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Abstract 
Objectives: This study investigates the magnetic and dielectric properties of nanocomposites composed of cobalt ferrite 
(CoFe2O4) nanoparticles embedded in a polyvinyl alcohol (PVA) matrix.
Experimental: CoFe2O4 nanoparticles were synthesized via a sol-gel auto-combustion method and subsequently calcined 
at 600 and 900 °C. X-ray diffraction results indicated that increasing the calcination temperature from 600 to 900 °C led 
to an increase in crystallite size from 23.3 nm to 48.5 nm. This was accompanied by an enhancement in saturation 
magnetization (Ms) from 68.7 emu/g to 81.3 emu/g and a decrease in coercivity (Hc) from 1150 to 860 Oe.
Conclusions: Most importantly, the PVA/CoFe2O4 composites exhibited enhanced dielectric properties compared to pure 
PVA. At 100 Hz, the dielectric constant (ε′) of the composite increased from approximately 18 (for PVA/CF600) to 42 (for 
PVA/CF900), values significantly higher than that of pure PVA, which was approximately 9. This enhancement highlights 
a synergistic effect between the ferrite nanoparticles and the polymer matrix, opening possibilities for designing composites 
with tunable dielectric responses for applications such as embedded capacitors and electromagnetic wave absorption 
devices.
Keyword: Cobalt ferrite, Nanocomposites, Polyvinyl alcohol (PVA), Magnetic properties, Dielectric constant, Optical band 
gap, Sol-gel
For citation: Saeed N. A., Hussain W. A., Ismail M. M., Al-Slivani M. M. Tunable magnetic, dielectric, and optical properties 
of cobalt ferrite/PVA nanocomposites: Effect of nanoparticle calcination temperature. Condensed Matter and Interphases. 
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1. Introduction
Polymeric magnetic nanocomposites are 

of great scientific and technological interest 
since they can incorporate the inherent physical 
and chemical strength of organic polymers and 
gain the magnetic properties that are peculiar 
to nanoparticles [1–3]. These materials have 
benefits compared to traditional composites such 
as superior mechanical, thermal, and electrical 
characteristics and controllable magnetic 
action. Their versatility allows them to be used 
in a wide range of industries including water 
purification, medicine, dentistry, energy storage, 
environmental remediation, and delivering drugs 
[4–11]. Nanocomposites offer a promising field 
of study in the development of complex useful 
materials because particular design opportunities 
are offered through the incorporation of the 
magnetic nanoparticles in polymer matrices. 
Spinel ferrite nanocrystalline structures have 
received a lot of attention as they exhibit unique 
physical and chemical characteristics due to 
their surface effects and quantum confinement 
[12–17].

Cobalt ferrite (CoFe2O4) has been identified 
to be versatile and finds various uses including 
magnetic biosensing systems, drug delivery, and 
magnetic resonance imaging, alongside other 
magnetic ferrites. These nanoparticles can also be 
incorporated with polymers in nanocomposites 
with the magnetic particles being embedded in a 
non-magnetic matrix to make a soft ferrite system. 
This incorporation adds functional attributes to 
the material, and the material can be used in 
advanced biomedical and electronic gadgets [18]. 
The process of calcification of nanoparticles is 
effective in affecting the magnetic properties, 
particularly for those containing iron oxide, 
cobalt, nickel, and their compounds because of 
its explicit influence on the size and distribution 
of the nanoparticles by taking into account 
the changes that take place during the steps of 
nucleation and growth [19].

Magnetic characteristics are greatly affected 
by the size of the nanoparticles and changes 
in size distribution by modifying some of 
the parameters, including the coercivity (Hc), 
remanent magnetization (Mr), and saturation 
magnetization (Ms). Moreover, the surface and 
interface properties of the nanoparticles might 

be changed during the calcification process 
which in turn alters the magnetic behavior of 
the nanoparticles in addition to the above-
mentioned processes; the surface oxidation, 
surface reconstruction, spin disorder, and 
magnetic coupling processes taking place on 
the surface of nanoparticles are all related 
to the calcification process, which is closely 
related them [20]. The calcification process 
is also accompanied by phase transitions 
and alterations in the crystalline structure of 
magnetic nanoparticles as is found with the phase 
transition of iron oxide maghemite or hematite 
into maghemite or hematite, respectively, in the 
presence of heat [21].

Nanoparticles grow in a directed manner 
during the calcification process resulting in 
different magnetic properties with the magnetic 
moments existing along the crystallographic 
directions. Conversely, conditioning creates 
defects and disturbances on the magnetic 
properties. E.g., lattice vacancies, dislocations, 
grain boundaries, which are created during the 
calcination process influence the magnetic field 
structure, the rotational process and the magnetic 
relaxation process of the magnetic nanoparticle. 
The calcification process influences the thermal 
stability and coercive strength and also promotes 
crystallization and granular development. 
The calcification process is regarded as an 
essential and significant action in enhancing the 
characterization of magnetic nanoparticles to 
be used in numerous applications like magnetic 
recording, magnetic sensors, and biomedical 
imaging among others because it is attained by 
enhancing the magnetic parameters [22–34].

PVA cobalt ferrite composites have already 
been prepared and investigated. As an example, 
Rashidi et al., 2016 [35] prepared the composite by 
mechanical alloying, which resulted in magnetic 
properties according to milling time. On the same 
note, Garcias-Cerda et al. (2007) [36] also made 
composite films and showed the reliance of their 
characteristics on the concentration of ferrite. 
The current work is characterized by the emphasis 
it placed on the pre-calcination temperature 
of the ferrite nanoparticles on the ultimate 
characteristics of the composite, a factor that has 
not been fully elaborated in the previous works. 
We show that the temperature of calcification can 
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be employed as an accurate means of modulating 
the dielectric constant of the composite.

This research is important as it provides 
valuable insights into how calcination temperature 
affects the magnetic and dielectric properties 
of cobalt ferrite nanoparticles embedded in a 
polyvinyl alcohol matrix. Understanding these 
effects is crucial for improving the performance 
of nanomaterials in a variety of applications, 
including sensors, magnetic storage, and 
biomedical devices. The study helps us to better 
understand how to optimize the properties 
of these nanocomposites, offering potential 
solutions for advanced technological and medical 
uses.

2. Experimental
Using an aqueous solution of cobalt nitrate 

and iron nitrate, with citric acid as a fuel, an 
ammonia solution was added until a pH of 7 
was attained in the sol–gel auto combustion 
process. The mixture of metal nitrates and fuel 
(often in a molar ratio of 1:2:3). This mixture 
was heated to 80 °C on a magnetic stirrer while 
being continuously stirred to generate a viscous 
gel. After two hours of heating at 150 °C the gel 
undergoes self-propagating combustion that 
enabling the formation of ferrites. The resulting 
loose powder was thoroughly crushed and then 
calcined at 600 and 900 oC.

PVA granules (20 g) was added slowly to 100 ml 
of distilled room temperature water while stirring 
to prevent clumping. For complete dissolution, 
the solution put on a heated plate of magnetic 
stirrer at temperature 60 to 80 °C. The solution 
was held at this temperature for approximately 
five to seven hours to ensure full solubilization, 
by which point it turned transparent. 

X-ray diffraction (XRD) was used to analyze 
the crystalline structure of the prepared powders 
using a Shimadzu XRD-6000 diffractometer 
with a voltage of 40 kV and a current of 30 mA, 
with CuKa (1.5406 Å) radiation. The scan was 
carried out in the 2θ (20–80)° range. A JEOL 
JSM-6390LV Scanning Electron Microscope 
(SEM) was used to find out the morphology and 
the particle size. The Brunauer–Emmett–Teller 
(BET) method of surface area determination was 
used on a Quantachrome NOVA 2200e surface 
area analyzer to determine the specific surface 

area of the powders. Measurement of magnetic 
properties at room temperature was done with a 
Lake Shore 7404 Vibrating Sample Magnetometer 
(VSM). The dielectric characteristics of the PVA/
CoFe2O4 composites were measured at a frequency 
of 100 Hz to 5 MHz on Agilent 4284A Precision 
LCR meter.

The experimental conditions were carefully 
selected based on established chemical principles 
and previous studies to ensure the synthesis of 
high-quality nanoparticles. The pH was adjusted 
to 7 to ensure the complete precipitation of 
metal ions and the formation of a homogeneous 
gel, which is optimal for the hydrolysis and 
condensation reactions in the sol-gel method. 
The 1:2:3 molar ratio of Co/Fe/fuel was chosen to 
provide a sufficient amount of fuel (citric acid) for 
a complete auto-combustion process, promoting 
the formation of the pure spinel phase while 
minimizing secondary phases. The calcination 
temperatures of 600 and 900 °C were selected to 
study the effect of the structural evolution from a 
nanocrystalline phase (at 600 °C) to a more well-
defined crystalline structure (at 900°C) on the 
final properties of the nanocomposite.

A deliberate two-step methodology was 
employed to fundamentally understand the 
relationship between the nanoparticle filler and 
the final composite material. First, the standalone 
cobalt ferrite (CoFe2O4) powder was characterized 
(via XRD, SEM, BET) to establish its intrinsic 
properties (crystallite size, morphology, surface 
area) and their dependence on calcination 
temperature. These baseline properties are 
critical as they govern the subsequent behavior 
of the nanoparticles. Second, these well-
characterized nanoparticles were embedded into 
the polyvinyl alcohol (PVA) matrix to investigate 
the composite’s properties. The role of PVA is 
not passive but critical to the measurements. 
For the magnetic characterization (VSM), the 
PVA matrix acts as a separator, preventing 
nanoparticle agglomeration. This allows for the 
measurement of the magnetic response of largely 
isolated particles, thus providing a more accurate 
reflection of the size-dependent effects. For the 
optical measurements (UV-Vis), the measured 
band gap is a property of the composite system as 
a whole, arising from the electronic interactions 
between the ferrite filler and the polymer matrix. 
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Therefore, PVA is not merely a transparent 
medium but an active component that influences 
the final optical properties of the system.

3. Results and discussions 
Fig. 1 shows the XRD results of the cobalt 

ferrite nanoparticles as-dried particles obtained 
at different temperatures (room temperature, 600, 
and 900 oC). XRD verified that the synthesized as-
prepared and calcined CoFe2O4 were their crystal 
structure face-centered cubic (FCC) and phase 
identification with JCPDS card no. 22-1086 as 
shown in Fig. 1. The XRD analysis indicates that 
the result mostly indexed to CoFe2O4 with the 
miller indices of the reflection planes of (220), 
(311), (222), (400), (422), and (511). This pattern 
was also validated by previously studies [25, 26].

In comparison to the pure ferrite sample, the 
XRD peaks are wider, and this is correlated with 
the size of the nanocrystallite. As demonstrated 
in Fig. 1, calcination was carried out to eliminate 
secondary phases and remove internal stress that 
accompanying with the preparation of nanocobalt 
ferrite. When cobalt ferrite is calcined, the highest 
peak associated with the (311) plane which 
exhibits a higher diffraction angle increases 
with calcination as shown in Fig. 1. Also, Fig. 1 
clearly illustrates shift of the highest peak (311) 
towards to higher 2θ angles, which suggests 
that there is a change in lattice constant with 

rising calcined temperature. When the calcined 
temperature reaches 600 °C, the peaks in the XRD 
pattern for CoFe2O4 become sharper, and their 
FWHM (full width at half maximum) decreases, 
indicating an increase in crystallite size. Based on 
the Williamson Hall (W-H) plot [27–29] (Fig. 2), 
the crystallite size and strain of the prepared 
CoFe2O4 are 44 nm and 0.00133 respectively. As 
seen in Fig. 2, it is observed that the crystallite 
size and strain also changes with the calcined 
temperature. 

The crystallite size increased from 44 nm 
at room temperature to 56.68 and 73.1 nm at 
600, and 900 °C as shown in Table 1. The growth 
of crystal size is attributed to the calcination 
process. This growth causes internal strains 
within the material. Due to differences in thermal 
expansion rates and grain boundaries, the 
characteristics of cobalt ferrite changed as the 
calcination temperature increased. The resulting 
lattice constants (a) of all powders are displayed 
in Table 1. It is evident that as the calcined 
temperature increased, the lattice constant 
increased. Thermal expansion of the crystal 
lattice resulted from increasing temperature, 
causing an increasing in the lattice constant. The 
X-ray density (ρx) results are illustrated in same 
Table. A slight decrease in X-ray density value 
is indicated with increasing temperatures. This 
result may be attributed to changes in crystal size 

Fig. 1. XRD of CF (a) at room temperature, calcined at 600 and 900 °C
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Fig. 2. W-H plot of CF at room temperature, calcined at 600 and 900 °C

and lattice parameters. Surface area per unit mass 
is called specific surface area (S) and its results 
are also listed in Table 1. The specific surface area 
values of room temperature and calcined powders 
have been reported to range between 26.1–15.6 
(m2/gm) as the calcined temperature increases. 

This reduction is attributed to crystal size 
growth and particle agglomeration. In addition, 
the calculated values of hopping lengths for 

A-site (LA) and B-site (LB) are listed in Table (1). 
The hopping lengths of A-site and B-site are 
influenced by temperature. LA and LB were 
increased due to an expanding lattice parameter 
because of thermal expansion in which greater 
spacing between ions. The results of ionic radii 
(rA) and (rB) depending on oxygen positional 
parameter µ (= 0.0375 nm) and its radius of 
0.135  nm are given in Table 1. Increasing 
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the calcination temperature of cobalt ferrite 
(CoFe2O4) leads to a larger ionic radius due to the 
expansion of the lattice. The packing factor (P) is 
a measure of how efficiently atoms are arranged 
in a crystal structure. The value of packing factor 
increases with higher calcination temperature 
due to enhanced crystallinity and particle growth 
as shown in Table 1. This growth leads to improve 
bulk density and higher packing factor, which 
is attributed to the heating of nanoparticles. 
The angle and the distance between atoms was 
determined with the help of the analysis using 
the HighScore Expert software. Also, the same 
program produced the Texture Coefficients 
and they were calculated using the following 
relationship provided in Equation [30, 31]: 

d h a k b l chkl = + +1 2 2 2 2 2 2/ (( / ) ( / ) ( / )) . 	 (1)

Where I0 is the identified phase’s XRD peak 
intensity, the peak intensities for all XRD are I1, 
I2, … In. 

FESEM images of CF nanoparticles annealed 
at various temperatures are displayed in Fig. 3. 
Images taken at room temperature showed that 
the fine particles were clumped together and had 
a spherical form. Due to the significant volume 
of gases released during combustion, pores or 
cavities were visible in the photographs of every 
sample. The porous network shown in Fig. 3 is 
a confirmed finding that is closely related to 
those powders prepared by combustion. As seen 
in Fig. 3, the nanoferrite particle size increased 
with the calcined temperature. At 900 °C, it is 
about 57.32 % (= 900/1570) of CoFe2O4 melting 
point (1570 °C), it is seen that the particle 

developed from separated single nanoparticles to 
compact nanoparticle granules. The micrometric 
aggregation shown in Fig. 3 can be explained by 
the occurrence of interaction between magnetic 
particles, especially at high temperatures, which 
could be primarily responsible for the occurrence 
of agglomerations [32–33]. Therefore, these 
nanoparticles exploit the thermal energy resulting 
from the calcination process to agglomerate, 
which results in the formation of larger granular 
particles. Fig. 4 displays the UV spectra of the 
PVA and PVA/CF composite. PVA’s absorbance 
spectrum exhibits a distinctive peak at 200 nm 
that is related to the remaining acetate groups 
[34]. With a minor band position variation, the 
CF embedded PVA solutions exhibit every band 
seen in neat PVA and CF. As a result, the UV‑vis 
spectra revealed relatively little absorbance in the 
visible wavelength range and primarily in the UV 
region. Using the Tauc plot as shown in Fig. 5, the 
energy gap for the PVA was found to be 3.87 eV, 
whereas it dropped to 3.1 eV for the PVA/CF 
composite where the cobalt nanoferrite was 
calcinated at 600 °C. As the degree of calcification 
of the ferrite increased, the energy gap began to 
increase, reaching 3.33 eV at 900 °C as shown in 
Fig. 6. Increasing the degree of calcination can 
cause significant changes in the crystal structure.

At low degrees of calcination, the degree 
of agglomeration in the nanoparticles is high, 
with crystallization being incomplete (as shown 
in Fig. 1 (XRD)), which leads to limiting the 
role and effectiveness of these nanoparticles. 
These obstacles can be overcome by increasing 
the degree of calcination, which in turn leads 

Table 1. Crystallite size D, strain, lattice constants (a), X-ray density (ρX), Specific area (S), the hopping 
lengths for A-site (LA) and B-site (LB), packing factor (p), and the tetrahedral (rA) ionic radii and 
octahedral ionic radii (rB)

Samples CF1 CF600 CF900
Crystallite size D (nm) 44.001 56.681 73.123
Strain 0.001338 –0.00005 0.00127
Lattice constant a (Å ) 8.374 8.404 8.420
X-ray density ρx (g/cm3 ) 5.306 5.268 5.219
Specific area (S) (m2 /gm) 26.125 19.914 15.615
LA (Å

 ) 3.646 3.626 3.634
LB (Å) 2.977 2.961 2.967
rA(Å) 0.463 0.467 0.473
rB (Å) 0.743 0.748 0.755
packing factor (p) 17.421 22.413 28.912

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2026;28(1): 3–14

Noor A. Saeed et al.	 Tunable magnetic, dielectric, and optical properties of cobalt ferrite/PVA nanocomposites...



9

Fig. 3. Field Emission Scanning electron microscopy (FESEM) of CF at room temperature, calcined at 600 and 
900 °C
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to an increase in the energy gap due to the 
phenomenon of quantum confinement. On the 
other hand, increasing calcination can affect 
the surface chemistry, as it leads to the removal 
of contaminants and surface defects such as 
oxygen vacancies, thus increasing the energy 
gap. Hysteresis loops (M-H curves) for PVA/CF 
composites are displayed in Fig. 6. The loops show 
saturation at 10000 Oe applied field. While the Hc 
values were noticeably high, the Ms and Mr values 
are low, most likely due to the influence of the 
small particle size. As the calcination temperature 
of cobalt ferrite increased, the saturation and Fig. 4. UV-Vis spectra of PVA and PVA/CF composites

Fig. 5. Tauc plot of PVA and PVA/CF composites Fig. 6. M-H loop of PVA/CF composites
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remnant magnetizations increased, while the 
coercivity decreased, as shown in Fig. 6. Calcination 
improves the crystallinity and intermolecular 
interaction of ferrites, where the crystallized 
materials mean a more efficient alignment of 
magnetic moments within the crystalline lattice, 
leading to higher magnetization. Also, calcination 
can reduce structural defects such as vacancies, 
dislocations, and grain boundaries in the CF that 
disrupt the alignment of magnetic moments. 

The calcination of CF at high temperatures 
resulted in minimized defects. Together, these 
factors provide calcined ferrite materials with 
their improved magnetic characteristics and 
increased magnetization. The reduction of 
internal stresses, enhanced crystallinity, reduced 
structural defects, and composition optimization 
brought about by the calcination process are 
responsible for the overall decrease in coercivity 
seen with calcined CF. The effect of calcination 
temperature on the dielectric constant (ε) and 
dielectric loss of CF is shown in Fig. 7 and 8. The 
Fig. 7 shows the decrease of ε with increasing 
frequency and it increase with increasing degree 
of ferrite calcination. The Fig. 7 also shows 
that the dielectric constant of the PVA/CF600 
composite appeared higher than that of the 

pure PVA, and its value increased more when the 
degree of calcination of the ferrite increased to 
900 oC (PVA/CF900). 

Table 2 summarizes the key magnetic 
parameters derived from the hysteresis loops 
for all samples. As indicated in the table, the 
saturation magnetization (Ms) exhibits a clear 
increase with rising calcination temperature, 
from 55.3 emu/g for the as-prepared sample 
(PVA/CFRT) to 81.3 emu/g for the sample treated 
at 900 °C (PVA/CF900). This enhancement is 
attributed to the improved crystallinity and 
growth of the nanoparticles. In contrast, the 
coercivity (Hc) decreases from 1350 to 860 Oe. 
This reduction is a typical behavior for ferrite 
nanoparticles as they grow larger and transition 
from a single-domain to a multi-domain magnetic 
structure. 

The inhomogeneous microstructure and the 
superexchange connections are attributed to the 
dielectric behavior. The ascent and descent of the 
dielectric constant are significantly influenced by 
the grain boundaries. Furthermore, it was shown 
that the grain boundaries are more effective at 
lower frequencies. The grain effect in dielectric 
medium prevails at low frequency because the 
grain boundaries are low conductivity, while 

Table 2. Magnetic parameters of the PVA/CoFe2O4 nanocomposite samples

Sample Saturation Magnetization (Ms) (emu/g) Coercivity (Hc) (Oe) Remanence (Mr) (emu/g)

PVA/CFRT 55.3 1350 23.4
PVA/CF600 68.7 1150 28.5
PVA/CF900 81.3 860 22.1

Fig. 7. Dielectric constant of PVA and PVA/CF com-
posites

Fig. 8. Dielectric constant of PVA and PVA/CF com-
posites
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the grains are conductive. Because of the charge 
carriers, polarization becomes much slower in 
the high-frequency region when an AC field is 
applied. The reason for this result is that the 
particle suffers changes from separated single 
particles to compact nanoparticle granules. As 
frequency increases, dielectric loss decreases 
as seen in Fig. 8, where the interface that 
separates conductive from insulating nature 
plays a significant role. This is shown by the fact 
that PVA/CF nanocomposites exhibit a higher 
dielectric loss than the PVA, which could be 
attributed to the micro-mechanical stress, and 
effect of surface depolarization domain wall. The 
low conductivity and dielectric loss in pure PVA is 
due to the amorphous nature of the surface, which 
can be avoided by charge transfer from the ligand 
to the metal added in the PVA chain, which leads 
to increased packing density and probabilistic, 
which supports dielectric behavior.

The observed increase in the dielectric constant 
of the composite with higher ferrite calcination 
temperature is a highly desirable property for 
numerous technological applications. Materials 
with a high dielectric constant are required for the 
fabrication of embedded capacitors in electronic 
devices, as they allow for storing more energy in 
a smaller volume. They also play a critical role 
in microwave absorption and electromagnetic 
interference (EMI) shielding applications, where 
the material’s ability to store electrical energy 
contributes to the dissipation of unwanted 
electromagnetic wave energy. The ability to tune 
the band gap of the composite opens doors for 
applications in optoelectronics. For instance, a 
material with a tunable band gap could be used 
in photosensors or in photocatalysis, where 
the band gap value determines the wavelength 
of light the material can efficiently absorb and 
interact with. The increase in the band gap we 
observed could enhance the material’s stability 
under high electric fields and reduce leakage 
currents in electronic devices.

4. Conclusion
The investigation into the magnetic and 

dielectric properties of cobalt ferrite (CoFe2O4) 
nanoparticles embedded in a polyvinyl alcohol 
(PVA) matrix under varying calcination 
temperatures has demonstrated the significant 

influence of thermal treatment on the material’s 
properties. The study showed that increasing 
calcination temperature from room temperature 
to 900 °C enhances the crystallinity and 
magnetic characteristics of the nanocomposite. 
The crystallite size increased, and structural 
defects were minimized, leading to improved 
magnetization and reduced coercivity. Notably, 
the dielectric constant and loss also exhibited 
a temperature-dependent enhancement, with 
higher calcination temperatures contributing to 
superior material performance. These findings 
underline the critical role of the calcination 
process in optimizing the magnetic and dielectric 
behavior of PVA/CoFe2O4 composites for potential 
applications in areas such as energy storage, 
biomedical imaging, and magnetic sensors. 
Furthermore, the study highlights the synergistic 
effect between the polymer matrix and magnetic 
nanoparticles, offering an insight into the design 
of advanced nanocomposites with tunable 
properties. Thus, the research opens avenues for 
further exploration into the tailoring of magnetic 
and dielectric properties in nanocomposite 
systems for specialized applications. 
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Abstract 
Objectives: Nanocomposite films based on Ag-Si compounds have application in many areas of science and technology. 
However, their manufacturing process can be accompanied by the formation of silicides and metastable phases. In this 
connection, the task of developing methods for their identification arises. In this work, we attempted to solve this task 
using X-ray diffraction, ultra-soft X-ray emission spectroscopy, and theoretical calculations of the electron density of states 
for an Ag55Si45 film obtained by ion-beam sputtering of a composite target. 
Experimental: As a result of comprehensive studies, a nanogranular structure of the film was revealed, with an average silver 
particle size of ~15 nm, separated by a matrix based on phases of amorphous silicon a-Si, SiO2, and suboxide SiO1.3, as well 
as a silver silicide phase. A comparison of the experimental Si L2.3 X-ray emission spectrum of the Ag55Si45 film with 
theoretically calculated spectra of the AgSi3, Ag2Si, and Ag3Si phases shows the best agreement with the spectrum of the 
Ag2Si phase. Moreover, the Ag2Si phase was detected in the works of other authors.
Conclusions: Thus, based on X-ray diffraction, X-ray emission spectroscopy, and theoretical calculations of the electronic 
density of states, it has been established that a metastable Ag2Si phase is formed in the Ag55Si45 film produced by ion-beam 
sputtering.
Keywords: Metastable Ag-Si-based phases, AgSi3, Ag2Si, Ag3Si, silver silicides, ion-beam sputtering, Ultra-soft X-ray emission 
spectroscopy (USXES), Electronic density of states (DOS)
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Introduction
Ag-Si nanocomposite films are currently used 

in the fabrication of SERS substrates (Surface-
enhanced Raman spectroscopy) [1–6], plasmonic 
reflectors [7, 8], anodes for lithium-ion batteries 
[9, 10], memristor structures [11–21], as well as 
electrical synapses for neuromorphic systems 
[22–24]. At the same time, the phase diagram of 
the Ag-Si system is of the eutectic type, which 
should lead to the formation of silver and silicon 
particles [25]. However, during the formation 
of nanostructured Me-Si films by methods 
characterized by the high energy of sputtered 
particles, the formation of metastable compounds 
[26, 27] and solid solutions, such as Ag2Si [28–30], 
is possible. Furthermore, databases also contain 
information about theoretically calculated phases 
of silver silicide AgSi3 and Ag3Si [31, 32], as well 
as data on the formation of compounds with 
an unknown crystal structure in works [33, 34]. 
Based on this, it becomes necessary to investigate 
the possibility of forming metastable phases 
of silver silicides in Ag-Si films. Therefore, this 
work employs the method of ultra-soft X-ray 
emission spectroscopy to identify the phases of 
silver silicide in an Ag55Si45 film obtained by ion-
beam sputtering.

2. Methods
2.1. Method of obtaining Ag-Si film by ion-
beam sputtering

An Ag55Si45 film with a thickness of about 1 μm 
was deposited on a Si (100) substrate of KDB-
12 grade by ion-beam sputtering of a composite 
target made of pure Ag (99.99 %) and silicon pieces 
of Si (KDB-12). To form a film with the required 
atomic composition – Ag55Si45, silicon pieces 10 
mm wide were placed on the surface of a silver 
plate with an 18 mm gap. Deposition was carried 
out in a vacuum chamber (residual pressure 10-6 
Torr). The methodology for obtaining Ag-Si films 
by ion-beam sputtering is described in more 
detail in our previous work [35].

2.2. Research methods for structure and 
phase composition

The elemental composition of the film was 
determined by energy-dispersive spectroscopy 
(EDS) on a JEOL JSM-6380LV scanning electron 
microscope (SEM) equipped with an INCA Energy 
250 microanalysis system at a primary electron 
energy of 5 keV. This energy value was chosen to 
perform elemental analysis exclusively within the 
film volume. SEM imaging was performed at an 
accelerating voltage of 20 kV.

An analysis of the formation of crystalline 
phases in the Ag55Si45 sample was carried out by 
X-ray diffraction on a PANalytical Empyrean B.V. 
diffractometer with CuKα1,2 radiation λ = 1.542 Å.

The phase composition of the Ag55Si45 film 
was determined using a unique technique of 
ultra-soft X-ray emission spectroscopy (USXES), 
implemented on an RSM-500 spectrometer. The 
USXES method provides information on the 
distribution of Si 3s states in the valence band 
based on the Si L2.3 X-ray emission spectrum 
[36, 37]. As a result of the simulation of the 
experimental spectra, the USXES method allows 
for the identification of the presence of crystalline 
and amorphous silicon phases, as well as silicides 
and silicon oxides in the surface layers from 10 
to 120 nm [38].

2.3. The method for calculating the electron 
density of states in the valence band

The calculations of the electron density of 
states and the Si L2,3 X-ray emission spectra 
for the AgSi3, Ag2Si, and Ag3Si phases were 
carried out within the framework of density 
functional theory using the linearized augmented 
plane wave (LAPW) method. In this work, the 
calculations were performed using the PBE-
GGA generalized gradient approximation for 
the exchange-correlation energy in the Wien2k 
software package [39]. The crystal potential was 
constructed as a full potential, accounting for 
anisotropy, which allows the LAPW method to 
calculate compounds with directional covalent 
bonds, such as silicon-based compounds.
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3. Results and discussion
3.1. Analysis of the elemental and phase 
composition of the Ag-Si film

Analysis of the elemental composition of the 
Ag55Si45 film by energy-dispersive spectroscopy 
confirms the Ag:Si = 55:45 ratio. As a result of ion-
beam sputtering of a composite target based on Ag 
and Si under the specified conditions, the formed 
surface of the Ag55Si45 film has a continuous and 
homogeneous structure with uniform graininess 
and a characteristic grain size of 50–200 nm, 
as seen on the SEM image of the surface in Fig. 
1a. The film thickness is ~0.8 µm (Fig. 1b). The 
nanogranular structure of the pure silver film 
is explained by the specifics of the ion-beam 
sputtering technology, during which nanoclusters 
of the target material several nanometers in size 
are predominantly sputtered from the target; 
these nanoclusters possess sufficiently high 
energy upon reaching the substrate and can form 
metastable phases. Therefore, X-ray structural 
and X-ray spectral studies were conducted to 
analyze the presence of metastable compounds 
in the formed Ag55Si45 film.

Fig. 2a shows the X-ray diffraction patterns of 
the ion-beam Ag55Si45 film, pure Ag, polycrystalline 
silicon (poly-Si), and the silver silicide phases 
AgSi3, Ag2Si, and Ag3Si. The diffraction patterns 
of the AgSi3, Ag2Si, and Ag3Si phases were 
theoretically calculated using the Vesta program 
[40], based on the unit cells published in the 
Springer Materials [41] and Materials Explorer 
[31, 32] databases. The X-ray diffraction pattern 

of the Ag55Si45 film shows diffraction peaks at 
2θ = 37.98° and 64.35°, corresponding to the 
interplanar spacings d = 2.367 and 1.448 Å. 
These reflections are associated with the Ag 
(111) and Ag (220) crystallographic planes, 
respectively [ICDD (International Centre for 
Diffraction Data), PDF-2 Database, Card No. 
00-004-0783]. The Ag diffraction peaks in 
the Ag55Si45 film are significantly broadened 
(FWHM Ag (111) = 0.66 2θ deg.) compared to the 
corresponding peaks in the pure silver reference 
(FWHM Ag (111)  =  0.12  2θ deg.), indicating a 
small silver crystallite size, which, according 
to the Debye-Scherrer method [42], is ~15 nm. 
However, in the angular region of 39–40°, the 
Ag (111) reflection has a shoulder. Moreover, the 
decomposition of the Ag (111) reflection into 
the CuKα1,α2 doublet lines by Lorentz functions 
indeed reveals an additional reflection with an 
interplanar spacing of 2.314 Å (top inset in Fig. 2). 
The most intense reflections from the AgSi3, 
Ag2Si, and Ag3Si phase diffractograms are located 
in this angular region (Fig. 2). Furthermore, the Ag 
(200) reflection in the Ag55Si45 film is broadened 
more strongly compared to the Ag (111) and 
Ag (220) reflections, which is clearly seen from 
the β × cos θ vs. sin θ dependence (bottom inset 
in Fig.  2) constructed using the Williamson-
Hall method [43]. (The diffractogram of the 
Ag55Si45 sample, recorded over a larger angular 
range, is shown in Fig. S1 in the supplementary 
materials file). The large half-width of the Ag 
(200) reflection in the Ag55Si45 film may be due 
to the contribution of reflections from the AgSi3 
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and Ag2Si phases located in the angular region 
of 43–44°. Moreover, for the Ag55Si45 sample, the 
Williamson-Hall method, based on the universal 
deformation model (UDM) [43], reveals the 
presence of a microstrain of the crystal lattice 
of ~ 1.2 %, while the size of the Ag nanocrystals 
is ~ 11 nm, which is in good agreement with the 
Debye–Scherrer method.

The combination of such factors as the 
overestimated value of the full width at half 
maximum for the Ag (200) reflex, as well as the 
asymmetry of the Ag (111) diffraction reflex, 
with the detection of an additional reflex with an 
interplanar spacing value of 2.314 Å, may indicate 
the formation of AgSi3, Ag2Si, and Ag3Si phases in 
the Ag55Si45 film, whose most intense reflexes are 
located in the region of the considered Ag (111) 
and Ag (200) reflexes (Fig. 2). However, according 
to X-ray diffraction data, it is almost impossible to 
attribute the noted features to any specific silver 
silicide phase (AgSi3, Ag2Si, or Ag3Si). Therefore, 

for the unambiguous identification of the silver 
silicide phase formed in the Ag55Si45 film, X-ray 
emission Si L2.3-spectra will be obtained. However, 
due to the lack of published X-ray emission Si 
L2.3-spectra for the AgSi3, Ag2Si, and Ag3Si phases, 
theoretical calculations of the electronic density 
of states and X-ray spectra will be performed.

3.2. Calculation of the electron density 
of  states in the valence band of metastable 
compounds AgSi3, Ag2Si, and Ag3Si

To calculate the electronic density of states 
(DOS) for the AgSi3 phase, a tetragonal unit cell 
(Fig. 3a) with the space group symmetry (I4/
mmm, 139) and lattice parameters a = b = 4.16 Å, 
c = 7.38 Å, α = β = γ = 90° was used. The structural 
data and atomic coordinates (Table TS1) for 
the AgSi3 phase (I4/mmm, 139) were taken from 
the Materials Explorer database [31]. In AgSi3, 
silver atoms are located at the vertices of the 
tetragonal unit cell, and silicon atoms occupy 

Fig. 2. X-ray diffractograms of the Ag55Si45 film, reference standards of pure silver (Ag) and 
polycrystalline silicon (poly-Si), as well as silver silicides AgSi3, Ag2Si, and Ag3Si [31, 41, 32]. The top 
inset shows the X-ray diffractogram in the region of the Ag (111) reflection. The bottom inset presents 
the calculation of crystallite size and lattice microstrain using the Williamson–Hall method
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two nonequivalent positions, Si(1) and Si(2), with 
different distances to the nearest silver atom of 
2.78 and 2.94 Å, respectively. The DOS of the 
AgSi3 phase is mainly determined by the density 
of silver d-states, which are highly localized and 
have a maximum at ~ 5.5 eV below EF, as well 
as by the silicon s- and p-states (Fig. 3b). The 
DOS of the silicon atoms Si(1) and Si(2) in AgSi3 
is almost identical (Fig. 3c, e), with the highest 
density of s-states concentrated in the region of 
6–13 eV below EF, and p-states in the region of 
0–6 eV below EF with a maximum at -6 eV. Such 

a DOS is characteristic of higher transition metal 
silicides [44-46]. The difference in the partial 
DOS of the s- and p-states of the Si(1) and Si(2) 
atoms (Fig. 3d) is due to the difference in the 
local atomic environment. Fig. 3f shows the X-ray 
emission spectrum of the AgSi3 phase calculated 
by us, which was compared with the obtained 
experimental spectrum of the Ag55Si45 film.

The orthorhombic unit cell (Fig. 4a) with the 
space group (Cmcm, 63) and lattice parameters 
a = 5.56 Å, b = 9.16 Å, c = 8.49 Å, α = β = γ = 90° was 
used for the calculation of the DOS for the Ag2Si 

Fig. 3. Unit cell (a), partial and total densities of states for Si(n) atoms (c, d, e). Total DOS for Ag and AgSi3, as 
well as s-states for Si(n) atoms (b). Calculated X-ray emission Si L2.3-spectrum of the AgSi3 phase (I4/mmm, 
139) (f)
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phase. The structural data and atomic coordinates 
(Table TS2) for the Ag2Si phase (Cmcm, 63) were 
taken from the Springer Materials database [41]. 
In this unit cell, Ag atoms occupy three non-
equivalent positions: Ag(1) and Ag(3) atoms are 
located the farthest from the silicon atoms (3.09 
and 3.06 Å, respectively); Ag(2) atoms are located 
the closest to the Si atoms at a distance of 3.01 
Å. The total and partial DOS were calculated 
for each Ag(n) atom in the Ag2Si compound (Fig. 
4b, d, f). The DOS of each Ag(n) atom is mainly 
formed by d-states and contains four maxima: A 
(E ~ -2.8 eV), B (E ~ -3.5 eV), C (E ~ - 4.5 eV) and D 

(E ~ -5.7 eV). At the same time, for all Ag(n) atoms, 
a deviation in the intensity ratio and a shift of 
~ 1 eV towards low E values of the DOS maxima 
are observed compared to bulk FCC Ag (Fig. S2). 
These changes in the DOS of the Ag(n) atoms result 
from hybridization with each other (for example, 
in the case of Ag(3) atoms, mainly with Ag(2) atoms), 
as well as with silicon atoms, as can be seen 
from the DOS of the Ag(2) atoms, where peak B 
becomes the main one due to the hybridization 
of Ag d and Si s-states (Fig. 4d). The result of this 
hybridization is noticeably reflected in the partial 
DOS of Si s-states, where an intense peak appears 

Fig. 4. Unit cell (a), partial and total DOS for Ag(n) atoms (b, d, f), Si atoms (c), and the calculated X-ray emission 
Si L2.3-spectrum of the Ag2Si phase (Cmcm, 63) (e)
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at -3 eV (Fig. 4c). The presence of this peak is also 
observed in the calculated X-ray Si L2.3 emission 
spectrum of the Ag2Si phase (Fig. 4f).

For the calculation of the DOS for the Ag3Si 
phase, a hexagonal unit cell (Fig. 5a) with the 
space group symmetry (P-6m2, 187) and lattice 
parameters a = b = 2.94 Å, c = 9.22 Å, α = β = 90°, 
γ = 120° was used. The structural data and atomic 
coordinates (Table TS3) for the Ag3Si phase 
(P-6m2, 187) were taken from the Materials 
Explorer database [32]. In the unit cell of the Ag3Si 
phase, silver atoms occupy two non-equivalent 

positions, Ag(1) and Ag(2) (Fig. 5a). The DOS of both 
Ag(1) and Ag(2) atoms is localized in the region of 
2–8 eV below EF (Fig. 5c, e) and defines the total 
density of states of the Ag3Si phase. However, 
due to the close proximity of Ag(1) atoms to 
silicon atoms (2.77 Å), their partial DOS differs 
most significantly from that of bulk silver with 
an FCC structure (Fig. 5c and Fig. S2) and has a 
main maximum at -3 eV. At the same time, the 
Ag(2) atoms in the Ag3Si phase are located in the 
same layer and are surrounded by silver atoms, 
which results in a DOS character close to that of 

Fig. 5. Unit cell (a), partial and total DOS for Ag(n) atoms (c, e) and Si atoms (d). Total density of states for Ag3Si 
and Si (b), calculated X-ray emission Si L2.3-spectrum of the Ag3Si phase (P-6m2, 187) (f)
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bulk Ag (Fig. 5e). The Si 3p DOS is concentrated 
in the region from 0 to –8 eV and has a maximum 
at -6 eV (Fig. 5d). The density of s-states of Si 
atoms in Ag3Si is mostly concentrated in the 
range of 6–12 eV below EF with a maximum at 
~ -7.5 eV (Fig. 5d). Furthermore, the s-states have 
an additional maximum at ~ –3–3.5 eV, caused 
by hybridization with d-states, which is clearly 
manifested in the calculated X-ray Si L2.3 emission 
spectrum (Fig. 5f).

Thus, using the linearized augmented plane 
wave method, the Si L2.3 X-ray emission spectra 
for the AgSi3, Ag2Si аnd Ag3Si phases were 
theoretically calculated, reflecting the partial 
density of electronic s-states. The spectra of 
all silver silicides have two distinct intensity 
maxima at ~ 7–8 eV (the main maximum) and at 
~ 2–3 eV below EF. The presence of the low-energy 
maximum is due to the result of hybridization of 
Si s and Ag d-states. To compare the calculated Si 
L2.3 X-ray emission spectra with the experimental 
ones obtained by the USXES method, their energy 
scales were aligned taking into account the Si 2p 
level binding energy of 99.9 eV [47].

3.3. Identification of silver silicides in Ag-Si 
film by USXES

Fig. 6a presents the ultrasoft X-ray emission 
Si L2.3-spectra of the Ag55Si45 film obtained at an 
analysis depth of 60 nm (black dots). To identify 
the formation of the silver silicide phase in the 
Ag55Si45 film, computer simulation of the X-ray 
emission Si L2.3-spectrum was performed based 
on reference spectra. The theoretically calculated 
spectra of silver silicides AgSi3, Ag2Si, and Ag3Si, 
as well as the spectra of amorphous silicon a-Si, 
dioxide SiO2, and suboxide SiO1.3 of silicon (Fig. 6b) 
were used as reference spectra, the presence of 
which in Ag-Si films is possible according to 
previous studies [35]. The simulation of the X-ray 
emission Si L2.3-spectrum of the Ag55Si45 film was 
performed three times, using only one spectrum 
of silver silicide AgSi3, Ag2Si, or Ag3Si, as well as 
the spectra of the a-Si, SiO2 and SiO1.3 phases in 
the ratio that best describes the experimental 
spectrum according to the method [38]. Simulated 
spectra obtained using the AgSi3, Ag2Si, and Ag3Si 
standards are presented in Fig. 6a as green, red, 
and blue lines, respectively, and the simulation 

Fig. 6. X-ray emission Si L2.3-spectra of the Ag55Si45 film obtained at an analysis depth of 60 nm, as well as 
spectra obtained through computer modeling (a). Spectra of reference standards: silicon suboxide (SiO1.3), 
silicon dioxide (SiO2), amorphous silicon (a-Si), and theoretically calculated spectra of silver silicides (AgSi3, 
Ag2Si, and Ag3Si). The experimental spectrum is represented by dots, the model – by solid lines of various col-
ors (b)
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results are given in Table 1. It can be seen from Fig. 
6a that the simulation using the AgSi3 spectrum 
(green curve) fails to describe the experimental 
spectrum of the Ag55Si45 film in the region of the 
main maximum (89–93 eV), as well as near the 
top of the valence band (96–98 eV). At the same 
time, this simulation variant reveals about 15 % 
of the AgSi3 phase in the Ag55Si45 film (Table 1). At 
the same time, the simulated spectrum using the 
Ag2Si standard allows to describe all the features 
of the experimental spectrum (Fig. 6a, red curve) 
and reveals about 30  % of the Ag2Si phase in 
the Ag55Si45 film (Table 1). Using the reference 
spectrum of the Ag3Si phase for simulation also 
reveals a fairly high content of this silver silicide 
(35 %); however, the simulated spectrum has a 
higher intensity in the region of 89–92 eV relative 
to the experimental one, which does not allow 

this model to be considered reliable (Fig. 6a, blue 
curve). Thus, based on the modeling results of the 
Si L2.3 X-ray emission spectrum of the Ag55Si45 film, 
it was found that the best agreement between 
the simulated spectrum and the experiment is 
achieved when using the reference spectrum of 
Ag2Si. However, due to the presence of statistical 
intensity fluctuations characteristic of a limited 
signal acquisition time, as well as the inclusion 
of multiple components in the model, for clarity, 
a comparison of the spectral feature positions 
of the reference spectra AgSi3, Ag2Si, and Ag3Si 
with the difference spectra of the Ag55Si45 film 
(Fig. 7) was performed. The difference spectra 
of the Ag55Si45 film (Fig. 7, black dots) were 
obtained by subtracting the SiO2, SiO1.3, and a-Si 
components from the experimental spectrum 
in the proportion indicated in Table 1. It can be 

Table 1. Phase composition of the Ag55Si45 film based on the modeling of the X-ray emission Si 
L2.3‑spectrum using three different silver silicide references: AgSi3, Ag2Si, and Ag3Si

The silver silicide 
spectrum used 
in the model

Phase composition

SiO2, % SiO1.3, % a-Si, % AgSi3, % Ag2Si, % Ag3Si, %

AgSi3 45 5 35 15 – –
Ag2Si 20 30 20 – 30 –
Ag3Si 40 5 20 – – 35

Fig. 7. Residual spectra of the Ag55Si45 film after subtraction of the a-Si, SiO1.3, and SiO2 components, as well as 
the spectra of silver silicides AgSi3 (green line), Ag2Si (red line), and Ag3Si (blue line). The experimental spectrum 
is represented by dots
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seen from Fig. 7 that the difference spectra of 
the Ag55Si45 film have two intensity maxima at 
~ 92 and 97 eV. The spectra of all silicides also 
reveal the presence of two intensity maxima in 
the given energy regions. However, the high-
energy maximum of the AgSi3 phase is strongly 
broadened compared to the difference spectrum 
and has a high density of states near the top 
of the valence band, which is characteristic of 
higher silicides [48]. In turn, the spectrum of 
the Ag2Si phase demonstrates similarity in the 
position and width of the intensity maxima to 
the difference spectrum (Fig. 7). The spectrum 
of the Ag3Si phase also shows agreement in the 
position with the main and additional maxima of 
the difference spectrum of the Ag55Si45 film, and 
the main difference lies in the high intensity near 
the top of the VB. Differences in the intensity of 
the Si L2.3 spectra near VB indicate the absence of 
the Ag3Si phase in the studied sample.

Thus, due to the best agreement between the 
experimental Si L2.3 X-ray emission spectrum of 
the Ag55Si45 film and the reference spectrum of 
the Ag2Si phase, the formation of this metastable 
phase in the Ag-Si film during ion-beam sputtering 
of a composite target has been established. It 
should be noted, however, that the possibility of 
forming other silicides in Ag-Si films cannot be 
completely ruled out, although their detection is 
a challenging task.

4. Conclusions
As a result of X-ray diffraction studies of the 

Ag55Si45 film, obtained by ion-beam sputtering 
of a composite Ag-Si target, it was found that 
the film consists of silver nanoparticles with an 
average size of ~ 15 nm, as well as a solid solution 
based on Ag-Si, as evidenced by an additional 
reflex on the diffractogram in the angular range 
where the main maxima of the AgSi3, Ag2Si, and 
Ag3Si phases are located. However, according to 
X-ray diffraction data, it is almost impossible 
to unambiguously identify the phase of silver 
silicide formed in the film.

At the same time, the analysis of X-ray 
emission Si L2.3-spectra shows that the Ag55Si45 
film is a complex composite material and contains 
phases of amorphous silicon a-Si, SiO2, suboxide 
SiO1.3, as well as a significant presence (~ 30 % of 
the total number of silicon atoms) of the silver 

silicide phase. Comparison of the experimental 
X-ray emission Si L2.3-spectrum of the Ag55Si45 
film with the theoretically calculated spectra of 
the AgSi3, Ag2Si, and Ag3Si phases shows the best 
agreement with the spectrum of the Ag2Si phase. 
Moreover, the Ag2Si phase was identified by the 
authors of studies [26, 28–30].

Thus, based on X-ray diffraction data, 
X-ray emission spectroscopy, and theoretical 
calculations of the electronic density of states, 
it has been established that a metastable Ag2Si 
phase is formed in the Ag55Si45 film produced by 
ion-beam sputtering.
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Objectives: In this work, the influence of electrode surface roughness on the kinetics of the non-stationary electrochemical 
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Experimental: The research was carried out on two copper coatings obtained by galvanostatic deposition from a copper 
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+ 100 mM H2SO4. Potentiostatic measurements were performed at a cathodic potential of -470 mV, corresponding to a mixed 
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microscopy and underpotential deposition of lead monolayer.
Conclusion: Based on the previously developed theoretical model of the electrochemical process occurring in a mixed 
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1. Introduction 
Surface roughness is an important property 

of solid electrodes. The generally accepted 
quantitative characteristic for its estimation is the 
roughness factor fr = Sreal/Sgeom, which is equal to 
the ratio of the true (Sreal) to the visible area (Sgeom) 
of the electrode surface [1, 2]. The roughness effect 
is not purely geometric, since the formation of a 
rough (morphologically heterogeneous) surface 
can lead not only to an increase in surface area, 
but also to the appearance of new active reaction 
and adsorption centers on it [3], changes in the 
kinetic parameters of the electrode reaction [4, 5], 
changes in corrosion resistance [6–8] and double-
layer characteristics [9]. As a consequence, for 
a correct assessment of the electrocatalytic 
activity and adsorption capacity of the electrode, 
it is necessary to normalize the extensive 
parameters of the kinetics of the electrode 
reaction (current, impedance, admittance), 
double electric layer (differential and integral 
capacitance) and adsorption to the roughness 
factor when calculating them. Otherwise, the 
claimed “increase in electrocatalytic activity” 
may simply be the result of an increase in surface 
area without any real catalytic effect.

In this case, the procedure for finding the 
current density as a measure of the rate of the 
electrode process occurring on a rough electrode 
is generally not trivial, since it depends on 
the nature of kinetic constraints. So, if the 
limiting stage of the electrochemical reaction 
is charge transfer, then the current density 
i = I/Sreal = I/(Sgeom·fr) should be calculated by 
dividing the current I by the true area of the 
electrochemically active electrode surface. 
Considering that electrocatalytic processes 
controlled by the charge transfer stage are 
mainly carried out on highly developed, dispersed 
electrodes, the main problem in this case is the 
determination of the roughness factor fr [10], 
but not the task of calculating the rate of the 
electrode process.

In the case of diffusion-controlled processes, 
the procedure for taking into account the 
roughness factor becomes significantly more 
complicated, since their rate, generally speaking, 
should be normalized not to the surface area 
of the electrode, but to the surface area of the 
diffusion front [11]. At the same time, in the non-

stationary mass transfer mode, the geometry of 
the diffusion front changes over time: it repeats 
the profile of the electrode surface at short 
times and is almost completely smoothed out at 
sufficiently long times. This is explained by the 
fact that during the initial period of the process, 
the thickness of the diffusion layer d is very 
small and does not exceed the size of the micro-
dimensions, whereas during the propagation of 
the diffusion front deep into the phase, on the 
contrary, it becomes so large that the diffusion 
flux practically ceases to be sensitive to the 
roughness of the electrode surface [12].

The most difficult situation is when a non-
stationary electrochemical process takes place 
in the mode of mixed transport and kinetic 
control. In this case, the contributions of the 
stages of charge transfer and mass transfer to the 
kinetics of the electrode process are comparable, 
and their ratio varies over time. Such processes 
play a special role in the formation of metal 
coatings, including in microelectronics, when it is 
necessary to carry out uniform electrodeposition 
of metal onto the surface of a rather complex 
micro- and/or macrogeometric profile.

In [13], a mathematical model was constructed 
of the process occurring at potentiostatic 
polarization in the mode of mixed diffusion-
kinetic control on an electrode with an average 
surface roughness (1 < fr ≤ 3) of a harmonic, 
fractal, or irregular profile. The simulation 
results showed that the i,t-chronoamperograms 
of rough and flat electrodes are related by a 
ratio i t i t k D f t( ) = ( ) ◊ ( )rough flat rj l, , , ,  in which 
j lk D f t, , , ,r( )  is a roughness function. It depends 
in a complex way on the roughness factor fr, the 
average size of the irregularities l, as well as on 
the ratio of the heterogeneous rate constant k 
of the electrode process (charge transfer stage) 
and the diffusion coefficient of the electroactive 
reagent D, varying over time from j = fr to j = 1.

The range of electrode processes occurring 
in the mode of mixed transport-kinetic control 
is very wide. For instance, the complex process 
of cathodic reduction of the nitrate ion is very 
sensitive morphologically and structurally [14–
19]. The cathodic reduction of NO3

– ions is of great 
practical importance due to the need to control 
the nitrate content in aqueous media, as well 
as a method for obtaining nitrogen-containing 
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compounds, primarily ammonia as a starting 
substance in the production of nitrogen fertilizers. 
In this work, the process of the electrochemical 
reduction of NO3

– ions is considered as a model 
for detecting the effect of surface roughness of 
the electrode.

Among the transition metals of the IB-
group, copper exhibits the highest activity and 
selectivity in the cathodic reduction of nitrates 
[20], with ammonium ion being the main product 
in an acidic medium [21]. To vary the roughness 
of a copper electrode, our work uses the method 
of electrodeposition from sulfate electrolytes 
of copper plating, the introduction of organic 
additives into which makes it possible to obtain 
coatings with variable roughness [22].

The study of the role of roughness in the 
catalytic activity of electrodeposited copper 
coatings is complicated by the fact that the 
process of the cathodic reduction of NO3

– 
ions is multielectron and multistage. As a 
consequence, the identification of a purely 
catalytic effect requires the determination of the 
kinetic parameters of the electrochemical stage, 
primarily the heterogeneous charge transfer rate 
constant. The transient electrochemical methods 
can be used to find the kinetic current. The 
potentiodynamic method (chronovoltammetry) 
allows us to identify the general kinetic 
patterns of the cathodic process involving the 
nitrate ion, as well as the potential range of its 
electroreduction. In turn, the potentiostatic 
method (chronoamperometry) makes it possible 
to evaluate the contributions of the diffusion 
and electrochemical stages to the overall rate 
of the process. In this paper, these problems 
are solved under conditions of mixed transport-
kinetic control using a previously developed 
theoretical model of the electrode process on a 
geometrically inhomogeneous electrode surface 
of medium roughness [13]. Such electrodes can 
be used as electrochemical sensors to determine 
the concentration of nitrate ions in aqueous 
media.

The aim of the work is to establish the 
influence of the medium roughness of the 
electrode surface on the kinetics of the non-
stationary electrochemical process of cathodic 
reduction of nitrate ion under conditions of mixed 
transport-kinetic control under potentiostatic 
polarization.

The tasks of the work are as follows:
1. To synthesize copper coatings with different 

roughness by electrodeposition and to determine 
the main microscopic and integral parameters of 
their surface morphology.

2. To determine the range of electroreduction 
potentials of the nitrate ion in an acidic sulfate 
medium on the obtained copper coatings under 
the potentiodynamic conditions of cathodic 
polarization, to establish the general nature 
of the kinetic limitations of the process and to 
determine the conditions for the implementation 
of mixed transport-kinetic control.

3. To identify the role of the roughness of 
synthesized copper coatings in the kinetics of 
cathodic reduction of NO3

– ions under conditions 
of mixed transport-kinetic control.

2. Experimental 
The studies were carried out on two copper 

coatings with a thickness of ~1 µm obtained by 
galvanostatic deposition at a current density of 
-15 mA/cm2 from acidified solutions of copper 
sulfate onto a carbon-metal electrode (NTF Volta 
LLC). To vary the morphological state of the 
copper coatings, various organic additives were 
introduced into the sulfate solution of copper 
plating [22] (Table 1): polyethylene glycol of 
various molar weights (PEG-1500, PEG-4000), 
disodium salt of 4,4-dithiobenzenedisulfonic acid 
(DTBS) and 2-aminobenzothiazole (ABT). A copper 
plate was used as an auxiliary electrode during 
electrodeposition, and the silver chloride reference 
electrode (OOO NPP Tomanalit) was located in a 
separate vessel, which was connected to the cell 
by an electrolytic bridge filled with agar-agar with 
a saturated solution of potassium nitrate.

Table 1. Composition of solutions for galvanostatic deposition of copper coatings

Coating Composition
No. 1 156 g/l CuSO4·5H2O + 10 g/l H2SO4 + 50 mg/l HCl + 0.5 g/l PEG-1500

No. 2 156 g/l CuSO4·5H2O + 10 g/l H2SO4 + 50 mg/l HCl + 0.12 g/l DBTA + 0.5 g/l PEG-4000  + 0.5 g/l ABT
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Before coating, the surface of the carbon-
metal electrode was standardized by sequential 
polishing on a velvet fabric with a diamond 
suspension, reducing the grain size (1.5, 1.0, 
0.5 microns) to a mirror surface. After polishing, 
the electrode was washed twice with distilled 
water (bidistillate). Next, to clean its surface 
from abrasive particles and degrease it, it was 
sequentially placed in an ultrasonic bath for 
3 minutes, first in a container with acetone and 
then with bidistillate, after which the surface of 
the electrode was dried using filter paper.

The kinetics of the model reaction of the 
electroreduction of nitrate ion on the obtained 
copper coatings was studied by transient 
electrochemical methods of voltammetry and 
chronoammetry. Cathodic polarization curves 
were recorded over a range from an open-
curcuit potential value to –700 mV at various 
potential scan rates (from 10 to 100 mV/s). 
Chronoamperometric measurements were 
carried out at a cathodic potential of –470 mV, 
corresponding to the implementation of a mixed 
transport-kinetic control, recording current 
decay curves for 1000 s. A working solution of 
10 mM KNO3 + 100 mM H2SO4 was deaerated 
with chemically pure argon directly in an 
electrochemical cell for 90 minutes before the 
experiment. Electrochemical measurements 
were carried out in a three-electrode glass cell 
with undivided cathode and anode spaces. The 
reference electrode was a silver chloride electrode 
(OOO NPP Tomanalit), an auxiliary graphite 
electrode.

All solutions were prepared with water of 
analytical quality (GOST R 52501-2005) using 
a Livam UPVA-5 system (electrical conductivity 
0.8–1.0 µS/cm) using reagents of analytical grade.

Electrochemical studies were performed 
on IPC-compact or P-20X potentiostats. The 
potentials are given relative to a standard 
hydrogen electrode. The current density is 
calculated per unit geometric surface area of the 
electrode.

The morphological state of the surface and 
quantitative parameters of the microgeometry 
of synthesized copper coatings were evaluated 
using atomic force microscopy (AFM) data. The 
AFM method was performed using a Solver 
P47PRO device in a semi-contact scanning mode 

of a sample using HA_FM composite cantilevers 
(resonant frequency 74.025 kHz, elastic constant 
of the cantilever console 3.5 N/m, radius of the 
probe tip curvature was 10 nm). AFM images were 
obtained at three different 10x10 mm2 scan zones. 
The roughness parameters were found according 
to the statistical processing of AFM data in the 
Gwyddion software package.

The area of electrodeposited copper coatings 
was determined by the underpotential Pb 
monolayer deposition (UPD Pb) in an argon-
deaerated solution of 1 mM PbCl2 + 1 mM HClO4 
at a potential scan rate of 10 mV/s in accordance 
with the procedure described in [23]. 10 cycles 
were recorded in the range of potentials from 
130 to -320 mV, and after stabilization of the 
voltammogram (Fig. 1), a charge corresponding to 
the deposition of a monolayer of lead was found:

Q
V

i E dE
E

E

UPD,Pb = ( )Ú
1

1

2

,		  (1)

where QUPD,Pb is the charge, mC/cm2; V is the 
potential scan rate, mV/s; i(E) is the current 
density at a given potential; E is the potential, 
mV.

The roughness factor was calculated using 
the formula:

f
Q

QS
r

UPD,Pb= ,		  (2)

Fig. 1. Cyclic voltammograms obtained for coatings 
No. 1 (1) and No. 2 (2) in a solution of 1 mM PbCl2 + 
0.01 M HClO4 at a scan rate of 10 mV/s
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where Qs is the charge required to form a 
monolayer of lead, which was assumed to be equal 
to ~250 mC/cm2 [23].

3. Results and discussion
3.1. Morphology and roughness 
of  electrodeposited copper coatings

Fig. 2 shows surface images, as well as 3D 
and 2D profiles of synthesized galvanic copper 
coatings obtained by atomic force microscopy. It 
can be seen that both coatings are morphologically 
heterogeneous, while the maximum height of 
irregularities for coating No. 1, deposited from 
a solution with the addition of polyethylene 
glycol PEG-1500, is higher than for coating 
No. 2, obtained from an electrolyte containing a 
complex of organic additives. This is consistent 
with the data from [22], in which scanning 
electron microscopy confirmed the smoothing 
of the surface of an electroplated copper coating 
deposited from a sulfate solution in the presence 
of PEG, DTBS, and ABT. A visual comparison of the 
morphology of the obtained coatings is confirmed 
by the analysis of quantitative parameters 
characterizing the surface roughness (Table 2). 
Indeed, the average and root mean square (RMS) 
roughness decreases by about one and a half times 
during the transition from coating No. 1 to No. 2, 
while the average distance between neighboring 
irregularities, on the contrary, increases. This is 
reflected in a decrease in the ratio of the total 
area of the scanned zone to its projection, which 
is indicated in Table 2 by fr(AFM). However, this 
value, which is quite close to unity, turned out 
to be significantly underestimated compared 
to the roughness factor fr(UPD) obtained by the 
electrochemical method. This can be explained 
by the fact that the atomic force microscopy 
method allows us to characterize the roughness 
of a relatively small area of the electrode surface 
limited by the AFM scanning area (in this work, 

10×10 µm2 = 10–6 cm2). While electrochemical 
methods make it possible to determine the surface 
area of the electrode as a whole. The geometric 
area of the working electrode in operation is 
0.07  cm2, which exceeds the size of the AFM 
scanning site by 7·104 times. As a result, the AFM 
method makes it possible to register irregularities 
at the nano and micro levels, but it cannot, in 
principle, detect morphological irregularities on 
a larger scale that exceed the size of the scanning 
zone, which, however, contribute to the result of 
electrochemical measurements of the electrode 
area. At the same time, the previously detected 
decrease in the degree of morphological disorder 
during the transition from coating No. 1 to No. 
2 continues in both cases of fr(AFM) and fr(UPD).

3.2. Voltammetry of electroreduction 
of nitrate ion on copper coatings

When potassium nitrate is introduced into 
a sulfuric acid solution, a maximum is recorded 
on the cathodic voltammograms in the range 
from –100 to –600 mV of both studied copper 
coatings (Fig. 3a). Considering that in the absence 
of KNO3, the peaks on the polarization curves are 
not revealed in the same potential range (dotted 
line in Fig. 3a), the observed maximum in the 
voltammogram can be attributed to the process 
of the cathodic reduction of NO3

- ions.
An increase in the potential scan rate V 

leads to an increase in the current density of 
the cathodic peak imax, and this dependence is 
linearized in coordinates imax – V0.5 (Fig. 4a), 
which confirms the non-stationary nature of the 
diffusion transfer stage. Note that the obtained 
linear dependences are not extrapolated to 
the origin, which indicates the occurrence of 
a secondary cathodic process; the reaction of 
hydrogen evolution in the acid solution under 
study seems to be the most likely. In turn, the 
dependence of the peak potential Emax on lgV is 

Table 2. Roughness parameters of copper coatings

Parameter Coating No. 1 Coating No. 1
RMS roughness (Sq), nm 53±5 32±2
Average roughness (Sa), nm 42±4 25±2
Average distance between neighbor irregularities (λ), nm 965±33 1561±107
Roughness factor fr (AFM) 1.07±0.01 1.03±0.01
Roughness factor fr (UPD) 2.56±0.02 1.89±0.02
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linear (Fig. 4b). As the scan rate increases, the 
peak potential becomes more negative. This 
indicates the irreversibility of the slow charge 
transfer stage of the process under study [24].

A comparison of the voltammograms on 
synthesized copper coatings (Fig. 3b) shows that 
the cathodic peak on the rougher coating No. 1 
is formed at less negative potentials. The shift 

of the peak potential to the negative direction 
during the transition to a less rough coating 
is also confirmed by data obtained at different 
potential scan rates (Fig. 4a). Indeed, the Emax–lgV 
dependence for the coating No. 2 shifts by about 
25 mV in the negative direction. Considering that 
the open-circuit potential practically does not 
change during the transition from one coating 

Fig. 2. AFM images of the surface (a, b), three-dimensional (c, d) and two-dimensional profiles (d, e) of copper 
coatings No. 1 (a, c, e) and No. 2 (b, d, e).
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to another, it can be concluded that the process 
of electroreduction of nitrate ion on a rougher 
coating No. 1 is characterized by a lower value of 
electrode polarization compared to coating No. 2.

In this case, the imax,V
1/2 dependences obtained 

for the two coatings, on the contrary, are quite 
close. The question arises: should the peak 
current density imax, calculated for the geometric 
surface area of the electrode, be additionally 
normalized for the coating roughness factor? 

First, a preliminary estimation shows that 
such a correction by dividing by fr leads to a 
fundamentally different result, namely, the imax 
for the smoother coating No. 2 becomes higher 
than for coating No. 1, which contradicts the 
data on a decrease in cathodic polarization 
on the rougher coating No. 1. Secondly, a 
procedure is currently theoretically justified 
for the correct consideration of the roughness 
factor in voltammetry of only reversible [25] and 

Fig. 3. Cathode voltammograms obtained in a solution of 10 mM KNO3 + 100 mM H2SO4: (a) at different po-
tential scan rates on copper coating No. 2; (b) at a rate of 25 mV/s on copper coatings No. 1 (1) and No. 2 (2). 
The dotted line is voltammogram obtained on copper coating No. 2 in a background solution of 100 mM H2SO4 
at 25 mV/s

Fig. 4. Criterion dependences on the scan rate of maximum current density (a) and potential (b) of cathodic 
voltammograms of nitrate ion reduction in a solution of 10 mM KNO3 + 100 mM H2SO4 on copper coatings No. 
1 (1) and No. 2 (2)
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completely irreversible [26] electrode processes. 
In the first case, the rate constant of the charge 
transfer stage k is very high, and the limiting 
stage is non-stationary diffusion transfer. A 
characteristic feature of this mode is the absence 
of dependence of the peak potential on the scan 
rate. Obviously, this situation is not realized in the 
system under study. For a completely irreversible 
process, on the contrary, the value of the constant 
k is very small, so the limiting stage is charge 
transfer. According to the theory of voltammetry 
of an irreversible process on a rough electrode 
[26], taking into account the roughness of the 
electrode surface is mandatory and amounts to 
dividing the current by the roughness factor only 
under conditions of high potential scan rates, 
namely, under the condition u >> 1 where the 
dimensionless potential scan rate is determined 
by the expression:

u = (nFλ2/RTD)·V. 		  (3)

Here F is the Faraday constant, R is the 
universal gas constant, T is the temperature, and 
D is the diffusion coefficient of the nitrate ion. 
In this paper, according to [27], 1.85·10–5 cm2/s is 
assumed. The total number of electrons involved 
in electroreduction was assumed to be n = 8. 
Indeed, according to the literature data [28-30] on 
copper surfaces in acidic solutions, the process of 
nitrate ion cathodic reduction is eight-electron 
and can be described by the following equation 
[31]:

NO3
– + 10H+ + 8e– → NH4

+ + 3H2O.	 (4)

Assuming that the electrode process is 
completely irreversible, the estimate of the 
dimensionless rate for the system under study 
leads to values of u = 0.002–0.02. This means 
that the potential scan rates V used in the work 
are so low that the condition u << 1 is fulfilled, 
under which, according to [26], the roughness 
factor is not required, since by the time the peak 
is reached on the voltammogram, the diffusion 
front becomes flat. Therefore, the current density 
must be calculated for the geometric surface area 
of the electrode. Thus, the maximum currents on 
coatings No. 1 and No. 2 would have to coincide. 
However, this conclusion is valid only if a 
completely irreversible process is implemented, 
which, apparently, is not performed in the system 

under study due to mixed kinetic control, which 
causes the observed slight discrepancy in imax,V

1/2 
dependencies (Fig. 4a).

3.3. Chronoamperometry of nitrate ion 
electroreduction under the mixed diffusion-
kinetic control

The results of potentiostatic studies at 
E = –470 mV were used to quantify the role of 
morphological heterogeneity of the coatings in 
the mixed kinetics of electroreduction of NO3

– ions. 
The choice of this value of the cathodic potential 
is due to the fact that, according to the results of 
potentiodynamic measurements, it corresponds 
to the maximum or decrease of the current on the 
voltammogram (Fig. 3a), when the contribution 
of diffusion mass transfer to the kinetics of the 
electrode process becomes significant enough, 
and therefore the probability of mixed kinetic 
control at the potentiostatic polarization is high. 
The shape of the current decay curves in Cottrell 
coordinates (Fig. 5) confirms this assumption. 
Indeed, at short times, the current is weakly time-
dependent, which corresponds to a noticeable 
contribution from the kinetic stage. However, over 
time, a decrease in current becomes pronounced, 
and the rectification of the chronoamperogram in 
Cottrell coordinates observed at sufficiently long 
times indicates diffusion control of the process.

To interpret the obtained chronoamperograms 
and estimate the kinetic parameters of the charge 
transfer stage on two copper coatings of different 
roughness (heterogeneous rate constant k and 
exchange current density i0 = nFkcv), we used the 
chronoamperogram equation obtained earlier in 
[13] for the electrochemical process occurring on 
a rough electrode in the mode of mixed transport-
kinetic control:

i t

nFkc
k t
D

kt
D

k D f

( ) =

= ◊
Ê
ËÁ

ˆ
¯̃ ◊

Ê
ËÁ

ˆ
¯̃

◊

rough

v
rexp erfc , ,

/

/

2 1 2

1 2 j ,, , .l t( )
	 (5)

Here j lk D f t, , , ,r( )  is the roughness function, 
which is the ratio of currents across rough and 
flat electrodes. The analysis showed [13] that the 
roughness function is equal to unity j = 1 under 
the condition k t D2 1/( ) � , i.e., at long times, and 
this condition is facilitated by the pronounced 
slowness of the diffusion stage when k Dl /( ) �1. 
In another limitimg case, when k t D2 1/( ) � , i.e. 
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at short times, the roughness function is equal to 
the roughness factor j = fr, and the fulfillment of 
this condition is facilitated by the slowness of the 
charge transfer stage, when k t D2 1/( ) � . In the 
region of intermediate values, the roughness 
function gradually changes over time from fr to 1 
within the transition region. The position of the 
boundaries of this region strongly depends on the 
ratio of the rates of the kinetic and diffusion 
stages: as k decreases (the charge transfer stage 
slows down), the transition region shifts towards 
longer times and widens. Obviously, in this case, 
taking into account the roughness when 
calculating the current density is the most 
difficult, since it requires an estimation of the 
functional dependence j lk D f t, , , ,r( ) .

Taking into account the properties of the 
roughness function, we obtained asymptotic 
relations for the chronoamperogram (5), which in 
two limiting cases is described by the following 
expressions:
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It can be seen that at long times, the 
chronoamperogram does not include the roughness 

factor and is described by the well-known Cottrell 
equation [24], i.e. it corresponds solely to the 
diffusion control of the process on a flat electrode. 
This is confirmed by the linearization of the 
experimental current decay curves of both coatings 
at long times (Fig. 5a). Their coincidence for two 
coatings of different roughness is consistent with 
the fact that the roughness factor is not included in 
expression (6b), i.e. morphological heterogeneity 
no longer affects the rate of the electrode process 
in this time interval. Using formula (6b) and the 
slope of the linear sections of the i,t1/2 curves (Fig. 
5a), the total number of electrons involved in the 
process of electroreduction of the nitrate ion n » 8 
was found, which is consistent with the literature 
data [28–31].

On the other hand, according to the ratio (6a), 
at short times the chronoamperogram should 
be linearized in the coordinates i – t1/2, which 
is observed in the case of both copper coatings 
(Fig. 5b). Numerical comparison of expression 
(6a) with the initial sections of the experimental 
current decay curves using the roughness factor fr 
(Table. 2), the total number of electrons n = 8 and 
the diffusion coefficient D = 1.85·10–5 cm2/s [27], 
the rate constant of the charge transfer stage k 
and the exchange current density i nFkc0 = v  were 
found (Table 3).

A comparison of the obtained values shows 
that the kinetic stage of nitrate ion cathodic 

Fig. 5. (a) – Chronoamperograms of copper coatings No. 1 (1) and No. 2 (2) in a solution of 10 mM KNO3 + 
100 mM H2SO4 at a potential of -470 mV, rearranged in Cottrell coordinates. (b) – Initial sections of the current 
decay curves, linearized in the criterion i,t1/2 coordinates
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reduction on a rougher copper electrode is 
characterized by the higher rate constant and 
higher exchange current density. This indicates 
an increase in the electrocatalytic activity of 
copper in the reaction under study during the 
transition to electrodes characterized by a higher 
roughness factor.

It is important to note that this conclusion was 
obtained taking into account the normalization 
of the process rate to the true surface area 
within the framework of the theoretical model 
of chronoamperometry of an electrochemical 
process proceeding on a rough electrode in the 
mode of transport-kinetic control. Therefore, 
the revealed increase in the rate constant is not 
apparent, since it is not caused solely by a purely 
geometric increase in the overall surface area of 
the copper electrode.

Possible reasons for the increase in k and 
i0 during the transition from coating No. 2 to 
coating No. 1 may be a change in the structure 
of the polycrystalline sample with the release 
of more catalytically active crystalline faces to 
the surface, an increase in the number of active 
adsorption centers due to an increase in the 
proportion of surface areas of small curvature, an 
increase in the concentration of surface defects of 
the sample. The identification of specific causes 
of the observed increase in the electrocatalytic 
activity of the copper coating was not an objective 
of this work and requires additional research.

The approach used in the work to determine 
the parameters of the kinetic stage allows us 
to correctly estimate the role of morphological 
heterogeneity in changing the electrocatalytic 
activity of a rough electrode, on the surface of 
which a complex electrochemical process takes 
place in the mode of transport-kinetic control. 
Within the framework of this approach, the 

contribution of the non-kinetic (diffusion) stage 
to the value of the rate of the process under 
study is quantified, and a purely geometric effect 
associated only with a change in the surface area 
of the electrode is revealed.

4. Conclusion
Two copper coatings with the different 

roughness factors (2.56±0.02 amd 1.89±0.02) and 
the size of the irregularities (the mean roughness 
of the coatings is 42±4 and 25±2 nm) were 
synthesized by galvanostatic electrodeposition 
from aqueous sulfate solutions with organic 
additives. The electroreduction of the nitrate ion 
in an acidic aqueous solution on both obtained 
coatings corresponds to the range of cathodic 
potentials from –100 to –600 mV relative to 
the standard hydrogen electrode. Analysis 
of characteristic parameters of voltammetry 
(maximum current density and peak potential) 
revealed the non-stationary nature of the 
diffusion transfer stage, the irreversibility of the 
slowed electrochemical stage of the process under 
study, and a decrease in electrode polarization on 
a rougher coating.

A mode of mixed transport-kinetic control 
of the process of nitrate ion electroreduction 
in an acidic medium at potentiostatic cathodic 
polarization has been revealed using the non-
stationary chronoamperometry method. It 
is shown that the roughness effect does not 
contribute to the kinetics of the process at long 
times, when the non-stationary diffusion of NO3

– 
ions is the rate-controlling stage.

Within the framework of the previously 
developed theoretical model of an electrochemical 
process occurring in a mixed kinetic mode on a 
rough electrode, it is shown that the current 
density recorded during the initial period of 
current decay should be normalized by the 
roughness factor. Based on this, an approach 
is proposed for estimating the main kinetic 
parameters of the charge transfer stage for a 
process occurring on rough electrodes in a mixed 
transport-kinetic mode. The approach is based on 
comparing the initial sections of the experimental 
current decay curves with an asymptotic relation 
describing the chronoamperogram at short times.

The application of this approach to the 
analysis of the data obtained for the two copper 

Table 3. Kinetic parameters of the electrochemical 
stage on copper coatings

Parameter
Coating 

No. 1
(fr = 2.56)

Coating 
No. 2

(fr = 1.89)

Heterogeneous rate 
constant k, cm/s (3.3±0.1)·10–3 (2.1±0.2)·10–3

Плотность тока 
Exchange current 
density i0, mA/cm2

25.5±0.8 16.2±1.5
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coatings synthesized in the work made it possible 
to establish that the heterogeneous rate constant 
and the exchange current density of the nitrate 
ion electroreduction increase with increasing 
roughness factor. This effect is not caused by a 
purely geometric increase in the true surface area 
of the electrode, and therefore it can be concluded 
that the electrocatalytic activity of copper in 
the reaction under study increases during the 
transition to rougher electrodes.
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Abstract 
Objective: Prostate-specific antigen (PSA) is an important biomarker widely used for the early diagnosis of prostate cancer. 
In this work, substrates based on silicon nanowires coated with bimetallic gold and silver nanoparticles (AuAg@SiNWs) 
are presented for the highly sensitive detection of PSA using surface-enhanced Raman spectroscopy (SERS).
Experimental: The fabrication of AuAg@SiNWs was based on simple and readily accessible chemical etching and metal 
deposition techniques, making the approach suitable for scaling and potential biomedical applications. The thickness of 
the silicon nanowire array was approximately 800 nm, while the bimetallic nanoparticle layer was formed predominantly 
in the upper region of the nanostructures and exhibited a thickness of 100–200 nm. To ensure the biospecificity of the 
sensor, the surfaces of the AuAg@SiNW substrates were functionalized with antibodies.
Analysis of the SERS spectra revealed a clear dependence of the intensity of characteristic amide bands (in particular, at 
1294 and 1030 cm–1) on the PSA concentration, starting from 1 ng/mL. The calculated calibration curve in the concentration 
range of 0.001–1 μg/mL demonstrated a high degree of linearity (R2 = 0.96), while the stable presence of characteristic 
spectral features at a concentration of 1 ng/mL indicates the high functional sensitivity of the proposed platform.
Conclusions: The results obtained demonstrate that AuAg@SiNW-based substrates possess significant potential for label-
free and highly sensitive detection of protein cancer biomarkers, including PSA, and can be used as a platform for the 
development of compact biosensors for laboratory diagnostics and point-of-care applications.
Keywords: Silicon nanowires, Prostate-specific antigen (PSA), Surface-enhanced Raman spectroscopy
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1. Introduction
Cancer remains one of the major threats to 

human survival due to its significant impact on 
global health. Prostate cancer is the most common 
malignancy among men over the age of 50. Early 
diagnosis of prostate cancer is closely associated 
with prostate-specific antigen (PSA), which is 
regarded as the gold-standard biomarker. PSA is a 
34 kDa single-chain glycoprotein secreted by the 
prostate gland [1]. It is well known that an increase 
in serum PSA concentration in prostate cancer is 
caused by tumor cell proliferation, disruption of 
the affected organ, and subsequent leakage of 
the antigen into the systemic circulation. PSA 
concentrations exceeding 4 ng/mL are detected in 
approximately 80–90 % of patients with prostate 
cancer and in 10–20 % of patients with benign 
prostatic hyperplasia.

At present, several methods are used for 
the determination of PSA levels, including 
enzyme-linked immunosorbent assay (ELISA) 
[2], immunochromatographic analysis [3], 
chemiluminescent immunoassay [4], silicon 
nanowire-based field-effect transistor sensors 
[5], and Raman scattering techniques [6]. One 
of the increasingly popular approaches for 
PSA detection is surface-enhanced Raman 
spectroscopy (SERS) [7–9]. SERS is a modification 
of conventional Raman scattering in which a 
strong enhancement of the signal from molecules 
adsorbed on nanostructured noble metal surfaces, 
most commonly gold or silver, is observed. The 
efficiency of SERS is largely determined by the 
morphology of the nanostructure, the type of 
metal used, and the distance between the analyte 
molecules and the metal surface.

Nanostructured silicon substrates have been 
actively investigated in recent years as a basis 
for the development of SERS-active sensing 
chips. Their key advantage lies in a high degree 
of structural tunability, which enables targeted 
modification of the silicon morphology at the 
synthesis stage. Among such substrates are silicon 
nanowires (SiNWs) fabricated by metal-assisted 
chemical etching (MACE) [10, 11]. By varying the 
MACE parameters, it is possible to control key 

structural characteristics, including pore size, 
nanowire height and diameter, nanostructure 
density and orientation, as well as the degree of 
their mutual aggregation. To impart SERS activity, 
SiNWs are additionally decorated with silver and/
or gold nanoparticles [12, 13]. These structures 
have already demonstrated their effectiveness in 
the detection of bacteria [12], as well as in studies 
of bacterial sensitivity to antibiotics [13].

In [14], the feasibility of PSA detection by 
SERS using aptamer-functionalized SiNWs was 
demonstrated. However, that study employed 
exclusively silver nanoparticles, which, despite 
their high signal enhancement efficiency, 
are susceptible to oxidation and structural 
degradation during storage. This significantly 
reduces the reproducibility and long-term 
stability of the SERS response, particularly when 
operating in biological fluids. Such substrates 
are therefore less reliable than bimetallic Au/Ag 
systems, which provide more stable plasmonic 
behavior and improved chemical stability of the 
surface.

The aim of the present study is to develop 
and evaluate the performance of SERS-active 
substrates based on silicon nanowires modified 
with gold and silver nanoparticles for highly 
sensitive PSA detection using immobilized 
antibodies as the bioselective recognition 
element.

2. Experimental
SiNWs modified with gold and silver 

nanoparticles (AuAg@SiNWs) were fabricated 
by metal-assisted chemical etching (MACE) of a 
p-type crystalline silicon (c-Si) wafer with (100) 
crystallographic orientation and a resistivity of 
0.8–1.2 Ω·cm. Prior to etching, the c-Si wafer was 
sequentially cleaned in acetone and isopropanol 
using an ultrasonic bath, followed by immersion 
in 5 M HF to remove the native oxide layer from 
the surface.

During the first stage, gold nanoparticles were 
deposited onto the c-Si surface by immersing the 
wafer into a solution of 0.01 M AuCl3 and 5 M HF 
mixed in a volume ratio of 1:1 for 15 s. During 

Для цитирования: Гончар К. А., Саушкин Н. Ю., Самсонова Ж. В., Осминкина Л. А. Кремниевые нанонити, 
модифицированные наночастицами Au/Ag, для безметочной диагностики онкомаркера ПСА методом спектроскопии 
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the second stage of the MACE process, the gold 
nanoparticle-coated c-Si wafer was placed into a 
solution of 30 % H2O2 and 5 M HF with a volume 
ratio of 1:10 for 2 min. During this step, localized 
etching occurred beneath the gold nanoparticles, 
enabling their penetration into the c-Si substrate 
and resulting in the formation of SiNWs.

Afterwards, the obtained SiNW arrays were 
sequentially immersed in a solution of 0.02 M 
AgNO3 and 5 M HF mixed in a volume ratio of 1:1, 
followed by immersion in a solution of 0.01 M 
AuCl3 and 5 M HF with the same volume ratio, for 
30 s in each solution. As a result, SiNWs modified 
with silver and gold nanoparticles (AuAg@
SiNWs) were obtained.

The morphology of the fabricated AuAg@
SiNWs was examined using a scanning electron 
microscope (SEM, Carl Zeiss SUPRA 40).

The feasibility of PSA signal registration by 
SERS under conditions of nonspecific interaction 
with different types of substrates was initially 
evaluated. It was established that, in the absence 
of antibodies providing specific antigen binding, 
PSA detection using these nanostructured 
substrates was not possible. Therefore, to ensure 
the specific interaction of PSA with the AuAg@
SiNW surface, preliminary functionalization of 
the substrates with antibodies capable of covalent 
attachment to gold nanoparticles via thiol groups 
was required.

The reduction of disulfide bonds in antibody 
molecules to generate free thiol groups was 
performed according to the procedure described 
in [15]. Briefly, 12 mg of 2-mercaptoethanolamine 
was added to 1 mg of monoclonal antibodies 
(mAbs) specific to PSA (clone 5A6, HyTest) 
dissolved in 10 mM phosphate-buffered saline 
(PBS, pH 7.3) containing 5 mM EDTA, followed 
by incubation for 1.5 h at 37 °C. Low-molecular-
weight reaction components were removed using 
a PD-10 desalting gel-filtration column based on 
Sephadex G-25 (GE Healthcare).

For long-term storage, the resulting solution 
of reduced antibodies was stored at –20 °C in 
50 % glycerol. AuAg@SiNW substrates were 
incubated in a solution of reduced antibodies 
(10 µg/mL in physiological saline) for 1 h at 
room temperature under gentle agitation, 
followed by three washing steps (1 min each) with 
physiological saline containing 0.1 % Tween 20. 

Subsequently, the AuAg@SiNW substrates with 
immobilized reduced antibodies were incubated 
in PSA solutions prepared in physiological saline 
over a concentration range of 0-1000 ng/mL for 
1 h at room temperature under gentle agitation, 
followed by three washing steps (1 min each) with 
physiological saline containing 0.1 % Tween 20.

SERS spectra were recorded using a confocal 
microscope Confotec™ MR350 with laser 
excitation at a wavelength of 633 nm and a laser 
power of 1 mW.

3. Results and discussion
An SEM micrograph of the fabricated AuAg@

SiNW substrates is shown in Fig. 1. The SiNW 
layer has a thickness of approximately 800 nm, 
whereas the bimetallic nanoparticle layer formed 
in the upper region of the nanowires ranges from 
100 to 200 nm in thickness. Such a layer thickness 
suggests sufficiently dense nanoparticle coverage 
to achieve efficient plasmonic enhancement. 
Larger particles observed on the surface of the 
SiNWs correspond to silver nanoparticles, while 
the bright spots on their surface are attributed to 
gold nanoparticles. The bright features located 
at the SiNW/c-Si substrate interface correspond 
to gold nanoparticles that penetrated into the 
silicon during the formation of the nanowires.

Fig. 2 presents a SERS spectrum recorded 
from antibody-functionalized AuAg@SiNW 
substrates after incubation with a PSA solution at 
a concentration of 1 µg/mL. The peak at 520 cm–1 
corresponds to the optical phonon mode of c-Si, 
which forms the basis of the nanowire structure. 

Fig. 1. SEM micrograph of a sample AuAg@SiNWs
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The increased background signal is attributed to 
photoluminescence originating from the SiNWs.

The remaining peaks in the spectrum 
can be attributed to vibrational modes of 
protein biomolecules. The band at 1000 cm–1 
corresponds to the symmetric ring breathing 
mode of the phenyl group, which is characteristic 
of the aromatic α-amino acid phenylalanine, 
a constituent of most proteins. Bands in the 
range of 1110–1260 cm–1 are assigned to amide 
III vibrations, while the band at 1294 cm–1 
is associated with C–N and N–H stretching 
modes within the amide III region. The peak at 
1460 cm–1 is related to deformation vibrations of 
the C–NH bond in amide II, whereas the signal 
at 1600 cm–1 corresponds to C=O stretching 
vibrations of the peptide bond in the amide I 
region [14, 16]. These observations confirm the 
feasibility of efficient and reliable PSA protein 
detection using the developed AuAg@SiNW 
composite substrates via surface-enhanced 
Raman spectroscopy.

Fig. 3 shows SERS spectra recorded from 
AuAg@SiNW substrates after incubation with 
PSA solutions at different concentrations, 
ranging from 1 µg/mL to 1 ng/mL. The spectrum 
corresponding to the highest PSA concentration is 
shown at the top (black), while the spectrum of the 
control substrate functionalized with antibodies 
but without PSA is shown at the bottom (violet). 
The spectra are presented after subtraction of the 

photoluminescence background and are vertically 
offset for clarity.

It should be noted that the spectra of PSA and 
antibodies exhibit similar spectral features, which 
is attributable to their common protein nature. 
However, in the PSA spectra, pronounced bands 
at 1294 cm–1 and 1030 cm–1 are clearly observed, 
with intensities significantly exceeding those of 
the corresponding signals in the antibody spectra. 
This indicates a contribution of PSA molecules 
to the enhanced SERS response and confirms the 
possibility of their selective detection against a 
protein background.

Fig. 4 presents the calibration curve of the 
SERS signal intensity at 1294 cm–1 as a function 
of PSA concentration in the range from 1 ng/mL 
to 1 µg/mL. Linear fitting of the experimental data 
is described by the equation y = 1969.1 + 411.4x, 
with a coefficient of determination of R2 = 0.96, 
indicating a strong correlation between antigen 
concentration and spectral response intensity. 
The observed linear relationship confirms the 
feasibility of quantitative PSA analysis based 
on the intensity of the amide band in the SERS 
spectrum. In the low-concentration region, 
starting from 1 ng/mL, a distinct specific signal 

Fig. 2. SERS spectrum of PSA adsorbed on an AuAg@
SiNW substrate at a concentration of 1 µg/mL

Fig. 3. SERS spectra recorded from AuAg@SiNW sub-
strates after incubation with PSA solutions at different 
concentrations, ranging from 1 µg/mL to 1 ng/mL
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is clearly detected, demonstrating the high 
sensitivity of the developed sensing platform.

4. Conclusions
This work presents the development and 

experimental evaluation of reproducible and 
sensitive SERS substrates based on arrays of 
silicon nanowires modified with bimetallic gold 
and silver nanoparticles (AuAg@SiNWs). The 
chemical etching and metal deposition methods 
employed are technologically simple, scalable, 
and compatible with silicon microelectronics, 
making the proposed approach promising for 
practical implementation.

The thickness of the SiNW arrays was 
approximately 800 nm, while the bimetallic 
nanoparticle layer was predominantly formed 
in the upper region of the nanostructures with a 
thickness of 100–200 nm. Such an architecture 
ensures dense and localized placement of 
metal nanoparticles, facilitating the formation 
of plasmonic hot spots and efficient signal 
enhancement. 

To ensure biospecificity, the surface of the 
AuAg@SiNW substrates was functionalized with 
antibodies specific to prostate-specific antigen. 
Analysis of the SERS spectra revealed a clear 

dependence of the intensity of characteristic 
amide bands (in particular, at 1294 and 1030 cm–1) 
on PSA concentration, starting from 1 ng/mL. The 
calculated calibration curve in the concentration 
range of 0.001–1 µg/mL exhibited a high degree 
of linearity (R2 = 0.96). The stable presence 
of characteristic spectral features at a PSA 
concentration of 1 ng/mL indicates the high 
functional sensitivity of the developed platform.

The obtained results confirm that AuAg@
SiNW-based substrates have high potential for 
highly sensitive detection of protein cancer 
biomarkers such as PSA and may serve as a basis 
for the development of compact biosensors 
for laboratory diagnostics and point-of-care 
applications.
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Fig. 4. Calibration curve of the SERS signal intensity at 1294 cm–1 as a function of PSA concentration in the 
range from 1 µg/mL to 1 ng/mL
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Abstract 
Objectives: Chalcohalides of arsenic subgroup elements and solid solutions based on them are of great interest as functional 
materials exhibiting thermoelectric, photoelectric, piezoelectric, optical, and other properties.
Experimental: This paper presents the results of a study of the thermodynamic properties of BiSI, BiSeI, and BiS1–xSexI solid 
solutions using electromotive force (EMF) analysis. For this study, concentration cells of the type

(–) Bi (solid)/liquid electrolyte, Bi3+/(Bi in alloy) (solid) (+)
were constructed and their EMFs were measured in the temperature range of 300-370 K. An ionic liquid, namely, morpholine 
formate, was used as the electrolyte. To select the compositions of the right-hand electrodes, solid-state equilibria in the 
BiSI-BiSeI-BiI3 system were studied using X-ray diffraction analysis. Continuous solid solutions of the BiSI-BiSeI boundary 
system were shown to form stable tie-line with BiI3. Using these data and literature information on boundary systems, a 
fragment of the solid-phase equilibria diagram for the Bi-S-Se-I system was constructed. Based on constructed diagram, 
the BiS1-xSexI solid solutions of various compositions with a 2–3 mol % excess of BiI3 and S1–xSex were selected as electrode-
alloys for the aforementioned concentration cells. The partial molar functions of bismuth in the alloys were calculated 
from the obtained pairs of E(mV) and T(K) values.
Conclusions: The constructed phase diagram made it possible to determine the virtual reactions of potential formation 
corresponding to the aforementioned partial molar functions and calculate the standard thermodynamic functions of 
formation and the standard entropies of bismuth thio- and selenoidide and BiS1-xSexI solid solutions. The calculations were 
performed using literature data on the corresponding standard integral thermodynamic functions of the BiI3 compound 
and S1–xSex alloys involved in potential-forming reactions. The thermodynamic functions of the BiSI and BiSeI compounds 
were compared with existing fragmentary literature data, and for solid solutions, they were determined for the first time.
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1. Introduction
Compounds of the BVXHal type (BV = As, Sb, 

Bi; X = S, Se, Te; Hal = Cl, Br, I) and phases based 
on them have recently attracted considerable 
research interest due to their thermoelectric, 
photoelectric, piezoelectric and optical properties 
and are considered promising for several practical 
applications in modern high technologies [1–7]. 
In addition, a number of compounds of this type 
are Rashba semiconductors and are considered 
good candidates for use in spintronic devices 
[8–11].

The search and development of methods 
for obtaining new multicomponent phases and 
materials is based on data from fundamental 
research  on phase  equi l ibr ia  and the 
thermodynamic properties of the corresponding 
systems [12–15]. One of the rational approaches 
to the comprehensive investigation of these 
characteristics is the incorporation of the 
electromotive force (EMF) method into the 
traditional set of experimental methods for 
studying phase equilibria [15]. The EMF method, 
being one of the most accurate equilibrium 
methods of chemical thermodynamics [16–18], is 
widely used for the comprehensive investigation 
of phase equilibria and thermodynamic properties 
of inorganic systems. Thermodynamic data 
obtained by this method, in addition to internal 
consistency within an individual phase, are also 
characterized by mutual consistency of their 
values for all phases of the system and with the 
phase diagram [15].

In practical thermodynamic investigations, 
various modifications of concentration cells with 
liquid [19–23] and solid electrolytes [24–28] are 
employed. It should be noted that in most cases, 
when studying chalcogenide and chalcohalide 
systems by this method, it is advisable to conduct 
experiments in the subsolidus region of the 
phase diagram, i.e., below the melting point of 
the corresponding chalcogen. The most widely 
used electrolytes for such measurements have 
been glycerol solutions of alkali metal salts, the 
application of which has made it possible to 
carry out thermodynamic studies even at room 
temperature [16, 17, 29–31]. A number of studies 
[32-35] have demonstrated the possibility of 
using ionic liquids as electrolytes in such low-
temperature EMF measurements.

To obtain new sets of mutually consistent 
data for antimony and bismuth chalcoiodides, 
we have carried out systematic investigations of 
phase equilibria and thermodynamic properties 
of a series of ternary BV-X-Hal systems [36–40], 
as well as some more complex systems including 
these elements [41–45].

This study aimed to investigate solid-phase 
equilibria in the composition area BiSeI-BiSI-
BiI3 (A) of the quaternary Bi-S-Se-I system and 
to determine the thermodynamic functions of 
the ternary BiSI, BiSeI compounds, and BiS1-xSexI 
solid solutions by the EMF method.

The BiSeI-BiSI and Bi19S27I3-“Bi19Se27I3” 
sections of the indicated system were studied 
by us in [46, 47]. It was shown that the first is 
characterized by the formation of a continuous 
series of solid solutions, and the second – a wide 
area of solid solutions (up to 70 mol %) based on 
Bi19S27I3.

2. Experimental
For the thermodynamic study of solid solutions 

along the BiSI-BiSeI section, concentration cells 
of the type

(-) Bi (solid) / liquid electrolyte,  
Bi3+ / (Bi in alloy) (solid) (+)	 (1)

were assembled and their EMF values were 
measured in the temperature range of 300–370 K.

As it  is  known [15], when planning 
thermodynamic experiments by the EMF 
method, it is necessary to have reliable data 
on phase equilibria in the studied system in 
the temperature range of EMF measurements. 
Taking this into account, we first carried out 
experiments to determine the nature of solid-
phase equilibria in the BiSI-BiSeI-BiI3 (A) 
subsystem. For this purpose, the BiI3, BiSeI, and 
BiSI compounds were synthesized. At the same 
time, high-purity elementary components (not 
less than 99.999 %) purchased from the Alfa 
Aesar company were used. The synthesis was 
carried out by co-melting of stoichiometric 
amounts of constituent elements, weighed with 
an accuracy of 10-4 g on analytical balances. 
The synthesis was carried out in evacuated 
quartz ampoules (~10-2 Pa) at temperatures 30–
50 K higher than their melting temperatures. 
Taking into account the high vapor pressure 
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of elemental iodine, sulfur, and selenium at 
the synthesis temperatures [48], the synthesis 
was performed in a two-zone inclined furnace. 
The temperature in the upper “cold” zone was 
maintained slightly below the boiling point of 
iodine, while the temperature in the “hot” zone 
was set at 30–50 K above the melting point of 
the synthesized compound. Taking into account 
that the ternary compounds BiSeI and BiSI melt 
with decomposition by peritectic reactions, the 
samples were ground into powder, pressed into 
tablets, and annealed at 750 K for 300 hours to 
ensure complete homogenization. The phase 
purity of all the synthesized initial compounds 
was verified by X-ray diffraction analysis (XRD) 
and differential thermal analysis (DTA), and the 
results coincided with literature data [36, 41, 49].

Alloys of various compositions of system 
(A) were prepared by melting the synthesized 
and identified initial compounds at 850 K in 
vacuumed quartz ampoules, which, after fusion, 
were subjected to stepwise homogenizing 
annealing: at 650 K for 300 h and 370 K for 
100 h.

Powder diffraction patterns of annealed alloys 
revealed that all alloys in the studied system 

consist of two-phase mixtures of BiS1-xSexI and 
BiI3. As an example, Fig. 1 presents the powder 
diffraction pattern of a sample with the nominal 
composition 40 mol % BiSI + 40 mol % BiSeI + 
20 mol % BiI3 (sample 1). Thus, according to the 
XRD data, the solid-phase equilibria diagram of 
system (A) at room temperature has the form 
shown in Fig. 2.

For the correct selection of the compositions 
of the electrode alloys of cells of type (1), it is 
advisable to consider the ray lines originating 
from the bismuth corner (reference electrode) 
of the concentration tetrahedron Bi-S-Se-I and 
passing through the BiSI-BiSeI section, on which 
the investigated BiS1–xSexI solid solutions are 
located. For this purpose, using Fig. 2 and the 
literature data on the boundary systems BiSI‑BiI3 
[36], BiSeI-BiI3 [41] and the binary S-Se system 
[49], we constructed a fragment of the solid-phase 
equilibrium diagram of the indicated quaternary 
system (Fig. 3). As can be seen, the indicated ray 
sections (red straight lines), passing through 
the investigated section (points 1, 2, 3, 4), reach 
the stable BiI3-S-Se plane (shaded triangle). In 
this case, the rays passing through the extreme 
points 1 and 4, corresponding to the compositions 

Fig. 1. Powder diffraction patterns of samples 1–3 in Fig. 2
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of the BiSI and BiSeI compounds, reach the lateral 
sides BiI3-S (point 1′) and BiI3-Sе (point  2′), 
respectively.

The ray lines passing through the intermediate 
compositions of the BiSI-BiSeI section (for 
example, points 2 and 3) reach points 2′ and 
3′. According to the phase diagram of the S-Se 
system [49], alloys on the BiI3-S-Se concentration 
plane, depending on the S : Se ratio, consist of 
mixtures of BiI3 with single- or two-phase alloys 
of this binary system.

Taking the above into account, BiS1-xSexI 
samples with a small (2–3 mol %) excess of BiI3 
and S1-xSex were used as electrode alloys in type 
(1) cells. All of these samples are compositionally 
aligned with the above-discussed ray lines and 
consist of heterogeneous mixtures of BiS1–xSexI, 
bismuth triiodide, and S1-xSex alloys. To bring the 
electrode alloys into a state as close as possible 
to equilibrium, after melting, they were subjected 
to annealing under the above-mentioned 
conditions.

Fig. 1 presents the powder diffraction 
patterns of samples 2 and 3 marked in Fig. 2. As 
can be seen, both samples exhibit a high degree 
of crystallinity; their diffraction patterns are 
identical and consist of reflection lines of γ-solid 
solutions of 20 and 80 mol % BiSeI compositions 
[46]. The absence of diffraction lines of BiI3 

and S1–xSex alloys is due to their insignificant 
number.

To prepare the right-hand electrodes of the 
cells of type (1), the annealed alloys were ground 
into powder and then pressed into tablets with 
a diameter of 7 and a thickness of 3–4 mm onto 
molybdenum current wires.

An ionic liquid (morpholinium formate) with 
the addition of BiCl₃ was used as the electrolyte. 
To obtain the ionic liquid, morpholine, formic 
acid, and anhydrous BiCl₃ were purchased 
from Alfa Aesar. The ionic liquid was prepared 
in accordance with the procedure described 
in [50]: morpholine was poured into a three-
necked round-bottomed flask immersed in 
an ice-water bath and equipped with a reflux 
condenser, a dropping funnel for adding acid, 
and a thermometer to monitor the temperature. 
Formic acid was slowly (60 min) added dropwise 
with vigorous stirring. Considering the exothermic 
nature of this reaction, the temperature of the 
mixture was maintained below 25 °C using an ice 
bath. Stirring was continued for 4 h. The residual 
amine or acid was evaporated under reduced 
pressure (1–5 mmHg), and the remaining liquid 
was additionally dried at 80 °C under the same 
conditions.

To conduct  EMF measurements , an 
electrochemical cell of design described in [32] 

Fig. 2. Solid-phase equilibria diagram of the BiSeI-Bi-
SI-BiI₃ system

Fig. 3. Fragment of the solid-phase equilibria diagram 
of the Bi-S-Se-I concentration tetrahedron
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was assembled, evacuated, filled with argon to 
a pressure of ~40 kPa, and placed in a specially 
made tubular resistance furnace, where it was 
thermostatted at a temperature of ~360 K for 
three days. The temperature of the cell was 
measured using chromel-alumel thermocouples 
and a mercury thermometer with an accuracy of 
±0.5 °C.

The EMF was measured using a high-resistance 
(input resistance 109 Ohm) digital voltmeter 
Keithley 2100 61/2, in the temperature range 
of 300–370 K. The choice of the upper limit of 
measurements is because at higher temperatures, 
the alloys of the S-Se system melt [49], which 
leads to a change in the phase composition of 
the electrode alloys.

The first equilibrium values were obtained 
after thermostating the cell under the above-
mentioned conditions, and subsequent 
measurements were taken approximately every 
4 h after the set temperature was established. 
Values of EMF were considered equilibrium when 
repeated measurements at a given temperature 
differed from each other by no more than 0.5 mV, 
regardless of the direction of the temperature 
change.

3. Results and discussion
Fig. 4 shows the EMF measurement data for 

cells of type (1). As can be seen, the numerical 
values of EMF decrease monotonically with 

increasing selenium concentration in the 
BiS1–xSexI solid solutions, and for each sample, its 
temperature dependence is linear. Considering 
this, for thermodynamic calculations, the 
experimental data were processed by the least-
squares method, and linear equations of the type

E S n S T TE b= + ± + ◊ -ÈÎ ˘̊a bT t ( / ) ( ) /2 2 2 1 2 	 (2)

recommended in modern thermodynamic 
literature [16, 17] were obtained. In equation (2), 
n is the number of pairs of E and T values; SE and 
Sb are the variances of individual EMF 
measurements and the b-factor, respectively. 
T  – is the average absolute temperature; t is the 
Student’s criterion. At a confidence level of 95 % 
and a number of experimental points n ≥ 20, the 
Student’s t-test is t ≥ 2. The resulting equations 
of type (2) are presented in Table 1.

From the data in Table 1, using the 
thermodynamic relations [16, 17]:

DG zFEBi = - 		  (3)

DH z E T
E
T

zFa
P

Bi = - - ∂
∂

Ê
ËÁ

ˆ
¯̃

È

Î
Í

˘

˚
˙ = - 	 (4)

DS zF
E
T

zFb
P

Bi = ∂
∂

Ê
ËÁ

ˆ
¯̃

= 		  (5)

(F = Faraday constant, 96485 C·mol–¹; z = cation 
charge, Bi³+), the relative partial Gibbs free 
energy, enthalpy, and entropy of bismuth in the 

Fig. 4. EMF measurement data for type (1) cells for BiS1-xSexI alloys 
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alloys were calculated. The resulting partial molar 
functions are presented in Table 2, and their 
concentration dependence graphs are shown in 
Fig. 5.

As can be seen from Fig. 5, all three functions 
are continuous functions of composition, which 
is in accordance with the formation of continuous 
solid solutions in the studied system.

To calculate the integral thermodynamic 
functions of BiSI, BiSeI compounds, and BiS1–xSexI 
solid solutions of various compositions, we 
determined the equations of potential-forming 
reactions using the schematic solid-phase 
equilibria diagram of the Bi-S-Se-I system (Fig. 3) 
[15]. It is easy to show that for BiSI and BiSeI 
compounds, they have the form:

Table 1. Equations for the temperature dependences of EMF for BiS1-xSexI alloys of various compositions 
in the temperature range 300–370 K

Phase Е, mV = а + bТ ± 2 S E(T)

BiSI 370 35 0 0308 2
1 80
30

1 4 10 336 64 2
1 2

. .
.

. ( . )
/

- ± + ◊ -È
ÎÍ

˘
˚̇

-T T

BiS0.8Se0.2I 344 48 0 0145 2
1 41
30

1 1 10 336 64 2
1 2

. .
.

. ( . )
/

- ± + ◊ -È
ÎÍ

˘
˚̇

-T T

BiS0.6Se0.4I 322 13 0 0055 2
1 52
30

1 2 10 336 64 2
1 2

. .
.

. ( . )
/

- ± + ◊ -È
ÎÍ

˘
˚̇

-T T

BiS0.4Se0.6I 296 54 0 0101 2
1 84
30

1 4 10 335 44 2
1 2

. .
.

. ( . )
/

+ ± + ◊ -È
ÎÍ

˘
˚̇

-T T

BiS0.2Se0.8I 279 70 0 0103 2
1 69
30

1 3 10 335 44 2
1 2

. .
.

. ( . )
/

- ± + ◊ -È
ÎÍ

˘
˚̇

-T T

BiSeI 272 09 0 0394 2
1 48
30

1 1 10 335 44 2
1 2

. .
.

. ( . )
/

- ± + ◊ -È
ÎÍ

˘
˚̇

-T T

Table 2. Partial molar functions of bismuth in BiS1-xSexI alloys at 298 K

Phase -DGBi -DH Bi DS Bi , J·K–1·mol–1

kJ·mol–1

BiSI 104.54±0.15 107.20±1.5 -8.93±3.41
BiS0.8Se0.2I 98.46±0.13 99.71±1.01 -4.20±3.01
BiS0.6Se0.4I 92.77±0.13 93.24±1.05 -1.60±3.13
BiS0.4Se0.6I 86.71±0.15 85.84±1.16 2.94±3.44
BiS0.2Se0.8I 80.07±0.14 80.96±1.11 -2.99±3.30

BiSeI 75.36±0.13 78.76. ±1.04 -11.39±3.09

Fig. 5. Concentration dependences of the partial mo-
lar functions of bismuth in the BiSI-BiSeI system at 
300 K
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Bi (solid) + 0.5 BiI3 (solid) + 1.5S (solid) = 
= 1.5 BiSI (solid)		  (6)

Bi (solid) + 0.5BiI3 (solid) + 1.5Se (solid) = 
= 1.5BiSeI (solid)		  (7)

In accordance with these equations, the 
standard Gibbs free energy of formation and the 
enthalpy of formation of the specified ternary 
compounds were calculated using the relations:

D D Df fZ Z Z0 0
3

2
3

1
3

(BiSI) (BiI )Bi= + 	 (8)

D D Df fZ Z Z0 0
3

2
3

1
3

(BiSeI) (BiI )Bi= + 	 (9)

where Z ≡ G, H, and the standard entropies are 
according to

S S S S S0 0 0
3

02
3

1
3

(BiSI) [ (Bi)] (BiI ) (S)Bi= + + +D 	(10)

S

S S S S

0

0 0
3

02
3

1
3

(BiSeI)

[ (Bi)] (BiI ) (Se).Bi

=

= + + +D
	 (11)

On the other hand, as shown above, the ray 
lines passing through different compositions of 
γ-solid solutions reach the BiI3-S-Se concentration 
triangle. Therefore, the overall potential-forming 
reaction for them has the form

Bi (solid) + 0.5BiI3 (solid) + 1.5(S1–хSex) (solid) =  
= 1.5 BiS1–xSexI (solid)		  (12)

According to equation (12), the standard 
thermodynamic functions of solid solution 
formation are calculated using the relations:

D

D D D

f x x

f f x x

Z

Z Z Z

0
1

0
3

0
1

2
3

1
3

(BiS Se )

(BiI ) (S Se ),Bi

-

-

=

= + + +
	 (13)

and the standard entropies are –

S

S S S S

x x

x x

0
1

0 0
3

0
1

2
3

1
3

(BiS Se )

[ (Bi)] (BiI ) (S Se ).Bi

-

-

=

= + + +D
	 (14)

In calculations using equations (8)–(11) and 
(13)–(14), the values of standard entropies of 
bismuth, sulfur, and selenium recommended in 
modern reference literature (S0(Bi) = 56.90±0.42, 
S0(S) = 31.92±0.21, S0(Se) = 42.13±0.21 J·mol–1·K–1) 
[51] were used, as well as the standard integral 
thermodynamic functions of BiI3 compounds 
and binary S1–xSex alloys (x = 0.2, 0.4, 0.6, 0.8). 
For S1–xSex alloys, the values of ∆fH

0 and ∆fS
0 were 

taken from [52], and the standard entropy was 
calculated by combining the data from [52] with 
the above-given values of the standard entropies 
of elemental sulfur and selenium (Table 3). For 
BiI3, the values of the functions ∆fH

0 and S0 given 
in the reference books [53, 54] were used, and ∆fG

0 
was calculated based on them (Table 4).

The obtained values of the standard integral 
thermodynamic functions are presented in 
Table 4. As can be seen, our data on ternary 
compounds are very close to those given in [32]. 
Thermodynamic data for BiS1-xSexI solid solutions 
have been determined for the first time. Their 
analysis shows a consistent decrease in the 
numerical values of the Gibbs free entropy and 
enthalpy with increasing selenium concentration. 
The behavior of the functions ∆fS

0 and S0 is 
different: the formation of solid solutions is 
accompanied by an increase in the values of these 
functions from the stoichiometric compositions 
of the ternary compounds and passes through 
a maximum at approximately the composition 
BiS0.4Se0.6I, which is apparently associated with 
the contribution of the configurational entropy 
of the solid solutions.

Table 3. Standard integral thermodynamic functions of S1-xSex alloys [52]

Phase -D f G
0 298( K) -D f H

0 298( K) D f S
0 298( K) S 0 298( K)

kJ·mol–1 J·K–1·mol–1

S0.8Se0.2 0.54 -0.8 4.5 38.5±0.3
S0.6Se0.4 0.84 -0.8 5.5 41.5±0.3
S0.4Se0.6 0.88 -1.0 6.3 44.4±0.3
S0.2Se0.8 0.69 -0.8 5.0 45.1±0.3
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4. Conclusions 
Thus, we present new, consistent sets of 

thermodynamic data for the phases of the BiSI-
BiSeI system, obtained by measuring the EMF of 
concentration cells with an ionic liquid as the 
electrolyte relative to a bismuth electrode. To 
rationally plan experiments and process their 
results, a solid-phase equilibria diagram of the 
BiSI-BiSeI-BiI3 system and a fragment of the 
phase diagram of the Bi-S-Se-I system in the 
corresponding region were constructed using 
X-ray diffraction (XRD). The relative partial 
Gibbs free energy, enthalpy, and entropy of 
bismuth in the alloys were calculated from the 
EMF measurements. Based on the schematic 
phase diagram of the Bi-S-Se-I system, the 
virtual potential-forming reactions responsible 
for the indicated partial molar quantities were 
established. Using the obtained equations 
of potential-forming reactions, the standard 
thermodynamic functions of formation and the 
standard entropy of BiSI and BiSeI compounds, as 
well as BiS1–xSexI solid solutions of compositions 
x = 0.2, 0.4, 0.6, 0.8, were calculated. The 
thermodynamic functions of BiSI and BiSeI 
compounds are in good agreement with the 
literature, whereas those for solid solutions have 
been determined for the first time.
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Kinetics of cathodic deposition of copper from an acid sulfate 
solution in the presence of organic disulfides
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Abstract 
Objectives: In this work, we established the kinetic patterns and evaluated the main parameters of heterogeneous nucleation 
and growth of a new phase during the electrocrystallization of copper during cathode deposition from an acid sulfate solution 
in the presence of organic disulfides (disodium salts of 3,3′-dithiodipropanedisulfonic acid, 4,4′-dithiodibenzene disulfonic 
acid and 3,3’-dithiodi(4-aminobenzene)sulfonic acids). The additives under study contain a disulfide group (-S-S-), which 
is characteristic of accelerators of the copper cathode deposition process in the implementation of electrochemical void-free 
filling of through holes (through silicon vias) of silicon wafers used in microelectronics in the manufacture of microcircuits.
Experimental: Electrodeposition of copper coatings was carried out from aqueous sulfate solutions of copper plating in 
galvanostatic mode. Using scanning electron microscopy, it was found that in the presence of all the studied organic 
disulfides, copper crystallites with clearer edges are formed in the acid sulfate electrolyte of copper plating than in solutions 
without additives. The presence of aromatic groups in the structure of the accelerator molecule increases the size of the 
crystallites of the galvanic copper deposit, and the additional introduction of terminal amino groups into the disulfide 
structure, on the contrary, leads to a decrease in the size of the crystallites. The latter can be explained by the bifunctional 
nature of 3,3′-dithiodi(4-aminobenzene)sulfonic acid, capable of exhibiting both an accelerating and leveling effect due 
to the presence of a disulfide group and an amino group in the structure, respectively. The kinetics of cathodic deposition 
of copper coatings was studied using transient electrochemical methods of voltammetry, chronopotentiometry, and 
chronoammetry. In the presence of the studied additives, the overvoltage of copper electrodeposition decreases, while the 
kinetics of the process does not change: the charge transfer stage proceeds irreversibly, the activation of nucleation sites 
is progressive, and the growth of a new phase is controlled by the diffusion of copper ions from the solution to the cathode 
surface.
Conclusions: The functionalization of aliphatic disulfide by the introduction of aromatic and amino groups does not lead 
to significant changes in the parameters of heterogeneous nucleation and the growth of a new phase during cathodic 
deposition of copper from an acid sulfate solution. However, the rate of electrocrystallization increases with the transition 
from aliphatic disulfide (disodium salt of 3,3′-dithiodipropanedisulfonic acid) to disodium salt of 3,3’-dithiodi(4-
aminobenzene)sulfonic acid, which contains both aromatic groups and amino groups in its structure.
Keywords: Copper, Cathodic deposition, Organic disulfides, Kinetics, Voltammetry, Chronopotentiometry, Phase formation
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1. Introduction 
The process of copper cathodic deposition 

forms the basis of TSV (through silicon vias) 
technology used in microelectronics to form 
electrical contacts (interposers) between different 
levels of semiconductor devices [1–3]. The 
technology is based on creating interconnections 
in the holes of a silicon wafer by filling them 
with metal, which must be superconformal. 
This means  that when creating interposers, it 
is necessary to exclude the formation of voids 
in the forming galvanic deposits [4, 5]. This 
process cannot be implemented in simple copper 
deposition electrolytes containing only two main 
components: copper sulfate and sulfuric acid. 
The fact is that such electrolytes have a low 
scattering capacity, which negatively affects the 
deposition quality in micro-sized holes with a 
high aspect ratio “depth/height”. In this regard, 
special functional additives are introduced into 
the electrolyte, among which accelerators play a 
special role [6–10].

Accelerator molecules are adsorbed mainly 
in the depth of the micro-holes, which provides 
a superconformal “bottom-up” filling mode. 
This is facilitated by the relatively small size and 
sufficiently high diffusion mobility of accelerator 
molecules. In addition, their composition and 
structure play an important role. The most 
common are organic disulfides containing a 
disulfide (-S-S-) bond, for example, bis-(3-
sulfopropyl)-disulfide (SPS) [11, 12]. According 
to modern concepts, during the first stage of 
the mechanism of the accelerating action, SPS 
molecules decompose to form monomers – 
3-mercaptopropanesulfonic acid (MPS). This 
stage occurs either in the volume of the solution 
[13, 14] or on the surface of the cathode [15]. Next, 
MPS forms a thiolate complex with a Cu+ ion, which 
is formed during the first stage of the cathodic 
reduction of Cu2+ ions [16]. The subsequent 
reduction of the Cu+-MPS thiolate complex to 
copper proceeds faster than the process of purely 
electrochemical conversion of Cu2+ in the absence 
of organic disulfide in the electrolyte. In this case, 
the rate of copper electrodeposition correlates 

with the concentration of the thiolate complex 
[17]. The accelerating effect is manifested in the 
presence of chloride ions [18, 19], which promote 
chemisorption of Cu+ ions and increase their 
concentration on the cathode surface, thereby 
reducing the capacity of the double electric 
layer and polarization, which ultimately creates 
favorable conditions for nucleation and growth 
of a new copper phase. In addition, an accelerator 
can contribute to a change in the contribution of 
these stages to the deposition kinetics, which, in 
turn, leads to morphological changes due to the 
formation of crystallites of a different size [19].

Along with accelerators, an important 
component of TSV electrolytes are levelers, 
which are most often used as nitrogen-containing 
aromatic compounds, including heterocyclic 
ones [20, 21]. Their functional N-containing 
groups, including amino groups, contribute 
to the adsorption of leveler molecules on the 
copper surface [22]. As a result, the adsorption 
of a leveler is most pronounced, first of all, in 
areas with high cathodic current density, which 
prevents the unwanted deposition of copper in 
the upper part of TSV holes, but has almost no 
effect on electrodeposition in areas with low 
current density (i.e. in the depth of the TSV holes).

The simultaneous action of an accelerator and 
a leveler ensures superconformal filling of TSV 
structures with copper. At the same time, both 
the selection of the most appropriate deposition 
regime in the presence of both additives and 
the selection of their optimal concentrations 
is a difficult task [23, 24]. Therefore, an urgent 
problem of TSV technology is the search for a 
single bifunctional additive that would combine 
the properties of an accelerator and a leveler. 
Obviously, the use of such a universal additive 
will simplify the process of optimizing the 
copper plating regime and reduce the cost of an 
electrolyte. In addition, it will help to increase 
its environmental friendliness by reducing the 
total number of organic components. One of the 
approaches to finding such a universal additive 
is to evaluate the possibility and conditions 
of using already known commercial organic 

Для цитирования: Е. А. Ильина, О. А. Козадеров, Н.В. Соцкая, А. Д. Головинский, Е. Д. Колбешкина, В. А. Поликарчук. 
Кинетика электрокристаллизации меди из кислого сульфатного раствора в присутствии органических дисульфидов. 
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additives as the only additional component of 
a copper electrolyte providing superconformal 
filling [25–27]. In addition, it seems promising to 
modify the accelerator molecule by introducing 
functional groups that are characteristic of 
leveler molecules. It was found [28] that the 
introduction of nitrogen into the MPS molecule 
promotes the manifestation of compounds 
such as 3-S-thiuronium propanesulfonate 
and 3-(benzothiazolyl-2-mercapto)-propyl 
sulfonate, along with accelerating, also leveling 
action. In [29], the possibility of implementing 
superconformal deposition using a single additive 
3-(1-pyridinio)-1-propanesulfonate was shown, 
the dual effect of which (leveling in the upper 
part and accelerating in the lower part of the TSV 
hole) is explained within the framework of model 
concepts of the dual nature of the molecule due to 
the presence of a nitrogen-containing heterocycle 
and a sulfonic acid groups.

When functionalizing an accelerator molecule, 
the general requirements for it must be met: the 
presence of a terminal sulfonate group, -SO3, is 
mandatory, since it accelerates copper deposition, 
while additives containing terminal groups, 
-COOH, -OH, and -CH3, do not affect the rate of 
the process [21]. In addition, the introduction of 
additional groups into the accelerator molecule 
should not lead to changes in the kinetics and 
parameters of electrocrystallization [19]. Thus, 
along with an assessment of the overall effect 
of functionalized accelerator molecules on the 
rate and polarization of the electrochemical 
copper plating process, it is advisable to study the 
kinetics of nucleation and growth of a new phase 
in their presence. Indeed, based on the results 
of a potentiostatic study of this process, it is 
possible to evaluate the effect of various additives 
on the main parameters of phase formation: 
the density of nucleation sites, rate constant, 
and the mechanism of their activation [30, 31]. 
It should be borne in mind that the process of 
copper cathodic deposition can be complicated 
by the adsorption of solution components on 
the electrode surface, as well as by the side 
reaction of hydrogen evolution [32], since the 
pH of the copper deposition solution is quite 
low. The data obtained on the kinetics of copper 
coating formation, as well as on the patterns and 
parameters of electrocrystallization, will make it 

possible to draw a reasonable conclusion and can 
be used as the basis for further research on the 
possibility of using universal additives combining 
the properties of an accelerator and an leveler to 
purposefully regulate the filling process of TSV 
structures by varying the structure of accelerator 
molecules.

In this work we study the role of the 
functionalization of the bis-(3-sulfopropyl) 
disulfide molecule, used as an accelerator 
in TSV technology, by introducing electron-
donat ing  aromat ic  groups  and  amino 
groups into the structure of its molecule, in 
the electrocrystallization kinetics of copper 
electrodeposition.

The purpose of the work is to establish kinetic 
patterns and evaluate the main parameters of 
heterogeneous nucleation and growth of a new 
phase during electrocrystallization of copper 
during cathodic deposition from an acid sulfate 
solution in the presence of organic disulfides of 
various structures and compositions.

Work objectives:
1. To identify the role of the structure 

of organic disulfides in the non-stationary 
electrochemical deposition of copper from a 
sulfate solution.

2. To determine the effect of the structure 
of organic disulfides on the morphology of 
electrodeposited copper coatings.

3. To establish the parameters of heterogeneous 
nucleation during electrodeposition of copper in 
the presence of the studied organic disulfides 
and to evaluate the effect of the introduction of 
aromatic groups, as well as terminal amino groups 
into their structure, on the kinetics of copper 
electrocrystallization.

2. Experimental 
Electrodeposition of copper coatings was 

carried out from aqueous solutions of the 
following composition: (1) – 156 g/L CuSO4·5H2O + 
10 g/L H2SO4 + 50 mg/L Cl– (рН 1.3); (2) – 12.5 g/L 
CuSO4·5H2O + 0.8 g/L H2SO4 + 50 mg/L Cl– (рН 2.1) 
at room temperature (~20 °С) in a three-electrode 
electrochemical cell with undivided cathode and 
anode spaces, without mixing, under conditions 
of natural aeration. Solution (1) was used for 
galvanostatic deposition and morphology analysis 
of the obtained coatings, solution (2) was used for 
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non-stationary electrochemical measurements 
and study of copper electrocrystallization 
kinetics. The thickness of the coatings, 
determined by the gravimetric method, averages 
5.571±0.003 microns.

A copper electrode reinforced in polymerized 
epoxy resin was used as a working electrode 
in non-stationary studies. To determine the 
coating morphology and the current efficiency, 
deposition was performed on a copper plate. 
Before electrochemical studies, the working 
electrode was cleaned on sandpaper with a grain 
size of P2500, polished on vacuum rubber with 
Al2O3 powder with a grain size of F800, washed 
with distilled water, cleaned using an ultrasonic 
bath, then the surface was degreased with 
isopropyl alcohol, rinsed again with distilled 
water and dried with filter paper. The preparation 
of the copper plate surface for electrochemical 
deposition included degreasing with isopropyl 
alcohol, rinsing with distilled water, etching 
in HNO3 for 7 seconds, repeated rinsing with 
distilled water and drying with filter paper. The 
auxiliary electrode was a platinum plate, and 
a silver chloride electrode (SCE) was used as a 
reference electrode, connected to the working 
solution by an electrolytic bridge filled with a 
saturated solution of potassium nitrate.

The kinetics of cathodic deposition of 
copper coatings was studied using transient 
electrochemical methods of voltammetry, 

chronopotentiometry, and chronoammetry. 
The measurements were carried out using a 
computerized P-40X potentiostat/galvanostat. 
The potentials are given relative to a standard 
hydrogen electrode. The current density i is 
calculated per unit of the visible (geometric) 
area of the electrode, which is 0.045 cm2. 
Chronopotentiograms of copper deposition were 
recorded at a current density of i = –1.5 A/dm2 for 
1000 s. Cathodic potentiodynamic curves were 
recorded by changing the electrode potential 
over time t from an open-circuit value to 
E  = –1000 mV with a scan rate u = dE/dt. The 
kinetics of electrocrystallization was studied by 
chronoamperometry method, recording current 
I,t-transients at different deposition potentials 
Edep (–200 mV, –300 mV) in the region of the 
voltammetric maximum. The current efficiency 
was determined by gravimetric method. The 
morphology of the coatings was studied by 
scanning electron microscopy on a JSM-6380LV 
JEOL installation.

The following organic disulfides were used as 
additives in concentration of 0.14 mmol/L: disodium 
salt of 3,3′-dithiodipropanedisulfonic acid (SPS), 
disodium salt of 4,4′-dithiodibenzenedisulfonic 
acid (DTBS), and disodium salt of 3,3′-dithiodi(4-
aminobenzenesulfonic acid)-acids (AFDS) (Fig. 1). 
The DTBS molecule contains aromatic groups, 
and amino groups are additionally introduced 
into the AFDS molecule.

Рис. 1. Молекулярная структура исследованных органических дисульфидов: (a) – СПС, (b) 

– ДТБС, (с) - АФДС

Рис. 2. Хронопотенциограммы осаждения меди из раствора (1) при i = -1.5 А/дм2 в 

отсутствие добавок (1) и при введении СПС (2), ДТБС (3) и АФДС (4) 

a
 

b
 

c

Fig. 1. Molecular structure of the studied organic disulfides: (a) – SPS, (b) – DTBS, (c) – AFDS
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3. Results and discussion
The cathodic chronopotentiograms (Fig.  2) 

obtained in the studied electrolytes show a 
shift of the electrode potential in the negative 
direction relative to the open-circuit value (325±4 
mV vs. standard hydrogen electrode). It can be 
seen that during galvanostatic deposition of 
copper, the introduction of all the studied organic 
disulfides – both aliphatic SPS and aromatic DTBS 
and AFDS – such a potential shift is expressed to a 
lesser extent compared with a solution containing 
no additives. This indicates a decrease in the 
electrode polarization of the deposition process, 
i.e. an acceleration of the cathodic reduction 
of copper from the sulfate electrolyte in the 
presence of SPS, DTBS, or AFDS. When aromatic 
groups are introduced into the structure of the 
disulfide molecule, the deposition potential shifts 
by about 15 mV in the positive direction relative 
to the solution containing the aliphatic chain 

(SPS). The presence of terminal amino groups 
in the disulfide structure (AFDS), in turn, leads 
to an even greater refinement of the deposition 
potential (~35 mV). Indeed, the greatest potential 
shift in the positive direction relative to the 
solution without additives is observed with the 
addition of AFDS, the smallest with the addition 
of SPS.

SEM images of the surface of copper coatings 
obtained from solutions of various compositions 
are shown in Fig. 3. The surface of the coating 
obtained from an electrolyte without additives 
is characterized by a coarse-grained structure 
with partial blurring of the grain boundaries. 
The effect of organic disulfides is manifested in 
the formation of crystallites with clearer edges. 
The introduction of the DTBS additive does not 
significantly affect the size of the crystallites, the 
use of the SPS additive leads to a decrease, and 
the AFDS leads to a significant decrease in the 
size of the crystallites. Thus, the introduction of 
an aromatic group accelerator (DTBS) into the 
structure of the molecule increases the size of 
the crystallites compared to a solution containing 
an aliphatic chain (SPS). On the contrary, 
additional functionalization of aromatic disulfide 
by introducing terminal amino groups (AFDS) 
into its structure leads to significant grinding 
of crystallites. This may be due to the fact that 
the presence of nitrogen in the AFDS molecule 
contributes to the manifestation, along with 
the accelerating, also the leveling effect of the 
additive, which is consistent with [28, 29].

A comparative analysis of the cathodic 
polarization curves (Fig. 4) shows that the shape 
of the voltammograms does not change when the 
studied additives are introduced into the sulfate 

Рис. 3. СЭМ-изображения, полученные при увеличении x5000 поверхности медных 

покрытий, гальваностатически осажденных (плотность тока i = -1.5 А/дм2, время 

осаждения 1000 с) из раствора (1) без добавок (a) и в присутствии органических добавок 

СПС (b), ДТБС (c) и АФДС (d) 

Рис. 4. Катодные вольтамперограммы, полученные в растворе (2) при υ = 100 (1,1′), 200 

(2,2′), 300 (3,3′) мВ/с в отсутствие добавок (1,2,3) и при введении органических добавок 

(1′,2′,3′): СПС (a), ДТБС (b) и АФДС (с) 

а b           c d

a b c 

Fig. 2. Chronopotentiograms of copper deposition 
from solution (1) at i = -1.5 A/dm2 in the absence of 
additives (1) and in the presence SPS (2), DTBS (3) and 
AFDS (4)

Fig. 3. SEM images obtained with magnification x5000 of the surface of copper coatings galvanostatically 
deposited (current density i = –1.5 A/dm2, deposition time 1000 s) from solution (1) without additives (а) and 
in the presence of organic additives SPS (b), DTBS (с) and AFDS (d)
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solution of copper plating. At the same time, the 
current density of the voltammetric maximum 
imax decreases with the introduction of the studied 
disulfides compared with the solution without 
additives. The peak potential Emax shifts slightly 
to the positive region, with the exception of 
the solution containing the AFDS additive. The 
greatest shift to the positive area is observed 
when using an SPS additive based on an aliphatic 
structure. In addition, unlike DTBS and AFDS, 
in the case of SPS, acceleration of the process is 
observed at E > Emax (Fig. 4). The totality of these 
data confirms the purely accelerating effect of SPS. 
The presence of aromatic groups (DTBS) in the 
structure of the molecule leads to a slight decrease 
in the current density of the voltammetric 
maximum imax and a shift in the potential of the 
maximum Emax to a negative region compared with 
a solution containing an aliphatic chain (SPS). The 
additional introduction of terminal amino groups 
into the disulfide structure (AFDS) leads to a more 
noticeable shift of the maximum potential Emax to 
the negative region.

Thus, based on the observed changes in 
the voltammetric response, it is difficult to 
unambiguously judge the accelerating or 
inhibitory effect of the additives under study 
on the copper deposition process. This can 
be explained by the fact that the ratio of the 
contributions of the accelerating and leveling 
effects of the functionalized additives DTBS and 
AFDS changes in a complex way during recording 
the polarization curve under potentiodynamic 
conditions, and at E < Emax, the non-stationary 
mass transfer stage has the greatest effect on the 

kinetics of the process, which is apparently weakly 
sensitive to the presence of organic additives 
in solution. The diffusion limitations of the 
process are confirmed by the linear dependence 
of the maximum current density imax vs. root of 
the potential scan rate u1/2 (Fig. 5a). The imax – 
u1/2 curves for all additives are close and do not 
extrapolate to the origin, probably due to a parallel 
side process (for example, hydrogen evolution). 
Indeed, the current efficiency according to 
gravimetric measurements is 85±4 %. At the same 
time, a significant shift of the maximum potential 
to the negative side with an increase in the scan 
rate indicates the irreversibility of the charge 
transfer stage (Fig. 5b).

The role of organic disulfides in the kinetics 
of electrocrystallization was established by 
determining the parameters of nucleation and 
growth of a new phase during copper deposition. 
The kinetics of the process is usually determined 
under the assumption of instantaneous or 
continuous activation of nucleation sites [33] 
within the framework of the 3D nucleation model 
proposed by Scharifker and Hills [34]. However, 
a preliminary comparison of the experimental 
chronoamperograms with the theoretical 
equations of the Scharifker-Hills model showed 
their significant discrepancy, which made it 
impossible to establish the nucleation kinetics, 
much less to quantify the characteristics of the 
copper electrocrystallization. The most likely 
causes of the revealed deviation are the significant 
contribution of the hydrogen evolution reaction, 
as well as the presence of substances capable of 
adsorption in the solution. In this regard, for 

Fig. 4. Cathodic voltammograms obtained in solution (2) at υ = 100 (1,1′), 200 (2,2′), 300 (3,3′) mV/s in the absence 
of additives (1,2,3) and with the introduction of organic additives (1′,2′,3′): SPS (a), DTBS (b) and AFDS (с)
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further analysis, we used an extended model of 
nucleation and growth of a new phase [32], which 
takes into account that diffusion-controlled 
electrodeposition of metal occurs together with 
hydrogen reduction and adsorption of solution 
components. The extended model makes it 
possible to describe the potentiostatic transient 
current i(t) obtained during electrodeposition as 
the sum of three components:

i(t) = iCu(t) + iH(t) + iads(t).	(1)

Here, the current density iH determines the rate 
of the proton reduction reaction [32] and can be 
described by the ratio:

iH(t) = P1S(t), 		  (2)

in which the coefficient P1 = zHFkH includes the 
charge zHF responsible for the reduction of 1 mole 
of protons (zH = 1, F = 96485 C/mole), kH is the rate 
constant of the proton reduction reaction. The 
fraction of the surface occupied by electrodeposited 
copper

S(t) = (2c0M/pr)1/2q(t) 		  (3)

it includes c0 – the initial volume concentration 
of copper ions (0.05 M), M – the molar mass of 
copper (63.5 g/mole), r – the density of the copper 
deposit (8.96 g/cm3), as well as the function

q(t) = {1–exp{–P2[t–(1–exp(P3t))/P3]}}. 	 (4)

Here, the parameters P2 = N0pkD and P3 = A 
include the density of active nucleation sites 

on the electrode surface (N0), the diffusion 
coefficient of copper ions (D), the nucleation rate 
(A), and the constant k = (8pc0/r)1/2.

The current density iCu, which determines the 
rate of the diffusion-controlled copper reduction 
process, is determined as follows [32]:

iCu(t) = P4t
–1/2q(t), 		  (5)

where P4 = 2FD1/2c0/p
1/2.

Finally, the third term iads is due to the 
adsorption process described in [32] as an 
exponential decrease in current:

iads(t) = K1exp(–K2t). 		  (6)

Thus, the total current density will be 
described by the following expression:
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	(7)

where P1* = P1(2c0M/pr)1/2.
To identify the effect of organic disulfides on 

the stage of heterogeneous nucleation during 
cathodic deposition of copper, kinetic parameters 
of the electrocrystallization process were obtained 
by approximating equation (7) and experimental 
chronoamperograms recorded at potentials in 
the vicinity of the voltammetric peak: –200 and 
–300 mV. Experimental chronoamperograms have 
the shape of a curve with a maximum (Fig.  6), 

Fig. 5. (a) – Current density of the voltammetric maximum vs. root of the potential scan rate, (b) – potential 
of the voltammetric maximum vs. decimal logarithm of the potential scan rate obtained in solution (2) without 
additives and with the introduction of organic additives SPS, DTBS and AFDS
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which is typical for nucleation processes: a sharp 
increase in current during the initial period of the 
electrodeposition process is followed by a decrease 
in current and its tending to a constant value. 
Their comparison with the current transients 
found in accordance with the extended model of 
the 3D nucleation process shows that the use of 
generalized equation (7) made it possible to obtain 
a complete coincidence of experimental and 
theoretical chronoamperograms. In addition, i,t-

curves were calculated for three parallel processes 
(electrocrystallization, hydrogen evolution, and 
adsorption). As expected, the rate of adsorption 
is higher in solutions containing additives than in 
their absence. The current caused by the hydrogen 
evolution reaction increases and reaches a 
constant value, which does not significantly 
depend on the presence of additives.

The nucleation current is characterized by 
the formation of a maximum in the initial period 

Fig. 6. Experimental and theoretically calculated chronoamperograms obtained by electrodeposition of copper 
at a potential of -300 mV

Fig. 7. Partial curves of copper electrocrystallization at a cathode potential of -200 mV (a) and -300 mV (b)
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of the process, the height of which depends 
on the deposition potential and the presence 
of additives in the electrolyte (Fig. 7). With an 
increase in the cathodic potential, the rate of 
electrocrystallization increases, as with the 
introduction of all the studied organic disulfides 
into the solution. At the same time, DTBS gives 
a minimal accelerating effect (4–5 %), while SPS 
and AFDS increase the nucleation current by 17–
22 % and 24–34 %, respectively.

Using the extended electrocrystallization 
model, it was also possible to determine the values 
of kinetic parameters of electrodeposition at the 
stage of nucleation and growth of a new phase, 
including in the presence of organic disulfides 
(Fig. 8). The analysis shows that the transition 
from aliphatic (SPS) to functionalized (DTBS, 
AFDS) organic disulfides is unsystematic and to a 
small extent affects both the density of nucleation 
sites and the rate constant of activation of 
potential nucleation sites, which on average are 
N0 = (1.3±0.3)·10–5 cm–2 and A = (2.8±0.6) cm–1, 
respectively. It is known that, depending on the 
value of parameter A, the activation process can 
be classified as instantaneous if At >> 1, otherwise 
as continuous [34]. The estimation of At value 
by the time the maximum is reached on the 
nucleation curve (t ≈ 1 s) leads, both in the case 
of a solution without additives and with additives, 

to the value of At ≈ 3, which allows us to consider 
the activation of nucleation sites as continuous.

Thus, despite the introduction of aromatic 
groups and/or amino groups into the structure 
of DTBS and AFDS disulfides, the kinetics and 
parameters of electrocrystallization do not 
change significantly, which is a prerequisite 
[19] when choosing a universal organic additive 
that exhibits accelerating and leveling effects 
depending on the current distribution inside 
the TSV structure. At the same time, the results 
of non-stationary electrochemical studies 
and scanning electron microscopy allow us to 
consider the addition of AFDS, characterized by 
the presence of both aromatic groups and amino 
groups in its structure, the most promising as 
a bifunctional additive in relation to cathodic 
deposition of copper, since for this compound 
the most pronounced effect of accelerating the 
rate of electrocrystallization is observed (Fig. 7), 
on the one hand, and a noticeable morphological 
smoothing of the surface, on the other hand 
(Fig.  3), while maintaining the kinetics and 
parameters of copper electrocrystallization.

4. Conclusion
The introduction of organic disulfides 

(disodium salts of 3,3′-dithiodipropanedisulfonic 
acid, 4,4′-dithiodibenzene disulfonic acid and 

Fig. 8. Kinetic parameters of nucleation: a – nucleation active site densities (N0), b – activation rate constant 
of potential nucleation active site (A)
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3,3′-dithiodi(4-aminobenzenesulfonic acid) into 
an acidic sulfate solution leads to a decrease in 
the cathodic polarization of the copper reduction 
process during galvanostatic deposition, which 
confirms the accelerating effect of these additives. 
The functionalization of the aliphatic disulfide 
(SPS) molecule by including aromatic groups in 
the structure enhances the deposition potential 
by about 15 mV, while the additional introduction 
of amino groups into the disulfide structure leads 
to an even greater (about 35 mV) shift in the 
deposition potential to the positive side.

Scanning electron microscopy revealed 
that in the presence of the studied additives 
of organic disulfides, crystallites with more 
pronounced faces form on the surface of the 
copper coating. Moreover, if the introduction 
of a 4,4′-dithiodibenzene disulfonic acid salt 
does not significantly affect the size of the 
crystallites, then the use of 3,3′-dithiodi(4-
aminobenzenesulfonicacid leads to their 
significant reduction. According to literature 
data, this effect can be explained by the presence 
of amino groups responsible for the leveling effect 
in the molecule of the AFDS accelerator. The dual 
nature of functionalized additives in relation to the 
copper deposition process is indirectly confirmed 
by the results of potentiodynamic measurements, 
the analysis of the critical parameters of which 
allowed us to establish that the charge transfer 
stage during copper deposition is irreversible, and 
the process is complicated by the non-stationary 
diffusion of ions of the deposited metal to the 
cathode surface.

The role of organic disulfides in the kinetics 
of electrocrystallization has been established 
taking into account the double-layer and 
adsorption processes which occur during the 
initial deposition period, as well as the side 
reaction of hydrogen evolution, the contribution 
of which is confirmed by the value of the current 
efficiency of 85±4 %. It was found that the rate 
of electrocrystallization increases with the 
introduction of all the studied organic disulfides 
into the solution (DTBS by 4–5 %, SPS by 17–
22 %, and AFDS by 24–34 %), which confirms 
their accelerating effect. However, the kinetics 
of 3D nucleation during copper deposition in 
the presence of the studied additives remains 
unchanged and corresponds to the mechanism 

of continuous activation of nucleation sites. 
During the functionalization of organic disulfide 
molecules, their density and the rate constant 
of activation vary slightly and unsystematically, 
averaging (1.3±0.3)·10–5 cm–2 and 2.8±0.6 cm–1, 
respectively.
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Abstract 
Objectives: The aim of this study is to investigate the influence of different 3D printing patterns, under identical thermal 
and mechanical parameters of the 3D printing process itself, on the microstructural and hydrophilic properties of amorphous 
ABS copolymer samples printed with five different 3D printing patterns by sequentially depositing layers using FDM (Fused 
Deposition Modeling). 
Conclusions: The results of studying the printed samples using SEM, X-ray diffraction, IR spectroscopy, and contact angle 
measurements showed that the combination of thermal and mechanical effects during 3D printing in the studied extrusion 
mode does not cause noticeable orientation of the polymer chains of the original amorphous ABS copolymer, does not 
disrupt its intrastructural chemical bonds, and the surface of all printed samples with five different patterns is hydrophilic. 
Moreover, the printed sample with the most complex geometry is the 1_Hilbert pattern, which has the most distorted 
morphology and surface defects and exhibits the highest contact angle (j = 67o), exceeding the corresponding values in 
samples with other patterns (j ≈ 60o) by ~10 %, and has a hydrophilic surface.
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1. Introduction 
Thermoplastic polymers play an important 

role in various engineering fields due to their 
excellent functional and technological properties. 
Along with other thermoplastics, acrylonitrile-
butadiene-styrene copolymer (ABS) is widely 
used as a structural material. ABS consists of 
varying amounts of polyacrylonitrile (15–30 %), 
polybutadiene (5–35 %), and polystyrene (40–
60 %) and is widely used in the aerospace and 
defense industries, automotive manufacturing, 
and in electrical, telecommunications, and 
computer technologies [1]. The advantages 
of ABS copolymer also include the ability to 
manufacture various products with matte 
and mirror-like surfaces. ABS exhibits good 
impact resistance, toughness, rigidity, heat 
resistance, elasticity, and environmental 
friendliness. It is tolerant to moisture, inorganic 
acids and salts, solvents, lubricating oils, 
and alkalis. A significant advantage of ABS 
thermoplastic is its recyclability. The chemical 
formula of the acrylonitrile-butadiene-styrene 
(ABS) copolymer consists of three parts: 
(C8H8)x·(C4H6)y·(C3H3N)z [2].

The structural formula of the ABS copolymer 
[3, 4] is shown in Fig. 1. 

The melting point of the ABS copolymer 
ranges from 220 °C to 260 °C, but it begins to 
soften at approximately 105 °C. Different grades 
of ABS may have slightly different melting points, 
but this range is generally typical. It should also 
be noted that the glass transition of the ABS 
copolymer occurs in the temperature range of 
approximately 60÷65 °C.

ABS products are recommended for use in 
temperatures ranging from –20 to 80 °C, as their 
mechanical properties vary with temperature [3]. 

However, the material easily withstands short-
term exposure to temperatures up to +100°C, 
as well as long-term heating at +75÷80 °C. The 
rigidity, mechanical strength, and durability of 
ABS significantly exceed those of high-impact 
polystyrene and other polymers. To increase 
impact resistance, viscosity, and heat resistance, 
the ratio of polybutadiene, polystyrene, and 
polyacrylonitrile copolymers in ABS can be 
varied, allowing for the production of different 
grades of ABS by varying the component 
proportions [3]. 

The properties of ABS products also depend 
to some extent on the conditions under which 
the material is processed into the final object. For 
example, high-temperature molding improves 
the gloss and heat resistance of products, while 
the highest impact resistance is achieved with 
low-temperature molding. Fibers (usually 
fiberglass) and additives can be blended with 
resin granules to impart strength to the final 
product and increase its maximum operating 
temperature. Pigments can also be added to ABS, 
as its natural color ranges from translucent ivory 
to white. Additives are also used to protect against 
ultraviolet radiation [2].

ABS copolymers are resistant to aqueous 
acids, alkalis, concentrated hydrochloric and 
phosphoric acids, as well as animal, vegetable, and 
mineral oils. They are soluble in esters, acetone, 
chloroform, and ethylene dichloromethane, and 
exhibit low resistance to chlorinated solvents, 
alcohols, and aldehydes [2]. 

Although ABS thermoplastics are primarily 
used in mechanical applications, they also 
exhibits electrical properties that are quite 
stable over a wide frequency range. Temperature 
and humidity have virtually no effect on these 
properties within the permissible operating 
temperature range [4]. However, when exposed 
to high temperatures, such as during wood 
combustion, ABS plastics are highly flammable. 
They melt and then boil, after which the vapors 
turn into an intense hot flame, releasing toxic 
decomposition products. The toxicity of ABS 
thermoplastics are characterized in [5].

Of particular importance to modern materials 
science is the fact that, along with other 
thermoplastics, acrylonitrile butadiene styrene is 
a common material used in 3D printers [6] as ABS 

Fig. 1. Structural formula of the acrylonitrile-butadi-
ene-styrene (ABS) copolymer [3, 4] 
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filament because it is inexpensive, durable, highly 
stable, and can be post-processed in various ways, 
including sanding, painting, gluing, casting, and 
chemical smoothing. 

It is known [6] that ABS deforms when used in 
3D printing due to shrinkage that occurs during 
cooling during the printing process. However, 
shrinkage can be reduced by printing samples 
on a heated print surface, using glue to ensure 
good adhesion of the first layer of the print to 
the print surface, or printing with edges/rafts at 
the base of the print to improve adhesion to the 
print surface [6]. 

The aim of this study is to investigate the 
influence of different 3D printing patterns under 
identical thermal and mechanical parameters of 
the 3D printing process on the microstructural 
and hydrophilic properties of ABS copolymer 
samples printed with five different 3D printing 
patterns by sequentially depositing layers using 
Fused Deposition Modeling (FDM). Structural and 
optical characterization methods enable rapid 
characterization and comparison of acrylonitrile-
butadiene-styrene polymer compounds [7]. 
Furthermore, infrared calibration curves are 
extremely useful in analyzing the composition 
of ABS plastic. Analyses based on this method 
provide information that can be used to predict 
the physical properties of the formed plastic [7–
12]. 

Therefore, to achieve our goal of studying 
the influence of the 3D printing process on the 
microstructural and hydrophilic properties of 
ABS-printed samples, we used scanning electron 
microscopy (SEM), X-ray diffraction (XRD), IR 
spectroscopy, and contact angle measurements 
to determine surface wettability.

The prerequisites for studying the influence 
of different patterns on the properties of ABS 
samples in this work are the differences in the 
chemical formula of ABS, and especially its 
structural formula (with a long repeat period), 
from the corresponding parameters of two 
other thermoplastics, PETG and PLA, and the 
observed tendency for the contact angle to 
increase (hydrophilicity to decrease) in printed 
samples with the most complex pattern, i.e., 1_
Hilbert: up to 4 % [13] in the PETG sample and 
up to 10 % [14] in the PLA sample. We previously 
conducted similar studies of the effect of the 

3D printing process on the microstructural and 
hydrophilic properties of samples with the same 
pattern printed from two other thermoplastic 
polymers: polyethylene terephthalate-glycol 
(PETG) and polylactic acid (PLA). Therefore, 
when discussing the results obtained in this 
study, we will compare them with similar results 
for two other polymers published in our papers 
[13] and [14].

Despite the presence of papers in modern 
scientific journals devoted to modeling the 
properties, computer design, and improvement of 
polymer models and computer programs, we did 
not find any studies on the possible influence of 
pattern designs on polymer properties. Only one 
theoretical study on modeling the influence of the 
structure of an amorphous-crystalline polymer 
on its deformation properties [15] showed that 
the deformation characteristics of the polymer 
depend significantly on the relative positions 
of the crystalline and amorphous phases of the 
polymer in accordance with the five structural 
models considered: 1 – ideal phase mixing; 
2 – square lattice of the crystalline phase; 3 – 
square lattice of the amorphous phase; 4 – 
staggered phase arrangement; 5 – random phase 
arrangement. 

However, in the theoretical modeling 
conducted in [15], deformation and structural 
rearrangements of the amorphous phase 
were not taken into account. Whereas in the 
following sections of the article, we will show 
that the polymer we studied, both in the initial 
ABS filament state and in the printed samples, 
contains only one amorphous phase. It is this 
circumstance that determines the novelty 
and relevance of our experimental study of 
the possible influence of different geometry 
of the 3D printing model pattern on the 
microstructural and hydrophilic properties of 
ABS printed samples with five different model 
patterns.

2. Experimental. Research objects and 
methods 

The test specimens were made from colorless 
MAKO 1.75 Natural ABS Filament with a diameter 
of 1.75 mm using the Fused Deposition Modeling 
(FDM) method on a Hercules Original 3D printer 
at an extruder temperature of 240 °C and a 
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power of 500 W. Table 1 presents the 3D printer 
parameters used to print specimens with five 
different patterns. Using the parameters listed in 
Table 1, five cylindrical specimens with different 
3D patterns were printed. 

Fig. 2 shows the five types of patterns 
studied. The patterns shown in Fig. 2 were 
taken from the Prusa Slicer modeling software. 
After constructing five models with different 
3D patterns, five samples with five different 3D 
patterns (1_Hilbert, 2_Concentric, 3_Archimedian, 
4_Rectilinear, 5_Octagram) were printed from 
these models.

The printed colorless samples have the same 
cylindrical shape with a diameter of 20 mm and 
a thickness of 5 mm. Along with the printed 
samples, the original filamentary acrylonitrile-
butadiene-styrene (ABS filament) sample was 
studied, so the next section presents the results of 
the microstructural properties of the six samples.

Scanning electron microscopy (SEM) of the 
surfaces of the five printed samples with different 
patterns was performed on a JSM 6510LV 
scanning electron microscope at the VSU Center 
for Collective Use. To obtain better contrast 
in the SEM micrographs, surface morphology 
studies of the printed samples were performed on 

the surfaces of samples coated with a very thin 
gold layer (a few nanometers thick) at various 
magnifications of ×40, ×1000, and ×5000. 

X-ray diffraction (XRD) analysis of the printed 
samples and the original ABS filament was 
performed at the Voronezh State Technical 
University using a BRUCKER D2 Phaser 
diffractometer (with a copper anode), at a high 
voltage of U = 30 kV and anode current of I = 10 
mA in the Bragg angle range 2θ = 5–80°. 

IR spectroscopy is a universal method for 
obtaining information on the molecular structure 
of substances and allows one to determine 
the nature of atomic groups, the nature of 
chemical bonds, and their changes under external 
conditions [16, 17]. The molecular structures of 
the ABS filament and five 3D-printed samples 
with different patterns were studied by measuring 
IR transmission spectra on a Brucker Vertex 
70 FTIR spectrometer at the Voronezh State 
University Center for Collective Use in the range 
of 400–4000 cm-1. 

The surface wettability of five flat 3D-printed 
samples with different patterns was determined 
using a unique contact angle measuring setup 
(Fig. 3), which we manufactured on a Hercules 
Original 3D printer. The setup consists of a stand 
with a sample holder on which a flat sample is 
placed. A droplet meter is placed on the stand, 
which creates droplets on the sample surface to 
measure the contact angle. A webcam is mounted 
opposite the stand containing the sample, 
displaying the droplet image on the screen. The 
contact angle of the sample, jо, is measured using 
the Pic-pic graphics editing program. 

A liquid droplet on the surface of a solid, 
depending on the nature of the sample, the liquid 
itself, and the environment in which it is located, 

Table 1. 3D printing parameters on a Hercules 
Original printer 

3D Printing Parameter Value 
Value layer thickness / extruder 
nozzle diameter

0.8 mm

Filling density 20 %
Filling speed 50 mm/s
Filling model patterns 5 types
Sample thickness 5.0 mm
Extruder nozzle temperature 240 °C 

Fig. 2. Five types of 3D printed patterns on ABS (acrylonitrile butadiene styrene) polymer samples: 1_Hilbert, 
2_Concentric, 3_Archimedian, 4_Rectilinear, 5_Octagram
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can spread completely or partially, taking on the 
appearance shown in Fig. 4. The angle j between 
the tangent to the droplet surface and the surface 
of the solid, measured toward the droplet surface, 
is called the contact angle jо [18, 19]. Only those 
liquids that lower the surface tension of the 
solid at the interface with air (j < 90°) wet a 
solid surface. Solid surfaces wetted by water are 
called hydrophilic. For hydrophobic surfaces, the 
contact angle j > 90°.

Using the methods listed above, we answer 
questions about the influence of the technological 
process and the geometry of the pattern on the 
surface morphology of printed samples, their 
microstructure, and surface wettability. Answers 
to these questions are contained in the following 
sections of the article.

3. Results and discussion
3.1. Sample morphology based on scanning 
electron microscopy (SEM) data 

Fig. 5 shows SEM micrographs obtained at 
different magnifications of ×40, ×1000, and ×5000 
for five samples printed from ABS filament with 
different patterns.

The SEM results for the five printed samples, 
compared with the model types in Fig. 2, show 
that the polymer fills the sample volumes during 
3D printing not as continuous smooth layers, but 
as layers with a morphology structured more or 
less in accordance with its pattern and a low filling 
density of approximately 20 %.

Sample 1_Hilbert, with the most complex 
pattern, exhibits the greatest distortion of its 
geometry during 3D printing. For example, in 
Fig. 2, the 1_Hilbert pattern shows only right 
angles in its complex geometry, whereas the 
SEM micrograph of the sample printed using 
this model (Fig. 5, 1.1_Hilbert X40) shows no 
undistorted rectangular shapes.

The micrographs of samples with patterns 
4_Rectilinear and 5_Octagram most accurately 
and contrastingly reflect the geometry of the 3D 
printed pattern.

A comparison of Fig. 5 and Fig. 2 shows that 
the surface micrographs of two samples with 
similar circular patterns, 2_Concentric and 3_
Archimedian (Fig. 2), adequately reflect the 
curvilinear geometry of the circular arc in the two 
printed samples with these patterns to a more or 
less equal degree (Fig. 5). 

3.2. X-ray diffraction of the original ABS 
filament sample and printed ABS copolymer 
samples 

The diffractograms of five printed samples 
with different 3D patterns and the original 
ABS polymer filament are shown in Fig. 6. The 
XRD results, obtained in the Bragg angle range 
2θ  =  5–80°, showed that all five samples with 
different 3D patterns made of amorphous ABS 
polymer filament are indeed amorphous, just like 
the original ABS filament itself. All diffractograms 
contain two broad bands of diffraction reflections: 

Fig. 3. The original setup for measurement of the 
contact angle, printed on a Hercules Original 3D 
printer 

Fig. 4. Contact angle j on the hydrophilic surface of 
one of the printed samples with the 3_Archimedean 
pattern 
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Fig. 5. SEM micrographs at ×40, ×1000, and ×5000 magnification for ABS samples with different patterns: 1_Hil-
bert, 2_Concentric, 3_Archimedian, 4_Rectilinear, 5_Octagram 
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a main band with a maximum near 2θ ≈ 20° and a 
shoulder at 2θ ≈ 12°, and a second, low-intensity 
band with a maximum at 2θ ≈ 43°. 

It should be noted that the diffraction band 
shapes we obtained are in good agreement with 
the X-ray structural data reported for ABS in the 
literature [9–12]. Furthermore, a comparison of 
our X-ray structural data for ABS with our results 
for two other polymers, PETG [13] and PLA [14], 
indicates some differences in the shape and 
position of the X-ray diffraction bands of the 
original amorphous filamentary samples and 
different degrees of influence of the 3D printing 
process on the microstructural properties of 
samples printed from three different polymers. 

Thus, in our previous work we established 
that the differences in the diffraction patterns 
of printed PETG samples from the diffraction 
pattern of the original PETG filament are due 
to the greater ordering of the polymer chains 
in the printed samples with different patterns, 
which occurs under thermal and mechanical 
influences on the original filament sample during 
3D printing and is manifested in an increase by 
an order of magnitude in the relative intensity of 
the main diffraction maximum of the amorphous 
PETG polymer in all printed samples compared to 
the original amorphous filament [13].

We discovered even greater differences 
between the diffraction patterns of the printed 
samples and the diffraction pattern of the original 
amorphous filament during 3D printing from 
the PLA polymer. These differences were due to 
partial crystallization of the initially misoriented 
polymer chains of amorphous PLA, resulting 
in the formation of an orthorhombic a-Poly(L-
lactide) phase, which occurs in the extruder 
under thermal and mechanical influences on the 
original amorphous filamentary sample [14]. 

Moreover, the most noticeable crystallization 
with the formation of the orthorhombic a-phase 
of PLA occurs in the printed samples with the 
3_Archimedian and 5_Octagram patterns, which the 
extruder produces continuously within each layer 
during continuous layer-by-layer accumulation of 
the total sample thickness of 5 mm. 

Thus, a comparative analysis of the shape and 
relative intensity of X-ray diffraction patterns of 
samples made from three different thermoplastic 
polymers indicates the greatest stability of the 
amorphous microstructure of ABS copolymer with 
respect to thermal and mechanical influences 
during printing on a Hercules Original 3D printer 
and the preservation of the original amorphous 
state in all printed samples across the five model 
patterns.

Fig. 6. X-ray diffractograms obtained in the Bragg angle range 2θ = 5–80° for the original filament and five 
samples printed from ABS filament with different patterns: 1_Hilbert, 2_Concentric, 3_Archimedian, 4_Recti-
linear, 5_Octagram 
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3.3. IR spectra of the original ABS filaments 
and printed ABS copolymer samples 

IR spectroscopy is a non-destructive optical 
method used to solve specific problems, including 
determining the fundamental characteristics of a 
molecule, quantitatively analyzing known phases 
in a substance, identifying chemical compounds, 
and elucidating their structure [18–20]. This 
optical method is based on measuring the intensity 
of infrared (IR) radiation absorbed or reflected by 
a given material. This intensity is associated with 
vibrational and rotational oscillations of molecular 
fragments and manifests itself in the intensity 
distribution in absorption bands depending on 
the wavelength (λ) or its reciprocal, which is 
known as the wavenumber (ν). Fig. 7 shows the 
IR transmission spectra for the original filament 
sample (ABS Filament) and five 3D-printed 
samples with different pattern designs. 

Table 2 presents the identification of all 
vibration modes of ABS molecular fragments in 

the original filament (ABS filament) and the five 
printed ABS samples. 

The IR spectroscopy results show that the 
wavenumbers and relative intensities of the 
absorption bands for all five printed samples 
with different patterns are similar and coincide, 
within the measurement accuracy, with the 
corresponding values of the main absorption 
bands of the original ABS filament used in 3D 
printing our samples and with literature data 
for ABS copolymer [9–11]. This means that its 
intrastructural chemical bonds are not subject 
to mechanical and thermal influences during 3D 
printing, just as its amorphous microstructure, 
which we discussed above based on XRD data, is 
not subject to these influences.

3.4. Surface wettability of printed ABS 
specimens with different patterns 

Surface wettability is a manifestation of 
intermolecular interactions at the interface of 

Fig. 7. IR transmission spectra from the original ABS filament and five printed samples with different patterns.
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three phases: solid, liquid, and gas, resulting in 
a liquid spreading across the surface of a solid 
[19–21]. Since contact angle measurements are 
only performed on flat specimens, this section 
presents wettability results for five printed 
specimens.

Fig. 8 shows photographs of droplets taken 
using the original contact angle measurement 
setup on the surface of five printed ABS specimens 
with different 3D printed patterns. Contact angle 
measurements of water droplets on the surface 
of the specimens were taken at six points for 
each specimen, which were then averaged to an 
accuracy of one degree.

Table 3 presents the average contact angle 
values for the five printed specimens.

A comparative analysis of the surface contact 
angles of the samples in Table 3 and Fig. 8 shows 
that the average contact angles for all printed 
samples vary within the range of j = 59÷67°. The 
large deviation of all average contact angle values 
toward smaller values relative to a right angle of 
90° indicates that the surfaces of all five printed 
ABS copolymer samples with different patterns 
are hydrophilic.

Moreover, sample 1_Hilbert, with the most 
complex pattern geometry and the most distorted 
morphology, exhibits the highest average contact 
angle of j = 67°, i.e., it is less hydrophilic than 
the others.

Four samples with other patterns, whose 
surface micrographs in Fig. 5 reflect the geometry 
of their pattern to a less distorted degree, have 
similar contact angles of approximately j ≈ 60°. 
Thus, one can see some influence of the more 
complex geometry of the 1_Hilbert pattern 
in the 3D-printed sample, manifested in the 
distorted surface morphology in Fig. 5, also on 
the wettability of its surface, towards a decrease 
in hydrophilicity (Table 3). 

In printed samples with the same patterns 
from another thermoplastic polymer, polylactide 
(PLA), we previously found [14] that the sample 
with the same 1_Hilbert pattern geometry 
also exhibits the highest contact angle j = 59° 
compared to other samples (j = 50–55°). 

Since the wettability of a solid surface is a 
manifestation of intermolecular interactions at the 
interface between a liquid and a solid surface, it can 
be assumed that one mechanism for this interaction 

Таблица 2. Моды колебаний ИК-спектров исходного нитевидного образца Filament ABS 
и напечатанных образцов с различными модельными рисунками

Identification of vibration 
modes

Vibration modes ABS, сm–1

Filament 
ABS 1_Hilbert 2_Con-

centric
3_Archi-
median

4_Recti-
linear

5_Octa-
gram

ABS
[references]

Nitrile 540 539 540 540 540 539 539 [10]
C-H out of plane bond 697 700 698 698 700 702 696 [10]

=C-H out of plane bond 756 757 757 754 757 759 757 [10]
C-H bending for H atoms 

attached to alkene  
carbons in butadiene

906

963

910

966

910

968

908

970

908

966

–

970

911 [12]

967 [12]
955 [10]

C-H bending asymmetry 
Scissor mode of CH2 

groups

1448 1448 1452 1452 1454 1458 1453 [12]
1450 [10]

C-H bend asymmetry 
Aromatic ring in styrene

1490 – 1492 1492 1494 – 1494 [11]
1492 [10]

С=С (styrene) 1595 1595 1595 1595 1595 1595 1589[10] 
Bending of the N–C bond 

in acrylonitrile
2365
2335

2360
2335

2356
2336

2360
2337

2360
2341

2360
2343

2356 [10]
2238 [12]

Aromatic and aliphatic 
C-H stretching  

modes

2850

2927

2848

2947

2856

2927

2846

2929

2850

2929

2852

2923

2800–3200 
[12]

2922 [10]
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may be the participation of the polar groups of the 
ABS polymer in the formation of hydrogen bonds 
with water molecules on the surface of all five 
samples. This leads to a significant decrease in the 
contact angles relative to 90° and the hydrophilicity 
of all ABS-printed samples. Moreover, sample 1_
Hilbert, with the most complex pattern, the most 
distorted morphology, and surface defects, exhibits 
the highest average contact angle (j = 67°), i.e., it 
is less hydrophilic due to the greatest difficulties 
in forming hydrogen bonds with water molecules 
on its surface.

Table 3. Average contact angle values (jо) on the 
surface of ABS samples with different 3D-printed 
patterns

Sample number and 
model pattern type

Average values of 
wetting edge angle jо

1_Hilbert 67
2_Concentric 60

3_Archimedian 63
4_Rectilinear 59
5_Octagram 59

a b 

c d 

e 

Fig. 8. Images of droplets during contact angle 
measurements on the surface of five ABS copo-
lymer 3D-printed samples with different pat-
terns: a) 1_Hilbert, b) 2_Concentric, c) 3_Archi-
medean, d) 4_Rectilinear, e) 5_Octagram
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3. Conclusion
The results obtained in studying the effect of 

the 3D printing process on the microstructural 
and hydrophilic properties of ABS copolymer 
samples obtained by sequentially depositing 
copolymer layers using the FDM method on a 
Hercules Original 3D printer with five different 
model patterns showed:

– All five samples, printed with different 3D 
patterns from amorphous ABS filament, retain 
the original amorphous state of the filamentous 
sample.

– A comparative analysis of the shape and 
relative intensity of the XRD diffraction patterns 
of the ABS samples with the X-ray diffraction data 
of two other polymers, PETG and PLA, indicates 
the greatest resistance of the amorphous 
microstructure of the ABS copolymer under 
study to thermal and mechanical stress during 
3D printing compared to the other two polymers.

– The intrastructural chemical bonds of 
ABS are also not susceptible to the mechanical 
and thermal effects of the 3D printing process, 
and therefore the wavenumbers and relative 
intensities of the IR spectral bands of all five 
printed samples with different pattern designs 
have similar values, which coincide, within the 
measurement accuracy, with the corresponding 
values ​​of the main absorption bands of the 
original ABS filament and with literature data.

– The average contact angles of the printed 
ABS copolymer samples with five different 
patterns vary within the range of j = 59÷67°, 
significantly less than a right angle, and therefore 
the surfaces of all printed samples are hydrophilic.

– The printed sample with the most complex 
geometry, the most distorted morphology, and 
the most surface defects, the 1_Hilbert pattern,  
exhibits the highest contact angle (j = 67°), 
exceeding the corresponding values in samples 
with other pattern designs (j ≈ 60°) by ~10 %. 
It also has a less hydrophilic surface due to a 
possible reduction in hydrogen bonds with water 
molecules on its more defective surface.

Thus, the obtained results demonstrate that 
the thermal and mechanical effects of 3D printing 
in the studied extrusion mode do not cause a 
noticeable orientation of the polymer chains of 
the original amorphous ABS copolymer, do not 
disrupt its intrastructural chemical bonds, and 

the surfaces of the printed samples with five 
different pattern designs are hydrophilic.
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1. Introduction
Since the 1980s, gas sensors based on 

metal oxides, such as SnO2, which are widely 
used in industry, have been actively studied. 
However, traditional metal oxide sensors are 
not able to cover the entire range of tasks of 
modern industry, which encourages the search 
for new materials [2]. One of the categories of 
such materials is compounds with a perovskite 
structure. Gas-sensitive materials with a 
perovskite structure have several advantages 
over binary oxides: high sensitivity, selectivity, 
and sensor signal values. Synthesis can be 
carried out at relatively low temperatures. 
Their gas-sensitive properties can be quite 
easily and widely controlled, changing both 
the composition of the material itself, and the 
nature and concentration of the dopant. In this 
case, doping can be carried out in two positions, 
and not in one as with simple oxides. This 
feature of perovskite-like compounds allows 
them to contain cationic and oxygen vacancies 
[3], endowing these compounds with variable 
electrical and redox properties, which have a 
decisive influence on gas-sensitive properties 
[4]. Doping allows you to change the electrical 
and sensory characteristics of the material, 
making it more selective.

Perovskite-based gas sensors provide reliable 
detection of harmful gases in the environment. 
Such sensors can operate in a wide temperature 
range and demonstrate selectivity to various 
gases, such as CO, NH3, NO2, etc. At the same 
time, the maximum values of the sensor signal are 
observed at lower temperatures. The reduction 
in comparison with tin and zinc oxides is up to 
100°C. These materials are promising for creating 
sensors with low power consumption. The main 
mechanisms of sensitivity are chemisorption and 
catalytic processes occurring on the surface of 
oxide materials [5, 6].

There are various types of gas sensors based 
on perovskite-like materials, such as ferrites, 
cobaltites, stannites, manganites, and other 
complex oxides. 

Ferrites are oxide compounds with the general 
formula AFeO3, where A is a rare earth element. 
They show high sensitivity to various gases, 
especially hydrocarbons and CO. Among ferrites, 

the most interesting are LaFeO3 and YFeO3, which 
are successfully used in the detection of liquefied 
petroleum gases [7].

Cobaltites, such as LaCoO3, have a high 
catalytic activity and are sensitive to alcohols, 
CO, and H2. Doping with oxides such as ZnO 
improves their sensor characteristics, reducing 
the detection operating temperature. Due to their 
high thermal stability, cobaltites are promising 
materials for use in gas-sensitive sensors 
operating at elevated temperatures [8].

Stannites, represented by BaSnO3 and ZnSnO3 
compounds and ZnSnO3, exhibit sensitivity to 
NO2 and n-propanol. They have good selectivity 
and stability, which makes them in demand for 
monitoring industrial emissions and indoor 
air quality. The high operating temperature of 
stannite-based sensors (up to 900°C) limits their 
use, but active research is aimed at reducing these 
temperatures by modifying the structure and 
morphology of the material [9, 10].

Manganites such as YMnO3 show increased 
sensitivity to hydrogen sulfide (H2S) and ammonia 
(NH3). They have a stable structure and can 
operate at relatively low temperatures (about 
100°C). Studies show that varying the composition 
of manganites makes it possible to control their 
sensory characteristics, which opens up prospects 
for their application in environmental monitoring 
and industrial safety [11].

Another promising group of materials is 
chromites of rare-earth elements, for example, 
LaCrO3 [12] and GdCrO3, which are studied 
in our laboratory [13]. They demonstrate 
resistance to high temperatures, which makes 
them promising for sensor applications. An 
analysis of the literature shows that doping 
of chromites can change their electronic and 
surface properties. In [14], a wide range of 
possibilities for modifying LaCrO3 to change its 
physical properties was demonstrated, and in 
[15], the authors found that the mechanism of 
electrical conductivity GdCrO3 is described by 
the Mott model of hopping conductivity with a 
variable hop length.

Thus, the aim of this work is to study the 
gas-sensitive properties of lanthanum and 
gadolinium chromites doped with Sr2+ ions. 
The synthesis and complex analysis of the 
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composition, structure, and sensory response of 
La1–xSrxCrO3–δ and Gd1–xSrxCrO3–δ (x = 0.05, 0.10, 
and 0.15) to the presence of carbon monoxide 
in the atmosphere was performed. The choice 
of strontium ion concentrations is determined, 
on the one hand, by the need for a sufficiently 
significant impact on the target characteristics, 
and, on the other hand, by the need to form a 
single-phase material.

2. Experimental
Nanopowders Ls1–xSrxCrO3–δ and Gd1–xSrxCrO3–δ 

(x = 0.05, 0.10, and 0.15) were synthesized by the 
modified citrate method [16]. This method is based 
on the complexation of cations with citric acid, 
followed by thermal decomposition. Lanthanum, 
gadolinium, strontium, and chromium nitrates, 
citric acid, and ammonium hydroxide were used 
as starting materials

First, the calculated amounts of nitrates of 
La(NO3)3·6H2O (or Gd(NO3)3·6H2O), Sr(NO3)2·4H2O, 
and Cr(NO3)3·9H2O were dissolved in distilled 
water with constant stirring. The resulting 
solution was boiled to form a sol, after which 
an ammonia solution was added dropwise until 
pH 7–8 was established. During the deposition, 
a gel was formed. The resulting gel was cooled 
to room temperature, after which, with constant 
stirring, citric acid was added to the system in 
a stoichiometric ratio of 3:1 with respect to the 
number of metal cations. 

The solution was heated until the water 
completely evaporated and a gel-like precipitate 
was formed. The resulting gel was calcined at 
300–350°C to remove organic compounds. The 
final formation of nanopowders was achieved by 
heat treatment in a muffle furnace at 700°C for 
4 hours.

T h e  r e s u l t i n g  n a n o p o w d e r s  w e r e 
dispersed in ethyl alcohol with the addition of 
cetyltrimethylammonium bromide (CTAB) as a 
surfactant to form a paste, and then they were 
applied to a conductive element (silicon wafer) 
by spin-coating (SpinNXG-P1H installation) and 
annealed for 1 hour at a temperature of 100°C. 
The deposition mode (first 1 minute - 2000 rpm, 
then 20 minutes - 5000 rpm) was determined by 
calibration dependences and provided a fixed 
thickness of 150±7 nm [17, 18].

3. Study of composition and structure
X-ray phase analysis

The study of the phase compositions of 
La1–xSrxCrO3–δ and Gd1–xSrxCrO3–δ (x = 0.05, 0.10, 
and 0.15) was performed on a Thermo ARL 
X’TRA X-ray diffractometer (CuKα radiation, 
λ = 1.5418 Å). When examining the X-ray 
diffraction patterns of the obtained samples 
(Fig. 1), it was found that all peaks in the graphs 
of the intensity dependence on the angle 2θ 
correspond to the perovskite structure, which is 
confirmed by comparison with the bases of X-ray 
diffractograms [19]. 

A detailed examination of the diffractograms 
shows a shift in the peaks of the doped samples 
(Tables 1, 2) relative to the undoped ones, which 
indicates a change in the lattice parameters due 
to strontium ions embedded in it. 

The upward shift of the peaks of doped 
lanthanum chromite was about 0.06, 0.03, 
and 0.04 deg. for 5 at. %, 10 at. % and 15 at. % 
strontium, respectively. This is explained by the 
fact that the ionic radius of Sr (1.16 Å) is smaller 
than the ionic radius of La (1.50 Å), which leads 
to compression of the crystal lattice [20]. 

The lower shift of the peaks of doped 
gadolinium chromite were about 0.02, 0.03, 
and 0.03 deg. for 5 at. %, 10 at. % and 15 at. % 
strontium, respectively. This is explained by the 
fact that the ionic radius of Sr (1.16 Å) is larger 
than the ionic radius of Gd (0.98 Å), which leads 
to an increase in interplanar distances [20].

Based on the obtained data, the volume of unit 
cells of the synthesized samples was calculated 
in the absence and presence of doping. For 
unsubstituted lanthanum chromite, the unit 
cell volume was 234.34 (Å)3, and for gadolinium 
chromite it was 222.95 (Å)3. The tabulated 
values were 234, 46, and 223.71 (Å)3, respectively 
(calculated on the basis of data from [19]). Doping 
with strontium ions led to a change in the unit cell 
volume. Lanthanum chromite doped with 10 at. 
% Sr the unit cell volume was 233.74 (Å)3, while 
gadolinium chromite doped with 10 at. % Sr it 
was 223.57 (Å)3. The results obtained, on the one 
hand, are in good agreement with the tabulated 
values, and, on the other hand, showed a regular 
change in the volume of unit cells when the initial 
cations were replaced during doping with a cation 
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b
Fig. 1. Comparison of X-ray diffractograms of doped La1–xSrxCrO3–δ (a) and Gd1–xSrxCrO3–δ (b) nanopowders with 
individual samples
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of a smaller (in the first case) and larger (in the 
second case) radius.

Local X-ray spectral microanalysis
The elemental composition of the powders was 

analyzed using a JEOL-6510LV scanning electron 
microscope with a Bruker energy dispersive 
microanalysis system. The results of the study are 
presented in Tables 3 and 4. This method is not 

able to estimate the oxygen content [21], so only 
the cation content is presented in the analysis 
results. In addition to the direct experimental 
data, Tables 3 and 4 add a column that shows the 
ratio of cations in the samples and characterizes 
the proximity of the composition of the obtained 
samples to the one specified during synthesis.

Both series of samples showed a fairly close 
correspondence to the required stoichiometric 

Table 1. 2θ value for a series of La1–xSrxCrO3–δ samples (x = 0.05, 0.10, and 0.15) relative to 
unsubstituted LaCrO3

Sample
Value 2θ for unsubstituted sample / value 2θ for doped sample

(101) (121) (022) (202) (222) (321) (242) (402)

La0.95Sr0.05CrO3–δ

22.90 / 
22.96

32.60 / 
32.72

40.12 / 
40.10

46.76 / 
46.82

52.68 / 
52.72

58.26 / 
58.32

68.30 / 
68.36

77.72 / 
77.82

La0.9Sr0.1CrO3-d

22.90 / 
22.92

32.60 / 
32.64

40.12 / 
40.14

46.76 / 
46.80

52.68 / 
52.72

58.26 / 
58.28

68.30 / 
68.32

77.72 / 
77.76

La0.85Sr0.15CrO3-d

22.90 / 
22.96

32.60 / 
32.66

40.12 / 
40.16

46.76 / 
46.82

52.68 / 
52.74

58.26 / 
58.24

68.30 / 
68.34

77.72 / 
77.80

Table 2. 2θ value for a series of Gd1–xSrxCrO3–δ samples (x = 0.05, 0.10, and 0.15) relative to 
unsubstituted GdCrO3

Sample
Value 2θ for unsubstituted sample / value 2θ for doped sample

(110) (111) (112) (202) (220) (131) (312) (133)

Gd0.95Sr0.05CrO3–d

23.24 / 
23.26

26.04 / 
26.02

33.20 / 
33.16

41.46 / 
41.42

47.46 / 
47.44

54.00 / 
53.98

59.92 / 
59.92

64.98 / 
64.96

Gd0.9Sr0.1CrO3–δ

23.24 / 
23.26

26.04 / 
26.02

33.20 / 
33.16

41.46 / 
41.42

47.46 / 
47.42

54.00 / 
53.94

59.92 / 
59.88

64.98 / 
64.90

Gd0.85Sr0.15CrO3–δ

23.24 / 
23.26

26.04 / 
26.02

33.20 / 
33.16

41.46 / 
41.42

47.46 / 
47.42

54.00 / 
53.96

59.92 / 
59.88

64.98 / 
64.92

Table 3. Result of elemental composition analysis of unsubstituted lanthanum chromite and strontium-
doped lanthanum chromite nanopowders

Nominal composition 
of samples

Elemental composition, at. %
La Sr Cr [Sr]/([Sr]+[La])

LaCrO3 19.4 – 20.6 –
La0.95Sr0.05CrO3–d 19.54 0.99 20.61 0.48
La0.9Sr0.1CrO3–δ 18.92 1.98 20.66 0.95

La0.85Sr0.15CrO3–δ 18.03 3.02 20.73 0.14

Table 4. Result of elemental composition analysis of unsubstituted gadolinium chromite and strontium-
doped gadolinium chromite nanopowders

Nominal composition 
of samples

Elemental composition, at. %
Gd Sr Cr [Sr]/([Sr]+[Gd])

GdCrO3 23.9 – 24.2 –
Gd0.95Sr0.05CrO3–δ 19.42 0.91 21.06 0.045
Gd0.9Sr0.1CrO3–δ 19.03 1.86 21.03 0.089

Gd0.85Sr0.15CrO3–δ 18.23 2.89 21.22 0.137
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ratio. At the same time, according to the results 
of the Local X-ray spectral microanalysis, it was 
found that in the La1–xSrxCrO3–δ system (x = 0.05, 
0.10, and 0.15), strontium was embedded in a 
larger amount, which is associated with a simpler 
substitution of a large La3+ ion (ionic radius 1.50 
Å) with a Sr2+ ion (ionic radius 1.04 Å) of a smaller 
size. In the Gd1–xSrxCrO3–δ system (x = 0.05, 0.10, 
and 0.15), strontium was embedded in a smaller 
amount, since the ionic radius of Gd is 0.96 Å [20].

At the same time, despite the fact that the 
oxygen content has not been experimentally 
determined, it can be assumed that in the 
synthesized samples there will be a certain lack of 
oxygen associated with the formation of vacancies 
in the oxygen sublattice, which arises due to the 
need to compensate for the positive charge during 
doping with double-charged strontium cations.

4. Particle size study
Transmission electron microscopy

In this work, the obtained powders were 
examined using a ZEISS Libra 120 transmission 
electron microscope. Sample preparation was 
carried out as follows. 5 ml of distilled water 
was poured into a glass, 0.15 g of gelatin, 1 mg 
of the test sample were added and placed on a 
heated magnetic stirrer. The agitator was used 
for more uniform distribution of nanoparticles 
in the prepared suspension. Next, objects were 
caught using a copper mesh with a carbon replica 
and inserted into the object holder. The results 
obtained are shown in Fig.2.

According to the TEM data, the particle 
size ranged from 25 to 35 nm. The dependence 
of the particle size during the transition from 

1

3

2

4

Fig. 2. TEM images of nanoparticles 1 – LaCrO3; 2 – La0,9Sr0,1CrO3–δ; 3 – GdCrO3–δ; 4 – Gd0.9Sr0.1CrO3–δ
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unsubstituted to doped chromites has not been 
established.

5. Investigation of gas-sensitive properties
The specific surface resistance of films made 

from nanopowders of the La1–xSrxCrO3–δ and 
Gd1–xSrxCrO3–δ systems (x = 0, 0.05, and 0.1) was 
measured by the four-probe Van der Pau method. 
The method was similar to that described in [22, 
23]. The studies were performed in air (Fig. 3) 
and in the presence of carbon monoxide (Fig. 4). 
Measurements were performed 3 times for each 
of the samples. The gas concentration was 50 
ppm, and the temperature range of the study 
was 20–400°C. The required carbon monoxide 

concentration was achieved by diluting the 
certified gas mixture with dry synthetic air. 
Measurements were carried out in a stationary 
system (a closed chamber with a volume of 50 ml). 
Before each new experiment, the system was 
purged with synthetic air.

The results of measuring the resistivity of 
doped samples were compared with the resistivity 
of unsubstituted LaCrO3 and GdCrO3.

During the measurement process, the analyzed 
reducing agent gas was adsorbed, during which 
the free electrons of the adsorbed gas transferred 
to the sensor surface, increasing the number of 
mobile charges and reducing the temperature 
of the onset of a sharp change in resistance. 

b
Fig. 3. Dependence of the resistivity of thin films of La1–xSrxCrO3–δ (x = 0, 0.05 and 0.1) (a) and Gd1–xSrxCrO3–δ 
(x = 0.05 and 0.1)
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This phenomenon confirms that the resulting 
chromites are semiconductors.

The introduction of strontium ions into 
the crystal lattice of lanthanum chromite and 
gadolinium chromite reduced their resistivity. 
This is explained by the ionic structure of the 
crystal: the appearance of uncompensated 
charges during the substitution of La3+ or Gd3+ 
for Sr2+ contributed to the formation of oxygen 
vacancies, which led to a decrease in resistivity, 
indicating n-type conductivity in lanthanum and 
gadolinium chromites.

According to the results of measuring 
the resistivity of gadolinium and lanthanum 
chromites, the resistance of the former is lower. 

This is explained by the large number of oxygen 
vacancies in the samples of the Gd1–xSrxCrO3–δ 
(x = 0, 0.05, and 0.1) system detected by the local 
X-ray spectral microanalysis. 

Based on the obtained values of the resistivity 
of the samples, the sensory response was calculated 
using the formula Sr = Ra/Rg, where Sr is the gas-
sensitive response, Ra is the specific surface 
resistance of films in air, and Rg is the specific 
surface resistance of films in the presence of a 
reducing gas [24]. The dependences of the sensory 
response on temperature are shown in Fig. 5.

According to the data obtained, lanthanum 
chromite, unsubstituted and doped with strontium, 
exhibited the strongest sensory response to carbon 

b
Fig. 4. Dependence of the resistivity of thin films of La1–xSrxCrO3–δ (x = 0, 0.05 and 0.1) (a) and Gd1–xSrxCrO3–δ 
(x = 0, 0.05 and 0.1) (b) in the presence of carbon monoxide (50 ppm) in the atmosphere
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monoxide (CO) at 180°C. Unsubstituted and doped 
gadolinium chromite at similar temperatures also 
showed a peak value of the sensory response, 
but the value of the sensory response was lower 
than that of the lanthanum chromite samples. A 
comparison of the sensory responses of doped 
samples with unsubstituted samples showed that 
the introduction of strontium into the systems 
allowed a stronger sensory response, and an 
increase in the concentration of introduced 
strontium contributed to a strengthening of the 
response. 

From Fig. 5a it follows that for the La1–xSrxCrO3–δ 
system (x = 0, 0.05, and 0.1) at 180°C, the sensory 
responses in the presence of carbon monoxide 

(50 ppm concentration) were 2.11, 2.18, and 
2.26, respectively. The graph itself has a clear 
maximum, which indicates the accuracy of the 
gas sensor. For the Gd1–xSrxCrO3–δ (x = 0, 0.05, 
and 0.1) system (Fig. 5b), the sensory responses 
under similar conditions were 1.62, 1.69, and 1.78, 
respectively, which was weaker than the response 
of lanthanum chromites. The peak graph has 
similar values at 180 and 200°C.

The high values of sensory response for 
lanthanum chromites is due to its high resistivity, 
since during the adsorption of reducing agent gas 
on the film surface, the number of charge carriers 
in the system increased, which led to a sharp 
change in the resistivity. 

b
Fig. 5. Temperature dependence of the sensory response to carbon monoxide (50ppm) for thin films of 
La1–xSrxCrO3–δ (x = 0, 0.05 and 0.1) (a) and Gd1–xSrxCrO3–δ (x = 0, 0.05 and 0.1) (b)
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6. Conclusions
Synthesis of La1–xSrxCrO3–δ and Gd1-xSrxCrO3–δ  

by the Pechini method made it possible to obtain 
materials with a high degree of uniformity and 
controlled particle size. The X-ray phase analysis 
confirmed the presence of a perovskite-like 
structure of the synthesized compounds and 
revealed the effect of doping with Sr2+ ions on 
the crystal lattice parameters. Dopant embedding 
was manifested in a change in interplanar 
distances associated with the difference in the 
ionic radii of the substituted element and the 
dopant. Strontium doping led to an increase in 
the concentration of oxygen vacancies, which had 
a positive effect on the sensory characteristics of 
the materials. Studies of gas-sensitive properties 
have shown that nanopowders exhibit the 
maximum response to CO at 180°C. The samples 
with the highest content of Sr2+ ions showed high 
sensitivity, which is explained by the optimal 
balance of the defective structure and mobility 
of charge carriers. The results obtained show 
the promise of using these nanomaterials for 
gas sensors.
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1. Introduction
Bulk crystalline materials based on calcium, 

strontium, and barium fluorides doped with rare 
earth elements are widely used as functional 
elements of photonics, scintillators [1–5], and 
elements of passive and active optics [6–10], 
both in the form of single crystals [11] and optical 
ceramics [12]. Besides its use in photonics, these 
solid solutions are used as ionic conductors 
[13–22], ion batteries [13–24], and catalysts 
[25]. The thermal conductivity of good-quality 
optical ceramics is no different from that of 
single crystals, allowing a comparison of their 
characteristics [26].

For various applications, one of the key 
characteristics is thermal conductivity, as it 
determines the material’s ability to dissipate 
heat under various intense types of pumping. 
Solid solutions based on calcium, strontium, and 
barium fluorides, doped with rare earth elements, 
tend to form clusters of the R6F36 type [27–31], 
which leads to a complex dependence of thermal 
conductivity on temperature. This is expressed 
by the fact that with an increase in the content 
of rare earth elements and with an increase in 
temperature from 50 to 300 K, a change in the 
nature of the temperature dependence is observed. 
At low rare earth element concentrations and 
low temperatures, the temperature dependence 
is typical of a crystalline material. As the rare 
earth content increases at low temperatures, the 
temperature dependence becomes more glass-
like. Such complex behavior of the temperature 
dependence is extremely difficult to describe 
because the indicated patterns are observed for 
samples of the same solid solution with the same 
crystal structure. The best approximation based 
on a semi-empirical algorithm for describing the 
behavior of this type of materials was proposed 
in [32–33].

The processes of partial reduction of some 
trivalent ions to the divalent state (Sm, Eu, Dy, 
Yb, Tm) are often observed upon doping calcium, 
strontium, and barium fluorides with active rare 
earth ions [34–37]. To prevent this effect it was 
previously proposed to increase the complexity 
of the original matrix by adding optically inactive 
yttrium to the crystal composition. As a result, 
a new matrix for optical materials such as 
yttrofluorite (CaF2:Y) was developed [38]. In 

addition to yttrium, various studies have proposed 
the use of lanthanum [39], which is a more effective 
ion for preventing the reduction of triply charged 
ions and preventing cluster formation. To reduce 
multiphonon relaxation processes, it is desirable to 
use matrices with lower phonon energy, therefore 
a barium fluoride matrix was chosen in preference 
to calcium and strontium fluorides. 

The aim of the study was to investigate 
the patterns and mathematical description 
of the change in thermal conductivity in the 
temperature range of 50–300 K for the Ba1–xLaxF2+x 
solid solution with a rare earth element content 
from 0.1 to 30.0 mol %.

To approximate the experimental values of 
thermal conductivity in the temperature range, 
we tested a simple semi-phenomenological 
model, which is significantly simpler than 
existing ones. The approximation does not 
have a strict physical justification, but it makes 
it possible to reliably describe the dependence 
of thermal conductivity on temperature 
and is useful for improving the theoretical 
understanding of heat transfer processes in 
media with a complex structure.

2. Experimental 
Single crystals of Ba1–xLaxF2+x solid solutions 

(0.001 ≤ x ≤ 0.300) were grown by the Bridgman 
technique in a vacuum growth oven using an 
Ar and CF4 atmosphere in multi-cell graphite 
crucibles, allowing the growth of a concentration 
series of samples in one growth cycle. Barium 
fluoride (99.99 %, LANHIT) and lanthanum fluoride 
(99.99 %, LANHIT) were used as initial reagents.

The thermal expansion coefficient in the 
temperature range from 78 K to room temperature 
for samples containing 4, 10, and 20 mol % La 
was estimated based on the determination of 
the lattice parameters of the powders by the 
Debye-Scherrer method on a DRON-7.0 X-ray 
diffractometer (Burevestnik JSC, St. Petersburg, 
Russia) using an X-ray cryostat [40] in Cu‑Kα 
radiation with a wavelength of 1.54184 Å. 
Reflections from the {355} crystallographic 
plane were registered around diffraction angles 
of 146, 147, and 149°, respectively. The error 
in determining the lattice parameter over the 
entire temperature range studied did not exceed 
± 1·10–4 Å.
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Thermal conductivity in the temperature 
range of 50–300 K was measured using the 
absolute stationary longitudinal heat flux 
method. The equipment and measurement 
technique are described in [41]. The samples 
were cylindrical with 9.6 mm in diameter and 
22–26 mm in length. The thermal conductivity 
measurement error was within ±5 %.

3. Results
Prior to the study of the thermal and physical 

characteristics of Ba1–xLaxF2+x solid solutions, the 
dependences of the lattice parameter and thermal 
expansion coefficient in the temperature range of 
thermal conductivity measurements were studied. 
The experimental points of the lattice parameter 
a(T) for samples with a lanthanum content of 4, 10, 
and 20 mol. % are shown in Fig. 1. The behavior of 
a(T) was typical for crystalline materials without 
anomalies, which indicates the high quality of 
the samples. The values of the lattice parameter 
a at T = 300 K were 6.1864, 6.1661, and 6.1360 
Å for 4, 10, and 20 mol %, respectively. Data 
agree with the concentration dependence of a(x) 
proposed in [42]. From the a(T) data, the values 
of the thermal expansion coefficient (TEС) were 

calculated in accordance with the expression 

a = ◊D
D
a
T a

1
. Fig. 1 shows the calculation results 

in comparison with previously obtained TEC 
data for the Ba0.70La0.30F2.30 composition [43] 
and the BaF2 matrix [44]. The analysis of the 
results demonstrated that a significant effect of 
lanthanum addition on the TEС is observed only 
in the low temperature range. 

The thermal conductivity of Ba1–xLaxF2+x 
samples with x = 0.008, 0.120 in the low 
temperature region and x = 0.045, 0.330, 0.460 
with an increase in temperature to room 
temperature were studied [45–46]. Previously 
conducted studies [46–48] demonstrated that 
the thermal conductivity of the LaF3 crystal is 
significantly lower than that of BaF2.

The magnitude and temperature behavior 
of thermal conductivity are directly affected 
by heat capacity. Calorimetric studies of the 
Ba1–xLaxF2+x solid solution in the range T  ≤ 1 K 
were summarized in [45]. The heat capacity of 
the Ba0.70La0.30F2.30 crystal in the range of 63–313 
K was investigated in [49]. The heat capacity of a 
Ba0.51La0.49F2.49 sample in the range of 500–1000 K 

Fig 1. Temperature dependence of the lattice parameter and TEC of crystals of a Ba1–xLaxF2+x solid solution
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was measured [50]. In the temperature range from 
liquid nitrogen to room temperature, the effect of 
the LaF3 doping has a character close to additive.

The thermal conductivity of the Ba1–xLaxF2+x 
solid solution are presented graphically in Fig. 2 
and in numerical form in Table 1. Fig. 2 includes 
data of k(T) for previously studied samples using 
the experimental equipment and methods used in 
this study: BaF2 corresponding to the composition 
х = 0 [48], and samples with х = 0.25 and х = 0.30 
[51]. The markers in Fig. 2 show the experimental 
points k(T) while lines show the results of 
calculations using Formula 1 (see below). A 
comparison of our k(T) data with those presented 
graphically in [46] showed their close agreement.

An analysis of the results (Fig. 2) shows that 
the thermal conductivity value decreases sharply 
with an increase in the lanthanum content and 
the decreasing temperature dependence k(T) 
weakens and turns into a weakly increasing one. 
A similar effect of trivalent rare earth elements 
introduced into crystals with a fluorite structure 
has been discovered for many heterovalent solid 
solutions of the type M1–xRxF2+x, where M = Ca, Sr, 

Ba, Cd, R = REE [52–57]. This phenomenon was 
explained by the formation of large clusters of 
R6F36 defects, which are highly efficient phonon 
scattering centers. The thermal conductivity of 
highly concentrated samples is lower than that 
of quartz glass (k = 1.36 W·m-1·K-1) at T = 300 K 
[58]). Crystals of the Ba1–xLaxF2+x solid solution are 
characterized by high fluorine-ion conductivity, 
which increases with an increasing concentration 
of x [59–68]. The anticorrelation between the 
thermal conductivity and anionic conductivity 
of heterovalent solid solutions of fluorides 
with a fluorite structure, established in [69], 
is associated with the inelastic interaction of 
phonons and mobile fluorine ions. In accordance 
with the ion transport model proposed in [70], F– 
ions occupy interstitial positions in Ba1–xLaxF2+x 
crystal structure. A sharp decrease in thermal 
conductivity with a decrease in temperature to 
T = 50 K, as was noted for solid solutions of Сa1–

xYxF2+x [56, 71] and Ba0.50Ce0.50F2.50 [51], was not 
observed for Ba1–xLaxF2+x crystals. Monotonic 
increasing dependence k(T) occurs only for one 
composition with the maximum lanthanum 

Fig. 2. Temperature dependence of thermal conductivity of single crystals of a Ba1–xLaxF2+x solid solution (in 
the legend the La content is in mol %)
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content of x = 0.30. Obviously, a sharp decrease 
in the thermal conductivity of the crystals of this 
solid solution will occur with a more significant 
decrease in temperature. For three highly 
concentrated compositions (x = 0.25, x = 0.20, 
x = 0.13), the k(T) curves have weakly defined 
minima, while for all other samples the k(T) 
dependence is monotonously decreasing. 

The concentration dependences of the thermal 
conductivity of the Ba1–xLaxF2+x solid solution for 
temperatures (T = 50 K and T = 300 K) were shown 
in Fig. 3. Data analysis demonstrated that the 
k(x) dependences are monotonic, allowing one 
to fairly confidently estimate the values of the 
thermal conductivity coefficient for intermediate 
(not studied) compositions.

Comparison between the concentration 
dependences of thermal conductivity k(x) for 
the Ba1–xLaxF2+x solid solution and the previously 
studied close analogue Ba1–xYbxF2+x with an 
ytterbium content of up to x = 0.06 (Fig. 4) [48] 
was carried out. The thermal conductivity of 
Ba1–xLaxF2+x crystals significantly exceeds that 
of the corresponding Ba1–xYbxF2+x compositions 
due to size and weight factors. The radius of the 
barium cation is larger than that of lanthanum 
and ytterbium while the size of the lanthanum 
cation is larger than that of ytterbium [72]. 
Furthermore, the atomic masses of Ba and La are 
close and significantly smaller than the mass of 
Yb. As a result, the intensity of phonon-defect 
scattering in the case of the Ba1–xYbxF2+x solid 

solution will be higher, and, consequently, the 
thermal conductivity will be lower than in the 
case of the Ba1–xLaxF2+x solid solution with more 
homogeneous in cationic characteristics. 

The experimental values of thermal 
conductivity k(T) for studied Ba1–xLaxF2+x crystals 
was described by expression (1) [33] based on the 
specific thermal resistance w = 1/k of heterovalent 
solid solutions. It allows one to satisfactorily 
approximate the experimental values of k(T) 
for Ca1–xYxF2+x [71], Ca1–xYbxF2+x [33], and Ca1–x–

ySrxNdyF2+y solid solutions [73]. The expression 
has the form: 

1 1

0 0
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+ +

b
b
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Here A is the contribution of thermal resistance 
associated with the introduction of trivalent rare 
earth ions and the formation of defect clusters 
(“amorphous component”); β is a parameter 
depending on the type of rare earth impurity; 
k0 is the thermal conductivity coefficient of the 
undoped crystal; d is the concentration of the rare 
earth impurity (in the case of a two-component 
solid solution Ba1–xLaxF2+x it is equal to the mole 
fraction x); T is the temperature in K. Parameters 
D, B, and C are coefficients of the polynomial 
describing the “amorphous component” of the 
thermal conductivity coefficient and have no 
explicit physical meaning. The phonon heat 

Table 1. Thermal conductivity values (W/(m·K) at different temperatures

Lanthanum 
content х mol. 

fraction

Temperature, K

50 100 150 200 250 300

0.001 62.1 21.8 13.1 9.42 7.36 6.20
0.005 39.9 16.6 10.6 8.11 6.56 5.66
0.01 28.3 13.3 9.08 7.03 5.87 5.10
0.02 13.8 7.91 6.06 5.01 4.42 3.98
0.03 7.86 5.62 4.61 4.00 3.63 3.35
0.04 5.67 4.56 3.86 3.44 3.17 2.95
0.06 3.34 3.03 2.79 2.59 2.44 2.33
0.08 2.30 2.18 2.09 2.03 1.98 1.95
0.10 1.83 1.79 1.76 1.74 1.73 1.72
0.13 1.50 1.48 1.49 1.49 1.50 1.52
0.20 1.21 1.16 1.18 1.20 1.23 1.26
0.25 0.904 0.898 0.936 0.976 1.03 1.08
0.30 0.828 0.865 0.893 0.914 0.929 0.939
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Fig. 3. Concentration dependence of thermal conductivity of a Ba1–xLaxF2+x solid solution for different tempera-
tures

Fig. 4. Comparison of concentration dependences of thermal conductivity of Ba1–xLaxF2+x and Ba1–xYbxF2+x solid 
solutions (vertical frames correspond to the measurement error of thermal conductivity ± 5 %)
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transfer model developed for single crystals 
is also conditionally applicable to amorphous 
media. In these media, the mean free path of 
phonons reaches its minimum value.

An approximation of the experimental data 
made it possible to achieve agreement with the 
corresponding calculated values of k(T) at β = 1. 
As the coefficient k0 for a nominally pure BaF2 
crystal, an approximating expression of the form 
was used:

k
T

T0
11 49 1184

91 6= + Ê
ËÁ

ˆ
¯̃

-. exp
.

	 (2).

The values of parameters A, B, C, and D for 
different compositions are given in Table 2. Their 
concentration dependences are summarized 
in Fig. 5. It is evident that the main changes 
in the values of these parameters occur within 
the concentration range 0 < x < 10 mol %. At 
lanthanum concentrations greater than 10 mol %, 

Table 2. The values of parameters A, B, C and D included in expression 1

LaF3 content, mol % A C, W·m–1·K–3 B, W·m–1·K–2 D, W·m–1·K–1

0.1 0.10 1.099·10–4 –5.841·10–2 11.33
0.5 0.15 1.137·10–4 –5.503·10–2 9.599
1 0.22 1.030·10–4 –5.068·10–2 9.056
2 0.33 5.769·10–5 –2.848·10–2 5.762
3 0.40 2.823·10–5 –1.452·10–2 3.849
4 0.45 1.510·10–5 –8.498·10–3 3.013
5 0.51 2.453·10–6 –1.978·10–3 1.835
8 0.56 1.732·10–6 –7.156·10–4 1.338

10 0.60 5.520·10–7 6.453·10–5 1.105
13 0.63 6.887·10–7 2.401·10–4 0.9337
20 0.70 1.993·10–6 –1.892·10–4 0.8403
25 0.73 2.161·10-6 1.266·10-5 0.6490
30 0.76 -1.088·10-6 8.417·10-4 0.5947

Fig. 5. Concentration dependences of the coefficients of the polynomial A, B, C, and D describing the “amor-
phous component”
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the temperature dependences of the thermal 
conductivity of Ba1–xLaxF2+x crystals practically 
disappear. To approximate the parameter A(d), 
the formula A = 1 + 0.16·ln (0.8d) was used. Its 
largest value is obviously lower than Amax = 1, 
which corresponds to the intended relative 
meaning of this parameter.

4. Conclusion
For the first time, the thermal conductivity 

of single-crystal samples of the heterovalent 
solid solution Ba1–xLaxF2+x (0 ≤ x ≤ 0.30) was 
experimentally studied in the temperature range 
of 50–300 K. It was noted that with increasing 
La content, the thermal conductivity decreases 
monotonically, and its temperature dependence 
changes from a strong decrease to a weak 
increase. Samples with high lanthanum content 
demonstrated thermal conductivity values close 
to those of optical glasses. The experimental 
results were accurately described by a semi-
empirical expression that takes into account the 
contribution of the crystalline and amorphous 
components to the thermal resistance of the 
heterovalent solid solution. The values of the 
thermal expansion coefficient of Ba1–xLaxF2+x 
crystals, experimentally determined in the 
temperature range (from liquid nitrogen to room 
temperature), have noticeable differences from 
the thermal expansion coefficient for the BaF2 
matrix only at low temperatures.
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Abstract 
Objectives: The purpose of this work is to study and identify the features of the equilibrium sorption of uranium from 
carbonate-containing solutions on a fibrous sorbent obtained (at the St. Petersburg Institute of Textile and Light Industry 
named after S. M. Kirov) by synthesizing carboxylated polyacrylonitrile (PAN) fiber with formaldehyde, with the common 
name of FORPAN.
Experimental: The equilibrium sorption of uranium by the carboxylated fibrous sorbent FORPAN from carbonate-containing 
solutions simulating seawater was studied in the range of initial concentrations (3.36·10–5–7.13·10–4 mol/l) and temperatures 
(293–338 K) at pH = 7.85. It was found that during the contact of the fiber with the carbonate-containing uranium solution, 
a sharp decrease in the pH of the solution and the cleavage of the tricarbonate uranilate complex occur due to the protolysis 
of carboxyl groups. Based on mathematical processing (using the least squares method) of the dependences of the equilibrium 
distribution coefficients of uranium (ml/g) on the equilibrium concentration of uranium in solution (mol/ml) at different 
temperatures, a generalized equation was obtained that made it possible to calculate the capacity of the fiber for uranium 
(mol/g) during its sorption from model solutions prepared based on Caspian Sea water in the range of studied concentrations 
and temperatures, as well as to calculate the capacity of the FORPAN sorbent relative to uranium in Caspian Sea water 
(1.22·10–5 mol/g = 2.9·10–3 g/g) and the distribution coefficient of uranium in seawater (1.6·104 ml/g) at T = 293.3 K.
Conclusions: Based on the conducted studies of the features of equilibrium sorption of uranium from model carbonate-
containing solutions and the results obtained, FORPAN fiber can be recommended for the extraction uranium from dilute 
carbonate-containing solutions of natural waters, in particular from Caspian Sea water, with a uranium content of 
2.5·10–6 mol/l, in the range of relatively low temperatures of 293–307 K.
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1. Introduction
Ocean water is a virtually inexhaustible 

source of many elements, particularly uranium, 
copper, and cobalt, whose oceanic abundances 
are estimated at 4.2·109, 4.1·109, and 7.6·107 tons, 
respectively. Ocean water is promising not only for 
its inexhaustibility but also for its technological 
feasibility – its constant composition and 
potential for comprehensive use.

Attention to the ocean as a source of uranium 
is driven by the depletion of terrestrial reserves 
and the intensive development of nuclear energy. 
Given the trace concentrations of uranium in 
seawater (~ 3 μg/l) against the backdrop of its 
highly mineralized, complex salt composition, 
the need to select selective sorbents using highly 
effective methods for concentrating this element 
is of undeniable practical interest [1, 2]. Sorption 
methods are currently showing promise [3]. The 
authors used FIBAN C-1 (cation exchanger) and 
FIBAN AC-22V (aminocarboxyl polyampholyte) 
fiber ion exchangers under dynamic settings 
to determine various features of the sorption, 
extraction, and concentration of uranyl ions from 
model nitrate solutions. It was demonstrated 
that a high uranium sorption rate is coupled 
with effective uranium (VI) extraction and 
concentration. The following quantitative aspects 
of uranium sorption under dynamic conditions 
were computed: sorption rate, uranium content 
in the sorbent phase, dynamic exchange capacity, 
and overall dynamic exchange capacity.

The possibility of using many types of 
sorbents for these purposes has been investigated 
so far: natural and synthetic ion exchangers, 
complexing, modified, composite, and others. 
The efficiency of radionuclide extraction depends 
on the sorbent’s selectivity in the presence of 
inorganic and organic components contained 
in aqueous media [4–7]. Thus, the authors [4] 
synthesized a new sorbent, 4XADMnO (Amberlite 
XAD-4 modified with manganese dioxide 
nanoparticles), to improve the sorption of UO2

2+ 
ions in aqueous media from low-level radioactive 
waste and characterized it using EDX, XRD, 
and FTIR analysis. It was established that the 
developed sorbent was successfully used for the 
sorption of UO2

2+ ions for safety purposes. 
By adding hydrated zirconium dioxide to a 

gel-like anion-exchange resin, the authors [6] 

created organic-inorganic sorbents. Throughout 
the experiment, the solvent’s surface tension, 
temperature, and solution concentration were 
all changed. Particles of different sizes are more 
common in the polymer matrix depending on the 
production technique. Research on the sorption of 
anionic uranyl complexes revealed that pseudo-
first- or pseudo-second-order chemical reaction 
models describe the sorption rate. Compared 
to the original resin, samples altered with tiny 
particles (< 300 nm) show a greater sorption rate. 
Particle size reduction makes it easier for the 
sorbents to regenerate chemically.

When selecting a sorbent, it is necessary to 
consider: high sorption capacity and selectivity; 
good kinetic and mechanical properties in 
multiple sorption-regeneration cycles; and, most 
importantly, the sorbent’s low cost.

According to numerous studies, sorbents based 
on metal oxides meet most of these requirements. 
In particular, titanium dioxide, as a sorbent, 
is distinguished by its radiation and chemical 
stability in acidic and alkaline solutions, and as an 
ion exchanger, it exhibits a satisfactory exchange 
rate, which is important when working in a column 
configuration. Hydrated titanium dioxide has been 
studied in considerable detail for a number of years 
as a sorbent for extracting uranium from seawater. It 
should be noted that mixed titanium oxide sorbents 
exhibit the best sorption characteristics, due to 
the introduction of an inert additive in the form of 
zirconium oxide (6 %) and others during synthesis, 
which has a significant impact on the change in 
the sorption properties of titanium dioxide (almost 
doubling its kinetic and equilibrium characteristics, 
significantly altering all energy parameters of the 
sorption process [8–12]).

For the selective concentration of radionuclides 
from neutral natural waters, complexing sorbents 
with phosphoric acid, amidoxime, hydroxamic, 
iminodiacetate, and other groups are also used, 
which are capable of binding radionuclides 
into corresponding complex compounds and 
effectively isolating them from natural waters 
with a high salt content and in the presence of 
natural ligands [13].

Currently, the sorption extraction of 
metals from solutions using fibrous sorbents, 
characterized by good kinetic properties and 
high element distribution coefficients during 
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sorption, allows them to be successfully used 
for the concentration and separation of trace 
elements from natural waters and other solutions, 
under both static and dynamic conditions [14]. 
The developed surface, providing good sorption 
and kinetic properties of fibrous sorbents, 
distinguishes them from granular sorbents, since 
they are convenient for practical use both in static 
conditions (a small amount of sorbent is required, 
especially when there is no need to regenerate the 
sorbent), and in a dynamic, columnar version, for 
concentrating microelements from large volumes 
of solutions, when after sorption the elements are 
usually eluted and then analyzed [15, 16].

Neutron activation sorption (NAS) is 
performed directly on the sorbent without elution 
or degradation, which increases the speed of the 
method and reduces contamination by foreign 
impurities.

The selection of the sorbent and sorption 
conditions ensures the separation of trace 
elements from large quantities of macroelements. 
Separation of elements using fibrous sorbents is 
based on differences in the sorbent’s selectivity 
for metals, which in turn is due to differences in 
the stability of the complexes formed by metals 
in the sorbent phase.

The selectivity of a sorbent is determined 
primarily by the nature of its functional and 
analytical groups. The selective properties of 
sorbents are characterized by selectivity series. 
The presence of carboxyl groups determines 
the complexing properties of the ion exchanger. 
Metal ions such as Zn, Cd, Pb, Cu, U, and others 
form complexes of varying strength with acetate 
ions. For example, the strength of monoacetate 
complexes increases in the following order: Zn2+ < 
Cd2+ < Pb2+ < Cu2+ < UО2

2+. According to Gregor, the 
strength of polyacrylate complexes increases in 
approximately the same direction. Interestingly, 
the strength of sulfate complexes of these metals 
is virtually identical.

A visual expression of sorbent selectivity is the 
dependence of element distribution coefficients 
on pH and component concentration.

The presence of complexing groups in ion-
exchange fibers leads to an increased affinity 
of these ion exchangers for metal ions; such 
compounds exhibit specific properties and are 
highly selective for individual metal ions.

The most effective uranium sorbents known 
to date contain amidoxime (AO) or imide-dioxime 
(H3JDO) functional groups capable of binding 
uranyl ions (UO2

2+). This is the form in which 
uranium is most commonly found in seawater. 
Polyacrylonitrile (PAN) fibers are grafted with 
an H3JDO group, which is selective for the uranyl 
ion. The adsorption capacity of such modified 
polymers can exceed 4 grams of uranium per gram 
of adsorbent [17]. Although the use of functional 
AO groups has significantly improved uranium 
extraction efficiency and is considered the most 
promising approach for extracting uranium 
from seawater, implementing these functional 
AO groups is a complex and expensive process. 
Furthermore, the effectiveness of these groups is 
significantly impacted by exposure to other ions. 
Furthermore, since these adsorbents are primarily 
available as powders or nanoparticles, their 
regeneration after uranium extraction is difficult.

Not all known uranium-adsorbing materials 
can be used in the industrial extraction of uranium 
from seawater, as they often bind more strongly 
to vanadium ions (VO3+), the concentration of 
which in water exceeds the uranium content 
[18]. In order to comprehend the remarkably 
strong and selective vanadium binding by 
polyamidoximes, the authors of this research 
provided a thorough investigation combining ab 
initio modeling with thermochemical titration 
and XAFS spectroscopy. The adsorbent’s cyclic 
imidodioxime group creates a special nonoxide 
complex called V5+, which has the highest stability 
constant yet seen for V5+ species, even though 
the open-chain amidoxime functional groups 
do not bind vanadium. Vanadium is only bound 
by imidodioximes, according to XAFS data of 
the adsorbents after they were submerged in 
seawater. The observed fundamental results, 
according to the scientists, can help explain 
the widespread accumulation of vanadium in 
certain marine animals and offer suggestions 
for additional optimization of the selectivity of 
amidoxime-based sorbent materials. This is very 
expensive because it is necessary to separate the 
uranium from the vanadium after sorption.

Researchers from the Oak Ridge National 
Laboratory and the Lawrence Berkeley National 
Laboratory, led by A. Ivanov and Jan Arnold, turned 
their attention to siderophores (iron-transport 
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proteins). This class of chelating compounds 
with nitrogen and oxygen donor groups, used by 
some species of bacteria and fungi as reservoirs 
for sequestering excess iron, is considered a 
potential ligand for binding f-elements, which 
include uranium [19]. The authors synthesized 
an artificial siderophore: bis[hydroxy(methyl)
amino]-4-mordoline-1,3-triazine (H2BHT). 
They then modified the ethylene-acrylic acid 
copolymer by binding this ligand to it. Despite 
the relatively low capacity of the material, 0.1 g of 
uranium per 1 g of sorbent, the vanadium content 
did not affect uranium sorption, indicating that 
H2BHT is more selective for uranium ions than 
for vanadium ions. Further work in this direction 
is underway [20–22]. In order to extract uranium 
from seawater, the authors [20] thoroughly 
reviewed materials developed between 2000 and 
2016. They focused on recent advancements 
in the field of inorganic materials, polymeric 
adsorbents, and related research on amidoxime, 
and nanostructured materials like metal–organic 
frameworks, porous organic polymers, and 
mesoporous carbon materials. The difficulties 
of doing accurate and repeatable uranium 
adsorption tests were also covered in the article, 
along with the standardization of parameters 
required to guarantee accurate comparison of 
various adsorbents. The history of uranium 
extraction from saltwater and current research 
in this field are briefly described in Review [22]. 
The coordination chemistry of the project is 
described in full in the paper, along with the 
functional groups found on common polymer 
sorbents and their low-molecular-weight analogs. 
Uranium selectivity in comparison to other 
metals, especially vanadium, is still difficult to 
achieve, and future solutions will need techniques 
for both quantitative evaluation of bond strength 
and selectivity.

Among the most recent achievements, the 
works of the authors [23–25] are noteworthy. The 
scientists have developed a series of new porous 
materials with specific pores and functional groups 
(hydroxyl, carboxyl, amidoxime, phosphate, 
etc.) that are highly selective for uranium. The 
active groups, when coordinated in these porous 
materials, form specific sites for binding uranium, 
which, compared to other ions, have a higher 
affinity and selectivity for uranyl ions (UO2

2+).

Along with studies of the properties of 
traditional sorbents, adsorption-photocatalytic 
and adsorption-electrocatalytic materials are being 
studied, containing both specific adsorption sites 
and photocatalytic or electrocatalytic fragments 
in their frameworks. These innovative strategies 
enable the conversion of uranyl ions into sorbable 
solid products (such as UO2 or Na2O(UO3·H2O)), 
which increases the highly efficient extraction of 
uranium, as well as their resistance to biofouling. 
The development of such porous materials 
represents a breakthrough in the field of selective 
uranium extraction from seawater [23].

Since the efficiency of uranium extraction 
depends on the presence of active adsorption 
sites in adsorbents, maximizing the utilization 
factor of binding sites is necessary to improve the 
sorption capacity. For this purpose, microredox 
reactors operating on the principle of Cu(ı) 
Cu(ıı) conversion are introduced into the sorbent 
(containing both amidoxime and carboxyl 
groups), which activates the regeneration of 
inactivated binding sites. This sorbent has a 
high adsorption capacity of 962.4 mg-U/gAds, 
excellent ability to resist fouling, and excellent 
uranium absorption (14.62 mg-U/gAds) from 
natural seawater in 56 days. These indicators 
allow us to consider the sorbent the best among 
high-performance materials for uranium sorption 
from seawater [24].

An effective sorbent for uranium extraction 
from seawater has been synthesized by 
introducing amidoxime groups (AO) and grafted 
polyamides (PA) onto the Ti3C2 surface using 
a simple, one-step hydrothermal method. The 
absorption of [UO2(CO3)3]4 by the Ti3C2-AO-PA 
sorbent is characterized by fast reaction kinetics 
(approximately 120 min), excellent sorption 
capacity (81.1 mg/g at pH 8.3), significantly 
high selectivity (32.8 mg-U/gAds), and excellent 
antibacterial properties against contamination 
(92.8 %).

X-ray absorption spectra (XPS) and density 
functional theory (DFT) computational studies 
also demonstrated the high extraction capacity 
of Ti3C2-AO-RA for uranium, primarily due to the 
complexation of AO and NH2 with [UO2(CO3)3]

4–. 
These findings suggest that the Ti3C2-AO-RA 
sorbent is promising for the rapid and selective 
adsorption of uranium from real seawater [25].
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These latest advances demonstrate that 
uranium extraction from seawater is a promising 
approach for ensuring a continuous supply of 
uranium fuel for nuclear power.

The problem of creating efficient inorganic 
and fibrous sorption materials with sufficient 
mechanical strength, acceptable kinetics, and 
high sorption capacity remains relevant. The use 
of sorption materials is hampered by the lack of 
a wide range of options, as well as by insufficient 
understanding of the thermodynamics, kinetics, 
and mechanism of sorption.

This study aims to investigate the equilibrium 
sorption of uranium by FORPAN fibrous sorbent 
(synthesized at the S. M. Kirov St. Petersburg 
Institute of Textile and Light Industry) from 
carbonate-containing solutions simulating 
seawater over a wide range of concentrations 
(3.36·10–5 to 7.13·10–4 mol/l) and temperatures (293 
to 338 K). The study also includes calculating a 
generalized thermodynamic equation for uranium 
sorption by FORPAN fiber under these conditions.

2. Experimental
The studies were conducted using model 

solutions prepared using natural Caspian Sea 
water (with a uranium content of 2.5·10–6 mol/l). 
For analytical control and experimental 
convenience, uranium-233, previously purified 
from decay products, was added as a radioactive 
indicator, along with various amounts of natural 
uranium in the form of a tricarbonate-uranilate 
complex to study sorption over wide ranges of 
temperatures (293–338 K) and concentrations 
(3.36·10-5 ÷ 7.13·10-4 mol/l). The main requirement 
for the model solutions is the stability of the 
concentration and forms of existence of uranium 
under conditions of carbonate-bicarbonate 
equilibrium. The technique [26, 27] of preparing 
solutions with subsequent pH stabilization by 
bubbling air through the solutions and adjusting 
the pH with 0.01 M HCl and Na2CO3 solutions 
made it possible to obtain solutions with stable 
(for at least two years) uranium concentration 
and pH. The selected pH of the solutions (~ 7.85) 
corresponded to the pH measurements of 
seawater. Uranium in the model solutions, as 
in seawater, was in the ion-soluble form [UO2 
(CO3)3]

4-. Radioactive indicator methods, as well as 
spectrophotometric methods with the Arsenazo-

III reagent, were used to determine the uranium 
content in solutions and sorbent samples. 
Monitoring of α-radioactivity measurements was 
carried out using a 2154-1-1M PROTOKA device.

The kinetics of uranium sorption were carried 
out earlier [1] using the limited volume method on 
the fibrous sorbent FORPAN with the structural 
formula of the unit:

=

The experiments were carried out in a glass 
reaction vessel equipped with an electric stirrer 
and thermostat. At set intervals, at a given 
temperature (293, 308, 323, or 338 K), 10 ml of 
a uranium solution of a specified concentration, 
along with 0.01 g of air-dried fiber, were introduced 
into the vessel. The start time of the experiment 
was recorded. At set intervals, 0.025 ml samples 
of the solution were removed from the reaction 
vessel and analyzed for uranium content using 
the α-radiometric method.

Based on the initial concentration of uranium 
in the solution at each moment in time, the 
concentration of uranium in the solution at a 
given time τ (Ср,τ), the amount of sorbed uranium 
in the solid phase (Ст,τ) and the value of the 
distribution coefficient of uranium in the system 
at a given time (Кd,τ) were calculated using the 
formulas:
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C V

m

J

JT
p init p

p init
,

, ,

,
t

t=
◊

-
Ê

Ë
Á

ˆ

¯
˜1 , 	 (2)

Kd
V
m

J

J
p init

p
, ,,

,
t

t
= -

Ê

Ë
Á

ˆ

¯
˜1 		  (3)

where Jp, init and Jp,τ are the initial and determined 
α-radioactivity of the solution after a specified 
time, imp; Cp,init and Cp,τ are the initial uranium 
concentration and the concentration at a specified 
time in the solution, mol/l; V is the volume of the 
solution, ml; m is the mass of the sorbent, g.

All kinetic dependences were satisfactorily 
described by the generalized Avrami-Erofeev-
Kolmogorov kinetic equation using the Sakovich 
relation [1]. The equation parameters were 
processed using the least squares method.
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Fig. 1. Uranium sorption isotherm as a function of the equilibrium distribution coefficients (Kd,∞) ml/g versus 
the equilibrium uranium concentration in solution (Cp,∞, mol/l) using FORPAN fiber: 1 – 293 К; 2 – 308 К; 3 – 
323 К; 4 – 338 К

Important information about sorption 
processes can be obtained by studying the 
thermodynamics of sorption of a given substance 
based on the temperature dependences of 
equilibrium distribution coefficients or sorption 
isotherms at different temperatures. Based 
on experimental data, uranium sorption by 
FORPAN fiber changed insignificantly over time 
upon reaching equilibrium between the “top” 
and “bottom” phases over a period of 1.4·104 s. 
This allowed the distribution coefficients (Kd) 
presented in Table 1 to be considered equilibrium, 
and the values of Cp and CT were assumed to 
be equilibrium and designated Cp,∞ and CT,∞, 
respectively.

Below in Fig. 1, based on the experimental 
results of Table 1, the dependences of the 
equilibrium distribution coefficients of uranium 
(Kd,∞, ml/g) on ​the equilibrium concentration 
of uranium in solution (Cp,∞, mol/ml) at various 
temperatures are shown. By extrapolating 
these dependences to any given equilibrium 
concentration of uranium in solution, an equation 
of the form can be obtained for each of them:

ln ln ,, ,K a b Cd p• •= + 		  (4)

where Kd,∞ is the equilibrium distribution 
coefficient of uranium in the system, ml/g, 
parameters a and b are constant values ​for a given 
pH value of the initial solution, calculated by 
mathematical processing using the least squares 
method (given in Table 2).

Uranium in seawater is dissolved as a stable 
tricarbonate-uranilate complex at pH > 7.5, with 
a carbonate ion content greater than n·10–6 M. 
At carbonate ion content less than n·10–6 M and 
pH  <  7.5, it dissociates due to the formation 
of high concentrations of bicarbonate ions in 
solution, which do not interact with uranium.

The content of HCO3 groups was determined 
using Reznikov’s method, modified for the 
conditions of our experiment [28], the results of 
which are presented in Table 3.

The calculation of the entropy and enthalpy 
values of the uranium sorption process on the 
FORPAN fiber under study was carried out from 
the experimental results of the dependence of the 
equilibrium distribution coefficient of uranium on 
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Table 2. Parameters of the equation ln ln, ,K a b Cd p• •= +  (4) for four concentrations at a given 
temperature. Capacities (mol/g) calculated with the generalized parameters of equation (6)

Fiber Т, К ln Kd,∞, 
mol/g

ln Сp,∞, 
mol/l pH Сp,∞ 

Parameters of 
equation (4)

The value of capacity 
according to the equation (6)

а b ln СB,∞ mol/g

FORPAN

293

8.79
8.4
7.68
7.12

–12.13
–10.77
–9.36
–8.05

5.1
7.22
7.32
7.42

3.72 –0.42

–10.87
–10.07
–9.25
–8.49

1.9·10–5

4.2·10–5

9.6·10–5

2.1·10–4

308

9.3
8.97
8.17
7.54

–12.8
 –11.19
–9.95
–8.31

5
7.7
7.8

8.22
4.14 –0.41

–11.14
–10.23
–9.52
–8.60

1.45·10–5

3.2·10–5

7.3·10–5

1.8·10–4

323

9.99
9.48
8.34
7.76

–13.43
–11.71
–10.75
–8.45

5.1
7.7

7.45
7.85

3.64 –0.47

–11.38
–10.43
–9.90
–8.60

1.1·10–5

2.9·10–5

4.2·10–5

1.8·10–4

338

10.38
9.69
9.08
8.05

–13.80
–9.77
–8.48
–8.79

4.9
7.3
7.7

8.32
4.03 –0.45

–11.47
–9.29
–8.59
–8.44

1.0·10–5

91·10–5

1.8·10–4

2.1·10–4

The average values of the parameters a and b of the equation (4) а = (3.88±0.3); b = –0.43.±0.038

Table 1. U233 sorption from model solutions with Сs.init. = (3.36·10-5 – 7.13·10-4) mol/l polyampholyte

Sorbent, structural 
formula of the unit, 

active groups

Brief 
characteristics of 
the sorbent, SEC, 

mol/g

Initial 
concentration 

of the 
solution, Сs.init

mol/l

Kd∞, ml/g
Equilib-

rium 
time, t∞,С

Temperature, K

293 308 232 338

FORPAN

СOOH C– –

СOOH C NH, –

O

O

=
=

–

NHCH OH2

Obtained by 
synthesis of 

carboxylated PAN 
fiber with 

formaldehyde, 
СОЕNaOH = 2.0

3.36·10–5

1.15·10–4

2.7·10–4

7.13·10–4

6670
4496
2165
1232

11195
7336
3544
1881

21764
13068
4124
2342

32260
16224
8773
3149

1.4·104

Table 3. Uranium sorption from model carbonate-containing solutions on FORPAN fiber at Т =293.15 К. 
Results of determination of bicarbonate ion and uranium content in solutions and sorbents

Initial concentration of uranium in solutions, mol/l 3.36·10–5 1.15·10–4 7.13·10–4 

pH of the initial solution 7.85 7.87 7.89
The concentration of uranium in the equilibrium solution after 
sorption, mol/l

4.4·10–6 2.09·10–5 3.21·10–4

Concentration of uranium in the sorbent, mol/g 2.92·10–5 9.41·10–5 3.95·10–4

pH of the equilibrium solution 5.1 7.2 7.38
Concentration of НСО3

– ion in the initial solution, mol/l 1.04·10–3 5.25·10–3 3.01·10–2

Concentration of НСО3
– ion in solution after sorption, mol/l 1.96·10–3 6.41·10–3 4.16·10–2
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temperature. These dependences were obtained for 
various initial uranium concentrations in solutions 
with a pH of 7.85 and are shown in Figure 2.

3. Results and discussion
The dependence ln ln ,Kd Cp• •Æ  presented in 

Fig. 1 is similar to [29] the accepted representation 
of an isotherm of theC CT p, ,• •Æ  type, which can 
be successfully replaced by a representation 
in logarithmic coordinates, which makes it 
possible to easily, using extrapolation, estimate 
the capacity of the sorbent at any equilibrium 
concentration of the element in the solution for 
any form of sorption isotherm.

The calculated values ​of the uranium sorption 
isotherm parameters from model solutions are 
presented in Table 2.

By further mathematical processing of the 
values ​of the parameters a and b of equation 

(4) from temperature (a
T

Æ 1  and b
T

Æ 1 ), a 

generalized equation was derived that made it 
possible to calculate the equilibrium distribution 
coefficient Kd (ml/g) associated with temperature 
and the equilibrium concentration of the solution 
(mol/l), as well as the capacity of the fiber for 
uranium (mol/g) during its sorption from model 
solutions of seawater with pH 7.85–7.9 in a wide 
range of equilibrium concentrations of uranium 
in the solution (1.0 10–4–1.0 10–9 mol/l) and 

temperatures (293–338 K):

ln ( , , ln )

( , , ln ) / .
,

,

K C

C T
d p

p

= - -

- -
•

•

5 271 0 72

437 68 89 52
	 (5)

Based on equation (5), we can write:

ln ( , , ln )

( , , ln ) / .
, ,

,

C C

C T
T p

p

• •

•

= - + +

+ +

5 271 0 28

437 68 89 52
 	 (6)

Substituting into equation (6) the value of 
the uranium concentration in the water of the 
Caspian Sea, 2.5·10-6 mol/l, we obtain the value 
of the capacity for seawater (CT,S.W):

ln ., .CP S W = -12 89 

- -= ◊ = ◊5 3
, . 1,22 10 mol/ g 2,9 10 l/ gT S WC  	 (7)

Uranium sorption from natural waters and 
carbonate systems actively occurs with the 
participation of both anion exchangers and 
cation exchangers. However, under the same 
conditions, the absorption of uranium by cation 
exchangers is explained by the authors [30] by the 
fact that the presence of an ion exchanger shifts 
the equilibrium between the carbonate complex 
and the products of uranyl ion hydrolysis. It is 
necessary to take into account the participation of 
the HCO3– ion in the carbonate equilibria system, 
which are interconnected with the pH of the 
solution, and determine the binding of uranium 

Fig. 2. Temperature dependences of the equilibrium distribution coefficient for uranium sorption using FOR-
PAN fiber at different initial uranium concentrations in solution: 3.36·10-5 М; 2 – 1.15·10-4 М; 3 – 2.73·10-4 М; 
4 – 7.14·10-4 М
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into uranyl carbonate complexes according to 
the reactions:

HCO H CO ,3 3
2- + -´ +  K = ◊4 1011

UO CO UO CO ,2
2

3
2

2 3 2

2
2+ - -

+ ´ ( )ÈÎ ˘̊  K = 1016

UO CO CO UO (CO ) ,2 3 2 2 3 3( )ÈÎ ˘̊ + ´ ÈÎ ˘̊
- - -2

3
2 4

 K = 107

A comparison of the equilibrium constants 
for these reactions shows that, in the region of 
near-neutral and alkaline pH values, even a slight 
excess of carbonates above stoichiometric values ​
is sufficient for the virtually complete binding of 
uranium into uranyl carbonate anions [31].

The carboxyl groups of FORPAN fiber, being 
acidic in nature and subject to the mechanism 
of carboxyl cation dissociation [32], partially or 
completely dissociate depending on the pH of the 
solution and are responsible for the sorption of 
uranium as a result of ion exchange. The amino 
groups are the basic groups, responsible for the 
formation of coordination bonds during sorption 
in a slightly acidic medium with a pH of 3–5. 
Taking this into account, the appearance of a 
negative charge in alkaline media and a positive 
charge in acidic media for FORPAN fiber can be 
represented by the following reaction equations:

R OH RNH
COOH

NH OH
COO

3-
- -

-
-+ Æ

-

2
	 (а)

R H RNH
COO

NH
COOH

-
- +

-
-

+

-

++ Æ
3 3

		  (b)

At the initial moment of contact of the fiber 
with a carbonate-containing solution with a pH 
of 7.85, the fiber is charged negatively due to 
the protolysis of the carboxyl group according 
to reaction (a), which results in a decrease in 
the pH of the solution and the cleavage of the 
tricarbonate uranilate complex. In this case, 
the ion-exchange activity of the COOH groups 
is evident, and in solutions with neutral and 
slightly alkaline pH, the formation of stable 
carboxyl complexes of uranium is possible. In 
more acidic environments, carboxyl groups are 
protonated and are unable to form strong bonds 
with uranium, while in an alkaline environment, 
uranium can form complex compounds, including 
hydroxide complexes UO2(OH)2 and UO2(OH)3, 
which can compete with carboxyl complexes. 
As a result of the shift of the pH environment 

to the region of low pH values ​(~ 5–5.5), the 
process begins to proceed according to reaction 
(b), during which two types of bonding of the 
ligand groups of the fiber (ionic and coordination) 
occur, since in an acidic environment the amino 
group protonates and acquires a positive charge, 
turning into an ammonium ion (-NH3

+), capable 
of participating in complex formation, however, 
in an alkaline environment it loses a proton 
and becomes neutral, which inhibits the further 
process of complex formation, or desorption of 
the complex may occur, which is reflected in the 
shift in the equilibrium between the forms of 
existence of uranium in the presence of fiber [33].

The experimental data obtained show that 
during the period of contact between the solution 
and deprotonated fiber from weakly alkaline and 
acidic solutions, sorption is characterized by 
high distribution coefficients (Table 1), which 
can be attributed to an increase in the HCO3

− 

content in the solution. The observed increase 
in the solution concentration and pH, as well 
as a decrease in uranium sorption (reaching 
equilibrium), confirm the lack of correlation 
between uranium and carbonate ions in the fiber. 
As the uranium concentration and solution pH 
increase, the process proceeds with an increase 
in the ion-exchange mechanism.

A similar phenomenon in the sorption 
process was also discovered in [34] during a 
study of uranium(VI) sorption on goethite using 
X-ray absorption spectra (EXAFS), where in the 
presence of carbonate ions in the solution, an 
increase in uranium sorption was detected at low 
pH with the formation of complexes: (> FeOH)2 
UO2(H2O); FeOCO2UO2 and (> FeOH)2UO2CO3, 
which were desorbed with an increase in the pH of 
the solution and were not recorded by the EXAFS 
spectra. Taking these complexes into account, the 
authors developed a thermodynamic model of 
surface complexation on goethite, corresponding 
to their experimental data on uranium sorption 
from aqueous solutions.

To study the thermodynamics of the process 
of uranium sorption from carbonate-containing 
solutions simulating seawater, the equation was 
first processed:

lnK A B
Td = - 1 		  (8)
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using the least squares method for various initial 
concentrations 3 36 10 7 13 105 4. .◊ ∏ ◊- -  mol/l in the 

form of a dependence of lnK Td - 1
 on each tem-

perature (293, 308, 323, 338 K). By further process-
ing the parameters A and B from the initial con-
centration in the form ,( ln )p initA C-  ,( ln )p initB C- , 
w h e r e  A A B A= ¢ + ¢ = - + -[ ( . ) ( . )]1 17 2 17  a n d 
B A B B= ¢¢ + ¢¢ = +[ . ]1276 7 472 , generalized values ​
of the parameters were obtained for any initial 
concentration:

,ln p initA A A C= +¢ ¢¢ ,		  (9)

= +¢ ¢¢ ,ln .p initB B B C 		  (10)

As a result of mathematical processing of the 
entire set of obtained dependencies, a generalized 
semi-empirical thermodynamic equation was 
derived that relates the equilibrium distribution 
coefficient of uranium in the system (Kd,∞), the 
initial concentration, and the temperature of the 
sorption experiment in the form:

,
,

ln
ln ln p init

d p init

B B C
K A A C

T

+¢ ¢¢
= + -¢ ¢¢ .	 (11)

Substituting the calculated values of the 
parameters into equation (11), , ,ln ( 1.17) ( 1276.7)lnp init p initA A C C+ = - + -¢ ¢¢  

, ,ln ( 1.17) ( 1276.7)lnp init p initA A C C+ = - + -¢ ¢¢  and , ,ln (2.17) 472lnp init p initB B C C+ = +¢ ¢¢  
, ,ln (2.17) 472lnp init p initB B C C+ = +¢ ¢¢  a generalized equation 

of thermodynamics for the process of uranium 
sorption from model solutions of seawater in 
a wide range of initial uranium concentrations 
3 36 10 7 13 105 4. .◊ - ◊- -  mol/l and temperatures 
(293–308 K) at pH 7.85 for FORPAN fiber was 
obtained:

,

,

ln ( 1.17) ( 1276.7 ln )

(2.17 472 ln ) / .
p init

p init

Kd C

C T

= - + - ◊ -

- + ◊
	 (12)

The value of the uranium distribution 
coefficient in the water of the Caspian Sea 
(Kd,S.W) with a concentration of 2.5·10–6 mol/l 
(ln . ), .Cp S W = -12 89  at T = 293.3 K, calculated 
using equation (12), is equal to ln ..KdS W = 9 7  
KdS W. .= ◊1 6 104  mol/l.

T h e  v a l u e s  o f  t h e  p a r a m e t e r s 
,ln p initA A A C= +¢ ¢¢  and ,ln p initB B B C= +¢ ¢¢  of 

equation (12) correspond to the parameters of 
the known relationship:

lnK
S
R

H
RTd = -D D ,		   (13)

Where Kd is the equilibrium distribution coefficient 
of uranium in the system, ml/g; ∆S is the entropy 
of the uranium sorption reaction, J/mol deg; ∆H 
is the enthalpy of the uranium sorption reaction, 
J/mol; R is the universal gas constant, equal to 
8.3143 J/mol deg; T is the experimental 
temperature, K.

The following formula was used to calculate 
the change in Gibbs free energy:

D D DG H T S= - .	  	  (14)

As can be seen from Table 4, the enthalpy 
value ∆H < 0 is negative, i.e., the process is 
exothermic, with heat release. The heat of reaction 
for uranium sorption by the fiber under study is 
estimated to be in the range –28 ÷ –40 kJ/mol. 
These values are significantly lower than the heat 
of chemisorption reactions (50÷80 kJ/mol) and 
are close to the enthalpies characteristic of ion-
exchange reactions, i.e., the process of uranium 
sorption from carbonate-containing solutions 
by FORPAN fiber proceeds via an ion exchange 
mechanism, along with complexation.

4. Conclusions
Based on a study of the fundamental 

principles of equilibrium uranium sorption by 
the fiber, it was established that the experimentally 
determined uranium distribution coefficients 
in the temperature range of 293–338 K are in 
equilibrium. It was found that during the period of 
fiber contact with a carbonate-containing uranium 
solution, the pH of the solution sharply decreases 
to 7.86, and the tricarbonate uranilate complex 
decomposes due to protolysis of carboxyl groups. 
This period is characterized by high uranium 
distribution coefficients and an increase in HCO3− 
in the solution, confirming the lack of correlation 
between uranium and carbonate ions in the fiber.

The capacity of the fiber for uranium (mol/g) 
was calculated during its sorption from model 
solutions prepared based on Caspian Sea 
water in the range of studied concentrations 
and temperatures, and the capacity of the 
FORPAN sorbent relative to uranium in Caspian 
Sea water (1.22·10–5 mol/g = 2.9 10–3 g/g) and 
Kd,S.W = 1.6·104  ml/g at T = 293.3 K was also 
calculated.
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A generalized semiempirical thermodynamic 
equation for uranium sorption by the fiber under 
study was obtained. It relates the equilibrium 
distribution coefficient of uranium in the system, 
the initial concentration, and the temperature of 
the sorption experiment under given conditions. 
The parameters of this equation made it possible 
to calculate the entropy, enthalpy, and Gibbs 
energy of uranium sorption by FORPAN fiber. The 
enthalpy values ​(∆H < 0) are negative, indicating 
an exothermic process with the release of heat. 
The heat of reaction for uranium sorption by 
the fiber under study is estimated at values ​in 
the range of –28 ÷ –40 kJ/mol. These values ​
turned out to be significantly lower than those 
for chemisorption processes, i.e., they are more 
consistent with ion-exchange processes, along 
with which complex formation also occurs.

Based on the conducted studies of the features 
of equilibrium sorption of uranium from model 
carbonate-containing solutions and the results 
obtained, FORPAN fiber can be recommended for 
the purpose of extracting uranium from dilute 
carbonate-containing solutions of natural waters, 
in particular, from the water of the Caspian Sea, 
with a uranium content of 2.5·10–6 mol/l, in the 
range of relatively low temperatures of 293–308 K.
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1. Introduction
Glasses based on the Ge – Te system are 

among the most promising optical materials for 
the middle infrared (mid-IR) range [1]. They have 
a wide transparency window extending from 2 to 
30 μm (some compositions up to 35 μm [2]) and 
high refractive index values [3]. Optical fibers 
made of glasses based on the Ge–Te system are 
transparent up to 16 μm [4]. Therefore, these 
materials are used for the production of fiber-
optic sensors [4, 5], transmission of CO2 laser 
radiation with operating wavelengths of 9.3 and 
10.6 μm [6], and for solving problems related to 
space exploration [7, 8].

The main disadvantage of glasses based on the 
Ge–Te binary system is a pronounced tendency 
to crystallization [9]. To increase their stability 
against crystallization, components promoting 
glass formation are added to their composition. 
The most suitable of these components is silver 
iodide. To date, glasses of the Ge – Te – AgI 
system are the only representatives of germanium 
telluride glassy materials that do not crystallize 
upon heating during analysis by differential 
scanning calorimetry at a heating rate of 10 K/
min [10, 11]. The crystallization stability of these 
materials allows them to be used to manufacture 
optical fibers. However, optical losses in these 
fibers are high compared to Ge–S and Ge–Se 
systems [12]. One of the main reasons for this 
is partial crystallization of samples during fiber 
drawing [4]. Recently, the authors of the work 
fabricated a (Ge21Te79)50(AgI)50 glass fiber with 
optical losses of less than 1 dB/m in the spectral 
range of 7.2–10.9 µm, which is a record among 
telluride systems [13]. One of the key areas for 
further reduction of optical losses in germanium 
telluride fibers is optimization of the chemical 
composition of the glass. In this regard, the study 
of novel glasses based on the Ge–Te–AgI system 
is an actual scientific task.

The aim of this work was to investigate the 
stability against crystallization and optical 
transparency of glasses of the (Ga10Ge15Te75)100-x(AgI)
x (x = 0–15 mol %) system as new materials for 
fiber optics. The choice of the system was due to 
the higher glass-forming ability of Ga – Ge – Te 
glasses compared to binary Ge – Te compositions. 
Within the Ga – Ge – Te system, one of the most 
stable against crystallization is the Ga10Ge15Te75 

composition [14], which was chosen as the base 
variant. There is only one publication in the 
literature on the study of the properties of glasses 
of the (Ga10Ge15Te75)100-x(AgI)x system, the results 
of which indicate an unexpectedly low stability 
against crystallization [15], which, in the authors’ 
opinion, requires clarification.

2. Experimental 
2.1. Glass preparation

To avoid any misunderstandings in the 
chemical composition of telluride glasses 
containing silver iodide, available in the literature 
(e.g., [2] and [16]), the equations used to specify 
the component ratios are given below:

y xGa .( ) = ¥ -( )0 1 100 2 , 		  (1)

y xGe .( ) = ¥ -( )0 15 100 2 , 	 (2)

y xTe .( ) = ¥ -( )0 75 100 2 , 	 (3)

y n I xAg ( )( ) = = , 		  (4)

where y(…) is the component concentration, 
at.  %; x  is  the variable in the formula 
(Ga10Ge15Te75)100-x(AgI)x.

To prepare the glass, 6N gallium (JSC 
“Lankhit”, Moscow, Russia), 5N germanium (JSC 
“Germanium”, Krasnoyarsk, Russia), and 5N 
tellurium (JSC “ADV-Engineering”, Zelenograd, 
Russia) were used. Silver iodide was prepared by 
passing 3N iodine (JSC “Khimreaktiv”, Russia) 
over metallic silver (JSC “Novosibirsk Rare Metals 
Plant”, Russia) in a vacuum silica-glass reactor. 
The iodine was preliminarily triple sublimated to 
remove metal impurities and water.

The (Ga10Ge15Te75)100-x(AgI)x glasses were 
prepared by melting the batch in silica-glass 
glass ampoules with an internal diameter of 7 
mm and a wall thickness of 1.5 mm. The ampoules 
were pre-washed with a mixture of hydrofluoric, 
hydrochloric, and nitric acids, deionized water, 
then dried and baked in a flow of especially pure 
oxygen at 980 °C to remove OH groups [17]. The 
batch was evacuated to a residual pressure of no 
more than 10-3 Pa, the ampoules were sealed-
off. The homogenization of the glass-forming 
melt was carried out in a rocking muffle furnace 
at a temperature of 750–850 °C, depending on 
the glass composition, for 6 hours. The melt was 
quenched by quickly immersing the ampoules in 
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water. To relieve mechanical stress, the glasses 
were annealed at 150–170 °C for 30 minutes, 
with subsequent cooling to room temperature 
in the furnace off mode. To extract the samples, 
the ampoules were cut with a diamond disk. 
The resulting glass samples had compositions 
of (Ga10Ge15Te75)100-x(AgI)x (х = 0, 3, 5, 8, 10, 12, 
15) in the form of cylindrical rods up to 100 mm 
long. For brevity, the samples were designated 
as GGTAI-x.

 2.2. Differential scanning calorimetry
The samples were investigated by means of 

differential scanning calorimetry (DSC) using 
an STA 409 PC Luxx microcalorimeter (Netzsch, 
Germany) in a high-purity argon flow in the 
temperature range of 50–450 °C at a heating 
rate of 10 deg/min. The measurements were 
carried out in aluminum pans, the mass of the 
samples in the form of irregularly shaped pieces 
was ≈30 mg. Preliminary calibration of the device 
using standard samples ensured a temperature 
measurement accuracy of ± 0.1 °С. The error in 
determining the glass transition temperature 
(Tg), the onset of crystallization (Tx), and the 
onset of crystal melting (Tm) was ±2 ºС; the error 
in determining the temperature of maximum 
crystallization (Tp) was ±1 ºС. The generally 
accepted criterion ∆T = Tx – Tg [18] was used as 
a parameter characterizing the glass stability 
against crystallization. According to established 
practice, glasses with a ∆T value > 120 ºС are 
suitable for drawing optical fibers [19].

To increase the reliability of the DSC analysis 
results, as one of the key analytical methods 
in this study, repeated measurements were 
performed on additionally synthesized glass 
samples. Glass with the (Ga10Ge15Te75)92(AgI)8 
composition was additionally studied at heating 
rates of 2.5 and 5 K/min.

2.3. Scanning electron microscopy
The stability against crystallization of the 

glasses was additionally studied by means of 
scanning electron microscopy (SEM). The analysis 
was performed using a JSM-IT300LV electron 
microscope (JEOL) with backscattered and 
secondary electrons. The elemental composition 
of the surfaces was measured by means of energy-
dispersive X-ray microanalysis (EDXMA) using an 
attachment with an X-MaxN 20 detector (Oxford 

Instruments). For the study, disc-shaped samples 
with parallel-plane polished faces were used. 
The samples were pre-annealed for 1 hour in 
evacuated silica-glass ampoules at a temperature 
of Tg +120 °C, corresponding to the conditions 
for drawing fiber. After annealing, the samples 
were re-polished to remove vapor condensation 
products from their surfaces.

2.4. IR spectroscopy
The transparency of the glasses in the spectral 

range of 2–25 μm was studied using a Fourier-
transform IR Tensor 27 spectrometer (Bruker, 
Germany) at a resolution of 4 cm–1. The samples 
used for the measurements were 2-mm-thick 
disks with parallel-plane polished edges. Based on 
the obtained data, absorption coefficient spectra 
α(λ) were plotted:

a l
l

( )
ln ( )

,= -
( )T
l

		  (5)

where T(λ) is the transparency; l is the sample 
thickness (cm).

To clarify the position of the short-
wavelength transparency edge of the glasses, 
additional measurements were carried out 
in the spectral region of 1–3 μm using a UV 
3600 spectrophotometer (Shimadzu, Japan) 
at a resolution of 2 nm. The energy of direct 
optical transitions and the corresponding 
short-wavelength transparency edge were 
determined using the generally accepted 
method for chalcogenide glasses in coordinates 
(αhν)1/2  =  f(hν), where α is the absorption 
coefficient, h is Planck’s constant, and ν is the 
radiation frequency [20].

3. Results and discussion
3.1. Stability against crystallization 

The DSC heating curves of the prepared 
samples are shown in Fig. 1a. The curves exhibit 
devitrification ranges typical for glasses. For 
samples GGTAI-0 and GGTAI-3, an exothermic 
peak of glass crystallization and an endothermic 
peak of crystal melting are observed. The curve for 
sample GGTAI-5 shows weak endothermic signals 
in the 320–340 ºC range, the nature of which 
requires clarification (melting of a small amount 
of the crystalline phase or fluctuations associated, 
for example, with the non-stationarity of the inert 
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gas flow). The characteristic temperature values 
of the samples are given in Table 1. The glass 
transition temperature decreases monotonically 
with an increase in the silver iodide content 
(Fig. 1b). From the standpoint of the structural 
approach, this is due to a decrease in the overall 
connectivity of the glass network due to the 
“loosening” effect of iodine, and an increase 
in the ionic nature of chemical bonds [21, 22]. 
Fig. 1b (curve 2) shows the dependence of Tg on 
the average coordination of atoms in glass < r >, 
calculated using the equation:

· Ò = Âr r xi i , 		  (6)

where ri is the coordination number of the i-th 
atom; xi is the atomic fraction [23]. In accordance 
with the literature data for chalcogenide glasses, 
it was assumed that rGe = 4, rGa = 4, rTe = 2, rAg = 3; 
rI = 1 [24–27]. The obtained dependence fits the 
general trend for glassy materials of decreasing 
Tg with a decreasing average coordination number 
[28].

According to the obtained results, glasses 
with a silver iodide content of 5–15 mol % do not 

Fig. 1. The DSC heating curves of (Ga10Ge15Te75)100-x(AgI)x (x = 0, 3, 5, 8, 10, 12, 15) glasses based on the results 
of two independent experiments (a) and the influence of silver iodide content (1b) and average coordination 
of atoms (2b) on their glass transition temperature

Table 1. Characteristic temperatures, energy of direct optical transitions and position of the short-
wavelength transparency edge of (Ga10Ge15Te75)100-x(AgI)x glasses 

Sample Tg, ± 2 ºС Tx, ± 2 ºС ∆T, ± 2 ºС Tp, ± 1 ºС Tm, ± 2 ºС Eg,± 0.01 эВ lcut., ± 2 nm

GGTAI-0 175 289 114 308 357 0.59 2116
GGTAI-3 174 290 116 312 339 0.63 1981
GGTAI-5 173 – – – – 0.64 1925
GGTAI-8 169 – – – – 0.65 1899

GGTAI-10 165 – – – – 0.66 1884
GGTAI-12 164 – – – – 0.67 1840
GGTAI-15 160 – – – – 0.70 1771
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crystallize during DSC analysis at a heating rate 
of 10 K/min. This refutes the previously presented 
data on the crystallization stability of glasses 
of the (Ga10Ge15Te75)100-x(AgI)x system [15]. The 
authors of that work reported crystallization of 
glasses upon heating to 259–266 ºC. Moreover, 
the disappearance of the exothermic peak of 
crystallization in the studied system occurs at 
lower concentrations of silver iodide compared 
to the (GeTe4)100-x(AgI)x system [10]. This is due 
to the increased crystallization stability of the 
Ga10Ge15Te75 base glass.

To further confirm the stability of the studied 
glasses against crystallization, Fig. 2 shows the 
DSC curves of the GGTAI-8 sample at lower 
heating rates: 5 and 2.5 K/min. The choice of 
the composition for the study is due to the fact 
that for practical applications it is desirable that 
crystallization stability be achieved with the 
minimum possible content of silver iodide. This is 
due to the low chemical stability of chalcogenide 
glasses with high iodine content. A decrease in 
the thermal scanning rate does not lead to the 
appearance of an exothermic crystallization peak, 
which indicates a high glass-forming ability of 
the sample. From the obtained data, the enthalpy 
of glass transition activation  [29] was calculated 
using the equation:

d V
dT

h
Rg

ln
,

*
= D 		  (7)

where V is the heating rate, K/min; R is the 
universal gas constant, J/(mol·K). The obtained 
value was 320 ± 25 kJ/mol. This parameter does 
not provide direct  information on the 
crystallization stability of glasses. However, it was 
found that  is close in value to the enthalpy of 
activation of viscous flow [30], which is used to 
calculate relaxation processes in glasses and 
evaluate the kinetic criteria of glass formation.

Fig. 3 shows SEM images of the surface of 
samples GGTAI-3 and GGTAI-12 after annealing 
at a temperature of Tg + 120 °C. Low contrast due 
to the small size and concentration of crystals 
prevented the detection of clusters of crystalline 
inclusions on the polished surface. Clear images 
of the crystalline phase were captured in pores 
measuring 100–300 µm, formed due to partial 
evaporation of volatile glass components. 
Such pores can act as crystallization centers 
for the glass. All pores in sample GGTAI-3 
contained a high concentration of crystals 
(estimated, > 30 vol. %) with an average size of 
2 µm. In samples with a silver iodide content of 
5–15 mol %, crystalline inclusions were captured 
in individual large pores, and their proportion did 

Fig. 2. DSC heating curves of the GGTAI-8 sample at heating rates of 10 K/min (1a), 5 K/min (2a) and 2.5 K/
min (3a) and linearization of the lnV dependence on 1/Tg to determine the enthalpy of glass transition activa-
tion (b)
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not exceed 10 % of the pore volume. According to 
the element distribution maps over the surface 
of the samples, the forming crystalline phase 
corresponds to tellurium. This is consistent with 
known literature data on the crystallization 
of telluride glasses [14, 16]. The total volume 
fraction of crystalline inclusions in the annealed 
samples did not exceed 1 vol. % (the detection 
limit of the crystalline phase in the glass matrix 
for X-ray phase analysis under the used imaging 
conditions). In reality, when drawing fiber from 
a rod [4], the time the sample is kept at the 
maximum process temperature does not exceed 
5 min. This suggests that, under actual drawing 
conditions, GGTAI-5–GGTAI-15 glasses will not 
undergo crystallization.

The observed high stabil ity against 
crystallization of the (Ga10Ge15Te75)100-x(AgI)x 
(x = 5–15 mol %) glasses may be due to several 
factors, including various approaches to glass 
formation. Some of these are listed below:

– approaching the optimal  average 
coordination of atoms with an increase in the 
proportion of silver iodide, which, according to 
the topological Phillips criterion [23], for glasses 
with a three-dimensional structural network 
corresponds to a value of 2.4. This criterion, 
however, does not explain the difference between 
the glass-forming ability of the Ge – Te – AgI and 
Ga – Ge – Te – AgI systems due to the close values 
of the coordination numbers of germanium and 
gallium in chalcogenide glasses;

– complication of the glass network structure 
due to the formation of structural fragments of 
the [MeTe(4-x)/2]Ix type, where Me = Ge, Ga; x = 0–4 
[24, 25, 31]. This explains the increase in the 
glass-forming ability of germanium telluride 
glasses with the addition of gallium, associated 
with the appearance of new [GaTe(4-x)/2]Ix structural 
units;

– a decrease in the liquidus temperature (or 
glass transition) in the (Ga10Ge15Te75)100-x(AgI)x 

Fig. 3. Electronic images of the surface of the GGTAI-3 and GGTAI-12 samples after annealing at Tg + 120 °C 
for an hour; a – pore in the GGTAI-3 sample; b – pore in the GGTAI-12 sample; c – image of crystals inside the 
pores of the GGTAI-3 sample; d, e – corresponding this image shows the distribution maps of Te and Ge
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system with an increase in the proportion of AgI 
while maintaining a relatively high average bond 
energy, corresponding to the modified San-
Rawson criterion [28]. This criterion is mainly 
fulfilled due to the formation of strong Ga–I 
chemical bonds during structural transformations 
of the type

[GaTe4] + xAg–I = [GaTe4-x]Ix + xAg–Te. 	 (8)

The corresponding bond energies have 
the following values (in kJ/mol): EGa–I = 339; 
EGa–Te  =  265; EAg–I = 252; EAg–Te = 196 [32]. The 
formation of the silver telluride phase during the 
distillation of Ge–Te–AgI glasses, confirming the 
possible occurrence of the indicated process, was 
reported earlier in [33].

The presented arguments do not claim to 
strictly substantiate the glass-forming ability 
of the (Ga10Ge15Te75)100-x(AgI)x system, but they 
indicate the naturally expected high stability 
of glasses against crystallization, which was 
confirmed experimentally in this work.

3.2. Optical transparency 
The absorption spectra of the prepared glasses 

in the spectral range of 2–25 μm are shown in 
Fig. 4a. The spectra exhibit intense absorption 
bands in the range of 15–20 μm, corresponding 

to the gallium oxide impurity. This impurity is 
present in the initial gallium and additionally 
appears during the glass synthesis process due to 
the reduction of germanium and tellurium oxides 
due to the high thermodynamic stability of Ga2O3 
( ( . ) .D f G

0 298 15 998 339 34= - ÈÎ ˘̊ ). This explains 
the low (below the detection limit) intensity of 
the absorption bands from the impurities of the 
oxides of the remaining glass components. There 
is no generally accepted criterion in the literature 
for assessing the long-wavelength transparency 
edge of chalcogenide glasses. In this work, the 
absorption coefficient value at a wavelength of 23 
μm was used as such a comparative characteristic, 
since the maximum of the intrinsic absorption 
band of the glass matrix, which limits the 
transparency of optical fibers, is located in this 
region. Fig. 4b shows the obtained dependence 
of α on the silver iodide content. An increase 
in the proportion of AgI in the glasses leads to 
a decrease in the intensity of this absorption 
band. As was shown in [2] from a comparison 
of the transmission spectra of glasses of the 
(GeTe4)100-x(AgI)x and (GeTe4)100-xAgx systems, 
the observed broadening of the transparency 
window is due to the influence of iodine. In the 
harmonic approximation, the vibration frequency 
of atoms is proportional to the square root of 

Fig. 4. Absorption spectra of the (Ga10Ge15Te75)100-x(AgI)x glass system in the range of 2–25 microns (a) and the 
dependence of the absorption coefficient at a wavelength of 23 microns on the glass composition (b). 1а: x = 
0; 2а: x = 3; 3а: x = 5; 4а: x = 8; 5а: x = 10; 6а: x = 12; 7а: x = 15. The thickness of the samples is 2 mm
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the ratio of the force constant of the bond to 
the reduced mass [35]. Since the atomic mass 
of I (126.90447(3) a.m.u.) is less than that of 
Te (127.60(3) a.m.u.) [36], the observed effect is 
due to the destructive action of iodine on the 
structural network, i.e., a decrease in the force 
constant. The sharp change in absorption in the 
range of silver iodide content of 8–12 mol % could 
be caused by the structural rearrangement of the 
glass network from three-dimensional to layered 
and pseudo-chain, described, for example, in [37] 
for the Ge–Se–I system. This effect also manifests 
itself in the dependence of Tg on the composition 
of the glasses (Fig. 1b).

The near-IR transmission spectra of glasses, 
the calculated Eg values (Fig. 5), and the 
corresponding positions of the short-wavelength 
transparency edge lcut are shown in Fig. 6 and 
Table 1. An increase in the AgI content in glasses 
leads to an increase in Eg and a shift of lcut to the 
short-wavelength region. According to generally 
accepted concepts, the energy of direct optical 
transitions in chalcogenide glasses is determined 
by the band structure of the short-range order 
elements of the glass network [38]. Based on 
this, the observed changes are associated with 
higher Eg values for germanium and silver iodides 

compared to germanium telluride: Eg = 0.742 eV 
for trigonal GeTe [39], 2.8 eV for GeI2 [40], 2.37 eV 
for cubic AgI [41]. In addition, the position of 
the short-wavelength transparency edge and 
its absolute value can be affected by the phase 
homogeneity of the glass, which increases 

Fig. 5. Graphical determination of the direct optical 
transitions energy of (Ga10Ge15Te75)100-x(AgI)x (x = 0, 3, 
5, 8, 10, 12, 15) chalcogenide glasses in coordinates 
(αhν)1/2 = f(hν)

Fig. 6. Transmission spectra of the (Ga10Ge15Te75)100-x(AgI)x glass system in the range of 1–3 microns (a) and the 
dependence of Eg (1b) and lcut. (2b) on the composition. 1а: x = 0; 2а: x = 3; 3а: x = 5; 4а: x = 8; 5а: x = 10; 6а: 
x = 12; 7а: x = 15. The thickness of the samples is 2 mm
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with the addition of AgI due to the increased 
crystallization stability of the glasses. The 
most important positive result of shifting lcut to 
the short-wavelength region for glasses is the 
potentially more efficient pumping of rare earth 
elements in doped samples used as IR radiation 
sources [42]. For fiber sensor element materials, 
shifting the short-wavelength edge will improve 
the sensitivity to detecting substances absorbing 
in the 2–4 μm range (water, methane, etc.).

The results obtained indicate that the addition 
of silver iodide to Ga10Ge15Te75 glass significantly 
improves its stability against crystallization and 
optical properties. This makes these materials 
promising competitors to Ge – Te – AgI glasses, 
which have been used to manufacture optical 
fibers with relatively low optical losses [4, 13]. 
Further research in this area could be aimed at 
optimizing the ratio of components of the base 
Ga – Ge – Te glass to more improve its stability 
against crystallization and at developing methods 
for producing Ga – Ge – Te – AgI glasses with 
extremely an low content of absorbing impurities.

4. Conclusions
Based on the results obtained in this work, the 

following key conclusions can be drawn:
– glasses of the (Ga10Ge15Te75)100-x(AgI)x system 

with a silver iodide content of 5–15 mol % are 
highly resistant to crystallization and do not 
show exothermic signals during DSC analysis at 
a heating rate of 10 K/min;

– increasing the silver iodide content in 
(Ga10Ge15Te75)100-x(AgI)x glasses increases their 
transparency in the long-wavelength region of 
the spectrum due to a decrease in the intensity 
of their intrinsic absorption bands;

– the fundamental absorption edge shifts to 
the short-wavelength region from 2116 ± 2 to 
1771 ± 2 nm, as the proportion of AgI in these 
glasses increases from 0 to 15 mol %.

The obtained results makes it possible to 
consider glasses of the (Ga10Ge15Te75)100-x(AgI)x (x = 
5–15 mol %) system as one of the most promising 
materials for the production of fibers with low 
optical losses in the spectral range of 4–16 μm.
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Abstract 
Objectives: The production of thin films of rare earth iron garnets with a narrower ferrimagnetic resonance (FMR) linewidth 
is extremely important in the development of spintronic materials. Among rare earth iron garnets, the compound Lu3Fe5O12, 
which has the highest saturation magnetization, is promising. The aim of this work is to study the dependence of the FMR 
linewidth of Lu3Fe5O12 iron garnet films on the lattice mismatch between the film and the substrate, as well as on the film 
thickness during their production by metalorganic chemical vapor deposition (MOCVD).
Experimental: Thin films of Lu3Fe5O12 garnet were obtained by MOCVD technique on isostructural single-crystal substrates 
of Nd3Ga5O12(111), Gd3Ga5O12(111), Gd3Ga5O12(210), Gd3(AlGa4)O12(111) and Y3Al5O12(111). The films were studied by XRD, 
EDX, and FMR methods. The dependences of the FMR linewidth on the mismatch of the unit cell (UC) parameters of the 
garnet at the film–substrate interface, substrate orientation, and film thickness were studied.
Conclusions: It has been established that the minimum FMR linewidth (ΔН) of Lu3Fe5O12 films is achieved on substrates 
with minimal mismatch at the interface. The dependence of ΔН on film thickness is shown to be extreme, with the minimum 
corresponding to a film thickness at which significant relaxation of epitaxial stresses has occurred, but the concentration 
of defects characteristic of the polycrystalline state is still low. Taking these factors into account will make it possible to 
obtain iron garnet films with a narrower ferromagnetic resonance linewidth, which can subsequently be used in various 
areas of spintronics as sensitive elements in microwave detectors.
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1. Introduction
The ever-increasing pace of daily data 

production in a wide variety of human 
activities, the rapid expansion of accumulated 
knowledge, and the development of artificial 
intelligence highlight the fundamental problem 
of efficient recording and reliable storage of 
information. This creates significant incentives 
for the development of new areas of electronics 
– spintronics and magnonics [1–3]. Spintronic 
devices are characterized by high write and 
read speed, information recording density, 
energy independence, and a number of other 
advantages over traditional semiconductor 
electronic analogues [4–6], therefore they 
have undergone great development over the 
past two decades. These devices operate using 
materials in which the primary role is played 
not by the charge current, which causes Joule 
heating, but by the spin current, which is free 
of this drawback. One of the key requirements 
for such materials is a narrow ferromagnetic 
resonance (FMR) linewidth [7]. Ferrimagnetic 
resonance manifests itself in the selective 
absorption of electromagnetic field energy by a 
ferrimagnet at frequencies that coincide with the 
natural precession frequencies of the magnetic 
moments of the ferrimagnet’s electron system 
in an internal effective field. Intensive research 
is underway to replace traditional magnetic 
metals or semiconductors used in spintronic 
devices with magnetic insulators, specifically 
ferrimagnetic iron garnets.

The structural type of garnet belongs to the 
space group Ia3d. The cubic body-centered unit 
cell of rare earth (RE) iron garnets consists of 8 
identical octants corresponding to the formula 
composition {R}3[Fe]2(Fe)3O12, where the curly 
brackets { } denote the dodecahedral positions 
of the RE3+ ions, and the brackets [ ]- and ( )- 
correspond to the octahedral and tetrahedral 
positions occupied by Fe3+ ions. The three-
sublattice structure and wide possibilities of 
varying the elemental composition of garnets 
lead to an almost unlimited variety of their 
magnetic properties [8].

The narrow ferromagnetic resonance 
linewidth in iron garnets minimizes losses 
during electromagnetic wave propagation. A 
narrower ferromagnetic resonance linewidth in 

the magnetic layer allows for the propagation 
of a spin wave or spin current over a greater 
distance [9], as well as the switching of magnetic 
moments at a higher speed and with a lower 
required current density [9, 10]. These arguments 
indicate that the FMR linewidth is the most 
important parameter to consider when creating 
a magnetic layer in spintronic devices. Therefore, 
producing magnetic iron garnets with a much 
narrower FMR linewidth than other ferrites 
and other magnetic insulators has recently 
become extremely important. For some iron 
garnet compositions, the width of FMR line is 
as small as few Oe (e.g., for epitaxial films of 
Y3Fe5O12 on Ga3Ga5O12) [11, 12], while for other 
compositions the line broadens. At the same time, 
among RE‑iron garnets, there are compositions 
with high saturation magnetization (e.g., for 
Lu3Fe5O12, Ms = 1815 Oe), which is also favorable 
for the operation of spin devices. The possibility 
of obtaining thin Lu3Fe5O12 films with a narrow 
FMR line would be a significant achievement in 
expanding the arsenal of spintronic materials, 
but this requires a detailed understanding of the 
nature of the FMR line broadening, which is still 
not fully understood.

The authors of [13] obtained Lu3Fe5O12 
films with a thickness of less than 10 nm on 
GGG(111) substrates using the molecular beam 
epitaxy method, in which they showed that 
Lu3Fe5O12 films have very low values of the 
Gilbert damping constant: 11·10–4 for films with 
a thickness of 5.3 nm and 32·10–4 for films of 
2.8 nm, which is comparable with the best values 
of the damping constant for very thin Y3Fe5O12 
films. It is also worth mentioning the discovery 
of magnetodielectric properties (change in 
permittivity under the influence of an external 
magnetic field) in ceramic [14] and thin-film [15] 
samples of Lu3Fe5O12. The latter work showed that 
in epitaxial films of Lu3Fe5O12 /Y3Al5O12(111) the 
magnetodielectric effect at room temperature 
reaches 0.9 % at a relatively low magnetic field 
of 1000 Oe and 12.5 % at 9000 Oe. These results 
indicate the possibility of tuning the magnetic 
properties of Lu3Fe5O12 films using an electric 
field and the real prospects for the subsequent 
development of microwave modulators, filters, 
and switches based on them. Recently, Japanese 
scientists [16] observed the splitting of spin waves 
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reflected from the edge of the sample into two 
modes with different wavelengths using doped 
lutetium iron garnet Lu2BiFe3.4Ga1.6O12 films, 
which exhibited a much stronger Faraday rotation 
than Y3Fe5O12 films. This result demonstrates the 
potential for controlling spin wave propagation in 
magnetic films using the modal degree of freedom 
of elastic waves.

The diverse potential spintronic applications 
of garnets, and in particular Lu3Fe5O12, are only 
just beginning to be realized in operational high-
frequency devices [17–19], and for successful 
development in this area, epitaxial films 
with a narrow FMR line are primarily needed. 
Microwave (MW) technology, which has long 
used garnet films in devices operating on surface 
magnetostatic waves [20], meets its needs with 
films obtained by liquid-phase epitaxy, based 
on growth from supersaturated solution-melts 
[21, 22]. For applications in spintronics, however, 
other technological approaches are required 
to produce thinner epitaxial films (in the 
submicron thickness range) that are minimally 
subject to chemical interaction with the melt 
and the substrate. In light of these requirements, 
vacuum methods for the epitaxy of RE-iron 
garnet films are being developed: magnetron 
deposition [15, 23], pulsed laser deposition 
[24–26], molecular beam epitaxy [13, 27], and 
MOCVD [28, 29]. 

Any film production method involves 
operational parameters that significantly 
influence the actual structure and resonance 
properties of thin films. These parameters 
influence the simultaneous influence of more 
general factors that are essential for any film 
production method and reflect, on the one hand, 
the principles of epitaxial growth and, on the 
other, the physics of film magnetism. Given the 
exceptional sensitivity of resonance properties, 
developing methods for producing spintronic 
materials necessitates a detailed study of the 
role of all factors and the establishment of 
optimal values for all parameters affecting 
the resonance of garnet films of specific 
compositions.

The aim of this study is to investigate the 
dependence of the FMR linewidth of lutetium iron 
garnet Lu3Fe5O12 films on the lattice mismatch 
between the film and substrate, as well as on the 

film thickness during metal-organic chemical 
vapor deposition. Such studies have not been 
described in the literature and, therefore, 
represent a significant innovation.

2. Experimental
Lu3Fe5O12 thin films were deposited by 

MOCVD on single-crystal Nd3Ga5O12 (NdGG), 
Ga3Ga5O12 (GGG), Ga3(AlGa4)O12 (GAGG), and 
Y3Al5O12 (YAG) substrates with a (111) deposition 
surface orientation. In some experiments, GGG 
substrates with a (210) orientation were also used. 
Lu(thd)3 and Fe(thd)3 dipivaloylmethanates (thd 
is the 2,2,6,6-tetramethylheptane-3,5-dionate 
anion) were used as volatile precursors.

The MOCVD setup is shown in Fig. 1. The 
precursor source is a microcontainer filled 
with a homogenized mixture of precursor 
powders. A thin hole is drilled in the bottom of 
the microcontainer, through which precursor 
particles can only spill out when the container 
is vigorously shaken. Shaking is accomplished 
by periodically oscillating a small magnet placed 
inside the container in an alternating magnetic 
field. As a result, microportions of the precursor 
mixture are periodically fed into the heated 
evaporator, almost instantly transforming into 
the vapor phase. The precursor vapors are then 
transported by a carrier gas (argon) through 
a hot line into the reactor, where oxidative 
thermolysis occurs on the surface of the heated 
substrate, forming the final metal oxide film. The 
feed rate was 6.8 μmol/min, and the film growth 
time was 5–90 min. This setup utilizes a “hot-
wall reactor,” heated by an external furnace, 
which reduces temperature gradients in the film 
deposition zone. To prevent the substrates from 

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2026;28(1): 126–136

A. A. Hafizov et al.	 MOCVD and ferromagnetic resonance of epitaxial Lu3Fe5O12 films for high-frequency applications

Fig. 1. Schematic diagram of a MOCVD setup with a 
powder feeder and a hot-wall reactor
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being exposed to dusty oxide particles, partially 
formed when the decomposition of precursors 
during homogeneous nucleation occurs, an 
inverted substrate holder was used, to which the 
substrates were attached from below. In terms 
of mass transfer, this reactor is a reactor with 
“stagnant zone”, formed under the substrate 
as a normally directed, rarefied gas flow passes 
over it. Precursors penetrate from the vapor to 
the deposition surface via molecular diffusion 
through a near-surface barrier gas layer, the 
thickness of which depends on the reactor 
pressure, the substrate temperature, and the 
velocity of the incoming gas flow. The hot line and 
reactor temperatures during deposition were 240 
and 970 °C, the total pressure p(total) = 6 mbar, 
and the partial oxygen pressure pO2 = 3 mbar. 
After deposition, the setup was filled with oxygen, 
and the films were oxidatively annealed at 970°C 
for 20 minutes. The Fe/Lu ratio in the resulting 
films was determined using EDX on a Zeiss EVO 
50 SEM scanning electron microscope with an e2v 
Sirius SD IXRF EDMA analyzer. Film thickness was 
determined from cleavage on a Leo Supra 50 VP 
scanning electron microscope using a secondary 
electron detector (SE2).

The phase composition of the resulting films 
was determined from X-ray θ–2θ scanning data 
on a Rigaku SmartLab diffractometer (CuKα, 
secondary graphite radiation monochromator). 
θ–2θ scanning was performed in the angular 
range of 5–80° with a step of 0.02°, with a 
signal accumulation time of 1 s. The ICDD PDF 
database was used for phase identification. 
X-ray j-scanning was used to determine the film 
orientation in the substrate plane and confirm 
epitaxial growth. The thickness of the films was 
determined as follows: two films were analyzed 
by scanning electron microscopy of a cross-
section, their thickness was determined with an 
accuracy of +/– 5 nm, for the remaining films 
the thickness was calculated on the assumption 
that the thickness is directly proportional to 
the deposition time with constant parameters 
determining the deposition rate.

To study the ferromagnetic resonance 
absorption spectra, a setup (Fig. 2) assembled 
on the basis of a vector network analyzer (VNA), 
the operating principle of which is described 
in [17], was used. During the experiments, the 

real part of the parameter S21 was measured for 
the studied thin-film Lu3Fe5O12 sample located 
on a coplanar waveguide. The parameter S21 
characterizes the ratio of the power transmitted 
through the coplanar waveguide to the power 
acting at its input. When the ferromagnetic 
resonance frequency and the microwave signal 
frequency applied to the coplanar waveguide 
input coincide, the microwave signal power 
is absorbed, which is clearly reflected by 
this parameter. All obtained dependences of 
parameter S21 were described by a Lorentz 
function, defining the FMR linewidth.

Fig. 2. Schematic diagram of the setup for measuring 
FMR spectra (VNA – vector network analyzer)

3. Results and discussion
To study the dependence of the FMR linewidth 

on the substrate type, we selected four substrates 
with garnet structures: NdGG(111), GGG(111), 
GAGG(111), and Y3Al5O12(111) and deposited 
Lu3Fe5O12 films of the same thickness (270 nm) 
on them. All selected substrates are isostructural 
with each other and with the grown Lu3Fe5O12 film; 
however, they have different unit cell parameters 
(Fig. 3), resulting in different mismatches at the 
film/substrate interface. The parameter mismatch 
values (ε) for each substrate/film pair, calculated 
using the formula:

film substrate

film

100 %
a a

a
-

e = ◊ ,

are 2.3 %, -0.3 %, -0.8 %, and -1.8 % for YAG(111), 
GAGG(111), GGG(111), and NdGG(111) films, 
respectively. As can be seen from the calculated 
values, for YAG, the substrate compresses the film 
in the contact plane, while for GAGG, GGG, and 
NdGG, the substrate stretches the film. Thus, 
during the growth of Lu3Fe5O12 films on all of 
these substrates, significant elastic stresses in the 
film should be expected, which typically lead to 
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changes in many physical properties, particularly 
magnetic ones.

As can be seen from the X-ray θ-2θ scanning 
results (Fig. 4), the films on all four substrates 
exhibit oriented (444) growth of the Lu3Fe5O12 
phase, mirroring the orientation of the substrates. 
Considering the X-ray j-scan results (Fig. 5), 
which indicate that the film orientation in 
the lateral plane also follows the substrate 
orientation, it can be concluded that garnet films 
on all substrates grow as a single epitaxial “cube-
on-cube” pattern. However, alongside reflections 
from the main garnet phase, the X-ray diffraction 
patterns also contain peaks from iron(III) oxide 
and lutetium orthoferrite LuFeO3, the amounts of 
which do not exceed fractions of a percent relative 
to the main phase. It is significant that these 
impurities form only on NdGG(111) and YAG(111) 
substrates, whose unit cell parameters deviate 
most from the unit cell parameter of Lu3Fe5O12. 

This observation indicates the emergence of 
obvious difficulties in layer-by-layer epitaxial 
growth and the facilitation of nucleation of 
structurally incoherent phases with increasing 
mismatch of cell parameters at the interface.

By comparing the film peak shifts relative 
to its position in the X-ray powder diffraction 
spectrum (i.e., in the free-running, unstressed 
state), one can assess the presence or absence of 
an elastic-stressed state, as well as the magnitude 
of the elastic stress. For example, on GAGG, 
GGG, and NdGG substrates, a slight shift of the 
Lu3Fe5O12 film reflection toward larger angles is 
observed. This indicates a decrease in the unit cell 
parameter perpendicular to the substrate due to 
film stretching by the substrate in the interface 
plane, while the film’s unit cell volume remains 
unchanged (Table 1). Judging by the insignificant 
deviation of the film peak from the tabulated 
value for Lu3Fe5O12 (444), one can conclude that 

Fig. 3. Schematic illustration of the difference in the unit cell parameters of YAG(111), GAGG(111), GGG(111), 
and NdGG(111) garnet substrates and Lu3Fe5O12 film

Fig. 4. X-ray diffraction patterns of Lu3Fe5O12 films deposited on NdGG(111), GGG(111), GAGG(111), and 
YAG(111) substrates. The dashed line indicates the (444) peak position of bulk Lu3Fe5O12
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the films obtained on GAGG, GGG, and NdGG 
are in a partially relaxed state. On the YAG 
substrate, which has a smaller unit cell parameter 
than the film, a shift of the film peak toward 
larger angles (i.e., a decrease in the parameter 
along the normal) is also observed. However, 
judging by the ratio of the unit cell parameters, 
elastic stress should cause a deformation of the 
opposite sign: with the unit cell film volume 
unchanged, compression along the film/substrate 
interface leads to an increase in the parameter 
along the normal to the growth surface and a 
shift of the film peak toward smaller diffraction 
angles. The distinct behavior of the Lu3Fe5O12 
film on the YAG substrate suggests that the 
distortion of the parameters is not due to elastic 
stresses, but has a different origin. The most 
likely (but not yet proven) cause is the chemical 
interaction between the film and the substrate, 

which involves Fe3+↔Al3+ exchange, during 
which Fe3+ ions in octahedral and/or tetrahedral 
positions are partially replaced by smaller Al3+ 
ions. The possibility of such a substitution was 
demonstrated in [30] in a study of Y3Fe5O12 films 
obtained on Y3Al5O12 substrates using secondary 
ion mass spectroscopy. Analysis of the values of 
the full width at half maximum (FWHM) of X-ray 
reflections (444) of films on different substrates 
(Table 1) allows us to state that the most perfect 
and least stressed epitaxial crystallites of 
Lu3Fe5O12 are formed on GAGG substrates. 

As shown by the FMR spectral results (Fig. 6a), 
films on the NdGG substrate exhibit a broader 
FMR peak compared to films on GGG and GAGG, 
which is clearly related to the higher stress state 
of the film on NdGG. It should be noted that at 
a frequency of 9 GHz, the FMR spectrum of the 
film on the YAG substrate has a diffuse, weakly 

Fig. 5. X-ray ϕ-scans results for Lu3Fe5O12 films on a GAGG(111) substrate

Table 1. Values of unit cell parameters in the direction perpendicular to the substrate (out-of-plane) of 
Lu3Fe5O12 films (for comparison, the unit cell parameter for a Lu3Fe5O12 single crystal = 12.284 Å) and the 
full width at half maximum (FWHM) of X-ray reflections (444) of films on different substrates

Monocrystal substrate Out-of-plane unit cell parameter 
Lu3Fe5O12 films, Å

FWHM of (444)Lu3Fe5O12 
reflection, deg.

YAG(111) 12.29(1) 0.22(1)
GAGG(111) 12.26(1) 0.17(1)
GGG(111) 12.26(1) 0.22(1)

NdGG(111) 12.26(1) 0.20(1)
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defined character, which can also be interpreted 
as a consequence of high elastic compressive 
stresses (and, possibly, chemical interactions at 
the interface) while maintaining the epitaxial 
inheritance of the substrate structure by the 
film. Plotting the dependence of the FMR line 
width (ΔН) (Fig. 6b) on the mismatch value 
at the interface reveals a clear minimum for 
the Lu3Fe5O12 film obtained on the GAGG(111) 
substrate: the least deformed film on this 
substrate exhibits the narrowest FMR line 
ΔН = 171(+/–8) Oe. Thus, among the substrates we 
have considered, Gd3(AlGa4)O12 is more suitable 
than others for obtaining high-quality epitaxial 
Lu3Fe5O12 films with a minimum FMR line width 
due to the smallest mismatch of parameters 
between the film and the substrate. 

In the next stage of the study, Lu3Fe5O12 films 
with thicknesses ranging from 45 to 800 nm were 
deposited on the surface of single-crystal GGG-
substrates with (111) and (210) orientations, 
with growth on substrates of both orientations 
being performed in a single cycle. Deposition 
of all films was carried out under identical 
conditions (Tdeposition, ptotal, pO2, Vgrowth), with only 
the deposition time varied to obtain films of 
different thicknesses. The results of X-ray phase 
analysis of the films on the GGG(111) substrate 
are shown in Fig. 7a. As can be seen from these 
data, the resulting films remain epitaxial at all 
thicknesses. However, a decrease in intensity and 
an increase in reflection width with increasing 

film thickness indicate a gradual accumulation 
of epitaxial layer defects. A noticeable shift 
in the reflection of the Lu3Fe5O12 garnet film 
toward the value indicated by the “powder card” 
indicates that elastic stresses in the film, arising 
at the interface with the substrate, decrease as 
the epitaxial layer thickness increases, which 
is also demonstrated by the dependence of 
the unit cell parameters of the Lu3Fe5O12 film 
on thickness (Fig. 7b). This pattern is entirely 
consistent with the classical behavior of thin-
film heteroepitaxial structures. It should also 
be noted that reflections from secondary phases 
of α-Fe2O3 and o-LuFeO3 appear in the X-ray 
diffraction patterns of 800 nm-thick films. Their 
origin is similar: with increasing film thickness, 
the orienting force of epitaxy weakens, and on 
the surface of the thickest films, phase formation 
during film deposition resembles a solid-phase 
reaction proceeding via a diffusion mechanism, 
with diffusion having a two-dimensional surface 
character. The completeness of the formation of 
the Lu3Fe5O12 phase by the reaction of α-Fe2O3 
with o-LuFeO3 depends on the rate of surface 
diffusion, which decreases sharply as the film 
thickness increases with increasing surface 
roughness.

In the thinnest film (45 nm) on GGG(111), a 
weak reflection of the hexagonal phase h-LuFeO3 
is noticeable. This phase is thermodynamically 
unstable in the autonomous state, but is easily 
stabilized by minimizing the interface energy on 

Fig. 6. (a) Comparison of FMR spectra (S21 − the absorption coefficient) of Lu3Fe5O12(111) films on different 
substrates. Microwave frequency is 9 GHz. (b) Dependence of ferromagnetic resonance linewidth on the lattice 
mismatch of film/substrate
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surfaces with a hexagonal oxygen ion packing 
motif, which includes the (111) plane of garnet [31, 
32]. The FMR measurement results presented in 
Fig. 8a and Fig. 8b demonstrate that ferromagnetic 
resonance is observed in all of the obtained films, 
with the exception of the 45 nm-thick films. 
Fig.  9 shows the obtained dependences of the 
FMR linewidth (ΔH) on the film thickness. These 
dependences, for films of both orientations, 
clearly show two distinct branches, characterizing 
two alternating stages of epitaxial growth. The 
descending branch (to the left of the minimum) at 
small thicknesses reflects the influence of epitaxial 
elastic stresses in the films arising from the 
difference in the UC- parameter at the boundary 

with the substrate, and the ascending branch 
(to the right of the minimum) indicates that in 
thicker films, due to the weakening of the orienting 
influence of the substrate, local disturbances of 
the crystalline order occur, and various extended 
defects accumulate (low-angle and high-angle 
boundaries, mosaicism, antiphase boundaries, 
etc.), i.e., a gradual transition to the growth of 
a polycrystalline layer occurs. The minimum 
ΔH(FMR) corresponds to films in which significant 
relaxation of epitaxial stresses has occurred, but 
the concentration of defects characteristic of the 
polycrystalline state is still low.

Further work toward producing Lu3Fe5O12 
garnet films with a narrower FMR linewidth 

Fig. 7. (a) θ–2θ X-ray diffraction patterns of Lu3Fe5O12 films of different thicknesses on a Gd3Ga5O12(111) sub-
strate. (b) Dependence of the unit cell parameters on the thickness of Lu3Fe5O12 films on a Gd3Ga5O12(111) 
substrate

Fig. 8. FMR spectra of Lu3Fe5O12 films of various thicknesses on Gd3Ga5O12(111) (a) and Gd3Ga5O12(210) (b) 
substrates. Microwave frequency is 9 GHz
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requires a more detailed study of the influence 
of temperature and film deposition rate, taking 
into account the results of this paper.

4. Conclusions
Lu3Fe5O12 films of varying thickness were 

synthesized for the first time using the MOCVD 
method on Nd3Ga5O12(111), Gd3Ga5O12(111), 
Gd3Ga5O12(210), Gd3(AlGa4)O12(111), and 
Y3Al5O12(111) substrates. X-ray diffraction 
(θ–2θ and φ-scanning) demonstrated the 
epitaxial nature of the films, and their magnetic 
properties were studied using ferrimagnetic 
resonance spectroscopy. A systematic study of the 
dependence of the FMR linewidth of Lu3Fe5O12 on 
the mismatch between the unit cell parameters 
of the film and the substrate was performed for 
the first time. It was found that the minimum 
ΔН(FMR) of Lu3Fe5O12 films is achieved on 
Gd3(AlGa4)O12 substrates, which have a minimal 
mismatch between the unit cell parameters and 
the film. It has been shown that the dependence 
of ΔН(FMR) on film thickness is extreme, with the 
minimum corresponding to a film thickness at 
which significant relaxation of epitaxial stresses 
has occurred, but the concentration of defects 
characteristic of the polycrystalline state is still 
low. Taking these factors into account will enable 
the production of Lu-iron garnet films with a 
narrower ferromagnetic resonance linewidth, 
which could be used in various areas of spintronics 
as sensitive elements in microwave detectors.
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products, necessitated by the formation of new Russian and European legislative frameworks, has forced the search for 
other materials science solutions by eliminating lead from the elemental base of materials. An alternative to known 
compositions are solid solutions based on alkali metal niobates from morphotropic heterophase regions of the corresponding 
binary and ternary systems, characterized by extreme properties near the interphase boundaries. However, they have not 
found wide application in practice due to difficulties in phase formation during synthesis and the formation of a dense 
ceramic framework during sintering.
Experimental: In this work, using mechanical activation and hot pressing procedures, which were not previously used in 
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1. Introduction
Recently, in the practice of using various 

materials in real sectors of the global economy, 
functional materials, primarily smart materials 
(SMs), “capable of actively counteracting external 
factors and adapting to them after assessing 
the nature of the external impact and their own 
condition,” have come to the forefront. [1]. Among 
them, those whose operation is based on the 
piezoelectric effect, the conversion of mechanical 
force into an electrical signal and vice versa, are 
in high demand. Their main disadvantage is the 
presence of lead in the compositions, an element 
belonging to the first hazard class [2, 3]. The 
transition to environmentally friendly products 
that has now begun is due to the formation of a 
new Russian [4] and European [5, 6] legislative 
frameworks, which has forced us to look for other 
materials science solutions by excluding lead 
from the elemental base of SMs. An analysis of 
bibliographic information and patent literature 
[7–17] showed that the undisputed alternative 
to global brands of materials are SMs based on 
alkali metal niobates (AMN) from morphotropic 
heterophase regions of the corresponding binary 
and ternary systems, characterized by extreme 
properties near the interphase boundaries: 
rhombic-rhombohedral in the (Na,Li)NbO3 system 
and rhombic-rhombic of different multiplicity, 
characteristic of different configurations of 
rotations of oxygen octahedra, in systems based 
on (Na, K)NbO3 [18]. However, they have not yet 
found wide application in practice. This is largely 
due to the impossibility of obtaining them by 
traditional methods, which, in turn, is associated 
with the complexity of their crystalline structure; 
the presence of extensive polymorphism, which 
destabilizes the structure of materials; the ease 
of violation of the stoichiometry of a given 
composition due to the increased volatility of 
alkaline cations; polarization electrolysis; strong 
dependence of properties on the thermodynamic 
history (preparation conditions) [19].

This study, driven by current trends in the 
greenification of electronic components, aims 
to demonstrate the potential for improving the 
properties of SMs with reduced mass capacity 
and dimensions for use in devices where weight 
is critical; an extended frequency range, enabling 
the use of SMs in digital information processing 

systems; a high operating temperature limit for 
the creation of contact thermal sensors; increased 
thermal stability and, consequently, improved 
reliability and resistance to environmental 
factors.

2. Experimental
The objects of the study were sodium, 

potassium, and lithium niobates and solid 
solutions (SS) based on them, including those 
modified with various elements. The objects were 
obtained by one/two-stage solid-phase synthesis 
followed by sintering using conventional ceramic 
technology (CCT) or hot pressing (HP) with the 
simultaneous application of temperature and 
pressure to the powder press blank. Process 
procedures for obtaining objects are shown in the 
table: temperatures T1, T2 and isothermal holding 
time τ1, τ2 first and second synthesis respectively, 
sintering temperature, Tsi, and the holding time 
during sintering, τsi. In all cases, mechanical 
activation (MA) procedures were used for 10 min 
at the stages of preparing the initial precursors 
or preparing the batches. Mechanical activation 
(mechanical impact on objects by crushing 
them) was carried out in an AGO-2 high-energy 
grinding planetary ball mill manufactured by 
Novits (Novosibirsk). Grinding was carried out in 
an ethyl alcohol environment; the drum rotation 
frequency was 1050 rpm. Hydrocarbonates, 
carbonates and oxides of the corresponding 
elements of at least analytical grade (pure for 
analysis) were used as raw materials. Hot press 
sintering was carried out in a UGP-1 (disks with 
dimensions Ø10×1 mm2) under pressure, R, equal 
to 200 kg/cm2, developed and designed at the 
Research Institute of Physics [20]. The selection 
of the HP modes was made based on shrinkage 
curves and adjusted in accordance with the data 
from microstructural analysis. Polarization of the 
samples was carried out in a polyethylenesiloxane 
fluid PES-5 at 413 K for (15–20) min in a field of 
strength of (5–6) kV/mm.

X-ray diffraction studies were carried out by 
powder diffraction using a DRON-3 diffractometer 
(filtered CoKα-radiation, Bragg-Brentano 
focusing scheme). The study involved crushed 
ceramic objects, which made it possible to 
exclude the influence of surface effects, stresses, 
and textures that arise during the ceramic 
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Table. Elemental compositions, production conditions, and electrophysical characteristics of the objects 
under study are the basis of the materials being developed

No.
Elemental 

composition, 
Wt.%

Production 
conditions

(T1, T2, Tsi) K
τ1 = τ2 = 5 hours
τsi = 1.5 hours

Electrophysical characteristics (with MA and HP; without MA and HP*)

eT
33/e0 Kp |d31|, pC/N QM

low-frequency materials
1 Nа2O = 8.75–9.72;

К2О = 5.32–5.37;
Nb2O5 = 75.05–75.76;

CdO = 9.15–10.88

HP
T1 = 1220 K;
T2 = 1240 K; 
Тsi =1240 K;

1360–2020
(1280–1930)*

0.32–0.33
(0.30–0.31)*

67–70
(62–64)*

1000–1090
(960–1040)*

mid-frequency materials
2 Na2O = 8.49–8.67;

K2O = 11.00–11.25;
Li2O = 0.49–0.65;
NiO  = 0.82–0.83;

Nb2O5 = 60.68–61.98;
Ta2O5 = 11.20–11.44;

Sb2O5 = 5.35–7.15

HP 
Т1=1223 K;
Тsi=1393 K;

1095–1097
(1040–1045)*

0.42–0.43
(0.415–0.42)*

80–84
(72–76)*

45–49
(55–60)*

high-frequency materials
3 Na2O = 16.20–16.68;

Li2O = 1.12–1.15;
Nb2O5 =8 1.25–81.98;

SrO = 0.19–1.43

HP
T1 = 1143 K;
T2 = 1193 K;
Тsi = 1433 K; 

110–125
(114–135)*

0.136–0.225
(0.125–
0.193)*

7.1–11.3
(7.0–11.0)*

904–1338
(855–1060)*

4 Na2O = 8.56–8.75;
K2O = 12.75–13.04;

Nb2O5 = 77.28–77.35;
CuO = 1.16–1.17

HP
Т1=1223 K;
Тsi =1373 K;

240–355
(290–370)*

0.20–0.32
(0.18–0.29)*

20.0–30.0
(19.0–27.0)*

215–500 
(205–400)*

high-temperature materials
5 Li2O = 21.15–21.65; 

Nb2O5 = 76.11–77.89;
NiO  = 0.22–1.32;
TiO2 = 1.24–1.41

HP
T1= 1050 K;
Тsi =1240 K;

48–51
Тк > 1273 K

(50–52)*

0.015–0.020
(0.010–
0.012)*

0.37–0.51
(0.30–0.35)*

60–70
(50–57)*

highly sensitive materials
6 Na2O = 8.69–8.91; 

K2O = 13.20–13.53;
Nb2O5 = 74.51–76.37;

CdO = 3.60–3.61

HP
Т1=1043 K;
T2= 1093 K;
Тsi =1233 K;

510–610
(540–650)*

0.27–0.34
(0.25–0.32)*

28–32
|g31| = 5.9–6.2 

mV·m/N
(26–29)*

(|g31|=5.0–5.4 
mV·m/N)*

115–123
(115–125)*

thermostable materials
7 Nа2O = 8.54–8.67;

К2О = 11.06–11.22;
Li2O = 0.32–0.33;

Sb2O5 = 3.44–3.49;
Ta2O5 = 11.28–11.44;
Nb2O5 = 61.05–61.95;

NiO  = 1.94–2.87;
B2O3 = 0.97–1.44

HP
T1= 1223 K;
Тsi =1273 K;

1194–1200
(ΔeT

33/e0 = 2–3 %)

(1140–1150)*
(ΔeT

33/e0 = 4–5 %)*

0.30–0.32
(ΔKp=5–6 %)

(0.28–0.30)*
(ΔKp = 6–7 %)*

59–62
(Δ|d31|=5–6 %)

(53–58)*
(Δ|d31| =6–7 %)*

80–82
(ΔQM = 3 %)

(72–76)*
(ΔQM = 4 %)*

pyroelectric materials
8 Na2O = 18.38–18.73;

Nb2O5 = 78.79–80.32;
TiO2 = 0.49–1.46;
CoO = 0.46–1.37

HP
Т1=1070 K;
T2= 1120 K;
Тsi = 1380 K

180–220
γ = (1.44–1.5)·10–4 С/m2 ·K

(205–240)*
(γ = (1.3–1.4)·10–4 С/m2 ·K)*

0.16–0.168
(0.145–0.150)*

11–12
(10–11)*

340–390
(280–320)*

9 Na2O = 16.21–18.73;
Nb2O5 = 69.52–80.32;

TiO2 = 0.49–7.37;
NiO  = 0.46–6.90

HP
Т1 = 1070 K;
T2 = 1120 K;
Тsi = 1380 K

170-250
γ = (1.6–1.7)·10–4 С/m2 ·K

(195–230)*
(γ = (1.5–1.6)·10–4 С/m2 ·K)*

0.13-0.16
(0.12–0.14)*

9-10
(8–9)*

320-380
(250–310*
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manufacturing process. The calculation of 
structural parameters was carried out according 
to the methodology presented in the work 
[20]. The errors in measuring the structural 
parameters had the following values: linear 
Δa  =  Δb  =  Δc  =  ±(0.002–0.004) Å; angular 
Δα(β) = 0.05о; volume ΔV = ±0.05Å3.

X-ray density was calculated using the 
formula: ρxray= MZ / (NAV), where M is the 
molecular weight, Z is the number of formula 
units per unit cell, NA – Avogadro’s number, V – 
volume of the unit cell. The experimental density, 
ρexp, of the samples was determined by hydrostatic 
weighing in octane. Relative density, ρrel, was 
calculated using the formula (ρexp/ρxray)·100 %.

To certify the electrophysical properties of 
the investigated SSs, measurements of their 
dielectric, piezoelectric and electroelastic 
parameters were carried out at room temperature 
in accordance with [21]. In this case, the 
relative permittivity of polarized samples 
was determined, eT

33/e0, piezomodule, |d31|, the 
coefficient of electromechanical coupling of the 
planar oscillation mode, Kp, mechanical quality 
factor, QM, including specific parameters of the 
developed materials (Curie temperature, TC, 
piezo sensitivity, |g31|, pyroelectric coefficient, γ, 
thermal stability – ΔeT

33/e0, ΔKp, Δ|d31|, ΔQM).

3. Results and discussion
The Table shows the optimized elemental 

compositions of the studied objects: the basis 
of the developed materials, the technological 
conditions for their production, and the main 
electrophysical characteristics.

As can be seen from the table, the use of MA 
and HP operations during the two main stages 
(synthesis and sintering) of ceramic production 
led to a significant improvement in the macro 
properties of the objects. The reason for the 
observed phenomenon may be the transformation 
of their internal structure (crystalline, granular) 
as a result of the influence of external factors. 
Thus, the grinding of batches during MA led to the 
acceleration of diffusion phenomena during the 
synthesis process, and sintering of synthesized 
powders under pressure led to the activation 
of mass transfer during recrystallization. This 
ensured a decrease in the temperatures of 
synthesis and sintering and, as a consequence, 

a reduction in the extent of morphotropic 
heterophase regions in the corresponding SS 
systems and a “shift” of the selected objects into 
single-phase regions.

Fig. 1 shows X-ray diffraction patterns of 
some of the materials presented for illustration 
purposes. X-ray diffraction analysis has shown 

Fig. 1. X-ray diffraction patterns of materials: 
high-temperature (ilmenite-type structure) – a; 
high-frequency (perovskite-type structure) – b; 
high-sensitivity (perovskite-type structure) – c

а

b

c
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that the resulting ceramic compositions are 
pure and have a density higher than 95 % of 
the theoretical value, which is typical for the 
technologies used [22]. The X-ray diffraction 
patterns show that all materials are well structured 
without impurity phases. This implementation 
of more favorable conditions for diffusion and 
recrystallization processes ensures the formation 
of a more perfect microstructure of ceramics [23] 
and, as a consequence, improving their dielectric 
and piezoelectric properties. 

The specific gravity of all the developed 
materials is about 4 g/cm3, which is half as much 
as in the known Pb-containing analogues. This 
allows, as mentioned above, to use these materials 
in devices in which weight characteristics are 
decisive. 

The obtained low-frequency materials can 
be used in low-frequency receiving devices – 
hydrophones, microphones, seismic receivers. 
Medium-frequency materials can be used in 
radio-electronic devices operating in reception 
mode, including in transducers of ultrasonic (US) 
transmitters.

High-frequency materials can be used for 
ultrasonic delay lines on bulk and surface waves 
and medical diagnostic devices. Highly sensitive 
materials can be useful, for example, in devices 
for measuring mechanical impacts (pressure). 
High-temperature materials can be used to create 
reusable generator-type piezoelectric sensors 
for monitoring equipment (nuclear reactors, 
nuclear missile systems) subject to extreme 
thermal effects. Thermally stable materials will 
find application in the creation of knock sensors 
for internal combustion engines. Pyroelectric 
materials will be useful for creating highly 
efficient thermoelements in radiation pyrometry 
devices based on pyroelectric phenomena.

4. Conclusions
Thus, the analysis of the above information 

showed that it is possible to improve the 
properties of ferroelectric ceramic materials, free 
of toxicity and lead, with low specific gravity by 
using mechanical activation during synthesis 
followed by hot press sintering for applications 
in devices where weight characteristics are 
decisive, as well as in multi-frequency systems 
as thermocouples and in other electronic devices.
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Abstract 
Objectives: This article examines the suitability of chemically deposited high-phosphorus nickel-phosphorus coatings as 
barrier layers for Through-Silicon Via (TSV) technology. Energy-dispersive X-ray microanalysis revealed that the phosphorus 
content in the coating is 10.2 wt. % (17.8 at. %). This high phosphorus concentration ensures the coating remains in an 
amorphous state, which is a critical prerequisite for effective barrier performance.
Experimental: Using X-ray photoelectron spectroscopy and soft X-ray spectroscopy, it was determined that the spherical 
globular formations comprising the coating have a core–shell structure. It was also demonstrated that the phosphorus 
concentration in the shell is higher than in the core.
Conclusions: The results obtained are of significant interest for advancing modern semiconductor manufacturing 
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1. Introduction
Heterogeneous 3D integration technology is 

widely regarded as the most promising approach 
for advancing silicon microelectronics. The 
primary advantages of this technology include 
a significant increase in electronic device 
performance, a simultaneous reduction in heat 
generation, and a substantial decrease in chip 
footprint on printed circuit boards [1, 2].

The manufacturing of microelectronic devices 
using 3D technology involves the formation of 
through-silicon via (TSV) interconnects within 
a silicon wafer. Typically, TSVs are filled with 
copper through electroplating, which requires the 
deposition of adhesion, barrier, and seed layers 
onto their sidewalls [3–7].

The uniformity and continuity of the barrier 
and seed layers significantly affect not only the 
quality of copper filling in TSV holes but also 
the performance characteristics of the finished 
semiconductor devices. Traditionally, barrier 
and seed layers are deposited by physical vapor 
deposition (PVD) [8]. However, as the aspect 
ratio (AR > 5) of TSV holes increases, obtaining 
conformal coatings becomes challenging [9]. An 
alternative approach for depositing a continuous 
barrier/seed layer is the chemical deposition of 
metals, particularly nickel [10–12]. In addition 
to the continuity of the barrier layer, a critical 
quality criterion is the amorphous nature of 
the resulting coating [13]. Chemically deposited 
nickel coatings with medium to high phosphorus 
content satisfy these requirements [14, 15], 
making them highly promising for application 
in advanced heterogeneous 3D integration 
technology.

In this study, high-phosphorus nickel coatings 
were deposited onto silicon substrates via 
electroless plating. We evaluated the spatial 
structure of the spherical grains comprising 
the nickel coating using techniques sensitive to 
variations in the electronic structure at different 
analysis depths.

2. Materials and methods
Electroless nickel coatings were deposited on 

a pre-oxidized, (100)-oriented monocrystalline 
silicon substrate.

The electroless  nickel  plat ing bath 
composition consisted of 0.08 mol/L nickel 
chloride (NiCl2·6H2O), 0.28 mol/L sodium 
hypophosphite (NaH2PO2·H2O) as the reducing 
agent, 0.2 mol/L aminoacetic acid (NH2CH2COOH) 
as the complexing agent, and 0.12 mol/L sodium 
acetate (CH3COONa) as the buffering additive. 
The solution pH was maintained at 5.5 by adding 
a 10% aqueous NaOH solution. The electroless 
nickel coating was deposited for 3 minutes at 
80 °C.

The surface morphology and elemental 
composition of the obtained coating were 
analyzed using a Quattro-S scanning electron 
microscope equipped with an EDAX Octane 
Elect Plus EDS system for energy-dispersive 
X-ray microanalysis. X-ray photoelectron spectra 
(XPS) of Ni 2p and P 2p were acquired using a 
SPECS spectrometer (Germany). The spectra 
were excited by Mg Kα radiation (E = 1253.6 eV). 
Surface profiling of the samples was performed 
by sputtering with argon ions (Ar+) at an energy 
of 3 keV and an ion current density of 10 µA/cm2 
for 2 minutes. X-ray emission P L2,3 spectra were 
obtained using an RSM-500 X-ray spectrometer 
monochromator at various analysis depths 
ranging from 10 to 120 nm.

3. Results and discussion
Fig. 1a presents a micrograph of the surface 

of the nickel coating deposited on a silicon 
substrate. Scanning electron microscopy (SEM) 
reveals globular, spherical formations on the 
coating surface. The most common globule 
size is approximately 200 nm; however, larger 
formations measuring 400–500 nm are also 
observed. Energy-dispersive X-ray spectroscopy 
(EDX) analysis indicates that the phosphorus 
content in the coating is CP = 10.2 wt. % (17.8 at. %), 
classifying it as a high-phosphorus coating.
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X-ray photoelectron spectra of nickel (Ni2p3/2) 
and phosphorus (P 2p) are presented in Figs. 1b 
and 1c, respectively. According to the XPS data 
(Fig. 1b), nickel in the coating exists in metallic 
(Ni–Ni, 852.2 eV) [16, 17], oxide (Ni–O, 854.2 
eV) [18], and phosphide (Ni–P, 853.1 eV) [19] 
states. The P 2p spectrum (Fig. 1c) exhibits a 
single peak at 129.1 eV (2р3/2), corresponding 
to the formation of nickel phosphide. Thus, the 
XPS data indicate that all phosphorus in the 
coating is bonded to nickel. Using the relative 
sensitivity factor method [20], the phosphorus 
concentration in the surface layers of the 
coating was calculated to be CP = 23.2 at. %. This 
phosphorus concentration, determined from XPS 
spectral analysis, exceeds the previously reported 
value obtained by EDX (17.8 at. %), suggesting a 
non-uniform distribution of phosphorus atoms 
between the surface and the bulk of the nickel 
globular formations.

Fig. 1d presents the results of a layer-by-layer 
analysis of the nickel coating using ultra-soft 
X-ray emission spectroscopy (USXES). According 
to the USXES data, all phosphorus in the coating 
is chemically bound to nickel. Furthermore, the 
experimental P L2,3 spectra for phosphorus at 
analysis depths of 120 nm and 60 nm closely 
match the shape of the reference spectrum for 

the Ni3P phase. At shallower depths of 10 nm 
and 35 nm, a shift of the main spectral maximum 
toward higher energies is observed. This shift 
is attributed to an increased concentration of 
phosphorus in the surface layers of the coating 
globules.

Fig. 2 presents a schematic representation 
of the structure of the spherical nickel-coated 
globules. Based on the average size of the globules 
(approximately 200 nm) and the results of the 

Fig. 1. Results of studies of chemically deposited nickel coating using the following methods: a – scanning 
electron microscopy, b, c – X-ray photoelectron spectroscopy and d – ultra-soft X-ray emission spectroscopy

Fig. 2. Schematic representation of nickel coating 
globules
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layer-by-layer spectral analysis of the nickel 
coating, it is evident that the surface layers of 
the nickel globules are enriched with phosphorus 
atoms. The phosphorus content decreases 
with increasing analysis depth. Therefore, the 
structure of the globular formations comprising 
the nickel coating can be described using a core-
shell model, in which the core is enriched with 
nickel atoms and the shell is enriched with 
phosphorus atoms.

4. Conclusion
This study demonstrates the potential of 

electrolessly deposited nickel coatings as barrier 
layers in through-silicon via (TSV) technology. 
The phosphorus content in the nickel coating 
deposited on an oxidized silicon substrate is 
CP = 10.2 wt. % (17.8 at. %), classifying it as a high-
phosphorus coating.

Using X-ray photoelectron spectroscopy and 
ultra-soft X-ray emission spectroscopy, both 
capable of layer-by-layer analysis up to a depth 
of 120 nm, it was demonstrated that the spherical 
globular formations comprising the nickel coating 
can be described by a core-shell model. In this 
model, the shell contains a higher concentration 
of phosphorus atoms than the core.

The results obtained are significant for 
establishing a scientific and technical foundation 
in advanced semiconductor manufacturing 
technologies, particularly in the field of 
heterogeneous 3D integration.
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Abstract 
Objectives: The active development of bioreactors used in a wide range of biotechnological, medical, agricultural, and 
environmental applications requires improvements in their components, including gas-sensitive sensors for various 
metabolites. Particular preference is given to sensors that are capable of recognizing the composition of complex gas 
mixtures without the use of bulky and expensive structures.
Experimental: Zeolite-based sensors are a promising technology.  The ion conductivity relaxation curves of zeolites under 
the application of step voltage pulses are considered. The power dependence of the ion conductivity current over time is 
shown with parameters depending on the sorption of acetone vapors. 
Conclusions: The results obtained demonstrate the possibility of using gas-sensitive sensors based on clinoptilolite for the 
detection of acetone, which is important for their use in microbioreactors. 
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1. Introduction
Currently, there is active development 

of microbioreactor components that control 
and optimize the growth conditions of 
microorganisms, cells, and tissues. An important 
component of microbioreactors [1–4] are gas-
sensitive sensors that allow the registration of 
microbial waste products [5, 6]. A distinctive 
feature of such sensors is their single-use 
nature, as well as increased requirements for 
miniaturization and cost. 

Sensors based on natural zeolites meet these 
requirements [7–13]. The presence of a system 
of channels with a diameter of up to 1 nm in the 
crystal lattice provides sorption processes that 
affect the electrophysical properties of zeolites. 
The prevalence of zeolites in nature ensures their 
low cost. Of particular interest is the possibility of 
using a single sensor to detect a mixture of gases. 
This is especially important for microbioreactors, 
in which space is extremely limited in replaceable 
units with growth chambers, where it is difficult 
to place multisensors with a large number of 
sensitive elements. The most promising zeolite 
appears to be the most common natural zeolite, 
clinoptilolite, which has fairly large channels with 
a size of ~0.8 nm. 

Impedance spectroscopy is most often used 
to record the response of zeolite-based sensors 
[14–17]. However, it is impossible to record a 
number of long-term processes associated with 
ion drift in zeolite channels [18]. The solution is 
to record the response to a step voltage function. 
Previously, it was shown that it is possible to 
isolate the response to ammonia vapor sorption 
against the background of water vapor sorption 
[19]. When using sensors in microbioreactors, it 
is also important to detect metabolites such as 
acetone or ethyl alcohol. They are more difficult 
to detect because they have large molecules that 
participate weakly in ion transport in zeolite 
channels.

The aim of this work was to find the response 
parameters of clinoptilolite-based sensors that 
enable the detection of acetone vapors for use in 
microbioreactors. 

2. Experimental 
A system of opposing pin electrodes 

(40×20 mm, electrode pitch 2 mm) with a layer 

of clinoptilolite was used as a sensor. The gas-
sensitive layer was formed by precipitation 
from an aqueous suspension of zeolite without 
the use of additional binders (since the sensors 
in microbioreactors are disposable and do not 
require mechanical strength and durability). 

The experimental design corresponded to that 
used previously in [19] for detecting ammonia 
vapor. To observe the ion conductivity relaxation 
process, a series of stepped pulses of constant 
voltage with variable polarity was applied to the 
electrodes. The pulse duration was 30 s, and the 
applied voltage amplitude was 5 V. To measure 
the current flowing through the zeolite layer, 
the voltage drop across a measuring resistor 
connected in series with the sensor was measured. 
The voltage drop across the resistor was first 
amplified by a precision instrument amplifier 
and then digitized using a 24-bit sigma-delta 
ADC with a sampling frequency of 20 Hz, which 
allowed for hardware-based suppression of the 
50 Hz mains interference. The obtained data was 
smoothed using a 5-point moving average and 
transmitted to a computer. As a result, the noise 
amplitude in the obtained data did not exceed 
0.1 nA. 

The sensor was placed in a desiccator, the 
humidity inside which was set by a saturated salt 
solution (NaCl – to obtain a relative humidity 
of 75 % and KCl to obtain a relative humidity of 
84 %). The relative humidity and temperature 
were additionally controlled by sensors with an 
accuracy of 1 % and 1 °C, respectively. Before 
being placed in the desiccator, the sensor 
was heated to a temperature of ~80 °C for 
desorption. The efficiency of desorption was 
monitored by measuring ion conductivity. After 
placing the sensor in the desiccator, it was kept 
at a constant temperature (20 °C or 25 °C) for 24 
hours to achieve equilibrium. At the beginning 
of the experiment, the results were recorded 
for 1 hour without adding acetone vapors, after 
which a solution of acetone was fed into the 
desiccator, providing a vapor concentration 
of ~1000 ppm (which corresponds to the 
threshold of acetone perception by the human 
sense of smell) or ~50000 ppm (which roughly 
corresponds to the average lethal concentration 
of acetone for animals). The results were 
recorded for ~4 hours.
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3. Results and discussion
An example of measuring ion conductivity 

current when applying pulses of variable polarity 
is shown in Fig. 1a. According to the results 
presented, the experiment can be divided into 
four stages (marked in Fig. 1a with Roman 
numerals I-IV). In the first stage, before the 
introduction of the acetone solution into the 
desiccator, the amplitude of the response to step 
pulses is constant. In the second stage, after the 
introduction of acetone, the amplitude of the 
response begins to decrease. In the third stage, 
the amplitude of the response begins to increase 
again, and in the fourth stage of the experiment, 
it reaches saturation (at this point, the amplitude 
exceeds the initial amplitude corresponding to 
the absence of acetone vapors).

Fig. 1b shows a fragment of the time series 
corresponding to the second stage of the 
experiment, and Fig. 1c shows a fragment of 
the relaxation of ionic conductivity in double 
logarithmic coordinates. The classical Curie-von 

Schweidler power law [18] is observed, with a 
change in the exponent at a certain point in time, 
which is typical for zeolites, in which the main 
contribution is made by ion conductivity in the 
crystal lattice channel system [18, 20].

The values of the degree indicators obtained 
in the experiment are shown in the table. The 
values of indicator n1 correspond to the initial 
stage of conductivity relaxation (~2.5 s from the 
moment of a step change in the applied voltage), 
while indicator n2 corresponds to the final stage 
of relaxation (time interval ~20÷30 s). As can be 
seen, the introduction of a high concentration of 
acetone vapors is accompanied by a decrease in 
the n1 index during all stages of the experiment. 
In contrast, the n2 index first decreases in value 
and then increases. At the same time, the ratio 
of n2/n1 always increases from the moment 
acetone is introduced. This behavior persists 
both when the temperature of the experiment 
is changed and when the relative humidity is 
changed.

Fig. 1. Response of a clinoptilolite-based sensor to step voltage pulses in the absence of acetone vapors (I) and 
in the presence of acetone vapors (II–IV): a) time dependence of ion conductivity current; b) time dependence 
of ion conductivity current at the moment of acetone vapor introduction; c) power-law relaxation of ion con-
ductivity: 1 – experimental curve in double logarithmic coordinates; 2 – approximating power-law dependence 
for the interval t < 2.5 s; 3 – approximating power-law dependence for the interval 20 < t < 30 s
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At low acetone concentrations, the ratio n2/n1 
continues to increase with the introduction of 
acetone, but this is caused not by a decrease in 
the n1 index, but by an increase in the n2 index.

Compared to the significant change in degree 
indicators obtained earlier during ammonia vapor 
sorption [19], the change in degree indicators 
during acetone sorption is significantly less. 
This is due to the fact that ammonia molecules, 
firstly, have a significantly smaller diameter and, 
therefore, greater mobility in the pores of zeolite 
compared to acetone. Second, ammonium ions 
formed in the zeolite pores are directly involved 
in ionic conductivity. In the case of acetone, the 
effect on conductivity appears to be indirect (a 
change in the mobility of water and metal ions 
in the zeolite pores, as well as a change in the 
number of water molecules in the pores). 

4. Conclusion
The detected change in the power indices 

of the clinoptilolite conductivity relaxation 
curve in the presence of acetone vapors allows 
us to consider zeolite-based sensors as being 
promising components of microbioreactors. It has 
been shown that the ratio of exponents during 
different stages of ion conductivity relaxation can 
be used as an important parameter for acetone 
detection. 
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Abstract 
Objectives: The work relates to the research of E.coli cells formed under conditions of superproduction of the bacterioferritin 
protein Dps. These protein molecules are capable of forming biohybrid structures by accumulating inorganic nanoparticles 
of the iron-oxygen system with identical properties, including sizes within the nanometer range, in their internal cavities. 
Current methods of obtaining bacterioferritin Dps protein molecules rely on destroying their source: E.coli cells. A key issue 
for study and subsequent application is establishing whether it is possible to obtain these protein molecules without 
destroying E.coli cells in order to form biohybrid structures.
Experimental: E.coli cells were grown under conditions of superproduction of bacterioferritin Dps protein molecules, then 
deposited on a molybdenum foil substrate for electron microscopy and energy-dispersive microanalysis studies. Based on 
the resulting data on morphology data and elemental composition, the possibility of forming protein molecules without 
destroying the cells was investigated in order to create biohybrid structures based on them.
Conclusions: It has been established that under conditions of protein superproduction, E.coli cells produce bacterioferritin 
Dps molecules, with a significant amount of this protein possibly being released into the extracellular space. The morphology 
of E.coli cells themselves does not change under conditions of superproduction and protein emission. When Mohr’s salt 
was added to the culture fluid, the released protein contains a significant amount of iron atoms, which may result from 
bacterioferritin Dps molecules forming biohybrid structures. These results demonstrate a simple, affordable method of 
forming biohybrid structures containing iron-oxygen nanoparticles for use in technologies, including the targeted delivery 
of nanoparticles and the functionalization of accessible surfaces.
Keywords: E.coli cells, Dps protein molecules, Protein superproduction, Biohybrid material, Scanning electron microscopy, 
Energy-dispersive microanalysis, Morphology and composition
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1. Introduction
Nature-like materials and structures are a 

promising object of modern scientific research 
and development of technological approaches in 
terms of low cost or efficiency and flexibility in 
their practical use [1–5]. A bright example of this 
class of objects are protein molecules, for example, 
bacterioferritin Dps (DNA-binding Protein from 
Starved cells) of Escherichia coli (E. coli) bacteria, 
which is a representative of bacterial ferritins 
[1, 4]. These natural objects are known for their 
ability to form inorganic iron-oxygen (Fe–O) 
nanoparticles of a given composition and size 
inside the voids of molecules [1, 4, 6–8]. Moreover, 
the result of the formation of a biohybrid 
material is the fact that each of the particles is 
initially, by its natural origin, packaged in an 
organic container, the protein molecule itself. 
Such objects can be stored for a long, practically 
unlimited time without changing their macro- 
and microscopic properties. Finally, considering 
that the storage of a molecular culture or 
biohybrid material takes place in a liquid medium, 
it is convenient to deliver such objects in a 
targeted manner within the framework of the 
technology used [9]. The source of bacterioferritin 
Dps molecules are E.coli cells. The traditional 
way to obtain protein here is to isolate it upon 
complete destruction of the source cells, followed 
by a sequence of complex, often costly biophysical 
and biochemical procedures for purification, 
filtration and stabilization of the molecular 
culture [1–2, 7, 10]. Subsequently, after the 
cells are destroyed and the molecular culture of 
bacterioferritin Dps is isolated, interaction with 
the decomposition products of the Mohr salt 
Fe(NH4)2(SO4)2·6H2O occurs to form a biohybrid 
material as a source of divalent iron (Fe2+) in a 
culture solution. The natural function of Dps 
molecules is to deposit or accumulate iron 
oxide Fe2+, which is toxic to biological culture, 
into a nanoparticle predominantly consisting 
of iron Fe3+ bound to oxygen [4, 8]. Note that 
the dimensions of the outer walls of the protein 
molecule, according to the data obtained earlier, 
do not exceed ten nanometers, while the sizes 
of nanoparticles formed inside the molecules 
can be several nanometers [4, 6, 7]. One Dps 
protein molecule can act as a single “setup” 
for the controlled production of a biohybrid 

structure with an inorganic nanoparticle of 
specified properties, including sizes up to units 
of nanometers. An attractive development of 
approaches for obtaining a molecular culture or 
biohybrid objects based on it is an attempt to use 
E.coli cells to isolate protein without destroying 
them i.e. repeatedly. Then a cell, an object much 
more massive than a molecule, can be considered 
to be a kind of “factory” for the production of 
hybrid structures.

Note that with such a modification of the 
cell culture, which leads to the release of protein 
in sufficient quantities [11] and without cell 
destruction, the key issue is the influence of 
the source of iron atoms, for example, Mohr 
salt, necessary for the formation of biohybrid 
nanostructures, on the properties, primarily the 
morphology of (modified) E.coli cells. Attempts to 
use cells for the repeated production of molecules 
can lead to a disruption in the shape of such a 
natural source of biohybrid material. Therefore, 
an important and necessary task is to study the 
morphology and elemental composition of a 
modified cell culture.

Scanning electron microscopy (SEM) is one 
of the most in-demand methods for a variety 
of objects diagnostics, including nanoscale 
structures and biomaterials. The method’s 
capabilities make it possible to study the 
morphological features of various origins 
objects, including natural ones, with high lateral 
resolution [3, 9, 12–14]. One of the most useful 
additions to the scanning electron microscopy 
method is the possibility of conducting energy-
dispersive X-ray microanalysis of an object being 
studied in an electron microscope. The use of 
this method, within the framework of a single 
experiment with the study of morphology, by 
means of scanning electron microscopy, allows 
us to obtain information about the presence of 
an element in the composition of a microscopic 
area of the studied object. The present work is 
dedicated to the research of modified E.coli cells 
as a multiple source of molecular material or 
biohybrid structures using SEM and microanalysis 
methods.

2. Experimental
To achieve protein superproduction 

conditions, E. coli BL21*(DE3) cells pre-grown 
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to an optical density of 0.4 (λ = 600 nm), were 
washed with a buffer solution containing 0.1M 
Tris-HCl (pH 8.0) from nutrient residues and 
exposed to CaCl2, according to the procedure 
described in [15] to form perforations in the 
cell membrane. Then, a pre-prepared aqueous 
solution of circular pGEMdps plasmid DNA 
(pDNA) molecules containing a full-size copy of 
the dps gene were added to the cell suspension. 
Based on the saturating concentration of pDNA 
during transformation equal to 10 µg/ml, 0.5 µl 
of their solution was added to the cells, followed 
by half an hour incubation on ice, then exposed 
to heat at 42 °С for 2 minutes. The tubes were 
then placed in an ice bath for 2 minutes, after 
which the cells were transferred to 750 µl of a 
SOC solution containing trypton (20 g/l), yeast 
extract (5.5 g/L), NaCl (10 mM), KCl (2.5 mM), 
MnCl2/MgSO4 (10 mM), glucose (20 mM) and 
incubated for 1 hour, at 37 °С in a thermostat 
with constant stirring at 180 rpm. After that, the 
cell suspension was centrifuged, and the resulting 
precipitate with a volume of about 50 µl was sown 
onto Petri dishes with LB-agar (pH 7.4) containing 
trypton (10 g/l), yeast extract (5 g/l), NaCl (10 g/l), 
bactoagar (15 g/l) and ampicillin (20 mg/ml). The 
growth of the obtained cells was carried out at 
37 °С in the presence of ampicillin (20 mg/ml) 
for 16 hours in the presence of 0.02 mM IPTG. 
The presence of the recombinant Dps protein 
was controlled by electrophoresis in 12.5% 
denaturing polyacrylamide gel using the modified 
Davis method. Next, the cells were harvested 
by centrifugation at 10,000 rpm, washed twice 
from the medium with a cold buffer containing 
0.1M Tris-HCl (pH 8.0), and used for research. A 
freshly prepared solution of Mohr salt was used 
as an iron source, which was added to the protein 
solution until an iron ion concentration of 0.25 
mM was reached and incubated for 15 minutes, 
after which the same portion of Mohr salt was 
added and incubation was repeated. The resulting 
sample was used in studies. Obtained samples 
of cell culture were deposited to pre-purified 
molybdenum foil by layering.

A Carl Zeiss ULTRA 55 scanning electron 
microscope equipped with an energy dispersive 
microanalysis unit was used. The mode of 
secondary electrons registration with low values 
of accelerating voltages up to 5 kV was used, 

which is necessary for studying biostructures. The 
Image J software package was used to estimate 
the areas occupied by the cells and to estimate 
the spread of their shape. An energy dispersion 
(X-ray) spectrum was obtained from a surface area 
of ~ 15x20 mm for which the element distribution 
was mapped.

3. Results and discussion
Fig. 1 shows a surface morphology obtained 

by the SEM method for the cellular array formed 
on the molybdenum foil. Data on the shape and 
size of cells and their arrays (accumulations) 
are shown in Fig. 1a, information on the shape 
and size of a single cell is given in Fig. 1b, and 
section “c” of the same figure represents the result 
of estimating the size of cells in the surface area of 
Fig. 1a, made according to the cell areas. It should 
be noted that the size of E.coli cells grown under 
protein superproduction conditions is about 
three micrometers long and one micrometer 
wide, which corresponds to the selected cell type 
[12]. They are generally oval in shape with clear 
boundaries, the observation of which suggests 
that the height of the cell is comparable to its 
width, including after vacuuming of the formed 
cell array in the electron microscope chamber. It 
should also be noted that, as a result of layering, 
it is possible to form a sufficiently dense layer 
of cells distributed over the surface of the foil in 
“islands” one cell high, incompletely covering the 
bearing surface of molybdenum. The conditions 
of protein superproduction during the formation 
of a cell array do not lead to significant cell 
morphology disorders. Some of the cells, however, 
are smaller (~ 1×1 mm) or larger (~ 5×1 mm) 
than indicated above (Fig. 1c). This is the result 
of ongoing cell division at the time of layering 
on the substrate. In addition to the forming cell 
arrays and uncovered sections of molybdenum 
foil, there are a number of elements indicated 
in Fig. 1a with a white dotted line. The size of 
these elements is comparable to the size of a cell, 
they have random contours, uneven morphology 
and are adjacent directly to individual cells or 
are located within the cell array. Such elements 
are not observed on the surface of cell arrays 
themselves and are not located on individual 
areas of the substrate surface that are not 
coated with E. coli. At the same time, there are 



156

no noticeable variations of the shape and size of 
cells adjacent to these morphological elements. It 
should be noted that the modified E. coli cells were 
formed under conditions of the superproduction 
of bacterioferritin Dps protein molecules, placed 
after layering on the substrate surface in a 
scanning electron microscope chamber, and then 
evacuated. Thus, the origin of these arrays may 
be related to the release of excess protein into 
the extracellular media, including during the 
transition of vacuum conditions.

Fig. 2 contains the results of the elemental 
composition microanalysis for a surface area 
covered with a cells array. Fig. 2a shows an 

electron microscopic image of a surface area 
from which a mapping of iron and nitrogen atoms 
distribution was obtained (Fig. 2b) and spectral 
information was recorded (Fig. 2c) containing 
a signal from all sorts of atoms of the studied 
sample area measuring about 15×20 microns. The 
choice of Fe and N atoms to obtain a map of the 
elements distribution is caused by the fact that 
nitrogen atoms are contained in E. coli cells only 
and are not located on the surface of the foil.

At the same time, iron atoms, as a result of the 
dissolution of the Mohr salt in the culture media, 
can be found both in the cells themselves and 
around them. The molecules of the bacterioferritin 

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2026;28(1): 153–158

S. Yu. Turishchev et al.	 E. coli cells as a source of biohybrid material: electron microscopy and microanalysis...

Fig. 1. Scanning electron microscopy of the E.coli cells on a molybdenum foil substrate. a: cells array with white 
dotted lines showing areas of protein release; b: single E. coli cell image; c: distribution of cells by their surface 
areas

Fig.2. Energy-dispersive microanalysis of the surface area with E. coli cells array on a molybdenum foil sub-
strate. a: SEM image with white dotted lines showing areas of protein release; b: distribution mapping for 
atoms of iron (red) and nitrogen (green); c: energy-dispersive X-ray spectrum
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Dps protein are able to accumulate inside their 
cavities the result of dissolution of the Mohr salt, 
forming a nanoparticle of the iron-oxygen system 
consisting of iron atoms ions in different charge 
states of Fe2+ and Fe3+ [4, 8]. We assumed the 
release of bacterioferritin Dps protein molecules 
into the extracellular space as a result of studying 
the SEM data (see Fig. 1a) for E.coli cells formed 
under conditions of this protein superproduction.  
The signal from the iron atoms is confirmed by the 
spectral information obtained from the observed 
microarray of the surface (Fig. 2b, peak at 700 eV). 
The mapping data (Fig. 2b) show that the signal 
from the iron atoms contributes most to the areas 
indicated by the dotted white line in Figs 1a, 2a 
and 2b. We associate these sites with the “release” 
of the Dps protein by modified E.coli cells into the 
extracellular space.

4. Conclusions 
Thus, based on the results of the morphological 

and elemental composition studies, the following 
can be stated. During superproduction and growth 
of E. coli cells, bacterioferritin Dps molecules are 
produced in sufficient quantities to allow this 
protein to be released into the extracellular 
space without altering the shape or size of E. coli 
cells. The released protein contains a significant 
number of iron atoms, which may result from 
bacterioferritin Dps molecules forming biohybrid 
structures without destroying their source, i.e. 
E. coli cells. This approach to forming biohybrid 
materials using protein molecules of cellular 
origin is promising for producing iron-oxygen 
nanoparticles with specific properties, including 
those intended for long-term storage or use 
in technologies such as targeted nanoparticle 
delivery and surface functionalization.

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

Conflict of interests 
The authors declare that they have no 

known competing financial interests or personal 
relationships that could have influenced the work 
reported in this paper.

References
1. Nikandrov V. V. Inorganic semiconductors in biological 

and biochemical systems: biosynthesis, properties, and 

photochemical activity. Advances in biological chemistry. 
2000;40: 357–396.

2. Behrens S. S. Synthesis of inorganic nanomaterials 
mediated by protein assemblies. Journal of Materials 
Chemistry. 2008;18: 3788–3798. https://doi.org/10.1039/
B806551A

3. Biological and Bio-inspired Nanomaterials. Properties 
and Assembly Mechanisms. Sarah Perrett, Alexander K. Buell, 
Tuomas P. J. Knowles (eds.). Springer, Singapore; 2019. 440 p. 
https://doi.org/10.1007/978-981-13-9791-2.

4. Parinova E. V., Antipov S. S., Belikov E. A., ... 
Turishchev S. Yu. TEM and XPS studies of bio-nanohybrid 
material based on bacterial ferritin-like protein Dps. 
Condensed Matter and Interphases. 2022;24(2): 265–272. 
https://doi.org/10.17308/kcmf.2022.24/9267

5. Nazarovskaia D. A., Turishchev S. Yu., Titova S. S., 
Shatov A. A., Tyurin-Kuzmin P. A., Osminkina L. A. 
Photoluminescent properties of porous silicon nanoparticles: 
synthesis, characterization, and cellular imaging. Condensed 
Matter and Interphases. 2025;27(3): 422–432. https://doi.
org/10.17308/kcmf.2025.27/13181

6. Antipov S. S., Pichkur E. B., Praslova N. V., ... 
Turishchev S. Yu. High resolution cryogenic transmission 
electron microscopy study of Escherichia coli Dps protein: 
first direct observation in quasinative state. Results in Physics. 
2018;11: 926–928. https://doi.org/10.1016/j.rinp.2018.10.059

7. Antipov S., Turishchev S., Purtov Yu., ... Ozoline O. 
The Oligomeric Form of the Escherichia coli Dps Protein 
Depends on the Availability of Iron Ions. Molecules. 
2 0 1 7 ; 2 2 ( 1 1 ) : 1 9 0 4 .  h t t p s : / / d o i . o r g / 1 0 . 3 3 9 0 /
molecules22111904

8. Turishchev S. Yu., Antipov S. S., Novolokina N. V., ... 
Domashevskaya E. P. A soft X-ray synchrotron study of the 
charge state of iron ions in the ferrihydrite core of the ferritin 
Dps protein in Escherichia coli. Biophysics. 2016;61(5): 
705–710. https://doi.org/10.1134/S0006350916050286

9. Parinova E. V., Antipov S. S., Sivakov V., . . . 
Turishchev  S.  Yu. Photoluminescent properties of porous 
silicon nanoparticles: synthesis, characterization, and 
cellular imaging. Condensed Matter and Interphases. 
2023;25(2):  207–214. https:/ /doi .org/10.17308/
kcmf.2023.25/11102

10. Antipov S. S., Tutukina M. N., Preobrazhenskaya E. V., 
... Ozoline O. N. The nucleoid protein Dps binds genomic 
DNA of Escherichia coli in a non-random manner. PLOS ONE. 
2017;12(8): 1–27. https://doi.org/10.1371/journal.
pone.0182800

11. Hudson A. J., Andrews S. C., Hawkins C., ... Gues J. R. 
Overproduction, purification and characterization of the 
Escherichia coli ferritin. European journal of biochemistry. 
1993;218(3): 985–995. https://doi.org/10.1111/j.1432-1033. 
1993.tb18457.x

12.Turishchev S.Yu., Marchenko D., Sivakov V., ... 
Antipov S.S. On the possibility of PhotoEmission Electron 
Microscopy for E. coli advanced studies. Results in Physics. 
2020;16:  102821-1-3. https://doi.org/10.1016/j .
rinp.2019.102821

13. Alvear-Daza J. J., García-Barco A., Osorio-Vargas P., 
Gutierrez-Zapata H. M., Sanabria J., Rengifo-Herrera J. A. 
Resistance and induction of viable but non culturable states 
(VBNC) during inactivation of E. coli and Klebsiella 
pneumoniae by addition of H2O2 to natural well water under 

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2026;28(1): 153–158

S. Yu. Turishchev et al.	 E. coli cells as a source of biohybrid material: electron microscopy and microanalysis...



158

simulated solar irradiation. Water Research. 2021;188(116499): 
1–11. https://doi.org/10.1016/j.watres.2020.116499

14. He Q., Liu D., Guo M., ... Guo M. Antibacterial 
mechanism of ultrasound against Escherichia coli: 
Alterations in membrane microstructures and properties. 
Ultrasonics Sonochemistry. 2021;73(105509): 1–12. ttps://
doi.org/10.1016/j.ultsonch.2021.105509

15. Sambrook J. Molecular cloning: a laboratory manual 
J. Sambrook, E. F. Fritsch, T. Maniatis (eds.). Cold Spring 
Harbor Laboratory Press; 1989. 1546 p.

Information about the authors
Turishchev Sergey Yu., Dr. Sci. (Phys.-Math.), Associate 

Professor, Head of the General Physics and Physical 
Materials Science Department, Voronezh State University 
(Voronezh, Russia). 

https://orcid.org/0000-0003-3320-1979
tsu@phys.vsu.ru
Belikov Evgenii A., post graduate student of the General 

Physics and Physical Materials Science Department, 
Voronezh State University (Voronezh, Russia).

bp4nth3r@mail.ru

Parinova Elena V., PhD in Physics and Mathematics, 
Assistant Professor of the General Physics and Physical 
Materials Science Department, Voronezh State University 
(Voronezh, Russia).

https://orcid.org/0000-0003-2817-3547.
parinova@phys.vsu.ru
Kureshi Daniel Z., student of the General Physics and 

Physical Materials Science Department, Voronezh State 
University (Voronezh, Russia).

kureshi@phys.vsu.ru
Olga A. Chuvenkova, Cand. Sci. (Phys.-Math.), Senior 

Researcher, Joint Scientific and Educational Laboratory 
“Atomic and Electronic Structure of Functional Materials” 
of Voronezh State University and the National Research 
Center “Kurchatov Institute”, Voronezh State University 
(Voronezh, Russian Federation).

https://orcid.org/0000-0001-5701-6909
chuvenkova@phys.vsu.ru
Sivakov Vladimir, PhD, Group Leader, Leibniz Institute 

of Photonic Technology (Jena, Germany).
https://orcid.org/0000-0002-3272-501X
vladimir.sivakov@leibniz-ipht.de
Antipov Sergey S., Dr.Sci. (Biology), Professor, Biophysics 

and Biotechnology Department, Voronezh State University, 
Voronezh State University (Voronezh, Russian Federation).

ss.antipov@gmail.com
Received 11.08.2025; approved after reviewing 25.08.2025; 

accepted for publication 05.09.2025; published online 
01.04.2026.

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2026;28(1): 153–158

S. Yu. Turishchev et al.	 E. coli cells as a source of biohybrid material: electron microscopy and microanalysis...



159

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

Condensed Matter and Interphases
Kondensirovannye Sredy i Mezhfaznye Granitsy

https://journals.vsu.ru/kcmf/

Anniversary

Anniversary of Professor Aleksandr V. Vvedenskii’s anniversary

The content is available under Creative Commons Attribution 4.0 License. 

Condensed Matter and Interphases. 2026;28(1): 

On April 2, 2026, Aleksandr Viktorovich 
Vvedenskii, Doctor of Chemical Sciences, 
Honorary Worker of Higher Professional 
Education of the Russian Federation, Professor 
of the Department of Physical Chemistry at the 
Chemical Faculty of Voronezh State University, 
turns 80 years old.

Aleksandr Viktorovich's whole life is closely 
connected with physical chemistry and the 
problems of electrochemistry, both fundamental 
and applied. After graduating from the Physics 
Department of Voronezh State University (VSU) 
in 1968, he worked his way up from assistant 
and junior researcher to professor and head of 
the department. In 1979, he defended his PhD 
thesis "Mechanism and kinetics of interaction 
of copper with dilute chloride solutions and 
desalinated water", specialty 02.00.04 — "Physical 

Chemistry", and then in 1994 his doctoral thesis in 
the same specialty on the topic "Thermodynamics 
and kinetics of selective dissolution of binary 
solid solutions", in which he made a significant 
contribution to the construction of a general 
theory of alloy dissolution with an analytical 
description of kinetic patterns. It presented, for 
the first time, a fairly complete and consistent 
physico-chemical model of anodic dissolution 
of a homogeneous alloy. In 1996, Aleksandr 
Viktorovich was awarded the academic title of 
professor, and in 1998 he became a member of 
the International Society of Electrochemistry 
(ISE). For twenty years, from 2000 to 2019, 
A.  V.  Vvedenskii headed the Department of 
Physical Chemistry at VSU. His outstanding 
organizational skills and ebullient energy made 
it possible to create all the necessary conditions 
for successful scientific and educational work at 
the department and strengthen cooperation with 
Russian Academy of Sciences (RAS) institutions 
and other Russian and foreign universities. 
Currently, Aleksandr Viktorovich heads a 
joint laboratory with the Institute of Physical 
Chemistry and Electrochemistry of the RAS 
"Coupled processes in Electrochemistry and Metal 
Corrosion".

Close interaction and collaboration with his 
teacher, Professor Igor Kirillovich Marshakov, a 
leading Russian specialist in corrosion, greatly 
influenced the scientific style and character 
of A. V. Vvedenskii as a scientist and teacher. 
Aleksandr Viktorovich is distinguished by his 
integrity and dedication, and his responsible 
and creative approach to solving a wide range of 
scientific and pedagogical problems. Offering new 
scientific ideas, he takes an active part in their 
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implementation, setting relevant tasks within the 
scientific areas of the department and forming 
original ways to solve them.

The authority of Professor A. V. Vvedenskii in the 
field of physical chemistry and electrochemistry is 
widely recognized. His research interests include 
the kinetics of multistage electrode processes; 
effects of structural vacancy disequilibrium and 
chemical composition in the electrochemistry of 
solid metal solutions and the adsorption of media 
components; structure of charged interphase 
boundaries; electrocatalytic reactions on alloys; 
selective anodic dissolution of alloys complicated 
by the formation of insoluble compounds; 
transient methods of electrochemical research; 
photoelectrochemistry; quantum chemical 
modeling of adsorption processes. The results of 
his research are presented in several monographs, 
as well as in more than 700 scientific papers. They 
have been discussed at numerous international 
and All-Russian conferences and symposiums, 
and have repeatedly received grant support from 
various Russian and international foundations.

Throughout the 56 years of his scientific 
and teaching activities, Aleksandr Viktorovich 
has paid great attention to the training of 
specialists in the field of physical chemistry and 
electrochemistry. During various periods of his 
work at the department, A. V. Vvedenskii has 
given lectures at a high professional level on the 
courses "Physical Chemistry", "Fundamentals of 
Electrochemistry", "Kinetics of electrochemical 

processes", "Physico-chemistry of adsorption 
processes", and "Actual problems of physical 
chemistry". He is an active supporter of the 
implementation of scientific and applied research 
results in the educational process. Professor A. V. 
Vvedenskii was the supervisor, consultant, and 
mentor of more than 20 graduate students and 
applicants who became candidates and doctors 
of sciences. Currently, he heads the leading 
scientific and pedagogical school of the VSU 
"Electrochemistry and Corrosion of Metals and 
Alloys".

For many years, Aleksandr Viktorovich has 
been Chairman of the Dissertation Council 
24.2.288.04 (formerly – D212.038.08) in chemical 
sciences, a member of the editorial board of the 
Russian scientific journal “Condensed Media 
and Interphase Boundaries”, the editorial 
board of the scientific journal “Bulletin of Perm 
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ARTICLE STRUCTURE (IMRAD)

1. Introduction
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important tasks that need to be resolved. Describe the scientific problems which have not yet been 
solved and which you sought to solve in your research. The introduction should contain a short critical 
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that the analysis is based on 20–30 studies (no more than 20% of references to the author’s own 
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The Vancouver reference style is used in the journal: bibliographic references in the text of the 
article are indicated by numbers in square brackets; in the references section, the references are 
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Single crystals of difluorides of alkaline earth elements are widely used as photonics materials 

[1–3] as well as matrices for doping with rare-earth ions [4,10].
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2. Experimental
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3. Results and discussion
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Microsoft Office Equation 3 or Math Type and aligned on the left side. Latin letters should be in 
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All subheadings should be in italics.

Example:
1.1. X-ray diffraction analysis 

Example of figure captions in the text of the article: Fig. 1, curve 1, Fig. 2b.

A complete list of figures should be provided at the end of the paper after the information about 
the authors.

Figures and tables should not be included in the text of the article. They should be placed 
on a separate page. Figures should also be submitted as separate *tif, *jpg, *cdr, or *ai. files. All 
figures should have a minimum resolution of 300 dpi. Name each figure file with the name of 
the first author and the number of the figure. 
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A complete list of figures should be provided at the end of the paper after the information about 
the authors.

Example:
Fig. 1. Dependences of the parameters a and c of the tetragonal lattice of nanocrystalline PdO 

films on the oxidation temperature Tox: 1 − single-phase PdO films, 2 − heterophase PdO + Pd films; 
3 − data of the ASTM standard [22, 23]

Table 1. The values of relative electronegativity (ENE) of some chemical elements [30] and the 
proportion of the ionic component of the chemical bond in binary compounds of the AB composition 
formed by these elements
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а                                                                                                        b
Fig. 1. Dependences of the parameters a and c of the tetragonal lattice of nanocrystalline PdO 

films on the oxidation temperature Tox: 1 − single-phase PdO films; 2 − heterophase PdO + Pd films; 
3 − data of the ASTM standard [22, 23]

Table 1. Values of the ionic radii of palladium Pd2+ and oxygen O2- [30–32]

Ion Coordination number 
CN Coordination polyhedron Values of ionic radii Rion, nm

Pd2+ 4 Square (rectangular) 0.078 [30]; 0.086 [31]; 0.078 [32]
O2– 4 Tetragonal tetrahedron 0.132 [30]; 0.140 [31];  0.124* [31]; 0.132 [32]                                            

*The values of ionic radius were obtained on the basis of quantum mechanical calculations.
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