int. Ed. 55, 6826 (2016); 

https://doi.org/10.1002/ANIE.201508381. 

[12] O. Cherniushok, T. Parashchuk, J. Tobola, S.D.N. Luu, A. Pogodin, O. Kokhan, I. Studenyak, I. Barchiy, M. 

Piasecki, K.T. Wojciechowski, Entropy-Induced Multivalley Band Structures Improve Thermoelectric 

Performance in p-Cu7P(SxSe1- x)6Argyrodites, ACS Appl. Mater. Interfaces., 13, 39606 (2021); 

https://doi.org/10.1021/acsami.1c11193. 

[13] K. Zazakowny, A. Kosonowski, A. Lis, O. Cherniushok, T. Parashchuk, J. Tobola, K.T. Wojciechowski, Phase 

Analysis and Thermoelectric Properties of Cu-Rich Tetrahedrite Prepared by Solvothermal Synthesis, Materials 

(Basel)., 15, 849(2022); https://doi.org/10.3390/MA15030849. 

[14] J. Yang, Y. Wang, H. Yang, W. Tang, J. Yang, L. Chen, W. Zhang, Thermal transport in thermoelectric 

materials with chemical bond hierarchy, J. Phys. Condens. Matter., 31, 183002 (2019); 

https://doi.org/10.1088/1361-648X/AB03B6. 

[15] F. Kateusz, T. Korzec, M. Zambrzycki, O. Cherniushok, M. Gubernat, Influence of montmorillonite 

nanoparticles on thermal and mechanical properties of carbon-carbon hybrid composites based on phenolic-

formaldehyde resin, Compos. Theory Pract., 2021, 96 (2021). 

[16] H. Liu, X. Shi, F. Xu, L. Zhang, W. Zhang, L. Chen, Q. Li, C. Uher, T. Day, G. Snyder Jeffrey, Copper ion 

liquid-like thermoelectrics, Nat. Mater., 11, 422 (2012); https://doi.org/10.1038/nmat3273. 

[17] L.D. Zhao, S.H. Lo, Y. Zhang, H. Sun, G. Tan, C. Uher, C. Wolverton, V.P. Dravid, M.G. Kanatzidis, Ultralow 

thermal conductivity and high thermoelectric figure of merit in SnSe crystals, Nature., 508, 373 (2014); 

https://doi.org/10.1038/nature13184. 

[18] X.L. Shi, J. Zou, Z.G. Chen, Advanced Thermoelectric Design: From Materials and Structures to Devices, 

Chem. Rev., 120, 7399 (2020); https://doi.org/10.1021/acs.chemrev.0c00026. 

[19] E.J. Skoug, D.T. Morelli, Role of lone-pair electrons in producing minimum thermal conductivity in nitrogen-

group chalcogenide compounds, Phys. Rev. Lett., 107, 235901(2011); 

https://doi.org/10.1103/PHYSREVLETT.107.235901/FIGURES/4/MEDIUM. 

[20] C. Chang, L.D. Zhao, Anharmoncity and low thermal conductivity in thermoelectrics, Mater. Today Phys., 4, 50 

(2018); https://doi.org/10.1016/J.MTPHYS.2018.02.005. 

[21] O. V. Smitiukh, O. V. Marchuk, Y.M. Kogut, V.O. Yukhymchuk, N. V. Mazur, G.L. Myronchuk, S.M. 

Ponedelnyk, O.I. Cherniushok, T.O. Parashchuk, O.Y. Khyzhun, T. Wojciechowski, A.O. Fedorchuk, Effect of 

rare-earth doping on the structural and optical properties of the Ag3AsS3 crystals, Opt. Quantum Electron., 54, 

(2022); https://doi.org/10.1007/S11082-022-03542-W. 

[22] Y. Grin, Inhomogeneity and anisotropy of chemical bonding and thermoelectric properties of materials, J. Solid 

State Chem., 274, 329 (2019); https://doi.org/10.1016/J.JSSC.2018.12.055. 



Oleksandr Smitiukh, Oksana Soroka, and Oleg Marchuk 

 242 

[23] A. Ormeci, Y. Grin, Coexistence of ionic and covalent atomic interactions (bonding inhomogeneity) and 

thermoelectric properties of intermetallic clathrates, J. Thermoelectr., 6, 16 (2015). 

[24] M. Dutta, K. Pal, U. V. Waghmare, K. Biswas, Bonding heterogeneity and lone pair induced anharmonicity 

resulted in ultralow thermal conductivity and promising thermoelectric properties in n-type AgPbBiSe3, Chem. 

Sci., 10, 4905(2019); https://doi.org/10.1039/C9SC00485H. 

[25]  F. Huiying, Environmentally friendly and earth-abundant colloidal chalcogenide nanocrystals for photovoltaic 

applications, J. Mater. Chem. C., 6, 414 (2018). 

[26] F.T. Farheen F.Jaldurgam, Zubair Ahmad, Low-Toxic, Earth-Abundant Nanostructured Materials for 

Thermoelectric Applications, Nanomaterials. 11, 895 (2021); https://doi.org/10.3390/nano11040895. 

[27] M.R. Huch, L.D. Gulay, I.D. Olekseyuk, Crystal structures of the R3Mg0.5GeS7 (R = Y, Ce, Pr, Nd, Sm, Gd, 

Tb, Dy, Ho and Er) compounds, J. Alloys Compd., 424, 114 (2006); 

https://doi.org/10.1016/j.jallcom.2005.12.025. 

[28] L.D. Gulay, M. Daszkiewicz, M.R. Huch, A. Pietraszko, Ce3Mg0.5GeS7 from single-crystal data, Acta 

Crystallogr. Sect. E Struct. Reports Online. 63 (2007); https://doi.org/10.1107/S1600536807048593. 

[29] Y. He, T. Day, T. Zhang, H. Liu, X. Shi, L. Chen, G.J. Snyder, High thermoelectric performance in non-toxic 

earth-abundant copper sulfide, Adv. Mater., 26, 3974 (2014); https://doi.org/10.1002/adma.201400515. 

[30] R. Ang, A.U. Khan, N. Tsujii, K. Takai, R. Nakamura, T. Mori, Thermoelectricity Generation and Electron-

Magnon Scattering in a Natural Chalcopyrite Mineral from a Deep-Sea Hydrothermal Vent, Angew. Chemie - 

Int. Ed. 54, 12909 (2015); https://doi.org/10.1002/anie.201505517. 

[31] Y. Kim, S.-W. Kang, H.-U. Kim,  al -, N. Kryzhanovskaya, A. Zhukov, E. Moiseev, D. Zhang, H.-C. Bai, Z.-L. 

Li, J.-L. Wang, G.-S. Fu, S.-F. Wang, Multinary diamond-like chalcogenides for promising thermoelectric 

application*, Chinese Phys. B., 27, 047206 (2018); https://doi.org/10.1088/1674-1056/27/4/047206. 

[32] S. Fiechter, M. Martinez, G. Schmidt, W. Henrion, Y. Tomm, Phase relations and optical properties of 

semiconducting ternary sulfides in the system Cu–Sn–S, J. Phys. Chem. Solids., 64,) 1859 (2003); 

https://doi.org/10.1016/S0022-3697(03)00172-0. 

[33] V. Pavan Kumar, P. Lemoine, V. Carnevali, G. Guélou, O.I. Lebedev, P. Boullay, B. Raveau, R. Al Rahal Al 

Orabi, M. Fornari, C. Prestipino, D. Menut, C. Candolfi, B. Malaman, J. Juraszek, E. Guilmeau, Ordered 

sphalerite derivative Cu5Sn2S7: a degenerate semiconductor with high carrier mobility in the Cu–Sn–S 

diagram, J. Mater. Chem. A., 9, 10812 (2021); https://doi.org/10.1039/D1TA01615F. 

[34] C. Bourgès, Y. Bouyrie, A.R. Supka, R. Al Rahal Al Orabi, P. Lemoine, O.I. Lebedev, M. Ohta, K. Suekuni, V. 

Nassif, V. Hardy, R. Daou, Y. Miyazaki, M. Fornari, E. Guilmeau, High-Performance Thermoelectric Bulk 

Colusite by Process Controlled Structural Disordering, J. Am. Chem. Soc., 140, 2186 (2018); 

https://doi.org/10.1021/jacs.7b11224. 

[35] R. Chetty, A. Bali, R.C. Mallik, Tetrahedrites as thermoelectric materials: An overview, J. Mater. Chem. C., 3, 

12364 (2015); https://doi.org/10.1039/c5tc02537k. 

[36] S. Lin, W. Li, Y. Pei, Thermally insulative thermoelectric argyrodites, Mater. Today., 48, 198(2021); 

https://doi.org/10.1016/J.MATTOD.2021.01.007. 

[37]  P. Lemoine, G. Guélou, B. Raveau, E. Guilmeau, Crystal Structure Classification of Copper-Based Sulfides as 

a Tool for the Design of Inorganic Functional Materials, Angew. Chemie Int. Ed., 61, e202108686 (2022); 

https://doi.org/10.1002/ANIE.202108686. 

[38] X. Shen, C.C. Yang, Y. Liu, G. Wang, H. Tan, Y.H. Tung, G. Wang, X. Lu, J. He, X. Zhou, High-Temperature 

Structural and Thermoelectric Study of Argyrodite Ag 8 GeSe 6, ACS Appl. Mater. Interfaces. 11, 2168 (2019); 

https://doi.org/10.1021/acsami.8b19819. 

[39] F. Baumer, T. Nilges, Phase Segregation of Polymorphic Solid Ion Conducting Cu7PSe6 during Thermoelectric 

Experiments, Zeitschrift Für Anorg. Und Allg. Chemie. 644, 1519(2018); 

https://doi.org/10.1002/ZAAC.201800108. 

[40] G. Strick, G. Eulenberger, H. Hahn, Über einige quaternäre Chalkogenide mit Spinellstruktur, ZAAC ‐ J. Inorg. 

Gen. Chem. 357, 338 (1968); https://doi.org/10.1002/zaac.19683570421. 

[41] J.J. Snyder, T. Caillat, J.P. Fleurial, Thermoelectric properties of chalcogenides with the spinel structure, Mater. 

Res. Innov., 5, 67 (2001); https://doi.org/10.1007/s100190100133. 

[42] L. Akselrud, Y. Grin, WinCSD: Software package for crystallographic calculations (Version 4), J. Appl. 

Crystallogr., 47, 803 (2014); https://doi.org/10.1107/S1600576714001058. 

[43] K. Momma, F. Izumi, VESTA 3 for three-dimensional visualization of crystal, volumetric and morphology data, 

J. Appl. Crystallogr., 44, 1272 (2011); https://doi.org/10.1107/S0021889811038970/FULL. 

[44] The PC GAMESS/Firefly - REFERENCE, (n.d.). 

[45] G.M.J. Barca, C. Bertoni, L. Carrington, D. Datta, N. De Silva, J.E. Deustua, D.G. Fedorov, J.R. Gour, A.O. 

Gunina, E. Guidez, T. Harville, S. Irle, J. Ivanic, K. Kowalski, S.S. Leang, H. Li, W. Li, J.J. Lutz, I. Magoulas, 

J. Mato, V. Mironov, H. Nakata, B.Q. Pham, P. Piecuch, D. Poole, S.R. Pruitt, A.P. Rendell, L.B. Roskop, K. 

Ruedenberg, T. Sattasathuchana, M.W. Schmidt, J. Shen, L. Slipchenko, M. Sosonkina, V. Sundriyal, A. Tiwari, 

J.L. Galvez Vallejo, B. Westheimer, M. Włoch, P. Xu, F. Zahariev, M.S. Gordon, Recent developments in the 

general atomic and molecular electronic structure system, J. Chem. Phys. 152, 154102 (2020); 

https://doi.org/10.1063/5.0005188. 



Effect of the crystal structure and chemical bonding on the electronic and thermal transport in Cu2MeHf3S8 … 

 243 

[46] I. V. Horichok, L.I. Nykyruy, T.O. Parashchuk, S.D. Bardashevska, M.P. Pylyponuk, Thermodynamics of defect 

subsystem in zinc telluride crystals, Mod. Phys. Lett. B., 30, (2016); 

https://doi.org/10.1142/S0217984916501724. 

[47] D. Freik, T. Parashchuk, B. Volochanska, Thermodynamic parameters of CdTe crystals in the cubic phase, J. 

Cryst. Growth., 402, 90 (2014); https://doi.org/10.1016/J.JCRYSGRO.2014.05.005. 

[48] Chemcraft - Graphical program for visualization of quantum chemistry computations, (n.d.). 

[49] G.J. Snyder, A.H. Snyder, M. Wood, R. Gurunathan, B.H. Snyder, C. Niu, Weighted Mobility, Adv. Mater. 32, 

2001537 (2020); https://doi.org/10.1002/ADMA.202001537. 

[50] T. Parashchuk, I. Horichok, A. Kosonowski, O. Cherniushok, P. Wyzga, G. Cempura, A. Kruk, K.T. 

Wojciechowski, Insight into the transport properties and enhanced thermoelectric performance of n-type 

Pb1−xSbxTe, J. Alloys Compd., 860, 158355 (2021); https://doi.org/10.1016/J.JALLCOM.2020.158355. 

[51] Y. Lang, L. Pan, C. Chen, Y. Wang, Thermoelectric Properties of Thiospinel-Type CuCo2S4, J. Electron. Mater. 

48, 4179 (2019); https://doi.org/10.1007/s11664-019-07182-x. 

 

 

Олександр Смітюх1, Оксана Сорока2, Олег Марчук1 

Вплив кристалічної структури та хімічних зв’язків на електронні та 

теплові властивості у шпінелях Cu2MeHf3S8 (Me – Mn, Fe, Co, Ni) 

1Факультет хімії, екології та фармації, Волинський національний університет імені Лесі Українки, м. Луцьк, Україна, 

Smitiukh.Oleksandr@vnu.edu.ua 
2Івано-Франківський національний медичний університет, Івано-Франківськ, Україна 

Встановлення взаємозв’язків між кристалічною структурою та транспортними властивостями є 

важливою проблемою, що безпосередньо пов’язана із застосуванням функціональних матеріалів. У цій 

роботі нами представлено аналіз кристалічної структури, хімічних зв’язків, електронних та теплових 

транспортних властивостей сполук Cu2МеHf3S8 (Ме – Mn, Fe, Co, Ni). Збільшення рухливості носіїв заряду 

в ряду Mn → Fe → Со → Ni, а також зміна домінуючого механізму розсіювання носіїв заряду від 

росіювання на точкових дефектах до розсіювання на акустичних фононах пояснює найкращий рух 

електронів у сполуці Cu2NiHf3S8. Окрім цього, неоднорідність зв’язків між ковалентним для  δ(Co – S) і 

δ(Hf – S) з одного боку та більш іонним для δ(Cu – S) з іншої сторони призводить до низької 

теплопровідності в матеріалах Cu2MeHf3S8 (Me – Mn, Fe, Co, Ni). У роботі також пропонується оглях зв’язку 

між зайнятістю октедричної 16d ПСТ і термоелектричними параметрами досліджених тіошпінелей. Варто 

зазначити, що найкращі термоелектричні параметри спостерігаються у тому випадку, коли в суміші 

присутні два валентних електрони на d-підрівні атомів, що займають октаедричні позиції, що може бути 

важливим для подальших досліджень з метою покращення термоелектричних параметрів тіошпінелей. 

Ключові слова: неоднорідність зв’язків; кристалічна структура; рухливість носіїв заряду; 

теплопровідність; тетрарні сульфіди. 
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We are reporting the synthesis along with magnetic, ac conductivity and dielectric properties of hematite 

nanocrystallites. The prepared Fe2O3 is crystallizing in corundum structure which belongs to the rhombohedron 

system with the space group R3-c.The magnetization data shows a typical Morin transition, TN = 265 K for 110 nm 
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conduction mechanism is due to the extrinsic contribution from the dominant Maxwell-Wagner polarization. 
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Introduction 

Recently, iron (Fe) and its oxides (Fe3O4 and Fe2O3) 

have attracted the field of research due to their potential 

applications [1-10]. The most stable known Fe state due to 

having lower Gibbs free energy and wide spread oxide 

phase of iron is a-Fe2O3. They have been employed in 

technology due to their non-toxicity and low cost as the 

members of catalysis, magnetic storage, anticorrosive 

agents and gas sensors. The crystal structure of a-Fe2O3 is 

rhombohedral or hexagonal with the space group R3c or 

D6
3d [11]. The magnetic state of bulk a-Fe2O3 particles is 

“canted antiferromagnetic (weak ferromagnetism)” 

between 263 K and Neel temperature (~ 950 K) [12,13]. It 

is because of their unique structural property of hematite 

that the rhombohedral (1 1 1) planes form the layers of 

Fe3+ ions (T = 950 K to 260 K). These planes are separated 

by layers of oxygen (O2−) ions. The spins of Fe3+ ions 

remained parallel in any (1 1 1) plane, i.e., ferromagnet, 

but adjacent planes are antiparallel, i.e., antiferromagnet. 

The canting between (1 1 1) plane produces 

uncompensated magnetic moments of Fe3+ spins between 

adjacent planes. Thus a weak ferromagnetism (or canted 

antiferromagnetism) is observed in hematite. The spin 

moments are completely turned perpendicular to the  

(1 1 1) plane below a typical temperature TM ~ 260 K, 

known as Morin temperature, and a-Fe2O3 becomes a 

normal antiferromagnet [12,13]. This transition is a first 

order magnetic phase transition, which is dependent upon 

strain, particle size, crystallite, change at lattice 

parameters, and particle shape. Compared with bulk a-

Fe2O3, the effects of lattice expansion, strain, defects, 

unpaired spins and broken symmetries have a grounded 

new magnetic behavior in nano sized a-Fe2O3. In this 

paper, we present the synthesis along with the magnetic, 

ac conductivity and dielectric properties of hematite 

nanocrystallites. 

I. Experimental Details 

Fe2O3 nanoparticles were synthesized by co-

precipitation method. The metal nitrate  

Fe(NO3)3 0.02 mole were added into 100 ml distilled 

water. A water solution of sodium hydroxide 50 ml with 

molarity 2 M were slowly added into the iron solution 

above. Precipitate is formed immediately. The precipitate 

was washed thoroughly with distilled water then filtered 

and dried at 80oC for overnight. After drying, the 

hydroxed precipitate flakes were ground into powder. This 
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powder was segregated into different parts and heated for 

3 h at different temperatures ranging from 550oC to 

1000oC in air. The ramping rate was set 2oC/min. and the 

cooling rate was 5oC/min. After above procedure, the 

powders were pressed into pellets (10 mm diameter and 

1~2 mm thickness) and annealed at the corresponding 

temperatures. These pellet samples were polished to 

produce a flat uniform surface and electrode with silver 

paint, then applied an AC voltage source for dielectric 

measurement. 

II. Results and discussions 

The a-Fe2O3 samples were prepared by co-

precipitation method, and annealed in five different 

annealing temperatures TA (550, 650, 750, 900, and 

1000oC). The obtained nanocrystallites are of 

Rhombohedral structure with space group R3-c [11]. X-

ray diffraction pattern of the different annealing 

temperatures TA (550, 650, 750, 900, and 1000oC) samples 

are shown in Fig. 1 and no impurity being revealed. All 

the obtained samples are revealed Rhombohedral structure 

with space group R3-c [11]. The refined lattice constants 

are decreasing slightly from a = 5.028 Å, and  

c = 13.744 Å for TA = 550oC to  

a = 5.024 Å, c = 13.713 Å for TA = 1000oC as shown in 

Table I. The average crystallite sizes (determined from the 

XRD peak width employing the Scherrer relation) were 

found to be ~ 33 nm to ~ 110 nm with increasing annealing 

temperature from 550oC to 1000oC, which is indicated in 

Fig 1. 

 
Fig. 1. X-ray diffraction pattern of the -Fe2O3 

nanocrystallites with different annealing temperatures and 

corresponding crystallite sizes.  

 

Figure 2 shows the typical SEM micrographs for  

a-Fe2O3 particles prepared at different TA’s (a) 550oC and 

(b) 1000oC. The particle size and the morphology changes 

with TA were observed. These microstructures were 

strongly influenced by TA for all the particles. 

The temperature dependence of magnetization of  

Table 1. 

The lattice constants of -Fe2O3nanocrystallites 

TA = 550oC 

d = 33 nm 

TA = 650 oC 

d = 48 nm 

TA = 750 oC 

d = 65 nm 

TA = 900 oC 

d = 90 nm 

TA = 1000 oC 

d = 110 nm 

a = 5.028 Å 

b = 5.028 Å 

c = 13.744 Å 

V= 347.459 Å3 

a = 5.027 Å 

b = 5.027 Å 

c = 13.726 Å 

V= 346.866 Å3 

a = 5.027Å 

b = 5.027Å 

c = 13.721 Å 

V = 346.739 Å3 

a = 5.024 Å 

b = 5.024 Å 

c = 13.714 Å 

V = 346.149 Å3 

a = 5.024 Å 

b = 5.024 Å 

c = 13.713 Å 

V = 346.124 Å3 

 

 
Fig. 2. SEM photos of the-Fe2O3 samples of (a) 33 nm and (b) 110 nm. 
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a-Fe2O3 with different TA’s was depicted in Fig. 3. It 

revealed a magnetic transition around 265 K, named 

Morin transition for higher crystallites size of 110 nm 

(Figure 3a) whereas this transition is decreased with 

decrease in crystallites size for 33 nm particles the 

transition is at 252 K as shown in Fig. 3(b) [12,13]. 

Moreover, the magnetization value has increased with 

increase in crystallite size as observed in these 

nanocrystallites, which is related to quantum effects like 

surface effects. 

 

 
Fig. 3. Temperature dependent magnetization of  

-Fe2O3(a) 110 nm and (b) 33 nm size crystallites. 

 

 

 
Fig. 4. '-T and tan-T relation of all nanocrsytallites of  

-Fe2O3 at 1.5 kHz frequency. 

 

Figure 4(a) shows the temperature dependent 

dielectric permittivity '(T) at 1.5 kHz frequency for  

a-Fe2O3 with all crystallites sizes. '(T) curves indicate 

that the ' value increases with increasing crystallite size, 

which indicates the enhanced grain boundary. The 

imaginary part of dielectric loss tan(T) as a function of 

temperature at 1.5 kHz frequency for a-Fe2O3 with all 

crystallites sizes as depicted in Fig. 4(b).  

Figure 5(a) shows the temperature dependent 

dielectric permittivity at different fixed frequencies for 

a- Fe2O3 with crystallites size of 33 nm. Below 250 K, 

'(T) is independent of temperature and frequency, 

indicates intrinsic static dielectric constant value of  

S ~ 7.1. Above 250 K, small increase in '(T) is observed.  

Figure 4(b) shows the data of loss tangent (tan) as a 

function of temperature with selected test frequencies for 

33 nm size crystallites of a-Fe2O3. The tan(T) curves also 

exhibit similar behavior like '(T) curves and absence of 

peak below measured temperature range.  

 

 
Fig. 5''-T and tanδ-T relation of 33 nm nanocrystallites 

of a-Fe2O3. 

 

Figure 6 shows the temperature dependent dielectric 

permittivity at different fixed frequencies for a-Fe2O3 with 

crystallite size of 110 nm. Below 250 K, '(T) is 

independent of temperature and frequency and a small 

increase of intrinsic static dielectric constant value were 

observed of S ~ 19. Above 250 K, small increase in '(T) 

is observed.  Figure 6 shows the data of loss tangent (tan) 

as a function of temperature with selected test frequencies 

for 110 nm size crystallites of a-Fe2O3. The tan(T) curves 

show a dielectric relaxation, where the step like increase 

in '(T) curves. The relaxation is shifted to higher 

frequency with increasing temperature.  

Increase in ε/ of all samples rapidly with temperature 

at low frequencies could be either due to interfacial 

polarization or due to the accumulation of charged species 

at grain boundaries or dipolar polarizations which are 

strongly temperature dependent. The dispersion occurring 

in lower frequency regime may be attributed to interfacial 

polarization due to the charge accumulated at grain 

boundaries. The other reasons for dispersion may be due 

to space charge polarization, Maxwell Wagner, long range 

structural order and defect relaxations. The shifting of step 



Synthesis, magnetic, ac conductivity and dielectric properties of hematite nanocrystallites 

 247 

like dispersion to higher frequency region in the real part 

of the complex dielectric constant indicates that Maxwell 

Wagner relaxation mechanism was responsible for 

dispersive and large dielectric constant at low frequencies 

[14]. The dielectric behavior of such a material consists of 

a conducting or (semiconducting) grain separated by a 

more insulating grain boundary. The permittivity 

dispersion is insignificant at higher frequencies because 

atomic, electronic and molecular polarizations are 

responsible for high frequency permittivity which is 

independent of measured frequency range. The increase of 

ε’ with the rise in temperature over the entire frequency 

range could be attributed related to the thermally activated 

process like charge carrier transportation. 

 

 
Fig. 6. '-T and tan-T relation of 110 nm nanocrystallites 

of -Fe2O3. 

 

The AC conductivity AC as a function of test 

frequency f for different temperatures are shown in Figure 

7 for a-Fe2O3 with crystallite size of (a) 33 nm and (b) 

110 nm. The AC(f)curves show different behavior in two 

ranges in all crystallite sizes. First, there is a strong rise at 

low frequencies. This is the grain-boundary blocking 

effect. Secondly, the conductivity does not increase as 

rapidly at high frequency. It is the bulk conductivity 

relaxation in which we are primarily interested. The AC 

in the high frequency range can be described by “universal 

dielectric response” (UDR) [15] 

 

 𝜎𝐴𝐶 = 𝜎𝐷𝐶 + 𝜎0𝑓
𝑠 (1) 

 

Where DC is the dc bulk conductivity, 𝜎0 is a constant, f 

is the rest frequency, and the exponent s is smaller than 1. 

Equation (1) is a common feature for all amorphous 

semiconductors and some other disordered systems. It is 

typical of thermal assisted tunneling between localized 

states.  

 

 
Fig. 7. Arrhenius plots for the observed relaxations of  

-Fe2O3 of 110 nm size crystallites. 

 

 
Fig. 8. Frequency dependent AC conductivity at fixed 

temperature of -Fe2O3nanocrystallites (a) 110 nm and (b) 

33 nm. 

Conclusion 

We report synthesis along with magnetic, ac 

conductivity and dielectric properties of hematite 

nanoparticles. As prepared Fe2O3 crystallizes in corundum 

structure which belongs to the rhombohedron system 

(space group R3-c). The magnetization data shows a 

typical Morin transition, TN = 265 K for 110 nm 

crystallites, whereas this transition is decreasing with 

decreasing crystallite size, TN = 252 K for 33 nm. The 

value of magnetization is increased with increasing 

crystallite size. The enhanced dielectric permittivity was 

observed in higher hematite crystallite size. The overall 

dielectric response has revealed conduction mechanism is 

due to the extrinsic contribution from the dominant 

Maxwell-Wagner polarization. 
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У статті наведено інформацію про синтез та магнітні властивості, провідність змінного струму, а також 

діелектричні властивості нанокристалітів гематиту. Отриманий Fe2O3 кристалізується в структурі корунду, 

що належить до системи ромбоедрів із просторовою групою R3-c. Дані намагніченості показують типовий 

перехід Моріна, TN = 265 K для кристалітів 110 нм, тоді як цей перехід зменшується зі зменшенням розміру 

кристаліту, TN = 252 K для 33 нм. Величина намагніченості збільшується зі збільшенням розміру 

кристалітів. Підвищені діелектрична проникність і провідність змінного струму спостерігалися у кристалів 

гематиту більших розмірів. Загальна діелектрична відповідь показала, що механізм провідності зумовлений 

зовнішнім внеском домінуючої поляризації Максвелла-Вагнера. 

Ключові слова: нанокристали гематиту; точки Cole-Cole; діелектричні властивості; змінна 

провідність; імпеданс. 
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Introduction 

Obtaining protective surfaces is one of the key tasks 

for ensuring the safety of both human health and technical 

systems. Among the many existing approaches to tackle 

this problem for metals, the irradiation treatment of 

surfaces can be selected. The popular approaches in this 

domain are: (i) laser treatment, (ii) irradiation with ions, 

(iii) processing with electron beams. The focus of current 

research is on obtaining hardened surfaces of metal plates 

by irradiating them with high-current relativistic electron 

beams (HCEB). Relativistic energy of electrons provides 

a deeper influence into the material (a hundred microns at 

0.3-0.5 MeV for light metals), while intensive currents 

induce extreme volumetric thermo-mechanical conditions 

[1,2]. This technology can be an efficient tool of 

modification of the metallic surface to the required 

performance characteristics: microhardness, abrasion 

resistance, corrosion resistance, etc. Also, they could be 

further combined with additional techniques like electro-

erosive alloying to enhance the surface properties [3]. 

At the same time, it is known [2, 4] that the HCEB 

treatment has a heterogeneous impact on the metals due to 

its radiation, temperature, and shock-wave effects. In this 

case, the depth of the modified layer significantly exceeds 

the average range of electrons in the material. Thus, the 

microstructure together with such an indicator as the value 

of microhardness, change significantly along the depth. It 

is stipulated, that interlayers can dampen possible external 

impacts. It is also found that the pretreatment of aluminum 

alloys with HCEB leads to a significant improvement in 

their superplastic deformation [5]. The dislocation density 

distribution over the volume of the irradiated material and 

their spatial orientation change even more unpredictably. 

Considering the above list of effects that occur during the 

irradiation of HCEB metal plates from the point of view 

of the possibility of obtaining impact-resistant materials, 

we can say that they represent certain technological 

prospects. The protective property of the material depends 

on its ability to convert the kinetic energy of the striking 

object into its own internal energy, as well as into the 

energy of its own deformations in all directions, with the 

exception of the direction in which the protected object is 

located. It is possible to approach the implementation of 

such requirement by creating an anisotropy in the 

microstructure of a solid material utilizing HCEB. 

Since we are dealing with a non-homogeneous 

distribution of the characteristics of an object, it is possible 

to use the apparatus of fractal analysis as a macro tool to 

mailto:vvlytvynenko@ukr.net


S.Ye. Donets, V.V. Lytvynenko, O.A. Startsev, Yu.F. Lonin, A.G. Ponomarev, V.T. Uvarov 

 250 

evaluate the effect the HCEB irradiation by examining the 

fractures of the irradiated materials and the reference 

material. The fractal analysis can provide quantitative 

descriptors of the objects under study. The relative change 

of those descriptors actually is a result of the change in the 

microstructures and their corresponding fracture 

mechanisms. A common fractal descriptor is a fractal 

dimension D. It denotes changes in complexity in the 

surface under study. The more complex is the surface 

(e.g., roughness, visible features), the more complex is the 

distribution of the fractal dimension [6]. However, one 

should be aware about that changes in D may not actually 

result in changes in particular mechanical properties and 

vice-versa as the techniques used to calculate D can be 

insensitive to the provided changes. For example, a 

hardness could change while a fractal dimension stays 

almost the same. 

2 aluminum alloys were selected for study: AMg6 

alloy of the Al-Mg system and D16 of the Al-Cu-Mg 

system. These alloys are commonly used in aerospace 

domain and for special light-vehicle production. These 

alloys were also studied by our team and results were 

presented in [7], and thus suited for this case study to 

investigate their fractures using fractal analyses. 

I. Materials and methods 

The aluminum alloys D16 (91.9% Al; 4.8% Cu; 1.5% 

Mg; 0.8% Mn; impurities Fe and Si up to 0.5%, wt.%) and 

AMg6 (92.197% Al, 0.1% Cu; 6% Mg; 0.6% Mn; 0.4% 

Fe; 0.4% Si; 0.2% Zn; 0.1% Ti; 0.003% Be, wt.%) were 

used in the current research [7]. The samples of irradiated 

materials were prepared in a form suitable for subsequent 

mechanical deformations in various modes. 

Irradiation was carried out on the TEMP-A pulsed 

electron accelerator NSC KIPT [1] with the current –2 kA, 

electron energy of 0.3 MeV, and the pulse duration around 

5 μs. The irradiation was conducted in the vacuum.  

To prepare the samples for fractographic analyses, the 

samples were broken at a room temperature and the 

fractures were studied using a JEOL JSM-840 scanning 

electron microscope. 

Fractal character of the SEM images of fractures was 

studied as per methodology described in [8]. Variation of 

intensity in the grayscale SEM images of microstructures 

is a composite characteristic property which depends on 

the fracture roughness, grain structure, and on the 

scanning properties such as illumination (signal) and 

focus. If it may be assumed that the microscope imaging 

conditions are optimal, then the fractal analysis can be 

performed for the SEM images to describe the target 

microstructures. 

Fractal dimension analyses were conducted using the 

in-house software package based on the Clarke’s 

triangular prism surface area method (TPSAM) and spin-

off methods [9, 10]. Basically, Clarke extended the 

Mandelbrot approach to an area grid. TPSAM enables 

calculation of the fractal dimension of a digital surface by 

plotting virtual prisms on the surface using the pixel gray-

level values. The surface area A is covered with the 

triangular prisms on a square window with a step size 

𝛿. Then, a least square regression of A- 𝛿 though the data 

points is plotted for multiple 𝛿 on the log-log scale [11]: 

 

 𝐴(𝛿) = N(𝛿)𝛿2 = 𝐾𝛿2−𝐷 (1) 

 

 𝐿𝑜𝑔(𝐴) = K + (2 − D)𝐿𝑜𝑔(𝛿) (2) 

 

 𝐷 = 2 − β (3) 

 

where N(𝛿) is a number of steps performed, K is a 

constant, D is a fractal dimension, while 𝛽 is a slope of the 

regression line. If there is no slope of the line log(D)-

log(𝛿), then D tends to the theoretical value of 2. In other 

terms, a grayscale image is considered as a matrix of 

certain x×y pixel size, while a gray-scale intensity (1..256) 

of an image is considered as a height. Thus, it is possible 

to cover the image with virtual prisms and calculate a 

fractal dimension map as described above. 

The corresponding software package was previously 

developed in Pascal/Delphi [12]. For calculations in this 

research, the original TPSAM method was selected on the 

squared windows 4x4 pixels with a sliding step of 1 px. 

The data A- 𝛿 was calculated increasing the step size 𝛿 

from 1 to 4 px. A starting point for a 1 px prism was taken 

as a top left corner of an image, selection of such starting 

point was assumed to have a negligible effect as the 

calculation was done with a sliding step of 1 px in x & y 

directions. Next, a slope of a regression line was 

calculated. Small window size minimized blurring and 

smoothing of the features. TPSAM method is known to 

underestimate or distort the fractal dimension D, thus the 

tests were conducted to establish such effects. In general, 

the possible over- or underestimations of the fractal 

dimension are of less importance because the fractal 

analyses are used for comparison between samples, and in 

the case if we need to make a correction for the 

underestimation, it is advised to refer to the study in [13]. 

Regarding error of calculations of fractal dimensions, it is 

possible to estimate it directly from computations, 

however, it makes the computations more complex, and it 

is harder to relate to them. It was recommended to do 

actual tests on images, if a fractal dimension tends to some 

theoretical expected value. The authors followed the latter 

approach. 

The necessary visualizations and data post-processing 

were performed in Python 3, incl. the library plotly v5.11. 

The scripts were written in the Jupyter notebooks which 

facilitates development due to user friendliness and 

collaboration between the developers. 

II. Discussion 

Prior to analyses, the tests of fractal calculations were 

performed. As the data objects for analyses are SEM 

images, it was necessary to establish how the algorithm 

calculate the fractal dimension D for some simple cases. 

For example, Fig. 1a shows the test sample 1 which is a 

cropped piece of the SEM image of the relatively flat 

fracture surface and the test sample 2 which is also a piece 

of SEM image but out-of-focus sample surface. The 

sample 1 was actually taken from Fig. 2b and the sample 

2 was from Fig. 2a. Having calculated the fractal 

dimensions, the fractal maps were obtained. As the 
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sampling window was 4x4 pixels, the actual smoothing 

effect was not large compared to the cases with large 

sampling windows like 10x10. However, as the algorithm 

slides across 2 dimensions of the SEM image while 

processing the grayscale intensity, some blurring appears. 

The blurring effect is noticeable on the sharp boundaries. 

For example, the sample 1 has a white background due to 

cropping. This boundary blurs on the fractal map. Thus, it 

is important to have high-resolution images and to 

minimize a sampling window size while trying to explore 

small objects with higher accuracy. 

When the fractal maps are calculated, one can plot a 

distribution of fractal dimensions against number of 

pixels. Such fractal distributions are presented on Fig. 1b, 

but they are also normalized on the maximum value of 

frequency of pixels in each distribution to enable relative 

comparison between the samples. The bin size of fractal 

dimension for all our distributions is 0.01. The sharp peak 

at D~2 for the sample 1 corresponds to the white 

background of the cropped image. Basically, a flat 2-

dimensional surface should have no features and no 

complexity. When the pixel intensities start to variate, D 

grows. The flat fracture surface of the sample 1 has a 

second peak at D~2.37. The sample 2 has a wide peak at 

2.46, which is characterizes a more chaotic object. It 

appears, that the method is sensitive to the small variations 

of intensities or noise as expected [10]. Noisier SEM 

images will have a wider peak at D~2.5. It is seen that the 

calculated value at the peak D~2, tends to the theoretical 

value at D~2. A calculation error can be estimated as a full 

width at a half maximum, and it was around ~ 0.01 

(however, for that particular test a bin size for a fractal 

dimension distribution was taken at 0.002). The relative 

error of all calculations of fractal dimensions in this 

research was assumed to be around ~ 0.01. 

During calculations of D, the actual values are not 

limited within a max theoretical value of 3 and a min value 

of 2. The Clarke’s algorithm may not fit properly the 

actual surface with the virtual prisms, thus, leaving for 

some errors. So, the values might be a little lower than 2 

or higher than 3 for few points on the large SEM image. 

With those assumptions, it is now possible to proceed to 

analyses of the real fractograms. 

Fig. 2 shows the fractogram of the AMg6 alloy. On 

the left side of Fig. 2a, the target surface is melted by the 

beam, which is characterized by grain elongated 

perpendicular to the surface. This is a common 

recrystallized microstructure of the melted zone (MZ) due 

to directional crystallization. The thickness of the 

recrystallized MZ reaches ~ 100 µm at the epicenter of 

  
a        b 

Fig. 1. Tests on pieces of SEM images (a) and their corresponding (b) distribution of the normalized frequency of 

the calculated fractal dimensions of the SEM images, where (1) is the test sample 1, (2) is the test sample 2. 

 

  
a       b 

Fig. 2. Fractograms of the fracture of the AMg6 alloy. (a) irradiated material, near-surface area, (b) reference 

material in the central part of the sample 
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irradiation, however, the beam melts up to the depth of 

around 500-600 µm but most of the material is lost due to 

ablation into the environment. The elongated grains have 

a thickness of ~1-5 µm, and traversing the whole MZ. On 

the right side of Fig. 2a, there is a rough globular 

microstructure. This is a heat-affected zone (HAZ), which 

was impacted by the thermal and shock-wave effects of 

the beam. The microhardness of such irradiated area is 

20% higher compared to the reference material as reported 

elsewhere [7]. Apart from recrystallization effects, the 

formation of compression-tension waves in the target 

volume contributes to the change of microstructure as it 

was discussed in [14]. The fracture mechanism of MZ is 

brittle with clear intercrystalline cracks and between MZ 

and HAZ. In the latter case, the cracks appeared 

confirming a poor adhesion between the recrystallized 

layer and HAZ base, Fig. 2a. 

Fig. 2b shows a fragment of the central part of the 

plate. This part was not affected by the HCEB irradiation 

and it represents the reference material. The reference 

alloy AMg6 has the faceted microstructure of a size 2-

8 m. Its fracture mechanism is of predominantly ductile 

mode with elements of brittle fracture. There are many 

fine independent dimples with a diameter ~2 m, 

uniformly distributed across the fractogram. Presence of 

hardening phase in terms of small particles with a size 0.5-

3 m was noticed on the facet boundaries. It is assumed 

that those are Al2Mg3, (Fe, Mn)Al6, Mg2Si as found in 

[15]. 

In general, the HCEB irradiation resulted in formation 

of the thin brittle surface layer of recrystallized material. 

The mechanical properties at MZ deteriorated in terms as 

a protective layer. It is known, that HCEB processing of 

the materials results in some residual compressive 

stresses, which actually lead to lower adhesion of the 

melted zone of material to the bulk material. The stresses 

were estimated to reach around 80-150 MPa [16]. 

The fractal dimension maps of the SEM images on 

Fig. 2, are presented on Fig. 3a-b. The gray scale color bar 

is characteristic similar for both, and it is omitted for 

Fig. 3b. It is seen, the fractal analysis is a powerful tool for 

edge detection. It clearly highlighted the grain boundaries 

and the fracture cracks as the dark features which are 

visible on the gray ‘noise’ background. The normalized 

frequency distributions revealed the differences in the 

fractal dimension for the MZ, HAZ and the reference 

material. It appeared, the faceted microstructure of the 

reference material has a larger contribution of the edge 

boundaries, thus leading to a shift to lower D values. The 

melted zone itself has the highest contribution of the 

background noise as it is featureless compared to others 

judging on its peak position and width with trails. HAZ 

with the faceted-globular microstructure has intermediate 

distribution of fractal dimensions due to its nature of 

formation. To illustrate the difference between ‘noise’ 

background and the edge features, Fig. 3d was built by 

  
a       b 

  
c       d 

Fig. 3. Calculated fractal dimensions of the SEM images for the AMg6 alloy: (a) irradiated material, (b) reference 

non-irradiated material. The color bar of the fractal dimension D is included in (a) for illustrative purposes. (c) 

shows the distribution of the normalized frequency in the areas: 1) MZ, 2) HAZ, 3) non-irradiated reference. (d) 

illustrates a filtered fractal dimension map for (b), where D < 2.2. 
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filtering the Fig. 3b data set for D < 2.2. Some differences 

between the backgrounds (D>2.2) for all zones can be 

found, but it is currently unclear what is an actual effect of 

the SEM imaging conditions and the actual 

microstructures, and it requires some future 

investigations. 

The study of the fractures of the D16 aluminum alloy 

were started earlier by the team in [7]. As it can be seen in 

Fig. 4a, the fracture of the irradiated part of the target was 

accompanied by the release of internal stress energy, 

which manifested itself in the deformation at the 

mesoscale level. The reference material is presented on 

Fig. 4b, the fracture went in a predominantly brittle mode 

with intergranular fracture and fine dimples. The 

irradiated material has the ductile mechanism of fracture 

in the heat-affected zone, accompanied with large deep 

dimples and tear ridges. From the point of view of 

absorption of external shock energy, the irradiated 

material may be better as a protection layer. Fractal 

dimension analyses (Fig. 5) revealed the shift of the 

distribution to lower D values, both in terms of a peak 

position and a higher-D trail. The shift in the fractal 

dimension distribution is basically contributed by the 

change in the fracture mode and thus, in a presence of 

more edge features. Based on the results from the AMg6 

alloy and the D16 alloy, it appeared that the more brittle 

aluminum alloys are, the higher is the contribution of 

noise, and the higher ductile microstructures have the 

SEM fractograms with the distributions significantly 

contributing at D~2. 

It is suggested, that the nonlinearity of the behavior of 

the mechanical properties of the aluminum alloys can be 

extended by considering the fractal dimension of the 

microstructure, i.e. their fractures. In such case, the 

behavior may follow the modified Hall-Petch expression 

as described by Tian et al. in [17]: 

 

 𝜎 =
𝐹

𝐴
(1 +

k

𝑟2𝛼−2) (4) 

 

where F is the applied force to the crystalline object with 

a section of size A, k is a constant, r is a size of crystallites 

or grains, and α is a fractal dimension. It becomes the 

classic Hall-Petch relationship when α=5/4. In general, it 

is hypothesized, that the fractal dimension influences on 

the local mechanical properties, and it could be useful to 

do tensile testing, or pico- or nano-hardness testing in 

future to confirm the relation. Also, more solid 

understanding of the fractal descriptors of the fractures 

and the microstructure, could assist with prediction of 

materials failure. However, it is still unclear how the 

calculated fractal dimensions should be used as the 

distributions have large contribution of noise, chaotic 

variations of SEM imaging conditions. A possible 

improvement is extraction of components from the fractal 

dimension distributions as on Fig. 3: noise/background as 

a gaussian distribution with a peak around D~2.4-2.5, and 

contribution of other features with peaks at D~2-2.3. More 

studies are planned to be conducted in this field by our 

team. 

  
a     b 

Fig. 4. Fractograms of the D16 alloy: a) irradiated (HAZ) zone, b) non-irradiated reference. 

 

 
Fig. 5. Distribution of the normalized frequency of the calculated fractal dimensions of the SEM images in the 

areas: 1) irradiated (HAZ) zone, 2) non-irradiated reference of the D16 alloy. 
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The possible application domains of fractal analyses 

of microstructure images could be extended to more 

simple matters as it simplifies the edge detection for the 

grain boundaries and other high-contrast features. For 

example, the automated analyses of microstructure can be 

implemented if combined with other methods. Such 

approach may provide the details on the fracture 

mechanisms, comparisons of microstructures, quantitative 

description of the microstructures. 

Conclusions 

Modification of the surfaces of aluminum alloys by 

processing with high-current relativistic electron beams 

changes the microstructural nature of their near-surface 

layer. HCEB processing of the AMg6 alloy caused 

embrittlement of the melted area. The heat-affected zone 

of the materials also went through substantial changes in 

microstructure. HAZ in D16 alloy became more ductile 

compared to the reference material. The fractal analyses 

revealed the distinct differences of the alloys before and 

after modification in terms of fractal dimension of the 

SEM images of their fracture surfaces. More ductile 

sample areas appeared to have a larger contribution of 

fractal dimension close to 2, compared to more brittle 

microstructures due to abundance of edge features in the 

former case. 
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Ключові слова: алюмінієвий сплав, фрактал, електронний пучок, опромінення, модифікація. 
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The E. coli inactivation using hydrogen peroxide (H2O2) and cobalt ferrite granulated catalyst was investigated 
in a fixed-bed flow reactor. The CoFe2O4 catalyst was synthesized by the co-precipitation method, granulated, and 

annealed at 1150°C. X-ray diffraction analysis was used to identify the crystal structure of the catalyst. CoFe2O4 

catalyst demonstrates good catalytic activity for bacteria inactivation in the presence of H2O2. An increase in the 

hydrogen peroxide concentration increases the inactivation efficiency. The reactor demonstrates the E. coli 
inactivation of 99.94% at the H2O2 hydrogen peroxide concentration of 15 mM and initial bacterial concentration 

of 6·103 CFU/L. The water disinfection using a fixed-bed reactor demonstrates the broad prospects for industrial 

use. 
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Introduction 

Clean water is becoming less available to people [1]. 

Contamination of water with chemical and 

microbiological pollutants prompts people to solve this 

problem, namely to find new effective methods of 

cleaning and disinfection. Chemical pollutants are quite 

dangerous, but microbiological ones, which include 

bacteria and viruses, pose a greater danger due to their 

rapid spread among humans. That is why it is important to 

use innovative and highly effective methods for 

wastewater disinfection, which contains a large number of 

various pathogenic microorganisms. 

Advanced oxidation processes are promising for 

polluted water disinfection [2,3]. Reactive oxygen species 

effectively neutralize the microorganisms that can harm 

people [2,4]. Fenton systems, as demonstrated by recent 

studies, are more effective, ecological, and economical 

compared to ozonation, UV irradiation, electrochemical 

oxidation, and sonolysis [5,6]. The catalyst plays an 

important role in the Fenton processes. It should be non-

toxic, and effectively decompose used oxidants into free 

radicals (•OH, •OOH), which are responsible for the 

pathogens’ inactivation. The most common option for 

hydroxyl and hydroperoxyl radicals generating is the 

decomposition of hydrogen peroxide [1,7]. Iron oxides 

and spinel ferrites have met these requirements [6,8]. For 

example, cobalt ferrite has been tested in real wastewater 

and found to be excellent in peroxymonosulfate (PMS) 

activation and Escherichia coli and Enterococcus sp 

bacteria disinfection [1]. 

The hydroxyl radicals formed during the catalytic 

decomposition of H2O2 possess a strong oxidizing effect, 

are toxic for biomolecules, and, therefore, easily damage 

the cell walls of microbes, organelles, and DNA. In 

addition, these radicals show a much higher reaction rate 

than chlorine, ozone, or potassium permanganate [5,9]. 

The effect of hydrogen peroxide on bacteria inactivation 

is evidenced by many studies [2,10–12]. L. Fernández et 

al. [2] inactivated E. coli bacteria using magnetite-based 

nanoparticles. It was shown that the inactivation 

percentage increased with increasing H2O2 concentration. 

Copper ferrite also actively generates hydroxyl radicals, 

which resulted in cell membrane damage and inactivation 

of E. coli (100 %) and S. aureus (96.4 %) bacteria [10].  
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I. de la Obra Jiménez et al. [8] have chosen iron oxides 

(hematite, magnetite) as heterogeneous catalysts for 

Fenton processes. The disinfection of municipal 

wastewater in reactors with natural catalysts was 

evaluated. The research was carried out at neutral pH, in 

the periodic and continuous flow modes. As a result, the 

authors obtained a complete inactivation of E. coli 

bacteria, namely a reduction of E. coli by 5-log. It is 

important to note that different types of inactivation 

mechanisms were observed in this case, but the 

heterogeneous Fenton process is the key. Therefore, water 

disinfection using the Fenton processes effectively solved 

the polluted water problems. 

The complete wastewater treatment technology 

includes two processes: the degradation of organic 

toxicants and water disinfection. To date, there is a very 

small amount of research dedicated to E. coli inactivation 

using fixed-bed flow reactors. G.D.L.P. Vargas et al. [13] 

have shown that the rate of Escherichia coli inactivation 

increases with an increase in pH and H2O2 concentration. 

The presence of dissolved pollutants in domestic 

wastewater decreases the effectiveness of E. coli 

inactivation. 

The key factors in evaluating whether a treatment 

technology is suitable for industrial use are cost and 

energy consumption. The paper [14] describes a 

microbubble-gas plasma reactor that produces a large 

amount of oxygen reactive species and nitrogen reactive 

species for the bacteria inactivation in sewage. The reactor 

reduces more than a 5-log of E. coli after 30 minutes at an 

energy consumption of 68 kJ/L. The addition of humic 

acid reduces the rate of E. coli inactivation: the 

inactivation of E. coli at the humic acid concentration of 

0.0015% was less than 50% compared to the inactivation 

in pure water. L.Y. Ozer et al. [15] have used a fixed-bed 

reactor to investigate the antimicrobial properties of the 

nano-silver-4 wt.%-kaolin (nAg-4-Kn) composite 

deposited onto borosilicate glass beads (BGB). The tests 

were conducted in a fixed-bed reactor on effluent taken 

from a secondary sewage treatment plant. The results 

showed complete disinfection of the wastewater, which 

was maintained for several days. The nAg-4-Kn/BGB 

composites demonstrated high stability, which was 

confirmed by the composites’ stability on the BGB 

surface. C. Pablos et al. [16] investigated the 

photocatalytic inactivation of Escherichia coli bacteria by 

titanium dioxide in a fixed-bed reactor. The efficiency of 

the reactor was studied and compared with the results 

obtained in batch mode. In both cases, photocatalytic 

inactivation was successfully achieved, for a 6-fold 

reduction in bacterial concentration. A fixed-bed reactor 

increases the rate of inactivation with increasing treatment 

time. It can be explained by the fact that the fixed bed 

reactor requires a longer irradiation time to completely 

inactivate the bacteria. It allows the use of a continuous 

process without the need for particle removal, making this 

immobilized system a good alternative for the successful 

scale-up of water disinfection technology. I. Thakur et al 

[17] have presented a low-cost Fe-TiO2 composite for E. 

coli disinfection prepared by mixing clay with foundry 

sand and fly ash. The constant leaching of iron ions in 

acidic conditions into the solution led to the double effect 

of photocatalysis and photo-Fenton in the purification 

system. The composite beads were used 30 times and 

accompanied by a decrease in their photoactivity by only 

11%. The corresponding results represent high prospects 

for dual technology for E. coli inactivation. The study [18] 

describes a reliable device for water disinfection using 

silver nanoparticles (AgNP), immobilized on the glass 

surface, in a continuous flow mode. It was found that the 

cleaning efficiency increases with an increase in the 

reactor contact time. A minimal release of silver 

(100 μg/L) into the treated water was observed throughout 

the test period.  

Thus, the effectiveness of flow reactors depends on 

various factors such as reactor volume, catalyst nature, 

and treatment time. Bacterial inactivation is influenced by 

a range of different parameters: temperature, pH, and 

hydrogen peroxide concentration [19]. The peroxide 

technique has already demonstrated high efficiency in 

wastewater treatment due to the reactive oxygen species 

(ROS) formation [11]. Today, it is important to evaluate 

the suitability of the flow mode for industrial-scale use, 

maintaining the high efficiency of bacterial inactivation. It 

is assumed that the integration of flow reactors into the 

wastewater treatment system will ensure efficient and 

rapid treatment of effluents. Therefore, the aim of this 

work is to investigate a flow fixed-bed reactor filled with 

CoFe2O4 catalyst and H2O2 for water disinfection. 

I.  Experimental 

1.1. Chemicals and microorganisms 

CoCl2·6H2O (Carlo Erba reagents), FeCl3·6H2O 

(Carlo Erba reagents), NaOH, and hydrogen peroxide 

(31.5 %) were obtained from SferaSim (Ukraine). The 

model bacteria were Gram-negative, non-spore-forming 

bacteria Escherichia coli (ATCC 35218). 

 

1.2. Catalyst preparation and characterization 

CoFe2O4 nanoparticles were synthesized by the co-

precipitation method. The precise amounts of iron(III) 

chloride (27.05 g) and cobalt(II) chloride (11.91 g) were 

used as a source of Fe3+ and Co2+ cations, respectively. 

Metal salts were dissolved in 500 mL of water and the 

resulting solution was stirred for 30 minutes at 90°C. After 

that, a NaOH solution (5 M) was added dropwise as a 

precipitant to obtain a solution pH of 14. The mixture was 

further stirred with an overhead stirrer at 600 rpm for 

30 min to complete the reaction. During the entire 

synthesis process, the solution was heated at 90°C in a 

water bath. The resulting black precipitate of CoFe2O4 was 

separated using a magnet, washed three times with 

distilled water, and dried at room temperature. The 

obtained CoFe2O4 powder was pressed into pellets, the 

pressing process is described in detail in our previous 

work [11]. Pellets with a diameter of 10 mm and a 

thickness of 3 mm were sintered for 6 hours at 1150 °C. 

The sintered tablets were crushed into granules with a size 

of 0.2-3 mm and filled into a flow-through reactor with an 

inner diameter of 21 mm and a length of 60 cm. The total 

mass of granules in the flow-through reactor was 445 g, 

and the filling volume was 130.5 mL.  

The phase analysis of the catalyst was performed by 

X-ray diffraction analysis (XRD) using a Rigaku MiniFlex 
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600 diffractometer. The CuKα radiation at a wavelength 

of 1.5406 Å with the scan step of 0.02° (2θ) and the scan 

speed of 1°/min was applied.  

 

1.3. Bacterial inactivation tests 

Gram-negative Escherichia coli bacteria were plated 

on a sterile nutrient medium and cultivated for 24 hours at 

37°C. The bacterial dilution was used to prepare the 

desired concentration of the bacterial solution. A bacterial 

suspension was prepared from the former colonies, serial 

dilutions were carried out, and 1 mL of the suspension was 

added to 1 L of distilled water. As a result, concentrations 

of 102 and 103 CFU/L were obtained. To inactivate E. coli, 

a series of hydrogen peroxide solutions with a 

concentration of 2.5, 5, 10, and 15 mM were used in the 

experiments. The initial bacterial solution and H2O2 

solution were simultaneously fed into the reactor at a 

constant speed of 1.25 mL/min. To study the effect of 

temperature on E. coli inactivation, the experiments were 

performed at 20°C and 25°C. Residual bacteria were 

cultivated for 24 hours at 37°C. Endo's medium helps 

identify E. coli bacteria by forming red colonies. Colonies 

were counted and the inactivation percentage was 

calculated according to the formula: 

 

 % inactivation = [1– Nout/Nin] × 100%  (1) 

 

where Nin and Nout are the concentration of bacteria at the 

inlet and outlet of the reactor. 

II.  Results and discussion 

2.1. X-ray analysis 

X-ray diffractograms of as-prepared and calcined at 

1150 °C CoFe2O4 samples are shown in Fig. 1. The 

diffractograms contain peaks with indices (111), (220), 

(311), (222), (400), (422), (511), (440), (533) and (622), 

which belong to the face-centered cubic crystal structure 

of spinel [20,21]. It can be seen that the rise in annealing 

temperature leads to significant peaks’ narrowing. The 

narrow peaks of the CoFe2O4 (1150 °C) sample confirm 

the formation of particles with a high degree of 

crystallinity. The detected XRD peaks correspond to the 

space group Fd3m. The lattice parameters equal  

а = 8.3749 Å and а = 8.3628 Å for as-synthesized 

CoFe2O4 and CoFe2O4-1150°C, respectively. The 

crystallite size (D) was calculated by the Scherrer method 

using the formula: D = k·λ/(β1/2·cosθ), where k is the 

Scherrer constant that takes into account the shape of the 

particles (k = 0.94), λ is the X-ray wavelength (nm); β1/2 is 

the width of the peak at its half maximum (in radians); θ 

is an angle for peak (311) (in radians). The calculated 

crystallite sizes of CoFe2O4 and CoFe2O4-1150°C samples 

are approximately 14 and 98 nm, respectively. 

 

2.2. Inactivation of bacteria E. coli using the 

catalytic decomposition of H2O2 

The catalytic activity of CoFe2O4 was studied on 

opportunistic bacteria Escherichia coli. The work focuses 

on water disinfection using a reactor filled with a spinel 

ferrite catalyst using low concentrations of peroxide, 

which will reduce the negative effects on human health 

[1,22]. It is known that the CoFe2O4 catalyst can 

effectively decompose H2O2 to aggressive free radicals. 

These reactive oxygen species, as researchers have shown, 

are the main reason for the destruction of bacteria, their 

cell walls, DNA, and internal organelles [16]. Figs. 2a-f 

show the main results of this study. The initial bacterial 

suspensions contained 7·102 and 6·103 CFU/L of E. coli 

bacteria. The concentration of hydrogen peroxide varied 

from 2.5 to 15 mM. Studies at room temperature showed 

a reduction of E. coli bacteria in water by 1.81-log and 

1.96-log at a concentration of 15 mM H2O2 for 7·102 and 

6·103 CFU/L E. coli, respectively (Fig. 2a-b). The 

inactivation percentage increases with increasing 

concentration of hydrogen peroxide and is equal to more 

than 98 % at 15 mM of H2O2 (Fig. 2e). Thus, the higher 

the concentration of H2O2, the greater the number of ROS 

generated on the catalyst’s surface [16]. 

 

 
Fig. 1. XRD patterns for as-prepared and calcined at  

1150 oC cobalt ferrites. 

 

In addition, it was found that temperature change has 

a significant effect on bacteria inactivation. Conducting 

research on the catalytic activity of cobalt ferrite under 

conditions of elevated temperature, namely 25°C, is more 

favorable for E. coli inactivation (Fig. 2c-d). This is 

evidenced by the inactivation %, which is equal 99.89% at 

the initial concentration of E. coli 7·102 CFU/L and 

99.94% at 6·103 CFU/L in the presence of 15 mM H2O2 

(Fig. 2f). Presumably, as the temperature increases, the 

catalyst more actively decomposes H2O2 and generates a 

higher amount of hydroxyl and hydroperoxyl radicals, 

which inactivate gram-negative E. coli bacteria.  

Fig. 3 shows the impact of experimental parameters 

(initial H2O2 concentration and temperature) on the E. coli 

inactivation. An increase in the H2O2 concentration and 

temperature from 20 to 25 oC causes a gradual increase in 

the inactivation effectiveness. The maximum efficiency of 

E. coli inactivation is observed at [H2O2]0 = 15 mM and  

T = 25oC. The E. coli inactivation was mostly caused by 

hydrogen peroxide, which is a ROS source. It should be 

emphasized that the catalyst, prepared from sintered 

CoFe2O4 granules, requires rather low concentrations of 

H2O2 (10-15 mM) for the complete inactivation of E. coli 

bacteria.  
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Conclusions 

Water disinfection using a flow fixed-bed reactor 

filled with CoFe2O4 granules showed good efficiency at an 

initial bacterial concentration of 7·102 and 6·103 CFU/L. 

The tests were performed at different hydrogen peroxide 

concentrations (0, 2.5, 5, 10, and 15 mM) and different 

temperatures (20°C and 25°C). The maximum efficiency 

of the flow reactor is observed using 15 mM H2O2: the 

inactivation of E. coli is more than 99 % at the initial E. 

coli concentration of 7·102 CFU/L and 6·103 CFU/L. The 

contact time of 52.5 min was sufficient for the E. coli 

inactivation. This approach can be used to treat industrial 

wastewater without adverse effects on the environment. 
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Fig. 2. (a) The E. coli bacteria inactivation at (a, c, e) 20 oC and (b, d, f) 25 oC: (a, c) bacteria count at the outlet of 

the reactor depending on the H2O2 concentration; (b, d) the log inactivation; (e, f) disinfection efficiency. 

 

 

 
 

Fig. 3. (a, b) 3D graphs showing the impact of experimental parameters ([H2O2]0 and T) on the E. coli inactivation: 

(a) [E. coli]0 = 7·102 CFU/L; (b) [E. coli]0 = 6·103 CFU/L. 
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В роботі досліджено інактивацію бактерій E. coli з використанням пероксиду водню (H2O2) і 
гранульованого каталізатора фериту кобальту в протічному реакторі з нерухомим шаром. Каталізатор 

CoFe2O4 синтезували методом співосадження, гранулювали та відпалювали при 1150°C. Для аналізу 

кристалічної структури каталізатора використовували Х-променевий аналіз. Каталізатор CoFe2O4 

продемонстрував хорошу каталітичну активність щодо інактивації бактерій у присутності H2O2. 
Збільшення концентрації пероксиду водню підвищує ефективність інактивації. Реактор демонструє 

інактивацію бактерій E. coli на рівні 99.94% при концентрації пероксиду водню 15 мМ і початковій 

концентрації бактерій 6·103 КУО/л. Знезараження води за допомогою реактора з нерухомим шаром 

демонструє широкі перспективи для його промислового використання. 
Ключові слова: реактор з нерухомим шаром; E. coli; кобальтовий ферит; пероксид водню; інактивація 

бактерій. 
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The possibility of obtaining nanocrystaline lead sulfide by an electrolytic method using lead electrodes is 

demonstrated, and the influence of temperature on the synthesis process is investigated. Based on the results of X-

ray diffraction studies, the chemical and phase composition of the obtained samples is determined, as well as the 
parameters of the unit cell of the crystals lattice. The size of the nanocrystallites and the magnitude of residual 

mechanical strain in them is determined using the methods of Debye-Scherrer and Williamson-Hall. The results of 

X-ray diffraction are in agreement with the results of the Raman scattering on phonons.  

Keywords: lead sulfide, X-ray diffraction, nanocrystals, Debye-Scherrer formula, Williamson-Hall method, 
Raman scattering, phonons. 
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Introduction 

Lead sulfide (PbS) belongs to narrow-bandgap 

chalcogenide semiconductors, it has a band gap of 0.41 eV 

and crystallizes in a cubic crystal system [1]. Due to this, 

PbS bulk crystals and thin films are widely used in IR 

detectors, in particular for detecting radiation in the 

wavelength regions from 1 to 3 μm, which can operate in 

the temperature range from 77 to 300 K [2]. Due to its 

unique optoelectronic properties, lead sulfide is also one 

of the traditional photovoltaic materials [3], and promising 

for numerous applications in modern optoelectronic 

devices [3-5], for applications in global positioning 

systems, software radio systems, environmental 

monitoring satellites, etc. 

In recent years, interest in the development of 

semiconductor nanostructured materials has been growing 

rapidly due to their unique physical and chemical 

properties [6-12]. This is due to their potential application 

in the field of solar cells of a new generation, 

optoelectronic devices, photoconductors, sensors, and 

infrared detector devices. The attractiveness of PbS 

nanocrystals stems from the dependence of their 

properties on size, shape, doping, tunable surface 

chemistry, and the low cost synthesis. The synthesis of 

PbS nanocrystals with different morphologies and the 

corresponding effect on material properties is of great 

importance in the process of finding new applications in 

electroluminescent devices, such as light-emitting diodes 

[7-9]. PbS nanocrystals are especially attractive for 

devices related to infrared radiation since the energy of 

their first exciton transition can be easily varied from 

visible to infrared ranges [7]. Lead sulfide has a large Bohr 

radius (18 nm) [7], and therefore strong quantization 

effects can be achieved even for relatively large sizes. The 

possibility of multiphoton absorption in PbS is extremely 

useful for the efficiency increase of photoelectronic 

devices [10]. PbS has a huge potential also in the field of 

electrochemical biosensors, as well as effective 

antimicrobial drugs [6, 11]. 
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Semiconductor nanocrystals are obtained by various 

methods, such as laser sputtering, electrochemical 

deposition, thermal and magnetron sputtering, 

mechanical-chemical crushing, chemical deposition, 

molecular beam epitaxy, synthesis in colloidal solutions, 

hydrothermal synthesis, electric discharge in water, etc. 

[12, 13]. In the synthesis of nanomaterials, the choice of 

research methods is of great importance, especially for 

controlling dimensional and structural characteristics. It is 

known that transmission scanning microscopy, optical 

studies, and X-ray structural analysis are the main 

methods of studying the dispersion of particles [1,14-17]. 

I. Experiment and materials 

Lead sulfide was obtained by the electrolytic method 

in an open glass electrolyzer with lead electrodes. A 

stabilized direct current source was used to power the 

electrolyzer. Distilled water and the following reagents 

were used to prepare the electrolyte: sodium thiosulfate 

(Na2S2O3 5H2O), sodium chloride (NaCl), and sodium 

carbonate (Na2CO3). Electrolyte concentration was the 

next: 12.5 g/l in the case of using Na2S2O3; 0.625 g/l in the 

case of NaCl; 6.25 g/l in the case of Na2CO3. The synthesis 

process was carried out at the temperature of the 

electrolyte, which varied from room temperature to 100 C. 

The duration of the synthesis process was 3 hours, and the 

current density was 1.3×10-2 A/cm2. For uniform use of 

the electrode material, the direct current was reversed after 

30 min. After the end of the electrolysis process, the 

electrolyte was filtered using a paper filter and the 

resulting powder was washed with five times the volume 

of distilled water. Samples were air-dried at room 

temperature. 

X-ray studies were carried out on a DRON-4 

diffractometer using CuKα radiation at room temperature. 

Scanning of XRD pattern was performed according to the 

Bragg-Brentano scheme (θ-2θ). The anode voltage and 

current were 41 kV and 21 mA, respectively. The scanning 

step of the XRD pattern is 0.05, and the exposure time is 

5 s. 

For a detailed analysis of experimental XRD patterns, 

each experimental reflex was described by a Gaussian 

function, as a result of which the following information 

was obtained: angular position 2θ, FWHM (full width at 

half maximum) β, the integrated intensity I. Obtained 

results were used to interpret experimental XRD patterns 

and calculate the sizes of nanocrystallites. 

Raman light scattering spectra of samples were 

studied in the backscattering geometry at room 

temperature. Experimental spectra were recorded using a 

single-stage spectrometer MDR-23 (LOMO) equipped 

with a cooled CCD detector (Andor iDus 420, UK). Laser 

radiation with a wavelength of 457 nm (diode-pumped 

solid-state laser, CNI Laser) was used as an excitation 

source for Raman spectra. 

II. Results and discussion 

Figure 1 shows experimental XRD patterns of 

samples obtained by the electrolytic method using 

different compositions and temperatures of the electrolyte. 

Using the known interplanar distances and the Wulff-

Bragg formula [17,18]: 

 

 2𝑑 ∙ sin 𝜃 = 𝑘 ∙ 𝜆,   

 

where d – interplanar distance; 𝜃 – diffraction angle; k – 

order of the diffraction maximum; 𝜆 – wavelength of X-

ray radiation, the angular positions of the 2θ reflexes for 

lead sulfide were calculated. Experimental characteristics 

of X-ray pattern reflexes (angular position and intensity) 

were compared with calculations and literature data [6, 17, 

19, 20]. It was established that the XRD patterns of the 

samples shown in Fig. 1 (a) and Fig. 1 (b), contain intense 

reflexes corresponding to PbS and, accordingly, have the 

following angular positions 2 𝜃 with Miller indices:  

26.1 (111); 30.2 (200); 43.2 (220); 51.1; (311); 53.5 (222); 

62.7 (400). Thus, using an electrolyte based on Na2S2O3 at 

room and 98 C temperatures allows obtaining lead sulfide 

without a noticeable content of other compounds. 

 

 
Fig. 1. XRD patterns of samples synthesized by the 

electrolytic method: a – electrolyte is made using 

Na2S2O3, electrolyte temperature is 98 С; b – electrolyte is 

made using Na2S2O3, the temperature of electrolyte is  

23 С; c – electrolyte made using Na2CO3, the electrolyte 

temperature 20 С; d – electrolyte is made using NaCl, the 

temperature of the electrolyte is 98 С. 

 

The above XRD patterns (a) and (b) show low-

intensity reflexes that do not belong to PbS. It can be 

assumed that they may refer to lead carbonate and oxide, 

since we previously showed [21, 22] that when trying to 

keep cadmium sulfide and zinc oxide by the electrolytic 

method at room temperature, in addition to these 

semiconductor nanocrystals, cadmium carbonate and 

hydrozincite are formed, respectively. Therefore, in this 

work, two control samples were synthesized - when using 

an electrolyte based on sodium carbonate and sodium 

chloride. The XRD patterns of these samples are shown in 

Fig. 1 (c) and Fig. 1 (d), respectively. A detailed analysis 

of these patterns showed that there are reflections on them 

that belong to PbCO3 and two modifications of lead oxide. 

Thus, when obtaining lead sulfide by the electrolytic 

method, carbonate and lead oxide are minor impurities. 

Carbon dioxide, which is necessary for the lead carbonate 

formation, is one of the gases dissolved in electrolytes 

during the electrolysis process since an open electrolyzer 

is used in our case. 

Parameters of the elementary cell are fundamental 
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values in the identification of crystalline substances, as 

well as in the determination of chemical bond lengths, the 

study of transitions from one crystalline phase to another, 

component composition of solid solutions, and the nature 

of defects in crystals. The accuracy of determining 

crystallographic parameters of the sample is affected by 

several factors, including absorption and refraction of X-

rays in the sample, a divergence of the primary beam, 

dispersion, Lorentz factor and polarization, temperature, 

etc. [18]. Therefore, it is best to use single crystals to 

determine the crystallographic parameters of alloys. In the 

case of nanocrystalline samples, the task is complicated by 

the large FWHM and low intensity of the peaks in the 

XRD pattern. In addition, even in the region of large 

diffraction angles, separation of Kα12 doublet is not 

observed. Therefore, we used the extrapolation method to 

estimate the parameters of elementary cells, since almost 

all systematic errors of X-ray measurements tend to zero 

at the diffraction angle θ = 90 [18]. Nanocrystalline PbS 

obtained in this work, the XRD patterns of which are 

shown in Fig. 1 (a)-(b), crystallizes in the sphalerite 

structure, and therefore, using the Wulff-Bragg formula 

and the quadratic form for cubic crystal system [18], it is 

possible to calculate the value of unit cell parameter: 

 

 1/𝑑2 = (ℎ2 + 𝑘2 + 𝑙2)/𝛼2,  

 

where a is the crystal lattice parameter; h, k, l are indices 

of Miller planes. 

As an extrapolation function, we used the function 

[17, 18] 

 

 𝑓(θ)=0.5(cos2 θ / sin θ + cos2 θ /θ).  

 

Figure 2 shows the dependence of the unit cell 

parameter of PbS nanocrystals determined from various 

reflections on the value of the extrapolation function. A 

slight deviation of experimental points from linear 

dependence is visible, and therefore extrapolation line was 

found by the method of least squares. Calculated values of 

unit cell parameter are equal to a = 0.5938 nm and  

a = 0.5935 nm for samples obtained at electrolyte 

temperatures of 98 °C and 23 °C, respectively, which is in 

good agreement with the literature data for single-crystal 

lead sulfide a = 0.5936 nm [20]. 

The results of processing experimental XRD patterns 

were also used to calculate the size of nanocrystals using 

Debye–Scherrer formula [23]: 

 

 𝐷 = 0.89𝜆/(𝛽 ∙ cos 𝜃),  

 

where λ is the wavelength of X-ray radiation; β is the 

FWHM of the reflex; θ is the diffraction angle. The 

physical value of the FWHM is calculated by the formula:  

 

 𝛽 = (𝛽1
2 − 𝛽2

2)1/2,  

 

where β1 is the experimental value of the FWHM of the 

XRD reflex FWHM; β2 is the instrumental value of the X-

ray reflex FWHM. The instrumental value of the X-ray 

reflexes FWHM was determined based on the analysis of 

XRD patterns of silicon and Al2O3 reference powders, 

which were obtained under the same conditions. 

Using Debye–Scherrer formula, the nanocrystallite 

size was calculated from all six reflexes and the average 

value of obtained results was found. As a result, the 

following sizes of nanocrystals were obtained: 25.9 nm for 

the sample synthesized at a temperature of 98 °C and 18.8 

nm for the case of 23 °C. 

The use of Debye–Scherrer formula is based on X-ray 

reflex FWHM dependence on the particle size, and 

FWHM increases as size decrease. In addition, it is known 

that FWHM is affected by mechanical stresses that arise 

due to defects in a crystal structure. In the case of 

nanocrystals, defects can appear because a significant part 

of atoms in them is on the surface, therefore, as the size of 

nanocrystals decreases, the contribution of surface atoms 

(surface stress) will increase. 

Therefore, to determine the size and mechanical 

stresses that may be inherent in PbS nanocrystals, we used 

Williamson-Hall method [24]. In this method, the FWHM 

of the reflex is described by the following formula: 

 

 𝛽 = 0.89 𝜆/(𝐷 cos 𝜃) + 4 𝜀 𝑡𝑔 𝜃,  

 

where λ is the wavelength of X-ray radiation, and ε is the 

relative elongation. In the last formula, the first term 

shows contribute to the FWHM is caused by the 

dimensional effect and the second – by mechanical 

stresses. We write the last dependence in the form: 

 

 𝛽 cos 𝜃 = 0.89𝜆/𝐷 + 4 𝜀 sin 𝜃.  

      
Fig. 2. Graphical extrapolation to determine the crystal lattice parameter of nanocrystalline lead sulfide, obtained at 

the temperature of the electrolyte: 98 С – a, 23 С – b. 
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According to Hooke's law, during elastic 

deformations, the magnitude of mechanical stress is equal 

to: 

 

 𝜎 = 𝐸 ∙ 𝜀,  

 

where E is Young's modulus. Having determined the 

relative elongation from Hooke's law, we obtain the 

dependence: 

 

 𝛽 ∙ cos 𝜃 = 0.89𝜆/D + 4 ∙ σ ∙ sin 𝜃/𝐸.  

 

If this dependence is plotted in the coordinate system 

<4 sinθ/E, β cosθ>, then we get a straight line from which 

we can find the nanocrystal size  D and the magnitude of 

mechanical stress σ. For single crystals, Young's modulus 

will depend on the direction inside the single crystal, that 

is, on the values of the Miller indices (h k l) and the type 

of crystal system. This dependence for the cubic system is 

described by the formula [18]: 

 

 𝐸−1 = 𝑠11 − (2 𝑠11 − 2 𝑠12 − 𝑠44)(ℎ2 𝑘2 + 𝑘2 𝑙2 + 𝑙2 ℎ2)/(ℎ2 + 𝑘2 − 𝑙2)2 , 

 

where s11, s12, s44 are coefficients of elastic compliance. 

Using the known values of the coefficients of elastic 

compliance for the cubic modification of lead sulfide  

s11 = 1.23·10-12 Pa-1, s12 = -0.33·10-12 Pa-1, 

s44 = 4.0·10 12 Pa-1 [25], as well as the Miller indices of 

reflections observed on the experimental XRD pattern, we 

previously calculated the values of Young's moduli 

depending on the direction inside the single crystal. 

Figure 3 shows the use of the Williamson-Hall 

method to determine the size of nanocrystals and 

mechanical stresses for two samples. The figure shows the 

deviation of experimental points from the linear 

dependence, and therefore the extrapolation line was 

found by the method of least squares. As a result of using 

the Williamson-Hall method, the size of PbS nanocrystals 

was found to be 36.6 nm and the value of mechanical 

stresses was 1.3×108 Pa (tensile stress) for the samples 

obtained at a temperature of 98 C, as well as 39.4 nm and 

2.5 ×108 Pa for a temperature of 23 C. The sizes of 

nanocrystals calculated by Williamson-Hall method are 

larger than the sizes obtained based on Debye–Scherrer 

formula. Mechanical tensile stresses for the sample 

synthesized at a temperature of 23 C are almost two times 

higher than for the sample obtained at a temperature of 98 

C. The latter may indicate that nanocrystals obtained at 

room temperature have significantly more defects. 

Similar results were obtained by the authors of [1], 

who studied the properties of PbS thin films formed on 

glass substrates by a chemical method using solutions of 

lead acetate and thiourea at room temperature. The sizes 

of nanoparticles in work [1] were also determined by 

Debye–Scherrer and Williamson–Hall methods and their 

values varied from 19 to 23 nm. The authors of the paper 

[11] studied nanoparticles of lead sulfide obtained by 

centrifugation of a lead chloride solution and sulfur 

powder. When the temperature changed from 10 to 40 C, 

an increase in size from 10 to 25 nm was observed. 

Figure 4 represents Raman spectra of two samples of 

lead sulfide nanocrystals synthesized by the electrolytic 

method at temperatures of 98 and 23 С, XRD patterns of 

which are shown in Fig. 1 (a, b), respectively. The figure 

shows that the spectra of these samples are quite similar. 

the observed Raman bands were best fitted with a 

Gaussian function, from which frequency, FWHM, and 

integral intensity was obtained. The spectra contain two 

intense scattering bands with a frequency position of 153 

and 218 cm-1, as well as bands of low intensity – 88, 191, 

and 243 cm-1. In addition, the FWHMs are slightly larger 

at the synthesis temperature of 23 С than at the 

temperature of 98 С: 11.4 and 10.7 cm-1, respectively, for 

the band of 88 cm-1, 8.2, and 7.9 cm-1 for band 153 cm-1. 

In the case of a band with a frequency of 218 cm-1, they 

are the same and equal to 5.2 cm-1.  

Bands with frequencies of 88 and 218 cm-1 can be 

attributed to scattering by transverse (TO) and 

longitudinal (LO) optical phonons at the center of  

Brillouin zone [26]. The scattering band of LO phonons 

for PbS is not active in Raman light scattering spectra but 

is active in IR spectra. It can be manifested in Raman 

spectra, as noted by the authors of works [27-29], under 

       
Fig. 3. Results of using Williamson-Hall method for PbS nanocrystals obtained at the temperature of the electrolyte: 

98 С – a, 23 С – b. 

 



N.V. Mazur, A.V. Lysytsya, M.V. Moroz, B.D. Nechyporuk, B.P. Rudyk, V.M. Dzhagan, O.A. Kapush etc. 

 266 

conditions of resonant or quasi-resonant excitation of 

Raman spectra due to electron-phonon interaction. In 

addition, the authors of [30] observed an absorption band 

at LO phonons (210 cm-1) in the IR spectra. The same 

opinion on the nature of these scattering bands is held by 

the authors of works [30, 31]. 

 

 
Fig. 4. Raman spectra of samples synthesized using 

Na2S2O3-based electrolyte at temperatures:  

a – 98 С; b – 23 С. 

 

In [27], the authors studied Raman spectra of natural 

PbS and calculated the dispersion curves of lead sulfide 

for three important directions of Brillouin zone: [100], 

[111], and [110], as well as the total density of phonon 

states based on the dispersion curves. They suggested that 

the band at 190 cm-1 is due to the combination of TO + LA 

phonons along the Δ or Ʃ direction, and the band at 

155 cm-1 is due to the combination of TO + TA phonons 

along the Ʃ direction. The authors of the work [31] 

compared Raman spectra of polycrystalline and 

nanocrystalline PbS and observed a higher value of the 

scattering frequency for LO phonons in NC, 210 cm-1, 

compared to a bulk crystal, from 206 cm-1. In our samples, 

the frequency of the corresponding band is even higher, 

218 cm-1, although the size of NC is much larger than in 

[31], about 20 nm. Therefore, the frequency position of 

this band in our nanostructures can be determined not by 

the size effect, but by the dominant contribution of 

phonons from different dispersion branches of phonons 

[27]. 

In [31], thin films of lead sulfide obtained by the 

chemical method were studied, and scattering bands with 

frequencies of 148, 192, and 201 cm-1 were recorded in 

Raman spectra. The authors of this paper believe that the 

band with a frequency of 201 cm-1 corresponds to 

scattering by LO phonons of the center of Brillouin zone, 

and the band with a frequency of 192 cm-1 corresponds to 

scattering by surface phonons. The nature of the band with 

a frequency of 148 cm-1 is not discussed in [32]. 

In [33], it is believed that the scattering band of 

151 cm-1 is due to the combination of TO + TA phonons, 

and 194 cm-1 is due to surface phonons. When studying 

PbS films in [34], Raman spectra were interpreted as 

scattering by LO phonons (210 cm-1) and surface phonons 

(205 cm-1). An alternative explanation for the origin of the 

band at 153 cm-1 could be the PbO phase [35], but its 

spectrum is expected to contain a band in the region of 

270-280 cm-1, almost equally intense, which is not 

observed in the spectra of our samples. 

For the weak band at 243 cm-1, it is currently 

impossible to establish the origin. In some works, weak 

bands in the range of 240-260 cm-1 were also observed, 

but their nature was not discussed [28]. 

It is known that PbS nanostructures can undergo 

significant oxidation, both during synthesis and 

measurement of Raman spectra since the oxidation is a 

photostimulated process [36]. However, in the spectra of 

nanocrystalline PbS obtained in this work by the method 

of electrolytic synthesis, there are no bands of any of the 

oxide forms, at least for samples synthesized using an 

electrolyte based on Na2S2O3 (Fig. 4). 

Conclusions 

This work shows the possibility of synthesizing 

nanocrystalline lead sulfide by the electrolytic method 

using lead electrodes and an electrolyte based on sodium 

thiosulfate. When the temperature of synthesis 

(electrolyte) increases, the size of PbS nanocrystals 

increases, and the mechanical tensile stresses acting in the 

them decrease. The results of Raman scattering spectra are 

correlated with the results of X-ray structural studies. 
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Introduction 

Creation of sp2-hybridized carbon-carbon composite 

nanomaterials is a promising direction of modern science 

[1–4]. Nanocomposites with the specified properties, as 

evidenced by the literature, can be created in a wide 

variety of ways, in particular, in the interaction of sp2-

hybridized carbon materials with inorganic compounds 

and metals [5, 6], with polymers [7, 8], as well as with low 

molecular weight organic substances [9, 10]. Also, when 

obtaining new sp2-hybridized carbon-carbon composite 

materials with unique properties, it was recently possible 

to obtain functionalized carbon materials [11–14], in 

particular, partially oxidized forms of graphene [15, 16]. 

One of the promising ways of creating carbon 

nanocomposites presented in [17] is its result in the 

production of large-scale graphene sheets by dispersing 

graphene particles with certain functional groups in 

organic solvents. 

Another approach to the experimental creation of 

carbon nanocomposites is based on the so-called 

crosslinking of graphene sheets [18–20], that is, on the 

covalent interaction of different graphene-like planes 

(GLP). In particular, work [21] even proposed the concept 

of so-called conformational engineering, which consists in 

the construction of new composites from sheets of 

oxidized graphene. It was reported in [22] that 

dehydration, for example, by vacuum drying an aqueous 

solution of graphene oxide (GO), causes irreversible 

spontaneous cross-linking of its sheets. Dehydrated GO 

films retain their structural integrity in water, and they can 

no longer re-disintegrate into individual layers after 

stirring. At the bilayer level, after dehydration, folded GO 

sheets are fixed, which do not dissociate together even 

after sonication. Spectroscopic studies confirm the 

formation of new chemical bonds, suggesting a 

condensation-esterification reaction between GO sheets. 

To find out the features of the creation of new carbon 

nanocomposites, computer modeling methods are 

successfully used, in particular, calculation schemes of 

quantum chemistry [23–26], as well as molecular 

dynamics [27–29]. 
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It is known that the process of creating a composite 

material based on thermally expanded graphite (TRG) and 

carbon nanotubes (CNTs) consists in simultaneous 

deagglomeration of CNTs and intercalation of natural 

graphite [30]. This procedure can be carried out in two 

ways: electrochemical (anodic) or chemical oxidation. In 

our previous works [31–33], it was shown that the process 

of creating a carbon nanocomposite TRG-CNT occurs as 

follows: graphite oxidized to the first stage was 

hydrolyzed, washed to neutral pH, dried and heat-treated 

at a temperature of ~1000°C in a gas horizontal industrial 

furnace. Next, the obtained TRG nanocomposite powder 

was rolled on horizontal rolls. It was assumed that the 

formation of sp2-hybridized carbon-carbon composites is 

related not only to the effect of physical factors (pressure, 

temperature) on the starting material, but also to the 

chemical interaction of individual partially oxidized GLPs 

with each other. Since there are various oxygen-

containing functional groups on the surface of partially 

oxidized carbon graphene materials, which are capable of 

exhibiting significant chemical activity [34]. But it 

remains unknown how covalent bonding of GLPs is 

possible during the formation of sp2-hybridized carbon-

carbon composite materials. Therefore, the goal of the 

work was to find out the interaction energy of partially 

oxidized graphene-like planes with each other and the 

effect on this characteristic of the nature of functional 

groups that are present in oxidized GLPs using quantum 

chemistry methods. 

I. Objects and calculation methods 

Polyaromatic pyrene molecules with different 

functional groups on their periphery were considered as 

models of partially oxidized GLPs, while the functional 

groups were chosen so that the carbon atom near them had 

a different degree of oxidation, the lowest near the 

hydroxyl group (Fig. 1, a,d,g), higher - in carbonyl (Fig. 1, 

b,e,h). and the largest - in carboxyl (Fig. 1, c,f,i). 

In addition, in order to take into account the size effect 

of GLP on the energy parameters of the studied reactions, 

graphene-like planes with a gross composition of С24Н12 

(coronene) were used (Fig. 1, d–e). and С42Н16 (Fig. 1, e–

g). 

Calculations were performed using the GAMESS 

program (US) [35] within the framework of the density 

functional theory (DFT) with the B3LYP functional [36, 

37] and the 6-31G(d,p) basis set, taking into account the 

Grimme D3 dispersion correction [38, 39] . This 

calculation method has proven itself well in modeling 

graphene-like clusters [40]. 

II. Results and their discussion 

The first of the considered reactions consists in the 

interaction of GLP with a hydroxyl group on the periphery 

with the same graphene-like plane (Fig. 2). At the same 

time, there is an interaction of two hydroxyl groups of 

different GLPs with the release of a water molecule and 

the formation of a reaction product in which the GLPs are 

 
Fig. 1. Equilibrium geometry of partially oxidized GLPs of different sizes, with hydroxyl (a, d, g),  

aldehyde (b, e, h), and carboxyl (c, f, i) groups. 
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covalently connected to each other by an oxygen bridge. This reaction can be represented by scheme 1:
 

 GLP–OH + HO–GLP → GLP–O–GLP + H2O. (Scheme 1)

 

According to (Scheme 1), a hydrogen atom of one 

hydroxyl group (Fig. 2, a) interacts with an oxygen atom 

of another hydroxyl group (Fig. 2, b), as a result of which 

the bond between C–O atoms of the last group is broken 

and a water molecule is formed (Fig. 2, d), and the oxygen 

atom of the other hydroxyl group forms a covalent bond 

with the carbon atom of the second GLP. In this way, a 

product is formed (Fig. 2, c), which consists of two 

chemically bonded GLP planes with the help of an oxygen 

bridge. 

The energy effect of reactions was calculated 

according to formula (1):
 

 ΔEreact = [Etot(GLP–О–GLP) + Etot(Н2О)] - 2 Etot(GLP–OH), (1)

 

where Etot(GLP–О–GLP) is the total energy of the 

interaction product of two GLPs with hydroxyl groups, 

Etot(Н2О) is the total energy of the reaction product – Н2О, 

Etot(GLP–ОН) is the total energy of the GLP with a 

hydroxyl group. 

The energy effect of this reaction (Scheme 1), 

calculated by formula (1), has a positive value and is 

+22.2 kJ/mol (see Table). 

When using larger GLP models, the reaction products 

are localized (Fig. 3), similar in structure to the previous 

case (Fig. 2, c). 

As can be seen from Figures3, a and 3, b, despite the 

different sizes of the GLP, the reaction products obtained 

are similar to each other. It should be noted that the two 

GLPs in the reaction products are not located in a common 

plane, but placed at a small angle. For the smallest model 

(Fig. 2, c), the angle between the planes is 64.4○, for the 

product consisting of two coronene planes (Fig. 3, a), this 

angle is much larger and reaches 90.2○, and for the largest 

by the size of the reaction product (Fig. 3, b), the angle 

between the GLPs is similar to the previous one and is 

equal to 90.3○. This may indicate that the further increase 

in the size of GLPs with hydroxyl groups will have almost 

no effect on the angle between the planes. Therefore, in 

the reaction products (Scheme 1), the GLPs are located 

almost perpendicular to each other, regardless of the size 

of the initial GLPs. This non-coplanarity of the two GLPs 

is apparently caused by a significant repulsion of a pair of 

closely spaced hydrogen atoms of neighboring graphene-

like planes, one from each of them (see Figs. 2 and 3). As 

the size of the graphene-like planes in the reaction product 

increases, their mutual repulsion increases, as can be seen 

from the distances between the hydrogen atoms of 

different GLPs (2.8 Å for pyrene, 3.3 Å for coronene, and 

3.5 Å for the maximum size GLP). 

The energy effect of the reaction during product 

formation (Fig. 3, a), calculated according to formula (1), 

also has a positive, but much smaller value, as in the 

previous case, and is +1.3 kJ/mol. A similar value of the 

energy of the formation of the product of the reaction 

involving the maximum-sized GLP among those 

considered in the work is even closer to 0, but it is slightly 

 
Fig. 2. Equilibrium geometry of the molecules of the starting substances (a, b) and reaction products (c, d) of the 

interaction of two GLPs with a hydroxyl group on the periphery,  

(here and further the distances between atoms are given in Å). 

 

 
Fig. 3. Equilibrium geometry of the molecules of the reaction products of two graphene-like planes  

(С24Н12 – (a), С42Н16 – (b)) with hydroxyl groups. 
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smaller than the previous one and is only +0.1 kJ/mol (see 

the Table). 

Next, the reaction between GLP with a hydroxyl 

group on the periphery and a graphene-like plane 

containing an aldehyde group was considered (Fig. 4). In 

this reaction, the hydroxyl group of one GLP interacts with 

the aldehyde group of another GLP according to scheme 

2:
 

 GLP–ОН + НОС–GLP → GLP–ОС–GLP + Н2О. (Scheme 2)

 

According to this scheme, the oxygen atom of the 

hydroxyl group (Fig. 4, a) interacts with the hydrogen 

atom of the aldehyde group (Fig. 4, b). As a result, the C–

O bond between the hydroxyl group and GLP is broken, 

and, in turn, the H–C bond in the aldehyde group is broken 

with the formation of a water molecule. At the same time, 

the carbon atom of the first GLP (Fig. 4, a) interacts with 

the carbon atom of the aldehyde group of the second 

graphene-like plane (Fig. 4, b) with the formation of a 

reaction product (Fig. 4, c), in which the two GLPs are 

covalently linked between themselves through the 

carbonyl group (>C=O). 

The energy effect of reactions was calculated 

according to formula (2):
 

 ΔEreact= [Etot(GLP –ОС– GLP) +Etot(Н2О)] - [Etot(GLP –ОН) + Etot(НОС–GLP)], (2)

 

where Etot(GLP –ОС– GLP) is the total energy of the 

interaction product of the hydroxyl group of one GLP with 

the aldehyde group of another GLP, Etot(Н2О) is the total 

energy of the Н2О molecule, Etot (GLP–ОН) is the total 

energy of the GLP with a hydroxyl group, Etot(НОС – 

GLP) is the total energy of GLP with an aldehyde group. 

As the results of the calculation according to formula 

(2) show, the energy effect of the reaction (Scheme 2), in 

contrast to similar values for the reaction (Scheme 1), has 

a negative value, for the product of the reaction, in which 

the graphene-like planes are the smallest, is -17.1 kJ /mol 

(see Table). 

When using the coronene molecule (Fig. 1, d, e) and 

the molecule with the composition С42Н16 (Fig. 1, e, c) as 

starting GLPs for the reaction (Scheme 2), reaction 

products are formed (Fig. 5), the molecules of which are 

similar in structure to those considered above (Fig. 4, c). 

In the molecules of the reaction products (Scheme 2), as 

can be seen from these figures, the GLPs are located 

relative to each other not perpendicularly, as in the 

reaction products (Scheme 1), and not parallel, but at an 

acute angle. In particular, for the structure depicted in 

fig. 4, c, this angle is 47.8○, for the product from coronene 

derivatives (Fig. 5, a) it is slightly larger and has a value 

of 53.3○, and for the product of the reaction with GLP of 

the maximum size (Fig. 5, b) , is 54.2○. 

The energy effect of the reaction (Scheme 2), 

calculated according to formula 2, during the formation of 

a product from coronene derivatives (Fig. 5, a), in contrast 

to the similar value (-17.1 kJ/mol), where in the molecule 

of the reaction product (Scheme 2) graphene-like planes 

are the smallest, has a value close to 0 and is +0.5 kJ/mol. 

 
Fig. 4. Equilibrium geometry of the molecules of the starting substances and reaction products of the interaction of 

two GLPs that contain hydroxyl and aldehyde groups. 

 

 
Fig. 5. Equilibrium geometry of the molecules of the reaction products of two graphene-like planes  

(С24Н12 – (a), С42Н16 – (b)) with hydroxyl and aldehyde groups. 
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With a further increase in the size of the GLP during 

product formation (Fig. 5, b), the energy effect slightly 

decreases in absolute value to -0.9 kJ/mol. 

Subsequently, the reaction between GLP with a 

hydroxyl group on the periphery and GLP with a carboxyl 

group on the periphery was investigated. In it, the 

hydroxyl group of one GLP interacts with the carboxyl 

group of another GLP according to Scheme 3:
 

 GLP–ОН + НОOС–GLP → GLP–О–ОС–GLP + Н2О. (Scheme 3)

 

According to this scheme, similar to the reaction 

discussed above (Scheme 2), the oxygen atom of the 

hydroxyl group (Fig. 6, a) interacts with the hydrogen 

atom of the carboxyl group (Fig. 6, b), as a result of which 

the C–O bond between the hydroxyl group and GLP in the 

molecule of the starting substance (Fig. 6, a), while the H–

O bond in the carboxyl group breaks with the formation of 

a water molecule. At the same time, the carbon atom of 

the first GLP (Fig. 6, a) interacts with the oxygen atom of 

the carboxyl group of the second graphene-like plane 

(Fig. 6, b) with the formation of a reaction product 

(Fig. 6,c), in which the two GLPs are covalently linked 

between themselves through the ester group (–О–С(=О)–

). 

The energy effect of reactions was calculated 

according to the formula:
 

 ΔEreact = [Etot(GLP–О–ОС–GLP) +Etot(Н2О)] - [Etot(GLP–ОН) + Etot(НООС–GLP)], (3)

 

where Etot(GLP–О–ОС–GLP) is the total energy of the 

interaction product of the hydroxyl group of one GLP with 

the carboxyl group of another GLP, Etot(Н2О) is the total 

energy of the Н2О molecule, Etot(HООС–GLP) is the total 

energy of the GLP with the carboxyl group. 

As the results of the calculation according to formula 

(3) show, the energy effect of the reaction (Scheme 3), 

similar to the analogous reaction values (Scheme 1), has a 

positive value, which is for the product of the reaction, in 

which the GLP is the smallest (Fig. 6, c), +26.0 kJ/mol 

(see Table). 

When using larger GLP models (С24Н12 and С42Н16), 

molecules of the reaction products are formed (Fig. 7), 

similar in structure to the previous one (Fig. 6, c). 

An interesting feature of the molecular geometry of 

these reaction products is that the GLPs are located in one 

plane, regardless of the size of the graphene-like planes 

used, which is due to the occurrence of a hydrogen bond 

between the hydrogen atom of one GLP and the carbonyl 

oxygen atom of the other. The length of this bond is 

2.152 Å, which is characteristic of the case when the 

hydrogen atom of the C–H bond takes part in the hydrogen 

bond. This approximately О•••Н distance is also preserved 

when using larger GLPs, in particular, in the product 

where coronane is used as the GLP, this distance is 

2.118 Å (Fig. 7, a), and for the product in which the GLPs 

are of the maximum size - 2.110 Å (Fig. 7, b). 

The energy effect of the reaction (Scheme 3) when a 

coronene molecule is used as a GLP is also positive and is 

4.1 kJ/mol smaller than the similar value for the same 

 
Fig. 6. Equilibrium geometry of molecules of starting substances and reaction products of the interaction of two 

graphene-like planes containing hydroxyl and carboxyl groups. 

 

 
Fig. 7. Equilibrium geometry of the molecules of the reaction products of two graphene-like planes  

(С24Н12 – (a), С42Н16 – (b)) with hydroxyl and carboxyl groups. 
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reaction, in which a pyrene molecule was used as 

graphene-like planes, and is +21.9 kJ/mol. If the GLP is 

dominated by a larger molecule, in particular С42Н16 

(Fig. 7, b), then the energy effect is also a positive value, 

which has a value of +19.9 kJ/mol (see Table). 

And finally, for comparison, the interaction of two 

GLPs with carboxyl groups on the periphery of each of 

them is considered. This reaction can be represented by 

scheme 4: 

 

 GLP –СООН + НООС– GLP → GLP –СО–О–ОС– GLP + Н2О. (Scheme 4)

 

According to this scheme, the hydrogen atom of the 

carboxyl group of the molecule of the first starting 

substance (Fig. 8, a) interacts with the oxygen atom of the 

acid center of the carboxyl group of the molecule of the 

second starting substance (Fig. 8, b). As a result, the C–O 

bond between the hydroxyl group and the carbon atom in 

the carboxyl group of the molecule of the second starting 

substance is broken, while the H–O bond in the carboxyl 

group of the molecule of the first starting substance is 

broken (Fig. 8, a) with the formation of a water molecule. 

At the same time, the oxygen atom of the acid center of 

the carboxyl group of the molecule of the first starting 

substance interacts with the carbon atom of the carboxyl 

group of the molecule of the second starting substance 

(Fig. 8, b) with the formation of a molecule of the reaction 

product (Fig. 8, c), in which two GLPs are covalently 

connected connected to each other through a symmetric 

group (–С(=О)–О–С(=О)–). 

The energy effect of reactions was calculated 

according to formula (4):
 

 ΔEreact = [Etot(GLP –СО–О–ОС–GLP) + Etot(Н2О)] - 2 Etot(GLP –СООН),  (4)

 

where Etot(GLP –СО–О–ОС– GLP) is the total energy of 

the interaction product of two GLP s with carboxyl groups, 

Etot(Н2О) is the total energy of the reaction product – Н2О, 

Etot(GLP –СООН) is the total energy of the GLP with a 

carboxyl group. 

The energetic effect of the GLP reaction with two 

carboxyl groups (Scheme 4) when using pyrene molecules 

as graphene-like planes, calculated according to formula 

(4), is the maximum of all previously considered and 

amounts to +74.5 kJ/mol. 

When the size of these graphene planes increases, 

molecules of the reaction products are formed (Scheme 4), 

which are also similar in spatial structure to each other 

(Fig. 9,a and 9, b) and the reaction product molecule with 

carboxylatedpyrene molecules (Fig. 8). 

As can be seen from these figures, in contrast to the 

molecules of the products of the HP reaction with 

hydroxyl and carboxyl groups (Scheme 3), in all these 

molecules of the reactio  n products (Scheme 4), the 

graphene-like planes are not parallel to each other, but 

form some angle between them, like and in the molecules 

of products of the reaction of HP with hydroxyl and 

aldehyde groups (Scheme 2) (Fig. 4, c and Fig. 5). In 

particular, the angle between graphene-like planes in the 

smallest pyrene-containing reaction product (Fig. 8,c) is 

77.2○. In the larger product, in which the GLP was 

 
Fig. 8. Equilibrium geometry of molecules of starting substances and reaction products of the interaction of two 

graphene-like planes with a carboxyl group on the periphery. 

 

 
Fig. 9. Equilibrium geometry of the molecules of the reaction products of two graphene-like planes  

(С24Н12 – (a), С42Н16 – (b)) with two carboxyl groups. 
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dominated by coronene molecules, the corresponding 

angle is slightly smaller and has a value of 54.7○. For the 

reaction product of the maximum size, this angle is almost 

the same as the previous one and is 55.9○. Such non-

coplanarity is caused by the presence of closely spaced 

oxygen atoms with a significant negative charge on each 

of them in the considered molecules. 

The energy effect of the reaction (Scheme 4) for the 

crown-containing product also has a positive value, which 

is +70.6 kJ/mol, and for the reaction product of an even 

larger size, this value is even smaller and its value is 

+69.3 kJ/mol (see Fig. Table). 

It can be seen from the table that, regardless of the size 

of the GLP, the lowest absolute value of the energy effect 

with the participation of the same oxygen-containing 

group is characteristic of the reaction of the interaction of 

the GLP with hydroxyl and aldehyde groups (Scheme 2). 

It should also be noted that for all the considered reactions 

except the reaction (Scheme 2), with an increase in the size 

of the GLP, the magnitude of the energy effect decreases. 

The greatest dependence of the energy effect on the size 

of the graphene-like planes is observed for the reaction 

(Scheme 1) of the interaction of the GLP with hydroxyl 

groups. In this case, the values of ΔEreact.decrease from 

22.2 for pyrene-containing GLPs to 0.1 kJ/mol for C42H16 

GLPs. For the reaction (Scheme 2), with an increase in the 

size of the graphene-like planes, on the contrary, the 

energy effect increases by 16.2 kJ/mol, from -17.1 to -

0.9 kJ/mol. For the reaction of the interaction of a 

hydroxyl group with a carboxyl group in graphene-like 

planes, ΔEreacts differ by 6.1 kJ/mol when the size of the 

GLP changes from the minimum to the maximum. And 

with the interaction between two carboxyl groups 

(Scheme 4), similar values change by only 5.2 kJ/mol. 

Conclusions 

Therefore, as evidenced by the analysis of the results 

of quantum chemical calculations, the reaction between 

the hydroxyl and aldehyde groups of two interacting GLPs 

is the most thermodynamically probable, regardless of the 

dimensions of the graphene-like planes. 

The reaction of the interaction of hydroxyl groups of 

two adjacent graphene-like planes is slightly less 

thermodynamically probable. 

The reaction between two carboxyl groups of 

different graphene-like planes is the least 

thermodynamically probable. 

To create nanocomposites by interacting graphene-

like planes with each other, it is necessary that the 

graphene-like planes contain hydroxyl and aldehyde 

groups. 
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Квантовохімічні дослідження взаємодії частково окиснених 

графеноподібних площин між собою 
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Методами квантової хімії з’ясовані енергетичні ефекти взаємодії частково окиснених графеноподібних 

площин між собою і їхня залежність від природи оксигенвмісних функціональних груп, які наявні в них, а 

також від розмірів самих графеноподібних площин. Встановлено, що найбільш термодинамічно ймовірною 

є реакція між гідроксильною і альдегідною групами двох взаємодіючих графеноподібних площин 
незалежно від їхніх розмірів. Найменш термодинамічно ймовірною є реакція між двома карбоксильними 

групами різних графеноподібних площин. Для створення нанокомпозитів при взаємодії графеноподібних 

площин між собою, необхідно щоб у складі графеноподібних площин були наявні гідроксильні і альдегідні 

групи. 
Ключові слова: окиснені графеноподібні площини, хімічна реакція, пірен, коронен, метод теорії 

функціонала густини, кластерне наближення. 
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In this work, a high-accuracy setup was developed for the characterization of thermoelectric devices in the 

temperature range of 300-900 K. The output parameters of the thermoelectric devices, including the thermoelectric 

efficiency Z, Seebeck coefficient S, and internal resistance r, were measured. A technique, block diagram, and 

computer tools for automated measurement and preliminary processing of experimental data were developed for 

automated studies of the properties of semiconductor materials and thermoelectric power conversion modules. The 

developed tools were shown to have high efficiency. The complexity of the process of measuring the main electrical 

parameters of semiconductor materials was significantly reduced, and the accuracy of the obtained results was 

increased. 
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Introduction  

Due to the increase in energy demand and depletion 

of natural resources, the development of energy harvesting 

technologies has become tremendously important [1]. The 

application of thermoelectric devices, which convert heat 

directly into electrical energy, has led to significant 

progress in the development of cost-effective, 

environmentally-friendly, and fuel-saving energy sources 

for power generation, refrigeration, temperature sensors, 

and thermal management [2–10]. The high reliability and 

long operational lifespan of thermoelectric (TE) energy 

converters make them ideal for use in the space industry, 

gas pipeline systems, medical devices, and consumer 

electronics [4,5,11,12].  

The efficiency of such TE converter is determined by 

the following equation [4,12,13]: 

 𝜂𝑚𝑎𝑥 =
∆𝑇

𝑇ℎ

√1+(𝑍𝑇)𝑎𝑣−1

√1+(𝑍𝑇)𝑎𝑣+
𝑇𝑐
𝑇ℎ

,  (1) 

 

where Th and Tc are the hot and cold sides temperatures at 

the ends of TE converter, respectively, ΔT = Th – Tc, and 

(ZT)av is the average dimensionless TE figure of merit, 

which is determined as: 

 

 (𝑍𝑇)𝑎𝑣 =
1

𝑇ℎ−𝑇𝑐
∫ 𝑍𝑇 ∙ 𝑑𝑇

𝑇ℎ

𝑇𝑐
    (2) 

 𝑍𝑇 =
𝑆2𝜎

𝜅
𝑇,  (3) 

 

where S is the Seebeck coefficient, σ and  are electrical 

and thermal conductivity. 

Theoretical studies have shown that the most accurate 

ZT value can be obtained using the Harman method [14]. 

There are many modifications of this method [15,16] that 

allow for the direct estimation of the TE figure of merit on 

a single sample. However, the use of measurements based 

on the Harman method, especially at high temperatures, 

has certain disadvantages [27]: 

1. The effect of parasitic heat transfer between the 

mailto:bdzundza@gmail.com
mailto:oksanakostuk@gmail.com


Development of high-precision hardware and software tools for automated determination of the characteristics 

 279 

sample and its environment has been determined to be 

critical to the measurement accuracy. 

2. This effect of parasitic thermal phenomena 

increases rapidly with increasing measurement 

temperature. 

3. To determine thermoelectric parameters, it is 

necessary to use correction factors of up to 80% of the 

measured ZT value, which cannot be reliably estimated for 

arbitrary temperatures and sample sizes. 

To measure parameters of the thermoelectric devices, 

direct methods were chosen, in which a heat flux is passed 

through the thermoelement due to a certain temperature 

gradient created between the heater and the cooler. Direct 

methods require a gradient heater, precise temperature 

gradient maintenance and measurement, and the 

accounting of heat fluxes and losses, which may introduce 

considerable errors in the estimate of the thermoelectric 

figure of merit. The design and analysis issues of devices 

concerning these problems are discussed in [18,19]. The 

use of general tools for studying thermoelectric properties 

poses several difficulties, primarily with regards to 

adapting measurement techniques and integrating such 

tools into pre-existing laboratory complexes [20].  

The peculiarity of the developed method is the use of 

two identical samples placed on both sides of the heater 

and cooled by the same water radiators. 

Due to the properties of semiconductors, n-type and 

p-type materials have Seebeck coefficients of opposite 

signs, respectively [21]. Consequently, thermoelectric 

modules are composed of two distinct semiconductor 

materials that are interconnected electrically in series and 

thermally in parallel [21], as shown in Fig. 1. 

 

 
Fig 1. Thermoelectric module [21]. 

 

Thermoelectric devices available in the market 

typically comprise a series of thermocouples sandwiched 

between hot and cold plates that conduct heat. In order to 

maximize their efficiency, modern modules are sometimes 

segmented or cascaded, wherein a single leg can 

incorporate several materials consecutively. The rationale 

behind this approach lies in the fact that thermoelectric 

modules frequently experience temperature gradients of 

several hundred degrees, and given that the figure of merit 

of a given material may vary considerably across a range 

of temperatures, using more than one material becomes 

advantageous [21]. Additionally, the metal-semiconductor 

junctions present in a thermoelectric module are ohmic 

contacts, thereby rendering the device essentially 

symmetrical and enabling it to pump heat or current in 

either direction. 

I. Development of setup 

The development and widespread use of 

thermoelectric generation as a user-friendly technology 

for direct energy conversion is mainly limited by a small 

efficiency factor. Presently, scientists in the field of 

thermoelectricity are primarily focusing on increasing the 

thermoelectric efficiency Z across a wide range of 

operating temperatures (300-900 K). The quality of a 

thermoelectric material is determined by a set of key 

parameters, including the Seebeck coefficient, electrical 

conductivity, and thermal conductivity. Moreover, for a 

thermoelectric converter to be fully functional, it must also 

possess a range of electrical and operational 

characteristics, such as internal resistance, generated 

current and voltage, thermoelectric power, heat capacity, 

and other performance metrics. 

For the purpose of measuring all the aforementioned 

parameters, direct methods have been selected, whereby a 

heat flow is directed through a thermoelement in response 

to a temperature gradient generated between the heating 

and cooling elements. A noteworthy aspect of the 

developed methodology lies in the use of two identical 

samples positioned on either side of the heating element, 

and subsequently cooled by identical water radiators. The 

measuring cell is shown schematically in Fig. 2.  

 

 

Fig. 2. Schematic representation of the measuring cell.  

1 – copper electric heater with thermocouple, 2, 3 – copper 

water radiator with thermocouple, 4, 5 – thermocouples or 

single samples of thermoelectric material, 6 – electrical 

contacts, 7 – heat shield, 8 – clamping pins, 9 – nuts,  

10 – spring washers, 11 – vacuum cap, 12 – vacuum 

gasket, 13 – base, 14 – fitting for pumping, 15 – fittings 

for water supply and drainage, 16 – fluoroplastic 

insulation. 

 

The use of a water-based cooling system allowed to 

maintene the stable temperature of cold junction. To 

achieve uniform heating of cylindrical or rectangular 

samples, a miniature copper heater with low power output 
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was designed and coupled with a tubular heat shield made 

of tantalum. This configuration was effective in in 

reducing the impact of parasitic heat loss, which is often 

challenging to accurately account for in thermoelectric 

measurements. 

To diagnose ready-made thermoelectric energy 

conversion modules with a size of 40x40 mm, a 

rectangular copper heater with a size of 40x40x8 mm is 

made, which contacts the hot surfaces of the thermocouple 

through the thermal interface. The general view of the 

measuring cell is shown in Fig. 3. 

 

 
Fig. 3. General view of the measuring cell with installed 

thermoelectric elements. 

 

The design further allows for the installation of an 

extra heater on two threaded racks, positioned at the 

interface level of the two radiators. This feature enables 

the investigation of film thermomodules, wherein the cold 

junction is secured between two radiators while the hot 

junction is pressed against an additional copper plate that 

is heated by the extra heater. 

All electrical contacts are routed through two sealed 

connectors located in the base. The setup supports up to 5 

thermocouples, with one placed in the heater, another in 

the radiators, and two more that can be drilled into the 

sample for additional control of heat fluxes. When 

investigating the electrical properties of semiconductors, 

fundamental parameters such as electrical conductivity, 

thermoelectric power, and thermoelectric EMF are 

measured. 

The principle of determining the coefficient of 

thermal conductivity of stationary methods is based on the 

measurement of heat flux and temperature difference 

according to [22]  

 

 𝑘 =
𝑞𝑑

𝑇2−𝑇1
=

𝑃𝑑

𝑆(𝑇2−𝑇1)
  

 

Here q is the heat flux; P - measured power of the 

electric heater; S is the area of the sample; T2-T1 is the 

temperature difference between two opposite surfaces of 

the sample; d is the thickness of the sample. Usually, the 

geometry of the sample and the configuration of the 

measuring system have the strongest effect on the value of 

the thermal conductivity. It is possible to implement 

comparative methods in which the amount of heat that has 

passed through the test sample is determined from the 

known parameters of the reference sample, which is in 

similar conditions. The method is quite well developed for 

different materials in a wide range of temperatures: from 

a few degrees to ~ 1000 K.  

II. Design of software and hardware for 

automated studies of the properties of 

thermoelectric energy conversion 

modules 

The computer system designed for measuring 

electrical parameters was developed with special attention 

given to the versatility of solutions, which allows for the 

study of both massive and film thermocouples, as well as 

the diagnosis of thermoelectric modules. The block 

diagram of the measuring system can be found in Fig. 4.  

Cold water is running through two copper radiators, it 

can be both flowing tap water and water cooled by means 

of the cooling thermostat. The cooling thermostat is 

constructed on the basis of 12 V Peltier elements. The set 

temperature of the hot side is maintained by the 

microcontroller by means of a precision PID thermostat, 

the power of which is accurately measured and can be kept 

constant, regardless of changes in external conditions or 

the resistance of the heater. Feedback is carried out using 

chromel-alumel thermocouples. The thermostat maintains 

the set temperature with an accuracy of 0.1 K. It is also 

possible to connect additional thermocouples drilled in the 

sample, to accurately measure small temperature 

gradients.  

The measuring system is based on the UNI-T 

UTM1805A digital multimeter, which supports data 

output to a computer and provides a resolution of 1 µV 

with an accuracy of 0.015% in the DC voltmeter mode and 

has an automatic range selection function. The control 

device for the system is a STM32F303 microcontroller, 

programmed in C language, and communication with the 

computer is enabled through the USB-UART converter, 

coupled with a text command interpreter that facilitates 

two-way data exchange between the device 

microcontroller and control programs on the computer. 

The thermo-EMF recording process on the samples is 

executed sequentially with the aid of a switching unit 

integrated with a reed microrelay. The system allows for 

the measurement of voltage from each differential 

thermocouple individually, or to take an average of the 

readings. Furthermore, thermocouples can be connected in 

series to obtain the sum of the thermo-EMF of both 

thermocouples. The Seebeck coefficient is then 

automatically calculated.  

The measurement of thermoelectric power is 

enhanced by the implementation of a load block, which 

enables the determination of the operational parameters of 

thermoelements. Additionally, studying the Peltier effect 

under load presents further opportunities for analyzing 

heat transfer parameters, particularly in determining 

thermal conductivity. 

The computer program provides automated control of 

the measurement process, registration of data from a 

digital voltmeter, pre-processing and visualization of data. 

The program is developed in Delphi programming 

language. The measurement results of each sample are 

recorded in separate MS Excel-compatible files with the 
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possibility of further continuation of the experiment. The 

setup exhibits high reliability, stability, and precision of 

results during prolonged and regular operation. 

III. Experimental research and discussion 

of the obtained results 

Let us examine the operational capabilities of the 

computerized measuring system through a concrete 

illustration, where a series of industrial thermoelectric 

elements of the TEKB-1-1-(15.4-6.0-51.4)-40-71 type 

were studied. Experimental data on the thermoelectric 

power, maximum power, and efficiency concerning the 

temperature difference applied to the module for the 

studied modules are shown in Fig. 5. 

In Table. 1. comparison of measured and passport data 

for two thermoelectric modules TECB-1-1-(15.4-6.0-

51.4)-40-71 is presented. The relative measurement error 

does not exceed 2%.  

Upon analysis of the results and comparison of the 

calculation results with experimental measurements, it 

was observed that the measurement methods selected, and 

their hardware and software implementation, despite the 

relative simplicity of the implemented algorithms, 

demonstrated high efficiency. The implementation of the 

 
Fig. 4. Block diagram of a computer system for automated diagnostics of thermoelectric modules. 

 

       

a                                                                                           b 

Fig. 5. Dependences of thermoelectric power (curve 1), maximum thermoelectric power (curve 2), efficiency (curve 

3) and ZT (curve 4) on the temperature difference applied to the module. Δ – corresponds to sample №3 placed at 

the bottom of heater, ○ – sample №4 placed at the top of the heater. 

 

Table 1. 

 Measured and passport electrical parameters of industrial modules. 

Sample s, 1/Ω cm S, µV/К r, Ω (25 оС) r, Ω (50 оС) Z х10-3, К-1 

Measured 

(M) 

Passport 

(P) 

M P M P M P M P 

3 1006 1000-

1020 

222.3 220-225 2.13 2.12 2.32 2.30 2.85 2.88 

4 1005 1000-

1020 

222.8 220-225 2.17 2.17 2.34 2.34 2.85 2.84 
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computerized measuring system significantly reduced 

time and labor costs for experimental measurements, and 

facilitated automated diagnostics and fault detection of 

thermoelectric modules. 

The advantage of the implemented research method is 

the automation of both the measurement process and the 

pre-processing of the result during the experiment, 

depending on the material under study. Furthermore, the 

representation of the acquired data through graphical 

dependencies makes it possible to visually detect errors, 

defective samples, even during the measurement process. 

In contrast to general-purpose tools and mathematical 

software packages, which offer much broader data 

processing capabilities, the development of specialized 

tools, despite the limited set of models, integrates well into 

the developed measuring system and provides information 

on electrical properties of the material with minimal effort 

and reduces time required. for measurement and 

processing. 

Conclusions 

1. A high-accuracy setup has been developed for the 

characterization of thermoelectric devices. 

2. The method, flowchart, and computer tools for 

automated measurement and pre-processing of 

experimental data for automated studies of the properties 

of semiconductor materials and thermoelectric modules of 

energy conversion have been presented. 

3. The developed tools were used for experimental 

research of thermoelectric modules with known 

characteristics, and their high efficiency was 

demonstrated. The use of these tools significantly reduced 

the complexity of the process of measuring the basic 

electrical parameters of semiconductor materials and 

increased the accuracy of the obtained results. 
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Розробка високоточних програмно-апаратних засобів для 

автоматизованого визначення характеристик термоелектричних 

пристроїв 
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У роботі розроблено високоточну установку для визначення характеристик термоелектричних 

приладів в діапазоні температур 350-600 К. Були виміряні вихідні параметри термоелектричних приладів, 

включаючи термоелектричну добротність Z, коефіцієнт Зеєбека S і внутрішній опір r. Розроблено 

методику, структурну схему та комп’ютерні засоби автоматизованого вимірювання та попередньої обробки 

експериментальних даних для автоматизованих досліджень властивостей напівпровідникових матеріалів і 

модулів термоелектричного перетворення енергії. Показано високу ефективність розроблених засобів. 

Значно зменшено трудомісткість процесу вимірювання основних електричних параметрів 

напівпровідникових матеріалів, а також підвищено точність отриманих результатів. 

Ключові слова: термоелектрика, термоелектричні матеріали, термоелектрична ефективність, 

вимірювальна техніка, високоточні автоматизовані вимірювання 
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Intermetallic compound Dy6Ni2.43Sn0.5 was prepared by arc melting and annealing at 873 K. It was 

characterized by X-ray powder diffraction, differential thermal analysis, and electron probe microanalysis. The 
crystal structure of low temperature Dy6Ni2.43Sn0.5 phase belongs to the orthorhombic Ho6Co2Ga structure type 

(space group Immm, a = 0.93116(1) nm, b = 0.94993(1) nm, c = 0.98947(1) nm). Crystal structure refinements 

showed the deviation from the ideal 6:2:1 stoichiometry corresponding to the formula Dy6Ni2.43Sn0.5. It exhibits a 

sequence of magnetic phase transitions; antiferromagnetic ordering sets in at 60 K, while further order-order 
magnetic phase transitions take place at lower temperatures.  
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Introduction  

The search of new intermetallics with useful magnetic 

properties has brought lot of attention to compounds 

containing rare earths (R), d-metals (M), and p-elements 

(X) such as Si, Ga, Ge, Sn, In, Pb. In the R-rich region of 

the R–M–X ternary systems (M = Co, Ni; X = Ga, In, Sn, 

Pb) two series of isotypic compounds R12M6X (cubic 

Sm12Ni6In-type) and R6M2X (orthorhombic Ho6Co2Ga-

type) were identified and studied previously [1-8]. Both 

types of crystal structures are characterized by the 

antiprismatic-tetragonal coordination of the smaller atoms 

(Co, Ni) and by significant shortening of interatomic 

distances between rare earths and d-elements and between 

M atoms. The relationship between Sm12Ni6In and 

Ho6Co2Ga structure types is described in Ref. [8]. In the 

Ho6Co2Ga structure, the rare earth atoms form metal 

bonded framework yielding several types of high 

coordination polyhedra encapsulating the atoms of the 

transition metals and X elements [4]. Depending on the 

ratio of the size of the atoms M and X, the tendency for 

disorder in particular crystallographic sites is observed in 

these structures. For example, the compounds 

Tb6Co2.35Sn0.65 [9], Ho6Co2.135In0.865 [6], Er6Co2.19In0.81 

[10], and R6M2+xPb1-x (M = Co, Ni) [8] are characterized 

by statistical mixture of M and X atoms in the 2a site, 

while in the original Ho6Co2Ga structure type it is 

occupied exclusively by Ga atoms. In Dy6Co2.5Sn0.5, the 

Co atoms occupy three crystallographic sites, and only 2c 

position is occupied by the Sn atoms [11]. Study of 

isotypic compounds with bismuth [12] showed that unlike 

the Ho6Co2Ga prototype, the 2a position is occupied by 

Co atoms and authors propose the formula R12Co5Bi 

(equal to R6Co2.5Bi0.5) which reflects the occupancy of 

crystallographic positions in the structure.  

Taking into account that the complex magnetic 

behavior arises from the connection of f- and d-electrons 

in rare-earth intermetallics with transition elements, the 

properties of stannides R12Ni6Sn and R6M2Sn were 

explored. A study of magnetic properties revealed that the 

R12Ni6Sn intermetallics exhibit ferromagnetic ordering for 

Gd and Tb compounds with TC = 85 K and 95 K, 

respectively [1]. The temperature dependencies of the 

magnetic susceptibility measured earlier in the range 78-

293 K for R6Ni2Sn compounds (R = Tb, Dy, Er, and Tm) 

showed that they obey the Curie-Weiss law with effective 

magnetic moments close to free R3+ ion values [5, 7].  

The isotypic stannide Er6Ni2Sn has been investigated 

as potential material for the lower temperature stage of 

Gifford-McMahon cryocooler [13]. Refs. [14,15] 
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suggested, based on specific-heat data and magnetic 

measurements of Er6Ni2Sn giving estimates of isothermal 

entropy change and magnetocaloric effect, that this 

compound can serve as material for cryogenic devices. 

Neutron diffraction study of Er6Ni2Sn showed a complex 

non-collinear commensurate antiferromagnetic structure 

[16], in which the magnetic moment values of Er atoms 

are significantly reduced.  

The present work aims to determine structure 

characteristics and magnetic properties of  Dy6Ni2.43Sn0.5. 

In addition, magnetic behaviour of the binary Dy5Sn3 is 

presented. 

I. Experimental details 

Polycrystalline samples for investigation were 

prepared by direct arc melting of the constituent metals 

(dysprosium, purity 99.9 wt.%; nickel, purity 99.99 wt.%; 

tin, purity 99.999 wt.%) under purified argon atmosphere 

(Ti as a getter) in a water-cooled copper crucible. Weight 

losses of the initial batch did not exceed 1 wt. %. Two 

pieces of the alloys were annealed separately in the 

evacuated quartz ampoules at T = 873 K and T = 1073 K 

for 720 hours and then quenched in cold water. The 

synthesized and annealed samples are stable under 

ambient conditions. The chemical composition of the 

prepared samples was examined by Scanning Electron 

Microscopy using JEOL-840A scanning microscope. 

X-ray powder diffraction data were collected using 

STOE STADI P powder diffractometer (Cu Kα1 radiation, 

angular range for data collection 

6.000  2  110.625/0.015). FullProf Suite program 

package [17] was used for the determination of the crystal 

structure parameters. 

Differential thermal analysis (DTA) was used to 

check the temperature range of the stability of the 

compound (LINSEIS STA PT 1600 device, argon 

atmosphere). Sample was heated up to 1173 K, at a rate of 

10 K/min. The weight losses during heating (TG) were 

less than 0.2%. 
The magnetic susceptibility was measured in external 

magnetic fields up to 9 T in the temperature range from 2 

K to 300 K using a Quantum Design PPMS extraction 

magnetometer. The grains of the sample were fixed in 

random orientation preventing rotation of individual 

grains under the influence of a magnetic field. The specific 

heat measurements were performed on a bulk sample in 

the same temperature range using a Quantum Design 

PPMS microcalorimetry setup. 

The magnetic behavior of the Dy5Sn3 compound was 

measured using an extraction method in the magnetic 

fields up to 10 T in the temperature range 2 K to 300 K.  

II. Results and discussion 

2.1. Formation of compounds and crystal structure 

refinement 

Taking into account the literature data and general 

stoichiometry 6:2:1 for the R6Ni2Sn series, a 

polycrystalline sample with nominal composition 

Dy67Ni22Sn11 was prepared. X-ray phase analysis of the 

sample showed the presence of the main phase Dy6Ni2Sn 

with the Ho6Co2Ga structure type and a small amount of 

additional binary phase Dy5Sn3 (Mn5Si3 structure type,  

a = 0.88863(1), c = 0.64873(1) nm). According to the 

electron probe microanalysis (EPMA) data, the 

determined composition of the main phase is 

Dy66.62Ni27.67Sn5.71, meaning lower Sn concentration in 

comparison with the ideal 6:2:1 stoichiometry. As the next 

step, we prepared a new sample with the nominal 

composition Dy66Ni28Sn6. In order to synthesize a single-

phase sample we used two different temperatures of 

annealing, namely 873 and 1073 K. The phase analysis of 

the sample annealed at 873 K proved the existence of 

orthorhombic phase with the Ho6Co2Ga structure type, 

while a phase with the cubic Sm12Ni6In structure type was 

identified in the sample annealed at 1073 K. To confirm a 

polymorphic transition we have studied the sample by the 

differential thermal analysis. The DTA curve measured in 

the heating and cooling regimes is shown in Fig. 1. Two 

thermal peaks are more visible on the cooling curve at 

1098.5 K and 1015.3 K, respectively, which can be 

associated with the formation of the cubic phase and next 

polymorphic transition to the orthorhombic one. Thus, we 

can stay that orthorhombic phase is stable up to ≈ 1015 K. 

 

 
Fig. 1. DTA plot for Dy66Ni28Sn6 sample. 

 

Analysis of X-ray powder diffraction pattern of the 

Dy66Ni28Sn6 sample annealed at T = 870 K showed the 

presence of a single phase with orthorhombic Ho6Co2Ga-

type (space group Immm, a = 0.93116(1) nm, 

b = 0.94993(1) nm, c = 0.98947(4) nm). Refined atomic 

coordinates and displacement parameters for Ho6Co2Ga-

type phase are listed in Table 1. The refinement of the site 

occupancies showed that in this structure Ni atoms fully 

occupy the 4j position and both 4g and 2a positions for Ni 

atoms are occupied partially (Table 1). Thus, the chemical 

formula should be written as Dy6Ni2.43Sn0.5, what is in a 

good agreement with EPMA data (Dy66.62Ni27.67Sn5.71). 

Obtained stoichiometry is close to the previously studied 

Tb6Co2.35Sn0.65 [9] and R6M2+xPb(In)1-x (M = Co, Ni) 

[6,8,10] compounds, which are characterized by a lower 

concentration of the p-element compared to the ordered 

Ho6Co2Ga-type phase.  

Crystal chemical analysis of the stannide 

Dy6Ni2.43Sn0.5 showed that this structure can be presented 

as a framework of Dy atoms forming prismatic and 

icosahedral polyhedra filled with the smaller Ni and Sn 

atoms (Fig. 2) The analysis of the interatomic distances in 

the Dy6Ni2.43Sn0.5 structure showed a significant variations 
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of the sum of the corresponding atomic radii  

(ra(Dy) = 0.177 nm, ra(Ni) = 0.125 nm): for shorter Dy-Ni 

distances Dy1-Ni1 – 0.2849 nm; Dy2-Ni2 – 0.2847 nm; 

Dy3-Ni2 – 0.2821 nm and Ni1-Ni1 distance 0.2440 nm. 

The shortening in interatomic distances in Dy6Ni2.43Sn0.5 

is similar to the shortening in the prototype Ho6Co2Ga [4] 

and in other isotypic intermetallics with Sn or Pb [8, 9]. 

 

 
Fig. 2. Atomic columns in Dy6Ni2.43Sn0.5 structure formed 

by Dy atoms. The smaller Ni and Sn atoms are inside 

prismatic and icosahedral voids.  

 

It should be pointed out that the crystal structure of 

Dy6Ni2.43Sn0.5 can be derived from the WAl12 structure 

type by an insertion of Ni and Sn atoms into binary WAl12 

[7]. Both compounds are characterized by similar 3D-

framework structure built by Dy and Al atoms, 

respectively (Fig. 3).  

The analysis of the structures Ho6Co2Ga [4] and the 

isotypic R6M2+xX1-x intermetallics (M = Co, Ni and X = Ga, 

In, Sn, Pb, and Bi) [5-12] illustrated the role of the size of 

the X element in structural disorder. The Ho6Co2Ga 

structure is completely ordered, small Ga atoms occupy 

two crystallographic sites 2c and 2a fully. Crystal 

structures of the related compounds with larger X atoms 

show that the crystallographic position 2a, occupied only 

by Ga atoms in Ho6Co2Ga-type, is strongly susceptible to 

accommodate statistical mixtures with d-metals, what 

results in a deviation from the ideal stoichiometry 6:2:1. 

This fact was observed for the compounds Tb6Co2.35Sn0.65, 

Ho6Co2.135In0.865, Er6Co2.19In0.81, R6M2+xPb(Bi)1-x [6, 8-12], 

and finally for Dy6Ni2.43Sn0.5. 

 

2.2. Magnetic and heat capacity measurements 

For the Dy67Ni22Sn11 sample we performed magnetic 

susceptibility measurements in magnetic field of 0.05 T, 

2 T, and 4 T in the temperature range 2-300 K. The field 

dependence of  magnetization was measured in magnetic 

fields up to 9 T for temperatures T = 2, 20, and 40 K. Fig. 4 

shows that the high temperature Curie-Weiss behavior 

extends down only to 60-70 K and below this temperature 

the values of (T) become field dependent. In the 

paramagnetic state the temperature dependence of the 

inverse magnetic susceptibility -1(T) is well described by 

the Curie-Weiss law with the value of effective moment 

10.60 B/Dy, i.e. close to the value for free ion 

Dy3+(10.65 B) (Fig. 5). The paramagnetic Curie 

temperature p = 26 K is lower than the transition 

temperature but still positive, which indicates 

predominant ferromagnetic interactions. Temperature 

behavior of the magnetic susceptibility exhibits a kink, 

pointing to an antiferromagnetic ordering below about 

Таble 1.  

Atomic coordinates and isotropic displacement parameters for the Dy6Ni2.43Sn0.5 compound  

(RBragg = 0.039, Rp = 0.011, Rwp = 0.015) 

Аtоm Wyckoff 

position 

x/a y/b z/c *Biso102 (nm2) Occupancy 

Dy1 8n 0.2924(2) 0.1821(2) 0 1.17(8) 1 

Dy2 8m 0.3030(2) 0 0.3233(1) 0.49(8) 1 

Dy3 8l 0 0.1903(2) 0.2146(2) 0.84(8) 1 

Ni1 4j 1/2 0 0.1233(6) 1.72(2) 1 

Ni2 4g 0 0.3633(7) 0 1.57(6) 0.95(1) 

Ni3 2a 0 0 0 1.62(1) 0.96(1) 

Sn 2c 1/2 1/2 0 0.88(1) 1 

 

     
      a               b 

Fig. 3. Model of Dy6Ni2.43Sn0.5 (a) and WAl12 (b) structures. 
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60 K (see Fig. 4). However, (T) still increases below this 

temperature (at least in low magnetic fields) and another 

kink is visible at T = 27 K, which may suggest presence of 

a magnetic phase transition of the order-order type. A 

smaller anomaly see particularly for the 2 T data can be 

distinguished at 19 K. The (T) measurement in very low 

magnetic field (0.05 T) reveals a small ferromagnetic 

component developing below T = 60 K. As the size of the 

increment in the inset of Fig. 4 is ≈ 6×10-5 m3/mol f.u., i.e. 

< 0.5 B/f.u., it means less than 0.1 B/Dy. Hence we most 

likely encounter a defected antiferromagnetic structure 

with incomplete cancelation of sublattices, related most 

likely to the statistical occupancy of several 

crystallographic sites. Although the magnetism has be 

related to Dy only and no Ni moments are anticipated, the 

defected Dy environment brings randomness into the 

RKKY interaction, yielding certain features of magnetic 

glass, as magnetic history phenomena in antiferromagnet. 

This suggestion is corroborated by the fact that there is 

residual magnetization of 2 B/f.u. when returning to zero 

field from a high field state in 0H = 9 T at T = 2 K (see 

Fig. 6).  

 

 
Fig. 4. Temperature dependences of the magnetic 

susceptibility χ(T) of Dy6Ni2.43Sn0.5 in various magnetic 

fields. Detail of low-field data are shown in the inset.  

 

The magnetization curve measured at T = 2 K (Fig. 6) 

exhibits a metamagnetic process starting at 0H ≈ 3 T, 

which brings the total magnetization to the level of 

2530 B/f.u. It is still only a half of the theoretical total 

magnetization of 60 B/f.u. The related broad hysteresis 

becomes narrower but it is still observed at 20 K, shifting 

the metamagnetic transition to lower fields, while both 

hysteresis and metamagnetic transition disappear at 40 K. 

The total magnetization achieved can be naturally affected 

by anisotropy, the type and strength remain unknown. For 

example, only 50% of total magnetization is measured if a 

strongly anisotropic material with uniaxial anisotropy is 

measured in the form of randomly oriented polycrystal. 

Therefore it is also impossible to determine with certainty 

whether the metamagnetism is of the spin-flip or spin-flop 

type. Even in the first case, the distribution of orientation 

of individual grains with respect to the field direction can 

cause a spreading of the transition over a large field range.  

 

 
Fig. 5. Temperature dependence of the inverse magnetic 

susceptibility of the Dy6Ni2.43Sn0.5 compound (μ0H = 2T). 

 

Complementary information can be obtained from the 

temperature dependence of specific heat at constant 

pressure, Cp(T). It exhibits a clear phase transition at 

T = 62 K, which remains practically unchanged in 

magnetic field of 2 T (Fig. 7).  

External magnetic field of 9 T, i.e. exceeding the 

critical metamagnetic field, removes the magnetic phase 

transition and the related entropy is displaced to higher 

temperatures as in ferromagnets. Therefore we can assume 

that the state above the metamagnetic transition 

corresponds to field-aligned paramagnetic state, however 

not necessarily with full collinearity of magnetic 

moments. The slope of M(H) in 9 T indicates that the 

alignment process would continue even to much higher 

fields. At low temperatures one can use the Cp/T(T2) plot 

to determine the Sommerfeld coefficient of electronic 

specific hear  as the intercept of extrapolated line with the 

vertical axis (see inset). For Dy6Ni2.43Sn0.5 we can make 

only a very approximate estimate yielding ≈ 200 mJ/mol 

f.u. K2. The linear part is actually short, limited from 

below probably by the nuclear heat capacity component of 

Dy [18]. 

As presence of a small amount of Dy5Sn3 in the 

sample has been indicated, a question is whether some of 

the anomalies observed can be associated with such 

spurious phase. Therefore we prepared Dy5Sn3 sample, 

annealed at T = 873 K, and its magnetic behavior 

determined. According to X-ray analysis, Dy5Sn3 

crystallizes in the Mn5Si3 structure type (space group 

P63/mcm) with refined lattice parameters a = 0.88633(1), 

c = 0.64873(1) nm. The maximum in the temperature 

dependence of the magnetic susceptibility in the 

temperature range 2-100 K indicates an antiferromagnetic 

ordering at TN = 20 K (Fig. 8,a). Analysis of the 

temperature dependence of the inverse magnetic 

susceptibility showed that the paramagnetic Curie 

temperature is ΘP = 14 K, calculated effective moment 

10.71 B/Dy is close to Dy3+. The field dependencies of 

the magnetization are displayed in Fig. 8,b. At low 

temperatures they reveal rather fast initial increase and a 

weak tendency to saturation in fields exceeding 5-6 T. It 

can be interpreted as canting of Dy moments starting from 

low fields already. Therefore the antiferromagnetic 

transition is eliminated in the field of 1 T. Hence Dy5Sn3 

cannot be taken responsible low-temperature anomalies 

seen in (T) for Dy6Ni2.43Sn0.5 in the field of 2 or 4 T.  
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Considerable anomalies concerning the magnetic 

ordering of impurity phase Dy5Sn3 were not observed in 

the temperature dependence of magnetic susceptibility of 

Dy6Ni2.43Sn0.5. Taking into account this result we can rule 

out contribution of impurity phase Dy5Sn3 in the 

magnetism of the Dy6Ni2.43Sn0.5 stannide. 

Conclusions 

Structure refinements of the Dy6Ni2.43Sn0.5 compound 

confirmed that this compound belongs to the 

orthorhombic Ho6Co2Ga structure type but contrary to the 

prototype Ho6Co2Ga compound a significant deviation 

from the 6:2:1 stoichiometry has been observed. This 

deviation is caused by the exclusive presence of Ni atoms 

at the 2a site and a partial occupation of the 4g and 2a sites 

by Ni atoms. The phase situation is, however, affected by 

annealing. 

The results of the magnetic and heat capacity 

measurements indicated a magnetic transition at 60 K 

connected with antiferromagnetic ordering. Further order-

order phase transitions have been observed at lower 

temperatures. The calculated effective magnetic moments 

in paramagnetic state is closed to the value for free ion 

Dy3+, indicating a main role of rare earth in the magnetism 

of Dy6Ni2.43Sn0.5. Statistical occupation of several Ni sites 

yields a glassy behavior and magnetic history phenomena.  
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In this paper analyzes the electromagnetic radiation absorption by a composite based on bimetallic nanowires. 

Using the Drude-Lorentz theory it was obtained the relationship for the polarizability frequency dependences, as 

well as real and imaginary parts of the dielectric function of layered 1D-systems was obtained. It is shown that the 

structure in the form of a metal core covered with a layer of another metal leads to splitting and the appearance of 

two maxima in the frequency dependence of the absorption coefficient. The positions of the maxima are determined 

by the composition of bimetallic nanowires and the volume content of metals. The influence of the dimensionality 

of the systems has been established by comparing the frequency dependences of the composite absorption 

coefficient based on bimetallic nanowires and nanoparticles. Calculations were performed for Ag@Au and Au@Ag 

nanowires immersed in Teflon. 
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Introduction 

The widespread use of metal 1D-systems is due to 

their unique optical features associated with the regulation 

of electromagnetic radiation absorption by changing the 

size, shape and material of the studied samples [1]. 

Modern technologies allow experimentally obtaining and 

measuring the optical properties of metal nanowires in 

various spectral ranges. The theoretical study of the 

mentioned nanostructures is of interest in connection with 

the possibility of explaining the position and magnitude of 

the optical absorption maximum. The ability to adjust the 

energy and optical characteristics of 1D structures is a 

promising task from the point of view of using the latter 

in the form of high-speed switches in the creation of 

information transmission and processing systems, optical 

photosensors [2,3], etc. 

Recently, studies of composite materials based on 

two-layer nanostructures have attracted considerable 

attention. The formation of an oxide layer on the metal 

wire surface makes it possible to regulate more effectively 

the position of the surface plasmon resonance (SPR) by 

changing both the oxide layer thickness and the metal core 

radius [4]. In turn, the application of a metal layer on the 

dielectric core leads to the appearance of two frequency 

maxima of optical absorption due to the surface plasmons 

hybridization [5]. An intuitively simple model (which is 

easily extended to multilayer structures) allows to explain 

the emergence of two resonance maxima due to the 

plasmon resonance splitting into low-energy symmetric 

and high-energy antisymmetric modes caused by the 

interaction of the dielectric core (hollow) with the metal 

shell inner wall on the one hand and, due to the connection 

of the metal layer outer wall with the surrounding 

dielectric medium on the other side. It is obvious that the 

plasmons interaction with each other directly depends on 

the metal shell thickness. 

In contrast to the above-mentioned types of two-layer 

structures, bimetallic systems are characterized by a wide 

spectral range of the SPR shift due to the difference in the 

scattering and absorption of light by different metal 

fractions. Au and Ag are usually used as metals for 

bimetallic wires due to the ease of obtaining and 
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controlling the parameters of such structures. 

Experimental growth of Ag@Au nanowires with 

adjustable optical properties is presented in works [6,7]. A 

theoretical study of the light wave absorption cross-

section of the Ag@Au and Au@Ag 1D-systems using the 

quasi-static theory is given in [8]. Along with Au and Ag, 

noble metals Pd and Pt are widely used as photocatalysts. 

In [9], the oxidase-like properties of Pd@Pt nanowires 

were experimentally studied. The chemical synthesis of 

Pt@Ag nanowires and their subsequent use as 

electrocatalysts are discussed in [10]. 

In connection with the broad prospects of using 

bimetallic 1D systems as light-stable color filters, 

polarizers, optical sensors [11], for biological labeling and 

surface Raman scattering [12], the study of their optical 

parameters is a relevant task. The purpose of this work is 

to calculate the composite absorption coefficient based on 

bimetallic nanowires and analytical estimates the plasmon 

resonance maxima shifts depending on the composition 

and sizes of the core and shell metal fractions. 

 

I. Basic relations 

Let’s consider a composite that consists of a dielectric 

matrix with permeability εm and cylindrical bimetallic 

inclusions with a total radius of R = Rc + Rsh (the length of 

the wire L is assumed to be much greater than R), where 

Rc is the radius of the metal core covered with a layer of 

another metal with a value of Rsh. The absorption 

coefficient of the composite is determined by the ratio 

[13]: 

 

𝜂(𝜔) =
𝜔

3𝑐
𝛽𝜀𝑚

3/2 ∑
1

𝑃𝑗
2

𝐼𝑚 𝜀𝑐−𝑠ℎ

(𝑅𝑒 𝜀𝑐−𝑠ℎ+
1−𝑃𝑗

𝑃𝑗
𝜀𝑚)

2

+𝐼𝑚 𝜀𝑐−𝑠ℎ
2

𝑗 ,  (1) 

 

where ω is the frequency of the incident electromagnetic 

wave; c is the speed of light; β is the volume content of 

cylindrical layered systems; Pj is the depolarization factor; 

j = x, y, z; 𝑅𝑒 𝜀𝑐−𝑠ℎ and 𝐼𝑚 𝜀𝑐−𝑠ℎ are the real and 

imaginary parts of core-shell system dielectric function. 

 
Fig.1. – Geometry of the problem. 

 

Let us assume that an electromagnetic wave is 

incident on a cylindrical two-layer nanowire 

perpendicular to wire axis (the movement of electrons 

along the axis of the wire is neglected), as a result of which 

the wave vector lies in the plane xy and 

 𝑃𝑧 = 0,   𝑃𝑥 = 𝑃𝑦 = (1 − 𝑃𝑧)/2. Then 

 

 𝜂1𝐷(𝜔) =
8𝜔

3𝑐
𝛽𝜀𝑚

3/2 𝐼𝑚 𝜀1𝐷(𝑐−𝑠ℎ)

(𝑅𝑒 𝜀1𝐷(𝑐−𝑠ℎ)+𝜀𝑚)2+𝐼𝑚 𝜀1𝐷(𝑐−𝑠ℎ)
2   (2) 

 

The expression for the dipole polarizability of a 

cylindrical monosystem has the form: 

 

 �̃�1𝐷(𝑐−𝑠ℎ) =
𝜀1𝐷(𝑐−𝑠ℎ)−𝜀𝑚

𝜀1𝐷(𝑐−𝑠ℎ)+𝜀𝑚
.  (3) 

 

On the other hand, the polarizability of such a system 

is found by solving the Laplace equation in a cylindrical 

coordinate system 

 

𝜕2𝜑𝑖

𝜕𝑟2
+

1

𝑟

𝜕𝜑𝑖

𝜕𝑟
= 0   (𝑖 = 1, 2, 3) 

 

taking into account the boundary conditions at the 

boundary of media 

 

𝜑1|𝑟=𝑅𝑐
= 𝜑2|𝑟=𝑅𝑐

;  𝜑2|𝑟=𝑅 = 𝜑3|𝑟=𝑅; 

 

𝜀𝑐
𝜕𝜑1

𝜕𝑟
|

𝑟=𝑅𝑐

= 𝜀𝑠ℎ
𝜕𝜑2

𝜕𝑟
|

𝑟=𝑅𝑐

;     𝜀𝑠ℎ
𝜕𝜑2

𝜕𝑟
|

𝑟=𝑅
= 𝜀𝑚

𝜕𝜑3

𝜕𝑟
|

𝑟=𝑅
, 

 

where εc and εsh are the dielectric functions of the metal 

core and shell, respectively:
 

 𝜀𝑐(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔) = 𝜀𝑐
∞ −

𝜔𝑝𝑙(𝑐)
2 𝜏𝑒𝑓𝑓(𝑐)

2

1+𝜔2𝜏𝑒𝑓𝑓(𝑐)
2 + 𝑖

𝜔𝑝𝑙(𝑐)
2 𝜏𝑒𝑓𝑓(𝑐)

𝜔(1+𝜔2𝜏𝑒𝑓𝑓(𝑐)
2 )

,  

 

 𝜀𝑠ℎ(𝜔) = 𝜀3(𝜔) + 𝑖𝜀4(𝜔) = 𝜀𝑠ℎ
∞ −

𝜔𝑝𝑙(𝑠ℎ)
2 𝜏𝑒𝑓𝑓(𝑠ℎ)

2

1+𝜔2𝜏𝑒𝑓𝑓(𝑠ℎ)
2 + 𝑖

𝜔𝑝𝑙(𝑠ℎ)
2 𝜏𝑒𝑓𝑓(𝑠ℎ)

𝜔(1+𝜔2𝜏𝑒𝑓𝑓(𝑠ℎ)
2 )

, 

 

𝜀𝑐,𝑠ℎ
∞  – the component responsible for the contribution of 

the ionic backbone of the core and shell metals, 

 𝑖 = √−1,  𝜔𝑝𝑙(𝑐,   𝑠ℎ)
2 =

�̅�𝑐,𝑠ℎ𝑒2

𝜀0𝑚𝑐,𝑠ℎ
∗ – bulk plasma frequency, 

𝜀0 – electric constant, �̅�𝑐,𝑠ℎ = (4𝜋𝑟𝑠(𝑐,𝑠ℎ)
3 /3)

−1
– 

concentration of conduction electrons, 𝑟𝑠(𝑐,𝑠ℎ) – average 

distance between conduction electrons, 𝑚𝑐,𝑠ℎ
∗ – effective 

electron mass, 𝜏𝑒𝑓𝑓(𝑐,𝑠ℎ)
−1 = 𝜏𝑏𝑢𝑙𝑘(𝑐,𝑠ℎ)

−1 + 𝛾1𝐷(𝑐,𝑠ℎ)(𝜔) 

– effective relaxation time, 𝜏𝑏𝑢𝑙𝑘(𝑐,𝑠ℎ) – relaxation time in 

the bulk metal, 𝛾1𝐷(𝑐,𝑠ℎ) is the decrement of the 

attenuation of the dipole plasma oscillations of the 

cylindrical metal core and shell, respectively.
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For a metal particle in the elongated ellipsoid form of 

rotation (that is, at 0 ≤ ep ≤ 1, where ep is the eccentricity 

of the spheroid), the parameter γ based on the kinetic 

approach is calculated as [14]
 

 𝛾𝑐,𝑠ℎ(𝜔) =
𝜐𝐹(𝑐,𝑠ℎ)

4𝑅𝑐,𝑠ℎ
(

𝜔𝑝𝑙(𝑐,𝑠ℎ)

𝜔
)

2 3

16𝑒𝑝
3 (𝑒𝑝(1 + 2𝑒𝑝

2)(1 − 𝑒𝑝
2)

1/2
− (1 − 4𝑒𝑝

2) arcsin 𝑒𝑝),  (4) 

 

where 𝜐𝐹(𝑐,𝑠ℎ) is the Fermi velocity. At the boundary condition, when ep → 1, the expression for the attenuation decrement 

of dipole plasma oscillations of a metal nanowire takes the form: 

 

 𝛾1𝐷(𝑐,𝑠ℎ)(𝜔) =
9𝜋𝜐𝐹(𝑐,𝑠ℎ)

128𝑅𝑐,𝑠ℎ
(

𝜔𝑝𝑙(𝑐,𝑠ℎ)

𝜔
)

2

.  (5) 

 

Substituting the solutions of the Laplace equation into the boundary conditions for polarizability, we get 

 

 �̃�1𝐷(𝑐−𝑠ℎ) =
(𝜀𝑐+𝜀𝑠ℎ)(𝜀𝑠ℎ−𝜀𝑚)+𝛽𝑐

2(𝜀𝑐−𝜀𝑠ℎ)(𝜀𝑠ℎ+𝜀𝑚)

(𝜀𝑐+𝜀𝑠ℎ)(𝜀𝑠ℎ+𝜀𝑚)+𝛽𝑐
2(𝜀𝑐−𝜀𝑠ℎ)(𝜀𝑠ℎ−𝜀𝑚)

,  (6) 

 

where 𝛽
с

= 𝑅𝑐/𝑅 = 1 − 𝑅𝑠ℎ/𝑅 is the volume content of the core material. When εc = εsh expression (6) turns into a 

relation for the dipole polarizability of a continuous nanowire. 

Equating (3) and (6), we have 

 

 𝜀1𝐷(𝑐−𝑠ℎ) = 𝜀𝑠ℎ
(𝜀𝑐+𝜀𝑠ℎ)+𝛽𝑐

2(𝜀𝑐−𝜀𝑠ℎ)

(𝜀𝑐+𝜀𝑠ℎ)−𝛽𝑐
2(𝜀𝑐−𝜀𝑠ℎ)

.  (7)

  

By substituting the Drude function and separating the real and imaginary parts, we finally get 

 

 𝑅𝑒 𝜀1𝐷(𝑐−𝑠ℎ) =
𝜒(−)𝜒(+)𝜀3(𝜀1

2+𝜀2
2+𝜀3

2+𝜀4
2)+𝜒(−)

2 (2𝜀2𝜀3𝜀4+𝜀1(𝜀3
2−𝜀4

2))+𝜒(+)
2 𝜀1(𝜀3

2+𝜀4
2)

(𝜀1𝜒(−)+𝜀3𝜒(+))
2

+(𝜀2𝜒(−)+𝜀4𝜒(+))
2   (8)  

 

 𝐼𝑚 𝜀1𝐷(𝑐−𝑠ℎ) =
𝜒(−)𝜒(+)𝜀4(𝜀1

2+𝜀2
2+𝜀3

2+𝜀4
2)+𝜒(−)

2 (2𝜀1𝜀3𝜀4−𝜀2(𝜀3
2−𝜀4

2))+𝜒(+)
2 𝜀2(𝜀3

2+𝜀4
2)

(𝜀1𝜒(−)+𝜀3𝜒(+))
2

+(𝜀2𝜒(−)+𝜀4𝜒(+))
2 ,  (9)

 

where 𝜒(∓) = 1 ∓ 𝛽
𝑐
2. 

At the boundary condition, when the layer thickness 

Rsh → 0, we have 𝑅𝑒 𝜀1𝐷(𝑐−𝑠ℎ) = 𝜀1  and  

𝐼𝑚 𝜀1𝐷(𝑐−𝑠ℎ) = 𝜀2; as Rsh → R and 𝛽𝑐 = 0 we obtain 

𝑅𝑒 𝜀1𝐷(𝑐−𝑠ℎ) = 𝜀3 and 𝐼𝑚 𝜀1𝐷(𝑐−𝑠ℎ) = 𝜀4. 

II. Calculation results 

The calculations of the absorption coefficient η1D(ω) 

were carried out for bimetallic nanowires with the 

Ag@Au and Au@Ag structure, located in Teflon 

(εm = 2,3). The parameters of the metals are given in Table 

1. 

Let's trace the dimensional dependence of the 

composite absorption coefficient based on 1D-systems. 

Figure 2 shows the frequency dependences of η1D(ω) 

which are calculated using relation (2) taking into account 

the formulas of the dielectric function real and imaginary 

parts (8)–(9) for a bimetallic Ag nanowire covered with a 

layer of Au (Ag@Au). For clarity, we introduce the 

following notations: ħωsp(−), ħωsp(+) – surface plasma 

frequencies of the first (low-frequency) and second (high-

frequency) resonances. Figure 2 demonstrates the 

presence of one resonance maximum ħωsp(+) ≈ 3,6 eV 

(curve 1), which corresponds to the Ag monowire 

Rsh = 0 nm. The presence of a Au metal layer at a constant 

value of the Ag core radius Rc causes the appearance of 

the second resonance peak ħωsp(−) ≈ 2,8 eV. An increase 

Rsh (curves 2→4) leads to a slight shift of both maxima 

towards low frequencies. At the same time ħωsp(−) shifts 

slightly faster in contrast to ħωsp(+), as a result of which 

there is a "repulsion" of the absorption coefficient 

maxima. It is obvious when Rsh is fixed and Rc increases 

(curves 1'→4'), a smooth shift of resonance peaks towards 

high frequencies should be expected. 

The absorption coefficient of the composite based on 

Au@Ag 1D-systems is shown in Figure 3. The results of 

the calculations also demonstrate the presence of two 

resonance maxima in the considered frequency range. 

However, an increase in the Rsh value of the Ag shell 

(curves 2→4), in contrast to the Ag@Au structure, leads 

to linear shift ħωsp(+) to the region of lower frequencies, 

while ħωsp(−) moves towards high frequencies. Thus, the 

frequency absorption peaks are "attracted" to each other. 

A significant increase in the thickness of the shell 

neutralizes the influence of the core and leads to a gradual 

merging of the maxima into one, which will correspond to 

the plasmon resonance frequency of the Ag monowire. 

An increase in Rc of the Au core (curves 1'→4') leads 

to red shift of ħωsp(−). At the same time, ħωsp(+) undergoes 

a blue shift. The "repulsion" of resonance maxima from 

each other is observed. 

Comparing Figures 2(a) and 3(a), we can conclude 

that the low-frequency peak ħωsp(−), which shifts from 2,76 
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to 2,62 eV in the Ag@Au nanowire, has the same origin 

as the high-frequency maximum ħωsp(+) in the Au@Ag 

structure, which shifts from 4,3 to 4 eV. Both maxima are 

a consequence of the plasmon interaction of the outer shell 

wall and the dielectric matrix εm. In turn, ħωsp(+) in the 

Ag@Au nanowire and ħωsp(−) in Au@Ag also have the 

same origin, which is the result of the surface charges 

induction of the inner shell wall and the core. 

It is known that resonant oscillations of free electrons, 

which are weakly connected to the cation lattice, 

determine the frequency of SPR. As shown in [8], the 

stronger the bond between electrons is, the greater the 

energy of the SPR is and the higher the frequency is. On 

the contrary, weak electron coupling reduces the SPR 

value and shifts the resonance towards low frequencies. 

Thus, in the Ag@Au structure, Ag electrons move to the 

Au shell as a result of the "attraction" of positive charges. 

This leads to a decrease in electron coupling and a red shift 

of the maximum (ħωsp(+) in Figure2 (a)). Instead, the blue 

shift of the maximum of the Au@Ag nanowire (ħωsp(−) in 

Figure 3(a)) occurs due to the repulsion of the Au core 

electrons from the negative charges of the Ag shell. 

Thus, a characteristic feature of a two-layer bimetallic 

nanowire is a frequency shift of resonance maxima due to 

variations in the ratio of the values of the core radius and 

the shell thickness. However, in order to be able to 

estimate the SPR position and their frequency shifts, it is 

possible to go another way. For this, it is sufficient to 

consider formula (6). It is known that the polarizability of 

the 1D-system will be zero if the following condition is 

Table 1. 

Parameters of metals (a0 – Bohr radius; m* – the electron effective mass is given for a 3D metal; me – electron mass; 

2h  – Planck's reduced constant) 

Parameters rs, a0 [15] m*/me [16] ε∞ [17] τbulk, 10−15s [15] ħωpl, eV 

Au 3,01 0,99 9,84 29 9,07 

Ag 3,02 0,96 3,70 40 9,17 

 

 
Fig. 2. – Frequency dependence of the absorption coefficient of the composite based on Ag@Au bimetallic 

nanowires: а – Rc = 10 nm; Rsh = 0; 5; 10; 20 nm; b – Rc = 0; 5; 10; 20 nm; Rsh = 10 nm. 

 

 
Fig. 3. – Frequency dependence of the absorption coefficient of the composite based on bimetallic Au@Ag 

nanowires: а – Rc = 10 nm; Rsh = 0; 5; 10; 20 nm; b – Rc = 0; 5; 10; 20 nm; Rsh = 10 nm. 
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fulfilled for the numerator in (6): 

 
𝜀𝑚 − 𝜀𝑠ℎ

𝜀𝑚 + 𝜀𝑠ℎ

= 𝛽
𝑐
2

𝜀𝑐 − 𝜀𝑠ℎ

𝜀𝑐 + 𝜀𝑠ℎ

 

 

The fact that polarizability is equal to zero means the 

invisibility of the wire metal core together with the shell. 

In the case of equating the denominator (6) to zero, we 

obtain the condition for the occurrence of plasmon 

resonance. Due to the large number of parameters, we will 

perform analytical calculations taking into account some 

approximations. Let us assume that ωτ >> 1 and the 

dielectric constant is also a real value (at the same time, 

εm = 1) 

 

𝜀𝑐,𝑠ℎ(𝜔) ≈ 1 −
𝜔𝑝𝑙(𝑐,𝑠ℎ)

2

𝜔2
 

 

Substituting the last expression into the denominator 

(6), we have 

 

 4𝜔𝑠𝑝
4 − 𝜔𝑠𝑝

2 (4𝜔𝑝𝑙(𝑠ℎ)
2 + 2𝜔𝑝𝑙(𝑐)

2 ) + 𝜔𝑝𝑙(𝑠ℎ)
2 (𝜔𝑝𝑙(𝑐)

2 (1 + 𝛽𝑐
2) + 𝜔𝑝𝑙(𝑠ℎ)

2 (1 − 𝛽𝑐
2)) = 0,  

 

where the substitution ω = ωsp is introduced. 

Then the resonance in (6) occurs at the following frequencies: 

 

 𝜔𝑠𝑝(∓)
2 =

1

4
(2𝜔𝑝𝑙(𝑠ℎ)

2 + 𝜔𝑝𝑙(𝑐)
2 ∓ (4𝜔𝑝𝑙(𝑠ℎ)

2 𝛽𝑐
2(𝜔𝑝𝑙(𝑠ℎ)

2 − 𝜔𝑝𝑙(𝑐)
2 ) + 𝜔𝑝𝑙(𝑐)

4 )
1

2)  (10)

 

It follows from (10) the presence of two surface 

plasmon resonances in the bimetallic 1D-system. 

Considering boundary conditions βc = 0 (absent core) and 

βc = 1 (absent shell), we obtain the following results: 

 

𝜔𝑠𝑝(−)|
𝛽𝑐=0

=
𝜔𝑝𝑙(𝑠ℎ)

√2
  and  𝜔𝑠𝑝(+)|

𝛽𝑐=0
= √

𝜔𝑝𝑙(𝑠ℎ)
2 +𝜔𝑝𝑙(𝑐)

2

2
; 

 

𝜔𝑠𝑝(−)|𝛽𝑐=1
=

𝜔𝑝𝑙(𝑐)

√2
   and  𝜔𝑠𝑝(+)|

𝛽𝑐=1
= 𝜔𝑝𝑙(𝑐). 

 

The minus sign ''‒''  leads to the equality of the 

frequency of the first resonance ωsp(−) with the frequencies 

of the localized surface plasmon of the shell and core. As 

a result, the frequency range for the first resonance at 

0 ≤ βc ≤ 1 varies within  

𝜔𝑝𝑙(𝑐)/√2 ≤ 𝜔𝑠𝑝(−) ≤ 𝜔𝑝𝑙(𝑠𝑝)/√2. As for the last two 

results, they testify to the equality of the frequency of the 

second resonance ωsp(+) to the value 

√(𝜔𝑝𝑙(𝑠ℎ)
2 + 𝜔𝑝𝑙(𝑐)

2 )/2 and bulk plasma frequency of the 

shell ωpl(sh). It is obvious that the solutions ωsp(+) at βc = 0 

and βc = 1, indicating the absence of a surface plasmon, 

have no physical meaning, since they are a consequence 

of the boundary conditions which are used to obtain 

relation (6). Therefore, the frequency range of the second 

resonance lies in the region 

𝜔𝑝𝑙(𝑠ℎ) < 𝜔𝑠𝑝(+) < √(𝜔𝑝𝑙(𝑠ℎ)
2 + 𝜔𝑝𝑙(𝑐)

2 )/2. 

Let's continue further evaluation judgments for the 

Ag@Au bimetallic structure. By substituting the value of 

ωpl(с,sh) (see Table 1), we obtain for ωsp(−) a shift towards 

low frequencies when βc → 0 (increasing Rsh), while ωsp(+) 

moves towards high frequencies. There is a "repulsion" of 

maxima from each other. On the contrary, when βc → 1 

(increasing Rc), there is an "attraction" of resonance peaks. 

However, for Au@Ag, when βc → 0, the maxima 

converge, and when βc → 1, they move away from each 

other. It is obvious that the fulfillment of the condition 

𝜔𝑝𝑙(𝑐) > 𝜔𝑝𝑙(𝑠ℎ) at βc → 0 leads to the "removal" of the 

maxima; 𝜔𝑝𝑙(𝑐) < 𝜔𝑝𝑙(𝑠ℎ) is responsible for their 

"convergence". It can be argued that to determine the SPR 

shifts depending on the value of βc, it is sufficient to 

calculate the bulk plasmon frequencies ωpl(c) and ωpl(sh), 

while neglecting other constants (τbulk, εm and ε∞). 

It is interesting to compare the results of the study of 

the thin bimetallic wires absorption coefficient with 

similar results for bimetallic spheres. The starting point 

can be considered the polarizability formula for a layered 

0D-system [18]: 
 

 �̃�0𝐷(𝑐−𝑠ℎ) =
(𝜀𝑐+2𝜀𝑠ℎ)(𝜀𝑠ℎ−𝜀𝑚)+𝛽𝑐

3(𝜀𝑐−𝜀𝑠ℎ)(2𝜀𝑠ℎ+𝜀𝑚)

(𝜀𝑐+2𝜀𝑠ℎ)(𝜀𝑠ℎ+2𝜀𝑚)+2𝛽𝑐
3(𝜀𝑐−𝜀𝑠ℎ)(𝜀𝑠ℎ−𝜀𝑚)

.  (11) 

 

Equating (11) to 

 

 �̃�0𝐷(𝑐−𝑠ℎ) =
𝜀0𝐷(𝑐−𝑠ℎ)−𝜀𝑚

𝜀0𝐷(𝑐−𝑠ℎ)+2𝜀𝑚
  

we get 

 

 𝜀0𝐷(𝑐−𝑠ℎ) = 𝜀𝑠ℎ
(𝜀𝑐+2𝜀𝑠ℎ)+2𝛽𝑐

3(𝜀𝑐−𝜀𝑠ℎ)

(𝜀𝑐+2𝜀𝑠ℎ)−𝛽𝑐
3(𝜀𝑐−𝜀𝑠ℎ)

.  (12) 

 

For the case of a spherical coordinate system (𝑃𝑥 = 𝑃𝑦 = 𝑃𝑧 = 1/3), the absorption coefficient of the composite takes 

the following form 
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 𝜂0𝐷(𝜔) =
9𝜔

𝑐
𝛽𝜀𝑚

3/2 ∑
𝐼𝑚 𝜀0𝐷(𝑐−𝑠ℎ)

(𝑅𝑒 𝜀0𝐷(𝑐−𝑠ℎ)+2𝜀𝑚)
2

+𝐼𝑚 𝜀0𝐷(𝑐−𝑠ℎ)
2𝑗   (13) 

 

and the real 𝑅𝑒 𝜀0𝐷(𝑐−𝑠ℎ)  and 𝐼𝑚 𝜀0𝐷(𝑐−𝑠ℎ) imaginary parts of the bimetallic nanoparticle dielectric function 

 

 𝑅𝑒 𝜀0𝐷(𝑐−𝑠ℎ) =
𝜉𝜁𝜀3(𝜀1

2+𝜀2
2)+2𝜉2(2𝜀2𝜀3𝜀4+𝜀1(𝜀3

2−𝜀4
2))+𝜍(𝜀3

2+𝜀4
2)(𝜀1𝜁+2𝜀3𝜉)

(𝜀1𝜉+𝜀3𝜍)2+(𝜀2𝜉+𝜀4𝜍)2 , (14) 

 

 𝐼𝑚 𝜀0𝐷(𝑐−𝑠ℎ) =
𝜉𝜁𝜀4(𝜀1

2+𝜀2
2)+2𝜉2(2𝜀1𝜀3𝜀4−𝜀2(𝜀3

2−𝜀4
2))+𝜍(𝜀3

2+𝜀4
2)(𝜀2𝜁+2𝜀4𝜉)

(𝜀1𝜉+𝜀3𝜍)2+(𝜀2𝜉+𝜀4𝜍)2 ,  (15) 

 

where the following notations are entered: 𝜉 = 1 − 𝛽𝑐
3, 𝜁 = 1 + 2𝛽𝑐

3  і  𝜍 = 2 + 𝛽𝑐
3. 

To calculate the attenuation decrement of spherical nanoparticle dipole plasma resonances, we use the expression 

given in [19] 

 

 𝛾
0𝐷(𝑐,𝑠ℎ)(𝜔) =

𝜈𝑐,𝑠ℎ

2
(

𝜔𝑝𝑙

𝜔
)

2

(1 −
𝜈𝑐,𝑠ℎ

𝜔
𝑠𝑖𝑛

𝜔

𝜈𝑐,𝑠ℎ
+ 2 (

𝜈𝑐,𝑠ℎ

𝜔
)

2

(1 − 𝑐𝑜𝑠
𝜔

𝜈𝑐,𝑠ℎ
)),  (16)

 

where 𝜈𝑐,𝑠ℎ = 𝜐𝐹(𝑐,𝑠ℎ)/2𝑅𝑐,𝑠ℎ  is the frequency of electron 

oscillations from one potential wall to the opposite one. 

Note that for the case of a nanoparticle in vacuum at 

frequencies 𝜔 = 𝜔𝑝𝑙/√3 and 𝜈𝑐,𝑠ℎ ≪ 𝜔  we obtain a 

well-known result 

 𝛾0𝐷(𝑐,𝑠ℎ)(𝜔) = 3𝜐𝐹(𝑐,𝑠ℎ)/4𝑅𝑐,𝑠ℎ. 
The differences in the indicators of the bimetallic 

cylinder and the sphere (Fig. 4) are related to the 

dimensionality of the systems, which is expressed in a 

significant difference in the forms of the dielectric 

function real and imaginary parts. Small low-frequency 

"stochastic" oscillations η0D(ω) are a consequence of the 

presence of a parenthesis in expression (16). As for the 

position of the resonance peaks, it is comprehensively 

explained by the conditions of the SPR, which follow from 

the denominators of ratios (2) and (13): 

 

 𝑅𝑒 𝜀1𝐷(𝑐−𝑠ℎ) = −𝜀𝑚;      𝑅𝑒 𝜀0𝐷(𝑐−𝑠ℎ) = −2𝜀𝑚.  

 

It should be noted that the maximum ħωsp(−) in 

Figs.4(a) and 3(a) (at Rsh → ∞) is the result of the 

interaction between the shell inner wall and the core, while 

ħωsp(+) arises as a result of the induction of surface charges 

at the separation boundary metal shell and external 

dielectric medium. However, when Rc → ∞ (Figs.4(b) and 

3(b)), similar regularities are not observed. Indeed, the 

interaction between the shell and the core is determined by 

the maxima of ħωsp(−) for the wire and ħωsp(+) for the 

particle. In turn, ħωsp(+) in the case of a cylinder and ħωsp(−) 

in the case of a sphere is responsible for the connection of 

the shell outer wall and εm. It is clear that the given 

regularities of bimetallic systems are "conditional". Real 

estimates of the position of the SPR maximum can be 

made only for monosystems. In the case of two-layer 

structures, the assessment of the predominance and 

influence of the shell and core metal fractions is a difficult 

task due to the consideration of a large number of 

constants included in the Drude formula and their 

subsequent "mixing" due to the substitution of the latest 

equation in the expression for the polarizability of 

bimetallic systems. 

Figure 4 demonstrates the "merging" of η0D(ω) 

maxima with increasing Rsh, while increasing Rc leads to 

their "repulsion". It is quite obvious that the given nature 

of shifts of the 0D-systems SPR is similar to that presented 

 
Fig. 4. – Frequency dependence of the absorption coefficient of the composite based on bimetallic Au@Ag 

nanoparticles: а – Rc = 10 nm; Rsh = 0; 5; 10; 20 nm; b – Rc = 0; 5; 10; 20 nm; Rsh = 10 nm. 
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in Figure 3 for the case of 1D-systems. Again, using the 

previous judgments and equating the denominator (11) to 

zero, we obtain the equation for the plasmon frequencies 

for a bimetallic nanoparticle
 

 𝜔𝑠𝑝(∓)
2 =

1

6
(3𝜔𝑝𝑙(𝑠ℎ)

2 + 𝜔𝑝𝑙(𝑐)
2 ∓ (8𝜔𝑝𝑙(𝑠ℎ)

2 𝛽𝑐
3(𝜔𝑝𝑙(𝑠ℎ)

2 − 𝜔𝑝𝑙(𝑐)
2 ) + (𝜔𝑝𝑙(𝑠ℎ)

2 + 𝜔𝑝𝑙(𝑐)
2 )

2
)

1

2
) ,  (17)

 

whence the conditions of plasmon resonances 

corresponding to the limiting cases are the following: 

 

𝜔𝑠𝑝(−)|
𝛽𝑐=0

=
𝜔𝑝𝑙(𝑠ℎ)

√3
 

and    𝜔𝑠𝑝(+)|
𝛽𝑐=0

= √
2𝜔𝑝𝑙(𝑠ℎ)

2 +𝜔𝑝𝑙(𝑐)
2

3
; 

𝜔𝑠𝑝(−)|
𝛽𝑐=1

=
𝜔𝑝𝑙(𝑐)

√3
  and  𝜔𝑠𝑝(+)|

𝛽𝑐=1
= 𝜔𝑝𝑙(𝑠ℎ). 

 
Substitution of the values of the shell and core metals 

bulk plasma frequencies for the case of a bimetallic 

nanoparticle leads to similar conclusions about the SPR 

shifts that were obtained for the case of a nanowire. It is 

obvious that similar regularities in the position of 

resonance maxima should be expected for multilayer 

systems when calculating the optical characteristics of the 

composite. 

Conclusions 

Based on the Drude-Lorentz theory, the ratio of 

frequency dependences for polarizability, dielectric 

function real and imaginary parts of bimetallic 1D-

systems was obtained. Taking into account the obtained 

expressions, the electromagnetic radiation absorption 

coefficient of the composite based on inclusions in the 

form of bimetallic nanowires was calculated. The 

presence of two frequency maxima of the absorption 

coefficient is shown, which is the result of the interaction 

of the shell inner wall surface charges and the core on the 

one hand, and the shell outer wall with the dielectric 

matrix on the other. The ability to control the composite 

optical characteristics by changing the core radius and the 

shell thickness is demonstrated. 

The influence of the elemental composition on the 

optical characteristics of 1D-systems was investigated. 

When the shell thickness increases, for the Ag@Au 

structure optical absorption maxima are "repelled", while 

for Au@Ag the maxima are "converged". The resulting 

equation for the frequency shift of the surface plasmon 

resonances of bimetallic nanowires indicates the presence 

of two limiting cases that determine the position of the 

optical absorption peaks. Fulfillment of the condition 

𝜔𝑝𝑙(𝑐) > 𝜔𝑝𝑙(𝑠ℎ) leads to "repulsion" of the maxima with 

an increase of the metal layer thickness. At the same time, 

when 𝜔𝑝𝑙(𝑐) < 𝜔𝑝𝑙(𝑠ℎ), there is a "convergence" of 

resonance maxima. As a result, the character of the shift 

of surface plasmon resonances is evaluated by comparing 

the values of the core and shell bulk plasma frequencies. 

Analogous judgments can be extended to systems of 

other dimensions. In particular, for 0D-systems, the 

characters of the calculated dependences are similar to 

those obtained for the case of bimetallic nanowires. 

 

Кoval А.О. – PhD student.
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Частотні зсуви поверхневих плазмонних резонансів при обчисленні 

коефіцієнту поглинання композиту на основі біметалічних 1d-систем 
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В роботі проаналізовано поглинання електромагнітного випромінювання композитом на основі 

біметалічних нанодротів. З використанням теорії Друде-Лоренца одержано співвідношення для частотних 

залежностей поляризовності, дійсної та уявної частин  діелектричної функції шаруватих 1D-систем. 

Показано, що структура у вигляді металевого ядра, покритого шаром іншого металу, призводить до 

розщеплення та появи двох максимумів у частотній залежності коефіцієнту поглинання. Положення 

максимумів визначаються складом біметалічних нанодротів і об’ємним вмістом металів. Вплив розмірності 

систем оцінюється шляхом порівняння частотних залежностей коефіцієнту поглинання композиту на 

основі біметалічних нанодротів та наночастинок. Розрахунки проведені для нанодротів Ag@Au та Au@Ag, 

занурених у тефлон. 

Ключові слова: біметалічний нанодріт, поверхневий плазмонний резонанс, поляризовність, 

діелектрична функція, коефіцієнт поглинання.  
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An analysis of technologies that allow creating microrelief structures on the surface of sapphire substrates has 

been carried out. It is shown that the most effective method of forming relief structures with submicron dimensions 

is ion beam   etching through a protective mask formed by photolithography. The main problems in creating a 
microrelief on the surface of sapphire substrates are the removal of static electric charge in the process of ion beam 
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etching of the sapphire substrate is performed. 
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Analysis of the state of the problem 

Microrelief structures on the surface of sapphire 

substrates are widely used in the manufacture of LEDs, 

diffractive optical elements and long-term data storage 

media. Most of epitaxial structures for LEDs are grown on 

profiled sapphire substrates allowing get high efficiency 

of light output from LEDs. It is known that the profiled 

substrate scatters the emitted light at the interface of GaN 

and sapphire and this improves the efficiency of light 

removal. The efficiency of LEDs grown on profiled 

sapphire substrates is about 1.5-2 times higher compared 

to the case of employing the flat sapphire substrates [1-3].  

Microrelief diffraction optical elements (DOEs) are 

formed on sapphire substrates, designed to function at 

high radiation powers and temperatures [4-6]. To create 

the microrelief diffraction optical elements on the surface 

of sapphire substrates, both photolithography methods [4] 

and the method of laser ablation with femtosecond pulses 

of ultraviolet radiation are used [5,6]. The micro-profiled 

sapphire substrates are also proposed to be used to create 

media for long-term data storage. When creating micro-

relief diffraction optical elements on the surface of 

sapphire substrates and long-term data storage media, 

special attention should be paid to the formation of 

elements with submicron strictly defined dimensions. The 

tolerance for the size of the elements in the horizontal 

plane should be 30-50 nm, and 20-30 nm in depth. 

Particularly strict requirements for the size of microrelief 

elements must be met when manufacturing media with a 

microrelief structure [7, 8]. 

The formation of relief on the surface of the sapphire 

substrate is difficult due to its high chemical resistance. In 

recent years, several methods of forming a microrelief on 

the surface of a sapphire substrate have been proposed. 

These methods of creating a relief on the surface of a 

sapphire substrate can be divided into two groups. The 

first one concludes in forming a microrelief in the material 

of the substrate itself. And the second one provides 

obtaining a microrelief image in the material applied to the 

surface of the sapphire substrate. In the first group of 

methods, the application of chemical etching to create 

microrelief structures on the surface of sapphire substrates 

should be highlighted. To profile sapphire one can use 

etching in a mixture of acids  

H2SO4: H3PO4 (H2SO4: H3PO4 = 3: 1) with employing a 

mask made of SiO2 (the temperature of the acid mixture is 

higher than 300°C). The output pattern on the surface of 
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the SiO2 layer to be applied to the sapphire is formed either 

by the method of standard photolithography (to obtain 

microrelief elements of submicron sizes) or by annealing 

the deposited nickel layer which leads to the formation of 

submicron islands that served as a mask during SiO2 

etching [2].  

The rate of chemical etching of sapphire is 1 μm/min. 

[9]. The method of nanosphere lithography can be used to 

create a microrelief on the surface of sapphire substrates 

[6]. A mask during sapphire etching can be quasi-ordered 

hemispherical gold drops of 0.5-3 μm in size, formed in a 

controlled manner on the surface of sapphire by heating 

the sputtered solid layer of gold above its melting 

temperature. The uniqueness of gold as a mask material 

for this technology should be especially emphasized. Gold 

is the only metal that combines the necessary chemical 

resistance with a fairly low melting point. Relief elements 

have the shape of triangular pyramids. The height of relief 

elements and their density on the surface can vary 

significantly depending on the process parameters [1, 2]. 

Although this method is effective, it is potentially 

dangerous for the health of operators [9]. To obtain relief 

structures in the material of sapphire substrates, dry 

etching in inductively coupled plasma through a mask 

formed by photolithography is also used [2]. High-

frequency ion-chemical etching of sapphire  

(fhf = 13.56 MHz) was also reported in CF4 medium 

(Tetrafluoromethane) [4]. The high chemical resistance of 

sapphire makes it necessary to apply the dry etching of 

multilayer masks [9]. One of the layers of the mask is often 

a layer of metallic chromium, which is necessary to reduce 

the electrification of the processed sapphire substrate (the 

specific electrical resistance of sapphire is 1019 Ohm cm) 

[10]., A compensation of the charge on the surface in 

contact with the plasma is necessary during plasma 

etching of the sapphire substrates.  
To obtain sapphire substrates with regular microrelief 

on the surface it is suggested to use methods that do not 

utilize the photolithography technique. Such methods are 

advisable to apply in the manufacture of diffractive optical 

elements and optical media for long-term data storage. In 

one of the options for manufacturing microrelief structures 

on the surface of sapphire substrates, there is proposed to 

apply metal to them through stencils with a diameter of 

holes in the range of 0.2-40 μm by the method of vacuum 

sputtering and subsequent annealing to form a regular 

microrelief of sprayed metal on the ultra-smooth surface 

of sapphire plates [11]. Long-term optical data storage 

media can be produced by direct laser writing on a layer 

of photoresist being deposited on a film of chromium on a 

sapphire substrate [12]. 

I. The research methods 

Ion beam etching of sapphire substrates through 

windows in organic positive photoresist does not allow 

obtaining microrelief structures with a depth of more than 

70-80 nm. Increasing the etching time leads only to an 

increase in the size of the elements in the horizontal plane. 

Such a problem does not arise during ion beam etching of 

substrates made of silicate glass, on which elements with 

a depth of 150-200 nm were being formed. The main 

problems in creating a microrelief on the surface of 

sapphire substrates are that its etching rate is much lower 

compared to other materials (for example, silicate and 

quartz glass). Accordingly, it takes more time to etch 

sapphire, which leads to a significant accumulation of 

charge on its surface. Thus, in the process of ion-beam 

etching of sapphire substrates in order to obtain 

microrelief structures of given sizes, it is necessary to 

ensure the avoidance or removal of such surface static 

electric charge. 

To form microrelief structures with submicron 

dimensions on sapphire substrates by ion beam plasma 

etching there is proposed to use two-layer masks 

(conductive layer of chromium and layer of positive 

photoresist). The masks were being formed by the method 

of direct laser recording on positive photoresist films and 

subsequent selective chemical etching of photoresist and 

chromium layers in various etchants. The scheme of the 

process on obtaining microrelief structures on the surface 

of sapphire substrates is demonstrated in Fig. 1. 

 

 
Fig. 1. The process of obtaining microrelief structures 

on the surface of sapphire substrates: 1- layer of 

photoresist; 2- chrome layer; 3- substrate; 4- windows in 

the photoresist; 5 - windows in chrome. 

 

The process of obtaining microrelief structures on the 

surface of sapphire substrates includes several basic 

operations: 

- direct laser recording on the layer of positive 

photoresist of the given structure; 

- selective etching of the layer of positive photoresist 

in alkaline etchant; 

- selective etching of the chromium layer through the 

windows in the photoresist layer; 

- ion beam etching of the sapphire substrate through a 

double-layer mask.   
The selective chemical etching of the photoresist layer 

on the surface of the sapphire substrate was carried out 

with an alkaline etching agent (0.7-1.0% KOH) for  

10-20 seconds. The etching time was determined by 

obtaining the required value of the relative intensity of the 

diffracted laser beam on the microrelief structure. The 
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selective chemical etching of the chromium layer through 

the windows formed in the photoresist layer was 

performed with a standard etching agent based on cerium 

sulfate and sulfuric acid (cerium sulfate ‒ 200 ml, 

hydrochloric acid ‒ 100 ml, sulfuric acid ‒ 10 ml, distilled 

water ‒ up to 1000 ml ) [13]. 
The plasma chemical etching was used to form a 

microrelief structure in the sapphire substrate. The scheme 

of the plasma chemical etching installation is presented in 

Fig. 2. 

  

 
Fig.2. Scheme of the device of plasma chemical etching 

of sapphire substrates :  

1 – work piece; 2 – electron emitter (tungsten filament); 3 

– electron cloud; 4 – neutralized ion beam; 5 – ion beam; 

6  – focusing coil; 7 – grounded electrode;  

8 – alive external gas source; 9 – alive internal gas source; 

10 – isolator with gas input; 11 – isolator;  

12 – gas input. 

 

The applied technology [14] differs from the known 

technology of forming microrelief structures in sapphire 

substrates [4] in that the etching was carried out using a 

direct current discharge.  

II. Experimental studies on the formation 

of microrelief structures on sapphire 

substrates 

The formation of the image in the layer of positive 

photoresist was carried out by the method of direct laser 

recording followed by selective chemical etching in an 

alkaline solution, and the control of recorded microrelief 

structures was made with using the analysis of the 

intensity of the diffracted beam. Fig. 3 shows the image of 

the surface of disks obtained by the method of direct laser 

recording on a layer of positive photoresist. 

 
Fig. 3. The disk surface after direct laser recording of 

submicron structures on the photoresist layer and selective 

chemical etching of the photoresist. 

 

The deviation of the length of the depressions formed 

in the process of direct laser recording and selective 

chemical etching does not exceed 40-50 nm, and the width 

of the depressions - 100 nm. One of the main problems of 

obtaining microrelief structures on the surface of sapphire 

substrates is the presence of a residual layer of positive 

photoresist in pits formed after recording and selective 

chemical etching of the photoresist layer with an alkaline 

etching agent. As our experiments have shown, the 

formation of microrelief structures of a given depth is 

strongly influenced by photoresist residues in micro-holes 

(pits), through which the chrome layer is etched. 

Increasing the time of selective etching of the chromium 

layer on samples with remnants of photoresist in the 

micro-holes does not allow obtain the recess of the 

required uniform depth. Etching in an ultrasonic field 

helps to the uniform chromium etching [15].  

The use of ultrasound-assisted etching requires the 

use of substrates with minimal mechanical stresses. The 

presence of micro-cracks and significant mechanical 

stress leads to the destruction of the substrate in the 

process of ultrasonic treatment. Fig. 4 demonstrates the 

image of the surface of the sapphire substrate after 

selective etching of the chromium layer through the 

windows in the photoresist layer with remnants of the 

photoresist in the micro-holes. 

The effect of incomplete removal of the photoresist is 

the reason for the distortion of the micro-relief structure 

and the formation of micro-holes with a stepped shape and 

different depths. The incomplete removal of the 

photoresist in the micro-holes is associated with 

insufficient exposure of the samples and a local change in 

the properties of the photoresist layer after exposure. The 

appearance of a residual layer of positive photoresist was 

observed during laser recording of ring chromium 

templates and is associated with the fact that due to the 

relatively high transparency of the photoresist layer.  

Thus, a significant portion of the energy of the 

recording laser beam is absorbed by the chromium film 

under the photoresist. This leads to heating of the chrome 

film and, accordingly to a decrease in the sensitivity of the 

photoresist. As a result, the photoresist film may be 

underexposed near the chrome-photoresist border. As a 

result, a thin residual layer of acid-resistant positive 
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photoresist is formed on the bottom of the microelements, 

which prevents the etching of chromium by acid etching. 

The effect of the residual layer of photoresist on the 

bottom of the microelements on the etching process of the 

chromium layer can be almost completely eliminated by 

optimizing the concentration of the etching agent. 
Experiments have shown that for selective etching of 

elements recorded on a photoresist film with a thickness 

of 0.5 μm applied to a chromium film, the optimal 

concentration of KOH should be 1% [16]. To avoid the 

formation of a residual layer of photoresist on the bottom 

of the microelements, we also increased the concentration 

of KOH to 1%. This made it possible to carry out more 

homogeneous etching of chromium through the windows 

in the positive photoresist. Further selective chemical 

etching of the chromium layer made it possible to obtain a 

two-layer mask through which etching of the sapphire 

substrate was carried out (Fig. 5). 

 
Fig.4. The surface of the sapphire substrate after selective 

etching of the chromium layer through the windows in the 

photoresist layer with photoresist remnants in the micro-

holes. 

 

Extraction of electric charge from the surface of the 

sapphire substrate during its plasma chemical etching was 

performed by grounding the metal layer of the protective 

mask using conductive paste. The compensation of the 

electric charge on the surface of the sapphire substrate 

made it possible to form relief structures with a depth of 

120-200 nm by plasma chemical etching through a two-

layer protective mask. The thickness of them was 160 nm 

of a layer of positive photoresist Shipley 1813 and a 30 nm 

layer of chromium. The plasma chemical etching of 

sapphire substrate through a two-layer protective mask 

was made in the following modes: residual pressure in the 

vacuum chamber- 2*10-2 Pa; the operating pressure of the 

Freon(CF4) - 4*10-2 Pa; etching time -12.5 minutes; the 

current of ion beam - 1A; accelerating voltage - 2.2 kV; 

the lens current ‒76 mA; the angular speed of the carousel 

with substrates - 20 rpm. Fig. 6 shows the image of 

sapphire substrates after the plasma chemical etching 

through a two-layer mask - the layers of positive 

photoresist and chromium. 

 

 
Fig. 5. The disk surface after chemical etching of the 

chrome layer (image of a two-layer mask on the surface of 

the sapphire substrate). 

 

 
Fig. 6. Optical image of the surface of sapphire substrate 

after plasma chemical etching through a two-layer mask: 

a layer of positive photoresist and a layer of chromium 

(obtained with use of NEOPHOT 2). 

 

Fig. 7 demonstrates the images of ASM from the 

surface of the sapphire substrate after plasma chemical 

etching. It shows that the depth of the microrelief structure 

is 157 nm. 

After the plasma-chemical etching process was 

completed the double-layer mask was stored on the 

surface of the sapphire substrate which made it possible to 

obtain microrelief structures of greater depth. 

Conclusions  

1. The formation of submicron relief structures on the 

surface of sapphire substrates is an urgent problem. A 

significant number of technologies are proposed to solve 

them. In most of the proposed technical solutions, the use 

of multi-layer protective masks is proposed. 

2. One of the main problems during the creation of a 

regular microrelief on the surface of sapphire substrates is 

the obtaining of a protective mask through which etching 
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of the sapphire substrate is being carried out. Deviations 

from the specified shape of the holes in the protective 

mask affect the quality of the micro-relief structure of the 

sapphire substrate. 

3. The most promising and technological method of 

creating a regular microrelief on the surface of sapphire 

substrates is plasma chemical etching of sapphire 

substrates through windows in multilayer protective 

masks. 

4. An alternative method for micro profiling of 

sapphire substrates is the technology of microrelief 

formation in an additional layer applied to the surface of 

the sapphire substrate. This technology can be considered 

promising for the creation of long-term data storage 

media. 
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Introduction 

Nowadays, the production of new polymer composite 

materials with improved performance properties is crusial 

[1]. Fluorine-containing materials are among the most 

popular in various industries [2]. 

The object of study of this work is the technology of 

obtaining composites based on polytetrafluoroethylene 

and carbon fibers. The use of PTFE as a matrix affects the 

antifriction properties of the resulting composite 

materials.  

PTFE composites are widely used due to the unique 

characteristics of polytetrafluoroethylene. Among its 

advantages are high heat resistance, high friction 

coefficient, the highest chemical resistance among 

thermoplastics, the ability to be used at low temperatures, 

and durability [3].  

Among all the fillers, carbon fibers are the most 

effective because of their mechanical properties and light 

weight [4]. The use of carbon fibers significantly improves 

the wear resistance and increases the heat resistance of the 

composite material. 

Generally, according to already known technologies, 

to obtain composites polytetrafluoroethylene powder is 

mechanically mixed with fillers, followed by pressing and 

sintering. However, this method has a number of 

disadvantages due to the high melt viscosity of PTFE. 

Therefore, it is reasonable to develop the technology of 

consecutive chemo-mechanical activation of PTFE and 

carbon fiber samples before their mixing [5].  

Technological progress shows that the use of chemo-

mechanical activation technology is promising for 

improving the antifriction properties [6, 7] of polymer 

composite materials, as it increases their toughness, 

stiffness, thermal conductivity, and heat resistance, which 

increases the reliability and durability of products made 

from such materials.  

According to the CMA technology, carbon fiber was 

pretreated with a 20 % aqueous solution of flame 

retardants, annealed at high temperatures (723-2673 K), 

surface intermediate compounds were removed, pressed, 

kept at a special temperature, conditioned, crushed, and 

mixed with polytetrafluoroethylene at ultra-high speeds 

(5000-25000 rpm) in crushers, mills, dismembrators, or 

disintegrators [8]. At the last stages, the PTFE composite 

blanks were pressed and sintered. 

For the mechanical activation of carbon materials, we 

used a crusher KDU-2.0 "Ukrainka" (with a knife speed of 

n = 1440 rpm), a crusher MRP-1 (with a knife speed of 

n = 7000 rpm), and MRP-1M (with a knife speed of 

n = 7350 rpm). The MPP-1 and MPP-1M were used for 

ultrafine grinding of the components and mixing the 

composition [9]. 
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I. Technological parameters for matrix 

preparation and modification  

Polytetrafluoroethylene (PTFE-4) with fibrous, 

spherical, and scaly particle shapes was used for the study. 

First, PTFE blanks obtained by pressing are molded 

in the cold and then sintered in an electric furnace at 365-

385 ⁰C. This helps to harden the polymer and increases its 

strength under friction.  
PTFE samples obtained by pressing and injection 

molding have the following physicomechanical properties 

at room temperatures [10]: density 2150-2220 kg/m3, 

tensile strength 14-35 MPa, bending strength 14-18 MPa, 

compressive strength 10-12 MPa, elongation at break 250-

500 %, compressive elastic modulus 700-800 MPa, 

bending elastic modulus 470-850 MPa, specific impact 

strength without notching ˃ 100 kD/m2, HB hardness 30-

40 MPa, Vick's heat resistance 373-383 K, brittleness 

temperature ˂ 4 K, glass transition temperature 153 K, 

melting point 590 K, decomposition temperature ˃ 688 K. 

Polytetrafluoroethylene is also undergoing structural 

modification [11]. The polymer passes mechanical 

activation, shock wave and electromagnetic treatment, and 

radiation exposure. 
For the mechanical grinding of dry PTFE powder, the 

MRP-1M crusher was used with the following parameters: 

sample load: 120 ± 20 g, productivity - 0.6 kg/h, chamber 

volume - 0.4 m3, knife diameter - 0.345 m, maximum 

linear knife speed Vmax = 130 m/s. The number of 

rotations of the knife (working body) was:  

n = 5000 min-1, n = 7000 min-1, n = 9000 min-1, crushing 

time: 3 min, 5 min, 8 min. It was determined that the 

optimal rotation frequency is equal to n = 9000 min-1 and 

the time interval is equal to τ = 5 min (Table 1), at which 

the maximum indicators of the physicomechanical and 

tribotechnical properties of the polymer are obtained. 

As a result of mechanical activation, the tensile 

strength increases by 2.6 times, the relative elongation at 

break by 4.3 times, and the wear rate decreases by 1.85 

times compared to non-activated PTFE [12]. 

II. Chemical, thermal and mechanical 

activation of the filler 

It is known that the introduction of carbon fibers as 

fillers affects the tribotechnical properties of 

polytetrafluoroethylene, which was studied in [13]. It was 

found that the wear resistance is higher compared to that 

of pure PTFE. 

The carbonized carbon fibers obtained from organic 

hydrate cellulose (HC) tissue were studied. The carbon 

fiber dispersions were pretreated with a mixture of flame 

retardants Na2B4O7·10 H2O and (NH4)2HPO4, taken in 

equal amounts. Next, the carbon fiber was heat-treated in 

an environment of natural gas CH4 by passing through a 

Tammany Furnace and dry nitrogen N2, gradually 

increasing the temperature from 723 K to 2673 K, and the 

types of fibers were obtained, which are given in (Table 

2), where HC is hydrate cellulose, Tc is the final 

temperature of carbonization or graphitization, LM is low-

modulus carbon fiber. The classification of fibers is given 

in [14]. 

Thus, from the initial hydrate cellulose fabric at a 

temperature of 723 K in methane (CH4), a partially 

carbonized UT-4 fabric with the following characteristics 

was obtained (Table 3). By further annealing the UT-4 

fabric at 1123 K in a CH4 atmosphere, a carbonized UTM-

8 fabric with the following characteristics was obtained 

(Table 3). The UTM-8 fabric was heat-treated at 2673 K 

in an N2 atmosphere and a graphitized TGN-2m fabric was 

obtained. The resulting fabric had the following 

characteristics (Table 3). After the heat treatment, the 

carbon fiber fabric TGN-2m contained the most carbon 

(99.2 %) compared to UT-4 and UTM-8. 

After grinding in MRP-1, the dispersions of UTM-8 

carbon fibers were treated with a solution of 

Na2B4O7·10H2O + (NH4)2HPO4 in a 1:1 ratio and heat-

treated sequentially at temperatures 1123 K, 1473 K, 

1623 K, 1873 K, 2273 K, 2573 K, 2673 K in a dry nitrogen 

environment and carbon fibers TGN-T850, TGN-T1200, 

TGN-T1350, TGN-T1600, TGN-T2000, TGN-T2300, 

TGN-T2400 were obtained, accordingly. Graphitized 

TMP-3 fibers were obtained from TGN-2m by applying a 

pyrocarbon coating in N2 at 2673 K. However, filling with 

such a fiber leads to a decrease in the antifriction 

Table 1. 
The effect of mechanical activation on PTFE properties 

Modes of mechanical 

activation 

Tensile strength,, σрр, 

MPa 

Relative elongation at break 

δ, % 

Wear rate І·10-6, 

mm3/N·m 

Not activated 9.5 96 1133 

τ = 3 min, n = 5000 rpm 10.2 240 1080 

τ = 5 min, n = 5000 rpm 21.6 416 930 

τ = 8 min, n = 5000 rpm 17.3 280 800 

τ = 3 min, n = 7000 rpm 10.7 270 970 

τ = 5 min, n = 7000 rpm 23.5 423 820 

τ = 8 min, n = 7000 rpm 18.2 358 717 

τ = 3 min, n = 9000 rpm 19.6 290 890 

τ = 5 min, n = 9000 rpm 24.8 415 610 

τ = 8 min, n = 9000 rpm 18.0 340 720 
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properties of composites [15]. 

To fill the composite, carbon fiber material (CFM) in 

the form of fabric and fiber was introduced into the matrix 

material at a certain temperature regime (Tk=723-3073 K) 

[16]. 

Mechanical activation. Previously, the CFM in the 

form of fabric or ribbon was crushed in a crusher KDU-

2.0 "Ukrainka" (number of crushing hammers - 90, 

number of knives - 3, number of rotations of working 

bodies n = 1440 rpm, capacity - 200 kg/h). The obtained 

fiber fractions were 3.0-15.0 or 0.5-8.0 mm. [17]. 

According to the CMA technology, the carbon fibers 

were mainly crushed in the MRP-1 (knife diameter - 

0.205 m, maximum linear knife speed Vmax = 78 m/s, knife 

rotation frequency f = 120 s-1 (117 s-1), knife rotation 

number n = 7000 rpm).  
Mechanical crushing of the fiber was also carried out 

in a crusher MRP-1M (sample load: 120 ± 20 g, 

productivity - 0.6 kg/h, knife speed n = 7350 rpm, chamber 

volume - 0.4 m3, knife diameter - 0.345 m, maximum 

linear knife speed Vmax = 130 m/s). The MRP-1M was also 

used as a composition mixer. 

The CMA technology is based on high knife speeds, 

which crush both the fiber and the composition; the tests 

were carried out from 2000 to 12000 rpm.  

The carbon fibers pre-ground in MRP-1 or MRP-1M 

(to a bulk density of 40-160 kg/m3) were subjected to fine 

grinding in a ball mill. For grinding, the carbon fiber 

dispersion was loaded into the ball mill chamber, the 

working part of which had a volume of 92.66 cm3 of steel, 

a diameter of 65.5 mm, and a height of 27.5 mm. Thirty-

five balls of steel SCH-15 with a diameter of 12.7 mm 

were placed in the mill chamber (filling the working part 

of the mill with 48 volume %). The number of mill 

rotations ranged from 20-30 to 125-175 per minute. The 

tests were carried out for 5-2050 hours in a humid air 

environment. 
The carbon fibers were also subjected to intensive 

mechanical grinding in a D-160 Z crusher from Alpine 

(capacity - 20-40 kg/h, rotor diameter 0.160 m, number of 

pins (fingers) on the rotor disk - 316). RPM range: 

3000 rpm, 5000 rpm, 7000 rpm, 9000 rpm, 11000 rpm, 

Table 2. 

 Carbon fibers 

Mark Source organic fiber Type of carbon fiber Тк, K 

UT-4 HC LM 723 

UTM-8 HC LM 1123 

TGN-2m HC LM 2673 

TMP-3 (Pc: 12% pyrocarbon) HC LM 2673 

TKK-1 (Pk: 0,2-3,0 % SiC) HC LM 2673 

TKC-1 (Pk: 0.8-4.0 % ZrC) HC LM 2673 

TGN-T850 HC LM 1123 

TGN-T1200 HC LM 1473 

TGN-T1350 HC LM 1623 

TGN-T1600 HC LM 1873 

TGN-T2000 HC LM 2273 

TGN-T2300 HC LM 2573 

TGN-T2400 HC LM 2673 

 

Table 3. 
Characteristics of carbon fibers at the stage of their production [6]. 

Fiber characteristics UT-4 UTM-8 TGN-2m 

tensile load of the fabric (on the warp), N/cm 100-160 70-240 150-160 

breaking load of the fabric (by weft), N/cm 15-30 20-100 25-35 

Carbon content, %. 60-70 66-72 99.1-99.3 

Hydrogen content, %. - - 0.2-0.4 

Boron compounds content, %. 0.2 3.0-3.6 0.4 

Phosphorus content, %. 0.5 3.0-3.6 0.002 

Sols content, % 1.5 21-26 0.45-0.55 

Fiber strength at break, GPa 0.2-0.3 0.5-0.6 0.45-0.50 

Tensile modulus of elasticity, GPa 3-4 30-50 30-50 

Relative elongation at break, %. 4.5-6.5 4.5 1.2-1.3 

Fiber diameter, μm 11-14 10-12 8-9 

Thermal conductivity, W/(m·K) 0.08-0.09 0.08-0.12 0.14-0.16 
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14000 rpm, 17000 rpm, 19000 rpm, 22500 rpm. The 

length of the carbon fiber is ℓ0 ≤ 5 mm, ℓτ = 40-150 µm. 

[18]. However, it was found that the grinding of carbon 

fiber in a dismemberer is not effective. 

The technology and final heat treatment temperature 

have an impact on pH. For example, for partially 

carbonized fibers, the pH is in the range of 4.8-6.4, for 

carbonized fibers 6.4-7.8, and for graphitized fibers 7.3-

8.3. The pH is also affected by the time of fiber crushing. 

As the crushing time increases, the pH decreases. 

During the heat treatment of fibers, the flame 

retardants applied to the fibers decompose (above 373 K) 

according to the scheme: 

 

 (NH4)2HPO4 → H3PO4 + 2NH3↑  

 

With a gradual increase in temperature, H3PO4 loses 

water and polymers of the composition (HPO3)n are 

formed. 

Filling composites with low modulus carbon fibers 

increases the isotropic roughness of the contact metal 

surfaces by √𝑚0 = 0,043 – 0,143µm [19]. 

The activation of carbon fibers by zirconium dioxide 

ZrO2 + 3 % Y2O3 at 7000С significantly affects the 

intensity of volumetric wear of fluoroplastic carbon fiber 

reinforced plastic [20]. 

III. Mixing of components and technology 

of composite materials production 

For mixing polymer powders and fibers, a crusher 

with high-speed submersible working knives MRP-1 with 

n = 7000 rpm was used. To do this, in one case, long fibers 

0.6-6 mm long were added to the polymer composition, 

which was crushed in a crusher KDU-2.0 "Ukrainka". And 

in the second case, the fibers, after being crushed in the 

KDU-2.0 "Ukrainka" for 3-30 minutes before mixing the 

polymer composites, were crushed in the MRP-1 to 

lengths of 20-500 μm, and then mixed with PTFE powder 

and molybdenum disulfide in the MRP-1 for 5 minutes. 

This mixing technology results in not only mechanical 

mixing. Due to the additional grinding of the polymer 

composition components, triboactivation of the mixture 

particles occurs [21]. 

The resulting slurry was subjected to cold pressing 

under a pressure of Pp = 50.0-70.0 MPa to obtain blanks. 

The next process was sintering the blanks in air at 638 K. 

The heating-cooling rate was 40 K/h. 

The resulting material (GOST 12015-66, GOST 

12019-66) was left at room temperature for 15 days for 

testing. After aging, the material was conditioned for 24 

hours. 

IV. Research of physical and mechanical 

properties 

The physico-mechanical properties of the composite 

material based on polytetrafluoroethylene are influenced 

by the parameters of carbon fiber distribution [22], 

technological parameters [23], the content of the 

components of the composite material [24, 25].  

A study of the influence of technological parameters 

on the physical and mechanical properties of composite 

samples is given in [26]. Using the methods of 

mathematical planning of the experiment, it was found 

that the intensity of wear is most affected by the mixing 

time of the composition. The content of low-modulus 

carbon fiber, the time of its preliminary grinding, and the 

mixing time also affect the friction coefficient, tensile 

strength, impact strength, and mechanical properties. The 

content of solid lubricant in the composition affects the 

tensile strength. 

It has been found that the type [27] and shape of 

carbon fiber [28], composition and degree of preliminary 

deformation [29] affects the wear resistance and thermal 

conductivity and, accordingly, the thermal properties of 

PTFE composites. The orientation of the fibers also affects 

the thermophysical properties [30,31]. 

The concentration of fillers in the composite has a 

significant impact on the wear rate. With an increase in the 

content of carbon fiber in the polymer matrix, an increase 

in wear resistance is observed, but, having reached a 

certain optimal concentration, it begins to decrease due to 

the gradual destruction of components [32]. 

Amorphization processes occur when the concentration of 

carbon fiber is in the range of 3-4 %, the maximum wear 

resistance is achieved at a content of 15 % [33]. 

The study of physical and mathematical properties by 

UV spectroscopy [12] showed an increased concentration 

of CF2 groups in PTFE after mechanical activation. The 

tests were performed on a Specord 75 IR 

spectrophotometer. An increase in the speed during the 

activation of PTFE contributes to an increase in the end 

groups of CF2 in its composition. 

The pH-metric analysis of the aqueous extracts of 

carbon fibers UT-4 (Tk = 723 K), UTM-8 (Tk = 1123 K), 

and TGN-2m (Tk = 2673 K) is given in [8].  The studies 

have shown that the pH change is most affected by the 

time of crushing and the type of fiber. The pH of the 

aqueous extracts of the initial carbon fibers have the 

following values (Fig. 1). After additional grinding for 

5 minutes to a bulk density of 80 kg/m3 in MRP-1, the pH 

of the aqueous extracts of carbon fibers decreases relative 

to the original fibers by 0.3, 0.43, 0.50, respectively, for 

UT-4, UTM-8, and TGN-2m. Thus, any 

thermomechanical activation of carbon fiber leads to a 

decrease in the pH of aqueous fiber extracts. 

Work [34] found a linear relationship between the 

wear resistance and friction coefficient of PTFE-based 

carbon fiber reinforced plastics filled with short, randomly 

arranged carbon fibers and the mechanical and 

thermophysical properties of adjacent surfaces. Wear 

intensity studies were conducted at the HTI-72 installation 

[18]. The analysis of the test results shows that wear 

resistance does not depend on the hardness of adjacent 

friction surfaces, but is significantly affected by the plastic 

deformation energy of the adjacent surface of the 

counterbody and the tensile deformation energy. 
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The thermographic analysis. Carbon fibers with a 

final heat treatment temperature of 1123, 1473, 1623, 

1873, 2273, 2573 K, which were previously crushed in a 

crusher to a bulk density of 0.04 g/cm3, were studied. 

These fibers were annealed in the temperature range of 

293-953 K. Additionally, the fibers were ground for 200 

hours in a ball mill and also annealed at 293-953 K. The 

results of the thermographic analysis are given in Table 4 

and Table 5. 

After annealing the initial fiber, the temperatures of 

the exo-effect onset T0max (Table 4) and peak Tmax (Table 

5) shift to the high-temperature region. After an additional 

200 hours of dispersion of the original carbon fiber, these 

indicators shift to the low-temperature region, but after 

annealing the chopped fibers, there is a shift of these 

indicators to the high-temperature region. Probably, the 

complexes formed on the surface of carbon fibers are 

converted into gas as a result of thermal effects. 
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Fig. 1. pH of water extracts from the initial carbon fibers (exposure for 15 min. at 293 K, 

tub modulus 33) and after 5 min. grinding in MRP-1.

Table 4. 
The temperature of the onset of the exo-effect (T0max) of the studied carbon fibers TGN-T 

Final heat treatment 

temperature of 

carbon fiber, K 

Т0max 

Before annealing After annealing 

Starting point After 200 h of grinding Starting point 
After 200 h of 

grinding 

1123 406 386 520 510 

1473 543 390 640 540 

1623 582 396 662 545 

1873 610 400 680 550 

2273 645 405 700 600 

2573 675 410 729 610 

 

Table 5. 
The temperature of the peak exo-effect (Tmax) of the studied carbon fibers of TGN-T 

Final heat treatment 

temperature of 

carbon fiber, K 

Тmax 

Before annealing After annealing 

Starting point 
After 200 h of 

grinding 
Starting point After 200 h of grinding 

1123 620 542 757 713 

1473 798 584 795 728 

1623 825 605 825 735 

1873 870 615 860 742 

2273 876 635 878 760 

2573 880 650 903 770 
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Mechanical grinding and the temperature of the final 

heat treatment (Tk) of carbon fibers lead to the 

improvement of the turbostrata structure. Fig.2 shows that 

with an increase in the final heat treatment temperature of 

TGN-T carbon fibers from 1123 to 2673 K, the interlayer 

distance d (002) decreases for the original fiber and 

significantly decreases after 200 hours of mechanical 

activation in a ball mill. The length of the package of 

layers of La(100) hexagons (Fig.3) increases significantly 

after 200 h of mechanical dispersion but decreases with 

increasing Tk. Therefore, thermomechanical activation 

contributes to the formation of an ordered two-

dimensional structure of carbon fibers and increases the 

wear resistance of the polymer composite. 

Conclusions 

It has been summarized the impact of CMA 

technology on the properties of composite materials, 

which are obtained by the authors and many researchers in 

this scientific area.   

The complex application of chemical treatment, 

mechanical grinding and activation of fillers and matrix 

have a positive effect on the mechanical and tribotechnical 

properties of the polymer composite. 

Composite materials obtained by CMA technology 

have higher strength and wear resistance than materials 

produced using traditional technology. 

It was revealed that chemo-mechanical activation 

increases the thermal stability of composites based on 

polytetrafluoroethylene, and also affects its 
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supramolecular structure, changing from disordered to 

more organized. 

It is determined that the mechanical activation of 

carbon fibers and PTFE polymer matrix increases by 10-

25 % the physico-mechanical properties of the 

composition as a whole, which has a further effect on 

friction and wear. 

A comparative analysis of tribotechnical parameters, 

tensile strength characteristics before and after chemo-

mechanical activation was carried out. 

The optimal temperature conditions of operation were 

found. 

Thus, CMA technology is effective and can be used 

for industrial realization. 
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This work attempts to replace the sandwich core's traditional shape and material with a cellular pattern, where 

the cells have a regular shape, distribution, and size. The contribution of this paper is to design two structures, one 
open-celled and the other closed, and to evaluate the performance of sandwich plates with lattice cell core as it is 

used for many industrial applications, particularly in automobile engineering. The new theoretical formulations are 

constructed for two structures to find the free vibration characteristics. The results of the new design are compared 

with the traditional shape. Derivation of equations to predict mechanical properties based on relative density with 
the chosen shapes, specific vibration equation of three-layer sandwich plate, and substitution by equation using 

excel sheet. Results are promising, and the effectiveness of cellular pattern theoretical analysis estimation. 

Limitations and error rates for the mechanical properties come through the empirical equations, and their ratio to 

the relative density values are higher depending on the behavior of the core material. Findings reveal, with open 
cell decrease in modulus of elasticity by (PLA: -90.4%) and (TPU: -90.4%), increases natural frequency by (PLA: 

44.5%) and (TPU: 46.4%), as for closed-cell decreases in the modulus of elasticity by (PLA: -66.9%) and (TPU: -

64.4%), increases natural frequency by (PLA: 36%) and (TPU: 37.7%). Converting a solid substance or replacing 

a foam form with a cellular pattern is one way to better performance and save weight through the selected cell 
pattern in absorbing the energy of the vibration wave. 
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Introduction 

Composite structures are essential in energy 

absorption, weight reduction, and structure protection. 

Hence such arrangements received attention for their 

potential to resolve the instability problem. Various 

studies have revealed the mechanical behavior of 

sandwich structures using different techniques, such as 

using the reinforcement of polymer core materials and 

functionally graded materials [1-2]. Abud Ali et al. [3] 

presented a review of the behavior of composite 

structures. Cellular materials are widely used in nature to 

build structures that can withstand heavy loads while 

being lightweight [4]. Industrially, some of the most 

common engineerings utilize cellulosic materials, 

including those in the aviation and automotive sectors and 

building and industry packaging; the low density and 

excellent stiffness- and strength-to-weight ratios make 

them ideal for various applications [5]. These cells 

comprise interconnecting plates or struts that create the 

cell's borders and faces. The simplest are honeycomb and 

corrugated, 2D arrays of forms that pack to occupy a 

planar space, and 3D cellular materials, such as foam, 

which are used more often [6].  

Foams are solid-gas mixtures after manufacture, a 

cellular solid with many sizes and forms results. High 

mechanical qualities and low density make foams useful 

[7]. Open-cell foams are utilized as sound absorbers, 

filtering, and mattresses. Closed-cell foams are stiffer and 

used in construction, such as sandwich panels and thermal 

insulation [8]. Usually, structures include minor faults that 

differ in size and dispersion based on the material and how 

it was treated [9]. The structures change depending on cell 

parameters such as relative density, size, shape, 

geometrical, wall thickness, and distribution between 
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struts and faces. Numerous previous studies have revealed 

the compressive and tensile strength properties of 

polyurethane foam and polyurethane rigid foam [10]. 

Maiti et al. (2016) used compressive strain coupled with a 

time-temperature superposition utilizing a minimum arc 

length-based method to forecast the long-term 

performance of the two types of foams [11]. Three-

dimensional (3D) printing has recently been highly used 

to analyze sandwich structures with various applications 

[12]. 3D printing was explored for creating the lattice 

cores of these sandwich structures [13]. Lipton and Lipson 

(2016) presented a method for causing viscous thread 

instability while implicitly extruding material to produce 

cellular architectures. Cellular structures manufacture 

foams for applications ranging from bioengineering to 

robotics and food printing [14].  

Ge et al. (2018) designed cellular structures model 

that was 3D printed with thermoplastic polyurethane. 

Flexibility & energy absorption of 3d printed foam were 

evaluated experimentally [15]. The mechanical behavior 

of octet-truss microstructures of three distinct octet 

structures is examined experimentally and numerically by 

Bagheri et al. [16]. Elasticity modulus increases with 

increasing strut radius. Results were found to be 

consistent. Moreover, Guo et al. (2019) presented a new 

technique to study pyramid lattice core sandwich plates. 

Theoretical analysis with Hamilton's concept establishes 

motion's equation. The design of lattice cells will benefit 

from the new technique [17]. The octahedrons, truncated 

octahedrons & stellated octahedrons as porous cells are 

made by selective laser melting. It's experimental, and 

simulations work. The results indicated that the 

octahedron configuration has the highest mechanical 

performance [18]. 

Lei et al. (2019) created two kinds of multi-layer cores 

using AlSi10Mg materials, performed numerically and 

experimentally. Strut position and constructed angle 

change in strut diameter deviation [19]. Wang et al. (2019) 

experimental work examine the behavior of sandwich 

panels with different types of lattice cores using 

galvanized sheet metal and 3d printed lattice cores. Lattice 

& graded lattice cores absorb more energy than solids 

[20]. In their experimental work, Azmi et al. (2019) 

checked the damage amount & position to see how it 

affects the natural frequencies of the lattice structure. 

Increasing damage reduces the natural frequency, and 

natural frequency values rise as it moves away from the 

clamped edge [21]. Qi et al. (2020) designed an innovative 

hybrid sandwich composite of pyramidal truss core 

reinforced by carbon fiber using finite element models. 

The study verifies an improvement in the characteristic of 

the hybrid joining insert [22]. Bonthu et al. (2020) created 

a 3D-P of a syntactic foam cored sandwich (skin-core-skin 

printing in sequence at once). This study included 

optimizing printing conditions and producing high-quality 

sandwich structures without flaws [23]. 

Monteiro et al. (2021) found out how sandwich 

panels' flexural behavior is affected by lattice topology 

with numerical and experimental methodologies. Relative 

density constant (0.3). Several lattice geometries have a 

potential alternative to standard construction [24]. Ma et 

al. (2021) reported a review study on sandwich panels' 

features and impact behavior based on cores lattice and 

loading conditions as compression. Application and future 

development have been forecasted [25]. Wei et al. (2021) 

explored the vibration properties of an octahedral lattice 

core sandwich, representing theoretical and numerical 

study. Outcomes coincide perfectly with an octahedron 

core's natural frequencies by adjusting its cell [26]. Guo et 

al. (2021) investigated vibration analyses and passive 

control of sandwiched beams by 3D printed lattice. 

Theoretical results confirmed empirically, literature 

findings and simulation showed how 3D printing could 

create complex lattice cores [27]. The optimal design of 

core characteristics and skins is also discussed for 

inhomogeneous [28] and soft polymers [29]. To predict 

the stability of isotropic composite plates reinforced by 

different types of powder, Chiad et al. (2020) developed a 

combined finite element and experimental work [30]. A 

three-dimensional FEA model predicts the flexural 

behavior of sandwich structures adhesively bonded to a 

polymeric foam core consisting of fiber-composite skins 

(also termed face sheets) [31]. 

Moreover, studies have been conducted to analyze 

static and dynamic behaviors of composite structures such 

as plates and shells [32-34]. Ambreen Kalsoom et al. 

(2021) investigated the stiffness and damping 

characteristics of the sandwich beam with 3D printed 

thermoplastic composite face sheets using higher-order 

beam theory based on various parameters such as support 

conditions, non-homogeneous magnetic flux, geometrical 

properties [35]. Roman Lewandowski et al. (2021) 

conducted numerical studies on dynamic characteristics 

for composite sandwich beams made from elastic and 

viscoelastic layers based on refined zig-zag theory [36]. 

Al-Waily et al. proposed a dynamic analytical model of 

the composite plates reinforced with hybrids 

nanomaterials additives [37]. Studies also focus on static 

and dynamic experimental works of specific components 

of the sandwich structure [38]. Recently, many 

investigations have been proposed to improve the 

sandwich panel design methods using isotropic face sheets 

and functionally graded cores. Njim et al. (2021) 

investigated analytical and numerical investigation of free 

vibration behavior for sandwich plates with functionally 

graded porous metal cores and homogenous skins based 

on classical plate theory [39] and the finite element using 

the Rayleigh-Ritz [40]. 

Among the literature on sandwich panels with 

composite faceplate and foam core, most studies focus on 

the behavior of core material. However, previous research 

investigated low-density cellular structures and their 

application as an alternative to solid materials 

concentrating on maintaining or improving performance. 
The current research includes the experimental and 

theoretical study of free vibration analysis of a sandwich 

plate with two sides of aluminum metal and foam core. 

The study aims to replace the irregular cells foam of the 

core with a regular cellular structure, where the cells have 

a standard shape, distribution, and size. Two 

configurations are employed, one open-cell and the other 

closed. The theoretical analysis of the two structures is 

carried out to obtain the free vibration characteristics 

based on various parameters using mechanical properties 

obtained from the experimental work. The findings of this 

study are essential in the automobile industry. The 
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numerical results presented herein for the cellular core 

sandwich plate are not available in the literature and 

hence, should be of interest to future research directions. 

I. Structural core 

For the structural core to differ from the solid, values 

of the modulus of elasticity and the poison ratio, need to 

be derived as an equation in a different direction. The 

geometrical structure of cellular solids is defined by the 

cells' form, size, and distribution. 3D cellular solids like 

foams have greater complexity than 2D honeycomb 

structures. But studying two-dimensional structures helps 

us comprehend three-dimensional structures like foams. 

The relative density 𝜌r of a cellular solid is one of its most 

essential properties [41], 

 

 ρr =
ρ∗

ρo
     (1) 

 

Where, ρ∗  and ρo  are the cellular and outer 

(connected solidly) material densities, respectively. The 

cell wall thickens with relative density. The outer 

material's volume fraction is shown in Fig. 1, 

 

 po =
Vo

V∗
   (2) 

 

As the density of the foam ρ∗ =
m∗

V∗
  and density of the 

outer material ρo =
mo

Vo
, Since that m∗ = mo . The outer 

material's volume fraction po can be written as, 

 

 po =
mo

ρo

m∗

ρ∗
⁄ =

ρ∗

ρo
=

Vo

V∗
  (3) 

The inner material's relative density matches the outer 

material's volume fraction pi =
Vi

V∗
, Also, note that, 

 

 po =
V∗−Vi

V∗
= 1 − Vi = 1 −

Vi

V∗
  (4) 

 

It will seem more like a solid substance with isolated 

pores if the relative density is more significant than, po >
 0.3. 

 

 
 

Fig. 1. One cell of cellular structure. 

 

Closed Cell Design 

Closed-cell foams have walls, unlike open-cell foams. 

The proposed for the close cell cubic is symmetric in all 

directions, as illustrated in Fig. 2. The way of defining the 

relative young's modulus is, 

 

 Er =
Ec
∗

Ec
   (5) 

 

 
 

Fig. 2. Closed cell structure. 

 

Where Ec
∗ and Ec represents Young's modulus of the 

cellular and solid materials of the closed structure, 

respectively. The cells are designed to be having same 

mechanical properties in the x and y directions, as 

illustrated in Fig. 3. The cell of the foam is symmetric, as 

shown in Fig. 4, and the characteristics of a rectangular 

strut with lengths (t) are, 

 

 
ρ∗

ρo
= 1 −

Vi

V∗
= 1 −

24Vis

8c3
= 1 −

3Vis

c3
  (6) 

 

 Vis =
1

3
Ah =

1

3
(c − t cos γ)3  (7) 

 

So, the final equation would look like this, 

 

 
ρ∗

ρo
= 1 −

(c−t cos γ)3

c3
  (8) 

 

 
Fig. 3. Closed-cell in x-y direction to conclude young's 

modulus. 

 

 
Fig. 4. The closed-cell area (eighth cells). 

 

Modeled an isotropic closed-cell foam and provided 

an estimated foam Young's modulus linked to the solid 

𝑉𝑜 

𝑉𝑖  

𝑉∗ 
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Young's modulus as a function of the proportion of solid 

material in struts φ by [8], 

 

 
Ec
∗

Ec
≈ C1φ

2 (
ρ∗

ρo
)
2

+ C1
′ (1 − φ)

ρ∗

ρo
+

pat(1−2ν
∗)

Eo(1−
ρ∗

ρo
)

  (9) 

 

 Gc
∗ =

Ef
∗

2(1+νf
∗)
     (10) 

 

C1 ≈ C1
′ ≈ 1 and the last term in Eq. (9) can be neglected 

as it almost equals zero, also atmospheric pressure pat =
0.1 Mpa, then the equation goes, 

 

 
Ec
∗

Ec
≈ φ2 (

ρ∗

ρo
)
2

+ (1 − φ)
ρ∗

ρo
    (11) 

 

By substitution Eq. (8) in Eq. (11), get, 

 

 
Ec
∗

Ec
≈ (

φ2 (1 −
(c−t cosγ)3

c3
)
2

+

(1 − φ) (1 −
(c−t cos γ)3

c3
)
)   (12) 

 

And since the cell is symmetrical in the x and y 

direction then, the equation becomes, 

 

Ec2
∗ = Ec1

∗ = Ec
∗ = (

φ2 (1 −
(c−t cosγ)3

c3
)
2

+

(1 − φ) (1 −
(c−t cosγ)3

c3
)
)Ec  (13) 

 

Percentage of the strut from the total material forming 

the solid part of the core structure (φ). To obtain the 

following equation, the free vibration equation was 

derived based on Kirchhoff's theory of a three-layer 

sandwich plate (two faces of plates and a core) [42, 43],

 

 ωmn = √
  
  
  
  
  
 

(
π

a
)
4

(

 
 
 
 

2

(

 
 
 
 

2Es
1−νs2

(

hs
3

3
+
hs
2hf
2

+
hshf

2

4

)

+
Ef

1−νf
2(

hf
3

12
)

)

 
 
 
 

+

(

 
 
 
 

4Es
(1+νs)

(

hs
3

3
+
hs
2hf
2

+
hshf

2

4

)

+Gf(
hf
3

3
)

)

 
 
 
 

)

 
 
 
 

2ρshs+ρfhf
 (14) 

The new modified equation, instead of after the back substitution of the equations, 

 

 ωmn =
√
  
  
  
  
  
 

(
π

a
)
4

(

 
 
 
 

2

(

 
 
 
 

2Es
1−νs2

(

hs
3

3
+
hs
2hf
2

+
hshf

2

4

)

+
Ec
∗

1−νc
∗2
(
hf
3

12
)

)

 
 
 
 

+

(

 
 
 
 

4Es
(1+νs)

(

hs
3

3
+
hs
2hf
2

+
hshf

2

4

)

+Gc
∗(
hf
3

3
)

)

 
 
 
 

)

 
 
 
 

2ρshs+ρf
∗hf

   (15)

 

Open Cell Design 

Most open-cell foams lack walls. Procedures remove 

cell membranes physically or chemically. Applying the 

same approach for open cells, proposing cell cubic 

symmetric in two directions as illustrated in Fig. 5. They 

were using the same equation only by adopting 

mechanical properties for open-cell. The same way in 

defining relative young's modulus as mechanical the same 

in x and y directions as illustrated in Fig. 6. As shown in 

Fig. 7, the chosen open cell has three areas, 

 

 
ρ∗

ρo
=

Vo

V∗
=

4(Vos)

4c2h
=

Vos

c2h
   (16) 

 

 Vos = (
t((c2 − (c −

t

2
)) + (c2 − (c − t)))

+t2 (√2c2 + (h − 2t)2 −
t

tan γ
)

)  (17) 

 

So, the final equation is going to be, 

 

 
ρ∗

ρo
=

1

c2h
(
t((c2 − (c −

t

2
)) + (c2 − (c − t)))

+t2 (√2c2 + (h − 2t)2 −
t

tan γ
)

) (18) 

 

 
Fig. 5. The open cell structure. 

Fig. 6. Open the cell in the x-y direction to conclude 

young's modulus. 
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Fig. 7. closed-cell (quarter cell). 

 

As a result, [8] calculated the open-cell foam's elastic 

constants using the cubic model, 

 
Ec
∗

Ec
≈ C1 (

ρ∗

ρo
)
2

  (19) 

 

 Gc
∗ =

Ef
∗

2(1+νf
∗)

   (20) 

 

As C1 ≈ 1 and ν∗ = 0.3, the equation goes, 

 

 
Gc
∗

Ec
≈

3

8
(
ρ∗

ρo
)
2

  (21)  

 

Ec
∗

Ec
≈

(

 
 1

c2h
(
t ((c2 − (c −

t

2
)) + [c2 − (c − t)])

+t2 (√2c2 + (h − 2t)2 −
t

tanγ
)

)

)

 
 

2

 (22) 

 

And since the cell is symmetrical in the x and y 

direction then, the equation becomes,
 

 Ec2
∗ = Ec1

∗ = Ec
∗ =

(

 
 
 
 
 
 
 

1

c2h

(

 
 
 
 
 
 t(

(
c2

−(c −
t

2
)
) +

(c2 − (c − t))

) +

t2

(

 
 √

2c2

+(h − 2t)2

−
t

tan γ )

 
 

)

 
 
 
 
 
 

)

 
 
 
 
 
 
 

2

Ec  (23) 

 

Using the same equations (14) and (15) to compete for the 

natural frequency. 

II. Results 

For a rectangular sandwich plate, a = b = 30cm . 

Using two Faces with a thickness of hs = 1mm  of 

aluminum alloy (Al 1100-H12) has Es = 68.9 Gpa,  
ρs = 2710 kg/m3  & νs = 0.33 . The core part with a 

thickness of hf = 14mm. The material to be adopted in 

the core structure is polylactic acid (PLA) and 

Thermoplastic polyurethane (TPU). The tensile test is 

carried out to find mechanical properties according to 

ASTM. Hence, standard specimens for PLA and TPU 

material are used as raw materials in 3D printing machines 

to make structural foam, depending on ASTM D638 for 

plastic materials [44, 45]. Two types of samples adopted 

rigid and non-rigid plastic specimens for the record, as 

illustrated in Fig. 8. According to the standards, five 

samples of each material, with the dimensions listed in 

Table 1. 

Table 1. 

ASTM D638 for plastic rigid (PLA) and non-rigid 

(TPU). 

Measurements PLA (mm) TPU (mm) 

Lo 165 115 

L 33 20 

Wo 20 19 

W 12.5 6 

R 76 14 

Ri - 25 

Thickness 3 3 

Gauge length 50 25 

 

 
a. Rigid specimen 

 
b. Non- rigid specimen 

Fig. 8. ASTM D638 specimens. 

 

Table 2.  

Printing parameters of all specimens. 

Printing setting PLA 

filament 

TPU filament 

Nozzle dia. 0.40mm 0.50mm 

Layer thickness 0.28mm 0.25mm 

Infilling density 100% 100% 

Infilling pattern lines lines 

Printing temp. 200° C 228° C 

Bed temp. 60° C 65° C 

Printing speed 50mm/sec. 25mm/sec. 

 

As the average results, PLA has a young's modulus 

magnitude of 1.175 Gpa and a density of 1360 kg/m3, 

while TPU has a young's modulus magnitude of 

0.833 Gpa and a density of 1450 kg/m3. Printed specimens 

are illustrated in Fig. 9 before and after testing. First, 

𝑥 

𝑧 
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choose the cell dimension to build the core for open and 

closed cells. The selected cell is cubic in shape with a 

length of 14mm. The other dimension to be calculated like 

strut thickness, with a critical relative density as ρr > 0.3. 

Table 3 shows the selected strut thickness results as well 

as the calculated young modulus. In comparison with 

PLA, the stiffness of TPU polymer type decreases with 

thickness. 

 

 
Before fracture  

 
After fracture  

a. PLA material 

 

  
Before fracture  

 
After fracture 

b. TPU elongation 300 % material  

 

Fig. 9. Tensile specimen before and after testing . 

 

As can be seen from the results, the fundamental 

natural frequency increases as a function of relative 

density. Table 4 compares the natural frequency results 

between the traditional shape with open and closed cells 

at hc 0.014 (m). Based on the results, it is evident that the 

new design has a distinct improvement in natural 

frequency. According to Table 5, closed-cell designs 

adopting varying strut thicknesses produce different 

results. According to the table, natural frequency and 

Young modulus increase as the proportion of solid 

material in struts φ  decreases, furthermore the PLA 

samples showing significantly higher stiffness than TPU 

samples. 

The natural frequency to elasticity modulus relation is 

illustrated in Fig. 10 for open cells and Fig. 11 for closed 

cells, while the connection to relative density is presented 

in Fig. 12 for available cells and Fig. 13 for closed cells. 

Fig. 14 shows the strut thickness effect on the natural 

frequency. 

III. Discussion 

With the Derivation of equations for extracting and 

converting mechanical properties from relative density, 

Young's modulus, stiffness modulus, and Poisson ratio. 

Relying on the equation for extracting the natural 

frequency, we discuss the results as follows,  

Figures (10) and (11) show the relationship between 

the natural frequency and the modulus of elasticity. The 

connection is inverse with the decrease in the modulus of 

elasticity, so the natural frequency increases, and this 

decrease comes after converting the solid material into 

Table 3.  

Open cell design results adopting varying strut thickness ranges 

Mat t, mm ρr Ec
∗, Gpa vc

∗ Gc
∗, Gpa ρc

∗ ,kg/m3 ω, rad/sec 

P
L

A
 

1.1 0.163 0.031 0.3 0.012 222.21 6046.38 

1.2 0.181 0.038 0.3 0.015 245.68 5933.88 

1.3 0.198 0.046 0.3 0.018 269.59 5825.61 

1.4 0.216 0.055 0.3 0.021 293.91 5721.44 

1.5 0.234 0.064 0.3 0.025 318.64 5621.23 

1.6 0.253 0.075 0.3 0.029 343.73 5524.85 

1.7 0.271 0.087 0.3 0.033 369.17 5432.16 

1.8 0.290 0.099 0.3 0.038 394.94 5343.01 

1.9 0.310 0.113 0.3 0.043 421.02 5257.27 

2 0.329 0.127 0.3 0.049 447.38 5174.80 

T
P

U
 

1.1 0.163 0.022 0.3 0.009 236.91 5973.81 

1.2 0.181 0.027 0.3 0.010 261.93 5858.01 

1.3 0.198 0.033 0.3 0.013 287.43 5746.78 

1.4 0.216 0.039 0.3 0.015 313.36 5639.96 

1.5 0.234 0.046 0.3 0.018 339.72 5537.38 

1.6 0.253 0.053 0.3 0.020 366.48 5438.88 

1.7 0.271 0.061 0.3 0.024 393.60 5344.27 

1.8 0.290 0.070 0.3 0.027 421.08 5253.41 

1.9 0.310 0.080 0.3 0.031 448.88 5166.13 

2 0.329 0.090 0.3 0.035 476.99 5082.28 

 

Table 4.  

Comparison the result of the traditional shape with the open and closed cells at hc 0.014 (m). 

Mat. Ec
∗ , Gpa  ρs (kg/m3) ρr νc ρc (kg/m3) ω (rad/s) 

PLA 1.175 1360 1 0.38 1360 5239.38 

TPU 0.833 1450 1 0.35 1450 5080.74 
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foam that permeates every air cell, as seen in fig. (12) and 

(13). The difference between the rigid material (PLA) and 

the non-rigid (TPU) is evident as the tough material comes 

at a higher frequency. 

 

 
Fig. 10. Natural frequency to elasticity modulus for open 

cell. 

 

 
Fig. 11. Natural frequency to elasticity modulus for closed 

cell. 

 
Fig. 12. Natural frequency to relative density for open cell. 

 

 
Fig. 13. Natural frequency relation relative density for 

closed-cell. 

 

Table 5.  

Closed-cell design results adopting varying strut thickness 

Mat 
t 

mm 
φ ρr 

Ec
∗ 

Gpa 
νc
∗ 

Gc
∗ 

Gpa 

ρc
∗ 

kg/m3 

ω 

rad/sec 
P

L
A

 

1.1 0.22 0.298 0.236 0.3 0.091 404.85 5321.43 

1.2 0.24 0.321 0.249 0.3 0.096 437.04 5217.62 

1.3 0.26 0.344 0.262 0.3 0.101 468.51 5121.86 

1.4 0.28 0.367 0.274 0.3 0.105 499.25 5033.24 

1.5 0.30 0.389 0.285 0.3 0.110 529.27 4951.00 

1.6 0.32 0.411 0.296 0.3 0.114 558.59 4874.48 

1.7 0.34 0.432 0.305 0.3 0.117 587.21 4803.14 

1.8 0.36 0.452 0.315 0.3 0.121 615.14 4736.48 

1.9 0.38 0.472 0.324 0.3 0.125 642.39 4674.07 

2 0.40 0.492 0.333 0.3 0.128 668.97 4615.55 

T
P

U
 

1.1 0.22 0.298 0.236 0.3 0.091 431.64 5233.64 

1.2 0.24 0.321 0.249 0.3 0.096 465.96 5128.41 

1.3 0.26 0.344 0.262 0.3 0.101 499.51 5031.51 

1.4 0.28 0.367 0.274 0.3 0.105 532.28 4941.98 

1.5 0.30 0.389 0.285 0.3 0.110 564.30 4859.01 

1.6 0.32 0.411 0.296 0.3 0.114 595.56 4781.93 

1.7 0.34 0.432 0.305 0.3 0.117 626.07 4710.13 

1.8 0.36 0.452 0.315 0.3 0.121 655.85 4643.12 

1.9 0.38 0.472 0.324 0.3 0.125 684.90 4580.46 

2 0.40 0.492 0.333 0.3 0.128 713.24 4521.75 
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Fig. 14. Natural frequency to strut thickness with two cell 

types (Open & Closed) and two materials (PLA & TPU). 

 

For open lattice cells, depending on the relative 

density as a regulator. When the relative density (0.3) at 

(t = 1.9mm) compared to solid matter, the percentage 

decrease in the modulus of elasticity by (PLA: -90.4%) 

and (TPU: -90.4%), increases the natural frequency by 

(PLA: 44.5%) and (TPU: 46.4%). One more time, a closed 

lattice cell with the same relative density (0.3) at (t =
1.5mm) compared to solid matter. Percentage decrease in 

the modulus of elasticity by (PLA: -66.9%) and (TPU: -

64.4%) increases the natural frequency by (PLA: 36%) 

and (TPU: 37.7%). Converting a solid material into a 

cellular one to reduce weight loses some properties. The 

properties can be compensated by adding a nanomaterial 

or by filling the cellular part with another material and 

turning it into a hybrid structure. 

Conclusions 

After reviewing the results in tables and charts and 

discussing the results as in the previous text, the following 

is concluded, 

The effect of converting a solid material or replacing 

a foam form with a cellular pattern is very effective. 

The choice of cell shape and pattern determines their 

performance. The regular shape in both directions makes 

the material isotropic and homogeneous 

Selection between closed and open-cell depends on 

the application, and it is preferable to use a closed-cell in 

the sandwich because it offers much performance. 

The open-cell structure can be converted into a closed 

one by filling the attached space with another material, 

such as foam, which makes the core a hybrid shape that 

offers the performance the engineer aspires to. 

Effectiveness of cellular pattern theoretical analysis 

estimation and possible use in various applications 

The results of this investigation can be used in various 

engineering applications such as retractable car roofs, the 

floor of electric cars to isolate the cabin from the battery 

placed under the vehicle, and electric motor covers for 

electric cars. 

 

Nomenclature 

Symbols Definition 

𝑎 Plate length in x-direct (𝑚) 

𝑏 Plate width in y-direct (𝑚) 

𝑐 Half of the cell length or width (𝑚) 

𝐸𝑠 face layer young's modulus (𝑃𝑎) 

𝐸𝑓  core layer young's modulus (𝑃𝑎) 

𝐸𝑐
∗ cellular core material young's modulus (𝑃𝑎) 

𝐸𝑐 solid material young's modulus (𝑃𝑎) 

𝐺𝑓 core layer rigidity modulus (𝑃𝑎) 

𝐺𝑐
∗ cellular core layer rigidity modulus (𝑃𝑎) 

ℎ𝑠 Upper face layer height (𝑚) 

ℎ𝑓 lower face layer height (𝑚) 

𝑝𝑖 Inner volume fraction 

𝑝𝑜 Outer volume fraction 

𝑡 The thickness of the cell frame (𝑚) 

𝑉∗ cellular material Volume (𝑚3) 

𝑉𝑜 
outer (connected solid) material Volume 

(𝑚3) 

𝑉𝑖 inner (air) Volume (𝑚3) 

𝑉𝑖𝑠  Inner air volume (𝑚3) 

𝑉𝑜𝑠 Outer frame volume (𝑚3) 

𝜔𝑚𝑛 Natural frequency (𝑟𝑎𝑑/𝑠.) 
𝜈𝑠 face layer Poisson's ratio 

𝑣𝑐
∗ cellular Poisson's ratio 

𝜌𝑟 Relative density 

𝜌∗ cellular material density (𝑘𝑔/𝑚3) 

𝜌𝑓 face layer density (𝑘𝑔/𝑚3) 

𝜌𝑠 core layer density (𝑘𝑔/𝑚3) 

𝜌𝑜 
outer (connected solid) material density 

(𝑘𝑔/𝑚3) 

𝜑 the proportion of solid material in struts 
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Аналіз вібрації багатошарової пластини із відкритою  

та закритою комірками 

1Кафедра механічної інженерії, інженерний факультет, університет Куфи, Ірак 
2Міністерство промисловості та мінералів, Державна компанія виробництва гуми та шин, Ірак 

3Університет Аль-Фарахіді, коледж технічної інженерії, Ірак 

У роботі здійснено спробу замінити традиційну форму та матеріал серцевини сендвіча стільниковою 

формою, у якій клітини мають правильні форму, розподіл та розмір. Ідея цієї статті полягає в розробці двох 

структур, одна із яких з відкритою коміркою, а інша із закритою, а також в оцінці ефективності сендвіч-
пластини із гратковою коміркою серцевини, що використовується для багатьох промислових застосувань, 

зокрема в автомобілебудуванні. Нові теоретичні формулювання побудовані для двох структур для 

знаходження характеристик вільних коливань. Результати такої моделі порівнюються із традиційною формою. 

Виведені рівняння для прогнозування механічних властивостей на основі відносної густини з вибраними 
формами, специфічне рівняння вібрації тришарової сендвіч-плити та розв’язано за допомогою таблиць Excel. 

Багатообіцяючими є і результати, і оцінка ефективності теоретичного аналізу клітинної структури. Обмеження 

та частота похибок для механічних властивостей випливають з емпіричних рівнянь, і їх співвідношення до 

значень відносної густини є вищим залежно від поведінки матеріалу серцевини. Висновки вказують, що при 
відкритих комірках спостерігається зниження модуля пружності на (PLA: -90,4%) і (TPU: -90,4%) та 

збільшення власної частоти на (PLA: 44,5%) і (TPU: 46,4%), тоді як для закритих комірок модуль пружності 

зменшується на (PLA: -66,9%) і (TPU: -64,4%), а також збільшується власна частоту на (PLA: 36%) і (TPU: 

37,7%). Перетворення твердої речовини або заміна пінопластової форми стільниковою формою є одним із 
способів покращити продуктивність і заощадити вагу завдяки вибраній стільниковій конфігурації при 

поглинанні енергії вібраційної хвилі. 

Ключові слова: сендвіч-плита, вільні коливання, конструкція комірки, розпірна секція, закриті та відкриті 

комірки, відносна щільність. 
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Properties porous silica glasses are systemized in this review. Also the methods of formation of the 

nanoparticles’ ensembles of the substances, which are useful for the microelectronics, are described. Porous silica 

glasses are perspective due to their chemically resistance, mechanical strength and development of their inner 
surface. Own electrical resistance is too big for the porous glasses’ specimens with standard sizes, that’s why ones 

use them as matrixes for luminescence type of sensors mainly. The luminescent properties’ dependence on the 

molecular structure of investigate substances (such as dyes and metal oxides), as well as on the nanoparticle 

ensemble technological formation condition is studied. It is revealed to which certain gases dyes of the specified 
type are sensitive and why it occurs in such manners. It is shown due to which of the described nano-size systems’ 

properties sensitivity is appeared. Besides, one can embed a conductive phase into the pores of glass due to features 

of its structure. After such treatment one can use the porous glasses as matrix for formation of resistance type 

sensors. 
Keywords: silica porous glass, luminescence, gas sensors, humidity sensors, carbon treatment, ohmic 

contacts, dyes. 
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Introduction 

Typically, the luminescent centers of the materials 

suitable for use as active elements of fluorescent gas 

sensors are located near the surface. This is 

understandable, because the changes in the gas 

composition of the environment primarily affect the near-

surface matter layers. Therefore, in order to achieve these 

changes best registration, it is necessary to strive for the 

maximum possible development of the substance surface, 

which is able to be an active element of the gas sensor. 

This development can be achieved by dispersing the 

substance to nanometers (or almost molecular level in the 

case of a molecular crystal), because it is known that the 

total surface area of many small particles is always much 

larger than the surface of one large particle of the same 

volume. It should be emphasized that it is impossible to 

work fruitfully with nanometer size individual particle, so 

they should be placed in a system of some test tubes of 

appropriate size. The role of such a system of nano-sized 

tubes can be played by a matrix that contains small voids 

in the through pores form. This forms an ensemble of 

nanoparticles, consisting of these matter small particles 

and the matrix in which they are placed. Since the matrix 

is a part of the ensemble, it must meet certain restrictions, 

due to which its presence will not affect the test substance 

gas sensitivity and, moreover, will positively affect its 

luminescent properties. One of the main such limitations 

is chemical inertness, i.e. the matrix should not chemically 

interact with the test substance and change its (or its own) 

chemical composition. Secondly, it must have a fairly 

strong skeleton, which will prevent both the nanoparticle 

ensemble aggregation and the created system mechanical 

destruction. Finally, it should be non-luminescent (or glow 

in areas of the spectrum that are not relevant to the test 

substance). Some authors use polymers [1-2] or gelatin [1, 

3] as a matrix. These compounds do not luminesce and are 

quite chemically inert. Due to their structure peculiarities, 

they are able to hold the clusters of the substance formed 
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inside them. However, these clusters can have arbitrary 

sizes and shapes, and their growth will not be restraining 

by polymer or gelatin, but on the contrary, they themselves 

will uncontrollably form the matrix skeleton. Porous 

silicate glass with nanometer-sized through voids is 

devoid of this defect. The interpenetrating pores size, can 

vary from a few nanometers to several hundred 

nanometers. In addition, compound quartz skeleton is 

quite durable, and therefore limits the particle size that are 

formed, because they cannot exceed the pores size. The 

glass columnar structure allows influencing both the pores 

inner surface and the nanoparticles created inside them. In 

most cases, these nanoparticles are conveniently created 

by saturating the matrix with certain substances solutions. 

Thus, porous silicate glass perfectly meets the 

requirements for the matrix, but it does not exist in nature. 

However, it can be obtained from two-phase sodium-

boron-silicate glass by a not very sophisticate technology 

[4]. 

I. The porous silicate glass types and 

their creation technology 

Two-phase sodium boron silicate glass has a rather 

complex chemical formula SiO2× [Na2O×B2O3]. Such 

glass melting temperature exceeds 750°C. In addition, the 

melting temperature of the glass silicate component is 

much higher than the melting temperature of the sodium 

borate complex, and therefore there exists a temperature 

at which the glass sodium borate component is in a liquid 

state, while its silicate component is simply very hot. This 

state corresponds to a temperature of 650°C. If the burden 

for two-phase glass melting, which is brought to 750°C, is 

cooled adiabatically to 650°C, so that the phase separation 

occurs at the indicated temperature, the sodium borate 

complex will still melt, forming large bubbles, which will 

form a silicate skeleton. Due to the melt viscosity, it is kept 

in such conditions for several hundred hours, until the two 

phases are completely dissolved in each other, and then 

slowly cooled to room temperature. The obtained two-

phase glass is enough large (up to hundreds of 

nanometers) areas of interposed silicate and sodium borate 

phases. These phases, specifically, show unequal chemical 

resistance, so that a mixture of hydrofluoric, nitric and 

glacial acids can completely erode the sodium borate 

phase, with almost no effect on the silicate phase, which 

leaves a quartz skeleton with through voids in place of 

etched borate phase. These voids are quite large, however, 

due to mutual dissolution, rather small, sandy SiO2 

particles got into the sodium borate phase, which after its 

etching must settle inside the resulting pores. Such settled 

sandy particles are called residual silica gel. Chemically, 

they are completely identical to the quartz skeleton and 

differ from it only in fineness. The resulting glass is 

conventionally called porous glass type C. Such glass is 

unsuitable for a number of applications, because due to 

large enough holes it will form test substance particles of 

significant size, so to achieve significant deployment of its 

surface will remain impossible. 

To form smaller pores in the glass, it is necessary to 

change slightly the two-phase glass technological modes 

creating. The burden, for its melt should be adiabatically 

cooled to a lower temperature, which is close to the 

sodium borate phase melting temperature, but some lower 

than it (about 490°C). If the burden is kept at this 

temperature for hundreds of hours, it will lead to the 

formation of sodium-borate phase of relatively small 

bubbles and, after cooling to room temperature, the phases 

will separate, resulting in two-phase glass with small 

(about tens of nanometers) areas of interwoven silicate 

and sodium borate phases. After etching the unstable 

sodium borate phase as described above, enough fine-

grained silicate glass is formed, which will also contain 

residual silica gel in the pores. The resulting glass is 

conventionally called porous glass type A. 

The presence of silica gel inside the pores, depending 

on a particular scientific problem conditions, can be both 

desirable and harmful. Thus, the presence of silica gel 

makes the glass more fine-grained, but at the same time 

reduces the free space for the nanoparticle test substance 

formation. On the other hand, the presence of silica gel 

improves the glass adsorption properties, but deteriorates 

its mechanical properties (due to gel swelling in a humid 

environment, the sample may deform [5-7]). Although 

special treatment can improve the glass mechanical 

properties, but it will not always have a positive effect on 

its other properties [8]. Within the problem of the surface 

substance suitable expansion as some sensor active 

element, the separative ability of silica gel is certainly 

useful, which prevents the aggregation process of particles 

formed an ensemble in the pores [1, 9]. However, for cases 

where the presence of silica gel in the pores is harmful, the 

lixiviate techniques, have been developed in [10], can be 

used. In this manner the glass can be depleted with silica 

gel or this technique quite deprive the glass of this 

formation. According to this technique, the finished glass 

is etched in an alkaline etchant based on KOH. This 

etchant interacts enough quickly with finely divided silica 

gel and acts much more slowly on solid (at least porous) 

matrix walls. Due to this, most of the silica gel is removed, 

while the walls of the matrix skeleton are only slightly 

etched [4, 11]. The type A glass treated in this way is 

conventionally called the type B glass, and the type C 

glass is called the type D glass. 

Figure 1 shows the results of the structure of all 4 the 

above noted types glasses investigation using an electron 

microscope. It is noticeable that of A and B type glasses 

are fine-porous ones, while the pores in C and D type 

glasses are much larger. Residual silica gel particles in the 

images corresponding to A and C glasses look like white 

spots. In C type glass they are larger, in B type glasses they 

are almost imperceptible (this confirms that the leaching 

technique leads only to the depletion of glass by silica gel 

[4, 11]), and in type D glasses they do not exist at all. 

Figure 2 shows the pore-sizes distribution spectra for 

all these types of glasses. One can see that two main 

fractions of pore sizes exist for every type of glass. 

However, anyone of types contents a small amount of 

pores with size from about 10 nm to more 100 nm. 
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II. The structure of the dyes based on 

the 4-valent tin 

It’s useful to pay special attention to the dyes based 

on the 4-valent tin among the materials, which can be used 

as active elements for the luminescence gas sensors. 

According to [12], these macromolecular compounds are 

the most sensitive to the environment gaseous 

composition. The molecules of this group dye consist of a 

coordination node with a ligand, which may show 

different dentition, and a hydrazide fragment with a 

certain type substituent. It is expedient to consider the dye 

molecule in this way, because the coordination node is a 

more stable formation and remains unchanged during 

chemical transformations, while the substituent 

composition and its placement in the hydrazide fragment 

can be changed by simple chemical reactions. 

Coordination nodes can be of two types: 

tetradimethylaminobenzaldehyde and 

dihydroxynaphthaldehyde (denoted by the ligand 

{SnCl4ON} and {SnCl3O2N}, respectively). Ligand 

{SnCl4ON} is single-dentate and has a zwitter-ionic 

structure with a negative charge, which is delocalized in 

the fragment N=C–O, and ligand {SnCl3O2N} is double-

dentate with a negative charge, which is concentrated in 

the O-Sn-O area. The structural formulas of both 

coordination nodes are shown in Figure 3 [13]. 

The hydrazide fragment in Fig.3 is not indicated. It is 

a conventional benzene ring with a substituent of 

nicotinoyl or benzoyl type. In the first case, a certain 

nitrogen group is built directly into the benzene ring (i.e., 

one of the benzene ring carbon is actually replaced by 

nitrogen). This, of course, leads to the appearance of a 

localized charge near the substitution, which is 

compensated by the opposite charge in the coordination 

node; therefore, the corresponding molecule will exhibit 

the properties of the dipole. In the second case, the 

hydrogen atom in one of the benzene ring positions is 

replaced by an amine or hydroxyl group, which is also 

accompanied by a charge redistribution within the 

coordination node to maintain the electro-neutrality of the 

molecule. Isomeric dyes that differ only in the substituent 

position relative to the hydrazide fragment are called dyes 

with different tautomeric form. The substituent position in 

each tautomeric form is indicated by a number. For this all 

 
Fig. 1. Electron microscopic images of structures for four types of porous glass. 

 

 
Fig. 2. Typical pore-size distribution for four types of porous glass. 
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6 carbon atoms in the corresponding benzene ring are 

numbered, as "1" is a carbon atom having a bond that 

connects the hydrazide fragment with the coordination 

node. Other positions are successively denoted by 

numbers from the natural series from "2" to "6" 

counterclockwise. Therefore, substitution cannot occur at 

position "1", because it will destroy the molecule. The 

results obtained in [4] show that the dye molecules have 

no intramolecular bonds (at least hydrogen ones), so the 

tautomeric forms are invariant with respect to the reading 

direction of carbon atoms in the benzene ring of the 

hydrazide fragment. Therefore, the dyes in which the 

substitution took place at position "2" or at position "6" 

are completely equivalent and have the same 

photoluminescence spectra. The same is true of dyes with 

substitutions at positions "3" or "5". A direct consequence 

of this equivalence is the dye molecule additional 

rotational symmetry, which leads to additional electron-

rotational levels suitable for the radiative transition. 

Because of this, the dyes luminescence intensity with a 

substituent in position "4" is the lowest, because there are 

no additional levels for them. In addition, the interaction 

of the substituent with the coordination node also 

increases the luminescence intensity and the stronger the 

closer is the substituent to the coordination node. 

Therefore, the dyes luminescence with substitution in 

position "2" (or "6") is always more intense than when 

substituted in position "3" (or "5") [14]. 

The dyes luminescence is a consequence of the 

radiative transitions between the electron-vibrational 

sublevels of the first excited and ground singlet dye 

molecule electronic states. These states system occurs 

when the molecules are sufficiently mobile relative to 

each other, which occurs in solutions due to the interaction 

of the dye molecule (or its part) with the surrounding 

solvent molecules. The solvent does not affect the energy 

of the radiation, but, depending on the solvent absorbency, 

can affect its intensity. As demonstrated in [4, 13], the 

absorption capacity of the standard organic chemistry 

solvent dimethylformamide (CH3)2NCO, which is usually 

abbreviated as DMFA, is the lowest, so it is in it that dyes 

based on tetravalent tin complexes glow most intensely. 

But the dye molecules in the solution are separated from 

the environment by the vessel and, with the exception of 

those on the surface of the solution, passivate each other. 

Thus, only a small part of the dye molecules has direct 

contact with the environment and this should significantly 

reduce the sensitivity of their luminescence to the 

composition of the surrounding atmosphere. Thus, the dye 

in solution is unsuitable for use as an active element in gas 

sensors. 

However, dyes can glow not only in solutions but also 

in the dry state, if the dye is dispersed in a suitable model 

environment. As a model medium, it is advisable to use 

porous silicate glass, in which the average size of the pores 

is comparable to the size of the dye molecules. When the 

pores in such glass are saturated with a dye solution in 

DMFA, it disperses almost to the molecular level, and its 

nanoparticle glow centers will come into direct contact 

with the particles of gas contained in the environment, so 

they can react to changes in its composition. In this case, 

the presence of residual silica gel inside the pores, which 

will play the role of separation material between the dye 

molecules, will allow to get rid of the effect of its 

molecules mutual matching. From the above it is clear 

(and confirmed by the results of a number of works [9, 15-

19]) that the role of the model medium will be best played 

by porous A type silicate glass. In this case, the glow will 

occur due to the dye molecules interaction with the model 

medium inner surface and silica gel particles penetrate 

between the dye molecules, leading to the formation of 

aggregations, which are the centers of non-radiative 

recombination through the source channels. In addition, 

for more nanoparticle uniform distribution in the pores, 

majority of the solvent is removed after impregnation with 

additional low-temperature annealing, and due to its 

almost absence, the emitted light quanta possible 

absorption is eliminated. Therefore, the dye nanoparticle 

ensemble luminescence intensity inside the acceptable 

type porous matrix always exceeds the photoluminescence 

intensity of the same dye in the corresponding solution. 

We investigated the photoluminescence spectra 

excited by the ultraviolet laser LCS-DTL-374QT 

(wavelength λ = 355 nm, power 15 mW) and recorded on 

a standard setup, which consisted of a quartz 

monochromator SF-4, a photomultiplier PEM-79 with 

sensitivity 280850 nm, as a photodetector, and a selective 

amplifier that was synchronized with the excitation laser 

frequency. The result was transmitted to the computer 

monitor via an analog-to-digital converter using USB-

oscillography software. In order to ensure obtained results 

comparability in terms of intensity, the installation in each 

measurement was calibrated with a mineral origin 

luminophore by type LDP-2mA, which is characterized by 

constant luminescence and complete degradation absence. 

The width of the monochromator slot and the 

enhancement limits were kept constant, therefore, it can 

be argued that the obtained spectra were comparable in 

relative units, if the unit luminescence intensity is 

considered to be the luminophore luminescence. 

Analysis of the photoluminescence spectra of dyes 

based on the 4-valent tin both in DMFA solution and in 

the form of nanoparticle ensembles in a porous matrix 

showed that they in all cases have a Gaussian shape with 

 
Fig. 3. Coordination nodes structural formulas of {SnCl4ON} (left) and {SnCl3O2N} (right). 
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one maximum and are almost entirely determined by their 

intensity and its maximum position. As mentioned above, 

the luminescence intensity of any dye in the form of a 

nanoparticle ensemble has always exceeded its intensity in 

solution. The greatest increase in luminescence was 

observed in the case of the benzoyl type hydroxyl 

substituent. The spectra remained hyperchromic relative 

to the dye in solution, whereas in the case of a benzoyl 

type amine substituent or nicotinoyl substitution there was 

a spectrum shift in one direction or another. This explains 

the highest glow intensity for dyes with hydroxyl 

substitution. For them, the additional energy that arises 

during the nanoparticle ensemble formation is spent 

entirely on the luminescence intensity amplifying, while 

in the case of amine substitution, part of it is spent on the 

photoluminescence spectrum maximum shifting. The 

detailed analysis of the luminescence spectra of all 

tautomeric forms for dyes with both types of coordination 

nodes and any substituent is given in [4]. 

III. Concentration dependence of 

luminescence for the dye 

nanoparticles ensemble 

The dye nanoparticle ensemble luminescence 

intensity depends on the concentration of the solution used 

to create the specified ensemble. To identify this 

dependence regularity, consider how the luminescence 

intensity of the dye solution in DMFA changes with 

increasing concentration. There are two competing 

processes: illumination and light absorption. The first 

process causes an increase in the luminescence intensity 

due to an increase in the luminescence center quantity 

(see, for example, [20]) due to the greater of the dye 

molecule number in the concentrated solution. This 

process is almost linear and at low concentrations the 

luminescence intensity increases from zero to some limit 

value, which is called the saturating solution limit 

concentration. After this concentration excess, the second 

process associated with concentration quenching begins to 

prevail [20-21]. There are so many molecules in the 

solution that they begin to merge into aggregations, which 

are centers of nonradiative recombination through the 

source channels. The solution luminescence intensity 

decreases according to the parabolic law. Fig.4 (left) 

shows a model image of the described dependence. It 

should be noted that according to the Frank-Condom 

principle, both processes occur simultaneously, and 

therefore the dye concentration intensity dependence in 

solution at low concentrations is almost linear, and after 

excess the concentration limit is almost parabolic. 

When the matrix is saturated with dye solutions of 

appropriate concentration to create an ensemble of 

nanoparticles, similar processes occur in the obtained 

system. However, for the case of a nanoparticle ensemble, 

there are certain changes in the described dependence. An 

almost linear curve section at concentrations below the 

limit is converted to a "piece-linear". Such a "piecewise 

linear" increase in the dye nanoparticle ensembles 

photoluminescence intensity in a porous matrix at low 

saturating solution concentrations may be due to the 

inhomogeneity the different sizes pores fraction filling in 

porous glass during this ensemble formation. At 

impregnating solution relatively low concentration in the 

matrix pores there is a relatively small quantity of 

nanoparticles. They will enter the smallest pores alone, 

dispersed to an almost molecular level, so they will not 

aggregate (i.e. no leakage channels will appear). As far as 

even in fine-grained A type glass there is always a certain 

number of rather large pores, many dye nanoparticles will 

get into them, but their fusion in aggregation will prevent 

the surrounding on all sides silica gel particles, and they 

will settle separately on the pores’ walls. The 

luminescence intensity increases rather slowly with 

concentration increasing. When the impregnating solution 

concentration reaches certain "average" values, similar 

processes continue, but the dye molecules’ quantity 

increases [21]. Therefore, more radiative recombination 

centers appear inside the pores, and this leads to the 

luminescence intensity increase acceleration with 

increasing concentration (see, for example, [4, 21]). The 

solution limiting concentration in the case of the 

nanoparticle ensemble remains the same as it was in the 

solution, and its excess again leads to the absorption 

processes in the system prevalence. However, due to the 

solvent practical absence inside the pores of the matrix, 

this can hardly be explained by the concentration 

quenching. At such high concentration impregnating 

solution, small particles in large pores will be so many that 

they will merge into aggregation at the stage of their 

formation [22-23], and silica gel particles will not have 

time to interfere with this process, but will envelop the 

already existing aggregations (see e.g. [9, 22]). In this 

case, the largest (about hundreds of nanometers) pores will 

be filled, in which the silica gel will only partially 

passivate the dye molecules surface. Solvent residues after 

annealing will also be concentrated mainly in the specified 

size pores. Therefore, most of the dye found in large pores 

will behave as if in solution, i.e. there will be the 

photoluminescence intensity decrease, which will 

approach the value typical for the solution. A comparison 

of the luminescence intensity of the 2NH3{SnCl4ON} dye 

concentration dependences in DMFA solution and in the 

form of the nanoparticle ensemble in A type porous silicate 

glass is shown in Fig. 4 and testifies to their complete 

similarity. 

 

 
Fig. 4. The 2NH3{SnCl4ON} dye nanoparticle ensemble 

luminescence concentration intensity dependence in 

DMFA solution (left, model curve) and as a nanoparticle 

ensemble (right, experimental curve). 

 

It can be seen that at solution low concentrations the 

nanoparticle ensemble glow intensity is insignificant; 
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then, through the different size pores unequal filling rate 

(see e.g. [4, 21]), it increases nonlinearly and the 

corresponding curve slope changes. At a concentration of 

0,5×10-3 gmol/l (the saturating solution limiting 

concentration), luminescence becomes maximum. When 

the solution saturating concentration exceeds the limiting 

one, the photoluminescence intensity decreases, as in the 

case of the solution. 

IV. The dye nanoparticle ensemble gas 

sensitivity 

The luminescence properties of obtained ensemble of 

nanoparticles of the dyes based on the 4-valent tin 

complexes can differ sufficiently depending on 

technological conditions of it formation and on structure 

of dye molecules. Taking this fact in to account it’s useful 

to observe which species of dyes are sensitive to one of 

other gas and why it’s so for further use of these systems 

as active elements of gas sensors. One of such sensor 

important properties is the reproducibility of their 

properties, which should ensure their reusability. 

Therefore, it is undesirable to be based on direct chemical 

interaction of the dye substance with gaseous impurities 

present in the environment, and should proceed from these 

dyes molecular structure and the peculiarities of the nano-

size system formation based on their chemical 

composition. The gaseous contaminant presence will be 

fixed by changing the ensemble photoluminescence 

intensity, therefore, we will consider such nano-size 

systems that have the highest initial glow. Therefore, 

taking into account the above-described properties of dyes 

and matrices, we will form ensembles of nanoparticles in 

porous A type silicate glass and use DMFA solutions of 

dyes with tautomeric form "2". 

Nanoparticle ensembles in this sense can be used as 

active sensor elements not of any gases, but of gases which 

contain the same chemical elements, as in a dye molecule. 

Such gases will not chemically interact with the 

nanoparticle ensemble elements, however, their presence 

in the atmosphere will create artificial conditions for 

changing the system luminescent properties. In this case, 

after entering the unpolluted atmosphere, these artificial 

conditions will disappear, and the system alone or with the 

help of simple processing will restore its original glow. 

As is clear from the studied dye structure description, 

their molecule consists mainly from benzene rings 

assemblage. The rings that make up the coordination node 

are perfect and therefore chemically quite inert, while in 

the only ring of the hydrazide fragment there is a 

substitution of a hydrogen (benzoyl) or carbon 

(nicotinoyl) atom for a certain amine or hydroxyl 

complex. Thus, the substituent in the hydrazide fragment 

is a certain analog of the substitution impurity in the 

semiconductors, so it can be a luminescently active center. 

In turn, between the coordination node perfect benzene 

rings contains a ligand based on Sn and Cl. It is a certain 

analogue of interstitial impurities in semiconductors and 

can also be luminescently active and sensitive to some 

gaseous substances in the environment. Due to its zwitter-

ionic structure, the ligand provides a certain charge 

distribution within the coordination node, and hence the 

entire dye molecule. 

Thus, the dye nanoparticle ensemble based on a 

tetravalent stannum in a A type porous glass can, by 

changing its luminescence intensity, detect the gas 

presence in the environment that can affect the substituent 

or cause the charge redistribution in the dye molecule. 

There are two such gases: ammonia, which is very similar 

in structure and chemical composition to the benzoyl-type 

amine substituent, and hydrogen chloride vapor, which 

dissociates perfectly in water, forming negatively charged 

Cl- ions. We were able to detect sensitivity namely to these 

gases in our study. 

As can be seen from the right part of Fig. 4, sensitivity 

to ammonia should be expected from a nanoparticle 

ensemble based on 2NH3{SnCl4ON}, if it is created by A 

type porous glass impregnation with a solution in DMFA 

with a concentration of 0.5×10-3 gMol/l. In this case, the 

luminescence intensity achieves the maximum value and 

the specified concentration exceeding leads to a 

luminescence weakening. However, the ingress of the 

sample formed under these conditions into the ammonia 

medium should lead to an increase in the nitrogen 

concentration in the pores, which is equivalent to the 

creation of a nanoparticle ensemble at a saturating solution 

concentration exceeding the limit. This will reduce the 

luminescence intensity of the sample [4, 24-25]. 

To experimentally confirm these considerations, the 

initial luminescence intensity of the sample 

2NH3{SnCl4ON} in the form of a nanoparticle ensemble 

formed under these conditions was first measured, and 

then it was immersed in an atmosphere containing 

ammonia. Measurements were repeated immediately after 

immersion and after 10 minutes in the specified 

atmosphere. Then the sample was transferred to a pure 

atmosphere and kept in it for 24 hours. Next, its 

luminescence intensity was measured again, immediately 

and after 10 minutes of low-temperature (at 240°C) 

annealing. The result in the form of a histogram is shown 

in Fig. 5. Histograms show that the dye after immersion in 

the atmosphere containing ammonia sharply and steadily 

reduces luminescence intensity and it is possible to restore 

initial intensity only after annealing. 

To explain this result, it should be mentioned that the 

nitrogen inside the coordination node is in an inactive 

state. Therefore, we can assume that the dye 

2NH3{SnCl4ON} initially contains active nitrogen only in 

the substituent, its amount in the ensemble is determined 

by the impregnating solution concentration, which is the 

limit and corresponds to the maximum luminescence. 

After immersion in ammonia, the amount of active 

nitrogen in the system increases, and it behaves as if it was 

formed from a solution with a higher concentration, which 

corresponds to a lower luminescence intensity (as is well 

seen in Fig.4). The change durability is probably due to 

the formation of ammonia-stable bridges within the pores, 

which is equivalent to the aggregation formation that are 

leakage channels. Short-term low-temperature annealing 

breaks these bonds and the system luminescence is 

practically restored. This model is confirmed by an 

attempt to perform the same experiment with the 

2OH{SnCl4ON} dye nanoparticle ensemble. This 

ensemble shows almost complete insensitivity to 

ammonia, because the dye on the basis of which it is 
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formed, initially does not contain active nitrogen, so it 

does not interact with ammonia [24-25]. 

 

 
Fig. 5. Sensitivity of the photoluminescence intensity of 

the 2NH3{SnCl4ON} dye nanoparticle ensemble to 

ammonia:  

1 - initial sample in a pure atmosphere; 

 2 - in an atmosphere containing ammonia;  

3 - for 10 minutes in ammonia; 

 4 - 1 day after returning to pure atmosphere; 

 5 - after 10 minutes of low-temperature annealing  

 

Ammonia sensor was patented recently [26] works on 

described principle. 

It should be noted that the hydrazide fragment is 

resistant to other aggressive media, so it is impossible to 

detect any other gases that may be present in the 

environment by their interaction with the hydrazide 

fragment. 

The influence of the environment composition on the 

ligands in the coordinated nodes may be traced by the 

changes of glow intensity of dye nanoparticles’ ensemble 

if the atmosphere contents the HCl vapors. Recall that 

chlorine is contained only in the ligands of dye 

coordination nodes, moreover in different amounts for 

different types of forms and choose a dye-based system 

that it will glow the brightest, so it will be easiest to notice 

changes in its luminescence. Such system is the dye 

nanoparticle ensembles with a benzoyl type hydroxyl 

substituent with a tautomeric form "2". Fig. 6 shows the 

luminescence spectra of 2OH{SnCl3O2N} (left) and 

2OH{SnCl4ON} (right) dyes in a pure atmosphere and in 

one containing hydrogen chloride vapor. These dyes 

coordination nodes differ in the ligand dentance hence the 

charge distribution in the molecule. Ligands are as a whole 

an electro-neutral molecule placed between the 

coordination node benzene rings, which in some of its 

parts carries both a negative and a positive charge, which 

is localized on non-neighboring atoms. Thus, a specific 

ligand in the system creates a certain charge balance in it. 

In the HCl vapors presence in the atmosphere, which are 

enriched in negative Cl- ions, this balance is disturbed [24-

25], which determines the sensitivity of the system to these 

vapors. 

The spectra in Fig. 6. show that the initial luminous 

intensity of the 2OH{SnCl3O2N} dye exceeds the glow 

intensity of the 2OH{SnCl4ON} dye almost three times, 

and both are sensitive to the presence of HCl vapors in the 

atmosphere. However, if the 2OH{SnCl4ON} dye reduces 

the intensity of its luminescence slightly (about 20%), the 

luminescence of the 2OH{SnCl3O2N} dye decreases 

significantly and becomes approximately the same as that 

of the 2OH{SnCl4ON} dye in a pure atmosphere. 

The study of the glow decrease kinetics of the samples 

in the atmosphere of HCl vapors showed that the decrease 

of the luminescence intensity of both nanosize systems 

occurs abruptly after a short latency period. Measurements 

were performed at a wavelength corresponding to the 

maximum of glow (as can be seen from Fig. 6, for 

2OH{SnCl3O2N} it is 468 nm, and for 2OH{SnCl4ON} it 

is 510 nm). Fig. 6 shows the corresponding kinetic spectra. 

The vertical line on the graph corresponds to the 

moment when the charge redistribution in the system 

based on the 2OH{SnCl3O2N} dye begins. It can be seen 

that to the left of it the decrease in glow intensity for both 

systems is insignificant and almost the same. But for a 

system with a two-dentate ligand, it is smoother, and for a 

system with a one-dentate ligand, it occurs a little earlier 

and a sharp jump. 

The presence of a latent period is probably due to the 

fact that, unlike the substituent, the ligand is inside the 

molecule and is shielded on all sides by perfect chemically 

inert benzene rings. So until the HCl molecules begin to 

interact with it and change the charge distribution, it takes 
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Fig. 6. Luminescence spectra of nanoparticle ensembles of 2OH{SnCl3O2N} (left) and 2OH{SnCl4ON} (right) dyes 

in a pure atmosphere and in one containing HCl. 
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minutes. For the 2OH{SnCl3O2N} dye with a two-dentant 

ligand, this time is slightly longer, because the interaction 

with HCl in this case is to saturate the system with a 

negative charge to a state that is typical for 

2OH{SnCl4ON} dyes with a single-dentate ligand. After 

reaching this state, the system begins to glow as a 

2OH{SnCl4ON} dye, i.e. abruptly reduces its 

luminescence intensity. In the case of a nanoscale system 

based on the 2OH{SnCl4ON} dye, no significant charge 

redistribution occurs, so for it the latency period is less 

long and the decrease in intensity is insignificant. 

It would seem that similar processes should take place 

in dyes with an amine substituent, but for this type dyes 

the charge redistribution is mostly compensated by the 

luminescence maximum shift in one or another direction 

at a constant intensity. And such a shift can be caused not 

only by charge redistribution, but also by many other 

factors [4], so if it occurs, it does not necessarily indicate 

the appearance of HCl vapor in the atmosphere, and such 

systems are not suitable for fixing these vapors. 

In conclusion, we note that the initial charge 

distribution for both systems can be restored by the sample 

heat treatment in the same mode as in the case of 

2NH3{SnCl4ON} dye nanoparticle ensemble interaction 

with ammonia. Apparently, this treatment is sufficient to 

remove foreign gases from any porous system to get rid of 

their impact. 

From the above results, it is cl clear that the role of the 

HCl vapor sensor active element will be best played by the 

2OH{SnCl4ON} dye nanoparticle ensemble in porous A 

type silicate glass. The sensor of HCl vapor in the 

environment was discovered on the base of such 

nanoparticles’ ensemble exactly [27]. 

 

 
Fig. 7. Photoluminescence intensity reducing kinetics for 

the dye nanoparticle ensemble of dyes with one-dentant 

(2OH{SnCl4ON}) and two-dentant (2OH{SnCl3O2N}) 

ligand in the presence of HCl vapors in the environment. 

 

V. Carbon treatment of the porous glass 

and it using in sensors 

Carbon treatment method [28-29] is an alternative 

way to get rid of porous glass from silica gel. It is based 

on the fact that porous glass is almost pure silicon dioxide, 

and because carbon is similar in chemical properties to 

silicon, but is more active, it is able to displace it from the 

oxide at appropriate temperatures. Silica gel and silicate 

skeleton, are chemically identical and differ only in 

dispersion. Thus, under certain conditions, carbon will 

displace silicon from the oxide, primarily in silica gel, as 

a more dispersed formation. Carbon treatment consists of 

two stages: primary and secondary. In the initial stage, 

anyone type of glass is saturated with a solution of a 

substance containing carbon. The best in this case is 

glucose: it is well soluble in water and when heated to 

180°C is easily reduced simply in the voids of matrix to 

carbon in the form of highly dispersed graphite with the 

release of water. The process is described by a known 

equation 

 

 C6H12O6 - (t) → 6C + 6H2O,  

 

lasts about a day and its completion can be judged 

visually by the sample blackening. A type glass treated in 

this way is conventionally called α type glass, and C type 

glass is called γ glass. B and D types of glass, which was 

lixiviated, are initially removed of silica gel, so these 

glasses don’t require total carbon treatment. However, 

primary carbon treatment is able to reduce the electrical 

resistance of pore glass specimens by several orders of 

magnitude due to the inbuilt of conductive phase 

consisting of graphite nanoparticles into it. Such a 

conductivity increasing may be useful for the certain 

applications of this type of glasses. One designates these 

glasses after the primary carbon treatment as В1 and D1, 

respectively. 

The porous glasses, as every other porous system, are 

able to soak spontaneously with water vapors due to the 

atmosphere always contains some amount of humidity. 

The water vapour reduces the electrical resistance of the 

system sufficiently, and this fact suggests to use of porous 

glass as an active element of resistive humidity sensor. It 

confirms by the fact every type of glass contains some 

amount of pores of size-range from about 10 to more 100 

nm (see Fig.2). Presence such large size-range of pores 

corresponds to condition of hydrophilicity of system at 

large humidity range [30]. However, electrical resistance 

of the porous glasses is too big and it hinders to use a 

nanosize system on their base in such manner. This 

resistance can reach some teraohms for the standard size 

specimens 1×0,5×0,1 cm3 and its decreasing due to 

humidity change will be invisible in this background. 

That’s where the primary carbon treatment helps us, that’s 

why it reduce the system resistance by several orders of 

magnitude due to conductive properties of graphite. 

It must be noted that not any type of glasses suitable 

for using as matrix for active element of humidity sensor. 

So, the A-glass isn’t appropriate one that’s why the 

resistance of α glass, which was formed after annealing, 

keeps it high value, if amount of the soaked glucose is too 

less. At the other hand, excess of soaked glucose together 

with big amount of residual silica gel will score the pores 

after annealing and the system will lose it moisture 

sensibility. In the case of γ-glass, in addition, it’s difficult 

to obtain a reliable contact due to high roughness of 

surface [31]. Inside D1-glass the conductive phase is able 

to shunt the specimen. So, namely B1-type of glasses 

appropriate to use as matrix for humidity sensor. This 
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glass contains fine pores mainly and it is depleted with 

silica gel. Besides its surface haven’t high roughness. 

After formation of graphite nanoparticles’ ensemble in B-

glass a graphite layer creates on the surface of obtained 

B1-glass. A reliable contact may be putting in to this layer 

with help of conductive paste. The change of the resistance 

of obtained system will quite correlate with moisture of 

environment. 

Fig.8 shows a typical dependence of resistance of the 

graphite nanoparticles’ ensemble in B1-glas on moisture. 

This ensemble was formed by immersion of glass in the 

40% water solution of glucose during a day with following 

anneal by 180°C during 2 hours. Contact for such system 

was putting in with silicone paste. All measurements was 

performed at the room temperature. One can see that the 

reduce of the system resistance by increase of relative 

moisture of environment from 10% to 99% achieve two 

order of magnitude. 

 

 
Fig. 8. Resistance dependence of graphite nanoparticles’ 

ensemble in В1 porous glass on humidity of environment 

at the room temperature. 

 

It can be note that similar isotherms may be graphed 

at some temperature and they almost don’t change. This 

statement is true just at negative temperature, because at 

such temperature the moisture of the air determines by ice 

sublimation. And besides the separate nanoparticles of 

water, which was absorbed by system, are divided with 

silica gel and graphite nanoparticles, that’s why 

temperature of environment is indifferent for them and the 

state of aggregation doesn’t exist for such nanoparticles’ 

ensembles. 

Formation of ohmic contact to the pore glass 

specimen is another application of the primary carbon 

treatment. It could investigate correlation between 

luminescence properties of nanosize system in the pore 

matrix and electrically ones. Primary carbon treatment 

may be particular to reach such aim.  

Using primary carbon treatment a standard specimen 

deeps with butts 5 × 0.5 𝑚𝑚2 into glucose solution  on the 

depth 0.5÷1 mm with the help of clamp-like holder. It 

creates the conditions, which almost respond to the tusk of 

diffusion from a constant source. According to the second 

Fick’s low on the step of dopant spin-on into the system 

there arises concentration of glucose Cx on the distance x 

during the time t:  

 

 𝐶𝑥 = 𝐶0erfc (
𝑥

2√𝐷𝑡
).  

Here C0 is initial concentration of soaked solution. 

Factor D is certain analog of diffusion coefficient, which 

is called saturation coefficient. It’s different from 

diffusion coefficient sufficiently, that’s why in contrast 

with last one it describes infiltration of enough big glucose 

molecules into voids of of porous glass. These voids are 

very big in comparison with interatomic distances (see 

Fig.2). Corresponding coefficient depends on type of 

glass, namely on of it porosity, pore-size distribution, 

presence of residual silica gel and amount of this 

substance, as well as on temperature of soaking. 

Fig.9 shows us schematically the glucose distribution 

inside wafer of the porous glass after soaking of specimen 

at both butts with this substance. Depth of immersion of 

the wafer into solution indicates with dotted line. Let’s 

note that both curves don’t show the configuration of 

profile of soaked glucose, but they image the reduce of it 

concentration by distance from source of soaking only.  

Let’s note also that the error function complement 

convergences too slow by an attempt of series expansion. 

That’s why one usually applies the McLaurin series 

expansion to estimate analytically of concentration of 

glucose, which was soaked on a small distance from it 

source. However, one must use asymptotic mapping of 

this function for the case of big distances. The first case 

gives us: 

 

 𝐶𝑥 = 𝐶0 [1 −
2

√𝜋
∑

(−1)𝑛(
𝑥

2√𝐷𝑡
)

2𝑛+1

𝑛!(2𝑛+1)
∞
𝑛=0 ],  

 

and by the second one 

 

 𝐶𝑥 = 𝐶0

exp(−(
𝑥

2√𝐷𝑡
)

2
)

(
𝑥

2√𝐷𝑡
)√𝜋

[1 + ∑ (−1)𝑛∞
𝑛=1

(2𝑛)!

𝑛!(
𝑥

√𝐷𝑡
)

2𝑛].  

 

Although the convergence of these series is too slow, 

it’s able to keep some first terms only in these 

cumbersome expression for any specific tusk. So we have 

for small x: 

 

 𝐶𝑥 ≈  𝐶0 [1 −
2

√𝜋
(

𝑥

2√𝐷𝑡
−

𝑥3

6√(𝐷𝑡)3
)],  

 

and for big ones: 

 

 𝐶𝑥 ≈ 𝐶0

exp(−(
𝑥

2√𝐷𝑡
)

2
)

(
𝑥

2√𝐷𝑡
)√𝜋

[1 −
2𝐷𝑡

𝑥2 +
12(𝐷𝑡)2

𝑥4 ].  

 

Furthermore, the wafer of porous glass, which was 

soaked from both butts with glucose according above 

manner, must be annealed to decompose penetrated 

glucose in pores thermally. Simultaneously drive-in step 

of graphite diffusion takes place. It’s certain analogue of 

the tusk about diffusion from a limited source. If the 

glucose concentration at the butts of the wafer coincided 

with C0 before the thermal decomposition, and the 

concentration in the arbitrary point x determined by above 

equation and was equal Cx, then new concentration at the 

time t will determine by expression: 
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 𝐶𝑥1 =  𝐶𝑥exp (−
𝑥2

4𝐷𝑡
).  

 

Fig.10 shows graphite nanoparticles’ distribution in 

ensemble, which was formed by the above annealing. 

These curves don’t correspond again to graphite 

configuration in porous glass. They shows just the reduce 

of graphite amount by drifting apart the butts of wafer. 

Comparison of the Fig.9 and Fig.10 shows us that the 

graphite particles in ensemble in contrast of glucose 

nanoparticles are concentrated near the butts of wafer 

mainly. And specified concentration quickly fade away by 

drifting apart them. Thus, areas with heightened 

conductivity arise at the butts of wafer. Presence of these 

areas don’t affect to the conductivity of remaining part of 

specimen anyhow. Treating these areas of the wafer with 

silicone paste or other one we can form an ohmic contact 

to the pore glass specimen. Arising conductive areas 

present an α-glass, which smoothly passes into A-glass (or 

in case of other types of glass we have a pass В1 into В or 

γ into C or D1into D).  

 

 
Fig. 9. Glucose distribution in in the porous glass wafer. 

 

 
Fig. 10. Distribution of graphite nanoparticles in the 

formed ensemble. 

 

It must be noted that the glasses of α- and γ-types are 

not currently used by themselves: they cannot serve as a 

matrix to create ensembles of nanoparticles, because their 

pores are completely filled with carbon. As carbon 

conducts electricity well, they are actually just constant 

resistors, with indefinite resistance. However, they give an 

opportunity to dispose of residual silica gel, if they will 

anneal additionally, in other words will perform secondary 

carbon treatment. 

This annealing temperature regime corresponds to the 

silicon displacement from the oxide without simultaneous 

pores’ collapse (i.e. within 300 ÷ 400ºС). This produces 

chemically inert carbon dioxide. This gas is heavier than 

air and therefore lingers in the pores for a while, 

preventing oxygen from entering there. As a result, the 

reduced silicon atoms, which are unable to oxidize, will 

begin to crystallize into silicon nanocrystallites, which 

will settle on the dangle bonds, which will appear on the 

walls of pores in the "stem" form due to the etching of the 

silicate skeleton. The completion of the reaction can be 

fixed visually by restoring of the sample transparency. 

During secondary carbon treatment, almost all silica gel is 

converted into silicon clusters, while the leaching 

technique application leads only to the original glass 

depletion with silica gel to almost complete sample 

dissolution, if the leaching lasts long enough [4, 11]. Thus, 

carbon treatment is an alternative way to remove silica gel 

from pores. After secondary treatment, α glass is called β-

type glass, and γ glass is called δ-type glass. It should be 

noted that these types of glasses differ in many respects 

from type B or D glasses, respectively [11]. This is, in 

particular, due to the change in the matrix structure during 

carbon treatment (as opposed to leaching): as a result, 

silicon clusters appear on the slot walls, similar in 

structure to porous silicon obtained by laser ablation [32]. 

As a result, extraneous peaks appear in the glass 

luminescence spectra, which correspond to porous silicon 

and are located in areas of the spectrum that may be 

significant for the test substance. Therefore, β and δ type 

glasses are not usually used as a matrix to create 

nanoparticle ensembles of, although their absorption 

properties are applicable to other applications, such as 

ophthalmic bioprosthetics [33-34]. 

Conclusion 

Photoluminescence of dyes based on tetravalent 

stannum complexes is possible not only in solutions but 

also in the dry state, if they are formed in the form of a 

nanoparticle ensemble inside a fine-porous matrix 

containing residual silica gel in the porous. Silica gel 

inhibits the formation of aggregations and this leads to an 

increase in the glow intensity compared to the solution.  

The luminescence intensity of all tautomeric forms of 

this type dyes increases when the substituent of any nature 

approaches to the coordination node due to the emergence 

of additional electron-rotational levels suitable for the 

radiative transition. This effect does not depend on the 

coordination node and is true for both solutions and 

nanoparticles. 

When forming an ensemble of the dye nanoparticles 

in a porous matrix, the increase in the concentration of the 

impregnating solution first leads to an increase in the 

intensity of the glow, and after exceeding the 

concentration limit, photon absorption processes begin to 

prevail over their radiation, and the luminescence weakens 

to typical for solution. 

There are two types of luminescence centers in the 

dye molecule: a substituent in the hydrazide fragment, 

which is analogous to the substitution impurity in the 

semiconductor, and a ligand in the coordination node, 

which plays the role of the interstitial impurity. The 

substituent is responsible for the sensitivity to ammonia 

and the ligand is responsible for the sensitivity to HCl 

vapors. 

The dye nanoparticle ensemble sensitivity to 

ammonia shows itself in the luminescence intensity 

decrease in comparison with photoluminescence in a pure 

atmosphere, if the dye contains an amine substituent of the 
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benzoyl type. The effect is probably related to the 

formation of bridges within the matrix pores, which are 

the leakage channels. 

The dye nanoparticle ensemble sensitivity to HCl 

vapors shows itself in the switching of the system's 

luminescence to a lower intensity due to the negative 

charge redistribution in it under the action of excess 

chlorine ions if the dye contains a benzoyl-type hydroxyl 

substituent. 

In both cases, in the extraneous gases presence, the 

attenuation of glow compared to photoluminescence in a 

pure atmosphere is quite stable, however, the initial 

intensity can be restored by short-term low-temperature 

annealing, which provides multiple use of active dyes 

nanoparticle ensembles as gas sensor active elements. 

Through carbon treatment of porous glass, which 

consists of two steps, one can dispose of the residual silica 

gel from the pores of glasses. It concerns to the glasses, 

with contain this substance. Residual silica gel transforms 

into silicon clusters, which settle on the walls of pores. 

Primary carbon treatment leads on creation of the 

conductive layer inside all the types of porous glasses. It 

allows to reduce own electrical resistance of standard-size 

specimens sufficiently. After such treatment these 

specimens may be used as active element of resistive 

humidity sensors. 

Partial primary carbon treatment of the standard 

specimens of porous glass allows to form ohmic contacts 

on the butts of the sample for subsequent applications. 
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Властивості кремнеземних пористих стекол з ансамблями наночастинок 

деяких сполук. Огляд 

Міжвідомчий науково-навчальний фізико-технічний центр МОН та НАН України при Одеському національному 
університеті імені І.І.Мечникова, м. Одеса, Україна, ndl_lepikh@onu.edu.uа 

У цьому огляді систематизовано властивості шпаристих силікатних стекол. Описано методи 

формування у шпаринах ансамблів наночастинок речовин, що використовуються у мікроелектроніці. 

Шпаристі силікатні стекла є перспективними в цьому сенсі завдяки власній хімічній стійкості, механічній 
тривкості та гарній розгорнутості своєї внутрішньої поверхні. Проте, власний електричний опір 

стандартних зразків цієї речовини є надто великим, і через це у сенсориці її, зазвичай, використовують 

переважно як матрицю для сенсорів люмінесцентного типу. Досліджено залежність люмінесцентних 

властивостей системи як від молекулярної будови досліджуваних речовин (на кшталт барвників або оксидів 
металів), так і від технологічних умов формування ансамблів наночастинок. Виявлено, до яких саме газів є 

чутливими барвники конкретного типу і чому вони поводять себе саме таким чином. Продемонстровано, 

завдяки яким властивостям розглянутих нанорозмірних систем виникає зазначена газочутливість. До того 
ж, завдяки особливостям будови шпаристих силікатних стекол, у їхні шпарини можна вбудовувати 

провідну фазу шляхом спеціальної обробки. Після зазначеної обробки стекла можуть використовуватися 

як матриця для формування сенсорів резистивного типу. 

Ключові слова: кремнеземне пористе скло, люмінесценція, сенсори газу, сенсори вологості, обробка 
вуглецем, омічні контакти, барвники. 
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Using the planar structures "Ni layer - chalcogenide amorphous film - Ni layer" and "graphite probe - 
chalcogenide amorphous film graphite probe" samples, the influence of mercury vapor on the electrical resistance 

of amorphous films of the Se-Te, Se-Sb and Se-As systems was investigated. It was established that exposure of 

samples in mercury vapor leads to a decrease in their electrical resistance by 4-7 orders of magnitude. As the 

temperature and mercury concentration increase, the transition time from a high-resistance state to a low-resistance 
state decreases. When introducing Te, Sb, and As into amorphous selenium and increasing their concentration in 

the composition of the films, the transition time increases, and the value of the change in resistance decreases. It 

was established that the change in resistance is mainly determined by the change in surface conductivity of 

chalcogenide films. A decrease in the electrical resistance of selenium-containing amorphous films modified with 
mercury is caused by the formation of HgSe crystalline inclusions in their matrix.  
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Introduction 

While studying the electrical and optical properties of 

semiconductor materials, it was found that the exposure of 

amorphous selenium films in mercury vapor leads to an 

increase in their electrical conductivity in 5–6 orders of 

magnitude [1]. The revealed impact is evidence of the 

possibility of using this material as an active element of 

sensitive sensors for detecting mercury vapor. The author 

of this academic study considers that the reason for the 

significant increase in the electric conductivity is most 

likely stipulated by the formation of crystalline inclusions 

of mercury selenide (HgSe) in the Se amorphous matrix. 

At the same time, it is assumed mercury selenide that 

appears because of the interaction of mercury with 

amorphous selenium is a non-stoichiometric compound 

(Se atoms predominate). A similar conclusion suggests 

itself upon the results of the study we have conducted with 

the structure and morphology of the surface of amorphous 

selenium films, which are modified with mercury by 

methods of the X-ray diffraction analysis, Raman 

spectroscopy and scanning electronic microscopy (SEM) 

[2-4]. On diffraction patterns of the Se amorphous films 

exposed to mercury vapor, we have found the reflections 

whose intensity is growing with increasing exposure time 

[2, 4]. The position of these reflections well agrees with 

the position of reflections on diffraction patterns of HgSe 

crystal received via the hydrochemical method using 

aqueous solutions of various substances such as HgCl2, 

SeCl4 and (N2H4∙H2O) [5], Hg(CH3COO)2 і SeCl4 [6] in the 

presence of N2H4∙H2O, Hg(NO3)2 and Na2SeSO3 [7]. In 

Raman spectra of the Se amorphous films modified with 

mercury, we have found weak bands [3] typical of similar 

spectra of HgSe Nanocrystals that were obtained by 

chemical deposition of Hg and Se vapors in zeolite matrix 

with the mostly spherical pores of Nd-Y [8]. Inclusions of 
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another phase also clearly appear on SEM images of 

surfaces that are modified with mercury from the selenium 

amorphous films [2]. The research results presented in 

scientific papers [2-4], with considerable reliability, allow 

us to state that the structure of the phase, which is forming 

in the matrix of Se amorphous films upon their 

modification with mercury, corresponds to the HgSe 

structure in cubic modification.  

The Se-Te, Se-Sb and Se-As amorphous films, with a 

low content of Te, Sb and As (up to 15 at. %), may be used 

as promising materials for creating sensors for detecting 

mercury vapor in the environment. In comparison with the 

Se films, the films of these systems have higher softening 

and crystallization temperatures and, respectively, they 

are more stable and resistant to spontaneous crystallization 

[9-11].  

We should note that the results of the studies 

presented in [1-4] concern the static mode of mercury 

modification of the selenium amorphous films. The 

measurements were done in a certain period, after 

exposure to the amorphous films in the mercury vapor. In 

terms of the practical application of selenium-containing 

amorphous films, the study of their electrical properties in 

the process of modification with mercury is of the most 

interest. In addition, we should specify that the rate of 

mercury evaporation and, respectively, mercury 

concentration and saturated vapor pressure in a certain 

volume shall be determined by the size of the open surface 

of a mercury drop and temperature [12]. Respectively, 

these parameters will significantly affect the formation 

rate of HgSe inclusions and the electrical resistance of the 

films. 

In connection with the above, the study of the impact 

of temperature, mercury concentration, and chemical 

composition on the electrical characteristics of the 

amorphous Se-Te (Sb, As) system is of certain interest. 

We devote this scientific paper to solving these precise 

issues.  

I. Experimental Methodology 

We have conducted the studies of the graphs of 

dependency of the electrical resistance (R) of the 

amorphous films of the Se-Te, Se-Sb and Se-As systems 

(with low content of Te, Sb and As) on the time (t) of 

exposure in mercury vapors, using special hermetic 

containers, in the temperature range of 287-296 K, on 

planar structures such as the “Ni layer - amorphous 

chalcogenide film (ACF) – Ni layer” and structures such 

as the “graphite probe (GP) - amorphous chalcogenide 

film (ACF) –graphite probe (GP)”. The pressure of 

saturated mercury vapor at such temperatures is 0.066-

0.152 Pa, while the concentration is 5.6-13.3 mg/m3. 

 To study the electrical properties of structures such 

as the “Ni layer-ACF-Ni layer”, we have used a combined 

method [13], which makes it possible to measure the R(t) 

dependency of films at changing the time of their 

modification with mercury. The sequence of operations 

for making planar samples such as the “Ni layer-ACF-Ni 

layer” is as follows. On the glass substrate, we applied the 

semi-transparent Ni layer, which is 50-150 nm thick. The 

0.3-0.4 mm gap was forming on the layer by scribing. For 

this, an elliptical scriber was applied. Amorphous Se and 

Se100-xTex films, which are 150-300 nm thick, were applied 

to the gap area via a mask. We obtained the amorphous 

films of these compositions by a method of vacuum 

evaporation of vitreous Se and polycrystalline alloys such 

as Se100-xTex (3≤x≤15) from quasi-closed effusive cells on 

glass substrates with a nickel layer.  

In several experiments to study the impact of mercury 

vapor on the electrical resistance of amorphous films of 

systems such as Se-Sb and Se-As we applied such 

structures as “GP-ACF-GP”. The probes’ diameters were 

0.5 mm while the distance between them could be variable 

from 2 to 5 mm. Such structures have the advantages of 

the simplicity of high-quality cleaning of contact surfaces 

in the measuring system and constructively built-in 

stability of the distance between probes. It is important to 

simplify the structure of samples such as “GP-ACF-GP” 

because of the absence of the stage of sputtering of metal 

cords. In this structure of the measuring cell, the thickness 

of the chalcogenide film was approximately 1 mcm. 

II. Experimental Results  

Fig. 1. shows the graphs of dependence of the 

electrical resistance of planar samples such as the “Ni 

layer-Se film-Ni layer” from the time of their modification 

with mercury at various ambient temperatures and 

mercury concentration (the beginning of activating the 

amorphous selenium by mercury is marked on figures 

with an up arrow (↑)). The thickness of the selenium film 

(dSe), the surface area of the mercury drops (SHg) and the 

temperature, at which we measured the dependency of 

samples’ resistance at the time of their modification with 

mercury, are specified directly in the figures. The 

thickness of the Ni layer was 60-70 nm. In the 

experiments, we applied the vessels in which the surface 

drop area was 7 and 70 mm2.  

As you can see from Fig. 1., there is a latent period 

during which the resistance of the planar sample remains 

almost unchangeable. The period duration depends on 

mercury concentration and temperature and ranges from 

several minutes to one hour. Later, the resistance of the 

planar samples reduces sharply (by 4–6 orders of 

magnitude). For some structures of samples, we found a 

reduction in resistance by almost 7 orders of magnitude 

[14]. With the temperature rise, the duration of the latent 

period reduces and the rate of resistance increases. The 

same picture is also observed with an increase in mercury 

concentration. We got similar results (a sharp reduction in 

resistance by 4–6 orders of magnitude) while using 

samples such as “Cr layer - Se film - Cr layer” [15]. Such 

a course of dependency R(t) may be explained from the 

point of structural changes, which occur in the Se 

amorphous films at their modification with mercury. In 

[16, 17], based on Raman studies, we concluded that the 

matrix of the Se amorphous film is built both by elements 

of the Se8 rings and the elements of the helical Sen chains. 

During the latent period, the interaction of the Se and Hg 

atoms occurs. Such interaction ends with the formation of 

the HgSe ‘island-bridge’ structure in the Se subsurface 

layer. The studies’ results of the Se amorphous films, 

which are modified with mercury, [2-4] do not negate this 
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conclusion. Subsequently, the increase in the time of 

exposure of films in the mercury vapor leads to a 

significant increase in the islands’ sizes and strengthening 

of the bridge connection between them. By this, we can 

explain the impact of a sharp reduction in the electrical 

resistance in samples such as the “Ni(Cr)layer - Se 

amorphous film - Ni(Cr)layer” modified with mercury. 

Fig. 2. shows the graph showing the dependence of 

the sample resistance from the time of activation by 

mercury, for the case when the mercury concentration 

changed within the measuring (vessels with different SHg 

were alternately introduced in and removed from the 

measuring container). The moment of the vessel’s 

removal in Fig. 2. is marked by an arrow down (↓). We 

can see that when the vessels with mercury are introduced 

into the measuring container, the graph showing 

dependence R(t) shows the sections where the resistance 

of the sample reduces sharply. The rate of changing the 

resistance of the sample decreases significantly at a 

reduction in the dynamic concentration of mercury, i.e. 

when we change the vessel with the Hg surface area of 70 

mm2 for the vessel with SHg=7 mm2. On the graph showing 

the dependence of the electrical resistance of the sample 

such as the “Ni layer - Se film - Ni layer” from the time of 

its exposure to mercury vapor, some sectors are available 

where the resistance practically does not change (after 

removing the vessels with Hg), allows us to assert about 

the ability to keep in “memory” the mercury 

concentration, which the sample has absorbed before 

removing the vessels with mercury from measuring 

container.  

Fig. 3. depicts the graph showing dependence R(t) for 

the samples such as the "Ni layer - Se100-xTex film - Ni 

layer”. Just like for the Se amorphous films, modification 

with mercury of the amorphous films such as the  

Se100-xTex (х=3, 5, 10 and 15) leads to a reduction in their 

electrical resistance by 4-6 orders of magnitude. We can 

see that with an increase in the Te concentration in the 

composition of films of the Se-Te system, the resistance 

variation value reduces during the transition from a high-

resistance state to a low-resistance state while the 

transition time and latent period increase. This may show 

a reduction in the instability of the structural network of 

films in the Se-Te system when the Se atoms are replaced 

by the Te atoms. As we have noted above, the structural 

network of the selenium amorphous film is built up by 

elements of Se8 rings and Sen chains. When the Se atoms 

replace the Te atoms in Se100-xTex films, the tellurium 

atoms statically and uniformly replace the Se atoms in 

these chain groups. This, in turn, leads to a reduction in 

the Sen length and, consequently, to a reduction in the 

quantity of Se atoms, which can interact with mercury. As 

in the case of the selenium amorphous films, HgSe [17] 

inclusions are formed in the amorphous matrix if the  

Se100-xTex films are exposed to the mercury vapor. Such 

formation leads to a sharp decrease in the electrical 

resistance of planar structures such as the “Ni layer -  

Se100-xTex film - Ni layer”. According to Raman studies, 

we did not find the HgTe inclusions in the  

Se100-xTex films modified with mercury [17].  

 

 
Fig. 2. The graph showing the dependence of the electrical 

resistance of planar samples such as the “Ni layer-Se film-

Ni layer” for the case when the concentration of mercury 

changed within the resistance measuring (there are 

explanations in the figure and in the text). 

 

Experiments proved that the course of the graph 

showing the dependence of planar structures such as the 

“Ni(Cr) layer-ACF-Ni(Cr) layer” practically does not 

depend on the thickness of the chalcogenide film. We 
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Fig. 1. The graph showing the dependence of the electrical resistance of planar samples such as the “Ni layer – Se 

amorphous film - Ni layer” from the time of exposure to the mercury vapour (there are explanations in the figure 

and in the text). 
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remind that the thickness of chalcogenide films such as 

Se100-xTex (0 ≤ х ≤ 15) in these experiments was 150-

300 nm. This allows us to conclude that the change in the 

electrical resistance of such planar structures is mainly 

determined by changes in the surface electrical 

conductivity of chalcogenide films. This conclusion is 

confirmed by the results of studies of the impact of 

mercury vapor on the electrical resistance of chalcogenide 

films while using the samples such as “GP- ACF-GP”. 

The thickness of chalcogenide films such as the  

Se100-xSb(As)x (x=0, 3, 7) was 1 mcm in these experiments. 
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Fig. 4. The graph showing the dependence of the electrical 

resistance from planar samples such as “GP- ACF-GP” 

from the time of exposure to mercury vapor. 

 

The graph showing the dependence of the electric 

resistance of some samples such as the  

“GP-Se100-xSb(As)x film- GP” from the time of their 

exposure to the mercury vapor at the temperature of 283-

287 K are shown in Fig. 4. We can see that the graph 

showing dependency R(t) of samples such as the “GP- 

Se100-xSb(As)x films-GP” are similar to the same graphs of 

the dependency shown in Fig. 1 and Fig. 3. Given the 

results of above studies, we may assume that the reduction 

in the electrical resistance of such samples as the “GP-

ACF- GP”, which are modified with mercury, is stipulated 

by the formation of the HgSe crystalline inclusions at the 

surface layer of chalcogenide film. It is seen from Fig. 4, 

that with an increase in the content of Sb and As in the 

composition of films, the latent period, during which the 

resistance practically does not change, increases. In this 

case, the time of transition from the high-resistance state 

to the low-resistance state also increases. As for the  

Se100-xTex films, this fact is stipulated by the reduction in 

the length of the Sen chains due to the formation of such 

structural elements as Sb(As)Se3/2 [10], in which the 

heteropolar Sb-Se bonds and As-Se bonds have more 

stability than homopolar Se-Se bonds of. Respectively, the 

quantity of the Se atoms, which may interact with Hg 

atoms to form HgSe, is much fewer. 

Conclusions 

Having studied the graphs of dependence of electric 

resistance of amorphous films such as the Se, Se100-xTex, 

Se100-xSbx and Se100-xAsx from the time of exposure to 

mercury vapor, we have found as follows. 

There is a latent period during which the resistance of 

the samples is practically unchanged. Depending on the 

mercury concentration, the temperature and the chemical 

composition of the films, the above duration period may 

range from several minutes to one hour. 

A further increase in exposure time of chalcogenide 

films in mercury vapor leads to a reduction in their 

electrical resistance by 4–7 orders of magnitude. 

Reduction in electrical resistance is mainly determined by 

an increase in the electrical conductivity of the films 

because of forming crystalline inclusions of mercury 

selenide in their surface layers. 

The time of the film’s transition from a high-

resistance state to a low-resistance state reduces with 

increasing the temperature and mercury concentration. 

When the content of Te, Se and As increases in the films, 

the time of transition increases while the value of the 

variable resistance reduces. 

The obtained results show the possibility of using 

amorphous films of the Se-Te, Se-Sb and Se-As systems 

as sensitive elements of the electric sensors for detecting 

the mercury vapor. 
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Fig. 3. The graph showing the dependence of the electrical resistance from planar samples such as the  

“Ni layer –Se100-хTex film – Ni layer” from the time of exposure to mercury vapour. 
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Вплив парів ртуті на електричний опір халькогенідних аморфних плівок 
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3 Ужгородський національний університет, Ужгород, Україна  

З використанням планарних структур «шар Ni-халькогенідна аморфна плівка-шар Ni» та зразків 
«графітовий зонд-халькогенідна аморфна плівка-графітовий зонд» досліджено вплив парів ртуті на 

електричний опір аморфних плівок систем Se-Te, Se-Sb і Se-As. Встановлено, що витримка зразків в парах 

ртуті призводить до зменшення їх електричного опору на 4-7 порядків. З підвищенням температури і 

концентрації ртуті час переходу з високоомного стану в низькоомний зменшується. При введенні в 
аморфний селен Te, Sb та As і збільшенні їх концентрації у складі плівок час переходу зростає, а величина 

зміни опору зменшується. Встановлено, що зміна опору визначається в основному зміною поверхневої 

електропровідності халькогенідних плівок. Зменшення електричного опору селеновмісних аморфних 

плівок, модифікованих ртуттю, викликане формуванням в їх матриці кристалічних включень HgSe.  
Ключові слова: халькогенідні аморфні плівки, електричний опір, модифікування плівок ртуттю, 

селенід ртуті, сенсори наявності ртутних парів. 
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The purpose of the article is to discuss the methods of 

synthesis and thermomechanical processing, structural 

features, as well as the use of alloys based on nitinol in 

modern high technologies. 

A very extensive literature review of works in the 

field of research of materials with a memory effect does 

not allow us to consider them all in detail. Therefore, the 

following is only a brief part of all available literature in 

this area. 

Modern scientific progress is unthinkable without the 

search and creation of new materials with functional 

properties. Such promising materials include shape-

memory alloys. This contributed to the extensive 

popularity of this material for a wide range of applications 

[1-5]. 

Shape memory alloys (SMAs) are such kinds of alloys 

whose technical properties contribute to solve 

complicated challenges in the modern world.  SMAs have 

2 main technical properties used in modern industry: 

shape memory effect and superelasticity. The shape 

memory effect helps SMAs to recover their initial shape 

during the thermomechanical cycle. Superelasticity helps 

SMAs to resist extra-large loads without plastic 

deformation during only mechanical cycles [1-3].  

SMAs are used in a wide variety of applications in 

modern industries. They are used as dental wires, in 

joining broken bones using metal plates, and in the 

construction of sensitive medical devices in 

bioengineering applications [4]. They are also used as 

tubes and wires in applications with hot fluids. SMAs are 

ideal as they can return to their original shape even in a 

heated environment [1,2 ]. 

SMAs are applied also in civil engineering, for 

instance, in bridge construction. SMAs reduce vibrations, 

hence damping the natural frequency of different 

structures. This vibration-damping property has also been 

used in jet engines and launch vehicles [4]. One potential 

application for SMAs with high working temperatures is 

decreasing airplane noise [5]  

Fig. 1 shows the application of SMAs in medical and 

jet engines aerospace engineering.  

Nitinol (NiTi) is one the most famous alloy among the 

SMAs family and consist of a nearly equal amount of 

nickel and titanium. Despite the fact that the region of 

homogeneity of this alloy is 50-56 at %Ni, from a 

technical point of view, alloys from the region of 50-

52 at% Ni are the most applicable (Fig. 2) [6]. 

Therefore, in the literature, there are a number of 

works devoted to the study of alloys from this range of 

compositions [6-12]. Usually, to improve the 

thermomechanical properties, these alloys are alloyed 

with a third element: hafnium, zirconium, and silicon [13-

17]. More complex compositions are also used [18, 19]. 
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The rapid development of new technologies imposes 

the most important and diverse requirements on materials. 

However, traditional methods for discovering new 

materials, such as empirical trial and error and density 

functional theory (DFT), usually require a long research 

time. Machine learning (ML) can significantly reduce 

computational costs and reduce research time; i.e. it is one 

of the most efficient ways to replace DFT calculations and 

repetitive lab experiments. Machine learning is used to 

discover new materials, predict material and molecular 

properties, study quantum chemistry, and design drugs 

[20-23]. 

 

 
Fig 2. Phase diagram of the Ni-Ti binary system [6]. 

 

A number of investigations are devoted to 

manufacturing and applications of NiTi-based alloys by 

using ML. In [7, 22-25], the dependences of transition 

temperatures from features were investigated in NiTiHf 

and NiTiFeCuPd alloys by using various ML methods. In 

[22] Gauss Process Regression was used to predict 

transition temperatures of nitinol-based alloys. Authors of 

[23] used the artificial neural network to find the best 

parameters for manufacturing NiTi-based alloys. It was 

found that cutting parameters, such as feed rate, cutting 

speed, and depth of cut have a significant influence on the 

machining process of this alloy. Deep Learning was 

applied to predict the conventional yield strength, 

conventional tensile strength, and unit elongation of 

binary nitinol [24]. It was obtained that, Deep Learning 

showed higher performance as compared with Random 

Forest which also was used in this article. 

The study [25] presents the optimization of cutting 

parameters, such as feed rate, cutting speed, and depth of 

cut, to obtain appropriate and acceptable values for critical 

outputs, such as cutting forces, tool wear, surface 

roughness, and dimensional deviation of machined parts. 

This study showed that the developed empirical model can 

predict the main results of turning operations with high 

accuracy. Cutting speed has been shown to play a critical 

role in controlling output data such as tool wear, surface 

roughness, and cutting forces (Fig. 3). With a lower 

cutting speed, relatively higher feed, and depth of cut, 

material removal rate can be maximized when machining 

NiTiHf HTSMA. 

The optimization of parameters of electrochemical 

machining was investigated by using a deep neural 

network, Taguchi regression, and response surface 

method. The results obtained by the authors were 

compared among each other and discussed in the work [7].  

In the literature, there is a huge number of works 

devoted to various methods of manufacturing and heat 

treatment [27-35], the study of the influence of chemical 

composition on phase formation and transformation [35-

41], crystal structure [41-46], thermomechanical 

properties [45-48], improving and optimization of 

manufacturing parameters [30, 49-53]. 

Let's briefly discuss some of these works. 

The machinability of Ti–rich Ni49.8Ti30.2Hf20 and Ni-

rich Ni50.8Ti29.2Hf20 high-temperature shape memory alloy 

(HTSMA) wires were investigated in the 750-825C 

temperature range [8]. Tensile testing and differential 

scanning calorimetry have been used to determine the 

thermomechanical behavior of hot-rolling alloy 

solutionized and then aged NiTiHf wires. It was obtained 

that, the ideal temperature of rolling for Ni-rich NiTiHf 

wires is over H-phase dissolution temperature (about 800 

C). The reason for such a temperature is to prevent the 

wire from getting more brittle because of the H-phase 

effect and restrict compositional instability at the surface 

of the wire caused by HfO2. The properties of oxide layers 

created during the rolling process and then heat treatments 

have been compared to solve several problems related to 

NiTiHf wire processing. 

A new combinatorial alloy synthesis method 

(suspended droplet alloying- SDA) has been proposed for 

effective alloy discovery [26]. In this method, a laser is 

used to melt alloyed or elemental wires fed at a controlled 

rate to get a specific chemistry. The synthesized sample 

         
Fig 1. Application of shape memory alloys [4,5]. 
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was subjected to heat treatment for various periods of 

time. The microstructural and chemical inhomogeneity 

was assessed using quantitative electron microscopy and 

X-ray diffraction. In addition, the phase transition 

temperatures of the samples were compared to cast and 

heat-treated (reference) samples (Fig. 4). As a rule, long-

term annealed samples showed a limited local deviation 

from the target chemical composition (±1 wt.%) while 

showing an expected phase distribution with the fairly 

homogeneous microstructure. According to this work, the 

original sample has a lower temperature of 

transformations due to chemical inhomogeneity, while the 

heat-treated samples have a similar transformation 

temperature to the reference sample. 

 

 
Fig. 4. Influence of the heat treatment time on the 

transformation temperatures and peak height, in 

comparison to the reference Ti50.4Ni49.6 sample (marked as 

a reference on the left of the figure) [26].  

 

NiTi-20Hf HTSMA with the composition of 50-

51%Ni has been manufactured and tested by using thermal 

cycling, heat treatments, and hardness testing [49]. For all 

conditions, transformation temperatures have been 

measured, and has been observed negative correlation 

between transformation temperature and Ni content up to 

50.5%.  However, above 50.5% Ni content, 

transformation temperature has increased or has been 

stable depending on the homogenized condition or age.  

Similar behavior has been observed in hardness test 

results. Above 50.5% Ni contents, NiTi-20Hf alloys have 

illustrated higher hardness results in 550°C for 3 h aging 

conditions  

Laser powder bed fusion was extensively investigated 

in the shape memory alloys field, primarily NiTi alloys to 

adapt microstructures and create complex geometries [30]. 

However, according to the authors, the processing of 

HTSMA still remains unknown. This paper investigated 

the dependence of the functionality of this alloy on the 

effect of process parameters (PP). Microstructure and the 

shape memory properties of additively fabricated high-

temperature NiTiHf alloys were characterized over a large 

range of PP (hatch spacing, scan speed, and laser power,) 

and correlation with energy density was found. The results 

will help for optimizing fabrication parameters in future 

works related to HTSMA. 

Authors of [34], for the first time, laser welding has 

been used to increase the strength of Ni-rich NiTiHf 

HTSMA. Initial material aged at 500 °C for 3 h, then air 

cooled. After these heat treatments, defectless joints with 

conductive weld conditions were obtained. 

Microstructural properties, facilitated by using 

synchrotron X-ray diffraction and microscopy, showed 

that at room temperature, the melting zone consists of a 

single-phase martensitic structure. However, in base 

material melting zone consists of martensite and H-phase 

precipitates. Loading at constant temperatures (30 °C for 

martensite, 200 °C for austenite)  both of phases showed 

equal strength and nearly perfect superelasticity. 

In [41], the microstructure and mechanical properties 

of rapidly solidified  Ti50-x/2Ni50-x/2Hfx (x = 0, 2, 4, 6, 8, 10, 

and 12 at.%) and Ti50-y/2Ni50-y/2Siy (y = 1, 2, 3, 5, 7, and 

10 at.%) shape memory alloys (SMAs) were investigated. 

The sequence of the phase formation and transformations 

in dependence on the chemical composition is established. 

Rapidly solidified Ti-Ni-Hf or Ti-Ni-Si SMAs are found 

to show relatively high yield strength and large ductility 

for specific Hf or Si concentrations, which is due to the 

gradual disappearance of the phase transformation from 

austenite to twinned martensite and the predominance of 

the phase transformation from twinned martensite to 

detwinned martensite during deformation as well as to the 

refinement of dendrites and the precipitation of brittle 

intermetallic compounds. The authors show a formation of 

continuous series of solid solutions exists between the 

 
Fig. 3. Experimental and predicted values depending on cutting speed (constant f = 0.12 mm/rev, 

ap = 0.8 mm) (a) and feed rate (constant V = 70 m/min, ap = 0.8 mm) (b) [25]. 
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HfNi and NiTi phases at the high temperatures (> 1448 K) 

(Fig. 5). 

Scanning electron microscopy, transmission electron, 

and X-ray diffraction (XRD) were used to investigate how 

the amount of zirconium (0-20%) affects to morphological 

features of martensitic transformation and phase 

composition of ternary Ni-Ti-Zr alloys [44]. In a large 

range of temperatures, the electrical resistivity of ternary 

Ni-Ti-Zr alloys was measured and critical temperatures 

were calculated. In addition, based on XRD data the 

complete diagram of martensitic transformations B2 ↔ 

B19' of ternary Ni-Ti-Zr HTSMA which occurs in a range 

between 32-50 K has been constructed. It was shown that 

the increasing amount of Zr in alloys results in increasing 

martensitic transformation temperature.  

Conclusion 

In this article, a number of works on nitinol-based 

alloys, their synthesis, heat treatment, crystal structure, 

and thermomechanical properties are considered and 

analyzed. However, the presence of a large number of 

unexplored problems requires further research in these 

areas. 
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У статті подано короткий огляд літературних даних щодо синтезу, переробки, структури, механічних 

властивостей і практичного застосування нітинолу та сплавів на його основі, які є перспективними 

функціональними матеріалами та знайшли застосування в ряді високих технологій. Для прогнозування 

температур фазових перетворень застосовано метод машинного навчання. 
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Introduction 

The study of sorption properties of materials with a 

highly developed surface is currently receiving the 

greatest attention of researchers due to the wide scope of 

their application [1-3]. The main advantage in this type of 

research is precisely those materials that, along with a 

highly developed surface, would have such characteristics 

as a wide range of applications, variability between the 

possibility of controlling their properties both during 

acquisition and adjusting certain parameters in subsequent 

modification. Activated carbon materials obtained from 

raw materials of vegetable origin (wood sawdust, nuts, 

fruit stones, rice husks, etc.) have an undeniable advantage 

when used in such research. Along with the properties 

mentioned above, these materials also have such an 

important property as environmental friendliness [4]. And 

this property is currently the main advantage of these 

materials and makes them practically the main materials 

for research. Among the numerous advantages of this raw 

material, one should also include the wide-scale scope of 

their application: from the medical field (sorbents, blood 

purification, etc. [5]) to industrial applications 

(purification of drinking water, material for 

electrochemical power sources, etc. [6,7]). 

The aim of the research is to obtain carbon materials 

based on food industry waste with controlled sorption 

properties and to adjust their properties using 

thermochemical activation for use as electrodes of 

electrochemical capacitors. 

I. Materials and methods of research 

Depending on the fields of application, researchers try 

to achieve specific properties of the developed surface, 

such as the ratio of the sizes of macro-, meso- and 
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micropores of carbon materials during the carbonization 

of raw materials. However, the correction of these ratios 

is usually acquired during their further modification 

through chemical and thermal activations. This is 

primarily related to the structure of the raw material, 

subsequent modification and composition of the precursor 

during chemical processing and thermal activation of the 

finished material [8]. Heat treatment and chemical 

activation usually take place at different temperature and 

time regimes depending on the raw material using 

dehydrating agents (phosphoric acid, zinc chloride, 

potassium hydroxide) [9]. 

Preparation of nanoporous carbon materials (NCM) 

was carried out by the method of thermochemical 

activation. At the first stage, mechanically crushed walnut 

shells were poured into an autoclave and heated to 300-

350 ºC at a heating rate of 10 ºC/min and held at this 

temperature for 30 min. The obtained carbonate was 

mechanically crushed to a fraction of 250 μm and mixed 

with water and potassium hydroxide in a weight ratio of 

1:1:0.5. The resulting mixture was stirred for 30 minutes 

and dried in vacuum oven at a temperature of 70-80 ºC for 

48 hours. After complete drying, the obtained material 

was poured into an autoclave, placed in a furnace and 

heated to 900 ºC at a heating rate of 10 ºC/min and held at 

this temperature for 30 min. Cooling was carried out with 

the furnace turned off. After complete cooling, the carbon 

material was washed with distilled water to neutral pH. In 

this way, we obtained thermochemically activated carbon 

material (L). Additional thermal activation was performed 

to open the internal porosity and increase the specific 

surface area of the carbon material. At the next stage, the 

obtained carbon material was subjected to thermal 

activation in an air atmosphere. Activation was carried out 

at a temperature of 400 ºC for different time intervals from 

30 to 240 min in steps of 30 min. The samples were 

numbered according to the time of thermal activation 

(LH30-LH240). For example, sample LH90 is a material 

thermally activated for 90 min at a temperature of 400 ºC. 

According to the described method, series of carbon 

materials activated at a temperature of 450 ºC (series – 

LD) and 500 ºC (series – LH) were obtained. 

Nitrogen adsorption/desorption isotherms for 

evaluating the porous structure of the carbon material 

were obtained using a Quantachrome Autosorb Nova 

2200e sorbtometer. Calculations were performed using the 

Brunauer-Emmet-Teller (BET) method for specific 

surface area, complementary Barrett-Joyner-Halenda 

(BJH) methods, Density Functional Theory (DFT), and 

the t-method for pore size distribution. 

The content of chemical compounds in the studied 

materials was determined by burning the carbon material 

at a temperature of 1000 ºC. The analysis of the 

composition of the obtained ash was carried out using the 

"EXPERT 3L" alloy elemental composition analyzer. 

II. Results and discussion 

The basis for calculating the values of the specific 

surface area (SВЕТ), the specific surface area of micropores 

(Smiсro) and mesopores (Smeso), as well as the value of the 

total pore volume (VΣ) and the volume of micropores 

(Vmiсro), as well as the distribution of pores by the 

dimensions were the analysis of sorption isotherms [10-

12]. Before the measurements, the samples were degassed 

at a temperature of 180 °C for 18 hours. Nitrogen 

adsorption/desorption isotherms for the studied carbon 

materials obtained by thermal treatment at a temperature 

of 400 °C with different exposure times of this treatment 

are shown in Fig. 1. All isotherms belong to the II type of 

isotherms according to the IUPAC classification and are 

characteristic of the formation of a polylayer on the 

surface with a high adsorption potential. A hysteresis loop 

is observed on almost all isotherms, which is associated 

with sorption processes in sub-nanopores (pore size 

between 0.1 and 1 nm according to the IUPAC 

classification [13]). The presence of a hysteresis loop for 

the investigated carbon materials and changes in its 

dimensions also indicate the presence of a relative number 

of mesopores. There is an open hysteresis loop, that is, a 

divergence of the adsorption/desorption curves in the 

region of low pressures for the carbonized material that 

was not subjected to heat treatment. It is characteristic of 

materials that retain the adsorbate over the entire range of 

relative pressures. Changes in the shape of 

adsorption/desorption curves indicate the development of 

a porous structure during heat treatment of carbon 

materials. Isotherms of other series with different 

temperatures and time of heat treatment have similar 

shapes, so they are not given in this paper. 

 

 
Fig. 1. Nitrogen adsorption isotherms of the obtained 

samples. 

 

The parameters of the porous structure of the obtained 

materials are shown in the table 1. The specific surface 

area was determined by the BET method [14]. Several 

complementary methods were used to estimate the pore 

size distribution. The BJH method is usually used to 

determine the size distribution of mesopores (correctness 

interval is 3-60 nm), while using the desorption curve in 

the pressure range of (0.4-0.967) р/р0 [15]. The 

mesoporous structure was developed for all the 

investigated materials of the LH series. The share of 

mesopores in the total volume of pores calculated by the 

t-method is 72-95 %. For samples of the LH series, the 

growth of micropores occurs up to 120 min, after the 
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specified time, the total volume of micropores decreases 

due to their burnout and transition to mesopores, the 

volume fraction of which increases by 40 %. At the same 

time, a decrease in the total specific surface area is 

observed both due to the transition of mesopores into 

macropores and due to the combustion of carbon material 

(Fig. 2). A further increase in exposure time leads to an 

uneven redistribution of macro- and mesopores. For the 

sample aged for 240 min, there are practically no 

micropores, and the percentage of material yield by mass 

is 33 %. The maximum volume of mesopores is observed 

for materials with a heat treatment time of 150-210 min. 

The decrease in the percentage mass of the material for the 

sample of the LH series is presented in Fig. 2. 

 

 
Fig. 2. Dependence of the mass of the obtained NCM on 

the time of temperature exposure (LH series). 

 

For series of materials with a higher temperature of 

thermal modification, a decrease in the time of 

temperature influence on the maximum value of the 

specific surface area and the maximum volume of 

mesopores is observed. Thus, the peak value of the 

specific surface area with increasing activation 

temperature shifts toward decreasing activation time. For 

the LD series, the maximum value of the specific surface 

area is 910 m2/g (heat treatment time 90 min), and for the 

LF series it is 870 m2/g (heat treatment time 60 min). 

However, the maximum value of the specific surface area 

for higher activation temperatures is not reached.  

The characteristics of the mesoporous structure were 

described using the BJH method. For samples of the LH 

series, the maximum mesopore volume in the range of 

Vmeso = 0.11 – 0.12 cm3/g is reached at 150–210 min. For 

practically all samples of the LH series, the maximum of 

the differential pore volume falls on the pores in the 

interval d = 3.3-3.7 nm. With the growth of the pore 

diameter a sharp decrease in the differential pore volume 

is observed, and for d = 30-60 nm in all the studied 

samples it changes monotonically in the interval (1-

2) · 10-3 cm3/g. For samples of the LD, LF series, the peak 

of the differential pore volume falls on a similar pore 

diameter interval. The maximum mesopore volume for 

samples of the LD and LF series is in the range of 

Vmeso = 0.11-0.12 cm3/g at 30-60 min, respectively. The 

dependence of the differential pore volume on their 

diameter for materials with the maximum value of the total 

pore volume in each of the series is shown in Fig. 3. 

 

 
Fig. 3. Dependencies of the maximum values of the 

differential pore volume on the diameter for different 

series of the obtained materials. 

Table 1.  

Parameters of the porous structure of the obtained materials of the LH series 

Sample 

Specific surface area 

VΣ, 

cm3/g 

Vmiсro, 

cm3/g 

Vmeso, 

cm3/g 

Vmiсro/VΣ, 

% 

Vmeso/VΣ, 

% 
d, nm SBET, 

m2/g 

Smeso, 

m2/g 

Smicro, 

m2/g 

L 707 528 179 0.709 0.081 0.628 0.114 88.6 4.016 

LH 30 831 460 371 0.709 0.156 0.553 0.220 78.0 3.411 

LH 60 868 445 423 0.695 0.173 0.522 0.249 75.1 3.203 

LH 90 897 419 478 0.708 0.196 0.512 0.277 72.3 3.156 

LH 120 940 443 497 0.727 0.201 0.526 0.276 72.4 3.092 

LH 150 875 636 239 0.835 0.101 0.734 0.121 87.9 3.819 

LH 180 782 576 206 0.761 0.086 0.675 0.113 88.7 3.896 

LH 210 707 624 83 0.764 0.039 0.725 0.051 94.9 4.32 

LH 240 511 511 – 0.613 – 0.613 0.000 100.0 4.795 
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To describe the size distribution of micropores, the 

QSDFT (Quenched Solid DFT) method of Density 

Functional Theory (DFT) [16] was used, which takes into 

account the structural heterogeneity of the surface of slit-

like pores. The carbonized material is characterized by the 

presence of a peak in the region d=1.0-1.2 nm with a 

maximum d=1.1 nm (Fig. 4). A peak in the region of sub-

nanopores (up to 1 nm) is clearly distinguished in the 

samples of the LH series, for all times of temperature 

exposure. With increasing temperature exposure time (up 

to 120 min), a peak shift from d = 0.7 nm (for sample LH-

30) to d = 0.8-0.9 nm (for samples LH-90 – LH-120) is 

observed, which is also accompanied by an increase in the 

differential volume of pores (Fig. 4). That is, probably, at 

the given times of temperature exposure, the formation 

and burnout of pores of the specified diameter takes place. 

An increase in the time of temperature exposure leads to a 

monotonous decrease in the differential pore volume, and 

the LH-240 sample shows a wide and homogeneous 

micropores size distribution and a relatively low value of 

dV(d) ≤ 0,15 cm3/nm/g. Samples of the LD series (Fig. 5) 

are characterized by the presence of peaks in a similar 

range. The difference is an insignificant increase in the 

differential volume of pores and the formation of peaks at 

shorter times of temperature exposure. For samples of the 

LF series (Fig. 6), the peak at d = 0.9 nm is present for the 

sample with a temperature exposure time of 30 min. A 

further increase in the time of temperature exposure leads 

to a decrease in the differential pore volume and a shift of 

the peak to the region d = 0.6-0.7 nm. That is, an increase 

in temperature probably leads to the combustion of carbon 

particles, which is manifested in a decrease in the volume 

of sub-nanopores. Thus, the time of temperature exposure 

is one of the determining factors for the formation of a 

mesoporous structured.  

 

 
Fig. 4. Size distribution of micropores for LH series 

carbon materials (QSDFT method). 

 

The dependence of the specific electrical conductivity 

on the time of temperature exposure is shown in Fig. 7. 

The carbon material was pressed at a pressure of 1.5 MPa. 

A further increase in pressing pressure leads to 

insignificant deviations in the changes in specific 

electrical conductivity values. An increase in the time of 

temperature exposure leads to an increase in specific 

electrical conductivity, which is probably due to a change 

in the structure of carbon particles, a significant burnout 

of the carbon material, which in turn leads to densification 

and arrangement of its structure. 

 

 
Fig 5. Micropores size distribution for LD series carbon 

materials (QSDFT method). 

 

 
Fig. 6. Micropores size distribution for LF series carbon 

materials (QSDFT method). 

 

 
Fig. 7. Dependence of specific electrical conductivity on 

time of temperature exposure. 

 

The content of chemical compounds in the obtained 

carbon materials was evaluated by burning it at a 

temperature of 1000 °C. Table 2 shows a number of 

existing compounds found in ash. An insignificant amount 
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(about 1.5%) of potassium oxide in the ash is due to the 

specificity of the method of obtaining porous carbon 

material. 

 

Table 2.  

The content of chemical compounds in carbon material 

Chemical 

compound 

The 

concentrati

on of the 

compound 

in the ash, 

% 

Mass of 

compound 

in ash, mg 

The 

concentration 

of the 

compound in 

the carbon 

material, % 

Al2O3 3.032 5.49 0.164 

SiO2 1.544 2.79 0.083 

K2O 27.288 49.39 1.474 

CaO 15.363 27.81 0.830 

Cr2O3 0.637 1.15 0.034 

Ni2O3 0.224 0.41 0.012 

MnO2 0.297 0.54 0.016 

Fe2O3 50.33 91.10 2.719 

CuO 0.885 1.60 0.048 

SO3 0.248 0.45 0.013 

SrO 0.095 0.17 0.005 

Conclusions 

The technique of obtaining nanoporous carbon 

material from light industry waste (wallnut shells) by 

thermochemical alkaline activation with subsequent 

temperature exposure to form an optimal pore size ratio 

was studied. A clear correlation was found between the 

volume and surface of micropores and the temperature and 

time of NCM modification. It was established that 

changing the modes of modification of carbon materials is 

an effective tool for regulating their porous structure, 

which makes it possible to obtain samples with a 

predetermined morphology. 

It was established that an increase in the treatment 

temperature leads to a decrease in the maximum specific 

surface area from 940 m2/g for the LH 120 sample to 

870 m2/g for the LF 60 sample and a decrease in the 

temperature exposure time to reach the specified peak 

values. 
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Методом низькотемпературної адсорбції/десорбції азоту досліджена пориста структура нанопористих 

вуглецевих матеріалів, отриманих лужною активацією відходів легкої промисловості (шкаралупи горіха) з 

подальшою термічною модифікацією. Встановлено оптимальну залежність між температурою та часом 

модифікації. Показано, що зростання температури модифікації зменшує час переходу мікропор в мезопори та 

призводить до зменшення площі питомої поверхні і загального об’єму пор. Так, максимальною питомою площею 

поверхні 940 м2/г володіє матеріал, отриманий при температурі модифікації 400 ºC та часі витримки 20 хв. 

Досліджено, що зростання часу температурної модифікації призводить до збільшення питомої 

електропровідності. 
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The growth of iron-yttrium garnet Y3Fe5O12 (YIG) films with of 1...15 μm thicknesses on single-crystal 

substrates of gallium-gadolinium garnet Gd3Ga5O12 (GGG) was carried out using the method of liquid phase 

epitaxy (LPE). The influence of the composition and mass of the charge, the temperature regimes, the rates of 

movement and the substrate rotation on the films parameters were studied. The layered structure caused by the 

heterogeneity of the chemical composition in the film thickness was determined and studied. The dependence of 

the degree impurity of Pb2+ and Pt4+ ions in YIG films and their influence on the ferromagnetic resonance (FMR) 

line width ∆H on the films growth conditions was investigated. It’s shown that in order to obtain by the LPE method 

the series of defect-free films with low magnetic losses and reproducible parameters, it’s necessary to use melt-

solutions of large mass (6...12 kg) and apply their additional mixing during the growth process. 
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Introduction 

The monocrystalline iron-yttrium garnet Y3Fe5O12 

films are a perspective material for the making of passive 

integrated ultrahigh-frequency (UHF) circuits working on 

the spin and magnetostatic waves (MSW) [1,2,3]. For 

these purposes is required a material with a certain set of 

parameters: the ferrite layer thickness (d), saturation 

magnetization (4πMS), the anisotropy field, the FMR line 

width ∆Н etc. This is achieved by selecting the optimal 

chemical composition of the charge and the technological 

process for growing high quality films with a minimum 

number of defects [4]. 

To obtain the specified working parameters of MSW 

devices the YIG films with a homogeneous distribution of 

the internal magnetic field and the narrow FMR line width 

are required. The narrower the FMR line width, the lower 

the magnetic losses. The saturation magnetization and the 

magnetic anisotropy field determine the value of the 

operating frequency. The quality of the ferrite film also 

depends on the homogeneities of her thickness, magnetic 

parameters over the area of the ferrite epitaxial structure 

(FES), mechanical stresses, impurities and growth defects. 

Most defects in YIG films are due to defects in GGG 

substrate [5]. 

In bulk YIG single crystals it is possible to obtain the 

FMR ∆H value of the order of 0.2...0.3 Oe. It’s quite 

problematic to achieve such values for monocrystalline 

YIG films with the thickness of 1...15 μm.  

The purpose of this work was to determine of the 

charge composition and growing conditions for obtaining 

of the high-quality monocrystalline YIG films, similar in 

magnetic parameters to bulk YIG single crystals. 

I. Experimental techniques 

Currently the method of liquid-phase epitaxy is the 

most recognized for obtaining the monocrystalline YIG 

films.  

YIG films were grown by isothermal dipping of GGG 

single crystalline substrates of (111) orientation in the 

oversaturated melt -solution (MS) of ferrite charge using 

mailto:s.o.yuryev@gmail.com
mailto:mvvmcv@gmail.com
mailto:volodymyr.mokliak@nung.edu.ua
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PbO-B2O3 solvent. The ratio between of the quantity 

composition of components in the charge was selected 

taking into account the Blank-Nielson molar coefficients 

[6]: 

 

 R1 = Fe2O3/Y2O3;  

 

 R3 = PbO/B2O3; (1) 

 

 R4 = 
Fe2O3+Y2O3

Σ oxides
 .  

 

Melting of the charge, its homogenization and films 

growth were carried out in platinum crucibles. The 

saturation temperature (Ts) of the melt-solution was 

determined as the temperature of the beginning of film 

growth on the substrate.  

The substrates with a diameter of 50,8 mm were cut 

from the GGG single crystal of cylindrical form. It’s 

known that the GGG crystal lattice parameter 

as = 12.382 Å and for YIG af = 12.376 Å. The thickness of 

the substrates was 0.5 mm, and the density of defects on 

their area did not exceed 0.5 cm-2. The substrates were 

mechanically ground and polished to 14-  purity class. 

Such treatment does not completely eliminate the defects 

of the substrate surface layer. The defects appear after 

their etching in hot orthophosphoric acid. The presence of 

defects in the substrate leads to the increase ∆H parameter 

of YIG films to 8.2...8.9 Oe. 

Therefore the substrates else were subjected to 

chemical-mechanical polishing using the colloidal 

suspension. After that, the substrates were chemically 

polished in orthophosphoric acid at the temperature of 

438 K. 

An automated installation was used for epitaxial 

growth. The temperature in the furnace zones was 

maintained with an accuracy of ±0.1 K. The thickness of 

the grown films was 1...15 μm. Optical interference 

method was used to measure their thickness. The 

interference pattern is formed by measuring the 

transmission spectra when a light stream is incident on the 

sample in a direction close to normal. The measurement 

error of the film thickness did not exceed 2 %. 

The transmission spectra of FES were obtained using 

Specord M-40 and Specord 75 IR spectrophotometers. 

The line width ∆H of films was measured by the 

"magnetic gup" method [7] in which the area of 

localization of measurements is 0,4 mm. The saturation 

magnetization 4πMs of films was measured using a 

vibrating magnetometer [8]. The structure and 

composition of epitaxial films were studied using an 

electron microscope with a Comebax X-ray 

microanalyzer. 

II. Results of experiments and their 

discussion 

The purpose of the technology of growing 

monocrystalline YIG films is to minimize to the 

acceptable level from the numbers of negative factors, 

which influence on the ∆H value, the homogeneity of ∆H 

over the film area, the repeatability of the main films 

parameters during the growth of the series films. 

Therefore, to obtain high-quality films suitable for 

practical use, it’s necessary to control the composition and 

weight of the starting charge and the technological 

conditions of their growth. 

For the small thicknesses of ferrite film (1...15 μm), 

the influence of the film-substrate (FS) transition layer and 

the film-air (FA) surface layer on its main parameters 

becomes significant. These layers have a defective 

structure compared to the film itself [9-11] and obviously 

contribute to the anisotropic properties of the film [12-16]. 

In the process of forming a ferro-garnet film the 

transition FS layer grows on the boundary between the 

YIG layer and the GGG substrate enriched with Ga3+ and 

Gd3+ ions. 

These ions migrate into the melt-solution. As the 

result, the acid of the Gd3Ga5O12 substrate in the PbO-

B2O3 solvent at the beginning growth stage. The FS 

transition layer is a solid solution of YIG and nonmagnetic 

GGG. The Gd3+ and Ga3+ ions in this solid solution are 

introduced into the dodecahedral and tetrahedral positions 

of the ferro - garnet film, respectively. This transition 

layer has a lower saturation magnetization and a higher 

∆H value than the YIG. Since Gd3+ ions contribute to the 

increase of the ∆H value through the mechanism of ionic 

relaxation. Consequently, the heterogeneity of the YIG 

film composition in the FS layer leads to the increase of 

the ∆H parameter. 

The decrease in the FS layer of Gd3+ and Ga3+ ions 

carried out by means of the selected molar ratio R3 in the 

charge. The experiments with the PbO - B2O3 solvent for 

value R3 = 12.4; 14; 15.6; 16 showed that the degree of 

solubility of GGG substrates linearly increases with 

increasing concentration of B2O3 in the solvent. It is 

necessary to use solvents with the lower content of 

B2O3.During the films growth from the different charge 

compositions it was found that the most optimal for 

decreasing of Gd3+ and Ga3+ ions in the FS layer are MS 

with R3 = 15.6. 

The select of the R4 ratio (1) was based on the need to 

decrease the quantity of Pb2+ and Pt4+ ions in the structure 

of the YIG films. The Pb2+ ions are introduced into the 

YIG film from the PbO-B2O3 solvent and Pt4+ ions - from 

the crucible material [17].The quantity of Pb2+and Pt4+ 

ions is increases with the increase of the film growth rate, 

which is proportional to the overcooling degree ∆T of the 

MS. The ∆T is equal to the difference between the 

saturation temperature Ts and the film growth temperature 

Tg, which is lower than Ts: ∆T = Ts - Tg. For each MS 

composition there is a growth rate at which the film has a 

minimum value of the ∆H parameter. The appearance of 

these minimums is explained by the same content of 

Pb2+and Pt4+ ions in the YIG films. With equal in ratio of 

the Pb2+ and Pt4+ ions in the film, the charge compensation 

is realized. That eliminating is causes of the appearance of 

Fe4+ and Fe2+ ions in the films. The exchange of electrons 

between Fe4+ and Fe2+ ions leads to the increase of ∆H 

parameter. 

The coefficient R1 (1) should be such that only the 

garnet phase crystallizes from the melt - solution. From 

the results of phase analysis of charges it was obtained that 

this requirement realized when R1 = 11...30. 

The Table 1 shows the growth technological 
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parameters for two FES with a thickness of 5 μm and 

different values of ∆H. 

Table 1 shows that the minimum value of 

∆H = 0.22 Oe has film No. 2 with almost the same 

contents of lead (0.23 mass. %) and platinum 

(0.21 mass. %). According to the data of Table 1, it can 

also be observed that with the increase the growth rate to 

0.54 μm/min, the concentration of lead in the YIG film 

increases more quickly than the concentration of platinum. 

As the result, the also increases the ∆H to ∆H = 0.61 Oe. 

Consequently, to obtain YIG films with minimal 

values of ∆H, it's necessary to set the rate of their growth 

at which the same concentrations of Pb2+ and Pt4+ ions are 

generated in the films, i.e. charge compensation is created. 

This growth rate must be supported constant when 

growing a series of films. 
We have found that at the substrate rotation rate with 

ω =100 rpm/minthe impurity of Pt4+ ions into the film 

structure increases with the increase of the overcooling 

degree of the MS. The concentration of Pb2+ ions in the 

YIG films also increases with increasing growth rate and 

decreases with decreasing of the MS overcooling degree. 

This means that it’s possible to create such technological 

regimes when the platinum and lead ions in the film have 

certain ratio concentrations. This way it is possible to 

influence on the ∆H line width. 

At the first moment when the substrate is introduced 

into the melt-solution of the liquid phase epitaxy process 

the diffusion border layer is formed near the substrate. 

Further growth of the film is caused by mass transport of 

garnet-forming components through this layer [18]. The 

thickness δ of the diffusion layer depends on the growth 

parameters. With a stationary substrate this layer has a 

maximum thickness. When the substrate rotates, its 

thickness decreases with increasing rotation rate: 

 

 δ = 1,58 D1/3 γ1/6 ω-1/2,  (2) 

 

D – diffusion coefficient; γ – kinematic viscosity; ω – the 

angular rotation rate. 

This equation is valid if the laminar flows, arising due 

to convection, forms the homogeneous in thickness the flat 

diffusion layer along the crystallization front. The 

heterogeneity of the film thickness over its area influences 

on magnetic properties [19] and degree of practical use of 

the growing film.  

At the growth of YIG films with the thickness of 

1…15 μm using one-sided horizontal rotation of the 

substrate, the heterogeneity of the film thickness equal to 

30...50 % and the FMR line width ∆H -  > 100 % are 

observed (Table 2). 

This heterogeneity is due to the formation of a convex 

diffusion layer at the crystallization front. The thickness 

of the diffusion layer increases to the center of the 

substrate. As can be seen from the Table 2 the ∆H 

increases with increase of the diffusion layer thickness. 

During reverse rotation, the shape and thickness of the 

diffusion layer change periodically. In this case, the 

heterogeneity of the film thickness over the area equal to 

20...30 %, the ∆H ~ 50 %. The such periodic change is 

formed of a layered film structure with different lead 

content in the layers. Тherefore, one-sided and reversed 

rotation of the substrate does not form a flat diffusion 

layer, which is necessary for growing YIG films with 

homogeneous parameters in over the area of film. 

To include the total bulk of the melt-solution in the 

Table1. 

Technological parameters, contents of lead and platinum, 

the FMR line width of YIG films 

№  

of the 

sample 

Molar coefficients Overcooling 

degree ∆Т,  

К 

Growth 

rate fg,  

μm/min 

Content of 

Pb,  

mass. % 

Content of 

Pt,  

mass. % 

FMR line 

width ∆Н,  

Oe 
R1 R3 R4 

1 11.698 15.606 0.08 15 0.54 0.50 0.34 0.61 

2   25.0 15.603 0.13 10 0.35 0.23 0.21 0.22 

 

Table 2. 

Dependence of the ferrite film thickness and the FMR line width ∆H 

on the method of substrate rotation 

№ of 

the 

sample 

Thickness of the YIG film, μm 

at the distance from the edge, cm 

FMR line width ∆Н, Oe 

at the distance from the edge, cm 

0.5 1.5 2.5 3.5 4.5 0.5 1.5 2.5 3.5 4.5 

One-sided rotation of the substrate 

1 6.1 5.5 4.9 5.4 6.1 0.51 1.15 1.47 0.81 0.62 

2 8.8 7.8 6.9 7.9 8.8 0.75 1.43 1.87 1.33 0.90 

3 14.6 12.4 9.5 12.1 14.5 1.03 2.10 2.50 2.20 1.70 

Reverse rotation of the substrate 

1 5.9 5.1 5.0 5.2 5.8 0.45 0.52 0.81 0.93 0.34 

2 8.7 7.3 7.2 7.4 8.8 0.56 0.77 1.10 0.72 0.41 

3 14.3 12.4 11.3 12.5 14.5 1.04 0.95 1.73 2.15 0.98 

One-sided rotation of the substrate with mixer 

1 6.2 6.3 6.1 6.1 6.2 0.31 0.30 0.31 0.32 0.31 

2 9.2 9.1 9.5 9.1 9.1 0.38 0.40 0.41 0.40 0.40 

3 15.3 15.1 14.8 15.0 15.3 0.60 0.61 0.61 0.62 0.60 
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film growth process and to form a flat diffusion layer the 

method of additional mixing of the melt-solution with a 

special mixer was used. The mixer was attached to the 

holder substrate and rotates with substrate [20].The mixer 

grips fresher liquid from the depths of the crucible and 

moves it to the surface of the grown film. At the same 

time, removes the used melt-solution, which is degraded 

on ferro-garnet components. Table 2 shows that when 

using a mixer the difference of the thickness over the films 

area does not exceed of 4% and the value of ∆H – 8 %. 

Fig. 1 shows the FMR spectra of the YIG films grown 

by reverse rotation (1) of the substrate and by one-sided 

rotation (2) of the substrate together with the mixer. From 

Fig. 1 we can see that the FMR spectrum of the YIG film 

grown using reverse rotation has a distorted shape. The 

FMR resonance curve (2) for the YIG film grown with the 

use of a mixer has good resolution. 

 

 
Fig. 1. The FMR spectra of the YIG films grown by 

reverse rotation (1) of the substrate and by one-sided 

rotation (2) of the substrate together with the mixer. 

 

Using the method of X-ray spectral electron 

microanalysis, we studied the layered structure of YIG 

films of (111) orientation with thicknesses up to 5 μm. To 

investigate the FS and FA transition layers and their 

influence on the magnetic properties of the epitaxial ferrite 

films structures were subjected these structures to layer-

by-layer chemical etching in a mixture of concentrated 

orthophosphoric and sulfuric acids in the temperature 

range 353...423 K. The etching rate was 

0.05...0.20 μm/min. After each etching the ferrite film 

thickness, saturation magnetization, and ∆H parameter 

were measured.  

Table 3 shows the values of 4πMs, ∆H and film 

thicknesses d of the three YIG films after etching in the 

acid mixture. Table 3 shows that the ferrite film has a 

layered structure in relation to the values of ∆H and 4πMs 

parameters. This layered film structure is forms during the 

growth process. These layers have different thicknesses, 

are characterized by lower or higher saturation 

magnetization compared to YIG (for the YIG 

4πMs = 1750 Gs) and much higher values of the ∆H 

parameters. For example, films 1 and 3 had a 

magnetization of 1780 Gs. After two etchings, their 

magnetization decreased to 1700 Gs. The increased 

magnetization of the FA layer of these films is due to the 

presence of a large number of Pb2+ ions in this layer, which 

displace Fe3+ ions from the octahedral positions of the 

garnet. In the transition FS layers with the thickness of 

0.2 μm, there are large number of Ga3+ ions that displace 

Fe3+ ions from the tetrahedral positions of the garnet, 

decreasing the magnetization to 1470 and 1510 Gs, 

respectively (Table 3). 

As noted above, in order to decrease the etching of the 

Gd3Ga5O12 substrate in the MS and, consequently, the 

decrease of Gd3+ and Ga3+ ions content in the MS, it’s 

necessary to decrease the boron oxide content in the 

solvent. However, a decrease of boron oxide content in the 

MS, along with positive factors also has negative ones - 

the compositional stability of the garnet phase is decreased 

and the volatility of lead oxide is increases. The highly 

volatility of PbO also leads to significant etching of 

substrates and films as they are lowering or lifting out of 

the growth furnace. Fig. 2 shows the surface of the YIG 

film etched by PbO vapor. To minimize of substrates and 

film etching the platinum screen should be attached below 

the substrate to the substrate holder. In our experiments 

the platinum mixer served as a screen. 

The dependence of the thickness of the transition 

layers on the technological regimes was investigated. The 

thicknesses of the FS and FA layers are decreased if the 

substrate holder together with the mixer rotates at a 

frequency of ~ 50 rpm/min during the dipping of the 

substrate into the MS and the FES drawing from the MS 

after the end of the growing process. This can be explained 

by the removal of Gd3+, Ga3+ and Pb2+ ions from the 

substrate by the upward flow of fresh MS and supply the 

YIG components to the substrate. 

The thickness of the FA layer also dependent on the 

rate of vertical movement of the substrate during its 

dipping and post growth removal from the melt-solution. 

Experiments have shown that the removal of FES from the 

Table 3. 

Thicknesses and magnetic parameters of three samples of YIG films during the etching process 

№ 1 

d, μm 4.1 3.2 2.4 1.5 0.8 0.5 0.2 

∆Н, Oe 0.9 0.83 0.80 0.64 0.73 1.40 2.11 

4πMs, Gs 1780 1780 1700 1710 1650 1600 1470 

№ 2 

d, μm 3.8 3.0 2.2 1.4 0.7 0.6 0.4 

∆Н, Oe 0.80 0.85 0.71 0.47 0.7 1.34 1.92 

4πMs, Gs 1740 1710 1680 1590 1530 1460 1390 

№ 3 

d, μm 3.7 2.8 1.9 1.2 0.6 0.4 0.3 

∆Н, Oe 1.10 1.00 0.86 0.78 0.93 1.38 2.14 

4πMs, Gs 1780 1780 1700 1720 1670 1580 1510 
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MS at a rate of ~ 20 cm/min minimizes the thickness of 

the surface layer of the FA and the change in the parameter 

∆H. 

When growing the series of films from the one MS the 

following reasons cause the depletion of the MS: 

a) lead evaporation during homogenization and 

growth processes; 

b) depletion of the MS into garnet-forming 

components during of the film growth process; 

c) reducing of MS quantity due to the formation of 

droplets and small melt marks on the FES and equipment. 

Based on our research, it was concluded that when 

growing YIG films it’s necessary to use a large mass of 

MS to minimize the change in the saturation temperature. 

This makes it possible to grow a larger number of films 

with identical parameters from one MS. 

 

Fig. 2. The surface of the YIG film etchedby PbO vapor, 

zoom: x200. 

 

Fig. 3 shows the influence of MS depletion on the ∆H 

of YIG films grown from the melt-solution of 6 kg. It can 

be seen that the ∆H increases with the number N of grown 

films. This increase of ∆H is associated with a change in 

the starting ratio between the quantities of Fe2O3 and Y2O3 

oxides in the melt-solution. This ratio which given by the 

coefficients R1 and R4, leading to a change in the growth 

parameters (TS, Tg, ∆T, fg) and the increase in the content 

of Pb2+ and Pt4+ ions in the film structure. The greater of 

the MS mass the greater the numbers N of films with 

similar parameters can be grown. The research results 

showed that the most favorable charge for growing the 

YIG films with the thickness of up to 15 μm and a 

diameter of 50,8 mm is a charge with the mass of 12.0 kg. 

As the result of the research, the optimal weight 

composition of the melt-solution in which the solubility of 

GGG at growing temperatures is insignificant:  

PbO – 90.34 %; B2O3 – 1.81 %; Fe2O3 – 7.13%; Y2O3 – 

0.72 %. The YIG films with a thickness of 1...10 μm 

grown from this melt-solution on GGG substrates with a 

diameter of 50,8 mm have a FMR line width 

∆H = 0.3...0.5 Oe and are suitable for use in microwave 

devices. 

 

 
Fig 3. The dependence of the ∆H FMR line width on the 

number N of grown films. 

Сonclusions 

The optimal composition of the charge for growing 

YIG films by liquid-phase epitaxy is determined by the 

molar coefficients R1, R3 and R4, which must have values: 

11 ≤ R1 ≤ 30; R3 = 15.6 and R4 = 0.13. 

When growing a series of YIG films with similar 

parameters, it’s necessary to use melt solution of large 

mass (6...12 kg) with a high content of garnet-forming 

oxides and the use additional mixing. 

To decrease the concentration of lead in the YIG films 

it’s necessary to grown the films at small overcooling. 

The film-substrate layer is enriched with Ga3+ and 

Gd3+ ions and the surface layer of the YIG film is enriched 

with Pb2+ ions. Transition layers have different 

magnetizations from the main YIG film and have a higher 

FMR line width ∆H. 

To obtain YIG films with narrow values of ∆H it is 

necessary to set the growth rate at which similar 

concentrations of Pb2+ and Pt4+ ions are formed in the 

films. 

The use of additional mixing of the melt-solution 

during the growing process decrease the thickness 

heterogeneity to 4 % and the ∆H to 8 %. 
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Епітаксійні плівки залізо-ітрієвого гранату з однорідними 

властивостями та вузькою шириною лінії ФМР 

1Національний університет “Львівська політехніка”, фізичний факультет,Львів, Українаs.o.yuryev@gmail.com 
2Інститут металофізики ім. Г.В. Курдюмова, НАН України, Київ, Україна, mvvmcv@gmail.com 

3Івано-Франківський національний технічний університет нафти і газу, Івано-Франківськ, Україна, 

volodymyr.mokliak@nung.edu.ua 

Методом рідкофазної епітаксії (РФЕ) проведено вирощування плівок залізо-ітрієвого гранату Y3Fe5O12 

(YIG) товщиною 1...15 мкм на монокристалічних підкладках галій-гадолінієвого гранату Gd3Ga5O12 (GGG). 

Досліджено вплив складу та маси шихти, температурних режимів, швидкостей руху та обертання підкладки на 

параметри плівок. Визначено та досліджено шарувату структуру, зумовлену неоднорідністю хімічного складу 

в товщині плівки. Досліджено залежність ступеня забруднення іонів Pb2+ та Pt4+ у плівках YIG та їх вплив на 

ширину лінії феромагнітного резонансу (ФМР) ∆H від умов росту плівок. Показано, що для отримання методом 

РФЕ серії бездефектних плівок з малими магнітними втратами та відтворюваними параметрами необхідно 

використовувати розчини-розплави великої маси (6...12 кг) та застосовувати їх додаткове змішування під час 

процесу росту. 

Ключові слова: залізо-іттриєвий гранат, ферит-гранатові плівки, рідкофазна епітаксія, феромагнітний 

резонанс. 
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Introduction 

Ternary systems involving d-elements of groups IV 

and VII and p-elements of group III of the periodic table 

have been studied for more than 50 years. Isothermal 

sections of the phase diagrams have been constructed for 

the Ti–Mn–B [1], Zr–Mn–B [2], Ti–Re–B [3], Hf–Re–B 

[4], Ti–Mn–Al [5-8], Ti–Mn–Ga [9], Zr–Mn–Ga [9, 10], 

Hf–Mn–Ga [10, 11], and Zr–Mn–In [12, 13] systems.  

TIV–TVII–MIII systems are characterized by no or few 

ternary compounds [14-17]. Some of the systems have 

been investigated for the formation of compounds of 

particular compositions, isostructural to known types. 

Information about the compounds found in the systems 

{Ti, Zr, Hf}–{Re, Mn}–{B, Al, Ga, In} is summarized in 

Table 1. Other TIV–TVII–MIII systems, probably due to the 

Table 1.  
Ternary compounds in TIV–TVII–MIII systems [17] 

System Phase Structure type Pearson symbol Space group 

Ti–Re–B Ti2ReB2 Mo2FeB2 tP10 P4/mbm 

Zr–Re–B Zr9Re4B Hf9Mo4B hP28 P63/mmc 

Hf–Re–B Hf9Re4B Hf9Mo4B hP28 P63/mmc 

Ti–Mn–Al Ti7.25Mn7.25Al14.5 Mg6Cu16Si7 cF116 Fm-3m 

Zr–Mn–Al ZrMn6Al6 ThMn12 tI26 I4/mmm 

Ti–Mn–Ga 
TiMn0.5Ga2.5 Cu3Au cP4 Pm-3m 

Ti2.75Mn3.25Ga5 Ti6Sn5 hP22 P63/mmc 

Zr–Mn–Ga 

Zr6Mn10.5Ga12.5 Th6Mn23 cF116 Fm-3m 

ZrMn0.5Ga2.5 Cu3Au cP4 Pm-3m 

Zr3Mn2Ga6 Hf3Mn2Ga6 oP22 Pmmn 

Zr3Mn2Ga4 Zr3V2Ga4 oP72 Pnma 

Hf–Mn–Ga 

HfMnGa2 HfFeGa2 oP48 Pnma 

Hf3Mn2Ga6 Hf3Mn2Ga6 oP22 Pmmn 

Hf3Mn2Ga4 Zr3V2Ga4 oP72 Pnma 

Zr–Mn–In ZrMn0.7In2.3 Cu3Au cP4 Pm-3m 
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difference between the melting temperatures of the 

components and the complexity of the synthesis, remain 

little studied.  

The aim of this work was to investigate the interaction 

of the components in the Hf–Re–Al system at 1000 °С. 

It should be noted that the binary systems Hf–Re, Hf–

Al, and Re–Al, which border the ternary system under 

investigation, have been studied quite thoroughly. The 

phase diagrams have been constructed [18] and the crystal 

structures of several compounds have been determined 

[17]. 

I. Experimental 

The interaction of the components in the Hf–Re–Al 

system was investigated on 2 binary and 35 ternary 

samples. The alloys were synthesized from high-purity 

metals (Hf ≥ 99.9 mass %, Re ≥ 99.9 mass % (pressed 

pellets), Al ≥ 99.999 mass %) by arc melting with a 

tungsten electrode, a water-cooled copper hearth and a Ti 

getter, under an argon atmosphere. After the synthesis, the 

ingots were sealed in quartz ampoules under vacuum, 

annealed at 1000 °C for 1 week and quenched into cold 

water. Phase analysis and structure refinements were 

carried out using X-ray powder diffraction (XRPD) data 

collected on diffractometers DRON-2.0M (Fe Kα 

radiation) and STOE Stadi P (Cu Kα1 radiation). The 

phase analysis was performed using Powder Cell [19] and 

STOE WinXPOW [20] programs. The profile and 

structural parameters were refined by the Rietveld 

method, using the WinCSD [21] program packages. The 

overall compositions of the samples and of the individual 

phases, in particular for the determination of the 

solubilities of the third component in the binary phases, 

were investigated by means of energy-dispersive X-ray 

spectroscopy (EDXS; scanning electron microscope 

Tescan Vega 3 LMU equipped with an X-MaxN20 silicon 

drift detector). 

II. Results and discussion 

As a result of the phase analysis by X-ray diffraction 

and EDXS of the samples of the Hf–Re–Al system at 

1000°С, we confirmed the existence of 13 of the 20 known 

binary compounds, the compositions and crystallographic 

parameters of which are given in Table 2. The results are 

in good agreement with literature data on the interaction 

of the components and phase diagrams of the binary 

systems Hf–Re, Hf–Al, and Re–Al [18, 22-25]. 

According to the results of the local X-ray spectral 

analysis, the binary compounds HfAl3, Hf2Al3, HfAl, 

Hf4Al3, Hf3Al2, Hf2Al, and Re14Al54.75 do not dissolve 

significant amounts of the third component. The 

maximum solubility of Hf in the compounds Re4Al11 and 

Re2Al is ~5 at.%. Approximately the same amount of Al 

is soluble in the compound Hf21Re25. 

The formation of two extended solid solutions based 

on the compounds HfRe2 (a certain region of homogeneity 

exists) and HfAl2 is expected, given the isostructurality of 

the parent compounds (see Table 2) and the similar sizes 

of the rhenium and aluminum atoms (rHf = 0.1564,  

rRe = 0.1370, rAl = 0.1431 nm [26]). A continuous series 

Table 2. 
Crystallographic parameters of binary compounds in the Hf–Re, Re–Al, Hf–Al systems [17]  

(binary phases stable at 1000 °C are highlighted) 

Compound 
Structure 

type 

Pearson 

symbol 

Space 

group 

Cell parameters, nm 

a b c 

Hf21Re25 Zr21Re25 hR276 R-3c 2.5773 – 0.8760 

HfRe2 MgZn2 hP12 P63/mmc 0.5239 – 0.8584 

Hf5Re24 Ti5Re24 cI58 I-43m 0.9708 – – 

Re2Al CuZr2 tI6 I4/mmm 0.29802 – 0.95796 

ReAl CsCl cP2 Pm-3m 0.288 – – 

Re1.8Al22 Re(Re0.4Al0.6)2Al tP4 P4/mmm 0.30785 – 0.59515 

Re4Al11 Mn4Al11 aP15 P-1 
0.5172 0.5154 0.8959 

α = 74.83°; β = 90.43°; γ = 80.24° 

Re14Al54.75 Re14Al54.75 aP71 P-1 
0.5159 0.9106 2.3755 

α = 100.94°; β = 90.30°; γ = 93.00° 

Re8Al32.07 Re8Al32.07 aP43 P-1 
0.5153 0.90782 1.3727 

α = 96.852°; β = 95.521°; γ = 92.392° 

ReAl6 MnAl6 oS28 Cmcm 0.7599 0.6606 0.9029 

ReAl12 WAl12 cI26 Im-3 0.7527 – – 

HfAl3 rt ZrAl3 tI16 I4/mmm 0.3989 – 1.7155 

HfAl3 ht TiAl3 tI8 I4/mmm 0.3893 – 0.8925 

HfAl2 MgZn2 hP12 P63/mmc 0.525 – 0.868 

Hf2Al3 Zr2Al3 oF40 Fdd2 0.9529 1.3763 0.5522 

HfAl TlI oS8 Cmcm 0.3253 1.0822 0.4280 

Hf4Al3 Zr4Al3 hP7 P6/mmm 0.5334 – 0.5429 

Hf3Al2 Zr3Al2 tP20 P42/mnm 0.7535 – 0.6906 

Hf5Al3 Mn5Si3 hP16 P63/mcm 0.8052 – 0.5690 

Hf2Al CuAl2 tI12 I4/mcm 0.6776 – 0.5372 
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of solid solutions is likely to form at higher temperatures. 

At the temperature of the study, in the region of high 

hafnium content in samples with the element ratio 

Hf:Re:Al = 9:4:1 according to the EDXS analysis, the 

existence of a new compound of approximate composition 

~Hf5Re2Al2, isostructural with the compound Ti5Ga4 

(hP18, P63/mcm) [27], was discovered. A detailed 

description of this compound will be the subject of a 

separate publication. 

Table 3 shows the compositions, and Fig. 1 presents 

Table 3.  

Compositions of the samples shown in Fig. 1 

S
am

p
le

 Composition 

S
am

p
le

 Composition 

nominal from EDXS nominal from EDXS 

1 Hf10Re80Al10 Hf11.0(5)Re86.2(5)Al2.8(7) 6 Hf25Re30Al45 Hf28.0(4)Re33.7(4)Al38.3(9) 

2 Hf15Re40Al45 Hf13.4(3)Re40.5(2)Al46.1(8) 7 Hf40Re15Al45 Hf42.1(5)Re10.6(5)Al47.4(8) 

3 Hf20Re40Al40 Hf22.1(6)Re49.5(6)Al28.4(9) 8 Hf50Re30Al20 Hf53.3(8)Re28.8(8)Al17.9(9) 

4 Hf25Re10Al65 Hf22.2(2)Re8.4(2)Al69.4(8) 
9 Hf75Re10Al15 Hf73.4(7)Re11.3(7)Al15.3(6) 

5 Hf20Re65Al15 Hf25.9(7)Re67.4(6)Al6.7(9) 

 

 

   

   

   
Fig. 1. Microstructures of selected samples and compositions of the detected phases. 
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photographs of the surfaces of individual samples. Table 4 

summarizes the results of the phase analyses. Fig. 2 shows 

the isothermal section of the Hf–Re–Al phase diagram at 

1000 °C. The ternary phase ~Hf5Re2Al2 forms equilibria 

with Hf3Al4, Hf2Al, (Hf), Hf21Re25 and the extended solid 

solution of HfRe2. 

If we compare the Hf–Re–Al system with previously 

studied TIV–TVII–MIII systems, we can see that they differ 

both in the nature of the phase fields and in the number 

and types of ternary compounds that exist in the systems 

[1-17]. In most of the systems involving boron, 

compounds are either absent or a single compound is 

formed. The systems with aluminum and indium are 

characterized by the presence of one or two compounds. 

Slightly more compounds (2-4) are formed in the systems 

with gallium. The Ti–Mn–Al system has been studied at 

various temperatures. 

Similarly to the system studied by us, hexagonal 

phases isostructural to the MgZn2 type with regions of 

homogeneity of different size are also known in the 

systems {Ti, Zr, Hf}–Mn–Al and {Zr, Hf}–Mn–Ga, 

whereas in the system Hf–Re–B the binary phase HfRe2 

does not dissolve significant amounts of the third 

component. In contrast to the Hf–Re–Al system, no 

ternary compound with a structure of the Ti5Ga4 or 

Hf5CuSn3 types [28] has been reported in the systems 

considered here. 

Table 4. 
Results of the phase analysis of the samples shown in Fig. 1, compositions from EDXS, cell parameters from XRPD 

 
S

am
p

le
 

Phase 
Pearson symbol, space 

group 

Cell parameters, nm 

a b c 

1 

Hf5Re24 

Hf10(1)Re88(1)Al2(1) 
cI58, I-43m 0.96621(3) – – 

Hf9(6)Re88(2)Al3(1) not detected by XRPD 

2 

Hf(Re,Al)2 
Hf29.2(3)Re52.5(3)Al18.3(6) 

hP12, P63/mmc 0.52294(3) – 0.85248(9) 

Hf5Re24 cI58, I-43m 0.96694(9) – – 

Re4Al11 
Hf0.5(3)Re26.6(5)Al72.9(5) 

aP15, P-1 
0.5213(2) 0.5132(2) 0.9010(3) 

α = 74.98(2)°; β = 91.28(3)°; γ = 80.32(3)° 

3 

Hf(Re,Al)2 

Hf31.6(2)Re56.9(2)Al11.5(3) 
hP12, P63/mmc 0.52327(2) – 0.85345(4) 

Re4Al11 

Hf1.0(6)Re26.9(5)Al72.1(9) 
not detected by XRPD 

4 

Hf(Al,Re)2 

Hf31.3(4)Re11.0(8)Al57.7(7) 
hP12, P63/mmc 0.52573(3) – 0.85710(7) 

HfAl3 rt 

Hf23.8(4)Re0.5(2)Al75.7(5) 
tI16, I4/mmm 0.39907(3) – 1.7164(2) 

Re4Al11 

Hf3.9(2)Re23.2(4)Al72.9(4) 
aP15, P-1, >5 % by XRPD 

5 

Hf(Re,Al)2 

Hf32.5(9)Re64.6(9)Al2.9(8) 
hP12, P63/mmc 0.52450(3) – 0.85774(9) 

Hf5Re24 

Hf15.6(1)Re76.5(1)Al7.9(1) 
cI58, I-43m 0.97154(8) – – 

Hf6.9(2)Re31.7(2)Al61.4(4) not detected by XRPD 

6 

Hf(Re,Al)2 

Hf32(1)Re50(1)Al18(2) 
hP12, P63/mmc 0.52485(3) – 0.85404(8) 

Hf(Al,Re)2 

Hf30(2)Re17(3)Al53(2) 
not detected by XRPD 

Re4Al11 

Hf2(1)Re25(4)Al73(1) 
not detected by XRPD 

7 

Hf(Re,Al)2 

Hf32.4(6)Re25.6(5)Al42(1) 
hP12, P63/mmc 0.52592(4) – 0.8554(1) 

Hf4Al3 

Hf47.7(5)Re3.4(6)Al48.9(6) 
hP7, P6/mmm 0.53282(8) – 0.5435(2) 

HfAl 

Hf50.9(8)Re2.0(6)Al47.1(3) 
oS8, Cmcm 0.3318(6) 1.116(2) 0.4185(7) 

8 

Hf(Re,Al)2 

Hf30(4)Re46(4)Al24(8) 
hP12, P63/mmc 0.52747(7) – 0.8603(2) 

~Hf5Re2Al2 

Hf57(1)Re20(3)Al23(3) 
hP18, P63/mcm 0.8091(2) – 0.5689(2) 

Hf hP2, P63/mmc 0.3170(1) – 0.5038(3) 

9 

Hf 

Hf78(5)Re10(4)Al12(1) 
hP2, P63/mmc 0.31599(3) – 0.50208(9) 

~Hf5Re2Al2 

Hf60(2)Re21(6)Al19(5) 
hP18, P63/mcm 0.8076(1) – 0.5730(2) 
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Conclusions 

Ternary systems involving d-elements of groups IV 

and VII and p-elements of group III of the periodic system 

are characterized by either the absence, or a low number 

of ternary compounds. The isothermal section of the phase 

diagram of the Hf–Re–Al system at 1000 °C was 

investigated in the full concentration range using X-ray 

powder diffraction, scanning electron microscopy, and 

energy-dispersive X-ray spectroscopy. Under the 

conditions of the study, the existence of 13 previously 

reported binary compounds was confirmed. 

Approximately 5 at.% of Hf can be dissolved in the 

compounds Re4Al11 and Re2Al, and about the same 

amount of Al in Hf21Re25. A new ternary compound of the 

approximate composition ~Hf5Re2Al2, adopting a  

Ti5Ga4-type structure (hP18, P63/mcm), and two extended 

solid solutions based on the hexagonal Laves-type 

(MgZn2) binary compounds HfRe2 and HfAl2 were found. 

The Hf–Re–Al system differs from previously studied 

TIV–TVII–MIII systems, both in the nature of the phase 

fields and in the number and structures of the ternary 

compounds. Hexagonal Laves-type phases also form in 

the {Ti, Zr, Hf}–Mn–Al and {Zr, Hf}–Mn–Ga systems, 

however, no ternary compound with a Ti5Ga4-(or 

Hf5CuSn3-) type structure was found in these systems. 
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Introduction 

Non-crystalline solids of systems As(Ge)-S(Se) are 

very interesting objects with wide practical and 

fundamental applications [1,2]. The fundamental 

researches using ideas of synergetics for the self-

organizing processes and formation of self-organized 

structures in them, also is extremely also important and 

unique [2]. In the region of low temperatures (T < 50 K), 

the behavior of a number of thermal properties (the heat 

capacity, the coefficient of thermal expansion, the velocity 

of sound propagation) for non-crystalline solids is 

different from the temperature characteristics of the 

crystalline compounds. The low-temperature anomalies of 

physical properties for non-crystalline solids are described 

at present on the basis of representations of two-level 

tunnel states and soft atomic configurations without a 

single interpretation of their microscopic nature [3-5]. An 

interesting application of such phenomena is also the Bose 

& Einstein condensation, which is being studied 

intensively studied over the past decades [6]. Processes of 

self-organization and a synergetic approach to low-

temperature anomalies can cardinally change the views 

and methods of implementation without dissipative 

dissemination of information through the realization of 

fractal structures [7].  

In order to explain the nature of the low-temperature 

phenomena of non-crystalline materials of As(Ge)-

S(Se,Te) systems in a wide temperature range, it is 

necessary to consider the behavior of physical-mechanical 

properties in conjunction with the features of the structure 

and factors that determine it. These factors include the 

conditions for obtaining non-crystalline materials and the 

effect of external fields (electromagnetic radiation, 

external noise). Non-crystalline materials are 

characterized by the presence of self-organized and fractal 

structures [2, 7-10], whose parameters, due to influence on 

the near and medium order, are largely determined by the 

conditions of obtaining. For example, such factors include 

the synthesis temperature, cooling rate, annealing regimes, 

which determine the spatial fluctuations of structural 

parameters. In addition, the self-consistent consideration 
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of the dynamics of atomic oscillations, the reorganization 

of local atomic potentials, and the spectrum of low-

frequency excitations of non-crystalline materials in terms 

of conditions for their obtaining is of fundamental interest. 

The nature of the transition to a non-crystalline state as a 

self-organized process and low-temperature anomalies 

also have much in common [7, 11]. From this perspective, 

the study of the formation processes of orderly self-

organized structures in non-crystalline solids continues to 

arouse constant interest in the synergetic approach and 

their practical application in the creation of non-volatile 

memory and technologies, the development of intelligent 

non-crystalline materials of artificial intelligence [7]. The 

above-mentioned approaches are discussed in this article. 

I. Model of system 

Let's consider the relationship between the behavior 

of physical properties (mean-square displacements and 

frequency of oscillations of atoms, heat capacity and 

thermal expansion) of non-crystalline solids in the region 

of low temperatures T < 100 K
 
with the conditions for 

their obtaining. The fluctuations of the parameters of the 

non-crystalline structure, which are described at the near-

order level by the dispersion of the interatomic distances 

and angles between the bonds, cause the local 

heterogeneity of the matrix and lead to the formation of 

regions with different levels of ordering. The Hamiltonian 

H  of such a system can be given as follows
 

 𝐻 = ∑ ∑ (
(𝑃𝑙

𝑓
)

2

2𝑚
+ 𝑈𝑓(𝑟𝑙))𝑙𝑓 𝜎𝑙

𝑓
+

1

2
∑ ∑ 𝛷𝑓,𝑓′(𝑟𝑙 − 𝑟𝑙′)𝑙,𝑙′𝑓,𝑓′ 𝜎𝑙

𝑓
𝜎

𝑙′
𝑓′

  .  (1) 

 

Here 𝑈𝑓(𝑟𝑙) = ∑ 𝛷𝑓,𝑓′(𝑟𝑙 − 𝑟𝑙′)𝑓,𝑓′  is the single-particle potential, 𝛷𝑓,𝑓′(𝑟𝑙 − 𝑟𝑙′)
 
is the paired interaction potential, 𝜎𝑙

𝑓
are 

the local characteristic functions. Effective Hamiltonian 𝐻 of two-level states (𝑓 = 1,2) the system has the look: 

 

 𝐻 = ∑ 𝐻𝑓 ,𝑙 𝐻𝑓 = 𝜎𝑓 ∑ (
(�⃗⃗�𝑙

𝑓
)

2

2𝑚
+ 𝑈𝑓(𝑟𝑙) − 𝜇) +

𝐴𝑓

2𝑙 ∑ 𝛷𝑓(𝑟𝑙 − 𝑟𝑙′)𝑙,𝑙′   . (2)

 

Where 𝐴1 = 1 − 𝜎2
2, 𝐴2 = 𝜎2

2,  𝜎1 + 𝜎2 = 1. In the future, 

we will introduce the notation 𝜎 ≡ 𝜎2. Configuration 

entropy 𝑑𝑆𝑖 = −𝑘𝐵𝑙𝑛 [∏ {
𝑔𝑓

!

𝑁𝑓
! (𝑔𝑓−𝑁𝑓)!

}𝑓 ], 

associated with fractal regrouping the regions of soft-

atomic configurations inside the system, is determined for 

this case by the number of distribution methods 𝑁𝑓 atoms 

in 𝑓
 
possible states with degrees of degeneracy 𝑔𝑓. Degree 

of degeneracy 𝑔𝑓  takes into account the splitting of the 

corresponding energy level due to the influence of 

neighbors, and 𝑔𝑓 > 𝑁𝑓. So,  𝑔2 > 𝑁2𝑚𝑎𝑥  

 (𝑁2𝑚𝑎𝑥 = (10−4 ÷ 10−2) ∙ 𝑁)(is the density of possible 

soft atomic configurations in non-crystalline material, 

which is determined by its structure and conditions of 

obtaining [11]) and 𝑔1 ≥ 𝑁1𝑚𝑎𝑥 ≅ 𝑁, which gives an 

estimation 𝑔2/𝑔1 = 10−4 ÷ 10−2. Since in the non-

crystalline material the proportion of atoms contained in 

soft atomic configurations is significant  

(𝜎 ≅ 10−4 ÷ 10−2), and the displacement of the atoms 

for the system near the order (10 ÷ 30)% 
 
the interatomic 

distances, then for the study of the temperature behavior 

of the non-crystalline system, it is necessary to involve 

methods that take into account strongly non-harmonic 

effects and structural rearrangements. We use the self-

consistent pseudo-harmonic approximation, which 

enables us to determine the renormalization of the force 

constants and local potentials as a result of the 

anharmonicity of atomic oscillations [11-14].  

Let's consider the solution of the variational problem 

[11, 12] for the functional of energy 

  

 𝜕𝐹/𝜕𝜎 = 𝑎𝑒 ∙ (𝜎 − 𝜎𝑒),  

 

 𝐹 = ∑ 𝐹𝑓 − 𝑇 ∙ 𝑑𝑆𝑓 ,    𝑑𝑆 = 𝑑𝑆𝑖 + 𝑑𝑆𝑒,  (3) 

 

 𝑎𝑒 = (𝜕2𝐹/𝜕𝜎𝑒)𝑒  .  

 

Where dSi  0 is a flow of entropy within a non-

crystalline system, dSe < 0 is a flow of synentropy from 

the external environment [7], 𝜎𝑒 
is an equilibrium value 𝜎. 

The variational problem leads to self-consistent equations:

 

 

 𝜎 =
�̃�1−�̃�2−𝜗𝑙𝑛

𝑔2/𝑁2−1

𝑔1/𝑁1−11
−𝑎𝑒∙(𝜎−𝜎𝑒)

2(�̃�2−�̃�1)
, �̃�𝑓 = 〈∑

(�⃗⃗�𝑙
𝑓

)
2

2𝑚𝑙 〉,  �̃�𝑓 = 〈∑ 𝛷𝑓(𝑟𝑙 − 𝑟𝑙′)𝑙,𝑙′ 〉.  (4) 

 

The system of equations with respect to renormalized power constants �̃�𝑓(𝑙) and mean-square displacements  

�̃�(𝑙) = 〈
[{𝑢(𝑙)−𝑢(0)}𝑙]2

𝑙2
〉 in the approximation of the pair interaction of near neighbors 𝑍, it is possible to investigate the 

temperature behavior of the non-crystalline system and has the form  

 𝑧�̃�𝑓(𝑙) =
ℏ

𝑁
∑

𝜔(𝑘)

�̃�𝑓(𝑙)
𝑐𝑡ℎ

ℏ𝜔(𝑘)

2𝜗𝑘 ,      �̃�𝑓(𝑙) = 𝐴𝑓

𝜕2

𝜕𝑟𝑙
2 [𝑒𝑥𝑝 {

1

2
�̃�𝑓

𝜕2

𝜕𝑟𝑙
2} 𝛷𝑓(𝑟𝑙 − 𝑟

𝑙′)]  (5) 

 

Describing the effective interaction of atoms with the Morse potential, we find for a self-consistent interaction 
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potential: 

 

 �̃�𝑓(𝑙) = 𝐴𝑓𝑉0𝑓𝑒𝑥𝑝{−𝑄∗} [𝑒𝑥𝑝{−2𝛼(𝑙 − 𝛼0)}𝑒𝑥𝑝 {2𝑦
𝑓
} − 2𝑒𝑥𝑝{−𝛼(𝑙 − 𝛼0)}𝑒𝑥𝑝 {𝑦

𝑓
/2}],  (6)

 

where 𝛼 = 𝛼0 + 3𝑄∗/2𝛼 is an averaged interatomic 

distance taking into account the static disordering of 

equilibrium positions characterized by a parameter  

𝑄∗ = 𝛼2𝑄2; 𝑦𝑓 = 𝛼2�̃�𝑓(𝑙) are given reduced mean-

square displacements of atoms; 𝛼 and 𝑉0𝑓 are the 

parameters of the potential. Thus, according to the 

principle of the local quasi-equilibrium of non-crystalline 

material in the presence of external applied pressure 𝑃, the 

average inter atomic distance is equal  

 

𝑙𝑓 = 𝛼0 +
3𝑦𝑓

2𝛼
+ 𝛿𝑓,   𝛿𝑓 = −

𝑃∗ exp(𝑦𝑙)

(3𝛼(1−𝜉𝜎2
2))

, 

 

𝜉 = 1 −
𝑉02𝑒𝑥𝑝{𝑦1−𝑦2}

𝑉01
≪ 1,   𝑃∗ =

6𝑃𝛼𝛼0
2

𝑧𝑓
 

 

is the reduced pressure, 𝑓 = 2𝛼𝑉0𝑓𝑒𝑥𝑝{−𝑄∗}
 
is the power 

constant in a harmonic approximation, then the potential 

energy and force constants in the region of low 

temperatures (𝜃 ≪ 𝑘𝐵𝑇𝐷 , where 𝑇𝐷 is a Debye's 

temperature)  are defined by expressions 

 

 �̃�𝑓(𝑙𝑓) = −𝐴𝑓𝑉0𝑓𝑒𝑥𝑝{−𝑄∗}𝑒𝑥𝑝 {−𝑦
𝑓
},  

  

 �̃�𝑓(𝑙𝑓) = 𝐴𝑓𝑓 (𝑒𝑥𝑝 {−𝑦
𝑓
} +

𝑃∗

1−𝜉𝜎2
2)  (7) 

 

 𝑦
𝑓

=
𝛽𝑓

𝐴𝑓
2𝜆𝑓

𝜗4 (1 +
5𝛽𝑓

2𝐴𝑓
2𝜆𝑓

𝜗4 + ⋯ )   

 

where  𝜆𝑓 =
𝑉0𝑓𝛼0(1+𝑃∗)∙𝑉∙𝑒𝑥𝑝{−𝑄∗}

𝜋2ℏ𝑣0𝑓𝑆0𝑓
, 𝛽

𝑓
=

𝛼4

60(ℏ𝑆0𝑓)
4,  

𝑆0𝑓
2 = 𝑧𝑓𝛼0

2(1 +
𝑃∗

1−𝜉𝜎2
2)/2𝑚 is a sound speed in harmonic 

approximation, 𝑣0𝑓 is a geometric structural factor 

(0 < 𝑣0𝑓 < 1). The system of equations (4) - (7) allows 

us to investigate the behavior of the mean-square 

displacements, the atomic fraction in soft atomic 

configurations and a number of other physical properties 

that are determined through 𝑦𝑓(𝑇) and 𝜎𝑓(𝑇) in the 

temperature range 𝑇 < 100°𝐾. Because  

𝐴𝑓�̃�𝑓 = 𝑧𝑁�̃�𝑓(𝑙)/2, 𝜎𝑓�̃�𝑓 = 𝑧𝑁�̃�𝑓(𝑙)/𝛼2, Then equation 

(4) using the relation (7) is rewritten in this way: 
 

 𝜎 =
𝑉02𝑦2𝜎(𝑒𝑥𝑝{−𝑦2}+

𝑃∗

1−𝜉σ2)−𝑉01𝑦1(1+𝜎)(𝑒𝑥𝑝{−𝑦1}+
𝑃∗

1−𝜉σ2)+𝜗𝑙𝑛 

𝑔2
𝜎 −𝑁

𝑔1
1−𝜎−𝑁

𝑒𝑥𝑝{𝑄∗}+𝛼𝑒∙(𝜎−𝜎𝑒)

𝑉01𝑒𝑥𝑝{−𝑦1}−𝑉02𝑒𝑥𝑝{−𝑦2}
    . (8) 

 

In particular, taking into account (7), for 𝑇 < 10°𝐾 we get  

 

 𝜎 =
(1+𝑃∗)𝜗4

2
(

𝛽2𝑉02

𝜆2𝜎3 −
𝛽1𝑉01

𝜆1(1−𝜎2)(1+𝜎2).  (9) 

 

From here we have 𝜎 ≅ 𝛾𝜃,    𝛾4 =
𝛽2(1+𝑃∗)𝑉02

2𝜆2
≪ 1,    휀 = 𝑉01 − 𝑉02. 

Internal energy and volume   

 

 �̃� = (1 − 𝜎2)�̃�1 + 𝜎2�̃�2 + 𝜎�̃�2 + (1 − 𝜎)�̃�1,     𝑉 = 𝑁((1 − 𝜎) ∙ 𝑣1 + 𝜎 ∙ 𝑣2),        𝑣𝑓 = 𝑣0𝑓𝑙𝑓
3,   (10) 

 

there are functions 𝜎, 𝑦1,2  and given this way: 

 

 �̃� =
𝑧

2
𝑒𝑥𝑝{−𝑄∗} × [−𝑉01𝑒−𝑦1 + 𝜎2(𝑉01𝑒−𝑦1 − 𝑉02𝑒−𝑦1) + 𝑉01𝑦1(1 − 𝜎2) (𝑒−𝑦1 +

𝑃∗

1−𝜉𝜎2) + 𝑉02𝑦2𝜎2 (𝑒−𝑦2 +

𝑃∗

1−𝜉𝜎2)],   (11) 

 

 
𝑉

𝑁
= (1 − 𝜎)𝑣01 (𝛼 +

3∙𝑦1

2𝛼
−

𝑃∗𝑒𝑦1

3𝛼(1−𝜎2)
) + 𝜎𝑣02 (𝛼 +

3∙𝑦2

2𝛼
−

𝑃∗𝑒𝑦2

3𝛼(1−𝜉𝜎2)
)  . (12) 

 

Thus, the low-temperature thermal capacity and the coefficient of thermal expansion of the system are described by 

the relations  

 𝐶𝑝 =
𝑀𝛼

𝑚
∙

𝜕(
(�̃�+𝑃𝑉)

𝑁
)

𝜕𝑇
|

2

=
𝑧

2

𝑀𝛼

𝑚
∙ 𝑒−𝑄∗

   .  

([𝑉01𝑒−𝑦1(1 − 𝑦1) − 𝑉02𝑒−𝑦2(1 − 𝑦2) − (𝑉01𝑦1 − (𝑉02𝑦2]
𝑃∗

1−𝜉𝜎2

𝜕(𝜎2)

𝜕𝑇
+ 𝑉01𝑒−𝑦1(1 − 𝜎2)(2 − 𝑦1)

𝜕𝑦1

𝜕𝑇
+ 𝑉02𝑒−𝑦2 ∙ 𝜎2 ∙

(2 − 𝑦2)
𝜕𝑦2

𝜕𝑇
+ [𝑉01(1 − 𝜎2)

𝜕𝑦1

𝜕𝑇
+ 𝑉02𝜎2 𝜕𝑦2

𝜕𝑇
]

𝑃∗

1−𝜉𝜎2 + 𝑃∗(𝑣2 − 𝑣1)
𝜕𝜎

𝜕𝑇
+ 𝑃∗ 𝜕𝑣1

𝜕𝑇
+ 𝑃∗𝜎

𝜕

𝜕𝑇
(𝑣2 − 𝑣1)),  (13) 
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 𝛼𝑇 =
1

𝑉

𝜕𝑉

𝜕𝑇
|

𝑃
=

1

𝑉
[(𝑣2 − 𝑣1)

𝜕𝜎

𝜕𝑇
+

𝜕𝑣1

𝜕𝑇
+ 𝜎

𝜕

𝜕𝑇
(𝑣2 − 𝑣1)]   .  

 

Here 𝑀𝛼is molar mass.  Using (11), (12) for 𝐸 and 𝑉 in the temperature range 𝑇 < 10°𝐾  we will get: 

 

 �̃� =
𝑧

2
𝑒−𝑄∗

[−𝑉01 + 𝛾2𝜗2 (휀 +
𝛽2𝑉02(2+𝑃∗)

𝜆2𝛾4 ) +
𝛽1𝑉01𝜗4

𝜆1(1−𝛾2𝜗2)2 (2 + 𝑃∗ − 𝛾𝜗(1 + 𝑃∗𝛾2𝜗2)],  (14) 

 

𝑉

𝑁
= 𝛼0

3(1 −
𝑃∗

3𝛼𝛼0(1−𝜉𝛾2𝜗2)
)3 × {𝑣01(1 − 𝛾𝜗) [1 +

𝛽1𝜗4

6𝛼𝛼0𝜆1(1−𝛾2𝜗2)2 (9 −
2𝑃∗

(1−𝜉𝛾2𝜗2)
]

3

+ 𝑣02𝛾𝜗 [1 +
3𝛽2

2𝛼𝛼0𝛾4𝜆2
−

𝛽1𝑃∗𝜗4

6𝛼𝛼0𝜆1(1−𝛾2𝜗2)2(1−𝜉𝛾2𝜗2)
]

3

}. 

 

The corresponding thermal capacity and thermal 

expansion coefficient of the system will look like 

 

 𝐶𝑃 = 𝑎1𝑇 + 𝑎2𝑇2 + 𝑎3𝑇3,  𝑎𝑇 = −𝑏1𝑇 + 𝑏2𝑇3,  (15) 

 

Where 

 

𝑎1 = 𝑧𝛾2𝑘𝐵
2 ∙

𝑀𝛼

𝑚
{𝑒−𝑄∗

[휀 +
𝛽2𝑉02(2+𝑃∗)

𝜆2𝛾4 ] −
2𝜉𝑣01𝑉01𝑃∗

3
},   

 

 𝑎2 =
𝑀𝛼

𝑚
∙

𝑧𝑓(𝑣01−𝑣02)𝑃∗𝛾3𝑘𝐵
3

3𝛼3 ,  

 

 𝑎3 = 3𝑧𝛽1𝑘𝐵
4 𝑀𝛼

𝑚
[

𝑉01(2+𝑃∗)𝑒−𝑄∗

2𝜆1
+

𝑓𝑃∗

𝛼2𝜆1
],   

 

 𝑏1 =
2𝑃∗𝜉𝛾2k𝐵

2

𝛼𝑎0
,      𝑏2 =

18𝛽1k𝐵
4

𝛼𝑎0𝜆1
.  

II. Results and discussions 

Solutions of the self-consistent system of equations 

(8, 9) in the temperature region T < 100 K calculated 

numerically using the iterative method [11] (model 

parameters for non-crystalline solids of As(Ge)-S(Se) 

systems  

(𝑃∗ = 0.1, 휀 = 10−4 𝑒𝑉, 𝑓 = (104 ÷ 105  𝑑𝑦𝑛𝑒𝑠/𝑐𝑚, 

𝑔1/𝑔2 = 11 ÷ 15, 𝛼 ∙ 𝑎0 = 6). The parameter Q* is taken 

into account based on the results of the study of inelastic 

neutron scattering of chalcogenide glasses as the 

magnitude of the amplitude of continuum disorder: 

Q*=0.15÷0.18 [10, 11 ]. Linear temperature dependence 

of the fraction of atoms in soft atomic configurations at 

𝑇 < 1°𝐾 which the temperature rises it becomes nonlinear 

(𝜎 ≈ 𝑇𝑘 , 𝑘 < 1), saturated  

(𝜎𝑚𝑎𝑥 ≈ 10−4 ÷ 10−2) about  𝑇 ≈ 10 ÷ 102 K (Fig. 1). 

Anomalous temperature behavior of changes in the 

fraction of atoms in soft atomic configurations 𝜕𝜎/𝜕𝑇 

(Fig. 1) manifests itself in the temperature range (3÷30) К 

and correlates with the position of the frequency domain 

of the boson peak νbp of chalcogenide glasses [3, 8, 15]. 

The presence of a boson peak confirms the formation of 

nanoscale ordered structures in chalcogenide glasses [3, 

15]. One of the variants of such an implementation is the 

formation through the processes of self-organization of 

soft atomic configurations of a fractal structure, which 

precisely realizes the minimum of energy dissipation [7, 

14]. 
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Fig. 1. Temperature dependence of the fraction of atoms 

in soft atomic configurations 𝜎. Q*=0.15 (black square), 
Q*=0.18 (red circle). 

 

Within the synergеtic model, the structure of non-

crystalline solids can be described as a linear contribution 

to thermodynamic functions 𝐶𝑝 and 𝑎𝑇, caused by 

fluctuation transitions of atoms or their groups between 

soft atomic configurations, and cubic, due to phonons 

(Fig. 2). Since the coefficient of the linear part of the 

temperature dependence 𝛼𝑇 is negative (15), then in the 

low temperature region 𝛼𝑇 of the system initially 

decreases with heating, and then, due to the growth of the 

contribution of phonons (≈ 𝑏2𝑇3), begins to grow 

(Fig. 2). The nature of the effect of temperature 

compression of non-crystalline solids in the region  

𝑇 ≤ 1°𝐾 is as follows. Structural heterogeneity at the 

level of the near and middle orders determines for the 

heterogeneity of the phonon subsystem (the 

anharmonicity of the atomic oscillations is most 

pronounced for weak links). Accumulated in the local 

areas of the non-crystalline system energy is stored in the 

form of elastic deformations ≈ 𝑃∗𝑒𝑥𝑝(𝑦2)/(1 − 𝜉𝜎2).  
With the growth of the fraction atoms in soft atomic 

configurations, elastic deformations will also increase, 

causing the sample to compress. At higher temperatures 

(1÷10) K cubic contribution to 𝛼𝑇 becomes decisive 

(Fig. 2). The obtained result is consistent with the 

experimental data [4] on the temperature dependence of 

the Grüneisen coefficient (G= – 1) for a number of non-

crystalline solids in the temperature range T ≤ 10 K.   
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Fig. 2.  Low-temperature dependences of the heat capacity 

𝐶𝑝 (black square) and the coefficient of  thermal 

expansion 𝛼𝑇 ( red circle) for non-crystalline 𝐴𝑠2𝑆3, 𝑄∗ =
0.18.  

 

This model explains the quasilinear temperature 

dependence of heat capacity 𝐶𝑝 ≈ 𝑇𝛿   (𝛿 = 0.1 ÷ 0.4), 

taking into account the self-consistent way along with the 

contribution of purely phonon excitations, their 

renormalization as a result of interaction with low-energy 

structural states (Fig. 3). This contribution, due to the 

interaction of phonons with soft configurations, has the 

order  𝑎2 ∙ 𝑇2 and is essential in the temperature range 

T ≤ (1÷3) K. The temperature dependence of the heat 

capacity, including not very low temperatures and 

calculated in accordance with (14), is presented in Fig. 3. 

In Fig. 3 shows experimental data of the dependence of 

the heat capacity 𝐶𝑝 of glass 𝐴𝑠2𝑆3 in the temperature 

range T = (0÷12) K <<TD = 161 K, where 𝑇𝐷 is the 

Debye’s temperature, which is in good agreement with the 

theoretically obtained ones (15). For T = (3÷10) K  this 

dependence 𝐶𝑝/𝑇3 have a wide maximum ("hump"), 

which is due to the interaction of atoms in soft atomic 

configurations with the matrix of the soft atomic state, 

which leads to a self-consistent renormalization of the 

force constants, the distribution of low-energy states and 

its nonlinear temperature dependence.  

We analyze the influence of the conditions of 

obtaining on the nature of low temperature anomalies of 

the thermal properties of non-crystalline solids. The 

influence of technological regimes of obtaining (changes 

in the temperature of synthesis Т0) was taken into account 

as follows: an increase in the synthesis temperature causes 

an increase in the continuum disorder of the 

framework 𝑄∗, which is described by the dispersion of 

distortion of the short order and causes the change in 

atomic potentials (11), the frequency of oscillations of the 

atoms and thermodynamic functions 𝐸, 𝑉 (14). So, for 

non-crystalline material 𝐴𝑠2𝑆3 obtained by cooling the 

melt from the synthesis temperatures in the range 

T = (870÷1370) K  (the boundaries are determined by the 

minimum and maximum temperature of synthesis of this 

composition at a rate q=1.8 K/s [1]), there is a change in 

the dispersion of interatomic distances, which is 

coordinated in order of magnitude with experimental data 

[11]. It should be noted that the variation of the conditions 

of synthesis does not change the universal nature of low-

temperature anomalies 𝐶𝑝 and 𝛼𝑇 of non-crystalline 

solids, but causes a change in the ratios of different 

contributions and temperature intervals. The growth of the 

dispersion of the fluctuations of the interatomic distances 

of the material obtained at the synthesis temperature 

T = 1370 K, causes an increase in the atomic share in soft 

atomic configurations and a shift in the temperature 

interval of saturation to a region of lower values in 

comparison with those for a material obtained at a 

temperature T = 870 K. This result is consistent with the 

results obtained by the authors [7] in studies of the growth 

of the density of low-energy states with a decrease in the 

transition temperature to a non-crystalline state (an 

increase in the synthesis temperature at 𝑞 = 𝑐𝑜𝑛𝑠𝑡 for 

𝐴𝑠2𝑆3 causes a decrease in the temperature interval of 

softening-glass transition). Correspondingly, the change 

Q*  affects the nature of the dependence 𝐶𝑝/𝑇3 from T, 

which qualitatively agrees with the experimental studies 

on the influence of the conditions of obtaining 𝐴𝑠2𝑆3 to 

low-temperature heat capacity in the temperature range 
(2 ÷ 10)°𝐾 [16].  
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Fig. 3. Low-temperature dependence of the heat capacity 

of vitreous 𝐴𝑠2𝑆3. Red circle – experiment [8], black 

square – calculation according to (15), 𝑄∗ = 0.18.  

 

It should be noted that the correlation studies of low-

temperature anomalies of physical properties (mean-

square displacements, heat capacity, and coefficient of 

thermal expansion) of non-crystalline solids with the 

conditions of their obtaining indicate the common features 

of the transition to state of the non-crystalline solids [10, 

17]. The authors of [1, 5] established empirical relations 

between the softening temperature and the density of soft 

low-temperature states. In particular, it is shown that the 

coefficient for the linear part of the temperature 

dependence of the heat capacity is a function of the 

softening temperature 𝑎1 = 𝑓(𝑇𝑔). Since the softening 

temperature depends on the conditions for obtaining in 

particular the synthesis temperature, using (15) it will be 

rewritten as follows: 
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 𝑎1 = 𝑧𝛾2𝑘𝐵
2 ∙

𝑀𝑎

𝑚
{𝑒−𝑄∗

[휀 +
𝛽2𝑉02(2+𝑃∗)

𝜆2𝛾4 ] −
2𝜉𝑣01𝑉01𝑃∗

3
} = 𝑐′ +

𝑐′′

exp(𝑄∗)
= 𝑐′ +

𝑐′′

f(q,𝑇0)
= 𝑓(𝑇𝑔).  (16)

 

That is, the ratio (16)  for the coefficient of thermal 

dependence of the heat capacity allows us to obtain an 

empirical relation 𝑎1 = 𝑓(𝑇𝑔), which describes the 

correlation between low-temperature anomalies and the 

transition to the state non-crystalline solids [15-18]. 

Conclusions 

  Analytical relations for the specific heat capacity, 

the coefficient of linear expansion of non-crystalline 

solids, which provide an opportunity to describe the linear 

and cubic contributions and their nature in the temperature 

range T < 100 K, have been obtained. The self-consistent 

dynamics of atomic oscillations, renormalization of local 

atomic potentials, and the spectrum of low-frequency 

excitations of non-crystalline materials are analyzed in 

detail from the point of view of the conditions of their 

obtaining. The common features of the transition of the 

system into a non-crystalline state and the realization of 

low-temperature anomalies as a manifestation of the 

formation of self-organized structures are discussed.  
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Низькотемпературні аномалії та нанорозмірні рівні формування 

самоорганізованих структур в некристалічних тілах систем As(Ge)-S(Se) 
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Дискутується взаємозв’язок низькотемпературних аномалій фізико-хімічних властивостей та 

формування самоорганізованих структур у некристалічних тілах систем As(Ge)-S(Se). Отримані 

температурні залежності для питомої теплоємності та коефіцієнта лінійного розширення в області 

температур KT o100 , які деталізують лінійні та нелінійні вклади. Розглянуто вплив умов одержання 

некристалічних тіл на низькотемпературну поведінку фізико-хімічних властивостей та зміну 

співвідношень різних вкладів і температурних інтервалів. Обговорюється кореляція та спільні риси 

формування самоорганізованих структур некристалічних матеріалів в області низьких температур і 

температур розм'якшення, що проявляється у наявності нанорівнів структурування. 

Ключові слова: низько-температурні аномалії, нанорозмірні ефекти, некристалічні матеріали, м’які 

атомні конфігурації, самоорганізовані структури, синергетика, дворівневі стани.  
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Nanostructured TiO2/AgI photocatalyst under the action of ultraviolet or visible electromagnetic radiation 

effectively neutralizes organic pollutants in the aqueous environment. It is a nanostructure in which micro- and 

small mesopores of anatase TiO2 are filled with silver iodide in the superionic state. The content of the α-AgI ion-

conducting phase in the volume of ТіО2 pores can be ~20 wt %. 

To obtain a photocatalyst, titanium dioxide is synthesized by the sol-gel method, using a titanium aquacomplex 

solution [Ti(OH2)6]3+•3Cl- and a Na2CО3 modifier additive as a precursor. The modifying additive during synthesis 

ensures the fixation of =О2СО carbonate groups on the surface of oxide material particles. The presence of these 

groups leads to an increase in both the pore volume and the specific surface area of ТіО2. The specific surface area 

of carbonized titanium dioxide is 368 m2•g-1, the pore volume is 0.28 cm3•g-1, and their size is 0.9-4.5 nm. 

To fill the micro- and small mesopores of TiO2 with the superionic α-AgI phase, Ag+ cations are first adsorbed 

from the AgNO3 solution on the titanium dioxide surface, and then the oxide material is contacted with the KI 

solution. 

Compared to the Evonik P25-TiO2 photocatalyst, the nanostructured TiO2/AgI photocatalyst demonstrates a 

significantly higher efficiency of photodegradation of organic dyes Congo Red and Methyl Orange in visible and 

ultraviolet radiation. The most active ТіО2/40AgI sample achieved complete degradation of the CR dye (5 mg/L) 

in 6 minutes of UV irradiation (λ = 365 nm), while the efficiency of commercial Р25-TiO2 over the same time was 

only 42%. 

Keywords: titania, Congo Red, Methyl Orange, photocatalyst. 
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Introduction 

To improve the spatial separation of photogenerated 

charges and increase the quantum yield of photocatalytic 

transformations, nanostructured binary photocatalysts are 

used. The coordinated energy of the conduction band and 

the valence band of these nanostructures contributes to the 

irreversible interfacial transfer of photogenerated 

electrons and holes. 

In binary photocatalysts based on TiO2, metal oxide 

[1–4] or chalcogenide semiconductors [5–7], conductive 

polymers [8–10], carbon materials such as graphite, 

fullerenes, graphene [11–14], etc. can perform the co-

catalyst function. 

The components of photocatalysts based on TiO2 are 

also solid-state electrolytes, in particular, silver halides 

[15–17]. TiO2/AgBr nanostructures have a photocatalytic 

effect in dye oxidation reactions, they are characterized by 

photobactericidal properties. 
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TiO2-AgI nanocomposites obtained by mixing the 

corresponding sols exhibit photocatalytic activity in the 

reduction reactions of methylviologen [17]. 

TiO2/AgI nanoheterostructures should be more 

efficient photocatalysts than nanocomposites of this 

composition. By definition, in a nanostructured 

photocatalyst, nanometer-scale components must be 

interconnected and placed in a certain order relative to 

each other. The large area of phase contact in these 

nanostructures and the ionic conductivity of AgI ensure 

the removal of photogenerated holes of the valence band 

of titanium dioxide and prevent their recombination with 

the electrons of the conduction band. 

In this work, our goal was to synthesize a 

nanoheterostructural photocatalyst in which TiO2 is 

combined with silver iodide in the superionic state, to 

study the structural and morphological characteristics of 

the photocatalyst, and to study its activity in dye oxidation 

reactions in ultraviolet and visible electromagnetic 

radiation. 

I. Experimental 

1.1. Preparation of TiO2/AgI nanostructures 

Nanostructured ТіО2/AgI photocatalyst was obtained 

by filling titanium dioxide mesopores with silver iodide 

during the reaction between AgNО3 and KI. Ag+ cations 

were adsorbed from the AgNО3 solution on the surface of 

the oxide material for AgI to enter the ТіО2 pores, and only 

then the oxide material was brought into contact with the 

KI solution. Due to the high Laplace pressure, AgI 

nanoparticles in the pores of the oxide material pass from 

the dielectric state (β-AgI phase) to the superionic state (α-

AgI phase). The ionic conductivity of the α-AgI phase is 

108 times higher than the ionic conductivity of the β-AgI 

phase. 

The synthesis of anatase nanoparticle ТіО2 is based on 

the sol-gel method, in which a solution of the 

[Ti(OH2)6]3+
•3Cl– aquacomplex is used as a precursor. In 

order to increase the pore volume of ТіО2, its specific 

surface area, and adsorption activity with respect to metal 

cations on the surface of the oxide material, carbonate 

groups =О2СО were grafted during synthesis [18]. To 

implement this process, the modifying reagent Na2CO3 

was introduced into the titanium precursor solution. Its 

percentage was 8 wt.% relative to TiO2. 

The mixture of reagents was diluted with water and 

kept at a temperature of 70°C for 30-40 minutes. After 

heating, the pH of the reaction medium was adjusted to 6-

7 with a 10% NaOH solution. The resulting TiO2 particles 

were removed from the reaction medium using a vacuum 

filter, then washed from adsorbed Na+ and Cl– ions with 

distilled water and dried at a temperature of 120-140°С. 

With a pore size of 0.9-4.5 nm and a pore volume of 

0.28 cm3
•g–1, the specific surface area of the synthesized 

TiO2 was 370 m2
•g–1. 

Table 1 shows the morphological characteristics 

(specific surface area, pore volume) of base and modified 

TiO2. The base titanium dioxide in the table is designated 

α-TiO2, and the modified one is 8С-TiO2. Morphological 

characteristics indicate that the modified TiO2 exceeds the 

base one in terms of specific surface area and pore volume. 

The carbonated TiO2 obtained by this method is an 

effective adsorbent for the extraction of metal cations 

from an aqueous medium. 

To obtain nanoheterostructured photocatalysts, silver 

cations Ag+ were adsorbed on the 8С-TiO2 surface. To do 

this, an adsorbent was introduced into the AgNО3 solution 

and kept for 30-40 minutes. It was removed from the 

dispersion medium and mixed with the KI solution. After 

10-20 minutes of contact, the precipitate of the solid 

product was separated from the reaction medium, washed 

with distilled water, and dried at a temperature of 140-

1500C for 2 hours. 

Studies of the adsorption of silver cations by 

carbonized ТіО2 showed that 1 g of the 8С-TiO2 adsorbent 

extracts 190-210 mg of silver ions from an AgNО3 

solution. 

To optimize the phase composition of the 

photocatalyst in the specified way, three test samples of 

the photocatalyst containing 20, 30, and 40 wt.% of silver 

iodide were obtained. These samples are designated 

ТіО2/20AgI, ТіО2/30AgI, and ТіО2/40AgI, respectively. 

 

1.2. Characteristics of methods 

Phase analysis of the ТіО2 samples and ТіО2/AgI 

nanostructures was carried out on an XRD-7000 

Shimadzu X-ray diffractometer in copper anode radiation. 

Crystal phases were identified using the Mateh 3.0 

software. 

The morphological characteristics of powder 

materials, namely, their specific surface area, pore 

volume, and pore size distribution, were calculated from 

N2 adsorption/desorption isotherms. Adsorption was 

studied at the boiling point of liquid nitrogen (T = 77 K) 

on an automatic sorbometer Quantachrome Autosorb 

(Nova 2200 e). Before radiation, the test samples were 

calcined in vacuum at a temperature of 1800C for 24 hours. 

The pore size distribution was calculated using the density 

functional theory [19]. 

Images of ТіО2 particles and ТіО2/AgI nanostructures 

Table 1. 

Morphological characteristics of test samples (average value of specific surface area and pore volume) 

Test 

samples 

Porous structure parameters 

S, 

m2·g-1 

Smicro 

m2·g-1
 

Smeso 

m2·g-1
 

Smeso/S,  

% 

V  

cm3·g-1 

Vmicro 

cm3·g-1 

Vmeso 

cm3·g-1 

Vmeso/V, 

% 

а-TiO2 239 100 139 58 0.15 0.054 0.098 64.4 

8C-TiO2 370 6 364 98 0.28 0.001 0.279 99.6 

TiO2/40AgI 222 - 222 100 0.20 - 0.20 100 
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were obtained using a JSM-2100F transmission electron 

microscope and a REMMA-102 scanning electron 

microscope. The scanning electron microscope is 

connected to an energy-dispersive X-ray spectrometer. 

This allowed us to control the elemental composition of 

the test samples. 

 

1.3. Evaluation of photocatalytic performance 

The photocatalytic activity of nanostructured 

ТіО2/AgI composites was evaluated by studying the 

photodegradation of dye solutions: Congo Red (CR) and 

Methyl Orange (MO) under the influence of UV and 

visible electromagnetic radiation. The source of 

electromagnetic radiation was LEDs with a wavelength of 

365, 395 and 430 nm. The power of each LED was 5 W. 

The design of the photoreactor is described in detail in 

[20]. 

Before the start of the experiment, a suspension 

containing 30 mg of photocatalyst and 20 ml of an 

aqueous solution of CR or MO dye (5 mg/L) was stirred 

with a magnetic stirrer for 30 minutes in the dark to ensure 

the establishment of an adsorption-desorption equilibrium 

between the dye molecules and the photocatalyst surface 

at room temperature. After that, the suspension with its 

continuous stirring was irradiated with electromagnetic 

radiation with a given wavelength. The photodegradation 

kinetics of the dyes was recorded with a DT-1309 light 

meter. The final concentration of the dye in the solution 

was determined with a Ulab 102UV spectrophotometer. A 

detailed description of this technique and calibration 

dependences are given in [21]. The percentage of dye 

degradation was determined by equation (1): 

 

  % degradation dye = C0-C/C0 ·100%,  (1) 

 

where % degradation dye is the percentage of dye 

degradation, C0 is its initial concentration, and C is the dye 

concentration at time t. A commercial Р25-TiO2 

photocatalyst from Evonik was also studied under these 

conditions. 

II. Results and discussion 

2.1. Morphological condition of the samples 

The liquid-phase method for obtaining carbonated 

TiO2 makes it possible to obtain an oxide material with 

small mesopores and their large total volume (Table 1). 

The image of the microstructure of the 8С-TiO2 sample 

with a resolution of 5 nm (Fig. 1a) makes it possible to see 

the primary particles of the oxide material, which are 

anatase nanocrystallites. Their size is 3-7 nm, and they 

have a faceted shape. Rows of TiO6 octahedra are visible 

on the faces of individual crystallites. White dots in the 

rows indicate the absence of titanium atoms in them. 

Defects in the structure of crystallites are micropores 

< 1.5 nm in size. 

During the sol-gel synthesis, the primary particles-

crystallites are combined into aggregates. The aggregate 

             
 

 
Fig. 1. Image of primary particles (a) and their aggregates (b, c) in the 8С-ТіО2 sample. 
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size is 180-360 nm (Fig. 1c). The image of the aggregate 

with a resolution of 20 nm (Fig. 1b) shows numerous 

white areas 1-4 nm in size, which are mesopores. 
   

Filling the pore volume of carbonated TiO2 with silver 

iodide leads to a decrease in its specific surface area and 

pore volume. Thus, the specific surface area of the 

ТіО2/40AgI test sample is 222 m2•g-1, and that of the 8С-

ТіО2 sample is 370 m2•g-1 (Table 1). The pore volume of 

this nanostructured material decreases from 0.28 cm2•g-1 

to 0.2 cm2•g-1 compared to carbonated TiO2. The contact 

area between titanium dioxide and the α-AgI phase is 

148 m2•g-1. An analysis of the pore size distribution in 

carbonated TiO2 and in the ТіО2/40AgI sample shows 

(Fig. 3) that silver iodide in the nanostructured material is 

localized only in small mesopores 2.4-3.2 nm in size and 

micropores, and these pores are half filled with AgI. The 

absence of silver iodide in pores with a diameter of 3.2-

4.5 nm is due to the fact that during the AgI formation 

reaction, pressure arises that displaces reaction products 

from the volume of these pores, so the condensation of 

silver iodide molecules occurs outside the pore volume of 

the oxide material. The formation of AgI crystallites in the 

volume of small mesopores and micropores is probably 

due to their small necks, which limit the extraction of AgI 

molecules from their volume. 

 

 
Fig. 2. Isotherms of adsorption/desorption of N2 

molecules by test samples. 

 

 
Fig. 3. Pore size distribution in carbonated titanium 

dioxide 8С-ТіО2 (1) and photocatalyst ТіО2/40AgI (2). 

 

 

 

Fig. 4 shows an image of ТіО2/40AgI sample particles 

obtained using a scanning electron microscope. We can 

see that the mixture with large xerogel-like particles of 

ТіО2/40AgI of black color contains small particles of AgI 

of white color. The elemental composition of ТіО2/AgI 

and AgI particles is confirmed by the spectra of energy-

dispersive X-ray microanalysis (Fig. 5 a, b). 

 

 
Fig. 4. Image of ТіО2/40AgI particles. Black particles are 

ТіО2/AgI heterostructure xerogel, white particles are AgI. 

 

2.2. Phase composition of the photocatalyst 

Silver iodide belongs to the class of solid electrolytes, 

which are characterized by ionic conductivity. At room 

temperature and normal pressure, the crystalline state of 

silver iodide corresponds to the β-AgI phase [22]. In some 

cases, a metastable γ-AgI phase may also be present along 

with this phase. 

At normal pressure, according to the phase diagram 

[22] (Fig. 6), at a temperature of 1460C, the β-AgI phase 

undergoes phase transition into the α-AgI phase. As a 

result of this phase transition, AgI passes from the 

dielectric to the superionic state. In the superionic state, 

the electrical conductivity L of the α-AgI phase is 

1.38 S•cm-1 [22]. This value is close to the L value of 

concentrated liquid electrolytes. At room temperature, the 

electrical conductivity of the β-AgI phase is  

10-8 S•cm-1. 

The phase diagram of AgI indicates that with 

increasing pressure, the temperature of the βα-phase 

transition decreases. At a pressure of 270 MPa, AgI 

acquires a superionic state already at room temperature. It 

is important to note that the temperature of AgI transition 

to the superionic state depends on the particle size. Very 

small nanocrystallites in the superionic state can exist at 

room temperature. This phenomenon is due to the action 

of Laplace pressure. Phenomenologically, the Laplace 

pressure PL arises due to the action of surface tension σ 

and its value depends on the curvature of the surface of the 

solid. For spherical particles 

 

  𝑃𝐿 =
4𝜎

𝑑
   (2), 

 

where d is the effective particle diameter. 
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Fig. 6. Phase diagram of AgI. 

 

The calculation shows that silver iodide particles in 

pores of the photocatalyst with a diameter of 2.4 nm at an 

AgI surface tension of 0.18 J·m-2 are under pressure of 300 

MPa. At this pressure, AgI particles localized in small 

titanium dioxide mesopores pass into the superionic state. 

Phase analysis of the test samples of ТіО2/20AgI, 

ТіО2/30AgI and ТіО2/40AgI by X-ray diffractometry 

revealed an anatase modification of ТіО2 and two phases 

of silver iodide – α-AgI and β-AgI in each sample. The 

diffraction patterns of the test samples are shown in Fig. 7. 

Table 2 shows the space symmetry groups of the 

phases, their content and lattice parameters. The α-AgI 

phase is localized in small mesopores and micropores of 

anatase, while the β-AgI phase is located outside the pore 

volume of ТіО2. It can be seen from the presented data that 

with an increase in the content of silver iodide in the 

samples from 20% to 40%, the content of the α-AgI phase 

in the pores of the oxide material increases from 6.17 wt.% 

to 20.17 wt.%. Characteristically, with an increase in the 

content of the current-conducting phase, the efficiency of 

the nanostructured photocatalyst increases. 

 

 
Fig. 7. X-ray diffraction patterns of ТіО2/20AgI (1), 

ТіО2/30AgI (2), and ТіО2/40AgI (3) samples. 

 

2.3. Discussion of the results 

2.3.1 Effect of AgI loading percentage 

AgI effectively absorbs in the visible light region [23], 

so the percentage of AgI incorporation into titanium 

dioxide pores should have a significant effect on the 

activity of nanostructured photocatalysts. The 

photocatalytic activity of AgI/TiO2 photocatalysts was 

evaluated by their ability to affect the degradation of dyes 

under the action of UV and visible electromagnetic 

radiation. Figs. 8-11 show that the efficiency of 

destruction of molecules of CR and MO dyes increases 

with an increase in the percentage of AgI in the 

nanostructured photocatalyst. The maximum efficiency of 

CR and MO removal is achieved in the TiO2/40% AgI 

photocatalyst. 

 
Fig. 5. Energy-dispersive spectra of ТіО2/AgI heterostructure particles (a) and AgI particles (b) of the ТіО2/40AgI 

test sample. 
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As shown in Figs. 8-11, the CR and MO dyes were 

effectively degraded as a result of the action of test 

samples of photocatalysts. Accordingly, with an increase 

in the mass fraction of AgI from 20% to 40%, the 

efficiency of dye degradation increases, while the reaction 

rate constants increase from 0.1277 min-1 to 0.1844 min-1 

for CR and from 0.0640 min-1 to 0.1051 min-1 for MO 

when irradiated with visible light (λ= 430 nm). The 

photocatalytic reaction occurs on the surface of the 

catalyst; therefore, the adsorption capacity of the 8С-TiO2 

base has a significant effect on the rate of degradation of 

the CR and MO dyes. 

It is known that the combination of AgI and TiO2 

leads to a shift of the absorption spectra to the visible light 

region [24]. AgI nanoparticles act as a sensitizer [25]. 

Accordingly, the nanostructured ТіО2/AgI composite 

efficiently absorbs visible light during photocatalytic 

reactions. The obtained samples of photocatalysts were 

studied at wavelengths of electromagnetic radiation of 

365, 395, and 430 nm. Among all the samples, the 

ТіО2/40AgI photocatalyst at an irradiation wavelength of 

365 nm destroyed the CR and MO dyes four times faster 

than the Р25-TiO2 photocatalyst. 

 

2.3.2 Photocatalytic degradation of Congo Red 

The kinetics of photodegradation of Congo Red by 

test samples of the photocatalyst is shown in Fig. 8. The 

obtained kinetic curves are described by a pseudo-first 

order equation, since the function of dependence of 

ln(C/C0) on the reaction time (t) shows linearity with high 

correlation coefficients in the range from 0.9016 to 0.9983 

(Table 3), where C0 is the initial concentration of CR 

before irradiation, C is the concentration of CR at reaction 

time t, k is the reaction rate constant. The calculated 

photodegradation rate constants of Congo Red are shown 

in Fig. 9. Self-photodegradation of CR dye under 

irradiation with LEDs is not observed. The efficiency of 

the degradation of Congo Red for all samples decreases 

with increasing irradiation wavelength from 365 to 

430 nm. For the ТіО2/40AgI sample, the reaction rate 

constants are 0.4099 min-1 and 0.1844 min-1, respectively. 

In particular, the incorporation of AgI into ТіО2 

mesopores contributes to an increase in the activity of the 

photocatalyst in the visible light spectrum. The 

ТіО2/40AgI sample during irradiation at a wavelength of 

430 nm showed almost 5 times higher efficiency 

Table 2.  

Phase composition of samples and lattice parameters of anatase ТіО2, α-AgI and β-AgI. 

 

Sample 

TiO2 (Anatase) 

ICSD # 44882 

Tetragonal, I41/amd 

𝛽 −AgI (Iodaregyrite) 

ICSD # 65063 

Hexagonal, P6mm 

α  ̶ AgI (Miersite) 

ICSD # 52361 

Cubic, F-4 3m 

Content, 

% 
a, Å c, Å 

Content, 

% 
a, Å c, Å 

Content, 

% 
a, Å 

TiO2/40AgI 
60.0 

4.4 

3.7839 

0.0024 

9.4432 

0.0089 

19.83 

7.73 

4.5651 

0.0679 

7.5191 

0.2779 

20.17 

0.61 

6.4914 

0.0035 

TiO2/30AgI 
70.0 

4.11 

3.7365 

0.0046 

9.39322   

0.05712 
19.26 

0.48 

4.5765 

0.0030 

7.4828 

0.0108 

10.74 

0.39 

6.4889 

0.0017 

TiO2/20AgI 
80.0 

3.29 

3.7752 

0.0034 

9.4015 

0.01634 

13.83 

0.51 

4.5687 

0.0016 

7.4782 

0.0091 

6.17 

0.73 

6.4924 

0.00132 

 

 

 
Fig. 8. (a-c) Effect of AgI concentration on CR dye degradation; (d-f) experimental lines transformed according to 

first-order kinetics. 
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compared to Р25-TiO2 with reaction rate constants of 

0.1844 min-1 and 0.0369 min-1, respectively. Test samples 

show increased photocatalytic activity when illuminated 

with visible light (430 nm) for 15 minutes. In the 

photodegradation of CR dye by ТіО2/20AgI, ТіО2/30AgI, 

and ТіО2/40AgI samples when irradiated with a 

wavelength of 365 nm and 430 nm, the efficiency is 96%, 

100%, and 100%, respectively. The resulting 

nanostructured ТіО2/AgI composites showed better 

efficiency when irradiated with 365 nm light compared to 

commercial Р25-TiO2. For example, the ТіО2/40AgI 

sample achieved complete degradation of CR in 6 minutes 

of irradiation, while Р25-TiO2 destroyed the dye by only 

42% during the same period of time. According to the 

efficiency of CR photodegradation, test samples can be 

arranged as follows:  

Р25-TiO2 < ТіО2/20AgI < ТіО2/30AgI < ТіО2/40AgI. 

Thus, at 40% AgI, the photocatalytic activity was the 

highest. A further increase in the content of AgI in a 

nanostructured composite is unreasonable since it entails 

electron-hole recombination [26]. A similar result was 

described in [24]. The 0.2Ag@AgI/TiO2 photocatalyst 

showed the highest efficiency of RhB removal (91%) in 

90 min. As the content of AgI increases, its activity 

decreases. 

 

2.3.3 Photocatalytic degradation of Methyl Orange 

To illustrate that the resulting ТіО2/AgI 

nanostructures can degrade various organic toxicants, 

their photocatalytic activity was measured by monitoring 

the decomposition of Methyl Orange dye in aqueous 

solution under the same conditions as Congo Red. 

Changes in the МО concentration during the experiments 

were recorded using a DT-1309 light meter. The color of 

МО gradually decreases and the color of the solution 

changes from orange to colorless within 20 minutes of the 

reaction, indicating that the chromophore groups of the 

MO molecules are destroyed, and the corresponding color 

change can be registered using a light meter. For 

comparison, similar MO photodegradation experiments 

were carried out in the presence of commercial Р25-TiO2. 

The efficiency of MO photodegradation in 10 min of 

photooxidation at a wavelength of 365 nm reaches 95%, 

100%, 100%, and 59% for ТіО2/20AgI, ТіО2/30AgI, 

ТіО2/40AgI, and Р25-TiO2 samples, respectively. The 

efficiency of MO degradation in 20 min of the irradiation 

reaction at a wavelength of 395 nm is 99%, 100%, 100%, 

and 74% for ТіО2/20AgI, ТіО2/30AgI, ТіО2/40AgI, and 

Р25-TiO2 samples, respectively. The efficiency of MO 

degradation in 20 min of 430 nm light irradiation is 67%, 

84%, 99%, and 44% for ТіО2/20AgI, ТіО2/30AgI, 

ТіО2/40AgI, and Р25-TiO2 samples, respectively. The 

ТіО2/40AgI sample showed the highest photocatalytic 

activity among the test samples. According to the 

efficiency of MO degradation, the samples can be 

arranged as follows:  

Р25-TiO2 < ТіО2/20AgI < ТіО2/30AgI < ТіО2/40AgI. 

The photocatalytic degradation of MO is described by 

a first order equation (Fig. 10), as is the photodegradation 

of most organic substances [20,27,28]. Linear 

transformations of kinetic curves are shown in Figs. 10 d-

f in the coordinates of ln(C/C0) versus reaction time t. The 

reaction rate constants of MO photodegradation for 

various photocatalysts ТіО2/20AgI, ТіО2/30AgI, 

ТіО2/40AgI, and Р25-TiO2 are shown in Fig. 11. The 

value of k for the process of MO photodegradation by 

ТіО2/40AgI photocatalyst was the highest compared to 

other samples. The reaction rate constant was 0.3698 min-

1, 0.1885 min-1, 0.1051 min-1 for light energy sources with 

wavelengths of 365, 395, and 430 nm, respectively. It was 

determined that the photocatalytic activity of ТіО2/40AgI 

significantly exceeds the activity of Р25-TiO2, especially 

Table 3. 
Rate constants of the first order kinetic model of CR photodegradation on TiO2/AgI and P25-TiO2 samples 

(experimental conditions: solution volume 20 ml, dye concentration 5 mg/L). 

𝛌, nm 
ТіО2/20AgI ТіО2/30AgI ТіО2/40AgI P25-TiO2 

k, min-1 R2 k, min-1 R2 k, min-1 R2 k, min-1 R2 

365 0.2903 0.9794 0.3191 0.9753 0.4099 0.9885 0.0892 0.9933 

395 0.0275 0.9016 0.0795 0.9631 0.1342 0.9901 0.0337 0.9362 

430 0.1277 0.9881 0.1068 0.9462 0.1844 0.9843 0.0369 0.9983 

 

 
Fig. 9. Rate constants of the first-order kinetic model of CR dye photodegradation on ТіО2/20AgI, ТіО2/30AgI, 

ТіО2/40AgI, and P25-TiO2 samples. 
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when irradiated at a wavelength of 430 nm, the reaction 

rate constant is twice as high, which is explained by the 

presence of AgI nanoparticles in ТіО2 mesopores. Thus, 

the ТіО2/40AgI photocatalyst can provide effective 

degradation of MO under UV and visible light irradiation. 

Table 5 shows the results of the efficiency of similar 

photocatalysts based on TiO2 and AgI in the 

photodegradation of various organic dyes. Under 

optimized experimental conditions, the activity of the 

resulting ТіО2/AgI nanostructures significantly exceeded 

the efficiency of the nanocomposites presented in Table 5. 

Thus, nanostructured ТіО2/AgI photocatalysts obtained by 

this method can be used to neutralize organic pollutants in 

an aqueous medium.  

Efficient separation of electron-hole pairs in the 

nanostructured ТіО2/AgI composite increases its 

photocatalytic activity in photodegradation reactions of 

CR and MO dyes under UV and visible irradiation. 

 

 
Fig. 10. (a-c) Effect of AgI concentration on MO dye degradation; (d-f) experimental lines transformed according to 

first-order kinetics. 

 
Table 4.  

Rate constants of the first order kinetic model of MO photodegradation on the TiO2 sample (experimental 

conditions: solution volume 20 ml, dye concentration 5 mg/L). 

𝛌, nm 
ТіО2/20AgI ТіО2/30AgI ТіО2/40AgI P25-TiO2 

k, min-1 R2 k, min-1 R2 k, min-1 R2 k, min-1 R2 

365 0.1956 0.9578 0.3204 0.9826 0.3698 0.9963 0.0857 0.9965 

395 0.1028 0.9917 0.1173 0.9757 0.1885 0.9931 0.0685 0.9928 

430 0.0640 0.9786 0.0700 0.9687 0.1051 0.9838 0.0499 0.9457 

 

 

 
Fig. 11. Rate constants of the first-order kinetic model of MO dye photodegradation on ТіО2/20AgI, ТіО2/30AgI, 

ТіО2/40AgI, and P25-TiO2 samples. 
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Conclusions 

This paper describes the synthesis and properties of 

nanostructured ТіО2/AgI photocatalysts. Filling micro- 

and mesopores of ТіО2 with AgI nanoparticles in the 

superionic state is an effective strategy for obtaining 

photocatalysts efficient in ultraviolet and visible 

electromagnetic radiation. Synthesis of ТіО2 has been 

carried out by the sol-gel method using a solution of the 

titanium aquacomplex [Ti(OH2)6]3+•3Cl- and a Na2CО3 

additive-modifier as a precursor. The presence of 

carbonate groups =О2СО on the surface of ТіО2 leads to 

an increase in the pore volume and specific surface area of 

the photocatalyst. The specific surface area of carbonated 

titanium dioxide is 368 m2•g-1, the pore volume is 

0.28 cm3•g-1, and their size is 0.9-4.5 nm. The process of 

filling micro- and small mesopores of TiO2 with the 

superionic α-AgI phase consists in the adsorption of Ag+ 

cations on the surface of titanium dioxide, followed by the 

interaction of the oxide material with the KI solution. 

Among the studied nanostructured composites, the 

ТіО2/40AgI sample was the most effective, destroying CR 

and MO dyes four times faster than commercial Р25-TiO2 

under UV irradiation (λ = 365 nm). According to the 

photodegradation efficiency of CR and MO, the studied 

samples can be arranged as follows: Р25-

TiO2<ТіО2/20AgI<ТіО2/30AgI<ТіО2/40AgI under UV 

and visible irradiation. The high efficiency of the 

nanostructured ТіО2/40AgI photocatalyst will make it 

possible to use it to neutralize toxic organic substances in 

the aqueous environment. 
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Наноструктурований фотокаталізатор TiO2/AgI, при дії ультрафіолетового або видимого 

електромагнітного випромінювання, ефективно знешкоджує у водному середовищі органічні 

забруднювачі. Він являє собою наноструктуру в якій мікро- та дрібні мезопори анатазного TiO2 наповнені 

йодитом срібла в суперйонному стані. Вміст йонопровідної фази α-AgI в об’ємі пор ТіО2  може становити 

~ 20 мас.%. Діоксид титану, для одержання фотокаталізатора, синтезують золь-гель методом, 

використовуючи, як прекурсор розчин титанового аквакомплексу [Ti(OH2)6]3+•3Cl- та добавку-модифікатор 

Na2CО3. Модифікуюча добавка в процесі синтезу забезпечує вкорінення на поверхні частинок оксидного 

матеріалу карбонатних групувань =О2СО. Наявність цих групувань приводить до зростання як об’єму пор 

так і питомої поверхні ТіО2. Питома поверхня карбонатованого діоксиду титану 368 м2•г-1, об’єм пор 

0.28 см3•г-1, а їх розмір 0.9-4.5 нм. Для заповнення мікро- та дрібних мезопор TiO2 суперйонною α-AgI 

фазою спочатку на поверхні діоксиду титану з розчину AgNO3 адсорбують катіони Ag+, а після цього 

здійснюють  контактування оксидного матеріалу з розчином KI. Створений наноструктурований 

фотокаталізатор TiO2/AgI в порівнянні з фотокаталізатором концерну Evonik марки  P25-TiO2 демонструє 

суттєво вищу ефективність щодо фотодеградації органічних барвників Конго червоного  та Метилоранжу 

в видимому та ультрафіолетовому випромінюванні. Найактивніший зразок ТіО2/40AgI досягав повного 

руйнування барвника КЧ (5 мг/л) за 6 хвилин УФ-опромінення (𝜆 = 365 нм), тоді як ефективність 

комерційного Р25-TiO2 становила всього 42%, за цей самий проміжок часу. 
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Introduction 

The thermoelectrical coolers are widely used for the 

cooling of the electronics in different fields of usage, 

starting with consumer goods and ending with the 

designing of the spaceships. The thermoelectrical 

elements are widely used in cooling technics. Detailed, 

theoretical and experimental researches and optimization 

of the process of the thermoelectric cooling are conducted 

mainly for the stationary mode of the coolers’ (modules). 

The results of these researches contributed to the massive 

industrial production of the thermoelectrical modules for 

the various needs [1,2].  

The process of the thermoelectric cooling is not well 

explored nowadays. That’s why specifically with the help 

of computer modelling we can more precisely explore it, 

create new thermoelectric modules and devices based on 

them [3,4]. We researched the model of the penetrating 

thermoelement with the developed system of the heat 

exchange for the cooling of the flow in order to find the 

optimal functions of the inhomogeneity of the material of 

the supports in combination with the search of the optimal 

parameters, with which the thermodynamic efficiency of 

the capacity of conversion will be maximal. Such 

thermoelectric model in perspective might be used in the 

future researches in this field of study, with different 

constructional peculiarities of the thermoelectric 

equipment, which, in turn, makes possible the research of 

the new thermoelectric materials in order to improve the 

conversion of energy and the cost of the thermoelectric 

equipment on its base. 

So, the aim of the work is the verification of the 

influence of the geometry on the effectiveness of the 

penetrating element in the cooling regime. 

I. The physical model of the penetrating 

thermoelectric cooling thermoelement 

While using the material with the high penetration, the 

inner surface of the heat exchange might be developed. In 

such case the intensity of the heat exchange will highly 

increase and the temperature drop of the environments 

which exchange the heat will decrease. As the result, the 

beneficial temperature drop on the element will increase, 

what positively influences on the effectiveness of the heat 

transformation. 

When we change the conditions of the heat exchange 

along the twig, we influence the volumetric distribution of 

the heat sources in the penetrating thermoelement. That’s 

why we have wide opportunities to influence the energetic 

characteristics of the thermoelement – coefficient of 
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efficiency or capacity and the cooling coefficient. The 

penetrating thermoelement consists of coherent and 

parallel arranged on the distance plates of the twigs N- and 

P- types of conduction, which are connected by switching 

plates. The coolant is pumped through the channel of the 

penetrating thermoelement. It cools by means of the heat 

exchange with the branch’s material, where the gradient 

of the temperature is set up due to thermoelectric Peltier 

effect and the existence of the electric flow. The upper 

spikes are thermostatized by the heat exchangers in 

consequence of pumping of the coolant, the rest of the 

surface is adiabatically isolated. The temperature of the 

coolant at the entrance of the thermoelement is set. 

 

 
Fig.1. The physical model of the thermoelement in which 

the heat flows are formed because of heat exchange with 

the coolant, where 1 – adiabatic isolation, 2 – n-type 

branch, 3 – channel, 4 – commutation plate, 5 – 6 

channels, 7 – coolant, 8 – adiabatic isolation, 9 – channel, 

10 – branch p-type, 11 – 12 – commutation plates, 13 – 

electric contacts. Branches 2, 10 are embraced of the 

adiabatic isolation with 1, 8 and form channels 5, 6, 9. 

Through the channel 6 the heat carrier 7 with the 

temperature ТH is brought, which flows equally through 

channels 3, 5 and 5, 9. 

The branches are made of the homogeneous material 

based on Bi – Te, where the temperature’s dependence Z 

should be counted. The commutation plates are made of 

copper, the commutation resistance – 10-6 (Om • cm2). The 

temperature T0 of the lowest commutation plates is – 20°С. 

Branches N, P are connected with the thin layer 14, heat 

conductivity, electric conductivity and the thickness, 

which we neglect. The size of the thermoelement in the 

direction which is perpendicular to the picture’s plane – d, 

magnitude d = a. Magnitude d = 0 and d = a are adiabatic 

isolations, which form the channels 5, 6, 9. The friction 

between the coolant and the adiabatic isolations 1, 8 is 

absent. 

II. Mathematic description of the model 

The existence of the heat exchange of the 

thermoelectric materials with the coolant negotiates the 

need of solutions of the problems of the temperature’s 

allocation, electric potential and the heat’s flow in the 

material, which are associated with the equations of 

motion and the heat transfer of the coolant. The movement 

of the coolant in the channels should be described by 

Navier Stokes equation and continuity equations. The 

equation of the heat conductivity should be explored in 

order to distribute temperature in the coolant. Navier 

Stokes equation: 

 

 
𝜌

𝑑�⃑⃑� 

𝑑𝑡
= 𝜌𝐹 − ∇⃑⃑ 𝑃 + 𝜇∇2⃑⃑⃑⃑ 𝜗 +

1

3
𝜇∇⃑⃑ (𝑑𝑖𝑣𝜗 ),

𝑑𝑖𝑣𝜌𝜗 = 0.
}   (1) 

 

Where the left side of the first equation (1) is the force 

of inertia, the first additive at the right side of the given 

equation – massive force, second – the effect of surface 

pressure forces (normal stresses), the two last additives – 

the effect of tangential components of surface forces 

(internal friction forces). 

The heat exchange in the liquid is described by the 

equation of heat conductivity:

 

 𝜌𝐶𝑝 (
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𝑇

𝜌

𝜕𝜌

𝜕𝑇
|
𝑃
(
𝜕𝜌

𝜕𝑇
+ (𝜗 ∇⃑⃑ )𝑃 + 𝑄  (2)

 

Where ρ – density, Сp  – heat capacity,  

Т – temperature, 𝜗  - liquid velocity vector, q – heat flow 

density, P – pressure, τij - viscous stress tensor,  

η – viscosity, І – unit tensor, 𝑆𝑖𝑗 - deformation rate tensor, 

Q – inner heat sources. 

Generalized mathematic model is based on the 

equation of the heat balance of the solid phase, equation 

of mass transfer of the gas component, equation of 

continuity, dynamics of filtration liquid and equation of 

state. Besides, it is necessary to formulate the appropriate 

boundary conditions. In order to solve this problem with 

help of computer, it is recommended to use special 

program, e.g. COMSOL Multiphysics. 

 

The results of such researches where conducted for 

the penetrating thermoelement in 3D model and where 

received in the work [8] for the flow of the cooling liquid 

and air. This work investigates the influence of the speed 

of coolant’s pumping and thermocouple supply voltage on 

the difference of temperatures and characteristics of 

energy penetration. It describes the optimal definition of 

the water’s (air’s) usage at the entrance of the channel and 

the difference of the potentials on the thermocouple, in 

order to achieve the maximal cooling ability during the 

cooldown. Optimization of the other parameters in 3D 

model is a great challenge. 
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III. Method of solving the formulated 

problem 

Due to the diversity of applications, thermoelectric 

coolers can have many different configurations. With the 

help of COMSOL Multiphysics this package describes the 

basic construction of the single-stage thermoelectric 

cooler of different sizes with different thermocouples and 

other geometric characteristics. The modeled penetrating 

couple also can be used as the starting point for the more 

detailed calculations. The additional parameters of input 

might be extended on multi-stage thermoelectric coolers 

and be used in different conditions [9]. While using Peltier 

equation, the flow of the current from one end of 

thermoelectric elements to the other, creates orthogonal 

heat flows, which causes the temperature’s drop between 

the plates, which gives the opportunity to calculate the 

productivity parameters. Afterwards this model can be 

used to search the best penetrating element with better 

productivity, equipment on its base, for the specific 

program or producer to optimize the construction and to 

provide the productivity. 

In this paper is used the generalized theory of 

calculations of penetrating thermocouples taking into 

account the changes of appropriate parameters of the 

branch’s material from the temperature and concentration 

of the charge’s carriers and conditions of heat exchange 

along the height of the branch. This method of modeling 

of the distribution of temperature and heat’s flow in 1D 

and 3D models of osmotic thermocouples, the improved 

theory of calculated osmotic thermocouples, is used to 

solve the tasks of multifactor optimization to achieve 

maximal energetic effectiveness in the viability of 

thermoelectric conversion. Since the penetrating couple is 

the element of thermocouple, so the heat exchange with 

the source of heat (extractor) takes place not only at the 

surface of spike, but also inside the branch of 

thermocouple [10]. In this case the extensive material 

becomes penetrated (with channels and pores), in order to 

pump the heat carrier through it (liquid or gas). 

By mean of usage of highly penetrating materials, we 

can develop the inner surface of the heat exchange, 

increase the intensity of heat exchange, decrease the 

difference of temperature between the environments 

which exchange the heat. It urges to the increase of useful 

temperature’s difference on the thermocouple, which can 

increase the effectivity of energy’s transformation [5-7]. 

The volumetric distribution of the heat source (flow) in the 

penetrating branch of the thermocouple also might be 

influenced by the mean of change of the conditions of the 

heat transfer through the height of the branch. That’s why 

we can influence on the energetic characteristics of the 

thermocouple – the cooling coefficient of the cooler or air 

conditioner. 

IV. Calculation of the main 

characteristics of the penetrating 

thermoelement with the help of 

computer modeling 

Thermocouple consists of two different conductors 

(stems), which contact with each other at one point 

(junction). When the temperature is set, the voltage 

appears between them across the connection. That’s why 

the thermocouple is calibrated with the temperature 

sensor, and this can transform temperature gradients into 

the electric streams.  

In order to estimate the characteristics of the 

penetrating thermoelectric thermoelement during the 

cooling regime using the COMSOL Multiphysics, first of 

all the geometry of thermoelement during the cooling 

regime was modeled. Let’s describe more precisely 

geometry (fig. 2-3) of the modeled model. 

 

 
Fig. 2. One of the variations of thermoelement’s 

geometry. 

 

 

 

 

 

Fig. 3. Geometry of the penetrating thermoelement. 
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Fig. 5. Geometric grid. 

 

 

Let’s look at geometry of thermoelectric material with 

quality 𝑍 = 0.002(
1

𝐾
). 

On the figures (2 – 5) we can see the detailed 

visualization of geometry of the modeled thermoelement, 

where every detail of the created model is shown very 

precisely. 

So, with the help of COMSOL Multiphysics we can 

observe the temperature distribution in the thermoelectric 

cooling module.  

At the figure 6 we can clearly observe that isothermal 

surfaces and heat flow are shown relentlessly in the 

module itself and in the coolant. The distribution of speed 

in the coolant (fig. 7), distribution of electric potential of 

the penetrating thermoelement (fig. 8) and distribution of 

thermoelectric field of the penetrating thermoelement 

 
Fig. 4. Geometry of thermoelectric material – 1; commutation plates – 2; heat carrier – 3. 

 

 
Fig. 6. Computer model of temperature distribution in the module – 1; isothermal surface of thermoelement – 2; 

distribution of temperature in the heat carrier – 3; isothermal surface of thermoelement – 4. 
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(fig. 9) are shown with the help of computer modeling.  

The results of the modeling are put in the table. The 

parameters of the penetrating cooling thermoelement for 

different height of branches, which were calculated with 

the help of computer modeling, are given in the table 1. 

Where H – height of thermoelement, 𝑈 – output voltage, 

 𝑇𝑥 – temperature of cold junction of thermoelement,  

 𝑄𝑐 – cooling capacity, І – input voltage, G – speed of the 

coolant, 𝑊 – consumed power, COP – coefficient of 

thermoelement productivity is defined as  

 

      𝑪𝑶𝑷 =
𝑸

𝑼𝑰
    (3) 

 

Formula (3) gives the most effective indicators of 

thermoelectric cooling, when the heat, which is consumed 

already allocated to the input voltage, reaches the 

maximum. 

 

 
Fig. 7. Distribution of speed in thermoelement. 

 

 
Fig. 8. Allocation of electric potential of thermoelement 

 

 
Fig. 9. Allocation of electric field in thermoelement. 

 

When we compare parameters with the classic 

thermoelement, the theoretical calculations show that the 

usage of such allocators at the optimal conditions 

increases the cooling coefficient at 10-30%. The 

comparative characterization is shown in chart 2. 

Table 1.  

Parameters of the penetrating thermoelement in the cooling regime 

H 1 (cm) 2 (cm) 3 (cm) 4 (cm) 5 (cm) 

𝐔,𝐕 0.0355 0.0355 0.0355 0.0355 0.0355 

𝐓𝐱, 𝐊 230.01 230.3 230.62 230.95 231.28 

𝐓пов, 𝐊 265.39 273.84 268.67 269.88 270.64 

𝐐𝐜, W 0.96038 0.48661 0.32848 0.24934 0.20182 

𝐈, A 13.29 6.72 4.5173 3.3956 2.7165 

𝐆, m/s 7.7259Е-4 8.2136Е-4 8.2738Е-4 8.3124Е-4 8.3277Е-4 

𝐖, W 0.95107 0.47727 0.31911 0.23997 0.19247 

𝐂𝐎𝐏 2.03558749 2.039780349 2.04833811 2.068459763 2.092792351 

 

Table 2. 

The comparative characteristics of classic and penetrating thermoelement 

 Classic thermoelement Penetrating thermoelement  

𝑯, 𝒄𝒎 1 cm 1 cm 

𝑼, 𝑽 0.0355 0.0355 

𝑻𝒙, 𝑲 241.14 230.01 

𝑻пов, 𝑲 0 265.39 

𝑸𝒄, W 0.79542 0.96038 

𝑰, A 12.14 13.29 

𝑮, m/s 0 7.7259Е-4 

𝑾, W 0.89741 0.95107 

𝑪𝑶𝑷 1.846 2.036 
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The obtained results proved the perspectivity of the 

researches and creation of penetrating thermoelectric 

modules, and show that in case of geometry and height 

(1cm) for two modules, the advantage of the penetrating 

thermoelement is in the better coefficient of productivity 

of thermoelement at 9.33%. On the base of calculations 

from table 1, the graphics of dependence of COP (fig. 10) 

and cooling capacity (fig. 11) on height of thermoelement 

where built. 

Based on the given model of thermoelectric cooler, 

the mathematic description of the basic processes is given. 

These processes lead to the mutual transformation of 

thermal and electric energy in the thermoelectric 

refrigerators with the help of computer modeling at the 

COMSOL Multiphysics. With the help of modeling is 

proved that while changing the conditions of the heat 

exchange along the height of the branch, we can influence 

at the volumetric distribution of the sources of heat in the 

branches of the penetrating thermoelement.  

Conclusions 

The usage of the penetrating thermoelectric coolers of 

such transformers of the energy allows to increase the 

cooling coefficient by 10-30%. The received results 

demonstrate the perspectivity of the researches and 

creation of the penetrating cooling thermoelements. They 

show that, as in case of the height of branch at 1cm, the 

advantage of the penetrating thermoelement is at the 

higher cooling productivity of thermoelement at 9.3%. 
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У роботі описано фізичну модель проникного термоелемента з розвиненою поверхнею теплообміну 

для охолодження потоку повітря. Представлено теорію розрахунку та метод комп’ютерного моделювання 

розподілу температур та потенціалів, визначення ефективності перетворення енергії - холодильного 
коефіцієнту та холодопродуктивності, досліджено 3D розподіл температур та потенціалів для матеріалу 

віток термоелемента на основі Bi2Te3. 
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Introduction 

Ferrites belong to ferromagnetic materials. Ferrite 

nanomaterials have shown applications in various ways, 

such as music recording heads, core materials for power 

transformer in electronics and telecommunications [1,2]. 

Importantly, magnetic oxide nano-based materials 

differently from bulk material in terms of their physical, 

chemical, magnetic and electrical properties [3]. 

Advantages of nanomaterials rest on their superior thermal 

stability, environmental and economic advantages to 

regular counterparts. Owing to their finite size effect, high 

surface to volume ratio, unique crystal structures, and 

magnetic characteristics, spinel ferrites nanoparticles have 

generated a lot of attention in recent years. The general 

formula for spinel ferrites is AFe2O4, where A and Fe are 

divalent and trivalent metal cations, respectively, with Fe 

serving as the major constituent. Spinel ferrites are 

represented by the general formula AFe2O4, where A and 

Fe are divalent and trivalent metal cations, respectively 

with Fe as major constituent. Due to their interesting 

magnetic and electrical properties, they have drawn 

significant attention to the researchers. Structurally, the 

spinel ferrite is a cubic closed packed organization of 

oxygen atoms with 8 formula units per unit cell. Since the 

radius of oxygen ion is greater than that of metal ion, the 

oxygen touches each other and form a closed packed Face 

centered cubic (FCC) lattice. The spreading of cations 

between A or B site of the lattice depends on both 

parameters such as preparation routes and heat treatment 

[4-6]. 

MgFe2O4 is the most adaptable, vital and 

multipurpose spinel ferrites due to unique and 

reproducible characteristics. They include high saturation 

magnetization value, and electrical resistivity [7]. 

Through these magneto-electrical properties MgFe2O4 

show a great utility in the area of catalysis, sensors, high-

density recording media and other magnetic technologies 

[8]. Overall, it is a n-type semiconducting as well as soft 
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magnetic material. Both photocatalytic activity and 

catalytic effect of magnesium ferrite in a heterogeneous 

Fenton-like reaction have been studied [9,10]. Magnesium 

ferrites typically have the structural formula (Mg1-x
2+ Fex

3+ 

)A[Mgx
2+ Fe2-x

3+]B O4,is stated as the percentage of the (A) 

sites occupied by Fe3+cations, where A , B stand for the 

cationic sites of tetrahedral and octahedral co-ordinations 

respectively, where x represents the degree of inversion. 

The structural and magnetic properties of MgFe2O4 

obtained from transmission electron microscopy, XRD, 

Mossbauer spectroscopy, and magnetometry have been 

reported [11]. Numerous studies [12,13] on MgFe2O4 

nanoparticles described their nanostructures and many 

properties, including IR, XRD, SEM, and VSM. N-Suresh 

kumar [14] synthesized nickel substituted magnesium 

ferrites by auto combustion method and also studied 

dielectric and magnetic properties. Magnetic and 

structural properties of MgFe2O4 nanopowder synthesized 

by EDTA-based sol–gel reaction has been reported by 

Shaban I. Hussein [15]. The electronic structure of 

MgFe2O4 nanoparticles created chemically has also been 

examined by Singh et al [16]. Nanoparticles of MgFe2O4 

have good photoelectrical properties [17]. The synthesis 

of spinel magnetic oxide involves different chemico-

physical approaches that include co-precipitation [18], 

sol-gel method [19], wet chemical method [20], 

combustion method [21], hydrothermal method [22], 

microwave assisted [23], micro-emulsion [24], and cera-

mic technique [25]. Each method has its own merits and 

demerits in terms of its ease, efficiency, yield, and costs. 

Considering these criteria, we find the sol gel method 

is effective and can work at low temperatures. Briefly, the 

sol–gel is a process for developing solid materials from 

small molecules. In this case, monomers are converted 

into colloidal solution (sol) that acts as a precursor for an 

integrated network (or gel) of discrete particles or network 

polymers. This approach is applicable for the production 

of metal oxides, like silicon and titanium. Metal alkoxides 

are common precursors. This chemical technique yields a 

"sol" which develops into a diphasic system with a liquid 

phase and solid phase that can have different 

morphologies, such as discrete particles or continuous 

polymer networks. Metal alkoxides are typical precursors. 

Several other names of the sol-gel method are low-

temperature self-combustion, auto-ignition, self-

propogation, and gel thermal decomposition methods. 

We explain, in this paper, the characterization of 

single phasic cubic spinel ferrites using a sol gel technique 

by systematic examinations on the structural and 

physiochemical properties of magnesium ferrites 

nanoparticles based on several characterization parameter 

like XRD, SEM, FT-IR, EDX, and magnetic. AFM was 

utilized to determine the nanoparticles surface roughness 

and also to obtain 2D and 3D images. Moreover, Raman 

spectroscopic studies was added to understand the 

vibrational modes and structural studies of the materials, 

the optical behaviour of the nano-particles was 

investigated to determine the absorbance range 300-

780 nm, which spans the visible region and is important 

for various photovoltaic and photocatalytic properties. 

Moreover, the chemical and elemental state of the nano-

particles was concluded by using XPS analysis. 

Furthermore, we found that the sol gel technique is the 

most suitable for creating good molar ratio control with 

small particle size distribution due to molecular-level 

mixing, fast processing time, lower temperatures and 

inexpensive. 

I. Experimental Procedure 

MgFe2O4 was prepared via the auto-combustion aided 

sol-gel method. The energy required to produce the ferrite 

nano-particles is provided in this procedure by a redox 

process using a thermal precursor and citric acid as a fuel 

[26]. Metal nitrates were served as a source of soluble 

cations and the oxidant [27]. Citric acid (C6H8O7) was 

employed as both a fuel and a chelating agent, forming 

interactions with metal ions and preventing the 

precipitation of hydroxilated compounds [28]. Analytical 

reagent grade, Merck India, used in this work were: iron 

nitrate (Fe(NO3)3·9H2O, 99%) magnesium nitrate 

(Mg(NO3)2·6H2O, 98%) and citric acid (C6H8O7). The 

desired composition was obtained by taking 

stoichiometric molar ratio (2:1) of Fe(NO3)3.9H2O 

(0.032 mol) and Mg(NO3)2.6H2O (0.016 mol) dissolved in 

20 ml of double distilled water. To promote homogeneity, 

an equimolar amount of citric acid (0.046 mol) was added 

to an aqueous mixture, which was magnetically agitated 

while the reaction temperature was kept at 600C.The pH 

was optimize to 7.0 by adding ammonia solution drop by 

drop under steady stirring until the mixture was 

neutralised and turned into sol. The sol developed into a 

black gel after 8 hours of stirring, releasing a huge amount 

of gases (CO2, H2O, N2) in the process. The gel was dried 

for 12 hours at 100 0C, with its volume swelling by nearly 

five times, yielding a fluffy, abundant powder. At end, the 

dried gel was grounded and annealed at 500 0C for 3 h to 

get a dark brown ferrite nanoparticle as a final product. 

The Flow chart of the sol-gel synthesis process of 

MgFe2O4 nanoparticles is given below. 

The structural investigations (crystal structure and 

phase analysis) of the synthesized nanomaterial were 

performed by using XRD, Rigaku Miniflex 600, Japan 

technique with Cu-Kα radiation (λ=1.5406 A0) within 2θ 

range 20-80º. The FTIR spectrum was obtained in the 

range 400 cm-1 to 4000 cm-1 employing a FTIR 

spectrometer, Perkin Elmer. SEM, (ZEISS model EVO-18 

research, Germany) and AFM, model NTEGRA PRIMA, 

NT-MDT, Russia was used to determine microstructure 

and surface roughness of nanomaterial respectively. The 

quantitative elemental analysis was carried out by means 

of EDAX analyser (EDX, Oxford instrument USA). The 

magnetic behaviour of the produced sample was 

investigated using a SQUID-based magnetometer (MPMS 

3) in the magnetic field range of 20 kOe. Raman spectra 

was recorded to estimate the frequency mode of 

tetrahedral and octahedral sites of cubic spinel at 

frequency range of 100-800 cm-1, using the model 

RENISHAW In-VIA Raman microscope. UV–VIS 

diffuse reflectance spectra were acquired by UV-VIS 

Spectrophotometer SHIMADZU in the wavelength range 

of 200–600 nm (UV-1700 Pharma Spec), chemical and 

elemental state analysis of the investigated surface were 

indicated by XPS, Thermo scientific K-ALFHA Surface 

Analysis. 
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II. Results and Discussion  

2.1 FTIR analysis 

Figure 1 illustrates room temperature IR spectrum of 

the magnesium ferrite sample determined in the range 400 

to 4000 cm-1. The calcined MgFe2O4 magnetic 

nanoparticle exhibits two main absorption bands at around 

630 and 441 cm-1. The higher frequency band (ν1) and the 

lower frequency band (ν2), specify the metal-oxygen 

intrinsic stretching vibration of the spinel unit cell in the 

tetrahedral (A) and octahedral (B) sites [29] respectively. 

The observed variance in band positions is due to the 

distance between the metal-oxygen ions connected to the 

octahedral and tetrahedral complexes. This indicates bond 

formation and the phase stability of synthesized material. 

TheFTIR results confirmed that the sample has spinel 

structure of MgFe2O4, which was revealed by the XRD 

results. The strong signature band observed at 3420 cm-1 

is assigned to the symmetric streching vibrations of O-H 

groups [30]. The symmetric stretching vibration of 

hydrogen bonded water molecules is responsible for the 

perturbations in the absorption band between 1030 and 

1630 cm-1, indicating the existence of absorbed or free 

water molecules in a sample. The force constant (k) was 

evaluated from the equation [31], 

 

 𝑘 = 4𝜋2𝑐2𝑚𝜈2  (1) 

 

where, c is the velocity of light (2.99×108 m/sec), v is the 

vibrational frequency of the A and B sites, m is the 

reduced mass for the metal-oxygen ions. Values obtained 

for force constant are shown in Table 1. 

 

 

 

 
Fig. 1. The FT-IR spectra of Magnesium ferrite 

nanoparticles. 

 

2.2 X-ray diffraction analysis 

Powder X–ray diffraction studies are helpful in 

determining the structure and particle size of nanoparticles 

produced. The XRD of powdered sample of MgFe2O4 

obtained by sol-gel method is illustrated in Fig. 2. The 

XRD pattern reveals formation of monophase face 

centered cubic (fcc) spinel structure. All Bragg reflections 

have been indexed as (111), (220), (311), (222), (400), 

(422), (511) and (440). All observed sharp diffraction 

peaks were compared with magnesium ferrite JCPDS card 

number 89-3084. The most intense peak at  

2θ=35.55 degree corresponds to crystalline plane of 

Mixing nitrate solution and 

citric acid 

Adding NH4OH drop by drop

Heating 60 0с by magnetic 

stirrer  

Get viscous black gel 

A dark brown ferrite 

nanoparticles

Characterization 

20ml  double distilled water

pH maintained 7

Temperature increase to 100 0с for 12 hr. 

Heat for 8 hr

Volume expanding to 5 times

Grounded and calcined at 500 0с  for 3 hr
 

Flow chart of the sol-gel synthesis process of MgFe2O4  nanoparticles. 
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magnesium ferrite which indicates a fine particle nature of 

the particles. 

 

 
Fig. 2. X-ray diffraction patterns of Magnesium ferrites 

nanoparticles. 

 

The average crystallite size (D) was estimated from 

the XRD peak broadening of the most intense peak (311) 

using the Scherrer’s relation [32], 

 

 𝐷 =  
𝑘𝜆

𝛽 cos 𝜃
   (2) 

 

where, k is Scherrer’s constant (0.91), λ is wavelength 

(λ=1.5406 A0). The parameters D and θ are taken as 

crystallite size and Bragg’s angle respectively. Here β is 

the full width at half maxima (FWHM) of XRD peaks. 

Table 1 shows the calculated values for crystallite size, x-

ray density ,lattice constant, and cell volume based on x-

ray data. The average crystallite size (D) of the 

synthesized material was found to be 39.9 nm (Table I) for 

MgFe2O4. The lower value (36.6 nm) was reported for the 

same sample synthesized by co-precipitation method [33]. 

The lattice constant ‘a’ was calculated for prominent 

(311) peak using the following relation, 

 

 a =  d√h2 + k2 + l2 (3) 

 

where d is interplanar distance and h,k,l are the miller 

indices of the diffraction plane. The calculated lattice 

parameter 'a' (8.35 A0) for MgFe2O4 agrees well with the 

reported value of 8.37A0 [34]. Following relation was used 

to calculate x-ray(ρx) density, 

 

  ρx = ZM NAa3⁄  (4) 

 

where Z is the number of molecules per unit cell (Z = 8), 

M is the molecular mass of the sample, and N is the 

Avogadro's number (NA = 6.026 × 1023 atoms mol-1). The 

sample of ferrite was determined to have a density of 

4.554 g/cm3 (Table 1). 

Utilizing the following formula, the volume of the 

unit cell was computed, 

 

 V= a3   (5) 

 

in(A0)3 units. Relationships were used to determine the 

distance between magnetic ions and the hopping length 

(L) in the A sites (tetrahedral) and B sites (octahedral) 

[35], 

 

 LA =  a√3

4
 and  LB =  a√2

4
 (6) 

 

It was observed that the hopping lengths for two sites 

were 3.615 A0 and 2.951 A0 respectively in Table 1. 

 

2.3 SEM and EDX analysis 

The surface morphologies and elemental composition 

of magnesium ferrite nano powder were examined by 

SEM, coupled with EDX analysis. In Fig. 3 (a) SEM 

image of calcined MgFe2O4 sample is illustrated. 

Agglomerates and non-uniformity are evident in the 

sample. The grain size was estimated using AIL [36]. The 

number of grain boundaries intersected by a randomly 

chosen straight line of length L drawn on micrographs was 

counted, and the average grain diameter (G), which is 

around 98 nm, was computed, N is the total number of the 

complete sample, and M is the magnification. 

 

 G = 1.5L/MN  (7) 

 

The elemental analysis of the prepared MgFe2O4 nano 

powder was obtained by EDX analysis and weight % and 

atomic % of elements were shown in the Table 2. The 

estimated ferrite composition is confirmed by EDX data, 

which is reinforced by the good agreement between 

experimental and theoretical Mg/Fe molar ratio (Table 2). 

The sample's EDX pattern, which displays the presence of 

Mg, Fe, and O without precipitating cations, is 

demonstrated in Fig. 3(b). 

Table 1.  

Some structural parameters; crystalline size, lattice parameter, X-ray density, unit cell volume, hopping length for 

A-Site (dA) and B-Site (dB) and force constants for octahedral (ko) and tetrahedral (kt) sites of Magnesium  ferrite 

nanoparticles 

 

Sample  

 

 

Crystalline  

size  

(nm) 

Lattice 

parameter 

(A0) 

X-ray 

density 

(g/cc) 

Unit cell 

volume 

(A0 )3 

Force 

constant 

ko×105 

(dyne/cm) 

Force 

constant 

kt×105 

(dyne/cm) 

A site dA 

(A.u) 

B Site dB 

(A.u) 

MgFe2O4 39.9 8.35 4.554 583.79 1.414 2.886 3.615 2.951 
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2.4 AFM analysis 

Thin film topography of MgFe2O4 nanoparticles 

obtained by AFM (atomic force microscopy). This 

microscopic technique has several advantages for 

characterising nanoparticle. Images obtained via AFM 

display data in two and three dimensions, allowing for the 

quantitative generation of information on both individual 

particles and groups of particles. Fig. 4. display the 2D and 

3D AFM images of MgFe2O4 respectively and its related 

histogram and size distribution. The average roughness 

(Rq) and root mean square roughness (RMS) values 

obtained about 5.982 nm and 7.541 nm respectively. Also, 

the maximum height (Rp) and a maximum depth (Rv) 

observed as 35.645 nm and 27.449 nm respectively. 

 

2.5 Raman analysis 

Raman spectroscopic technique is a powerful 

technique to identify the structural and vibrational 

properties of the material MgFe2O4 spinel. MgFe2O4 

crystallises as an AB2O4 type spinel structure with eight 

formula units per unit cell in Fd3m space group.According 

to results from group theoretical calculations, AFe2O4 type 

spinel structures consist of five raman active phonon 

modes, namely A1g+Eg+3F2g, which are made up of the 

motion of O ions and both A and B site ions [37,38]. 

Figure 5 displays the MgFe2O4 sample's raman spectra in 

the frequency range of 100–800 cm-1. In Table 3 and Fig. 

5, several peaks have been identified. The A1g (1) mode is 

caused by the symmetric stretching of oxygen atoms along 

Fe–O (or M–O) tetrahedral bonds. The Eg & F2g(3) modes 

are caused by the symmetric and asymmetric bending of 

oxygen with respect to Fe respectively. The F2g (2) mode 

is caused by the asymmetric stretching of the Fe–O bond, 

F2g (1) is due to translational movement of the whole 

tetrahedron (FeO4) [39], while F2g(2) and F2g(3) related to 

the vibrations of octahedral group. 

 

Table 3.  

Raman modes of spinel MgFe2O4 and their assignments 

Raman Modes (cm-1) Assignment 

209 F2g(1) 

330 Eg 

479 F2g(2) 

549 F2g(3) 

707 A1g 

 

In our system, MgFe2O4 nanopowder contains five 

peaks at 209, 330, 479, 549 and 707 cm-1 (Table 3). These 

bands are given the following designations: F2g (1), Eg, F2g 

(2), F2g (3) and A1g (1) correspondingly. These modes 

match the reported [40] values of 217, 333, 486, 554, and 

715 cm-1 for magnesium ferrites. It agrees well with the 

current strong band location for MgFe2O4 at 707 cm-1, 

which J. Chandradass [41] attributed to the A1g mode in 

MgFe2O4. 

 

2.6 VSM analysis  

To investigate the magnetic behaviour of spinel 

MgFe2O4, SQUID based magnetometer has been 

employed under magnetic field upto 20 kOe.By applying 

a magnetic field to a material that becomes magnetized by 

the magnetic field, the M-H loop or hysteresis curve is  

 
Fig. 3. (a) SEM image and (b) EDX analysis of  Magnesium ferrite nanoparticles. 

 

Table 2. 

The observed and theoretical elemental composition value of MgFe2O4 obtained from EDX analysis 

Element  Experimental value  Theoretical value  

 Weight % Atomic % Weight % Atomic % 

O 21.51 44.41 31.98 57.15 

Mg 11.95 16.23 12.15 14.26 

Fe 66.54 39.35 55.84 28.57 

TOTAL 100.0    
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formed. Remanence magnetization is the value of 

magnetization at which field is zero. The point on the 

curve where the magnetization is zero and the field is 

negative is referred to as the coercive field, and the 

saturation magnetization is the point at which the 

magnetising force stops increasing the magnetic induction 

in a magnetic material. The room temperature 

magnetization curve of the calcined MgFe2O4 nanoparticle 

obtained from M-H loop is depicted in Fig. 6. This curve 

denotes hysteresis ferromagnetism and is typical for soft 

magnetic materials. 

Magnetic parameters such as saturation magnetization 

(Ms), coercivity (Hc), retaintivity (Mr) and remanent ratio 

(R) values; 27.192 emu g-1, 36.0 Oe, 0.4646 emu g-1, 

0.0170 respectively of ferrite nanoparticles are listed in 

Table 4. It was observed that the saturation value of 

(a)

(c) (d)

(b)

 
Fig. 4. AFM images of MgFe2O4 nanoparticles. (a) Two dimension (2D) (b) Three dimension (3D) (c) examination 

of grain size (d) histogram of MgFe2O4  nanoparticles. 

 

 
 

Fig. 5. Raman spectra of synthesized spinel MgFe2O4  

nanoparticles. 

Fig. 6.Magnetisation curve of MgFe2O4  nanopowder 

under applied magnetic field of 20 kOe. 

 

Table 4.  

The coercivity (Hc), saturation magnetization (Ms), retaintivity (Mr), remanant ratio (R), and magnetic moment (μB) 

obtained at a magnetic field at 20 k Oe at room temperature 

Sample Ms  (emu/g) Hc (Oe) Mr (emu/g) Mr/M   μB 

MgFe2O4 27.192 36.00 0.4646 0.0170   0.9737 
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27.192 emu/g obtained in the sample calcined at 5000C 

(crystallite size of 39.9 nm) is close to the values of 

33.4 emu g-1 for bulk MgFe2O4 [42] and 30.6 emu g-1 for 

sol-gel/combustion synthesized MgFe2O4 (crystallite size 

of 78 nm) [43], while it is higher than the values of 14.09 

emu g-1 for co-precipitation synthesized MgFe2O4 

nanoparticles (diameters of 34.4 nm) [44]. Remanent 

magnetisation (Mr) value for the sample was obtained 

from the Fig. 6. The MgFe2O4 nanopowder's Mr/Ms ratio, 

which measures remanent magnetization to bulk 

saturation magnetization, was calculated to be 0.0170. A 

significant portion of superparamagnetic particles are 

indicated by the low Mr/Ms value. The coercivity (Hc) was 

found to be 36 Oe (Table 4) for the MgFe2O4 nanaparticle. 

The value is less than the value of 165 Oe for MgFe2O4 

produced by sol–gel/combustion but is comparable to the 

value of 48.86 Oe for nanoparticles made by 

coprecipitation. 

Sub-lattices A and B are magnetised in opposing 

directions by the spins of the A and B site ions, producing 

a magnetic moment that is equal to the difference between 

the magnetic moments of the A and B site ions [45]. The 

magnetic moment per formula unit is given by the 

equation, 

 

 M = MB-MA  (8) 

 

where MB and MA stand for the B- and A- sublattice 

magnetic moments in uB, respectively. This formula is 

based on Neel's two sub-lattice model of ferrimagnetism 

[46]. The Ms value is typically determined by the net 

magnetic moment. According to the literatures [47,48], 

the octahedral positions are preferentially occupied by 

Mg2+ cations in the bulk magnesium ferrite, which has an 

inverted spinel structure. The cationic distribution on 

tetrahedral and octahedral lattice sites has a significant 

impact on the Ms of spinel ferrite nanoparticles [49]. 

The following relation [50] was used to compute the 

magnetic moment per formula unit in Bohr magneton (B) 

of the sample, 

 

 μB = Mw×Ms/5585   (9) 

 

where MS is the saturation magnetization in the 

electromagnetic unit and Mw is sample's molecular weight. 

Table 4 displayed the magnetic moment's value.  

 

2.7 Optical studies 

The UV-vis spectra of MgFe2O4 were conducted 

using dil HCl as a solvent in order to examine the optical 

characteristics of the prepared nanoparticles. The 

absorbance extends around 300-600 nm shows visible 

region which is important for numerous application in 

photo-catalytic and photo voltaic activity. Fig. 7(a) 

displays the UV-visible absorbtion spectra of 500°C-

calcined magnesium ferrite nanopowder as a function of 

wavelength (nm). Typical band throughout 300-500 nm is 

proclaimed in optical absorption spectra of MgFe2O4 

nanoparticles. These bands results from octahedral 

coordination of Fe3+ ions [51]. The absorption cutoff 

wavelength is 427.5 nm. The optical band gap energy (Eg) 

of magnetic nanoparticles sample was calculated 

according to the Tauc relationship as given below [52], 

 Αhv = A(hν−Eg)n (10) 

 

where (α) absorption coefficient, (Eg) the energy gap, (A) 

is constant for different transition, (h) is Plank constant 

(6.62.10-34 J s-1photon -1), (hν) are the energy of photon 

and the value of n is either ½ for indirect band gap or 2 for 

direct band gap. The intercept on the (hν) axis can be 

found by projecting the plot to the point where (αhv)2 = 0 

as shown in Fig. 7(b). The intercept of the straight line at 

α=0 was used to calculate the band gap energy, which was 

found to be 2.91eV, somewhat higher than the stated value 

range of 2.0-2.2 [53,54]. 

 

 
Fig. 7. (a) UV visible absorbtion spectra of the MgFe2O4. 

(b) (αhυ)2 [eVcm−1]2 versus photon energy (hυ) graphs for 

MgFe2O4. 

 

2.8 XPS analysis 

XPS is used to study the chemical and elemental state 

analysis at the depth of about 5-10 nm of the investigated 

surface of the sample. XPS is that technique which not 

only shows elements are present but also what other 

elements they are bounded to. Also it examined the energy 

of the component. 

XPS spectrum displayed in Fig. 8, the spectrum 

reveals chemical composition of the sample MgFe2O4 

nanoparticles attributed to element Mg, Fe, O and 

unintentional element like carbon. As shown in Fig. 8 (a) 

two characteristic peaks at 724.88 eV and 711.28 eV 

indicated as binding energy which corresponds to 

Fe3+2p1/2 and Fe2+ 2p3/2 orbital which is similar to the 
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reported earlier by Hengli Xiang [55]. The single peak 

located at 1303.28 eV would be attributed to Mg 1s which 

reveal the oxidation state Mg+2 in the sample which is 

shown in Fig. 8 (b)that is in fine agreement with some 

earlier results [56].The peak located at 530.18 eV is 

attributed to O 1s region which appears due to metal-

oxygen bonding and the peak at 532.00 eV as shown in 

Fig. 8 (c) represents oxygen vacancies or metal hydroxyl 

bonds at the surface, full spectrum of the sample are 

shown in Fig. 8d. Table 5 shows the elements and its peak 

position of Fe 2p, O 1s, Mg 2p of the sample. 

 

Table 5.  

Peak position in (eV) of Fe2p, O1s, Mg2p, spectra of 

MgFe2O4 nanoparticles. 

Peak Peak position (eV) 

Fe 2p 724.88 

 711.28 

O 1s 
530.18 

532.00 

Mg 2p 1303.28 

Conclusions 

In this study, we present evidence that sol-gel-

produced magnesium ferrites nanoparticles can form a 

single-phase cubic spinel structure. Surface morphology 

image illustrated with some agglomerated size particles. 

The synthesized composition's Mg, Fe, and O content are 

confirmed by the EDX analysis spectrum. Five Raman 

active modes Eg, 3F2g , A1g  in the range of 209-707 cm-1, 

which are anticipated in the spinel structure, were 

validated by a Raman investigation. Raman study 

confirmed the existence of five Raman active modes Eg, 

3F2g , A1g  in the range of  209-707 cm-1 which are 

predictable in the spinel structure. Magnetic measurement 

shows soft magnetic behaviour of the sample with the Ms 

value 27.129 emu/g. AFM is utilized to estimate the 

height, grain size, and average roughness of the particles. 

The band gap energy at 2.91eV are obtained by UV-VIS 

absorbance spectra while chemical composition and 

elemental states are determined by X-ray photoelectron 

spectroscopy (XPS). 
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Нано феритову сполуку типу шпінелі MgFe2O4 синтезовано золь-гель методом із використанням 

нітратів металів як прекурсорів. Фазовий склад, морфологію та елементний аналіз фериту магнію 

(MgFe2O4) здійснено методами дифракції Х-променів, перетворення Фур’є в інфрачервоному діапазоні, 

атомно-силової мікроскопії, енергодисперсійної Х-променевої та скануючої електронної мікроскопії. 

Х-променева дифракційна картина зразка підтверджує існування однофазного матеріалу, для якого 

оцінка розмірів кристалітів склала 39,9 нм. Дослідження в інфрачервоному діапазоні із використанням 

перетворенням Фур’є підтвердило наявність коливань метал-кисень, що відповідають тетраедричним і 

октаедричним вузлам, відповідно. Із результатів скануючої електронної мікроскопії отримано розмір 

зерене, який склав приблизно 97,7 нм. Спектри комбінаційного розсіювання зразка демонструють п’ять 

активних мод раманівського розсіювання (A1g + Eg + 3F2g), що сумісно зі структурою шпінелі. Дослідження 

магнітних характеристик при кімнатній температурі показує поведінку петлі гістерезису з низьким 

значенням намагніченості насичення, 27,192 emug-1і незначним значенням коерцитивної сили. Ширину 

забороненої зони визначено за допомогою спектрів пропускання в УФ-діапазону. Крім того, для 

підтвердження ступенів окислення та дослідження хімічного складу зразка використано методи 

рентгенівської фотоелектронної спектроскопії. 

Ключові слова: феритова шпінель, нанокристали, дифракція Х-променів, спектри комбінаційного 

розсіювання, магнітні властивості. 
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It has been established that the doping of activated carbon material with chromium and manganese increases 

the specific capacitance of storage devices based on the charge-discharge mechanism of a double electric layer 

(DEL) by ~70 % and leads to a decrease in their internal resistance by 30-35 %. The main reason for this rise is the 

transformation of the electron energy spectrum due to an increase in the density of electronic states, as a result of 

which a much larger number of electrolyte ions (primarily positive ones) participate in the formation of DEL and 

cause an increase in the specific capacitance of these devices. It has been shown that laser irradiation stimulates the 

metal penetration into the bulk of carbon material. 
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Introduction 

Traditional electrochemical energy storage devices 

(supercapacitors), whose specific capacitance can reach 

~200 F/g when using aqueous electrolytes, operate on the 

principle of charge/discharge of the DEL, which is formed 

at the electrode/electrolyte interface. 

The main factors influencing the increase in the 

specific characteristics of DEL are the higher density of 

electronic states due to changes in the Fermi level of the 

surface layers of activated carbon and the involvement of 

as much of the developed surface as possible in 

charge/discharge processes. One of the possibilities to 

influence the properties of porous carbon material (PCM) 

for these purposes is to incorporate metals with a high 

density of electronic states into its matrix [1, 2]. 

The use of porous carbon material is due to the fact 

that, in addition to being low-cost and accessible, PCM is 

relatively easy to modify, which can be used to control not 

only the amount of the developed surface, but also its state, 

pore size distribution, conductivity, etc., which are 

important for its application. 

However, the specific capacitance of the DEL formed 

by the PCM and electrolyte does not always satisfy the 

requirements for the appropriate charge storage devices, 

due to the fact that PCM, being a semiconductor, contains 

a low concentration of free charge carriers (electrons) 

compared to metals. 

One of the solutions to this problem is to increase the 

density of electronic states in the PCM matrix. This idea 

can be realized by modifying the PCM by doping it with 

metals with a high density of electronic states, which 

makes it possible to significantly increase the capacitance 

of DEL, and, accordingly, of capacitors formed on the 

basis of PCM modified in this way.  

I. Experimental, discussion of the 

results 

An important characteristic of an electronic system is 

the density of states, i.e., the number of states in a unit 

energy interval. Since electrons are governed by the Pauli 

principle, the density of states determines the maximum 

number of electrons that can be accommodated in a certain 

energy range.  

Considering the fact that the choice of electrolyte 

concentration is determined by its maximum conductivity, 
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it is possible to increase the amount of accumulated charge 

of DEL by increasing the density of electronic states near 

the Fermi level in the electrode material. Thus, the aim 

was to purposefully increase the electron density of the 

valence band of activated carbon by doping. The study [3] 

shows that 3d transition metals and rare earth elements 

have the highest density of electronic states near the Fermi 

level. We focused on 3d transition elements Mn and Cr.  

Fig. 1 (a) shows the valence band spectrum of the non-

doped activated carbon material, which demonstrates that 

it has a double-hump structure with a significant decrease 

in intensity when the binding energy approaches the Fermi 

level. 

When doped with manganese, the appearance of the 

valence band changes significantly (Fig. 1(b)). It becomes 

almost single-humped with a significant increase in 

intensity at the Fermi level. 

The results obtained indicate that the doping of PCM 

with manganese most significantly affects the intensity of 

its valence band spectra at the Fermi level, and, 

accordingly, the electronic density, which is displayed in 

the value of the specific capacitance. In particular, the 

specific capacitance of ECs based on manganese-doped 

PCM is ~ 65 % higher than the similar capacitance of ECs 

formed from non-doped PCM.  

The change in the intensity of the valence band 

spectra of non-doped HFM is also significantly affected 

by various technological treatments (thermal, chemical, 

etc.). However, in this case, the spectral pattern of the band 

remains practically the same (Fig. 2). Obviously, in order 

to improve the performance parameters of ECs, it is 

necessary to apply the established procedures in a 

complex manner. 

In the two-dimensional (2D) structure, which is 

8 6 4 2 0 -2 -4

26500

27000

27500

28000

28500

29000

29500

In
te

n
si

ty
 (

ar
b
.u

n
it

s)

I(E
F
)=27200

Binding energy  (eV)

6 4 2 0 -2 -4

40000

42500

45000

47500

+Mn 0.3 %

In
te

n
si

ty
 (

ar
b
.u

n
it

s)

Binding energy (eV)

I(E
F
)=42600

 
a                                                                           b 

Fig.1. Valence band spectrum of PCM: a - non-doped PCM; b - PCM doped with manganese.  
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Fig.2. Intensity of the valence band spectra: a - carbonized PCM; b - carbonized and heat-treated PCM. 
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typical for our case, when the large area of the developed 

surface is of major importance, for each quantum level 

with energy Ei the total number of states 

 

 𝑍(𝐸) =
𝑚𝑒(𝐸−𝐸𝑖)𝑆

(2𝜋𝑘)2
,  

 

where S – is the sample area. 

The state density, which in this case is calculated per 

unit area, is determined by the sum of the numbers of all 

levels whose energies Ei are lower than E [4]: 

 

 𝐷2𝐷(𝐸) =
2

𝑆
∑

𝑑𝑍(𝐸𝑖)

𝑑𝐸𝑖 .  

 

The PCM was chemically doped with chromium by 

reducing it from an aqueous solution of Cr2(SО4)3·6H2O. 

For this purpose, a weight of salt dissolved in distilled 

water was mixed with PCM to a homogeneous mixture, 

hydrochloric acid was added to create an acidic 

environment in which to carry out the reduction, and finely 

dispersed zinc was added. The resulting precipitate was 

dissolved in water in appropriate ratios, mixed with PCM, 

and dried at 140 °C to a constant weight. KMnO4 was used 

as a manganese doping agent, where Mn has the highest 

oxidation degree, which is 7+. For this, ethanol was added 

to a 5% solution of KMnO4 and, after the reaction was 

completed, HNO3 was added and heated to a temperature 

of 80 °C. The resulting precipitate was washed with water 

deionization until NO-
3 ions were removed, and dried to a 

constant weight at room temperature. After that, the 

precipitate was dissolved in water in appropriate ratios, 

mixed with PVM and dried at 140 °C to a constant weight. 

The influence of injected metals on the behavior of 

electrochemical capacitor systems formed on the basis of 

PCM + metal was studied by impedance spectroscopy. 

The dependence of the specific capacitance of the doped 

PCM on the content of chromium and manganese is shown 

in Fig. 3. 
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Fig.3. Dependence of the specific capacitance of PCM on 

the content of chromium (1) and manganese (2). 

 

To obtain the Nyquist diagrams, a three-electrode 

electrochemical cell was used (Fig. 4), in which PCM with 

the appropriate content of chromium or manganese was 

used as the working electrode. The impedance 

measurements were performed using an Autolab 

PGSTAT / FRA-2 spectrometer (Netherlands) in the 

frequency range 10-2 – 105 Hz.  

 

 
Fig.4. Electrochemical cell: 1 - glass cell; 2 - sealing lid; 

3 - electrolyte; 4 - working electrode; 5 - reference 

electrode; 6  auxiliary electrode. 

 

Cyclic voltammograms of carbon material electrodes 

were obtained in the potential range of -1 ÷ 0.2 V using 

the above three-electrode cell with a chlorine-silver 

reference electrode; the scan rate was 5, 8, 10, 20, 30, 40, 

and 50 mV/s, respectively.  

The impedance curves obtained at potentials of -1 ÷ 

0.2 V (in this case, the potential difference between the 

working electrode and the reference electrode) and the 

automatic calculation of the parameters of the equivalent 

circuit (primarily, the capacitance) made it possible to plot 

the volt-faradic dependencies for the studied activated 

carbon material with different dopant concentrations (Fig. 

5, a, b). The criterion for selecting the interval of applied 

potentials is to change the parameters of the equivalent 

circuit by no more than 10%. In addition, in the negative 

potential region, the maximum of the curve С = f(E) is 

also one of the factors in choosing the applied potential.  

As follows from these dependencies, an increase in 

the percentage of manganese leads to both an increase in 

the specific capacitance of the active material and a certain 

symmetry of the C-U dependencies, i.e., the penetration of 

manganese into the nanoporous carbon material allows for 

the grafting of OH-groups of the solvent in the positive 

potential region, resulting in an increase in the capacitance 

in the positive potential region. When chromium is 

incorporated, on the С = f(U) dependence, chromium 

doping does not align both branches of the C-U 

dependence, resulting in a capacitance of such materials in 

the positive potential region that is even lower than that of 

pure PCM.  

Fig. 5 shows the DEL capacitance at the electrode-

electrolyte interface, so the mismatch of both curves in the 

positive potential region indicates an additional 

contribution to the total capacitance, pseudocapacitance 

due to Faraday processes involving functional groups 

(e.g., COOH > C = H, OH). It is known [5-7] that the 

existence of functional groups can affect the capacitance 

of ECs, both due to the possible occurrence of redox 

Faraday reactions involving these groups and due to 

changes in the specific capacitance by the specific value 
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of the interfacial surface.  

A characteristic feature of the process of chemical 

modification of PCM with the above metals is that 

chromium and manganese significantly reduce the value 

of the Warburg diffusion impedance W (Fig. 6) compared 

to the unmodified material. Due to the fact that for all 

samples there is a general tendency to decrease W when 

the potential changes to the negative region, this parameter 

can be associated with diffusion processes involving K+ 

ions in the carbon matrix [8, 9]. 

From the results obtained, it follows that an increase 

in the percentage of chromium increases the specific 

capacitance of PCM compared to pure PCM. The material 

with 0.2% Cr content by weight has the highest 

capacitance; further increase in Cr content leads to a 

decrease in capacitance. Most probably, this fact is 

associated with a decrease in the specific surface area of 

the carbon material due to the blocking of pores by 

chromium ions, as a result of which less potassium ions 

are involved in the formation of DEL. 
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Fig.5. Volt-faradic dependences for PCM with different percentage of: a - chromium; b – manganese. 
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Fig.6. Dependence of Warburg impedance on the applied potential for PCM with different percentage of chromium 

(a) and manganese (b). 

Table 1. 
Specific capacitance of PCM (F/g) in aqueous electrolyte (30% KOH solution in water) 

Material 

Method of research 

impedance 

spectroscopy 
voltammetry chronoamperometry 

PCM 156 164 169 

PCM + 0,2 % Cr 204 206 215 

PCM + 0,3 % Cr 185 188 194 

PCM + 0,4 % Cr 180 185 190 

PCM + 0,2 % Mn 188 191 197 

PCM + 0,3 % Mn 205 210 218 

PCM + 0,4 % Mn 200 205 212 
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The implementation of manganese also leads to an 

increase in the specific capacitance. However, the 

dependence of the last one on the scan rate, in comparison 

to Cr-doped PCM, is non-monotonic with respect to the 

percentage of Mn ions (Table 1).  

Thus, the chemical modification of PCM with 

chromium and manganese leads to an increase in the 

specific capacitance of PCM [1, 10, 11]. The main reason 

for this increase, according to previous studies, is the 

transformation of the valence band of the carbon material 

due to the introduction of additional electronic states from 

the incorporated metals, as a result of which a much larger 

number of ions participate in the formation of the DEL, 

and thus causes an increase in the specific capacitance. 

However, the doping technique does not provide 

metal localization on the surface of the PCM. As a result, 

during repeated cycling of electrochemical capacitors, 

metal atoms are removed by the electrolyte and the EC 

parameters become worse. In order to prevent this 

phenomenon, we carried out additional treatment of the 

doped PСM by irradiation with a neodymium laser 

operating in a pulsed mode. 
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Fig.7. Dependence of the specific capacitance of the 

electrolyte/Mn-doped PCM system on the amount of 

manganese introduced before (a) and after (b) laser 

irradiation. 

Laser irradiation leads to a reduction in the size of 

such fragmentary formations in the PCM matrix, which 

makes it possible to doping with more metal without 

blocking the pores of the developed PCM surface. As a 

result of irradiation with laser pulses, the maximum 

specific capacitance is shifted toward higher metal 

fractions (Fig. 7, b). 

The decrease in the size of the "metallic" fragments 

should obviously be accompanied by a certain decrease in 

the electron density at the Fermi level. 

The distribution of individual elements in the depth of 

the sample was determined for three types of samples in 

which chromium and manganese were incorporated. Fig. 

8 shows a typical profile of element distribution in the 

samples of PCM doped with manganese to the level of 

0.5 wt. %. 

In Fig. 8, the etching time is proportional to the 

etching depth, and the shape of the obtained dependence 

at the qualitative level reflects the concentration 

distribution of elements by thickness in the near-surface 

region. 

Due to the etching speed, the surface layers with a 

thickness of no more than 50-100 nm are available for 

analysis with an analysis time of about 7200 s. 

As can be seen from Fig. 8, a, the distribution of 

manganese over the depth of the sample is quite irregular. 

An increase in the amount of manganese introduced above 

0.5 wt. % leads to the fact that the signal intensity from 

manganese becomes greater than the signal intensity of 

carbon and oxygen. Therefore, we do not present the other 

profiles, although they, similarly to the profile in Fig. 8, a, 

there is an uneven distribution of manganese.  

Laser irradiation (E = 0.1 J/cm2, τ = 15 ns, pulse 

repetition rate f = 56 Hz, irradiation time 180 s) leads to a 

significant redistribution of the analyzed elements along 

the depth of the sample (Fig. 8, b). In particular, the depth 

hm, which corresponds to the main maximum of the 

manganese distribution profile, practically does not 

change when the sample is irradiated. At the same time, 

manganese atoms both from the near-surface region х< hm 

and from a depth greater than hm are concentrated in the 

neighborhood of hm. In addition, laser irradiation leads to 
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Fig.8. Depth distribution profile of C, O, Mn elements of manganese-doped PCM depending on the etching time t for 

non-irradiated (a) and irradiated (b) samples. 



I.M. Budzulyak, L.S. Yablon, M.M.Khemii, V.O. Kotsyubynsky, B.І. Rachiy, R.V. Ilnytskyi, R.I. Kryvulych 

 408 

a slight appearance of oxygen compared to the non-

irradiated sample, and then only in the region of the 

maximum intensity of the manganese peak, which may be 

due to the formation of MnxОy oxide [12].  

As for samples of chromium-doped nanoporous 

carbon, studies by other methods have shown that the 

dielectric constant in such samples increases several 

times, which leads to an increase in the background of the 

useful mass spectrum signal as a result of electrification of 

the sample surface. Therefore, it was impossible to obtain 

high-quality mass spectra of laser-irradiated samples with 

a chromium content exceeding 0.1 wt. %. 

Conclusions 

1. The optimal method for producing carbon electrode 

material for electrochemical capacitors from plant-based 

raw materials (fruit pits) is hydrothermal treatment at high 

pressure (6  8)·105 Pa. Additional thermal vacuum 

annealing of the resulting activated carbon at a 

temperature of 723-743 K in a chamber with a residual 

pressure of no more than 1.33 Pa for 60-70 minutes 

increases the specific capacitance of the corresponding 

capacitors by 10-15 % due to the desorption of 

uncontrolled impurities from the formed pores.  

2. The total capacitance of the non-doped 

PCM/electrolyte system is a component of two 

capacitances - the PES capacitance (94 - 97 %) and the 

pseudocapacitance (6 - 3 %). The increase in the specific 

capacitance of electrochemical capacitors based on 

chemically modified activated carbon is due to an increase 

in the contribution of these components by 88 - 92 % and 

12 - 8 %, respectively. On the basis of doped activated 

carbon material, laboratory samples of ECs were formed 

in 2525-size cases, the maximum specific capacitance of 

which is 150 F/g for aqueous electrolyte (30% solution of 

KOH in water). 
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І.М. Будзуляк, Л.С. Яблонь, М.М. Хемій, В.О. Коцюбинський, Б.І. Рачій,  

Р.В. Ільницький, Р.І. Кривулич 

Стимуляція процесу легування металами нанопористого вуглецевого 

матеріалу лазерним опроміненням 

Прикарпатського національний університет імені Василя Стефаника, Івано-Франківськ Україна, 

ivan.budzuliak@pnu.edu.ua 

Встановлено, що легування активованого вуглецевого матеріалу хромом і марганцем збільшує питому 

ємність пристроїв накопичення заряду, що працюють за принципом заряду-розряду подвійного 

електричного шару (ПЕШ), на ~70 % та призводить до зменшення їх внутрішнього опору на 30-35 %. 

Основною причиною такого зростання є трансформація енергетичного спектру електронів за рахунок 

збільшення густини електронних станів, в результаті чого значно більша кількість іонів електроліту 

(насамперед, позитивних) приймає участь у формуванні ПЕШ і зумовлює ріст питомої ємності даних 

пристроїв. Показано, що лазерне опромінення стимулює проникнення металів у об’єм вуглецевого 

матеріалу. 

Ключові слова: нанопористий вуглецевий матеріал, легування, хром, марганець, лазерне 

опромінення. 
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