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Abstract
Objective of the article: The continuously increasing demand for oil and petroleum products necessitates the further 
development of enhanced oil recovery (EOR) methods, including physicochemical techniques such as polymer flooding. 
Currently, billions of tons of oil remain dispersed and scattered within water-flooded reservoirs. This article provides a 
review of the literature on the synthesis and application of surfactant solutions and their mixtures with various components 
(polymers, salts, acids, etc.) in EOR processes. 
Experimental section: The use of surfactants contributes to reducing interfacial tension and increasing wettability. Polymeric 
surfactants represent a promising alternative to modern systems employed in chemical EOR. They can combine the necessary 
rheological and interfacial properties in a single component, whereas typically, this requires mixtures of several chemical 
substances. Improved flooding properties using polymeric surfactants are essential for recovering residual oil. In addition 
to their unique characteristics, it is important to ensure synergy between the surfactant or polymer and other components 
that meet strict technical requirements. Furthermore, EOR based on polymeric surfactant systems is technologically 
compatible with conventional water flooding and does not require significant capital investment. 
Conclusions: It should be noted that numerous studies have been devoted to the processes of EOR. The presented article 
emphasizes the efficiency and feasibility of using surfactants based on the results of tests studying the physicochem.
Keywords: Enhanced oil recovery; Polymer surfactant; Ionic liquid; Surface tension; Wettability
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The importance of oil in the global economy 
is well known. Its consumption by various 
sectors of the economy has reached colossal 
proportions, and further growth is expected 
in the near future. Currently, primary and 
secondary oil recovery methods account for the 
extraction of roughly half of the oil reserves in 
reservoirs [1–6]. Under unfavorable reservoir 
conditions (such as high heterogeneity of the 
formation, presence of clay impurities, high oil 
viscosity, low rock permeability, etc.), the oil 
displacement coefficient rarely exceeds 30–35 %. 
The depletion of total oil resources necessitates 
the improvement of secondary and tertiary 
oil recovery methods [7–9]. These methods 
are divided into several groups, including 
physicochemical ones, which encompass 
techniques involving surfactants, water-soluble 
polymers, acids, micellar solutions, as well as 
micellar-polymer flooding [10–13].

Physicochemical methods for increasing oil 
recovery are highly promising and exceptionally 
effective, as they can significantly raise both 
the oil displacement coefficient and the sweep 
efficiency of the reservoir by the flooding 
solution. It is necessary to emphasize the high 
efficiency of these methods in the extraction 
of relatively hard-to-recover heavy oils, whose 
share in global production continues to grow 
[14–16]. In addition, recent scientific and 
technical literature highlights studies focused 
on developing and applying technologies to 
enhance oil recovery using nanofluids and 
nanogels [17–21]. Researchers have found that 
the use of nanoparticles can alter the wettability 
of reservoir rocks, reduce interfacial tension, 
lower oil viscosity, and increase disjoining 
pressure.

Oil recovery from reservoirs largely depends 
on the properties of the interfaces between 
oil, water, gas, and rock. High extraction rates 
can be achieved by increasing the capillary 
number, which is defined as the ratio of viscous 
forces to surface tension [22–25]. To achieve a 
sufficiently high capillary number effective for 
displacing oil from the reservoir rock and pore 
spaces, an ultra-low interfacial tension in the 
range of 10–3 mN/m is required [26–34]. Such 
low interfacial tension can be achieved through 
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the use of surfactants and/or combinations of 
surfactants [35–38]. The use of surfactants in 
tertiary oil recovery represents a promising 
direction that requires detailed investigation 
not only of the surfactants themselves but 
also of their mixed solutions with polymers, 
salts, acids, and other components capable of 
enhancing their performance.

The purpose of this review is to provide a 
concise analysis of studies on the synthesis 
and properties of reagents used for tertiary oil 
recovery.

Polymers  employed  to  enhance  o i l 
production should dissolve well in saline 
water and possess the ability to reduce surface 
tension. For this purpose, polymers containing 
functional groups, surface-active polymers, 
surfactant–polymer complexes, surfactant–
polymer mixtures, and surface-active oligomers 
are used [39–48].

In recent years, to avoid side effects associated 
with alkali–surfactant–polymer flooding (caused 
by the use of caustic alkalis), greater attention 
has been given to alkali-free surfactant–
polymer flooding [49]. This approach makes 
surfactants more hydrophobic. Researchers 
have synthesized a new type of carboxybetaine 
surfactant – didodecyl polyoxyethylene (n) 
ether methylcarboxylbetaine (diC₁₂EnB, n = 2, 
3, 4) – in the form of homogeneous compounds, 
as well as dicocosyl alcohol polyoxyethylene 
ether methylcarboxylbetaine, and evaluated 
their properties as surfactants for alkali-free 
surfactant–polymer flooding. With an increase 
in the number of ethylene oxide groups, the 
solubility of surfactants increases, while their 
adsorption capacity decreases, resulting in 
enhanced hydrophilicity of the surfactant 
molecules. The use of these surfactants enables 
the achievement of ultra-low interfacial tension 
values on the order of 10–2 mN/m between crude 
oil and water.

N. V. Klyuchnikova and co-authors [50] 
developed a formulation for the production 
a polymeric surfactant based on xylene–
formaldehyde resin and 4-aminoantipyrine. FTIR 
spectroscopic studies confirmed the proposed 
structure of the synthesized compound.



535

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2025;27(4): 533–546

G. A. Ahmadova et al.	 The role of polymeric surfactants in enhanced oil recovery: a review

CH3

CH3

CH2

CH3

CH3

CH2

NH

N

N

CH3

CH3

NaO

n

 
The technological characteristics of the 

obtained product were studied. The investigation 
of the wettability intensity of a solid surface by 
the synthesized polymeric surfactant showed 
that at a surfactant concentration of 0.05 %, 
instantaneous absorption into the surface 
occurs. The surface tension of the synthesized 
polymeric surfactant solution at the air interface 
was also examined. At a concentration of 1.2 %, 
the surface tension decreased to 38.7 mN/m. The 
hydrophilic–lipophilic balance was calculated 
using the Davies method, yielding a value of 8.33. 
These studies indicate the potential applicability 
of the synthesized polymeric surfactant as a 
wetting additive.

M. Madani [51] and co-authors conducted 
fundamental research on an environmentally 
friendly surfactant as a chemical agent for 
EOR. Surfactant injection is a key chemical 
EOR method that enhances oil production from 
underground reservoirs by reducing interfacial 
tension and altering wettability. However, most 
available or proposed synthetic surfactants 
have negative environmental impacts. In 
this study, a new synthesis procedure was 
described for a surfactant based on amino 
acids, which is non-toxic, biocompatible, 
and easily biodegradable. The interfacial 
tension (measured using the pendant drop 
method) at the kerosene–water interface 
and the wettability of the surfactant solution 
(measured by the contact angle method) were 
determined in the presence of both oil phase 
and characteristic rock types (carbonate and 
sandstone). By evaluating the critical micelle 
concentration (CMC), the optimal surfactant 
concentration was determined (under typical 
salinity conditions) for conducting dynamic 
secondary and tertiary core flooding tests. A 
comparison of secondary and tertiary flooding 
schemes using the surfactant suggests that it 

is potentially more effective when introduced 
as a secondary recovery agent.

Researchers from Bashkortostan [52] 
investigated the physicochemical properties of 
a surfactant–polymer system for EOR. As the base 
components, polyacrylamide

CH2 CH

C O

NH2 n

and a micelle-forming anionic surfactant 
(brand A) derived from plant-based raw materials 
were used,

R1 CH CH R2 C O

ONa

where R1, R2 – C6–C9.
Based on them, two surfactant–polymer 

systems were prepared. In the first case, the 
reagent containing a water-soluble polymer was 
designated as the basic formulation (grade B), 
while in the second case, the reagent containing 
both a water-soluble polymer and modifying 
additives was designated as the optimized 
formulation (also grade B). Both systems 
belong to the category of “green chemistry” 
reagents. The dependence of dynamic viscosity 
of the tested solutions on concentration at 
different temperatures was investigated. At 
a polyacrylamide solution concentration of 
0.11 wt. %, increasing the temperature from 10 
to 60 °C reduced the viscosity from 22.6 mPa·s 
to 7.7 mPa·s. For grade A, increasing the 
temperature and concentration did not cause 
significant changes. The grade B reagents 
behaved similarly to polyacrylamide solutions – 
that is, as temperature increased, viscosity 
decreased, while increasing concentration led 
to further rise in viscosity. The surface activity 
of aqueous reagent solutions at the kerosene–
water interface was also examined. It was found 
that reagent grade A exhibited the highest 
surface activity: at a concentration of 0.3 %, 
the interfacial tension was 2.5 mN/m. Based on 
the experimental data, graphs were constructed 
showing the dependence of interfacial tension on 
reagent concentration at the kerosene interface 
(Fig. 1).
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Analysis of these results suggests a positive 
influence of the developed systems on EOR 
processes.

Surfactants of polymeric and oligomeric 
nature synthesized by the authors [53–54] were 
tested for oil-displacing capability with the 
aim of using them to increase oil recovery from 
reservoirs [55–61]. Laboratory experiments 
involved propoxylated polymethacrylic acid 
(PPMAA) neutralized with 50 % sodium 
hydroxide, and propoxylated polyacrylic acid 
(PPAA-50). Samples of partially neutralized 
polyacrylic acid (using different bases) were also 
propoxylated, as well as propoxylated copolymers 
of quaternary 4-vinylpyridine salts with acrylic 
acid and copolymers of hydroxypropyl acrylate 
with acrylate salts. Bench tests demonstrated 
that PPMAA and PPAA-50 not only match but 
outperform polyacrylamide (the widely used 
polymer for EOR worldwide) in terms of efficiency 
and dosage. According to the test results, PPAA-
50, in both sodium and potassium modifications, 
displayed the dual characteristics of a surfactant 
and a polymer during the oil displacement 
process in porous media.

Russian researchers [62] conducted laboratory 
tests to identify the optimal surfactant–polymer 
mixture composition, evaluating interfacial 
tension, thermal stability, phase behavior, and 

rheological properties. After laboratory trials, 
field tests were performed on two wells of the 
Kholmogorsk oilfield, using separating chemical 
tracers. Field results for the selected surfactant 
correlated well with laboratory findings. The 
tests revealed that residual oil saturation within 
the treated zone decreased by approximately 11 
%, equivalent to about one-third of the residual 
oil remaining after water flooding – a strong 
indication of the surfactant–polymer system’s 
effectiveness.

German scientists [63] explored a process 
involving grafting sulfo groups from a solvent into 
the polymer chain. The methyl ether sulfonate, an 
anionic surfactant derived from palm oil, was used 
as the reactive species. The optimal polymerization 
results were achieved at a molar ratio of methyl 
ether sulfonate : acrylamide = 1 : 0.3. When the 
polymeric surfactant was added, the interfacial 
tension decreased from 8.6 to 2.3 mN/m. 
Thermogravimetric analysis confirmed that this 
polymeric surfactant is thermally stable under 
reservoir conditions and capable of emulsifying 
crude oil. Adsorption studies showed that the 
adsorption on rock surfaces increased with 
surfactant concentration, and core flooding 
experiments demonstrated improved oil recovery 
across various surfactant concentrations. Despite 
not achieving extremely low interfacial tension, 
this polymeric surfactant is considered a viable 
alternative for EOR applications.

In [64], attention was given to the synthesis 
of an anionic polymeric surfactant derived from 
non-edible Jatropha oil for EOR applications. 
The surfactant was produced by reacting 
monomeric acrylamide with methyl ether 
sulfonate derived from Jatropha oil via free-
radical polymerization. The synthesized 
surfactant was characterized using FTIR, 1H 
NMR, FE-SEM, EDX, TGA, and DLS analyses. 
The polymeric surfactant exhibited properties 
of both surfactant and polymer components. 
Physicochemical testing of the aqueous 
solutions showed effective reduction of 
interfacial tension, alteration of wettability, and 
favorable rheological behavior. The interfacial 
tension between crude oil and the polymeric 
surfactant solution at CMC was 2.74 mN/m, 
which decreased to 0.37 mN/m upon addition of 
2.5 wt. % NaCl. The product remained thermally 

Fig. 1. Graph of the dependence of surface tension on 
the concentration of the reagent solution at the inter-
face with kerosene [52]: 1 – polyacrylamide; 2 – basic 
(grade B); 3 – optimized (grade B); 4 – (grade A)
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stable under reservoir conditions (80–120 °C) 
and enhanced oil recovery by more than 26 % 
after conventional water flooding, with even 
greater improvement at elevated temperatures.

Researchers [65] synthesized a polymeric 
surfactant from castor oil for chemical EOR 
applications. Formulations were prepared 
with varying mass ratios of surfactant to 
acrylamide, and the final products were 
characterized using FTIR, FE-SEM, EDX, TGA, 
and DLS. The performance of these polymeric 
surfactants was evaluated by measuring 
interfacial tension, rheological behavior, and 
contact angle with sandstone surfaces. Adding 
NaCl to the surfactant solution reduced the 
interfacial tension to an ultra-low value of 
2.0·10–3 mN/m. Core flooding experiments 
demonstrated additional oil recovery of 26.5, 
27.8, and 29.1 % with 0.5, 0.6, and 0.7 wt.% 
polymeric surfactant solutions, respectively, 
after conventional water flooding.

Recently, ionic liquids (ILs) have been 
investigated as alternatives to traditional 
surfactants due to their tunable surface-active 
properties. A review by Spanish researchers 
[66] highlighted the advantages of ionic-liquid-
based surfactants for EOR, particularly their 
stability under harsh conditions (high salinity 
and/or temperature). However, the number of 
core flooding experiments with ILs remains 
limited. After secondary flooding, oil recovery 
reached 32 % of the original oil in place. Most 
IL formulations were developed for sandstone 
reservoirs, with few studies involving carbonate 
cores. The authors proposed and analyzed 
1-decyl-3-methylimidazolium triflate ([C10mim]
[OTf]), which significantly reduced interfacial 
tension at the oil–water interface. The effect 
improved with increasing NaCl concentration and 
decreasing NaOH concentration. An optimized 
formulation containing 4000 ppm [C10mim][OTf] + 
1 wt. % NaOH + 2 wt. % NaCl was suggested. High 
adsorption in sandstone limited efficiency, but in 
carbonate cores, an additional 10.5 % oil recovery 
was achieved at room temperature. When 
followed by polyacrylamide polymer flooding, 
the process remained cost-effective. The main 
EOR mechanism was attributed to interfacial 
tension reduction, with viscosity effects playing 
a secondary role.

Indian scientists [67] studied the interfacial 
properties of  imidazolium ionic l iquid 
surfactants and their application for enhanced 
oil recovery. The advantage of 1-hexadecyl-
3-methylimidazolium bromide (C16mimBr) 
over the traditional cationic surfactant, 
cetyltrimethylammonium bromide (CTAB), 
was highlighted. The effectiveness of both 
(C16mimBr and CTAB) in recovering additional 
oil was established by conducting laboratory 
core flooding experiments. The experiments 
showed that C16mimBr more effectively reduces 
the interfacial tension between the water-oil 
system and, thus, recovers more additional oil 
than the traditional cationic surfactant, CTAB. 
The obtained results reflect the high interfacial 
activity, high oil solubility (due to emulsion 
formation), and stability of C16mimBr during the 
EOR process under harsh reservoir conditions.

In [68], synthesized ionic liquids (C8mimBF4, 
C10mimBF4, and C12mimBF4) were analyzed for 
their potential application in EOR. Reactions 
between 1-methylimidazole and alkyl bromide 
(1-bromooctane for [C8mimBF4], 1-bromodecane 
for [C10mimBF4], and 1-bromododecane for 
[C12mimBF4]) were carried out at a 1:1 molar ratio 
at 70°C for 48 hours. The resulting ionic liquids 
were investigated in terms of surface activity, 
interfacial tension reduction, wettability 
alteration, adsorption properties, emulsification, 
and oil recovery. It was observed that surface 
activity increases with an increase in alkyl 
chain length. The results of studying interfacial 
activity as a function of the concentration of ionic 
liquid, salt (NaCl), and alkali (triethylamine) 
showed that the synthesized ionic liquids 
effectively reduce interfacial tension. It was 
found that with increasing alkyl chain length, 
the CMC values and interfacial tension (0.041 
mN/m) decrease. The synthesized ionic 
liquids are capable of altering the reservoir 
rock wettability towards more water-wet 
(hydrophilic) conditions, leading to greater oil 
recovery efficiency. Comparative flooding tests 
were conducted: polymer (partially hydrolyzed 
polyacrylamide), ionic liquid+polymer, and ionic 
liquid+polymer+alkali. In terms of interfacial 
tension reduction, wettability alteration, and 
additional oil recovery (32.28%), the ionic 
liquid+polymer+alkali flooding stood out. The 
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authors concluded that ionic liquids can be 
considered as a new generation of surfactants 
in chemical EOR processes for reservoirs with 
harsh conditions.

Scientists from Saudi Arabia [69] conducted 
comparative studies to investigate the efficiency 
of four environmentally friendly, low-cost, and 
commercially available imidazolium-based ionic 
liquids (1-butyl-3-methylimidazolium chloride 
[C4mim]+[Cl]-, 1-hexyl-3-methylimidazolium 
c h l o r i d e  [ C 6 m i m ] + [ C l ] - ,  1 - o c t y l - 3 -
methylimidazolium chloride [C8mim]+[Cl]-, 
and 1-dodecyl-3-methylimidazolium chloride 
[C12mim]+[Cl]-) with two conventionally used 
surfactants (CTAB and SDS) for EOR from a 
hydrophobic carbonate sample. The effects 
of various factors were studied, including 
ionic liquid concentration (0; 50; 100; 250; 
and 500 ppm), aging time (0; 2; and 8 weeks), 
and permeability contrast (50 and 250 mD). 
The experiments were conducted using Saudi 
Arabian crude oil at high temperature (100 °C) 
and high salinity (total dissolved solids (TDS) 
= 240,000 ppm), simulating harsh reservoir 
conditions. The rock samples were subjected 
to NMR analysis to determine the imbibition 
rate and evaluate the oil and water phase 
distribution during the process. Overall, the 
ionic liquids had a positive effect on EOR from 
the carbonate reservoir. The maximum oil 
recovery using the ionic liquid is 64.6%, which 
is almost double the performance of seawater 
(31.3%), while conventional surfactants SDS 
and CTAB only reached 40.3% and 42.8%, 
respectively. Furthermore, as the alkyl chain 
length increases, the oil recovery efficiency 
grows. Thus, [C12mim]+[Cl]- demonstrates the 
maximum efficiency. Achieving a 15–35% 
increase in oil production using this ionic liquid-
based technology could lead to economic profit 
in the oil industry. Additionally, these ionic 
liquids demonstrate good colloidal stability 
under high temperature and high salinity 
conditions.

M. S. Benzagouta et al. [70] investigated 6 
"Ammoeng" type ionic liquids as surfactants for 
EOR. The interfacial tension at the interface 
between oil and solutions of the aforementioned 
ionic liquids at various concentrations in a 10% 
wt. aqueous NaCl solution was measured as a 

function of temperature. The interfacial tension 
value increases with increasing temperature. 
In all cases, as the ionic liquid concentration 
increases, the interfacial tension value decreases. 
Ammoeng 102 showed the lowest surface 
tension value, which decreased with increasing 
temperature. The obtained values were compared 
with those of commercially available surfactants, 
namely Triton X-100, measured under similar 
conditions. The comparison showed that the 
surface tension values using ionic liquids 
are much lower. Furthermore, the interfacial 
tension values for all reagents used in the 10% 
wt. aqueous NaCl solution were lower than in 
deionized water under the same conditions. The 
possibilities of a synergistic effect when using a 
mixture of Ammoeng 102 and Triton X-100 were 
also investigated. Experiments showed that the 
interfacial tension value depends on the total 
concentration, the mass ratio of the surfactant 
to the ionic liquid, and the temperature. The 
saline solution of Ammoeng 102 showed the best 
results. The study of the effect of these reagents 
on oil recovery showed that this ability depends 
on the three-phase contact, namely oil, aqueous 
solution, and rock.

Iranian scientists [71] conducted research 
on well stimulation using surfactants as a 
practical method for EOR. Three different 
surfactant samples were selected: newly 
developed commercial (AN-120, NX-610, NX-
1510, NX-2760, and TR-880), traditional (sodium 
dodecylbenzene sulfonate (SDBS) and SDS), and 
ionic liquid-based surfactants ([C12mim]+[Cl]- 
and [C18mim]+[Cl]-). Aqueous solutions were 
prepared in distilled, formation, and seawater. 
All samples were highly compatible with distilled 
water. The commercial and ionic liquid-based 
surfactants were compatible with formation 
and seawater, while traditional surfactants 
experienced a loss of functionality as salinity 
increased. It was found that the commercial and 
ionic liquid-based surfactants tolerated harsh 
salinity conditions well and possessed the ability 
to reduce interfacial tension down to 0.07 mN/m. 
Contact angle measurements showed that among 
the investigated surfactants, [C12mim]+[Cl]-, AN-
120, and NX-2760 shifted the rock wettability 
towards more water-wet conditions, while other 
surfactants showed no significant effect on 
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altering rock wettability. To study the effect of 
wettability during the injection of [C12mim]+[Cl]-, 
an imbibition process (duration 21 days) was 
conducted on a water-flooded core, which 
revealed that the tertiary oil recovery efficiency 
was critically increased to 12.7% of the original 
oil in place.

To clarify the details of the EOR process through 
surfactant solution flooding, the authors [72] 
studied the behavior of model systems consisting 
of a packed column of calcium carbonate (as the 
porous rock), n-decane (as the oil), and aqueous 
solutions of the anionic surfactant sodium bis(2-
ethylhexyl) sulfosuccinate (AOT). Figure 2 shows 
a schematic of the setup for packing the powder 
column. 

The AOT concentration was varied from zero 
to above the critical aggregation concentration 
(CAC). The salt content in the aqueous solutions 
was varied to obtain systems with a wide range 
of interfacial tension values at the oil-water 
interface. It was shown that the change in contact 
angle with the change in surfactant concentration 
is related to surface tension measurements and 
adsorption isotherms. The adsorption isotherms 
allow for estimating the concentration of non-
adsorbed surfactant in the packed column, 
which, in turn, permits a detailed analysis of the 
change in percentage oil recovery as a function 
of surfactant concentration. At surfactant 
concentrations below the CAC, the percentage oil 
recovery is determined by the contact angle. In the 
case of concentrations above the CAC, additional 
oil recovery occurs due to solubilization and an 
emulsification mechanism.

Study [73] primarily focuses on a review of 
the application of the alkali-surfactant-polymer 
(ASP) flooding process in oil production and its 

limitations in onshore and offshore oil recovery. 
The ASP EOR technology is a versatile method of 
tertiary oil recovery. Alkali-surfactant-polymer 
flooding is a combined process in which all three 
components—alkali, surfactant, and polymer—
are injected in a single slug. Thanks to the synergy 
of these three components, ASP is widely applied 
in both pilot and field operations with the aim of 
achieving optimal results at minimal cost. To take 
this technology to the next level, it is necessary to 
develop more advanced ASP systems with more 
cost-effective surfactants in low-alkali systems 
and with pH-resistant polymers. The article 
discusses technical solutions for some of these 
challenges.

The authors of [74] conducted a review 
of research papers on alternative alkalis, 
surfactants, and polymer chemical agents for 
EOR. Based on these works, organic alkalis have 
been proposed as an alternative to inorganic 
alkalis to address problems of incompatibility 
with seawater and formation brine, scaling 
issues, and the detrimental effect of alkali on 
polymer thickening. Among the organic alkalis, 
ethanolamine was found to be the most effective 
and has therefore been the most widely studied 
as a potential alkali for field applications. Fig. 3 
provides micrographs of "oil-in-water" emulsions 
with different chemical solutions: surfactant, 
ethanolamine, and surfactant+ethanolamine. 

Its performance is comparable to conventional 
inorganic alkalis, and in some aspects, 
surpasses them. Based on various studies, bio-
based surfactants have been proposed as an 
environmentally friendly and cost-effective 
alternative to synthetic surfactants. Plant-
oil-based surfactants have been proven to be 
superior to synthetic surfactants and are also 

Fig. 2. Diagram of the installation for filling a column with packed powder [72]
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environmentally safe. Ionic liquids have been 
proposed as alternative surfactants for harsh 
temperatures and high-salinity reservoirs. 

However, further research is needed to 
improve their performance in achieving ultra-
low interfacial tension. Biopolymers have been 
recommended as a stable alternative to synthetic 
polymers under harsh temperature conditions in 
high-salinity reservoirs.

Study [75] reported the development and 
testing of enzyme-based biochemical complexes 
in Vietnam’s oil industry. Studies showed 
that to avoid a decrease in enzyme activity in 
reservoir conditions (due to high temperature 
and salinity), the use of a chelating agent is 
required to limit the influence of metal ions. 
To improve the properties of the enzymes, 
they were combined with a surfactant, for 
which alpha-olefin sulfonate was selected. The 
surface tension of the solution decreased to 2.7 
mN/m. The surface tension of the initial enzyme 
solution increases during thermal stabilization, 
whereas in the enzyme-surfactant solution, the 
surface tension changes insignificantly. This 
means the added surfactant helps to increase 
the surface activity and thermal stability of the 
initial enzyme solution. Using the Modde 5.0 
(Modeling and Design) program, the optimal 
concentration of the enzyme solution and 
surfactant was determined for the minimum 
surface tension value of the enzyme solutions. 
Based on the results, the following component 
composition was determined, %: enzyme - 50.0; 
surfactant - 30.0; stabilizer - 1.0; microorganism 
inhibitor - 0.5.

In [76], four different types of surfactants 
from a new class were investigated for their 
effectiveness in tertiary oil recovery: ditridecyl 
sulfosuccinate ester; coconut diethanolamide; 
alkyl polyglycosides (APG); and sodium 
salts of alkyl propoxy sulfate. The tested 
formulations were selected after extensive 
research, including measurements of interfacial 
tension and adsorption behaviour on kaolinite 
clay. The main results of this study include: 
ditridecyl sulfosuccinate ester showed only 
low (15%) tertiary oil recovery; coconut 
diethanolamide demonstrated high TOR (75%); 
APG showed good tertiary oil recovery, from 
40% to 55%; sodium salts of alkyl propoxy 
sulfate were also effective in terms of tertiary 
oil recovery (recovering 35% to 50% additional 
oil); coconut diethanolamide and sodium 
salts of alkyl propoxy sulfate were effective 
even at high salinity (4–10 wt% NaCl). The 
adsorption of APG surfactants onto the solid 
state depended on the alkyl chain length of the 
APG. A longer chain length resulted in greater 
adsorption. All surfactant formulations were 
suitable in terms of EOR (after waterflooding). 
The observed tertiary oil recovery was in the 
range of 15–75% for consolidated sandstone 
cores. 94% recovery of the original oil in place 
from the reservoir was reported in the case of 
sandstone. The results indicate that a wide 
range of surfactants can meet the technical 
requirements for EOR agents.

Study [77] focused on gemini surfactants, 
examining their adsorption, rheology, wettability 
alteration, and interfacial properties, highlighting 

Fig. 3. Microphotographs of oil-water emulsions with various chemical solutions [74]: surfactant (left), etha-
nolamine (center), as well as surfactant and ethanolamine (right) [74]
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their potential as next-generation reagents 
for EOR. The rich variety of anionic, nonionic, 
cationic and zwitterionic gemini surfactants 
makes them accessible. The structures of typical 
representatives of gemini surfactants are shown 
below. 

Low CMC, excellent wetting and foam-
forming properties, the ability to reduce surface 
tension, unique aggregation behavior, and the 
capacity to achieve ultra-low interfacial tension 
at low concentrations make gemini surfactants 
highly suitable for use in EOR processes. Despite 
the growing number of laboratory studies and 
promising results obtained for gemini surfactants, 
core flooding data remain scarce. This is likely 
due to the fact that gemini surfactants are still a 
relatively new class of surfactants; however, they 
are expected to replace conventional monomeric 
surfactants in the future.

Authors [78] presented a chronological 
overview of technological developments and 
physicochemical research related to gemini-
type surfactant systems. The paper focuses 
primarily on cationic, anionic, nonionic, and 
zwitterionic gemini surfactants. Traditional EOR 
systems are characterized by the widespread use 
of monomeric surfactants, which tend to self-

aggregate at high concentrations. Consequently, 
crude oil often remains insufficiently mobile 
during displacement, necessitating the use of 
viscous buffers to push oil toward production 
wells. By contrast, gemini surfactants, due 
to their unique dimeric molecular structure 
and superior properties, yield innovative and 
efficient results in EOR applications. Cationic 
gemini surfactants are the most extensively 
studied and have demonstrated excellent 
performance in thermodynamically stable 
solutions, microemulsions, and nanofluid-based 
systems, suitable for both conventional and 
unconventional reservoirs. Anionic surfactants, 
particularly sulfonates, form a diverse range of 
high-quality emulsifying and foaming aqueous 
solutions, ideal for EOR. Nonionic surfactants, 
when used in mixtures or formulations, exhibit 
salt tolerance, favorable rock adsorption, and 
compatibility with formation fluids. Zwitterionic 
surfactants, owing to their structural features, 
offer stability over a wide salinity range, 
ultra-low interfacial tension, and viscoelastic 
properties, combined with low binding energy, 
which enhance their EOR potential. Gemini 
surfactants are effective in small quantities, 
and their dimeric structures enable synergistic 

The structures of typical representatives of gemini surfactants
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interactions with polymers, nanoparticles, and 
other additives, leading to increased tertiary 
oil recovery. The authors concluded that it 
is essential to develop commercially viable 
strategies for applying gemini surfactants to 
recover additional crude oil via EOR. The use 
of gemini surfactants in efficient oil recovery is 
expected to show stable and dynamic growth in 
the future.

In [79], four cationic gemini surfactants 
with different aliphatic spacer lengths 
were synthesized via  the reactions of 
1,3-dibromopropane, 1,4-dibromobutane, 
1,5-dibromopentane, and 1,6-dibromohexane 
with N,N-dimethyltetradecylamine. Unlike 
conventional surfactants, gemini surfactants 
exhibited very low CMC values (< 200 ppm). 
It was found that the CMC increases with 
temperature. These surfactants demonstrated 
excellent salt resistance and long-term thermal 
stability. Optimal viscosities were observed 
in systems where wormlike micelles formed 
typically in shorter-spacer systems (with longer 
spacers leading to spherical micelles). Dynamic 
surface tension measurements showed an 
initial decrease over time until equilibrium was 
reached. Ultra-low interfacial tension values, in 
the range of 10-2 mN/m, were observed in crude 
oil–surfactant systems, further reduced to 10-

3mN/m with salt addition. Both salt addition 
and temperature increase improved wettability. 
TOR in the range of 24–30% was achieved 
with gemini surfactants alone and 30–35% for 
polymer (partially hydrolyzed polyacrylamide)–
gemini surfactant systems. The compound 14–
6–14 exhibited the best performance for EOR 
applications.

Conclusions
A concise literature analysis on the study of 

polymeric surfactants in EOR processes leads to 
the conclusion that using surfactants either as 
independent agents or in mixtures with polymers, 
acids, salts, and other components enhances their 
properties and represents a promising direction 
for research and practical application. Therefore, 
the study of polymeric surfactants as agents for 
improving oil recovery remains a relevant and 
significant topic.
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1. Introduction
The phenomenon of azeotropism, i.e., the 

ability of certain multicomponent systems to 
form inseparable boiling mixtures under specific 
conditions, is typically associated with the 
formation of associative intermolecular bonds 
[1]. It is widespread: approximately half of all 
studied liquid–vapor systems exhibit azeotropic 
behavior. Although this subject has been widely 
investigated in the literature [1–6], azeotropism 
in solid clathrate hydrate solutions remains 
relatively unexplored.

Azeotropes arise when a mixture deviates 
from Raoult’s and Dalton’s laws, which predict 
the equality of phase compositions and baric 
conditions, respectively. Such deviations result 
from physical and chemical effects including 
dipole–dipole interactions, molecular polarization, 
differences in van der Waals forces, and hydrogen 
bonding [6]. These factors can promote molecular 
association, dissociation, and solvation processes.

According to Konovalov’s second law, 
azeotropic mixtures correspond to the extremal 
points of isobaric boiling point or isothermal vapor 
pressure versus composition curves. “Positive” 
azeotropes are associated with endothermic 
formation processes, while “negative” ones are 
exothermic. The decomposition of azeotropes 
is characterized by opposite enthalpy signs and 
energy magnitudes an order of magnitude smaller 
than the heat of vaporization, differing for each 
specific azeotrope.

Complex azeotropes can exhibit both 
minimum and maximum boiling points, and 
so-called “saddle-type” azeotropes do not fall 
strictly into positive or negative categories. As 
the boiling point or equilibrium pressure changes, 
the azeotropic composition shifts accordingly. 
Vrevsky demonstrated that in systems with vapor-
pressure extrema, the azeotrope composition 
varies with temperature, reflecting a shift in vapor 
composition at equilibrium.

This  implies  that, at  an azeotropic 
extremum, increasing the temperature raises 
the concentration of the component with 
the higher enthalpy of vaporization, and vice 
versa. Consequently, variations in thermobaric 
conditions alter the component concentrations 
and the azeotropic point itself; in some cases, the 
azeotropy may even disappear entirely.

Changes in mixture composition due to 
additional components also influence azeotropic 
behavior. When a small amount of a nonvolatile 
component is introduced, its effect depends 
on its impact on the mixture’s vapor pressure. 
Similar equality effects in equilibrium phase 
compositions have been observed in crystalline 
phase–melt [12] and solid adsorbent–solution 
systems [13].

Clathrate hydrates, in this context, represent 
an especially intriguing research subject. They 
are crystalline compounds that form under 
specific thermobaric conditions from ice-like 
water molecule frameworks enclosing gaseous 
or liquid guest molecules in a quasi-liquid state. 
Owing to their structural and thermodynamic 
characteristics, clathrate hydrates hold great 
potential for gas storage, energy transport, and 
selective separation processes. The present 
work examines the features and possible 
applications of azeotropic phenomena in 
hydrate systems.

2. Azeotropism in clathrate hydrates
The phenomenon of azeotropism in hydrates 

was first observed experimentally in [15]. That 
study cast doubt on earlier interpretations by 
[7], who had considered double hydrogen sulfide 
hydrates as compounds of constant composition.

When analyzing the physical nature of 
azeotropy in clathrate hydrates, it is important 
to note that, in contrast to liquid solutions, 
intermolecular interactions between guest 
molecules confined within individual hydrate 
cavities are limited. If only one molecule is 
present per cavity, direct interaction between 
guest molecules is impossible. Instead, guest–
host interactions occur between hydrate-
forming molecules and the ice-like framework 
of water molecules through van der Waals forces. 
The strength of these interactions affects the 
Langmuir constants of the mixture components, 
which can be determined either directly using 
intermolecular interaction potential functions 
or by simplified empirical methods.

As suggested in [16], a significant difference 
between the Langmuir constants of two 
components can lead to azeotropic behavior 
at corresponding partial pressures PA and PB. 
Qualitatively, at equilibrium the mole fraction of 
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component A in the vapor phase equals that of 
component B in the hydrate phase:

C
C
A

B

> 1, 		  (1)

P
P
A

B

< 1. 		  (2)

Before proceeding to discuss the specific 
features and conditions under which azeotropism 
arises, it is useful to recall that hydrate cavities 
(Fig. 1) typically comprise 12–20 water molecule 
tetrahedra with oxygen atoms at the vertices and 
hydrogen bonds along the edges [17]. Molecules 
of small characteristic diameter (up to 5.5 Å) can 
occupy all cavity types, whereas larger molecules 
(5.5–7.5 Å) are confined to the larger T, T′, P, and 
H cavities.

Among known hydrate structures, the cubic 
CS-I and CS-II types are the most common, 
whereas the hexagonal (structure H) occurs less 
frequently (Table 1). CS-I has a body-centered 
cubic lattice containing 46 water molecules, 
comprising two small and six large cavities 
(Fig. 2). CS-II, with a face-centered cubic lattice 
of 136 water molecules, contains 16 small and 
eight large cavities. HS-III consists of 34 water 
molecules forming three small, two medium, and 
one large cavity.

The stability of a crystalline hydrate phase 
depends strongly on the fraction of occupied 

cavities. When the number of guest molecules is 
insufficient for a given pressure, temperature, and 
composition, the hydrate becomes unstable and 
dissociates. Thermodynamic studies show that 
hydrates formed from larger guest molecules (e.g., 
propane) exhibit lower equilibrium dissociation 
pressures than those formed from smaller ones 
(e.g., methane). Consequently, hydrates formed 
from mixed gases have equilibrium pressures 
closer to those of the component with the lower 
dissociation pressure.

For instance, a mixture containing 99 
mol % methane and 1 mol% propane forms 
hydrates with a lower dissociation pressure 
than either pure methane or propane. Several 
studies have further shown that some ternary 
mixtures, such as methane–propane–water, 
exhibit equilibrium pressures even lower than 
those of the corresponding binary gas–water 
systems. At 278 K, a 25 mol % methane–propane 
mixture forms hydrates with a dissociation 
pressure below that of either pure gas. Propane 
in the gas phase forms hydrates at a pressure 
roughly 10% lower than that required for pure 
propane hydrate formation. In this particular 
ternary system, an azeotropic composition 
exists at which the dissociation pressure reaches 
a minimum compared with both individual 
hydrates.

The enhanced stability of hydrates formed 
from certain mixtures, reflected by their reduced 

Fig. 1. Polyhedrons of hydrated frameworks – cavities (mγ – γ faces with the number of edges m)
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equilibrium pressure, results from several 
competing effects. In propane hydrates, propane 
molecules occupy only the large cavities of CS-
II; the stability of this structure thus depends 
critically on the filling of these cavities. Methane, 
having a smaller molecular size, can occupy the 
small cavities of CS-II and thereby contribute 
to its stabilization. Reducing the molar fraction 
of propane in a methane–propane mixture 
increases the stability of methane hydrates 
and decreases that of propane hydrates. Under 
certain conditions, specifically at an azeotropic 
point, the stabilizing effect of methane exceeds 
the destabilizing effect of propane, producing an 
overall pressure reduction required for hydrate 
formation.

According to [16], hydrogen sulfide can 
occupy small cavities within the hydrate lattice in 
double-phase systems. In the CS-I structure, the 

total contribution of hydrogen sulfide to cavity 
filling is negligible. In contrast, in CS-II hydrates, 
larger guest molecules populate the large cavities 
while hydrogen sulfide preferentially occupies the 
small ones, thereby enhancing stability through 
selective cavity occupation.

3. Experimental methods for determining 
azeotropism in hydrates

The authors of [24] investigated several 
hydrate-forming systems: methane–propane–
water at 275.15 K and 278.15 K; krypton–propane–
water at 276.15 K; methane–cyclopropane–
water at 277.15 K and 281.15 K; and methane–
isobutane–water at 274.35 K. The temperatures 
were selected to prevent the appearance of a liquid 
hydrate-forming phase. Azeotropic compositions 
were identified for methane (0.19 mol%) – propane 
(0.81 mol%) at 275.15 K and 0.245 MPa, and for 

Table 1. Filling of small and large cavities of hydrate structures KS-I and KS-II with molecules

Structure of CS-I Structure of CS-II
Molecule Small cavities Large cavities Small cavities Large cavities

Hydrate former Diameter, Å Ratio of molecule/cavity sizes
He 2.28 0.447 0.389 0.454 0.342
H2 2.72 0.533 0.464 0.542 0.408

Ne 2.97 0.582 0.507 0.592 0.446

Ar 3.80 0.756 0.649 0.756 0.579

Kr 4.00 0.795 0.683 0.795 0.609

N2 4.10 0.815 0.700 0.815 0.624

O2 4.20 0.835 0.717 0.835 0.640

CH4 4.36 0.867 0.744 0.867 0.664

Xe 4.58 0.911 0.782 0.911 0.698

H2S 4.58 0.911 0.782 0.911 0.698

CO2 5.12 1.018 0.874 1.018 0.780

N2O 5.25 1.044 0.897 1.044 0.800

C2H4 5.50 1.094 0.939 1.094 0.838

C2H6 5.50 1.094 0.939 1.094 0.838

C2H2 5.73 1.139 0.978 1.139 0.873

c-C3H6 5.80 1.153 0.990 1.153 0.883

C3H8 6.28 1.249 1.072 1.249 0.957

i-C4H10 6.50 1.292 1.110 1.292 0.990

n-C4H10 7.10 1.412 1.212 1.412 1.081

* Filling means the impossibility of filling the cavities, no filling and bold numbers correspond to individual, other 
cases – to mixed hydrates.
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methane (0.39 mol%) – propane (0.61 mol%) at 
278.15 K and 0.458 MPa. Another azeotrope was 
observed for krypton (0.669 mol%) – propane 
(0.331 mol%) at 276.15 K and 0.231 MPa.

In [25], they presented the equilibrium 
conditions for hydrates of the binary mixtures 
Xe + C3H8, Kr + C3H8, and Kr + C2H6, for which 
they determined hydrate azeotrope formation 
temperatures of 273.5, 276.5, and 278.5 K, 
respectively.

A study [26] reported azeotropic mixtures of 
C2F6 and N2 within the temperature range T > 
276.5 K. X-ray powder diffraction showed that 
ternary systems consisting of C2F6, N2, and H2O 
form hydrates with CS-II for all concentrations 
of C2F6 studied in this experiment. The pressure-
composition diagram obtained at two different 
temperatures (275.15 K and 279.15 K) shows 
that C2F6 is highly enriched in the hydrate phase 
at 275.15 K, while at 279.15 K, the C2F6 + N2 + 
H2O system has an azeotrope with a hydrate 
composition that is the same as the vapor phase 
composition.

Experimental data from [24] also showed that 
methane–propane and propane–krypton systems 

form hydrate azeotropes in the temperature range 
274.15–281.15 K, whereas methane–cyclopropane 
and methane–isobutane systems do not exhibit 
azeotropy under these conditions. These findings 
suggest that azeotropy originates from intrinsic 
features of hydrate crystal structures rather than 
from phase imperfections.

In [27], the azeotropic properties of clathrate 
hydrates formed by hydroquinone (HQ) with 
guest molecules of carbon dioxide (CO₂) and 
nitrous oxide (N₂O) were investigated. Structural 
features of β-HQ clathrates and cavity occupancy 
were characterized using scanning electron 
microscopy, X-ray diffraction, infrared and 
Raman spectroscopy, and solid-state nuclear 
magnetic resonance. Gas uptake and selectivity 
between CO₂ and N₂O were determined by 
gravimetric and concentration analyses of the 
clathrate phase.

4. Methods for calculating azeotropism 
in hydrates

The known conditions of the azeotropic state, 
such as temperature extrema or equality of the 
compositions of coexisting phases, serve as the 

Fig. 2. Elementary cells of hydrate crystal lattices
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basis for determining the composition of an 
azeotrope at a given pressure. 

To evaluate the hydrate composition at 
the azeotropic point, derivatives of the mole 
numbers of each component are taken with 
respect to pressure, while setting the derivative 
of the chemical potential difference to zero. This 
ensures the condition of extremum, since the 
potential difference varies monotonically with 
pressure at constant temperature.

Following [23], for a system composed of two 
gases and water, the azeotropic composition can 
be described by:

y
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where v1 and v2 represent the numbers of small 
and large cavities per water molecule in the hy-
drate, Cji are the Langmuir constants for the i-th 
molecule and the j-th cavity.

The equation shows that the hydrate 
composition in the azeotropic state strongly 
depends on the Langmuir constants, which in 
turn depend on the Kihara parameters of the 
hydrate formers and the cavity sizes.

To determine whether two hydrate formers 
are capable of forming an azeotrope, the ratio of 
their Kihara gas diameters to the cavity diameter 
is examined. This ratio by itself does not indicate 
the existence of an azeotropic state in the hydrate 
but only shows whether two types of gases can 
be geometrically combined to form an azeotropic 
mixture. 

This ratio indicates geometric compatibility 
but does not necessarily guarantee azeotropy. 
Calculations [23] show that each cavity has 
an optimal ratio of Kihara diameter to cavity 
diameter of approximately 0.44. Based on this, 
the authors concluded that a ternary mixture 
will form azeotropic hydrates only if one of the 
hydrate-forming molecules has a ratio of large-
to-small cavity diameters close to 0.44. Due to 
the presence of larger guest molecules, the cubic 
structure II hydrate is generally more stable than 
structure I; however, under certain conditions, 
structure I systems may also exhibit azeotropic 
behavior. Due to the presence of larger guest 

molecules, the hydrate of CS-II will generally be 
more stable than CS-I, however, under certain 
thermobaric conditions, systems with CS-I can 
also display azeotropic behavior.

Graphical interpolation techniques can be 
employed to estimate the hydrate composition 
at the azeotropic point for a fixed temperature. 
Grapho-analytical verification performed at 273.1 
K confirmed azeotropy for several binary hydrate-
forming mixtures: H2S–CH4, H₂S–C2H4, H2S–C2H6, 
H2S–CO2, and H2S–Br2. Additional verification for 
CS-II hydrates, including H2S–i‑C4H10, H2S–CHCl3, 
H2S–SF6, C3H8–CH4, C3H8–C2H6, C3H8–CO2, C3H8–
Br2, and i-C4H10–CHCl3, showed that only CS‑II 
hydrates containing hydrogen sulfide exhibit 
azeotropic behavior.

A practical approach for experimentally 
conf i rming hydrate  azeotropes  i s  the 
chromatographic method described in [28]. 
It involves the gradual evaporation of liquid 
mixtures with helium or hydrogen in a column 
packed with nonporous material lacking a 
stationary liquid phase. The presence of azeotropy 
in a given concentration range can be inferred by 
comparing the heights of final elution peaks; 
variations in peak height indicate azeotropic 
composition.

It is noteworthy that hydrogen sulfide 
strongly stabilizes hydrate structures due to its 
positive external electron field when rotating 
within the cavity [29]. In contrast, carbon dioxide 
experiences a negative external field, reducing its 
stabilizing effect.

Alternatively, azeotropic behavior can be 
predicted using iterative methods for component 
distribution within the hydrate phase, as proposed 
in [30]. These methods utilize equilibrium 
constants and incorporate kinetic factors 
associated with phase transformation rates.

4. Conclusion
Although the azeotropic behavior of clathrate 

hydrates presents remarkable scientific and 
technological potential, the number of published 
studies remains limited [31–35].

Reference [27] proposed the storage of 
greenhouse gases in hydroquinone clathrates, 
which demonstrate strong molecular selectivity 
over a broad temperature range (up to ~353 K) 
and at moderate pressures (<1 MPa). For 
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hydroquinone clathrates with the composition 
3HQβ·0.42CO2·0.43N2O, the total cavity occupancy 
was 0.82–0.84. The fraction of cavities filled with 
CO2 increased linearly with its concentration 
in the feed mixture, while the N2O occupancy 
decreased correspondingly.

From an industrial standpoint, the separation 
of azeotropic mixtures is one of the most 
challenging operations because the components 
undergo simultaneous vapor–liquid phase 
transitions. As suggested in [31], hydrate 
formation can be exploited as an alternative solid–
liquid separation mechanism. The feasibility 
of such hydrate-based separation depends on 
the hydrate’s crystal structure and bonding 
characteristics. For example, when separating 
cyclopentane and neohexane, both valuable 
hydrocarbon components and typical azeotrope 
formers, the use of hydrate formation enabled 
the purification of cyclopentane to 98.56 % yield, 
demonstrating the effectiveness of hydrate-based 
azeotrope separation technology.
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1. Introduction
Among inorganic oxides with small particle 

sizes, spinel ferrite-type RFe2O4 (where R is 3d 
transition metals such as Mn, Cr, Fe, Co, Ni, Zn) 
has attracted research attention due to its unique 
electrical, optical and magnetic properties [1–
3]. The application fields of spinel ferrite RFe2O4 
nanomaterials are also very abundant and 
diverse such as biochemical sensors, memory 
devices, computer components, high-density 
magnetic recording materials, transformer 
cores, permanent magnets, microwave absorbing 
materials [1–4]. In addition, spinel ferrites 
are also used for the removal of toxic organic 
substances in environmental treatment such 
as catalytic and photocatalytic decomposition 
of dyes, phenol, or nitrophenol [5], adsorption 
of congo red [6]. Among spinel ferrites, cobalt 
ferrite (CoFe2O4) is the of particular interest 
to many researchers due to its interesting 
physicochemical properties such as chemical and 
mechanical stability, high crystalline anisotropy 
(K·10–3 = 6.04 emu·g–1·Oe) [7], moderate saturation 
magnetization (Ms  =  67.37 emu·g–1) [8], high 
coercivity (Hc = 848.32 Oe) [9], ferromagnetism 
with high Curie temperature (Tc = 790 K) [10, 11]. 

Besides interesting magnetic properties, 
CoFe2O4 nanoparticles have recently been 
studied as catalytic materials and Fenton 
photocatalysts for various reactions due to their 
strong absorption of light in the ultraviolet and 
visible regions [8, 11–15]. It can be seen that, 
depending on the research objectives, there 
will be different adjustments to the optical and 
magnetic properties of spinel ferrite. This can be 
done through different synthesis conditions or 
doping with different metals on the spinel ferrite 
MFe2O4 substrate [10, 11, 16–20]. Among these 
approaches, doping with rare earth metal ions 
to modify the structural, optical and magnetic 
properties of cobalt ferrite has been explored. 
Indeed, studies by Alves [11] and Patankar [18] 
showed that increasing the Y3+ ion content in 
cobalt ferrite CoFe2–xYxO4 increases the coercivity 
and band gap values, but decreases the saturation 
magnetization and remanence. Vibrating sample 
magnetometry studies at room temperature 
showed that CoFe1.8Tb0.2O4 and CoFe1.8Er0.2O4 
nanoparticles had saturation magnetizations of 
60 and 80 emu·g–1 [19]. Gd3+ ion doping in cobalt 

ferrite reduced all three magnetic parameters of 
cobalt ferrite (Ms = 87.56–52.01 emu·g–1, Mr = 21.2–
3.40 emu·g–1, and Hc = 575–50 Oe) reported in the 
study of Zhao et al. [20]. Using the citric sol-gel 
method [21], Boddolla and Ravinder successfully 
synthesized CoFe1–xEuxO4 nanoparticles (x = 0 and 
0.1) after drying the precursor at 100 °C in 8 h 
and heating the dry gel at 500 °C in 4 h. However, 
the research of Boddolla and Ravinder only 
mentioned the structural characteristics of CoFe1–

xEuxO4 nanocrystals synthesized using powder 
X-ray diffraction analysis (PXRD) and fourier-
transform infrared spectra (FTIR) [21]. The 
optical and magnetic properties of CoFe2–xEuxO4 
nanoparticles were not reported.

Un-doped and R-doped CoFe2O4 nanomaterials 
were mainly synthesized by wet chemical methods 
such as sol-gel using citric acid [3, 4,1 2], sol-gel 
with the assistance of polyethylene glycol [8], 
combustion synthesis using urea fuel (CON2H4) 
[11, 15, 22], combustion using glycine [14], 
hydrothermal [6, 20], or co-precipitation at room 
temperature [7, 13, 19, 23], co-precipitation using 
oleic acid [10]. In general, each synthesis method 
has its strengths and weaknesses. Therefore, the 
choice of experimental conditions depends on the 
specific objectives of the research. In our previous 
studies [9, 24–26], oxide nanoparticles with spinel 
structure MFe2O4 (M = Co, Ni) and perovskite RFeO3 
(R = Eu, Dy) have been successfully synthesized 
by co-precipitation method through hydrolysis 
of R3+ and Fe3+ ations at high temperature, then 
cooling to room temperature before adding a 
suitable precipitating agent. To the best of our 
knowledge, this simple co-precipitation route has 
not been reported in the literature for the study 
of europium-substituted cobalt spinel ferrite.

Therefore, the aim of this study was to 
synthesize CoFe2–xEuxO4 spinel nanoparticles 
(x = 0, 0.025, 0.05, 0.075, and 0.1) by simple co-
precipitation method (without any gelling agent), 
followed by comprehensive analysis of their 
crystalline structures, chemical compositions, 
morphologies, particle sizes, optical and magnetic 
properties. In addition, the study also evaluated 
the effect of Eu3+ doping ion content on the 
structural, optical and magnetic parameters of 
the synthesized CoFe2–xEuxO4 nanoparticles. In 
this study, the doping ratio limit is chosen to be 
x = 0.1 [20, 21]. Due to the significant difference 
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in ionic radii between Fe3+ (r = 0.645 Å) and rare 
earth metal ions R3+ (r ~ 1.00 Å) [27], secondary 
crystal phases, such as perovskite YFeO3 in 
Co(Ni)Fe2–xYxO4 spinel [18, 28], often appear when 
x > 0.1.

2. Experimental methods
CoFe2–xEuxO4 nanoparticles were synthesized 

by simple co-precipitation method according to 
the diagram shown in Fig. 1 [9, 24–26]. 50 mL of 
aqueous solution of Co(NO3)2·6H2O (99.9 % purity, 
Thermo Scientific), Fe(NO3)3·9H2O (99.9 % purity, 
Sigma-Aldrich), and Eu(NO3)3·6H2O (99.9 % purity, 
Thermo Scientific) with the stoichiometric ratio of 
Co2+ : Fe3+ : Eu3+ = 1 : (2– x) : x (x = 0, 0.025, 0.05, 
0.075, and 0.1 in theory) was added dropwise 
into a beaker containing 450 mL of boiling water 
on a heated magnetic stirrer (t ~ 95  °C). The 
reaction system was maintained at 95 °C for about 
10  minutes to completely hydrolyze the metal 
cations, then cooled to room temperature (~ 27 °C).

Next, 5% NaOH solution was added dropwise 
to the reaction mixture until pH value = 10 while 
continuously stirring [7, 19, 25]. NaOH solution 

was used instead of NH3 because cobalt(II) 
hydroxide can be dissolved in excess ammonia as 
shown in equation (1), which leads to difficulty 
in controlling the composition of the precipitate 
after the reaction [27]:

[Co(OH)2(H2O)4](s) + 6NH3(aq) →  
→ [Co(NH3)6]

2+
(aq) + 4H2O(l) + 2OH–

(aq) 	 (1)

The precipitate was stirred for another 30 
minutes, then filtered and washed with distilled 
water until neutral pH. Next, the obtained 
precipitate was air–dried at room temperature 
to constant weight (approximately 5 days), then 
ground into fine dark brown powder, serving as 
the precursor. CoFe2–xEuxO4 (x ≤ 0.1) nanoparticles 
were obtained after calcining the precursor in 
the air, at 900 °C for 1 h. This temperature was 
selected based on previous research [8, 9, 15, 
23], in which the obtained ferrite spinels are 
single-phase, have good crystallinity and reach 
nanometer size. The expected reaction to form 
ferrites CoFe2–xEuxO4 from the corresponding 
precipitate mixture can be described by the 
following equation (2): 

 

14 
 

 
Fig. 1. Flow chart for synthesis of CoFe2–xEuxO4 nanoparticles The synthesized samples were 

characterized by different methods presented in Table 1 

Eu(NO
3
)

3
·6H

2
O 
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3
)

2
·6H
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O Fe(NO3)3·9H2O 

450 mL water, 95 °C 

Cool down to room temperature 

NaOH 5% 

Precipitate 

Filter, wash, dry and grind 

Dry powder 

Eu-doped CoFe2O4 NPs 

900 °C, 60 min.  

Fig. 1. Flow chart for synthesis of CoFe2–xEuxO4 nanoparticles. The synthesized samples were characterized by 
different methods presented in Table 1
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Co(OH)2 + (2–x)Fe(OH)3 + xEu(OH)3 →  
→ CoFe2–xEuxO4 + 4H2O		  (2)   

3. Results and discussion
Fig. 2 shows the PXRD patterns of the 

synthesized CoFe2–xEuxO4 nanoparticles with 
different doping amounts of Eu3+ ions.  All the 
diffraction peaks can be indexed to the cubic 
spinel structure of cobalt ferrite (JCPDS > 090–
3471, Fd3m space group) and no impurity phases 
are observed. The PXRD pattern exhibits 9 peaks 
at 2θ ~ 18.30°, 30.14°, 35.52°, 37.10°, 43.14°, 
53.50°, 57.04°, 62.62°, 72.40° corresponding to 
the Miller indices (hkl): (111), (220), (311), (222), 

(400), (422), (511), (440), and (533) [23]. The PXRD 
patterns all have flat and smooth baselines, and 
the obtained peaks have high intensity, proving 
that the synthesized CoFe2–xEuxO4 samples have 
good crystallinity.

Due to the replacement of Fe3+ ion by 
Eu3+ ion with larger radius (r(Fe3+) = 0.645 Å, 
r(Eu3+) = 0.950 Å), the 2θ angle is slightly shifted 
to the right (towards the larger angle), and a 
slight broadening of the peak when x increases 
from 0.025 to 0.1 (Fig. 3). These changes imply 
a decrease in the crystallite size (D(hkl)) and the 
lattice parameter (a) of the CoFe2–xEuxO4 samples 
according to the following equations (3) and (4) 
[23, 28]:

D
k

hkl   = ◊
◊

l
b qhkl cos

,		  (3)

where βhkl is the full-width at half maximum 
(FWHM, radian), θ is the corresponding diffrac-
tion angle of the maximum reflection (degree), 
and k is the shape factor (k = 0.89). 

a d h k l= + +hkl ( )2 2 2 .		  (4)

Where d is the value of d-spacing of the planes 
and (hkl) are the corresponding Miller indices of 
the Planes.

The calculated values from PXRD patterns are 
listed in Table 2. It is obvious that the average 
crystallite sizes (D) and the lattice parameters 
(a, V) of the synthesized CoFe2–xEuxO4 samples 

Table 1. Analytical methods and corresponding used equipment

Analytical methods Equipment Experimental conditions
Powder X-ray diffraction 

(PXRD)
EMPYREAN X-ray 

diffractometer (PANanalytical, 
Netherlands)

– CuKα radiation (λ = 1.54060 Å)
– Angle range 2θ = 10–80 °

– Scanning step 0.02 °/s
Energy-dispersive X-ray 
spectroscopy (EDX) and 

EDX-mapping

FESEM S-4800 spectrometer 
(Hitachi, Japan)

Equipped with an EDX H-7593 (Horiba, UK)

Field emission scanning 
electron microscopy 

(FE-SEM)

FESEM S-4800 (Hitachi, Japan)

Ultraviolet-Visible (UV-
Vis) spectroscopy

Spectrophotometer UV-2600 
(Shimadzu, Japan)

– Equipped with an integrating sphere 
(ISR-2600 Plus)

– Using deuterium and halogen lamps
– Using BaSO4 powder as a baseline material

Vibrating-sample 
magnetometry (VSM)

Magnetometer MICROSENE 
EV11 (Japan)

– Magnetic field ranging from – 15 000 Oe to 
+ 15 000 Oe

– At room temperature

Fig. 2. PXRD patterns of Eu–doped CoFe2O4 samples 
annealed at 900 °C
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decrease with increasing the doping amount 
of Eu3+ ions. The Eu3+ ions, with larger radius 
(r = 0.950 Å), preferentially occupy octahedral 
positions and partially replace the Fe3+ ions 
(r  = 0.645 Å). This substitution induces strains 
and disorders in the lattice structure. These 
changes limit the crystallization of material 
particles and hinder crystal growth. Similar 
results have also been reported for other spinel 
ferrite nanoparticles doped with various rare 
earth elements such as Gd-doped CoFe2O4 [20], 
Ce(Gd)-doped NiFe2O4 [29], and also for Eu-
doped CoFe2O4 nanoparticles synthesized by 
hydrothermal method [30] and sonochemical 
technique [31].  

Fig. 4 shows the EDX spectra of pure CoFe2O4 
and CoFe1.95Eu0.05O4 nanoparticles measured at 
room temperature. It is clear that for the x = 0 
sample, only peaks of the elements Co, Fe, and 
O are observed. As for the Eu-doped CoFe2O4 
sample (x = 0.05), in addition to the peaks of 
Co, Fe and O, peaks of the element Eu also 
appear. To accurately determine the content 
of elements in CoFe2–xEuxO4 samples (x = 0 and 
0.05), EDXS analysis was recorded at 3 different 
positions in the sample. EDXS quantitative data 
showed that the ratios of Co/Fe/Eu/O elements 
for all samples were consistent with their ratios 
in the expected formula. This shows the high 

purity of the synthesized CoFe2–xEuxO4 spinel 
nanoparticles.

To determine the morphology and grain size 
of the material synthesized, FE-SEM images of 
CoFe2–xEuxO4 samples (with x = 0 and 0.05) are 
shown in Fig. 5. 

The particles have relatively uniform 
morphology with particle size of approximately 
20–40 nm. Fig. 5 also shows that doping Eu3+ 
ion into the cobalt ferrite crystal lattice has an 
unclear effect on the morphology and size of the 
synthesized CoFe2–xEuxO4 nanoparticles. However, 
it is evident that both the pure doped sample 
have agglomeration between nanoparticles. Such 
agglomeration can be ascribed to the strong 
magnetic interactions between the particles, 
leading to mutual magnetization induction. 
Similar phenomenon was also observed in other 
spinel ferrites synthesized by different wet 
chemical methods [12, 15, 20, 28, 30, 32].

The optical properties of CoFe2–xEuxO4 
nanoparticles (x = 0, 0.025, 0.05, 0.075, and 0.1) 
were determined through UV-Vis measurements 
in the wavelength range from 200 to 800 nm, 
corresponding to photon energy of 1.55 eV to 
6.2 eV (Fig. 6). The optical band gaps (Eg, eV) of 
CoFe2–xEuxO4 nanoparticles were calculated using 
Tauc equation that correlates the absorption 
coefficient and Eg as below [11, 25, 28, 31]:

Ahv hv Eg= -a( ) ,		  (5)

where A is the optical absorption coefficient, hν 
is the photon energy, Eg is the direct band gap and 
α is a constant. 

Fig. 6a shows that europium-doped cobalt 
ferrite nanoparticles exhibit strong optical 
absorption not only in the ultarviolet (λ = 200–
400 nm) but also in visible light regions (λ = 400–
800 nm). Particularly, the maximum absorption is 
observed in the wavelength range of 350–700 nm. 

Table 2. Refined structural parameters and 
crystallite size of CoFe2−xEuxO4 samples

Sample Dhkl, nm a, Å V, Å3

CoFe2O4 15.30 8.3554 583.31
CoFe1.975Eu0.025O4 29.87 8.3449 581.12
CoFe1.95Eu0.05O4 28.46 8.3405 580.20

CoFe1.925Eu0.075O4 27.82 8.3366 579.38
CoFe1.9Eu0.1O4 27.17 8.3215 576.24

Fig. 3. PXRD patterns of peak (311) of Eu-doped 
CoFe2O4 samples annealed at 2θ = 34.7–36.3°

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2025;27(4): 555–564

Le Ngoc Khanh Nhu et al.	 Structural, optical and magnetic properties of CoFe2–xEuxO4 nanoparticles...



560

Fig. 4. Energy-dispersive X-ray spectroscopy (EDXS) spectra of pure CoFe2O4 (x = 0) and CoFe1.95Eu0.05O4 (x = 
0.05) nanoparticles 

Fig. 5. Field emission scanning electron microscopy (FE-SEM) images of pure CoFe2O4 (a) and CoFe1.95Eu0.05O4 
(b) nanoparticles 
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The absorption tends to decrease with increasing 
Eu3+ ion content, which also means that the band 
gap energy value (Eg) changes in the opposite 
trend (Fig. 6b and Table 3). The value of Eg 
increases from 1.37 eV to 1.55 eV corresponding 
to the value of x increasing from 0 to 0.1.

The increase of band gap energy values 
with increasing doping element content were 

also reported for other spinel cobalt ferrites 
systems such as CoFe2–xYxO4 (x = 0 → 0.04, 
Eg  = 2.30 → 2.58  eV) synthesized by the urea-
fueled combustion method [11] or CoFe2–xEuxO4 
(x = 0 → 0.1, Eg = 1.34 → 1.56 eV) synthesized by 
sonochemical technique [31]. With strong optical 
absorption in wavelength range of 350–700 nm 
and semiconductor-like band gap energy values 

Fig. 6. (a) Room-temperature optical absorbance spectra of the CoFe2-xEuxO4 samples and (b) Plot of (αhv)2 as 
a function of photon energy for CoFe2-xEuxO4 nanoparticles

Table 3. Optical and magnetic parameters of CoFe2–xEuxO4 nanoparticles at RT in this study and that 
from the published literature as a comparison

Sample Eg, eV Hc, Oe Mr, emu·–1 Ms, emu·g–1 Ref.
CoFe2O4 1.37 962.96 32.97 72.08

In this 
work

CoFe1.975Eu0.025O4 1.45 983.75 33.83 71.74
CoFe1.95Eu0.05O4 1.50 1029.67 34.20 70.05

CoFe1.925Eu0.075O4 1.53 1121.38 37.37 65.22
CoFe1.9Eu0.1O4 1.55 885.46 29.62 61.74

CoFe2O4 – 120 9 41.2 [7]
CoFe2O4 – 495.72 23.34 67.37 [8]
CoFe2O4 – 762.04 27.83 61.80 [15]
CoFe2O4 – 575 21.2 87.56 [20]
CoFe2O4 – 880 27.7 79.5 [30]
CoFe2O4 2.30 1100 28 69

[11]

CoFe1.995Y0.005O4 2.32 1318 27 63
CoFe1.99Y0.01O4 2.34 1520 26 62
CoFe1.98Y0.02O4 2.42 1676 20 50
CoFe1.97Y0.03O4 2.45 1804 19 49
CoFe1.96Y0.04O4 2.58 1900 12 33
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(Eg = 1.37–1.55 eV), the synthesized CoFe2–xEuxO4 
nanoparticles can be applied as photocatalytic 
materials for the decomposition of dyes, phenol, 
nitrophenol, methyl orange, or methylene blue 
[5, 11, 13, 32].

Fig. 8a shows the M–H loops of CoFe2–xEuxO4 
ferrite nanosystems with x = 0, 0.025, 0.05, 0.075, 
and 0.1 at room temperature (300 K) under 
applied magnetic field up to 15 kOe. The observed 
remanent magnetization (Mr) and coercivity (Hc) 
in all hysteresis loops indicate that all samples 
are hard ferrites at room temperature [34]. All 
three magnetic parameters (Mr, Hc, and Ms) of 
CoFe2–xEuxO4 nanoparticles vary with the Eu3+ ion 
content (Table 3). Specifically, Hc increases from 
962.96 to 1121.38 Oe, Mr increases from 32.97 to 
37.37 emu·g–1, while Ms decreases from 72.08 to 
61.74 emu·g–1. The increase in Hc and Mr values 
with increasing content of doping elements ( Eu3+ 
ion) is attributed to enhanced crystal anisotropy 
[34, 35]. Meanwhile, partial replacement of Fe3+ 
ions at octahedral sites by Eu3+ ions reduces the 
magnetization on the Fe3+ sites (B-sites), thereby 
reducing the total magnetization of the Eu-doped 
CoFe2O4 nanoparticles. Similar trend was also 
reported for the Y3+ doped spinel cobalt ferrites 
[11]. In general, all three values Hc, Mr, and Ms 
of CoFe2–xEuxO4 nanoparticles are larger than 
those reported for pure CoFe2O4 nanoparticles 
synthesized using different methods [7, 8, 15, 20, 
30], with Hc and Ms are also larger than those of 
Y-doped CoFe2O4 nanoparticles [11] (Table 3). 

Another noteworthy observation is that the 
synthesized CoFe2–xEuxO4 nanoparticles are 
strongly attracted by rare earth magnets. This, 
combined this with the semiconductor bandgap 
energy value, suggests that the synthesized Eu-
doped CoFe2O4 nanoparticles can be used as 
photocatalytic materials under the influence of 
sunlight with easy recovery and reuse by rare 
earth magnets. 

4. Conclusions 
Undoped and Eu-doped CoFe2O4 nanoparticles 

were successfully prepared by the simple co-
precipitation method with 5% NaOH as a precipitant. 
Eu3+ ion doping at the Fe3+ site in spinel cobalt affects 
not only the structural parameters (Dhkl and a) but 
also their magneto-optical properties. The FE-SEM 
images confirms the nanostructure character of the 
CoFe2–xEuxO4 samples with particle sizes ranging 
from 20 to 40 nm. When the Eu3+ ion doping content 
increased, the Eg (1.37–1.55 eV), Mr (32.97–37.37), 
and Hc (962.96–1121.38 Oe) increased, while the 
Ms (72.08–61.74 emu·g–1) decreases. Synthesized 
CoFe2–xEuxO4 nanoparticles exhibit the behavior 
of a hard ferromagnetic material with a small 
band gap energy, making them suitable not only 
for photocatalytic applications but also for the 
production of permanent magnets, magnetic tapes, 
and magnetic recording materials in hard drives.
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Conclusions: It has been established that the specified systems are quasi-binary and are characterized by the formation of 
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1. Introduction
Modern scientific and technological progress 

is largely driven by the use of functional materials 
possessing unique properties. This necessitates 
systematic research, synthesis, design, and 
comprehensive investigation of their fundamental 
characteristics. In this context, the study of phase 
diagrams between isostructural compounds 
forming continuous series of solid solutions 
provides an opportunity to control the functional 
properties of the resulting materials [1–7].

At present, the study of alternative energy 
sources is one of the highest-priority areas of 
scientific research worldwide. Solving this problem 
is closely associated with the development of 
new efficient energy converters, particularly 
thermoelectric and photovoltaic materials [8–15].

The primary compounds (PbGa2S4, SmGa2S4; 
PbGa2Se4, SmGa2Se4) have been studied in sufficient 
detail [16–25]. According to [17], the compound 
PbGa2S4 is formed by the peritectic reaction 
L+PbS ↔ PbGa2S4 and melts incongruently at 1203 
K, it crystallizes in the orthorhombic system with 
the following unit-cell parameters: a = 20.44 Å; 
b = 20.64 Å; c = 12.09 Å, space group Fddd, Z = 32, 
d  = 4.94 g/cm³, and belongs to the EuGa2S4 
structural type. According to [13], PbGa2S4 melts 
congruently at 1163 K and has lattice parameters: 
a = 20.706 Å; b = 20.380 Å; c = 12.156 Å. An analysis 
of the literature data [13, 16–18] shows that, with 
the exception of one study [18], all other authors 
assert that PbGa2S4 melts congruently. Therefore, 
in the present study we relied on the results 
of the most recent works [13]. Our synthesized 
and investigated PbGa2S4 sample confirmed 
the congruent nature of its melting, which is 
consistent with [16, 17]. PbGa2S4 is a wide-bandgap 
semiconductor and exhibits multifunctional 
properties: laser [13], paramagnetic [26], and 
optically active characteristics [27–29]. PbGa2Se4 
also melts congruently at 1050 K [19–21] and has a 
structural type of ЕuGa2S4 (a = 21.72 Å; b = 21.20 Å; 
c = 12.30 Å).

SmGa2S4 melts congruently at 1750 K 
[23–25] and crystallizes in the orthorhombic 
system with lattice parameters: a = 20.745 Å; 
b  =  20.464 Å; c  =  12.236 Å, space group Fddd, 
Z = 32, microhardness Hμ = 2800, density 
d = 4.28 g/cm3. SmGa2S4 is a semiconductor with a 
bandgap ΔE = 2.20 eV [23, 24]. Unlike SmGa2S4, the 

compound SmGa2Se4 melts incongruently at 1200 
K and has a structural type of ЕuGa2S4 (a = 21.700 
Å; b  =  21.23 Å; c = 12.39 Å), with Hμ  =  2700, 
d = 6.02 g/cm³, and ΔE = 1.40 eV [1, 25].

Since the thio- and selenogallates of lead and 
samarium exhibit laser, optical, and luminescent 
properties, the study of their chemical interactions 
holds promise for obtaining materials with 
multifunctional characteristics.

The aim of the present work is to investigate 
the phase equilibria in the PbGa2S4-SmGa2S4 and 
PbGa2Se4–SmGa2Se4 systems and to study the 
physicochemical properties of the Pb1-xSmxS4 (Se4) 
solid solutions.

2. Experimental 
The alloys were obtained by melting ternary 

sulfides or selenides of lead and samarium 
(PbGa2S4, PbGa2Se4,  SmGa2S4, SmGa2Se4) in 
evacuated quartz ampoules at temperatures 
of 1300–1400 K. The initial ternary sulfides 
and selenides of lead and samarium were 
synthesized by melting high-purity elemental 
components. The molten alloys were held at the 
maximum temperature (1300–1400 K) for 30–
40 minutes, then cooled to 1000 K and kept at this 
temperature for 1200 hours for homogenization. 
As a result, yellow-colored alloys suitable for 
physicochemical analysis were obtained.

The alloys (samples weighing 0.1–0.3 g) were 
examined using differential thermal analysis 
(DTA) on a Netzsch STA 449 F3 instrument 
(platinum–platinum/rhodium thermocouples, in 
the temperature range from room temperature 
to ~1450 K, heating rate 10 K·min-1), X-ray 
phase analysis (XRD, Bruker D2 PHASER, 
CuKα radiation), microhardness measurements 
(on an PMT-3 microhardness tester), and 
density determination (using the pycnometric 
method with toluene as the filling medium). The 
measurement errors for DTA, XRD, microhardness, 
and density were ±3 K, ±0.001 Å, ±3 MPa, and 
±0.3 g/cm3, respectively.

3. Results and discussion
The phase diagram of the PbGa 2S 4–

SmGa2S4 system, constructed on the basis of 
physicochemical analysis, is shown in Fig. 1a.

As seen from Fig. 1a, the PbGa2S4–SmGa2S4 
system is characterized by the complete mutual 
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solubility of the components in both the liquid 
and solid states and corresponds to a first-type 
phase diagram according to Rosenbaum [30]. 
No extremum point is observed on the liquidus 
and solidus curves; their temperatures vary 
monotonically between the melting points 
of the initial ternary sulfides (PbGa2S4 and 
SmGa2S4).

The maximum temperature difference 
between corresponding points on the liquidus 
and solidus lines is 25 K (see Fig. 1a). Therefore, 
one could expect a common extremum point 
(minimum or maximum) on these curves. On the 
other hand, it should be noted that Rosenbaum 
first-type phase diagrams usually occur in 
systems where the thermodynamic functions 
of mixing in both the liquid and solid states 
are very low or very similar. The composition 
dependences of microhardness and density for 
the PbGa2S4–SmGa2S4 system are presented in 
Figs. 1b and 1c.

X-ray phase analysis of the samples annealed 
at 1000 K after thermal treatment shows that 
all samples of the PbGa2S4 - SmGa2S4 system, 
including the starting sulfides, exhibit diffraction 
patterns characteristic of the orthorhombic 
crystal system (Fig. 2). This indicates that at 
1000 K continuous series of solid solutions with 
orthorhombic structure are formed between 
the initial compounds. The compositional 
dependence of lattice parameters, shown in Fig. 3, 
has a linear character, which indeed confirms the 
formation of a continuous solid-solution series. 
Using the TOPAS-3 software, the structural type 
and the unit-cell parameters of the Pb1–xSmxGa2S4 
solid solutions were determined; the results are 
presented in Table 1.

Table 1 also contains the DTA results obtained 
after thermal treatment at 1000 K. Based on these 
data, along with the XRD results, the T–x phase 
diagram of the PbGa2S4–SmGa2S4 system was 
constructed (Fig. 1a).

Fig. 1. T-x phase diagram of the PbGa2S4–SmGa2S4 system (a), dependence of microhardness (b) and density 
(с) on the composition
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Fig. 2. The XRD patterns of the PbGa2S4–SmGa2S4 system

Fig. 3. Dependence of lattice parameters on the composition of solid solutions of the PbGa2S4–SmGa2S4 system
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Thus, in both the liquid and solid solutions, 
the deviation from ideality in the substitution of 
lead by samarium is very small.

As shown in Fig. 4a, the PbGa2Se4–SmGa2Se4 
system is partially quasi-binary. Due to the 
incongruent melting of SmGa2Se4, the quasi-
binary nature of the system is disrupted in 
alloys near this compound. Therefore, in the 

concentration range of 60–100 mol % SmGa2Se4, 
a three-phase area appears at high temperatures; 
however, at low temperatures, continuous solid 
solutions of the ЕuGa2S4 type are formed. In 
the composition interval 0–40 mol % PbGa2Se4, 
α-solid-solution crystals precipitate primarily 
from the melt. In compositions richer in 
SmGa2Se4, the SmSe compound crystallizes. As 

Table. 1. Results of DTA, XRD, microhardness, and density of alloys of the PbGa2S4–SmGa2S4 system

Composition, 
mol % 

SmGa2S4

Thermal 
effects, К

Lattice parameters, Å
Space 
group Z Нµ, 

MPa
dpik,  

g/sm3a b c

PbGa2S4 1163 20.706 20.380 12.156 Fddd 32 2650 4.94
10 1205, 1225 20.708 20.378 12.164 Fddd 32 2700 4.85
20 1230, 1260 20.712 20.384 12.180 Fddd 32 2750 4.70
40 1320, 1350 20.716 20.420 12.198 Fddd 32 2760 4.56
50 1390, 1410 20.728 20.425 12.218 Fddd 32 2780 4.48
60 1455, 1480 20.732 20.440 12.220 Fddd 32 2790 4.36
80 1575, 1610 20.736 20.460 12.226 Fddd 32 2800 –
90 1666, 1680 20.740 20.462 12.234 Fddd 32 2800 4.30

SmGa2S4 1750 20.745 20.464 12.236 Fddd 32 2800 4.28

Fig. 4. T-x phase diagram of the PbGa2Se4–SmGa2Se4 system (a) and the dependence of microhardness (b) and 
density (c) on the composition
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a result of the univariant peritectic reaction 
L + SmSe ↔ α, a three-phase area L + SmSe + α 
should form below 1200 K. However, this field 
was not experimentally detected due to its narrow 
temperature interval and is shown schematically 
by a dashed line.

The liquidus of the PbGa2Se4 – SmGa2Se4 
system contains two areas corresponding to 
the primary crystallization of SmSe and of the 
α-phase.

The XRD results, the composition dependences 
of lattice parameters (Fig. 5), as well as the 
microhardness and density measurements (Figs. 
4b, 4c) are consistent with the phase diagram of 
the PbGa2Se4 – SmGa2Se4 system.

In the PbGa2Se4 – SmGa2Se4 system, the 
initial compounds and all alloys exhibit similar 
diffraction patterns, with slight shifts of the 
reflections. The variation in orthorhombic lattice 
parameters of the Pb1-xSmxGa2Se4 solid solutions 
as a function of composition, along with the DTA 
results, are given in Table 2.

4. Conclusion
Phase equilibria in the PbGa2S4-SmGa2S4 and 

PbGa2Se4–SmGa2Se4 systems were investigated 

for the first time using physicochemical 
analysis methods, and their phase diagrams 
were constructed. It has been established 
that the PbGa2S4-SmGa2S4 system is quasi-
binary and is characterized by the formation 
of a continuous series of solid solutions. The 
PbGa2Se4–SmGa2Se4 system is partially quasi-
binary; at low temperatures (in the subsolidus 
area), the initial components dissolve completely 
in one another. It was determined that the solid 
solutions crystallize in the orthorhombic system 
and have a structural type of EuGa2S4.
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Abstract
Objectives: The aim of the work was to study the influence of surfactants on the release and solubility of chloronitrophenol 
(CNP) from solid dispersions in water. The object of study was a solid dispersion of chloronitrophenol with PEG 1500.
Experimental: The concentration of the pharmaceutical substance in solutions was determined spectrophotometrically at 
a wavelength of 410 nm. The study of the solubility and dissolution rate of pharmaceutical substances (PS) in the form of 
powder and in the composition of solid dispersed systems (SDS) was carried out according to the method proposed by 
I. I. Krasnyuk. The study of the optical properties of solutions of the initial compounds and solid dispersions was carried 
out using the method described in the study of V. V. Grikh. IR spectroscopy, differential scanning calorimetry, and electron 
microscopy were used for investigation of SDS.
Conclusions: The influence of solubilizers on the process of formation of solid dispersions of chloronitrophenol was studied. 
It has been shown that the presence of solubilizers allows the use of lower concentrations for the carrier when obtaining 
solid dispersed systems of chloronitrophenol. The conducted complex of physicochemical methods of analysis allows us 
to more accurately explain the phenomenon of increasing the solubility and dissolution rate of PS from solid dispersions 
in the presence of a solubilizer. Based on the conducted studies, it can be concluded that the production of solid dispersions 
based on a carrier polymer in the presence of a solubilizer allows to reduce or completely eliminate the crystallinity of the 
pharmaceutical substance, converting it into an amorphous state. The presence of the phenomenon of light scattering and 
the opalescent Faraday-Tyndall cone in solutions containing solid dispersions of CNP confirmed the assumption about a 
colloidal-dispersed state of the pharmaceutical substance in water when dissolving CNP from solid dispersions. 
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1. Introduction 
Chloronitrophenol (CNP) is a medicinal 

substance used to treat fungal skin diseases, as 
well as mycosis of the external auditory canal. In 
high concentrations, CNP exhibits activity against 
gram-positive and gram-negative bacteria of the 
genera Proteus and Pseudomonas [1].

Due to its poor solubility in water, CNP 
exists on the pharmaceutical market as only one 
dosage form: an alcohol solution for external 
use. However, this dosage form has significant 
disadvantages.

To solve the problem of solubility of substances 
such as chloronitrophenol, a method for obtaining 
solid dispersions can be used. The method is easy 
to implement, economical, and versatile. It is 
used in the production of dosage forms for both 
internal and external use [2-13]. 

Another way to increase solubility is solubi-
lization, a process of spontaneous transition of 
compounds that are insoluble or difficult to dis-
solve in a given solvent into a stable solution us-
ing surfactants. Sodium lauryl sulfate, alginates, 
proteins, lecithins, esters formed by fatty acids, 
and various glycols are effective surfactants [14].

Therefore, the purpose of our study was to 
study the influence of surfactants on the release 
and solubility of chloronitrophenol from solid 
dispersions (SD) in water. 

2. Experimental 
The object of study was a solid dispersion 

of  ch loroni t rophenol  wi th  PEG 1500. 
Chloronitrophenol and PEG from Sigma, as well 
as sodium lauryl sulfate as a solubilizer, were used 
in the experiment. To prepare solid dispersions 
of chloronitrophenol with polymers, the solvent 
removal method was used [15].

The concentration of PS in solutions 
was determined spectrophotometrically at a 
wavelength of 410 nm [16]. 

The study of the solubility and dissolution 
rate of pharmaceutical substances in powder 
form and as part of solid dispersed systems was 
carried out according to the method proposed by 
I. I. Krasnyuk Jr. [17].

The study of the optical properties of solutions 
of the initial compounds and solid dispersions 
was carried out using the method described in 
the study of V. V. Grikh [18].

IR spectroscopy was performed in the Centre 
for Collective Use of Scientific Equipment of 
Voronezh State University using a VERTEX 70 IR 
Fourier spectrometer with the unit for measuring 
the absorption/transmission of thin-film samples 
(BRUKER).

Differential scanning calorimetry was carried 
out using an STA 449 F3 synchronous thermal 
analysis device (NETZSCH, Germany) in the 
Centre for Collective Use “Experiential Center” 
of Voronezh State University of Engineering 
Technologies. The studies were conducted under 
the following conditions: atmospheric pressure, 
maximum temperature of 473 K, temperature 
change rate of 5 K/min.

Analysis of the morphology and size of the 
obtained samples of solid dispersed systems 
(SDS) was performed using a JEOL JSM-6380LV 
scanning electron microscope (JEOL Ltd., Japan) 
in the Centre for Collective Use of Scientific 
Equipment of Voronezh State University.

3. Results and discussion 
During the first stage of the study, the solubility 

of solid dispersions of chloronitrophenol with 
PEG 1500 was studied. The results are presented 
in Fig. 1.

Obtaining SD in the ratio of 1:1, 1:2, and 
1:5 did not lead to an increase in the solubility 
of chloronitrophenol. Experimental data 
demonstrated that in the presence of PEG-1500 
in a ratio of 1:15 and 1:20, the concentration of 
released chloronitrophenol was maximal. SDS 
with a ratio of 1:10 also showed good results in 
solubility. 

In SD prepared using sodium lauryl sulfate, 
the solubility of chloronitrophenol was higher. 
As can be seen (Fig. 2), the use of a solubilizer 
allowed to increase the solubility of the CNP SD.

Studies have shown that solutions of 
solid dispersions with this polymer exhibit 
opalescence and demonstrate the Tyndall-
Faraday effect. Unlike solutions containing only 
the chloronitrophenol or polymer substance, or 
their physical mixture, when a thin beam of light 
passes through a solution of a solid dispersion, 
the light flux is scattered.

The effect of the opalescent Tyndall-Faraday 
cone in solutions of solid dispersions is associated 
with their colloidal-dispersed state.
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To identify the reasons for the increased 
solubility of chloronitrophenol in a SDS 
composition, physicochemical methods were used.

According to scanning electron microscopy 
data (Fig. 3), the chloronitrophenol substance 
consists of square and rectangular crystals 
of approximately the same size. PEG 1500 is 
a homogeneous, transparent mass without 

a pronounced internal structure (Fig. 4).
The SD with PEG (Fig. 5) had a non-crystalline 

structure. Typical crystals of CNP were not 
observed.

Solid dispersions of CNP with PEG 1500 in the 
presence of a solubilizer (1:5:1) also represent an 
amorphous structure in the absence of crystalline 
structures (Fig. 6).

Fig. 2. Dissolution kinetics of chlornitrophenol solid dispersions with PEG 1500 in the presence of a solu-
bilizer

Fig. 1. Dissolution kinetics of chloronitrophenol solid dispersions with PEG 1500
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Several studies indicate the possibility of 
using thermal methods, including differential 
scanning calorimetry for the analysis of solid 
dispersions [19, 20]. When conducting differential 
scanning calorimetry of chloronitrophenol, a 

peak at 112  °C was observed, for PEG 1500 it 
was 51 °C (Fig. 7, 8), which corresponds to the 
literature data. For the CNP SD with PEG-1500, 
a shift of the melting peak to the left at 41 °C 
was observed (Fig. 9). For SD in the presence of a 
solubilizer, even greater mixing and broadening 
of the peak (up to 38 °C) was observed (Fig. 10). 

IR spectra of the chloronitrophenol substance, 
polymer, and solid dispersions with PEG 1500 
showed that no new absorption bands were 
observed for the SD compared to the PS, which 
may indicate the absence of covalent bonds 
between the PS and the polymer in the SD 
(Fig. 11).

4. Conclusions
Thus, the influence of solubilizers on the 

process of dissolution of chloronitrophenol 
from SD was studied. It has been shown that the 

Fig. 3. Scanning electron microscopy of chloronitro-
phenol substance

Fig. 4. Scanning electron microscopy of PEG 1500

Fig. 5. Scanning electron microscopy of CNP solid 
dispersions with PEG 1500 (1:10)

Fig. 6. Scanning electron microscopy of CNP solid 
dispersions with PEG 1500 in the presence of a solu-
bilizer (1:5:1)
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Fig. 7. DSC curve of chloronitrophenol 

Fig. 8. DSC curve of PEG 1500

Fig. 9. DSC curve of chloronitrophenol solid dispersions with PEG 1500 (1:10)
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presence of solubilizers allows the use of lower 
concentrations of the carrier when obtaining SDS. 

Based on the conducted research, it can be 
concluded ibn the production of solid dispersions 
of chloronitrophenol with a solubilizer, the 
crystallinity of the PS decreases, increasing the 
solubility. The properties of chloronitrophenol in 
the presence of a solubilizer do not change, but 
its solubility and dissolution rate are modified.
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Fig. 10. DSC curve of chloronitrophenol solid dispersions with PEG 1500 in the presence of a solubilizer (1:5:1)

Fig. 11. IR spectrophotometry of chlornitrophenol substance, PEG 1500, solid dispersions of chlornitrophenol 
with PEG 1500 in the presence of a solubilizer (1:5:1)
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1. Introduction
Modern physical chemistry pays special 

attention to systems containing nanometer-sized 
particles, since such systems have a huge specific 
surface area and, as a result, high excess energy, 
contributing to the intensification of industrially 
significant chemical or electrochemical processes. 
However, an unambiguous relationship between the 
reaction rate, size, and nature of the particles has 
not yet been established due to the simultaneous 
manifestation of a number of specific adsorption, 
structural, and percolation effects.

Special attention is paid to metal-ion 
exchanger nanocomposite materials, primarily 
because of their higher stability compared to 
single nanoparticles [1-5], as well as unique 
physical, chemical, and biological properties 
that arise due to the presence of particles smaller 
than one hundred nanometers in the composite 
material. The introduction of metal into the 
pores and on the surface of the ion exchanger 
matrix, which is a product of polymerization 
or polycondensation of unsaturated organic 
compounds, is ensured by the presence of acidic 
(-SO3H, -COOH, -OH, -PO3H2, etc.) or basic 
(-N(CH3)3, -NH3, =NH2, etc.) functional groups in 
its structure. The metal can be embedded in an ion 
exchanger in the form of metal particles (usually 
nanometer-sized) or enter its matrix as oxides and 
poorly soluble hydroxides. The resulting hybrid 
nanostructures include reaction spaces and 
particles of composite components of the order 
of nanometers in size. By varying the polymer 
matrix material and the synthesis method, it 
is possible to obtain a nanocomposite with the 
necessary controlled structural properties. The 
pore volume of the matrix sets limits on the 
size of nanoparticle agglomerates, while the 
porous space depends on the degree of polymer 
crosslinking. In principle, there can be several 
nanoparticles in each individual pore. The 
minimum critical size of the nucleus depends on 
the initial concentration of atoms in the pore and 
the potential energy barrier of nucleation reduced 
due to the effect of the pore walls [6].

The particle size has a significant effect 
on the physicochemical characteristics of 
nanocomposites. An increase in the dispersion 
of the particles contained in them not only leads 
to a significant increase in the specific surface 
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area, but also provides a dimensional effect of the 
first kind, which consists in the dependence of 
chemical and catalytic activity on the size of the 
cluster of nanoparticles. In addition, an energy 
dependence on the size of nanoparticles often 
occurs, and structural changes on the surface 
of nanoclusters additionally occur (changes in 
curvature, the appearance of crystallographic 
defects on the surface) [7-10]. The ambiguity of 
the role of the dimensional effect in the kinetics 
of electrochemical processes was revealed, for 
example, in [11] when studying the reaction of 
oxygen electroconduction on electrodes with 
platinum deposited on carbon. It turned out 
that in the methanol-containing electrolyte, 
the mass activity of the catalyst continuously 
increased with a decrease in the size of platinum 
nanoparticles from 4.6 to 2.3 nm. However, in an 
electrolyte without methanol, the activity of the 
same catalysts did not depend on the size of metal 
nanoparticles with a diameter of less than 3.5 nm.

The particle size is a thermodynamic variable 
that characterizes its state along with other system 
parameters [12]. The nanostructures have a higher 
surface energy by orders of magnitude than that 
of the medium and low-dispersed phases. As the 
particle size decreases, the ratio of the fractions of 
the surface and intraphase regions increases. If, for 
infinitely long phases, the internal energy, entropy, 
or volume at constant pressure and temperature 
depend linearly on the mass and amount of matter, 
then for the surface area of dispersed particles S, 
this dependence will be a power law:

S n2/3ª ,		  (1)

where n is the number of moles of the substance. 
As a result, none of the thermodynamic functions 
is linearly dependent on the mass. At the same 
time, the chemical parameters of particles of 
various sizes differ significantly from the specif-
ic values. If a crystal has a volume V and a surface 
S constructed of various faces with areas Si and 
edges of length lk, then the Gibbs energy is:

G g V S lV
i i k k= + +Â Âs t ,	 (2)

where gV is the specific G value per unit volume, 
σi is the specific G value per 1 cm2 for i-faces, τk 
is the same value per unit length of k-edges.

In the special case of a spherical nanoparticle 
with radius r, the excess chemical potential 
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relative to the continuum potential is determined 
by the Gibbs-Thomson (Kelvin) equation:

Dm m m
s

r r
mV g
r

= - =• ,		  (3)

where σ is the reversible work of a surface unit 
(for a liquid, this is surface tension); Vm is the 
molar volume of a substance, g is the geometric 
factor (g = 2 for spherical particles).

A secondary dimensional effect occurs at a 
certain size of nanoparticles, when there is a 
fluctuating redistribution of charges between 
particle ensembles, which can lead to an increase 
in the catalytic activity of the material [13]. 
However, a decrease in particle size does not 
entail such an increase under all conditions. In 
[14], the extreme dependence of the catalytic 
activity of platinum on a carbon substrate 
on the size of nanoparticles in the oxygen 
reduction reaction was shown. To explain this 
phenomenon, the concept of surface effects was 
formulated, which assumes that as the particle 
size decreases, the surface energy increases and 
changes occur in the electronic structure of the 
surface. This can lead to a change in the activity 
of the catalytic surface, for example, to a change 
in the donor-acceptor properties of the surface 
and the electronic structure of the metal on the 
surface. However, the dimensional effects can be 
compensated by other factors, such as changes 
in the shape and structure of the particles, the 
composition of the starting materials, the degree 
of particle dispersion on the substrate, and others. 
In addition, the catalytic activity may change 
as the reaction conditions change. Obviously, 
studying the size effects and other factors 
affecting the catalytic activity of nanoparticles 
is important for developing effective catalysts for 
various reactions.

Nanocomposites are characterized by the 
manifestation of percolation effects, that is, 
an abrupt change in the physico-chemical 
characteristics with a linear change in the amount 
of one of the constituent components. Thus, in 
[15], an increase in the mass transfer rate on a 
complex metal polymer doped with gold was 
revealed at the threshold of electron conduction 
percolation due to a decrease in the interparticle 
distance. After 5 cycles of chemical deposition of 
silver nanoparticles onto the MF-4SK membrane, 

the ohmic resistance of the modified membrane 
dropped sharply [16]. In the case of the CU-23 
sulfocation exchanger, the oxygen reduction 
rate increased sharply with a copper content of 
~5 meq/cm3 [17]. The authors explain the drop 
by the transition from single nanoparticles to 
their unified system with generalized electrons. 
Ionic conductivity is similarly susceptible to 
percolation effects [18], which is expressed in an 
increase in sorption of mobile ions due to a large 
surface defect.

The most common and significant factor 
in the applied aspect reaction is oxygen 
electroreduction, and therefore it is being actively 
investigated. Oxygen reduction is widely used in 
fuel cells [19] and electrocatalysis [20]. Oxygen 
acts as a depolarizer in metal corrosion [21]. Deep 
deoxygenation of water is also required for the 
needs of microelectronics, where ultrapure water 
is used at the stage of flushing silicon wafers in the 
manufacture of integrated circuits. To prevent the 
formation of an oxide layer on the plate surface, 
the O2 content level should not exceed 1 µg/l [22]. 
Thus, the oxygen reduction reaction undoubtedly 
plays a huge role in many industrially significant 
processes. The problem of organizing a potable 
water supply for the populations of large cities 
is caused, among other things, by the presence 
of dissolved oxygen in the water. Being a strong 
corrosive agent and interacting with pipeline 
materials, O2 causes a change in their composition 
and structure, which leads to a deterioration 
in the quality of potable water supplied to the 
population and a violation of hygienic standards 
[23, 24]. It should be noted that at present, official 
data from the Federal Service for Surveillance 
on Consumer Rights Protection and Human 
Wellbeing indicate an improvement in the quality 
of drinking water in water pipes [25, 26]. Within 
the territory of the Russian Federation, there 
has been a decrease in the proportion of water 
samples that do not meet hygienic standards 
for sanitary and chemical indicators from 17.2 
to 15.5%, and for microbiological ones from 3.6 
to 1.9% in 2022 compared with 2013. According 
to microbiological indicators, the proportion of 
samples that did not meet the requirements was at 
the level of 2021 and amounted to 0.9%. However, 
this information is based on the results of a study 
of water before entering the distribution network, 
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which does not preclude a decrease in its quality 
as a result of passing through pipelines.

Hybrid catalytic nanocomposite systems 
in which oxygen reduction is organized by 
both the chemical interaction of dissolved 
O2 with gaseous hydrogen [3, 27, 28] and its 
electrochemical reduction, when both processes 
occur on metal nanoparticles stabilized in an 
ion exchange matrix [29-31], seem to be the 
most promising for deep deoxygenation of 
water. Obviously, depending on the nature of the 
metallic and ion-exchange components of the 
nanocomposite, as well as on the conditions of 
electrochemical polarization, the contributions 
to the overall process of each of the partial 
reactions will be different. For comparison with a 
copper-containing nanocomposite, a palladium-
containing nanocomposite was studied, on which, 
as is known, the catalytic reaction between 
adsorbed hydrogen and oxygen proceeds best. At 
the same time, the issues of both the mechanism 
of redox sorption of molecular oxygen from 
water in over-limiting polarization regimes and 
the contributions of partial stages of the process 
remain insufficiently resolved.

The purpose of the work was to study the 
process of redox oxygen sorption on palladium- 
and more affordable copper-containing ion-
exchange nanocomposites in the mode of over-
limiting polarization.

2. Experimental
A macroporous strongly acidic ion exchange 

matrix CU-23 15/100 was used for the synthesis of 
nanocomposites (NC) (Table 1). It is characterized 
by the presence of sulfogroups on the surface 
and in the volume of the polymer and the 
predominance of macropores with a fairly wide 
size distribution.

The polymer chain of the ion exchange matrix 
has the following form:

where n, m, p are the number of components in 
the polymer. The selected ion-exchange porous 
matrix has sufficient mechanical strength, is re-

sistant to acid-base influences, and does not 
undergo thermal decomposition over a sufficient-
ly wide temperature range.

The chemical deposition of metal into the ion 
exchange matrix was preceded by its preliminary 
preparation [33]. The ion exchanger was placed in 
2 M NaCl for a day, then its acid-base conditioning 
was carried out, consisting in sequential dynamic 
passage through a column for the synthesis of HCl 
and NaOH solutions with a solution:ion exchanger 
volume ratio of 3:1 with decreasing concentration 
(1.0 M; 0.5 M; 0.25 M). After each acid/alkali 
pass, the ion exchanger was washed with a large 
amount of distilled water. The ANION-4100 
ionomer (Infraspak-Analyte, Russia) recorded the 
alignment of pH of the solution at the outlet of 
the column and pH of distilled water.

The synthesis of the nanocomposite consisted 
of two stages: saturation of the matrix with metal 
ions and their subsequent chemical reduction. 
To saturate the cation exchanger with copper 
(II) ions, a 6% solution of copper (II) sulfate in 
water was passed through the bulk layer of the ion 
exchanger at the rate of 10 volumes of solution 
per 1 volume of resin at a volumetric rate of 
5·10–4 m3/h. During this stage, the ion exchange 
of metal cations and hydrogen of the ionogenic 
centers of the sulfogroups of the ion exchanger 
took place. Then, the non-exchangeably sorbed 
electrolyte was washed out of the cation exchanger 
with distilled water deoxygenated with argon. 
Chemical reduction of the metal was carried out 
with 0.35 M sodium dithionite Na2S2O4 solution 
in 0.63 M NaOH in a volume ratio of reducing 
agent solution/ion exchanger equal to 10:1. 
Then the copper-containing nanocomposite was 
washed from the reducing agent, neutralizing 
the alkali with an hydrochloric acid solution 

Table 1. Basic physico-chemical characteristics of 
an ion exchanger [32]

The cation exchanger CU-23 15/100

Polymer base Stitched 
polystyrene

Ion exchange (redox) capacity of 
granular volume, meq/cm3 1.25

Characteristic pore diameter, nm 10–100

Specific pore volume, cm3/g 0.40–0.60

Diameter of granules, mm 0.40–1.25
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followed by passing deoxygenated distilled water. 
If necessary, to convert the nanocomposite to the 
Na+ form, a solution of sodium sulfate was passed 
through the synthesis column and washed with 
distilled water, deoxygenated by hour-long argon 
bubbling. The cycles of ion exchange saturation 
and reduction of the metal deposited in the ion 
exchange matrix were repeated several times 
until a nanocomposite with the required metal 
capacity was obtained.

In the case of palladium-containing 
nanocomposites, the saturation solution was a 6% 
palladium (II) chloride solution, which was passed 
from bottom to top in even cycles of palladium 
deposition and from top to bottom in odd cycles 
at a speed of 5 m/h. The amount of solution 
consumed was in a ratio of 5:1 to the volume of 
resin; the transmission time was 30–40 minutes. 
After washing with deoxygenated water, a solution 
of the reducing agent, sodium borohydride, was 
passed through in an alkaline medium at a rate 
of 5 m/h for an hour. Washing with distilled water 
was carried out from the top down at a rate of 
10 m/h. The water volume to resin volume was 
10:1, with a flow time of 1 hour. The synthesis 
of the palladium-containing composite was 
accompanied by a rapid release of gas.

To determine the redox capacity of NC for 
copper, a titrimetric method was used, for which 
1 cm3 of the test sample was placed in a heat-
resistant glass in a water bath, and 10% nitric acid 
was sequentially added to it in 10 ml portions. 
The copper cations formed during dissolution 
passed into a solution, which was then transferred 
to a measuring flask until the entire metal of 
the composite dissolved, which was visually 
detected by the absence of a change in the color 
of the nitric acid solution. The resulting solution 
containing copper ions was brought to the mark 
in a measuring flask and the redox capacity was 
determined. The metal capacity was determined 
by transferring the entire metal sample into a 100 
cm3 solution using nitric acid. Then, an aliquot 
of 10 cm3 was taken from the resulting solution, 
which was additionally diluted with 20 cm3 of 
distilled water and treated with an ammonia 
buffer solution (20 g/l NH4Cl + 100 cm3 NH3) 
until an alkaline medium was obtained and the 
solution acquired a blue color. The concentration 
of copper ions was determined by complexometric 

titration using 0.1 mol-eq/cm3 of trilon B and 
murexide as an indicator before the color of the 
solution changed to purple.

Titrimetric determination of palladium 
in solution began with the preparation of an 
analyte – standard solutions of palladium and 
EDTA, a titrant – a standard solution of zinc, 
an indicator solution of “eriochrome black T”. 
Preparation of a standard palladium solution: 
1.5 g of pure palladium was dissolved in several 
milliliters of aqua regia. Nitrogen oxides were 
removed by evaporation with hydrochloric 
acid. The dry residue was dissolved in 0.2 M 
hydrochloric acid and adjusted with the same 
solution to a volume of 500 ml. Preparation 
of a standard zinc solution: 1.8 g of zinc oxide 
was dried at 100 °C for 2 hours, dissolved in a 
minimum volume of nitric acid (1:1) and brought 
to a volume of 1 liter. Preparation of a standard 
EDTA solution: 5.5 g of sodium salt of EDTA was 
dissolved in a liter of distilled water. The titer of 
the solution was determined by complexometric 
titration with a standard zinc solution and 
“eriochrome black T” as an indicator. Preparation 
of the indicator solution: 0.1 g of “eriochrome 
black T” was dissolved in 50 ml of distilled water, 
to which several drops of 1 M solution of caustic 
potassium were added. The course of the analysis: 
a small excess of the standard EDTA solution was 
added to the standard palladium (II) chloride 
solution. By adding 0.1 M solution of caustic 
potassium, the pH was set to 10±1. 5 drops of 
“eriochrome black T” solution were added and 
titrated with a standard zinc solution until the 
equivalence point, which was determined by the 
color change from blue or green to bright pink.

The redox capacity of the deposited metal 
e

Me0 , mol-eq/cm3 in the sample was calculated 
by the formula: 

e
Me

T T

NC Al
0 =

C V V
V V

, 		  (4)

where Ст is the titrant concentration, mol-eq/cm3; 
Vт, V, VNC, VAl are the volumes of the titrant, the 
total solution, the sample of NC granules taken 
for analysis, and the aliquot taken for titration, 
respectively. All volumes are taken in the same 
units, for example, cm3.

The approach described in [29] was used 
to select the value of the polarizing current. It 
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is based on the concepts of external diffusion 
oxygen transport and the density of the limiting 
oxygen diffusion current. The maximum allowable 
current for the entire granular layer, i.e. the 
limiting current of Ilim, is equal to

I
I

Al
Al

lim

com

=
+1

,		  (5)

where Icom is the current required to reduce all 
oxygen entering the column:

I nFSuccom = 0 ,		  (6)

S is the cross-sectional area of the granular 
layer (1.2 cm); u is the flow rate (0.23 cm/s); l is 
the height of the granular layer (1 cm), and с0 
is the oxygen concentration in the water at the 
entrance to the granular layer (7.7 mg/l).

The value of the constant A is found by the 
formula:

A
i

nFuR c
=

3 0

0 0

c lim( )
 ,		  (7)

where χ is the coefficient of column filling with 
sorbent, ilim(0) is the density of the limiting dif-
fusion current on the surface of the NC granule, 
R0 is the radius of the NC granule. The calculated 
parameters are shown in Table 2.

Table 2. Calculated parameters of the experiment

ilim(0), A/m2 [29] А, cm–1 Icom, mA Ilim, mA

1.03 0.24 25.6 5.0

Granular nanocomposite materials were 
loaded into the cathode compartment of a 
sorption-membrane electrochemical cell, 
the scheme of which is shown in Fig. 1. The 
three-chamber electrolyzer contains a cathode 
compartment separated from the two anode 
membranes by MC-40. The bulk cathode was a 
thin copper wire surrounded by a layer of NC. The 
anodes were made of platinum wire twisted into a 
spiral. An appropriate ion exchanger was loaded 
into the anode chambers, which did not contain 
any deposited metal particles inside.

A MC-40 cation exchange membrane was 
used to ensure proton transfer from the anode 
to the cathode. The height of the thin granular 
nanocomposite layer was l = 1 cm, and the cross-
sectional area of the nanocomposite layer was S = 
1.2 cm2. Water flowed through the electrolyzer at 
a rate of u = 0.23 cm/s. An AKIP-1111 (Russia) was 

used as an external current source. To measure the 
concentration of the oxidizer, an AKPM-01 oxygen 
meter (Alfa-Bassens LLC, Russia) was used, 
protected from external electromagnetic radiation 
by a metal mesh screen. The oxygen input 
concentration was kept constant by continuously 
supplying atmospheric air to a container with 
distilled water before entering the reactor. After 
the thin granular layer of the nanocomposite, a 
filter was installed that performed the functions 
of sorption and membrane filtration. The value 
of water pH at the outlet of the electrolyzer 
was measured using an ionomer ANION-4100 
manufactured by “Infraspak-Analyt”, Russia.

3. Results and discussion
As a result of the procedures of saturation 

of the ion exchanger with counterions of the 
deposited metal, their subsequent reduction 
with an alkaline solution of a reducing agent 
and conversion to the initial ionic form, metal-
ion exchange nanocomposites with different 
capacities for the metal component were 
obtained. Chemical precipitation of copper 
into a macroporous sulfocation exchanger with 
sodium dithionite in an alkaline medium occurred 
according to the scheme:

2R-SO H +Cu (R-SO ) Cu +2H3
+ 2+

3 2
2+ +- -

 	 (8)

Fig. 1. Scheme of a three-chamber sorption-mem-
brane electrolyzer for deoxygenation of flowing water. 
C is a copper wire current supply, Cu R-SO3

0 ◊ -  is a bulk 
layer of nanocomposite; A is platinum wire anodes, 
R-SO3

-  are bulk layers of a sulfocation exchanger; 
MC-40 (H+) is a cation exchange membrane
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( )R-SO Cu Na S O NaOH

R SO Na Cu Na SO H
3
- +

- +

+ + Æ

Æ -ÈÎ ˘̊ ◊ + +
2

2
2 2 4

3 2

0
2 3

4

2 2 22O
	 (9)

R SO Na Cu

R SO H Cu

-ÈÎ ˘̊ ◊ Æ

Æ -ÈÎ ˘̊ ◊

- +

- +

3 2

0

3 2

0

+ 2H

+ 2Na  

+

+
	 (10)

The chemical precipitation of palladium in a 
sulfocation exchanger with sodium borohydride 
in an alkaline medium occurred according to the 
scheme:

2R-SO H +PdCl R-SO Pd +2HCl3
+

3
- - +Æ ( )2 2

2 	 (11)

( )

( )

R SO Pd NaBH H O

R SO Na Pd B OH H

- + + Æ

Æ -ÈÎ ˘̊ ◊ + +

- +

- +

3 2
2

4 2

3 2

0
3 2

2 6

2 7
	 (12)

The values of the metal capacity of the 
obtained nanocomposites are given in Table 3.

The current I = 50 mA was selected for 
polarization in the over-limiting mode, i.e. the 
excess of the maximum current was I/Ilim was 
10. The current was turned on for 4 hours after 
the oxygen concentration was established for an 
hour, and after 5 hours of the experiment, the 
current was turned off. Oxygen concentration 
measurements were continued for another 5 
hours. During this time, the oxygen concentration 
in the water at the outlet of the granular layer of 
NC reached the initial value at the inlet.

The amount of dissolved oxygen removed 
from the water (moles) was calculated based on 
the difference in the amount of oxygen dissolved 

in the water at the entrance to the granular layer 
of the nanocomposite and at the exit:

Q c c
u t

r

( ) ( )
( )

O
M O2 0

2

= - ◊
,		 (13)

where c0 is the concentration of oxygen dissolved 
in water at the inlet (mg/l), c  is the average val-
ue of the residual (output) concentration in three 
duplicate experiments, t is the experiment time, 
u is the volume flux of water (0.8 l/h), Mr (O2) is 
the molar mass of oxygen.

The calculation results are presented 
in Table 3. It can be seen that during the 
deoxygenation of water in the selected over-
limiting mode of electrochemical polarization, a 
significant amount of gas was released. Oxygen 
dissolved in water is removed in various ways: 
1) by direct electroreduction, 2) by catalytic 
interaction with electrochemically obtained 
adsorbed atomic hydrogen or chemical oxidation 
of electrochemically reduced active metal 
nanoparticles from oxides, and 3) by physical 
removal with released hydrogen. At the same time, 
all these stages took place under the influence of 
cathodic polarization. After the current was turned 
off, the oxygen concentration gradually equalized 
to the initial level due to the finite mixing time of 
the running water in the measuring vessel.

Oxygen can electrochemically interact 
with hydrogen ions, which leads to the basic 
reaction with the formation of water. At pH < 7, 
which is true for the hydrogen ionic form of the 

Table 3. Metal capacity, volume of released gas, and amount of oxygen removed from water for 
Pd0·CU-23 (H+) and Cu0·CU-23 (H+) nanocomposites. Experimental conditions: granular layer height 
l  = 1  cm, water flow rate u = 0.23 cm/s, I = 50 mA, I/Ilim = 10

Nanocomposites, 
number of metal 
deposition cycles

eMr0 ,  
mmole-eq/cm3 

(mmol/cm3)

V(H2,O2), 
cm3

Q (H2,O2) n 
the gas 

mixture, 
mmol

∑Q(O2), 
removed 

from 
water, 
mmol

Q(O2), 
emoved 

under current 
(stage 2), 

mmol

Q(O2), re-
moved 

without 
current (stage 

3), mmol

Pd0·CU-23 (H+), 1 0.76±0.23 
(0.38±0.12) 22.3±1.0 0.91 0.72 0.49 0.23

Pd0·CU-23 (H+), 3 3.22±0.23 
(1.61±0.12) 27.7±2.0 1.13 0.78 0.50 0.28

Pd0·CU-23 (H+), 5 5.02±0.14 
(2.51±0.07) 30.0±2.0 1.23 0.74 0.44 0.30

Cu0·CU-23 (H+), 10 9.68±0.07 
(4.84±0.04) 58.3±3.0 2.39 0.79 0.44 0.35

CU-23 (H+), 0 0 45.0±1.2 1.84 0.44 0.41 0.03
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nanocomposite, the oxygen reduction reaction 
can be represented as [34]:

O H H O2 24 4 2+ + Æ+ -e  (E0 = 1.23 V),	 (14)

and in a neutral and alkaline environment ac-
cording to the equation:

O H O OH2 22 4 4+ + Æ- -e  (E0 = 0.40 V).	 (15)

During the over-limiting polarization on the 
palladium surface, the formation of adsorbed 
hydrogen became possible, due to the catalytic 
activity of which the oxygen reduction reaction 
with the formation of water was carried out [27]:

2 2 2H Hads
+ -+ æ Ææe I 		  (16)

O  H H Oads2 24 2+ æ ÆæPd 		  (17)

On copper-containing nanocomposites, due to 
interaction with oxygen, the formation of copper 
oxides is possible: Cu2O and CuO. The chemical 
activity of the nanocomposite is kept due to the 
electroreduction of copper from oxides [29]:

Here H
+

, Cu
+
, Cu

2+
 are the counterions.

It is possible to physically displace oxygen 
dissolved in water with an inert gas, which can 
be released by molecular hydrogen.

The experiment can be divided into 3 stages. 
The first lasting 1 hour is the establishment of 
stationarity, the second (2-5 hours) is the time 
of electrochemical reactions, and the third (5-10 
hours) is catalytic for palladium-containing NC, 
or chemical for copper–containing NC oxygen 
reduction. Fig. 2 shows a decrease in the relative 
oxygen concentration to ~0.3 at Pd0·CU-23 (H+), 
which is associated with the high ability of 
palladium to hydrogenate and an active catalytic 
reaction between oxygen and molecular hydrogen 
on the Pd surface. During the polarization of the 
Pd0·CU-23 (H+) nanocomposite, the pH value of 
water was in the range of 6.4–7.0. Compared with 
palladium nanocomposites for Cu0·CU-23 (H+), the 
concentration of C/C0 oxygen dissolved in water 
decreased to ~0.4 (Fig. 3). During the experiment, 
the pH value increased from 6.5 to 6.7.

The current efficiency for molecular hydrogen 
evolution and the efficiency of oxygen removal 
are shown in Table 4. They show the ratio of 
the contributions of electrochemical processes. 
A dimensionless efficiency coefficient of 
nanocomposites for water deoxygenation has 
been introduced:

f
Q O
Vdeox

Me NC0

= Â ( )2

ne
, 		  (19)

Fig. 2. Relative concentration C/C0 of dissolved oxygen (a), and pH of water (b) at the outlet of a thin granular 
layer of the Pd0·CU-23(H+) nanocomposite in the over-limiting polarization mode. Experimental conditions: 
the height of the granular layer is l = 1 cm, 1 cycle of metal deposition. C0 is the initial oxygen concentration 
(7.9 mg/l), pH0 is the hydrogen index of the source water. Ionic forms in the cathode and anode chambers of 
CU-23(H+), I = 50 mA, I/Ilim = 10, limiting current Ilim =5.0 mA, ton, toff are the times of switching on and off the 
current, respectively
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in which the amount of oxygen removed (mmole) 
is normalized to the stoichiometric coefficient of 
the metal (Pd, Cu) in reaction with oxygen (2), 
the metal capacity (mmol/cm3) and the volume 
of the granular layer of the VNC nanocomposite. 
The efficiency coefficient of water deoxygenation 

decreased significantly with an increase in the 
number of plantings of deposited palladium (Ta-
ble 4).

Thus, an increase in the amount of palladium 
embedded in NC does not increase the efficiency 
of the redox sorption process. Only the amount 
of released hydrogen gas increases. The specific 
amount of reduced oxygen decreases steadily 
with increasing palladium capacity. Based on 
the corresponding dependencies in Fig. 4, it 
can be concluded that in order to intensify 
the process of water deoxygenation, it is not 
necessary to increase the amount of metal in the 
nanocomposite. On the contrary, an increase in 
the specific content of reduced oxygen will occur 
with a small number of metal nanoparticles that 
are not combined into aggregates, and therefore 
their surfaces are characterized by the greatest 
access for adsorption.

Fig. 3. Relative concentration C/C0 of dissolved oxygen 
in water at the outlet of a thin granular layer of nano-
composites. Experimental conditions: granular layer 
height l = 1 cm, water flow velocity u = 0.23 cm/s, 
I = 50 mA, I/Ilim = 10, Ilim =5.0 mA. C0 is the initial oxy-
gen concentration (7.4-8.0 mg/l), ton, toff are the times 
of switching on and off the current, respectively. 
Curves: 1 – CU-23 (H+); 2 – Pd0·CU-23 (H+), one depo-
sition cycle; 3 – Pd0·CU-23 (H+), three deposition cy-
cles; 4 – Pd0·CU-23 (H+), five deposition cycles; 5 – 
Cu0·CU-23 (H+), ten deposition cycles

Table 4. Oxygen and hydrogen current efficiency, 
and nanocomposites efficiency coefficient for 
water deoxygenation. The polarizing current 
I  = 50 mA, I/Ilim = 10

Nanocomposites, 
number of metal 
deposition cycles

hT(H2), %
hT(O2), 

% fdeox, %

Pd0·CU-23 (H+), 1 58.0 42.0 78.9
Pd0·CU-23 (H+), 3 63.0 37.0 20.2
Pd0·CU-23 (H+), 5 67.7 32.3 12.3

Cu0·CU-23 (H+), 10 73.0 27.0 6.8
CU-23 (H+), 0 70.0 30.5 –

Fig. 4. Histograms of the distribution of the amount of oxygen removed ∑Q(O2) (a) and the efficiency coefficient 
of nanocomposites for water deoxygenation fdeox on the metal capacity (b): 1 – CU-23(H+), 2-4 – Pd0·CU-23 (H+); 
5 – Cu0·CU-23 (H+). Experimental conditions: granular layer height l = 1 cm, 1, 3, 5, and 10 cycles of metal 
deposition, water flow rate u = 0.23 cm/s, polarizing current I = 50 mA, I/Ilim = 10, Ilim = 5 mA
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4. Conclusions
P a l l a d i u m - a n d  co p p e r- co n t a i n i n g 

nanocomposites with different capacities 
for the metal component deposited in a 
macroporous sulfocation exchange matrix have 
been synthesized.

In the over-limiting polarization mode on 
paladium-containing nanocomposites, the 
concentration of oxygen dissolved in water 
passing through the granular layer decreases 
significantly compared to the limiting mode. 
In addition to the electroreduction of oxygen, 
adsorbed hydrogen is formed, which enters into 
a catalytic reaction with dissolved oxygen, as well 
as the physical displacement of oxygen by gaseous 
hydrogen, which leads to an additional decrease 
in oxygen concentration.

The specific amount of absorbed oxygen 
increases with a decrease in the content of 
deposited metal, which is associated with a 
decrease in the size of nanoparticle aggregates. 
With some reduction in efficiency, it is possible 
to use copper instead of palladium.
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1. Introduction 
Morphological irregularity, or geometric 

heterogeneity of the electrode surface, is one 
of the most important factors affecting the 
kinetics of electrochemical processes. The shape, 
size, and distribution of irregularities along the 
electrode/solution interface are of both practical 
and fundamental importance. For example, in 
microelectronics, they strongly influence the 
efficiency and modes of implementation of TSV 
(through silicon vias) technology, when uniform 
electrodeposition of copper onto an electrode 
of complex macrogeometric configuration is 
required [1, 2]. In both theoretical and applied 
electrochemistry, the microgeometry of the 
surface, or the roughness of the electrode, plays 
an important role [3]. The roughness effect is 
most complexly manifested in the case of a 
tertiary current distribution, when concentration 
gradients form in an electrochemical system, 
and the mass transfer stage makes a significant 
contribution to the rate of a multi-stage 
heterogeneous electrode process. When studying 
the kinetics of such processes on solid electrodes, 
it is necessary to take into account that their 
roughness factor always differs from unity, since 
their surface is rough regardless of pretreatment. 
The roughness factor fr is the ratio of the true 
area S, which is equal to the sum of the areas of 
all irregularities, to the geometric (visible) area Sg 
corresponding to the projection of the electrode 
boundary [4]:

fr = S/Sg. 		  (1)

As a result, the extensive parameters of 
electrode reactions, corrosion processes, double 
electric layer, and adsorption are proportional 
to the area of the electrode/solution interface. 
At the same time, the influence of roughness on 
such parameters is often very significant. Thus, 
in double-layer phenomena, the roughness of 
the electrode leads to a large increase in the 
accumulated charge [5] and significantly reduces 
the interfacial resistance [6], which indicates that 
strongly roughened electrodes are promising for 
use in supercapacitor technology [7], where an 
increase in energy density is crucial. To reduce 
the effectiveness of the corrosion process, on the 
contrary, it is important to reduce the surface 
roughness of the electrode [8–11].

In order to correctly compare the extensive 
electrochemical parameters of various systems 
and processes with each other, they should 
generally be normalized to the area of the 
electrode/solution interface. However, the 
procedure for such normalization is not 
trivial, especially in the case of non-stationary 
electrochemical measurements, and it is far 
from always reduced to a simple division based 
on the area of the true surface of the electrode 
S > Sg, and normalization based on the area of 
the visible surface is generally applicable only in 
the case of liquid electrodes, since only they are 
perfectly smooth, so for them S = Sg. In [12–14], 
we theoretically substantiated and developed 
an algorithm for accounting for the effect of 
non-fractal, fractal, and statistically irregular 
roughness in the kinetics of diffusion-controlled 
processes. Within the framework of a number 
of theoretical models describing the electrode 
process, when the diffusion mass transfer stage 
is slow, and the charge transfer stage is very 
fast, it has been shown that the ratio of the 
thickness of the diffusion layer and the average 
size of the rough surface irregularities play a 
decisive role. It should be noted that most of the 
theoretical models available in the literature in 
non-stationary systems with rough electrodes 
have been developed specifically for reversible 
electrode processes, the limiting stage of which 
is diffusion mass transfer [15–17].

However, the kinetics of electrode processes 
are often not purely diffusive and/or the roughness 
effect is not limited to a geometric increase in the 
area of the electrochemically active surface. For 
example, the use of rough sensor electrodes allows 
for a higher sensitivity of electrochemical sensors 
not only due to an increase in area [18, 19], but 
also surface activity, which in the case of a rough 
surface is usually higher due to an increase in the 
number of active sites [20] or certain functional 
groups [21]. Such a dual effect of roughness plays 
a special role in the kinetics of electrocatalytic 
processes, since a correct estimation of the 
properties of an electrocatalyst requires a 
separation of the two effects: 1) an increase of 
its activity in a particular electrode reaction, and 
2) an extensive rise in current due to an increase in 
the true surface area of the electrode. Otherwise, 
the estimation of electrocatalytic activity may 
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lead to incorrect results, since the current density 
after normalization to the true surface area may 
be unchanged compared to a smooth electrode 
[22]. Therefore, it is urgent to identify a purely 
geometric roughness effect in the study of 
electrochemical processes occurring in the mixed 
transport-kinetic control, when the rates of the 
kinetic and diffusion stages are comparable.

The range of  practically significant 
electrochemical processes occurring under mixed 
transport-kinetic control is quite wide, and for 
many of them a noticeable effect of roughness 
on the kinetics of the process has been revealed. 
For instance, a complex multi-stage process of 
cathodic reduction of CO2 is morphologically 
sensitive, for which an enhancement in the 
efficiency of the electrochemical conversion of 
carbon dioxide into formic acid with an increase 
in the roughness of the electrode was found in 
[23, 24]. However, a procedure for the correct 
accounting of geometric roughness for such 
processes using non-stationary electrochemical 
methods (chronoampero-, chronopotentio-, 
and chronovoltamperometry) has not been 
developed. This is because the corresponding 
diffusion-kinetic problems have not been solved 
with different ratios of the charge transfer 
rate constant and the diffusion coefficient, 
which determine the contributions of kinetic 
and diffusion stages to the overall rate of the 
electrochemical process occurring on the surface 
of a rough electrode.

The purpose of the work is to establish the 
effect of electrode surface roughness on the rate 
of a non-stationary electrochemical process 
under mixed transport-kinetic control and 
potentiostatic polarization.

The objectives are as follows:
1. To obtain the theoretical chronoamperograms 

of an electrochemical process taking place in the 
mixed kinetics mode on a perfectly smooth flat 
surface of an electrode, as well as on surfaces 
with harmonic and fractal profiles with a given 
roughness factor and with a different ratio of the 
diffusion coefficient and the kinetic stage rate 
constant.

2. To calculate the roughness functions for 
the studied electrode surface profiles and various 
ratios of the diffusion coefficient and the rate 
constant of the kinetic stage.

3. By comparing the roughness functions 
obtained for different surface profiles, to identify 
the role of the shape of surface irregularities of a 
harmonic or fractal type, the surface roughness 
factor, as well as the ratio of contributions 
from the diffusion and charge transfer stages, 
in the potentiostatic current transient of the 
electrochemical process occurring under a mixed 
transport-kinetic control.

2. Formulation of the diffusion-kinetic 
problem and the method of computational 
experiment

The main task of the simulation was to 
find the spatiotemporal concentration profile 
of the electrochemically active diffusant Ox, a 
participant in the two-stage electrode process:

Ox Ox ne Redv s sdiffusion charge transfer
D kæ Ææææ + æ Æææææ- ,	 (2)

proceeding under a mixed transport-kinetic 
control on a rough (fr = const) electrode/solution 
interface. The stages of non-stationary diffusion 
mass transfer  and charge transfer  are 
quantitatively characterized by certain values of 
the diffusion coefficient D (cm2/s) and the charge 
transfer rate constant k (cm/s), respectively. Based 
on the ratio of these parameters, more precisely, 
based on the value of a dimensionless complex 
parameter k t D2  in the case of a perfectly smooth 
flat electrode, one can judge the contribution of 
a particular stage to the kinetics of the process. 
The corresponding dependence of the process (2) 
rate on time, expressed in current units 
(chronoamperogram), for the potentiostatic 
conditions of electrode polarization, i.e. at 
constant overvoltage, η = const, is described by 
the following expression [25]:

i t nFkc k t D kt D( ) = ◊ ( ) ◊ ( )flat

v exp erfc / /2 1 2 1 2 .	 (3)

Here F is the Faraday number (96485 C/mol), 
cv is the bulk (initial) concentration of Ox in the 
electrolyte solution. In the limiting case, when 
the rate constant of the charge transfer stage (and 
the exchange current proportional to it) is very 
high, i.e. the parameter k t D2 1 , equilibrium 
is quickly established during the second stage 
of the electrode process (2), therefore, the rate 
is limited by diffusion mass transfer, and the 
chronoamperogram is described by the Cottrell 
equation [25]:
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i t
nFD c

t
( ) =

( )Cottrell

v1 2

1 2

/

/p
.		  (3а)

On the contrary, if the kinetic stage is 
slowed down, which is performed using very 
small parameters k t D2 1 , then the rate of the 
electrode process does not change over time, but 
is determined by the overvoltage:

i nFk ch h( ) = ( ) v .		  (3b)

In this work, the chronoamperograms of 
the process (2) were calculated in a wide range 
of k t D2  values for electrodes with a rough 
surface. The rough interphase boundary was 
represented as a two-dimensional surface 
corrugation of three different types: non-
fractal, fractal, and statistically irregular. Non-
fractal surface profiles (sinusoidal, sawtooth, 
trapezoidal, and a system of single projections) 
were modeled using various harmonic functions 
with a characteristic wavelength λ equal to the 
distance between adjacent irregularities [13]. 
Fractal surface profiles were modeled using 
a range-limited continuous modified one-
dimensional Weierstrass function [3, 14, 26, 27]. 
A statistically irregular surface profile modeled 
using the Weierstrass–Mandelbrot random fractal 
function [14, 28, 29] most accurately reflected 
the real surface of a solid electrode. A feature of 
both fractal and statistically irregular surfaces is 
the dispersion of the characteristic wavelengths 
of irregularities in the range from minimum λmin 
to maximum λmax, inherent in the vast majority 
of solid surfaces. The method of mathematical 
modeling of the studied surface profiles is 
described in detail in [13, 14].

An electrolyte solution with a bulk 
concentration of diffusant cv undergoing 
electrochemical transformation according 
to scheme (2) under potentiostatic cathodic 
polarization is  considered as  a  model 
electrochemical system. The concentration of 
the diffusant in this case obeys the differential 
equation of Fick’s second law:

∂
∂

= —c
t

D c2 		  (4)

with the initial condition

c c
t=

=
0

v 		  (5)

and the first boundary condition

c c
zÆ•

= v .		  (6)

It was assumed that the charge transfer stage 
is irreversible (

�
�
�

k k ), i.e. Red oxidation has no 
effect on the overall rate of the process. In this 
case, the second boundary condition is valid, 
written in the following form:

D
c
n

kc
S

S

∂
∂

=


,	

which is a condition for continuity of flux at the 
interface (S) and implies equality of the rate of 
charge transfer u = kcS  and the density of the 

diffusion flux j t D
c
nS

S
( ) = ∂

∂


 along the normal to 

the surface (


n ). The diffusion flux density j t
S

( )  
per unit geometric surface area of the electrode 
was calculated using the numerical finite element 
method [30] using the COMSOL Multiphysics 
software platform [31–34] for the following 
process parameters: bulk concentration of 
diffusant cv = 1 mol/m3; number of electrons n = 1; 
temperature 298 K; diffusion coefficient: 
10–6  cm2/s; overvoltage: –0.1 V; the distance 
between adjacent irregularities (characteristic 
wavelength of the profile) of the rough electrode 
is λ = 10-3 m. The value of the charge transfer rate 
constant varied in a wide range from 10–8 to 
1 cm/s. The current density was calculated using 
the formula:

i t nF j t
S

( ) .
rough

= ( ) 		  (8)

The effect of morphological heterogeneity of 
the electrode surface on the mixed kinetics of the 
electrochemical process (2) was analyzed using 
the roughness function:

j =
( )
( )
i t
i t

rough

flat

.		  (9)

Here i t( )
flat  is the current density calculated by 

the formula (3), i t( )
rough  – current density found 

in COMSOL Multiphysics by numerical simulation. 
Obviously, if i t i t( ) = ( )

rough flat , then the roughness 
function is equal to the roughness factor fr, which 
is determined by formula (1). The transient 
current density i t( )

rough  was numerically calculated 
for different values of the dimensional-kinetic 
complex:
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k
k
DD = l ,		  (10)

the value of which can be used to judge the ratio 
of the contributions of the diffusion and kinetic 
stages to the rate of the overall process in the case 
of rough electrodes. The transient of the 
roughness  funct ion  is  represented  in 
dimensionless coordinates j l- Dt 2 , which 
makes it possible to determine how many times 
at a given time the rate of the process (2) on a 
morphologically inhomogeneous electrode is 
higher due to the presence of irregularities on it 
compared to a perfectly smooth flat electrode. 
The use of the roughness function and the 
dimensionless parameters of the system (kD, 
Dt l2 , k t D2 ) makes it possible to evaluate the 
role of roughness in the kinetics of electrochemical 
processes occurring under mixed transport-
kinetic control, with a different ratio of the 
contributions of the stages of diffusion mass 
transfer and charge transfer to the overall rate of 
the process. The relative contribution of a 
particular stage is determined by the value of the 
dimensional-kinetic complex kD, at the limiting 
values of which diffusion (kD >>1) or kinetic 
(kD  <<  1) control is realized. In this work, the 
simulation was carried out in a wide range of kD 
values from 10–3 to 105.

During the preliminary stage of simulation, 
using the example of a perfectly smooth flat 

electrode, the adequacy of the numerical 
simulation results was verified by comparing it 
with the known exact solution described by the 
mathematical function (3) obtained in [25] by 
the analytical method of Laplace transformation. 
Fig. 1 presents logarithmic dimensionless 

Y,τ‑chronoamperograms (Y
i

nFkc
= v , t l= Dt 2

) for an electrochemical process proceeding under 
mixed transport-kinetic control on a perfectly 
smooth flat electrode, obtained by equation (3) 
(solid lines), as well as calculated by the finite 
element method in the COMSOL Multiphysics 
program (markers). As expected, the calculated 
chronoamperograms have two linear sections in 
bilogarithmic coordinates. The first (horizontal) 
section corresponds to the slowed down stage 
of charge transfer, and formula (3b). The second 
section has a slope of d lg Y/d lg τ = –1/2, which 
corresponds to the slowed down diffusion stage 
and the Cottrell equation (3a). The calculation 
showed that the results obtained by two methods, 
analytically and numerically, completely coincide, 
which makes it possible to use this approach for 
more complex systems with a rough electrode/
solution interface.

3. Results and discussion
Harmonic roughness. Typical chronograms of 

the roughness function for electrodes, the surface 
of which is modeled by harmonic functions, are 
shown in Fig. 2. It turned out that for relatively 
large values of the dimensional-kinetic complex kD 
≥ 1, the curve coincides with a similar dependence 
obtained earlier for processes controlled by the 
stage of non-stationary diffusion mass transfer 
[13]. This situation occurs with high values of 
the rate constant of the charge transfer stage 
and/or low values of the diffusion coefficient. 
The shape of the chronogram is quite indicative: 
for dimensionless time values Dt l2  < 10-3, the 
roughness function ϕ is equal to the roughness 
factor fr (formula (1)). This means that the current 
density on a rough electrode is fr times higher 
than on a flat electrode, i.e. i t i t f( ) = ( ) ◊rough flat r

, 
therefore, in this case, additional normalization 
of the experimental current density value by 
the roughness factor is necessary to correctly 
estimate the process speed. If Dt l2  > 1, then 
the roughness function is equal to one, therefore 

Fig. 1. Chronoamperograms of a non-stationary elec-
trochemical process (1) on a flat electrode obtained by 
numerical and analytical methods for the mixed trans-
port-kinetic control mode
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i t i t( ) = ( )
rough flat , and roughness accounting is not 

required.
In another limiting case, when the value of 

the dimensional-kinetic complex kD is very small 
(curve 1 in Fig. 2), during the entire period of 
transient measurements, the roughness function 
is equal to the roughness factor. As expected, if the 
kinetics of the process is purely electrochemical 
(kD << 1), the current density should always be 
normalized by the roughness factor.

The position and shape of the chronograms of 
the roughness function with intermediate values 
of the dimensional-kinetic complex kD, i.e. for the 
mixed-kinetic control, depends on the ratio of the 
charge transfer rate constant and the diffusion 
coefficient, therefore, on the contribution of one 
stage or another to the rate of the electrochemical 
process. As the rate constant k increases, i.e. as 
the kinetic stage accelerates, a transition region 
appears on the chronogram of the roughness 
function, the position and duration of which 
depends on the dimensional-kinetic complex 
kD: as it decreases, the transition region appears, 
firstly, with increasing durations, and secondly, it 
gradually widens. This effect is also confirmed by 
analyzing similar dependences of the roughness 
function on time found for different harmonic 
roughness factors (Fig. 3). It can be seen that 
the higher the fr, the greater the value of the 
roughness function with short durations. In turn, 
with a decrease in kD, the area of constancy of the 
roughness function is noticeably widened.

Since the roughness function is the ratio 
of currents on a rough and flat electrode, the 

described effects are reflected in the form of 
chronoamperograms, which are shown in Fig. 4 
for different values of the dimensional-kinetic 
complex kD in comparison with similar curves for 
a perfectly smooth flat electrode.

It can be seen that if kD >> 1 (diffusion 
kinetics, Fig. 4a), then the chronoamperogram 
over the entire time range is a current decay 
curve, partially (with short and long durations) 
straightening in double logarithmic coordinates 
with a slope d lg i/d lg t = –1/2, which corresponds 
to the Cottrell equation (3a). At the same time, in 
the region with short durations, the currents on 

Fig. 2. Chronograms of the roughness function for an 
unsteady electrochemical process operating in mixed 
transport-kinetic control mode on an electrode with 
a sinusoidal surface (fr = 3) for different values of the 
dimensional-kinetic complex kD = 10–5 (1), 10–4 (2), 10–3 
(3), 10–2 (4), 10–1 (5), ≥1 (6)

Fig. 3. Transients of the roughness function calculated for a sinusoidal surface profile for different values of 
the roughness factor fr = 1.1 (1), 1.5 (2), 2.0 (3), 3.0. (4) and the dimensional kinetic complex kD = 105 (a), 10 (b), 
10-3 (c)
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the rough electrode are fr times higher than on 
the flat one, and with long durations, the curves 
for both electrodes, on the contrary, coincide.

If kD << 1 (electrochemical kinetics, Fig. 4b), 
then in almost the entire time interval the process 
proceeds under kinetic control, so the current 
density takes a constant value corresponding 
to a given overvoltage. In this case, the ratio of 
currents on the rough and flat electrodes is equal 
to the roughness factor during the entire period 
of transient measurements.

In the intermediate range of values of 
the dimensional-kinetic complex kD, the 
chronoamperogram takes on the most complex 
and non-trivial form. With short durations, 
chronoamperograms on both rough and flat 
electrodes are nonlinear in double logarithmic 
coordinates, since the mixed transport-kinetic 
control is implemented. The region of i relative 
constancy, when the contribution of the charge 
transfer stage to the kinetics is large enough, 
is replaced by a decrease in current caused by 
an increase in concentration polarization. The 
ratio of currents on rough and flat electrodes in 
a given time interval is equal to the roughness 
factor. Over time, the bilogarithmic curves of the 
rough and flat electrodes gradually converge, as 
the contribution of the kinetic stage decreases. 
With long durations, both chronoamperograms 
coincide and are linearized in accordance with 
the Cottrell equation (3a): the control completely 
passes to the stage of diffusive mass transfer.

Thus, when studying the kinetics of processes 
characterized by comparable rates of diffusion 
and kinetic stages on solid rough electrodes, it 

is necessary to take into account the complex, 
non-linear and non-stationary effect of electrode 
roughness on the current density recorded during 
the experiment. As a result, the normalization 
procedure for the roughness factor is not always 
reduced to a simple division by the roughness factor, 
and under certain conditions is not necessary at 
all. Correct consideration of the roughness effect 
in such cases requires a preliminary estimation 
of the kD value, which means necessity of the 
exchange current, diffusion coefficient, and 
estimated average size of the irregularities.

The potentiostatic response of the rough 
electrode on the surface of which the process (2) 
is taking place can be interpreted using data on 
the concentration distribution near the rough 
electrode/solution interface. Figures 5 and 6 show 
the concentration profiles of the electroactive 
diffusant Ox, calculated for the value of the 
dimensional-kinetic complex kD = 10 in the time 
range from 30 to 104 s, i.e. over a wide range of 
values of the complex diffusion-kinetic parameter 
k t D2  from 0.3 to 102. It can be seen that only with 
short durations the diffusion front completely 
repeats the surface profile, and over time, the 
sensitivity to irregularities is leveled, and the 
diffusion front is smoothed out. As a result, 
only when k t D2 1< , the density of the diffusion 
flux, and hence the current density, should be 
normalized to the roughness factor. Obviously, 
such a situation can occur over a fairly wide time 
range, but only if the charge transfer rate constant 
is so small that the electrode process (2) is almost 
completely controlled by the electrochemical 
stage, as is observed in Fig. 4c.

Fig. 4. Chronoamperograms of a non-stationary electrochemical process occurring in mixed transport-kinet-
ic control mode on an electrode with a sinusoidal surface (fr = 3) for different values of the dimensional-kinet-
ic complex kD = 105 (a), 10 (b), 10–3 (c). Dotted lines are chronoamperograms for an ideal smooth flat electrode
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Fig. 5. The concentration field of a diffusant near a sinusoidal and sawtooth surface (fr = 3) during a non-sta-
tionary potentiostatic process in mixed transport-kinetic control mode with different durations. The dimen-
sional-kinetic complex kD = 10
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Fig. 6. The concentration field of a diffusant near single protrusions and a trapezoidal surface (fr = 3) during a 
non-stationary potentiostatic process in mixed transport-kinetic control mode with different durations. The 
dimensional-kinetic complex kD = 10
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Comparative analysis has shown that the 
difference in transients of roughness functions of 
different harmonic types is quite noticeable (Fig. 7), 
although it decreases with decreasing size-kinetic 
complex kD. At kD << 1, the chronograms coincide, 
which indicates that under conditions of purely 
electrochemical control, the determining role is 
played not by the shape of the micro irregularities, 
but by the macrogeometric parameter, i.e. by 
the roughness factor. Considering that the 
real surface profile of a solid electrode usually 
consists of a set of harmonics of various sizes 
and shapes, the roughness effect was modeled 
using fractal and statistically irregular functions. 
The fact is that their use makes it possible 
to describe the morphology of the electrode/
solution interface as realistically as possible [14], 
since the profiles constructed according to these 
mathematical functions are a combination of 
various irregularities, the average lateral size of 
which lies in a given range from λmin to λmax.

Fractal and statistically irregular roughness. 
Figure 8 shows the chronograms of the roughness 
function for a non-stationary electrochemical 
process proceeding under mixed transport and 
kinetic control on model surfaces defined by the 
fractal Weierstrass function and the statistically 
rough Weierstrass-Maldenbrot function. As in the 
case of the process on harmonic-type surfaces, for 
relatively small values of kD, a horizontal section is 
formed on the current decay curves, within which 
the function ϕ = fr. The duration of this section 
increases with a decrease in kD, i.e. with a decrease 
in the rate constant of the charge transfer stage 
and/or an increase in the diffusion coefficient.

A distinctive feature of the chronograms of 
roughness functions for fractal and statistically 
irregular surfaces is a significant broadening of 
the transition region compared to roughened 
electrodes with a harmonic-type surface. 
This effect is probably due to the presence of 
irregularities of various sizes on the surface. 
Indeed, the average distance between adjacent 
irregularities in the case of both fractal and 
statistically irregular surfaces lies in the range 
λmin < λ < λmax [14], while harmonic profiles are 
characterized by the absence of a distribution of 
irregularities in their size (λ = const).

This effect can be explained by analyzing the 
concentration profiles of an electrochemically 
active diffusant near the fractal and statistically 
irregular electrode surface, calculated for kD = 
10 in the time range t from 0.5 to 5·104 s, i.e. 
over a wide range of values of the diffusion-
kinetic parameter k t D2  (Fig. 9). It can be seen 
that with short durations, the diffusion front 
completely repeats the profile of the surface 
with a minimum wavelength (λmin). However, 
over time, the sensitivity to such irregularities 
decreases, and therefore the diffusion front 
gradually smooths out, taking the form of a 
longer-wavelength harmonic, until at some point 
it coincides in shape with the profile with the 
maximum wavelength (λmax), after which it quickly 
becomes flat.

The described changes in the shape of the 
diffusion front lead to a gradual decrease in 
its area, and consequently, the flow and the 
roughness function over time. In contrast to 
the ϕ obtained for surfaces defined by harmonic 

Fig. 7. Transients of the roughness function calculated for different harmonic surface profiles: sinusoidal (1), 
sawtooth (2), trapezoidal (3), a system of single protrusions (4) with a roughness factor fr = 3 for the values of 
the dimensional kinetic complex kD = 105 (a), 10 (b), 10-3 (c)
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functions, the transition region in the case of 
Weierstrass and Weierstrass-Mandelbrot profiles 
is characterized by significant broadening not 
only at low kD corresponding to the purely 
electrochemical kinetics of the process (2), but 
also at values of the dimensional kinetic complex 
valid for diffusion control. In addition, a decrease 
in the rate constant of the charge transfer stage 
leads to a significant shift of the transition region 
to the region of a larger t.

Thus, the roughness effect in the kinetics 
of electrochemical processes, which are 
characterized by mixed transport-kinetic control, 
turns out to be much more complex than in 
cases of purely diffusion or electrochemical 
kinetics. The characteristic criterion for the 
correct estimation of the roughness effect on 
the kinetics of such processes is, first of all, the 

dimensional-kinetic complex k
k
DD = l . The 

simplest way is to take into account the roughness 
effect when kD 1, i.e. the charge transfer stage 
is limiting. In this case, the current density must 
necessarily be normalized to the roughness 
factor of the electrode surface. In the case where 
the electrochemical stage and the diffusion 
mass transfer stage proceed at comparable rates 
kD ≥( )1 , or diffusion is slowed down compared to 

charge transfer, roughness accounting is reduced 
to dividing the current density by the roughness 
factor only for very short durations, otherwise an 

estimation of the roughness function at a given 
time is required.

4. Conclusions
1. The concentration profiles of an electroactive 

diffusant have been calculated by numerical finite 
element modeling. The chronoamperograms 
of an electrochemical process occurring under 
mixed transport and kinetic control on rough 
surfaces described by various harmonic and 
fractal functions with a given roughness factor 
with different ratios of the rate constant of the 
kinetic stage of the electrochemical process have 
been obtained.

2. The shape of the chronoamperogram of an 
electrochemical process in a mixed diffusion-
kinetic regime depends both on the characteristics 
of the rough surface (roughness factor, average 
size of irregularities) and on the ratio of the rate 
constant of the charge transfer stage and the 
diffusion coefficient. With short durations, the 
overall process rate is equal to the charge transfer 
rate at a given potential. With long durations, 
the chronoamperogram coincides with the curve 
of the diffusion-controlled process, which is 
explained by the transition from the kinetic to the 
diffusion mode of the electrochemical process.

3. The effect of roughness is manifested only 
at relatively short process durations, and if the 
thickness of the diffusion layer is much smaller 
than the size of the irregularities, then the ratio 

Fig. 8. Transients of the roughness function (fr = 3.0) calculated for fractal (a) and statistically irregular (b) 
surfaces for different values of the dimensional-kinetic complex kD = 10–3 (1), 10–2 (2), 10–1 (3), 1 (4), 101 (5), 102 
(6), ≥103 (7)
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Fig. 9. The concentration field of a diffusant near a fractal and statistically rough surface (fr = 3) during a 
non-stationary potentiostatic process in the mixed transport-kinetic control mode for different durations. The 
dimensional-kinetic complex kD = 10
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of process rates on rough and perfectly smooth 
electrodes is equal to the roughness factor. With 
long durations, the diffusion front is smoothed 
out so that there is no need to take roughness 
into account when calculating the process rate. 
In the intermediate time interval, the effect 
of roughness on the process rate is nonlinear. 
When the rate constant decreases, i.e. as the 
kinetic stage decelerates, the transition region 
manifests itself over increasingly long periods 
of time and gradually widens, while it is almost 
independent of the shape of the irregularity. 
As a result, under these conditions, taking into 
account the roughness effect is mandatory and 
amounts to normalizing the current density by 
the roughness factor.

Contribution of the authors
Vdovenkov F. A. – conducting a computational 

experiment. Kolosov A. N. – conducting a 
computational experiment, writing a text. 
Kuzmenko G. A. – conducting a computational 
experiment. Kozaderov O. A. – scientific guidance, 
research concept, methodology development, text 
editing, final conclusions.

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. Wang F., Zeng P., Wang Y., Ren X., Xiao H., Zhu W. 

High-speed and high-quality TSV filling with the direct 
ultrasonic agitation for copper electrodeposition. 
Microelectronic Engineering. 2017;180: 30–34. https://doi.
org/10.1016/j.mee.2017.05.052

2. Beica R., Siblerud P., Erickson D. Advanced TSV copper 
electrodeposition for 3D interconnect applications. 
IMAPSource Proceedings 2010(DPC): 774–802.  https://doi.
org/10.4071/2010DPC-tp13

3. Kozaderov O.А. Surface roughness effect in the 
kinetics of heterogeneous processes. Review. Condensed 
Matter and Interphases. 2017;19(1): 6–21. https://doi.
org/10.17308/kcmf.2017.19/171

4. McNaught A. D., Wilkinson A. Compendium of chemical 
terminology. The Gold Book, Second Edition. New York: 
Blackwell Science; 1997. 464 p.

5. Aslyamov T. Properties of electrolyte near rough 
electrodes: Capacity and impedance. Current Opinion in 
Electrochemistry. 2022;35: 101104. https://doi.org/10.1016/j.
coelec.2022.101104

6. Koklu A., Sabuncu A., Beskok A. Rough gold electrodes 
for decreasing impedance at the electrolyte/electrode 

interface. Electrochimica Acta. 2016;205(2): 215–225. https://
doi.org/10.1016/j.electacta.2016.04.048

7. Song F., Ma J., Wang G., Zhang R., Li J., Fan J. Novel 
rough nanorods NiO-(NiFeCo)O as positive electrode of 
high-performance asymmetric supercapacitors assembled 
with SiO2/rGO negative electrode. Energy. 2025;326: 136360. 
https://doi.org/10.1016/j.energy.2025.136360

8. Sovík J., Knap V., Obertova V., Pastorek F., Florková Z., 
Hadzima B. Assessment of the effect of surface roughness 
on electrochemical characteristics of AZ80 magnesium alloy 
treated by PEO. Transportation Research Procedia. 2023;74(6): 
465–471. https://doi.org/10.1016/j.trpro.2023.11.169

9. Chi G., Yi D., Liu H. Effect of roughness on 
electrochemical and pitting corrosion of Ti-6Al-4V alloy in 
12 wt.% HCl solution at 35 °C. Journal of Materials Research 
and Technology. 2020;9(2): 1162–1174. https://doi.
org/10.1016/j.jmrt.2019.11.044

10. Wang M. Influence of surface roughness on the 
anticorrosion performance of plasma sprayed amorphous 
coating and its electrochemical evaluation. International 
Journal of Electrochemical Science. 2023;18(11): 100326. 
https://doi.org/10.1016/j.ijoes.2023.100326

11. Tang Y. Investigation of influence of surface 
roughness on pitting corrosion of duplex stainless steel 2205 
using various electrochemical techniques. International 
Journal of Electrochemical Science. 2019;14(7): 6790–6813. 
https://doi.org/10.20964/2019.07.51

12. Kozaderov O.A., Vvedenskii A.V. Diffusion-controlled 
potentiostatic process of selective dissolution of an alloy 
with a rough surface: finite element simulation. Condensed 
Matter and Interphases. 2014;16(1): 32–41. (in Russ., abstract 
in Eng.).  Available at: https://www.elibrary.ru/item.
asp?id=21490888

1 3 . Koz a d e r ov  O. A . C h r o n o a m m e t r y  a n d 
chronopotentiometry on electrodes with a microrough 
surface: Theoretical consideration. Protection of Metals. 
2005;41(3): 211–220. https://doi.org/10.1007/s11124-005-
0032-1

14. Kozaderov O. A., Kuzmenko G. A., Vdovenkov F. A. 
Theoretical model of voltammetry of selective dissolution 
of an alloy with accounting the effects of equilibrium solid-
phase adsorption and surface roughness. Sorbtsionnye I 
Khromatograficheskie Protsessy. 2024;24(5): 753–764. https://
doi.org/10.17308/sorpchrom.2024.24/12514

15. Menshykau D., Streeter I., Compton R. Influence of 
electrode roughness on cyclic voltammetry. Journal of 
Physical Chemistry C. 2008;112(37): 14428-14438. https://
doi.org/10.1021/jp8047423

16. Parveen, Kant R. General theory for pulse 
voltammetric techniques at rough electrodes: multistep 
reversible charge transfer mechanism. Electrochimica Acta. 
2016;220:  475–485. ht tps : / /do i .org/10 .1016/ j .
electacta.2016.10.061

17. Parveen, Kant R. General theory for pulse 
voltammetric techniques on rough and finite fractal 
electrodes for reversible redox system with unequal 
diffusivities. Electrochimica Acta. 2016;194: 283-291. https://
doi.org/10.1016/j.electacta.2016.02.039

18. Gamero M., Pariente F., Lorenzo E., Alonso C. 
Nanostructured rough gold electrodes for the development 
of lactate oxidase-based biosensors. Biosensors & 

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2025;27(4): 592–605

F. A. Vdovenkov et al.	 Simulation of a non-stationary electrochemical process on rough electrodes under mixed...



605

Bioelectronics. 2010;25: 2038–2044. https://doi.org/10.1016/j.
bios.2010.01.032

19. García Mendiola T., Gamero M., Campuzano S., … 
Lorenzo E. Nanostructured rough gold electrodes as 
platforms to enhance the sensitivity of electrochemical 
genosensors. Analytica chimica Acta. 2013;788C: 141–147. 
https://doi.org/10.1016/j.aca.2013.06.009

20. Pei Y., Hu M., Xia Y., Huang W., Li Z., Chen S. 
Electrochemical preparation of Pt nanoparticles modified 
nanoporous gold electrode with highly rough surface for 
efficient determination of hydrazine. Sensors and Actuators 
B: Chemical. 2019;304: 127416. https://doi.org/10.1016/j.
snb.2019.127416

21. Leuaa P., Priyadarshani D., Tripathi A. K., Neergat M. 
What decides the kinetics of V2+/V3+ and VO2+/VO2

+ redox 
reactions – Surface functional groups or roughness? Journal 
of Electroanalytical Chemistry. 2020;878: 114590. https://doi.
org/10.1016/j.jelechem.2020.114590

22. Herraiz-Cardona I., Ortega E., Antón J., Pérez-
Herranz V. Assessment of the roughness factor effect and 
the intrinsic catalytic activity for hydrogen evolution 
reaction on Ni-based electrodeposits. Fuel and Energy 
Abstracts. 2011;36(16): 9428–9438. https://doi.org/10.1016/j.
ijhydene.2011.05.047

23. Qin B., Wang H., Peng F., Yu H., Cao Y. Effect of the 
surface roughness of copper substrate on three-dimensional 
tin electrode for electrochemical reduction of CO2 into 
HCOOH. Journal of CO2 Utilization. 2017;21: 219–223. https://
doi.org/10.1016/j.jcou.2017.07.012

24. Wang Y., Zhou J., Lv W., Fang H., Wang W. 
Electrochemical reduction of CO2 to formate catalyzed by 
electroplated tin coating on copper foam. Applied Surface 
Science. 2015;362: 394–398. https://doi.org/10.1016/j.
apsusc.2015.11.255

25. Galus Z. Fundamentals of electrochemical analysis. 
Chichester: Ellis Horwood; New York: Halsted Press, a 
division of Wiley; 1974. 520 p.

26. Kutateladze S. S. Fundamentals of functional analysis. 
Novosibirsk: Publishing House of the Institute of 
Mathematics; 2000. 336 p. (in Russ.)

27. Potapov A. A. Fractals in radiophysics and radar: 
sampling topology. Moscow: Universitetskaya kniga Publ.; 
2005. 848 p. (in Russ.)

28. Berry M.V., Lewis Z.V. On the Weierstrass-Mandelbrot 
fractal function. Proceedings of the Royal Society of London. 
A. Mathematical and Physical Sciences. 1980;370(1743): 459-
484. https://doi.org/10.1098/rspa.1980.0044

29. Lin N., Lee H. P., Lim S. P., Lee K. S. Wave scattering 
from fractal surfaces. Journal of Modern Optics. 1995;42(1): 
225–241. https://doi.org/10.1080/09500349514550181

30. Gallagher R. The finite element method: fundamentals*. 
Moscow: Mir Publ.; 1984. 428 p. (in Russ.)

31. Trukhan S. N., Derevshchikov V. S. Computer modeling 
of processes and phenomena of physical chemistry*. Novosibirsk: 
NNRSU Publ.; 2012. 75 p. (in Russ.)

32. Egorov V. I. The use of computers for solving problems*. 
St. Petersburg: St. Petersburg State University of ITMO Publ.; 
2006. 77 p. (in Russ.)

33. Voznesensky A. S. Computer methods in scientific 
research*. Moscow: MGSU Publ.; 2010. [Part 2]. 107 p. (in 
Russ.)

34. Krasnikov G. E., Nagornov O. V., Starostin N. V. 
Modeling of physical processes using the Comsol Multiphysics 
package*. Moscow: NRU MEPhI Publ.; 2012. 184 p. (in Russ.)

* Translated by author of the article

Information about the authors
Frol A. Vdovenkov, postgraduate student, Department of 

Physical Chemistry, Faculty of Chemistry, Voronezh State 
University (Voronezh, Russian Federation).

https://orcid.org/0009-0009-4737-9218 
f.vdovenkov@gmail.com
Alexey N. Kolosov, student, Department of Physical 

Chemistry, Faculty of Chemistry, Voronezh State University 
(Voronezh, Russian Federation).

https://orcid.org/0009-0005-7622-4830 
kolosov54aleksei@gmail.com
Grigory A. Kuzmenko, student, Department of Physical 

Chemistry, Faculty of Chemistry, Voronezh State University 
(Voronezh, Russian Federation).

https://orcid.org/0009-0004-7854-0960 
kuzmyenko.chemistry.physics@mail.ru
Oleg A. Kozaderov, Dr. Sci. (Chem.), Associate Professor, 

Leading Researcher at the Laboratory of organic additives 
for the processes of chemical and electrochemical deposition 
of metals and alloys used in the electronics industry, 
Voronezh State University (Voronezh, Russian Federation).

https://orcid.org/0000-0002-0249-9517
ok@chem.vsu.ru
Received July 2, 2025; approved after reviewing September 

22, 2025; accepted for publication October 15, 2025; published 
online December 25, 2025.

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2025;27(4): 592–605

F. A. Vdovenkov et al.	 Simulation of a non-stationary electrochemical process on rough electrodes under mixed...



606

ISSN 1606-867Х (Print)
	 ISSN 2687-0711 (Online)

Condensed Matter and Interphases
Kondensirovannye Sredy i Mezhfaznye Granitsy

https://journals.vsu.ru/kcmf/

Original articles
Research article
https://doi.org/10.17308/kcmf.2025.27/13298

Experimental study of phase equilibria  
in the Cu2SnSe3-Cu3SbSe4-Se ternary system
E. N. Ismayilova1, L. F. Mashadiyeva1, I. B. Bakhtiyarly1, V. A. Gasymov1,  
I. F. Huseynova1, Y. I. Jafarov 2 * 
1Institute of Catalysis and Inorganic Chemistry n.a. M. Nagiyev,  
113 H. Javid av., Baku Az1143, Azerbaijan
2Baku State University, 33 Zahida Khalilova av., Baku Az1148, Azerbaijan

Abstract
Objectives: Copper-tin and copper-antimony chalcogenides are highly desirable for the creation of novel, affordable, and 
ecologically friendly thermoelectric materials. Due to the potential for improving their thermoelectric performance through 
different cationic and anionic substitutions, these compounds have recently attracted increased attention. The aim of the 
work was to establish the nature of the physicochemical interaction in the Cu2SnSe3-Cu3SbSe4-Se compositions region of 
the Cu-Sn-Sb-Se quaternary system by experimentally studying phase equilibria. 
Experimental: Elemental components of high purity (≥ 99.999 %) from EVOCHEM Advanced Materials GmbH (Germany) 
were used for the synthesis of the ternary compounds. The synthesis was carried out in evacuated (~10-2 Pa) quartz ampoules 
at temperatures 50 °C above the melting points of the ternary compounds. Phase equilibria in the Cu2SnSe3*Cu3SbSe4-Se 
system were experimentally studied using differential thermal analysis (NETZSCH 404 F1 Pegasus system) and X-ray 
diffraction (diffractometer Bruker D2 PHASER). This paper presents the T-x diagram of the Cu2SnSe3-Cu3SbSe4 boundary 
system, the isothermal section at 300 K, the liquidus surface projection, as well as three polythermal sections of the phase 
diagram. The primary crystallization fields of the phases and the types and coordinates of non- and monovariant equilibria 
are also determined. 
Conclusions: The Cu2SnSe3-Cu3SbSe4 system has been established to be a quasi-binary eutectic system. Eutectic equilibrium 
is established at 68 mol % Cu3SbSe4 and 727 K. The liquidus surface of the studied system consists of two wide regions of 
primary crystallization of the Cu2SnSe3 and Cu3SbSe4 phases and one degenerate region near the selenium corner of the 
concentration triangle. A wide immiscibility area of two liquid phases is observed in the system, which has the form of a 
continuous solid solutions between the corresponding regions of the Cu2SnSe3-Se and Cu3SbSe4-Se boundary systems.
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Introduction
During the global energy and climate crisis, 

the widespread use of thermoelectric (TE) 
materials in low-emission energy conversion 
technologies is a key priority in the scientific 
community [1–5]. Among these materials, 
multicomponent chalcogenides, especially those 
based on Cu, have attracted considerable attention 
as environmentally friendly materials [6–13]. 
Many of these compounds, due to their optical 
and electronic properties, can be used in various 
types of electrical devices such as electrochemical 
sensors, solid-state electrolytes, ion-selective 
electrodes, displays, etc. In particular, phases 
of variable composition formed in Cu-Sn-Sb-X 
systems and being synthetic analogs of the 
tetrahedrite mineral Cu12Sb4S13 exhibit high ZT 
values and can be considered good candidates as 
thermoelectric materials [14–20]. It is well known 
that changing the composition and structure 
of materials is one of the effective methods for 
optimizing their functional properties. On the 
other hand, the availability of reliable data on 
phase equilibria and thermodynamic properties 
of the corresponding multicomponent systems 
is particularly important for the search and 
development of new materials and a better 
understanding of the relationship between 
composition, structure, and properties [21–30]. 
For this reason, it is advisable to conduct studies 
of the physicochemical interactions in the Cu–
Sn–Sb–Se system, identify the phases of variable 
composition formed in it, and establish a general 
picture of phase equilibria.

In our earlier reports, phase equilibria in 
the Cu-Sn-Sb-Se system were studied in the 
composition ranges of Cu2Se-Cu2SnSe3-Cu3SbSe4, 
Cu2Se-SnSe-Sb2Se3, and Cu2SnSe3-Sb2Se3-Se using 
differential thermal analysis (DTA) and X-ray 
diffraction (XRD) [31-34]. The fields of primary 
crystallization of phases and the boundaries of 
homogeneity regions were determined, and the 
characters and types of non- and monovariant 
equilibria of these systems were established. 
It was found that the quaternary compound 
CuSnSbSe3 is formed by a peritectic reaction in 
the Cu2Se-SnSe-Sb2Se3 system and exists in a very 
narrow temperature range (~ 650–723 K) [33].

In this paper, we present the results of a study 
of phase equilibria in the Cu2SnSe3-Cu3SbSe4-Se 

system over the entire concentration range. This 
region plays an important role in determining the 
complete picture of phase equilibria in the Cu2Se-
SnSe2-Sb2Se3-Se system. The ternary compound 
Cu2SnSe3 melts with an open maximum at 968 K 
and undergoes a polymorphic transition at 948 K 
[35, 36]. The high-temperature cubic phase of this 
compound has a lattice parameter a = 5.6877 Å 
[35, 37]. Below the polymorphic transition point, 
the monoclinic phase (Sp. Gr.Cc) crystallizes with 
the following unit cell parameters: a = 6.9670±3 Å, 
b = 12.0493 ± 7 Å, c = 6.9453 ± 3 Å, β = 109.19(1)°; 
z = 4 [38, 39]. The compound Cu3SbSe4 melts 
congruently at 755 K and has a tetragonal crystal 
structure (Sp. Gr. I42m) with the lattice parameters: 
a = b = 5.6609 (8) Å; c = 11.280 (5) Å [40].

Both boundary side Cu2SnSe3-Se and 
Cu3SbSe4-Se of the studied Cu2SnSe3-Cu3SbSe4-
Se quasi-ternary system are quasi-binary. The 
Cu2SnSe3-Se system is characterized by presence 
of the monotectic and eutectic equilibria [36]. 
At the monotectic temperature (910 K), the 
region of immiscibility of the two liquid phases 
covers the composition range of 37–95 at. % 
elemental Se (these numbers refer to the scale of 
1/6Cu2SnSe3-Se, i.e., 1 g-atomic amounts of the 
compound and elemental selenium). The eutectic 
point is degenerate near the selenium corner 
of the concentration triangle. The character 
of the phase equilibria of the 1/8Cu3SbSe4-Se 
system is qualitatively identical to the previous 
1/6Cu2SnSe3-Se system. At the monotectic 
temperature, the immiscibility region extends 
over a wide composition range of ~ 10–97 at. % Se, 
and the eutectic is also degenerate near Se [36]. In 
[41], the formation of solid solutions with Sn-Sb 
substitution in the Cu2SnSe3-Cu3SbSe4 system at 
673 K was established, and their thermoelectric 
properties were studied. However, there is no 
information in the literature on the phase 
diagram of this system. 

2. Experimental
2.1. Synthesis

High-purity (≥ 99.999 %) primary components 
from EVOCHEM Advanced Materials GmbH 
(Germany) were used for the synthesis. Ternary 
compounds of the studied system were obtained 
by melting simple substances in stoichiometric 
ratios corresponding to the Cu2SnSe3 and 
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Cu3SbSe4 formulas. The synthesis was carried 
out in evacuated (~10–2 Pa) quartz ampoules at 
temperatures 50 °C above the melting points of 
the ternary compounds [36]. After synthesis, the 
furnace was shut off and the ampoules were slowly 
cooled to room temperature and then annealed 
at 700 K for 50 hours to obtain a homogeneous 
stoichiometric composition.

The individuality of the synthesized ternary 
compounds was controlled using differential 
thermal analysis (DTA) and powder X-ray 
diffraction (XRD). The determined melting 
point and crystal lattice parameters for the two 
synthesized compounds were similar to the 
literature data given above within the margin of 
error (± 3 K and ± 0.0003 Å) [35–40].

To conduct the experiments, 32 samples 
were prepared along the 1/6Cu2SnSe3-[B], 
[A]‑1/8  Cu3SbSe4, and [C]-Se cross-sections, as 
well as some additional alloys outside these 
cross-sections, by melting the initial compounds 
in a vacuum. According to the DTA of cast non-
homogenized samples, their crystallization from 
melts is complete at 500 K. Therefore, to achieve 
a state as close to equilibrium as possible, the 
obtained cast alloys were annealed at 450 K for 
400 h.

2.2. Research methods
DTA and XRD were used for the studies. 

Equilibrium samples were heated in evacuated 

quartz ampoules using a NETZSCH 404 F1 
Pegasus system differential scanning calorimeter 
at a heating rate of 10 °C/min. The results were 
processed using NETZSCH Proteus software. The 
temperature measurement accuracy was ± 2 K.

X-ray diffraction patterns of the annealed 
homogenized alloys were obtained at room 
temperature using a Bruker D2 PHASER 
diffractometer with CuKα1 radiation. Topaz 
V3.0 software, provided by Bruker, was used to 
index the powder diffraction patterns of the 
studied alloys.

3. Results and discussion
A combination of the DTA and XRD data for 

three internal sections of the studied system, 
along with literature data on phase equilibria in 
boundary quasi-binary systems [34, 39], allowed 
us to determine the phase equilibria in the 
Cu2SnSe3-Cu3SbSe4-Se system. The phase diagram 
of the Cu2SnSe3-Cu3SbSe4 boundary system, the 
solid-phase equilibria diagram of the system at 
300 K, the liquidus surface projection, and three 
polythermal sections of the phase diagram are 
presented below.

3.1. The Cu2SnSe3-Cu3SbSe4 quasi-binary 
section 

Powder diffraction patterns of selected 
intermediate alloys of the studied Cu2SnSe3-
Cu3SbSe4 system are shown in Fig. 1. As can 

Fig. 1. Powder XRD patterns of alloys of the Cu2SnSe3-Cu3SbSe4 system 
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be seen, the diffraction patterns of alloys with 
compositions of 20 and 80 mol % Cu3SbSe4 are 
qualitatively identical to the diffraction patterns 
of the initial Cu2SnSe3 and Cu3SbSe4 compounds, 
respectively. This indicates the existence of wide 
solubility regions based on these compounds. 
Alloys with compositions of 40 and 60 mol % 
Cu3SbSe4 consist of a two-phase mixture of 
Cu2SnSe3+Cu3SbSe4 compounds.

Based on DTA and XRD data, a phase diagram 
of the Cu2SnSe3-Cu3SbSe4 system was constructed 
(Fig. 2). It was established that this system is 
quasi-binary, forms a eutectic-type T-x diagram, 
and is characterized by the formation of wide 
solid solutions (α- and β-phases) based on 
both initial components. The liquidus of the 
system consists of the primary crystallization 
curves of the α- and β solid solutions. At room 
temperature, the solubility of Cu2SnSe3 and 
Cu3SbSe4 reaches ~30 and ~25 mol %, respectively. 
The eutectic equilibrium point corresponds to 
68 mol % Cu3SbSe4 and 727 K. Below the solidus, 
co-crystallization of the α- and β-phases occurs.

3.2. Isothermal Section at 300 K
According to the solid-phase equilibria 

diagram (Fig. 3), the Cu2SnSe3-Cu3SbSe4-Se 
system consists of two two-phase regions (α + Se 
and β + Se) and a three-phase region (α + β + Se) 
separating them.

XRD data of alloys from various regions 
confirmed their phase composition. As can be seen 
from Fig. 4, the powder diffractograms of alloys 

No. 1 and No. 2, shown in Fig. 3, are the sum of 
the diffraction patterns of the Cu2SnSe3 + Se and 
Cu3SbSe4+Se phases, respectively, while the XRD 
pattern of sample No. 3 contains a set of diffraction 
lines corresponding to a mixture of α + β + Se.

3.3. Liquidus surface projection (Fig. 5)
The liquidus surface of the studied quasi-

ternary system consists of two wide fields of 
primary crystallization of the α- and β-phases. 
The immiscibility region that forms on the 
boundary Cu2SnSe3-Se and Cu3SbSe4-Se systems 
penetrates the concentration triangle and 
forms a wide region of immiscibility of the 
two liquid phases (L1 +L2). The eutectic curve 
emanating from e1, corresponding to the eutectic 
equilibrium of the boundary Cu2SnSe3-Cu3SbSe4 
system, intersects this immiscibility region. As 
a result, the monovariant eutectic equilibrium 
Le1 ↔ α+β is transformed into the nonvariant 
monotectic equilibrium L1↔ L2+ α + β (T = 710 K). 
The compositions of the liquid phases in this 
equilibrium correspond to points M1 and M2. 
Another nonvariant equilibrium in the system 
degenerates near the corner of the elementary 
Se of the concentration triangle. This part of the 
phase diagram is shown in Fig. 5 at an enlarged 
scale. At point E, which corresponds to the 
composition of the ternary eutectic mixture, a 

Fig. 2. Phase diagram of the Cu2SnSe3-Cu3SbSe4 system Fig. 3. Solid-phase equilibria diagram of the Cu2SnSe3-
Cu3SbSe4-Se system at 300 K. The composition of the 
mentioned phases is shown in Fig. 4
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Fig. 4. X-ray powder diffraction patterns of the alloys #1 (50 % Cu2SnSe3-50 % Se), #2 (45 % Cu3SnSe4-55 % Se), 
and #3 (40 % Cu2SnSe3-30 % Cu3SnSe4-30 % Se) in Fig. 3
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four-phase eutectic equilibrium L ↔ α + β + Se 
occurs at 490 K. The conjugate curves (e2E and 
e3E) at the eutectic point (E) degenerate into the 
following equilibria:

Le2E ↔ α + Se

Le3E ↔ β + Se

The immiscibility regions are bounded by the 
conjugate curves m1M; m1'M' и m2M; m2'M', which 
reflect the monovariant monotectic equilibria 
L1 ↔ L2 + α and L1 ↔ L2 + β, respectively. The 
curves e1M and M'E reflect monovariant eutectic 
equilibria L1 ↔ α + β and L2 ↔ α + β (Fig. 5).

3.4. Polythermal Sections
Polythermal sections of the T-x-y phase 

diagram are important  for  visual izing 
crystallization processes in the system.

Section 1/6Cu2SnSe3-[B] (Fig. 6). ([B] is an alloy 
of the 1/8Cu3SbSe4-Se side system, corresponding 
to a 1:1 composition). This region passes through 
the immiscibility region and the liquidus surface of 
the α- and β-phases. From left to right, the α-phase 
crystallizes from the liquid in the range < 55 mol 
% [B]: L ↔ α. In the 55-85 mol % [B] composition 
range, the α-phase initially crystallizes from 
the immiscibility region via the monovariant 
monotectic reaction L1 ↔ L + α; and the β-phase 
crystallizes in the concentration range > 85 mol % 

[B]. After the primary crystallization of the α-phase 
based on Cu2SnSe3 in the range of ~2–55 mol % [B], 
crystallization continues via a monotectic reaction. 
As a result of these processes, the region L2+ α (L2 
is a liquid based on elemental Se) is formed in Fig. 
6. The horizontal line (M) at 710 K in the phase 
diagram reflects the monovariant equilibrium L1 ↔ 
L2 + α + β. This reaction ends with the formation of 
a three-phase region L2+ α + β.

Fig. 5. Liquidus surface of the Cu2SnSe3-Cu3SbSe4-Se 
system. Primary crystallization fields: 1 – α (solid 
solution based on Cu2SnSe3); 2 – β (solid solution based 
on Cu3SbSe4); 3 – Se. Red lines are the studied poly-
thermal sections

Fig. 7. Polythermal section [A]-1/8Cu3SbSe4 system. 
[A] is an alloy of the 1/6Cu2SnSe3-Se boundary system 
with the composition ratio 1:1

Fig. 6. Polythermal section 1/6Cu2SnSe3-[B] system. 
[B] is alloy of the 1/8 Cu3SbSe4-Se boundary system 
with the composition ratio 1:1
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Crystallization is completed by degenerate 
non- and monovariant eutectic reactions (E, 
e2E, e3E, and M′E) at ~ 490 K, and heterogeneous 
regions of α + Se, β + Se, and α + β + Se are formed 
in the subsolidus.

Section [A]-1/8 Cu3SbSe4 (Fig. 7). ([A] is an 
alloy of the 1/6Cu2SnSe3-Se boundary system, 
corresponding to a 1:1 composition). The 
crystallization process in this section is somewhat 
different. Here, the α-phase crystallizes from 
immiscible liquid phases in the 0–58 mol % 
1/8  Cu3SbSe4 compositions range. In the ~58–
70 mol % 1/8 Cu3SbSe4 compositions range, 
the β-phase initially crystallizes from the L1+L2 
region, whereas at compositions > 70 mol % 
1/8 Cu3SbSe4, it crystallizes from the liquid phase 
L1. In the composition range of 10-63 mol % 
1/8 Cu3SbSe4, the system undergoes a nonvariant 
monotectic equilibrium M, and in the Cu3SbSe4-
rich region (63–100 mol %), the reaction 
L1 ↔ L2+ β occurs, leading to the formation of the 
region L2+ β (Fig. 7).

Thus, the regions L2+ α, L + α + β, and L2 + β 
exist along this section before the crystallization 
of elemental selenium. As in the previously 
considered polythermal section, complete 
crystallization in this section occurs through 
eutectic reactions, and two-phase mixtures of 
α + Se, β + Se, and α + β + Se are formed in the 
solid state.

Section [C]-Se (Fig. 8). (here [C] is an 
alloy of the boundary system 1/6Cu2SnSe3-

1/8Cu3SbSe4 with a composition of 1:1). This 
section completely intersects the region of 
primary crystallization of the α-phase. In the 
concentration range of ~ 0–23 at. % elemental Se, 
the α-phase primarily crystallizes from liquid L1, 
and in the range of > 95 at. % Se (el.), from liquid 
L2. In intermediate compositions, the primary 
crystallization of the α-phase proceeds according 
to the monovariant eutectic reaction L1 ↔ L2 + α 
in the L1 + L2 immiscibility region. It should be 
noted that the initial temperature of this process 
is constant (790 K), indicating that the direction 
of the L1-L2 tie line in the immiscibility region 
coincides with the plane of this region. Below 
the liquidus, in the concentration range of 
0–10 at. % Se (el.), crystallization continues via 
the monovariant eutectic reaction L1 ↔  α  +  β, 
and at 710 K, the system undergoes a four-phase 
transition reaction: L1+ α ↔ L2+ β. Crystallization 
is completed via the invariant eutectic process 
L ↔ α + β + Se.

These research results provide the scientific 
basis for the synthesis and growth of single 
crystals of selenium-enriched solid solutions 
based on Cu2SnSe3 and Cu3SbSe4 compounds.

4. Conclusion
Thus, this study presents a complete picture 

of phase equilibria in the Cu2SnSe3-Cu3SbSe4-Se 
system based on experimental results obtained 
by differential thermal analysis and X-ray 
diffraction. It was established that it is a quasi-
ternary plane corresponding to the quaternary 
system. A projection of the liquidus surface 
and a solid-phase equilibria diagram at 300 
K are presented, and a series of polythermal 
sections is constructed. It is established that 
the liquidus surface of the phase diagram of the 
studied quasi-ternary system consists of three 
primary crystallization fields. The crystallization 
fields of the α- and β-solid solutions based on 
Cu2SnSe3 and Cu3SbSe4 are the most extensive. 
The region of elemental selenium is degenerate 
in the corresponding corner of the concentration 
triangle. A wide region of immiscibility of the 
two liquid phases is observed in the system, 
which appears as a continuous band between the 
corresponding regions of the Cu2SnSe3-Se and 
Cu3SbSe4-Se boundary systems.

Fig. 8. Polythermal section [C]-Se system. [C] is an 
alloy of the 1/6Cu2SnSe3-1/8Cu3SbSe4 boundary system 
with the composition ratio 1:1
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1. Introduction
The first commercial electrodialyzer was 

manufactured in the 1950s and was used 
to desalinate brackish water [1]. Currently, 
electrodialysis (ED) is widely used in the chemical 
[2], pharmaceutical [3], and food [4] industries. At 
the same time, special attention should be paid to 
the use of this electromembrane method for the 
extraction of useful components from industrial 
and municipal wastewater [5-7] and the creation 
of waste-free production of organic products 
[8–11]. In particular, the use of electrodialysis 
technology for the treatment of wastewater 
from the production of mineral fertilizers [12–
14], which are multicomponent solutions and/or 
mixtures of inorganic and organic compounds, is 
quite promising.

During the electrodialysis processing of 
such media containing a wide range of different 
components, under conditions of direct current, 
elevated temperature and pH changes, the 
degradation of ion exchange membranes (IEM) 
used in electrodialyzers occurs [15]. Due to 
the presence of polluting components in the 
treated media and/or due to the initiation of 
undesirable processes in the membranes, such 
as precipitation accumulation, changes in 
morphology, and linear pore sizes, the physico-
chemical, electrochemical, and transport 
characteristics of IEM deteriorate and the 
efficiency of the electrodialysis process as a whole 
decreases [16]. The problem of IEM degradation 
is encountered during the electrodialysis 
treatment of municipal wastewater [12,17], 
natural waters [18,19], food industry solutions 
[20-22], and pharmaceutical industry [23], as 
well as of IEM artificially aged in the laboratory 
[24,25]. At the same time, ED technology is 
being actively implemented in a number of 
enterprises for the production of mineral 
fertilizers, including JSC “Minudobreniya” and 
JSC “Kuibyshevazot”, as part of projects for 
processing steam condensate [26]. It is planned 
to put ED equipment into operation at JSC NAK 
Azot, JSC TAIF-NK, and JSC Achinsk Oil Refinery 
[26]. However, despite the active introduction 
of this technology, there are few studies on the 
degradation of IEM during the electrodialysis of 
waste from the production of mineral fertilizers 
[10, 27]. This makes it difficult to predict the 

duration of effective and useful use of IEM in 
ED installations, which significantly depend 
on the degree of membrane degradation. This 
negative process is accompanied by changes in 
the structure and chemical composition of the 
membranes [15, 16, 28], which largely determine 
their selectivity and transport characteristics.

In turn, the structure, transport, and 
physico-chemical properties of ion-exchange 
membranes depend significantly on their 
interaction with water. Membranes function 
effectively only in the hydrated state, when they 
are capable of separation and ion exchange due 
to a significant weakening of the electrostatic 
interaction between counterions and fixed ions 
[29]. Deterioration of the transport properties 
of membranes in conditions of low humidity is 
one of the main problems limiting the practical 
application of ion exchange membranes. It was 
shown in [30] that an increase in moisture content 
is possible due to modification of the membrane 
by doping with inorganic nanoparticles, which, 
at low humidity, participate in ion transport, and 
the water molecules sorbed by them participate 
in the hydration of alkali metal cations in the 
membranes.

High moisture content is one of the main 
conditions for the formation of an optimal 
hydrophilic/hydrophobic balance of the ion 
surface, which, in turn, significantly affects the 
efficiency parameters of the separation process 
during electrodialysis, including the intensity of 
electroconvection and the generation of H+ and 
OH– ions occurring at the membrane/solution 
interface [31]. For example, it was shown in 
[32] that hydrophobic amino acids adsorbed 
on the membrane surface contribute to an 
increase in its hydrophobicity, which leads to 
a greater contribution of electroconvection to 
mass transfer during intensive current modes of 
electrodialysis.

Heterogeneous IEM are characterized by a 
higher moisture content, lower temperatures 
of the onset of dehydration, and a higher 
relative rate of water release compared to ion-
exchange resins, on the basis of which they are 
manufactured [33]. The features of the interaction 
of such IEM with a solvent are largely determined 
by pores of different sizes. Porometric analysis 
of domestic heterogeneous MK-40 and MA-41 
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membranes showed [34, 35] that the thinnest 
pores (mainly with a radius of 3.5 and 13 nm) 
are located in ion exchanger grains, whereas 
pores with a radius of 100 nm are formed at 
the contact points of ion exchange resin and 
polyethylene particles, and the largest pores 
with an effective radius of 3 microns are formed 
between the reinforcing fabric and the ion 
exchanger/polyethylene composite. Depending 
on the different levels of membrane structural 
organization (molecular, supramolecular, 
macroscopic), several structural, kinetically 
unequal types of water in the membranes are 
distinguished: “bound“, ”intermediate”, and 
”free” [36]. When the nature of the counterion 
changes, the water content and state inside 
the ion exchange membrane change [36]. Thus, 
an urgent task is to determine the hydration 
characteristics of ion exchangers depending on 
the type of membrane and the duration of use in 
electrodialysis plants.

To solve this problem, thermal analysis 
methods are used: thermogravimetry (TG) 
and differential thermal analysis (DTA), based 
on recording the parameters of the system 
under study, which change under conditions 
of programmed temperature exposure [33]. 
The thermogravimetry method consists in 
measuring the mass loss of the test material 
as the temperature changes. With the help 
of differential thermal analysis, the thermal 
effects of transformations occurring in the 
test sample under temperature influence are 
recorded. Synchronization of TG and DTA 
measurements makes it possible not only to 
determine the range of thermal stability of the 
ion exchange materials under study, but also to 
obtain information about the physico-chemical 
properties of the water contained in them, as 
well as to establish the main characteristics of 
the dehydration process of ion exchangers [33]. 
The experimental results obtained in this work 
using several complementary methods (thermal 
analysis, scanning electron microscopy, and 
X-ray diffraction) make it possible to reasonably 
establish the role of morphological changes 
and precipitation accumulation as the most 
likely causes of the evolution of hydration 
characteristics of heterogeneous ion-exchange 
membranes observed during electrodialysis 

treatment of multicomponent salt solutions 
(waste products of complex mineral fertilizers), 
which is the purpose of this study.

2. Experimental

2.1. Membranes
The research objects were RalexCMH-Pes 

(sulfocation exchange) and RalexAMH-Pes 
(anion exchange with quaternary ammonium 
groups) membranes manufactured by Mega JSC 
(Czech Republic) [37]. They are heterogeneous 
and contain an ion exchanger, plasticizer 
(polyethylene) , and reinforcing fabr ic 
(polyester).

The membranes were operated in an industrial 
electrodialyzer with alternating cation- and 
anion-exchange membranes separated by flow 
turbulator grids in the mode of concentration/
desalination of multicomponent salt solutions, 
such as waste from the production of complex 
mineral fertilizers for different periods of time. 
The membranes separated the concentrate/dilute 
chambers and did not come into contact with the 
solutions of the electrode chambers. The process 
was carried out in pre-limit current modes. The 
composition of treated wastewater is as follows 
(mg/dm3): Ca2+ 0.9–6.7; Cl- 1.3–16.9; Mg2+ 0.2–
3.8; SO4

2– 2.2–39.8; Na+ 0.10; F– 3.2–92.3; K+ 
0.15; NO3

– 15.4–312.1; Fe2(3)+ 0.01–0.17; PO4
3– 

0.6–2.3; NH4
+ 15.9–258.5 [27, 38]. After removing 

the membranes from the electrodialyzer, they 
were washed in distilled water, the surface was 
cleaned with a soft sponge and placed in distilled 
water. The characteristics of the used membranes 
were compared with similar characteristics of 
the initial samples that were not involved in the 
electrodialysis process.

The conditioning of the initial membranes 
was carried out in accordance with the methods 
given in [39]. First, salt treatment was performed 
in NaCl solutions of different concentrations, 
then the cation exchange membranes were 
treated with acid, and the anion exchange 
membranes with alkali. After conditioning, the 
cation exchange samples were converted to the 
Na+ form, and the anion exchange samples were 
converted to the Cl– form and stored in distilled 
water.

In this paper, the pristine conditioned samples 
have the index “prist”, the membranes for one 
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year of use are “1”, five years are “2”. CEM and 
AEM are the designations of cation- and anion-
exchange membranes, respectively. The main 
characteristics of the studied membranes are 
given in Table 1.

2.2. Methods
The morphology of the surface of the studied 

IEM was studied using scanning electron 
microscopy (SEM) on a JSM-6380 LV device 
(Japan). The preparation of the membranes for 
analysis was as follows. The membranes (AEMprist, 
AEM1, AEM2, CEMprist, CEM1, CEM2) stored in 
distilled water were dried in a drying cabinet to 
a constant weight at 70 °C, 5×5 mm samples were 
cut out, and an electrically conductive carbon 
layer was sprayed on them.

X-ray phase analysis of the ash residue 
after IEM annealing at 600 °C was performed 
using an ARL X’TRA diffractometer (Thermo 
Scientific, Switzerland). The particle size of the 
mineral components present in the membrane 
was calculated from the width of the diffraction 
maximum using the Scherrer formula [40].

Experimental studies of the membrane 
dehydration process were carried out using 
a NETZSCH STA 449 F3 Jupiter synchronous 
thermal analysis device combining high-
precision thermal weights and a differential 
scanning calorimeter. The device allows one to 
simultaneously obtain a set of several interrelated 
thermoanalytical curves: two integral curves (the 
mass loss curve (TG) and the thermal effects 
curve (DSC)), as well as their corresponding 
two differential curves (the mass loss rate curve 
(DTG) and the curve of the rate of change of 
the thermal effect (dDSC)). Swollen samples of 
IEM, previously soaked in distilled water for at 
least 7 days, were studied. Temperature research 
program: heating from 298 to 523 K at a rate of 5 
K/min. Research conditions: aluminum crucibles, 
nitrogen atmosphere, purge gas consumption 
at 15 cm3/min. The received thermograms were 

processed using NETZSCH Proteus and MS Excel 
software.

3. Results and discussion
Typical experimental thermoanalytical curves 

are shown in Fig. 1 using a CEMprist membrane 
sample as an example. Similar thermograms in the 
form of a set of TG, DTG, DSC, and dDSC curves 
were obtained for the five other membranes 
studied in the work (AEMprist, AEM1, AEM2, CEM1, 
CEM2). The experimental thermoanalytical 
curves were rearranged and shown in Fig. 2 and 
3 in a modified temperature-time format used in 
works on the thermal analysis of ion-exchange 
materials [33, 41]. This format for representing 
thermal curves allows not only to identify, but 
also to visually compare the integral TG, DSC, and 
differential DTG effects observed when samples 
are heated, which makes it possible, among other 
things, to detect the difference between the 
original and spent membranes.

It is important to note that for all studied IEM 
samples, regardless of the type of membranes 
(cation or anion exchange) and the duration of their 
use in an electrodialysis unit, the change in mass 
∆m, determined by the integral thermogravimetric 
TG curve, is consistent with the deviation of the 
differential thermal DSC curve from the baseline 
in the temperature range of 300-430 K. In addition, 
the highest rate of mass loss of the membrane 
sample, determined by the minimum on the DTG 
curve, is observed at a temperature close to the 
temperature of the DSC maximum (for example, 
at Tmax

Δm = 67.5 °C for the CEMprist membrane 
sample). This agreement of the TG, DTG, and 
DSC curves can be explained by the fact that the 
changes observed on them are due to a single 
process, the removal of water (dehydration) from 
the membrane sample when it is heated. Indeed, 
according to [33], the decrease in the mass of ion-
exchange material in the temperature range of 
300–430 K, in which the most significant change 
in ∆m for the studied membranes is observed on 

Table 1. Characteristics of ion exchange membranes
Parameter CEMprist CEM1 CEM2 AEMprist AEM1 AEM2

Exchange capacity, mmol/g of 
dry membrane 1.6±0.1 1.7±0.1 1.6±0.1 1.5±0.1 1.5±0.1 1.2±0.1

Thickness, mm 508±2 511±1 513±2 507±1 510±1 512±2
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all the obtained thermoanalytical curves, is due 
precisely to the removal of water from them. Thus, 
a comparative assessment of the moisture content 
of the studied membranes can be carried out by 
the value of ∆m. The specific moisture capacity 

nW (mol H2O/mol functional group) was calculated 
using the formula:

n
m

M ECW =
◊

◊D

H O2

100 % .

Fig. 2. Thermal curves of cation exchange membranes: CEMprist (a), CEM1 (b), CEM2 (c). Notation: T is the tem-
perature change curve, TG is mass loss curve, DSC is the thermal effects curve; ∆mprist, ∆m1, ∆m2 – mass change, 
∆Hprist, ∆H1, ∆H2 – specific heat of dehydration (J/g) for samples CEMprist (a), CEM1 (b), CEM2 (c) respectively

Fig. 1. Experimental thermoanalytical curves obtained for the CEMprist membrane sample. Notation: TG is the 
mass loss curve, DSC is the thermal effects curve, DTG is the curve of the mass loss rate, dDSC is the curve of 
the rate of the thermal effect change
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Here MH O2
 is a molar mass of water, EC is an 

exchange capacity of the membrane (Table 1). In 
turn, the specific thermal effect of the endothermic 
dehydration process ∆H  (the so-called 
“endoeffect” [33]) is determined by the area of 
the maximum observed on the DSC dependence. 
Using the example of a CEMprist membrane sample, 
it can be seen (Fig. 1) that such a maximum with 
a peak at Tmax = 69.5 °C is quite extensive, and its 
area, equal to ∆H = 465.4 J/g, corresponds to the 
thermal effect of dehydration of this IEM, 
normalized by the mass of the initial membrane 
sample, i.e. represents the heat of dehydration. 
A small maximum at 108.3 °C can be attributed 
to the melting of an inert binder of heterogeneous 
IEM, polyethylene [43].

On the  modif ied  temperature-t ime 
dependences (Figs. 2 and 3), the minimum area on 
the DSC curve corresponds to the thermal effect. 
The complete set of quantitative characteristics 
of the dehydration process (∆m, Tmax

Δm, Tmax, ∆H), 
found from modified thermoanalytical curves, 
is given in Table 2 for all studied CEM and AEM 
samples. It follows from these data that the mass 
loss ∆m increases with increasing duration of 
use of CEM and AEM membranes. This indicates 

an increase in the moisture content of both 
cation and anion exchange membranes during 
operation of the electrodialysis unit. The specific 
heat of dehydration increases naturally, which 
is consistent with an increase in the moisture 
content of the membrane. It should be emphasized 
that the heat of dehydration, calculated per mole 
of removed water, practically does not depend 
on the type of membrane and the duration of its 
use, and averages 39.0±1.8 and 35.8±1.2 kJ/mol 
for CEM and AEM, respectively. According to 
[33], the values of the molar heat of dehydration 
in the range of 35-39 kJ/mol correspond to the 
formation of associates of 2-4 water molecules.

It is important to note the increase in 
temperature TΔm

max, which corresponds to the 
highest rate of mass loss of the membrane 
sample: from 341 to 351 K in the range CEMprist < 
CEM1 < CEM2, and from 343 to 348 K in the range 
AEMprist < AEM1 < AEM2. A similar effect of TΔm

max 
growth found for the MF-4-SK membrane in 
[42] is explained by the effect of an inorganic 
dopant (polysuric acid particles) on the system 
of pores and channels, the introduction of which 
into the volume of MF-4-SK leads to an increase 
in moisture content. Thus, an increase in the 

Fig. 3. Thermal curves of anion exchange membranes: AEMprist (a), AEM1 (b), AEM2 (c). Notation: T is the tem-
perature change curve, TG is mass loss curve, DSC is the thermal effects curve; ∆mprist, ∆m1, ∆m2 – mass change, 
∆Hprist, ∆H1, ∆H2 – specific heat of dehydration (J/g) for samples AEMprist (a), AEM1 (b), AEM2 (c) respectively
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temperature of the maximum water removal 
rate correlates with data on an increase in the 
parameters ∆m and ∆H.

Acco r d i n g  t o  [ 3 3 ] , t h e  a n a l y s i s  o f 
thermoanalytical curves, along with the 
determination of the membrane moisture 
content, makes it possible to quantify the total 
and relative content of kinetically unequal 
(weakly, moderately, and strongly bound) water 
molecules in the membranes. This assessment is 
based on the representation of the dehydration 
process of ion-exchange membranes as a 
sequential release of kinetically unequal water 
molecules characterized by different degree of 
binding [33]. In accordance with the procedure for 
processing TG dependencies described in [33], the 
thermoanalytical curves of the studied cation and 
anion exchange membranes are presented in the 
lg α – T–1 coordinates, where α = ∆mi(Ti)/∆m is the 
ratio of the mass change of the membrane sample 
∆mi(Ti), corresponding to the amount released 
water at a temperature of Ti, to a total loss of 
mass. The slope of the lg α – T–1 curve depends 
on the nature and energy of the interaction of 
water molecules in the membrane. As a result, the 
corresponding dependencies are characterized 
by the presence of three linear sections with 
different slopes, each of which corresponds to 
a specific stage of water removal. The removal 
of weakly bound water (dehydration stage I) is 
carried out by a low-temperature section based 
on the logarithmic dependence of the relative 
mass change of the membrane sample on Т-1. In 
this case, we are talking about H2O molecules 
bound to each other by the weakest hydrogen 
bonds characteristic of the bulk phase of the 
solvent in the region of “long-range hydration” 
[33]. The intermediate medium–temperature 
section of the lg α – T–1 curve corresponds to the 

stage of dehydration II, the removal of water, in 
which intermolecular interactions, compared 
with weakly bound water, are enhanced due to the 
influence of membrane functional groups [33], as 
a result of which the slope of the lg α dependence 
on T–1 decreases. Finally, the high–temperature 
section of the dependence of the relative change 
in the mass of the IEM sample on temperature, 
characterized by the lowest slope, corresponds 
to stage III of dehydration, that is the removal of 
water molecules involved in the strongest ion-
dipole interactions with the functional groups of 
the membrane, Fig. 4.

The quantitative characteristics of water 
molecules of various degrees of binding, found 
by the dependence of lg α on Т–1 of the studied 
CEM and AEM membranes, are shown in Tables 3 
and 4. A comparison of these data shows that 
all the studied ion exchange membranes are 
characterized by the highest content of weakly 
and also moderately bound water, while strongly 
bound water is represented to the least extent. The 
values of moisture capacity found are consistent 
with the data obtained in [33, 44–46]. In this 
case, the analysis of the relative distribution of 
the water content of various degrees of binding 
revealed differences for cation- and anion-
exchange membranes in the change of their 
moisture content during long-term operation in 
an electrodialysis unit.

Thus, during the transition from CEMprist to 
CEM1 and CEM2, cation exchange membranes 
are characterized by an increase in the fraction 
of strongly bound water molecules. Indeed, if 
this parameter is 9.6 % for the initial sample 
of a cation exchange membrane, then after 
one year and five years of use it increases to 12 
and 13 %, respectively (Table 3). In the case of 
anion exchange membranes, the transition from 

Table 2. Quantitative characteristics of the membrane dehydration process

Ion exchange 
membrane Δm, % Tmax

Δm, K Tmax, K ΔН, J/g ΔН, kJ/mol

CEMprist 20.73 67.5 69.5 465.4 40.5

CEM1 33.43 74.9 77.5 693.8 37.3

CEM2 35.51 78.0 80.4 774.9 39.3

AEMprist 24.73 70.2 72.8 476.8 34.7

AEM1 29.73 73.2 75.7 592.6 35.9

AEM2 32.08 75.4 77.5 654.5 36.8

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2025;27(4): 615–629

O. A. Kozaderova, I. A. Saranov	 Hydration properties of heterogeneous ion exchange membranes...



622

Table 3. Quantitative characteristics of kinetically unequal water in cation exchange membranes at 
maximal swelling

Membrane Stage of dehydration ΔT, К % H2O
Specific moisture capacity  

nW, mol Н2О /mol  
functional groups

CEMprist

I 298–331 39.7 3.7
Σ = 9.3II 331–369 50.5 4.7

III 369–402 9.6 0.9

CEM1

I 298–337 43.0 6.8
Σ = 15.8II 337–365 44.9 7.1

III 365–401 12.0 1.9

CEM2

I 298–340 40.1 6.5
Σ = 16.2II 340–365 46.9 7.6

III 365–410 13.0 2.1

Table 4. Quantitative characteristics of kinetically unequal water in anion exchange membranes at 
maximal swelling

Membrane Stage of dehydration ΔT, К % H2O
Specific moisture capacity  

nW, mol Н2О /mol  
functional groups

AEMprist

I 298–329 33.3 3.8
Σ = 11.4II 329–359 47.4 5.4

III 359–419 19.3 2.2

AEM1

I 298–336 40.1 5.6
Σ = 14.0II 336–359 39.2 5.5

III 359–432 20.7 2.9

AEM2

I 298–337 40.4 7.8
Σ = 19.3II 337–362 44.6 8.6

III 362–429 15.0 2.9
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AEMprist to AEM2 is accompanied, on the contrary, 
by a decrease in the fraction of strongly bound 
water molecules from 19.3 to 15.0 % (Table 4). 
Accordingly, the fraction of weakly bound water 
in the internal solution of the anion exchange 
membrane increases from 33.3 to 40.4 %, which 
is consistent with the results of the analysis of 
the transport and structural characteristics of 
the studied IEM, for which, according to electrical 
conductivity data, an increase in the contribution 
of the internal solution to conductivity was found 
[47].

The discovered effects of increasing the 
moisture content of cation- and anion-exchange 
membranes during their long-term operation 
during electrodialysis of multicomponent 
solutions of mineral salts, as well as the revealed 
redistribution of water fractions of different 
degree of connectivity, may be due to a number 
of reasons.

One of the possible factors causing a change in 
both the moisture content and the redistribution 
of water of different degree of binding is the 
accumulation of precipitation in the pores of the 
membrane. It is known [30] that the introduction 
of inorganic dopants into the membrane matrix 
leads to an increase in the moisture content 
of the ion-exchange material. In this case, the 
immobilized nanoparticles replace part of the 
electroneutral solution in the inter-gel spaces of 
the membrane, which leads to an increase in their 
volume fraction and a simultaneous decrease in 
the fraction of the electroneutral solution in the 
membrane [48]. For cation exchange membranes, 
diffractometric analysis of calcination residues 
failed to detect significant differences between 
new (CEMprist) and spent (CEM1, CEM2) samples. 
Consequently, sedimentation in cation exchange 
membranes during their long-term operation in 
an electrodialysis unit most likely does not occur. 
A similar effect of an increase in moisture content 
unrelated to precipitation was observed in [24] 
during prolonged exposure to temperature and 
pH variation of the solution.

A feature of the studied anion exchange 
membranes, on the contrary, is the formation 
of precipitation during operation in an ED 
installation. Despite the fact that mineral 
deposits formed during the use of AEM during the 
concentration/desalination of wastewater from 

the production of complex mineral fertilizers 
are not visually detected during SEM analysis 
(Fig. 5), diffractometric analysis of the calcined 
residue of anion exchange membranes after one 
and five years of use showed the presence of the 
following substances in IEM: CaSO4, Ca(H2PO4)2, 
Fe2O3, Na3PO4 (AEM1); Ca(OH)2, Fe2O3, and 
Na3PO4 (AEM2). The ash residue weights were 0.4 
and 0.8 mg/g for AEM1 and AEM2, respectively, 
which indicates an increase in the proportion of 
mineral deposits in the volume of IEM during the 
operation of the membranes. The calculation of 
the particle size of the mineral components in 
the ash residue according to diffractometry data 
[40] showed that they have a diameter from 9 to 
45 nm. This allows us to make an assumption 
about the localization of precipitation in IEM 
nanopores, which is consistent with the results 
of [40, 49]. The calculation of the relative 
moisture capacity leads to higher values for 
AEM2 compared to CEM2, which also correlates 
with the accumulation of precipitation in anion-
exchange membranes and is consistent with 
data on an increase in moisture content in 
membranes doped with hydrated metal oxides 
[30]. In contrast to [48], in the present work, the 
appearance of sediment nanoparticles in the 
pores of the anion exchange membrane leads to 
a decrease in the proportion of strongly bound 
rather than weakly bound water. Considering 
that the moisture content of membranes is 
determined by complex internal interactions 
between water molecules, functional groups, and 
the hydrophobic matrix, it is difficult to expect 
an unambiguous dependence of this value on 
only one factor (precipitation) while changing 
others at the same time. Moreover, in the case 
of both types of membranes, the main factor 
in the increase in moisture content appears to 
be an increase in the number and size of pores 
and/or defects in the heterogeneous sample due 
to membrane degradation during prolonged 
operation in an electrodialysis unit.

To confirm this assumption, we analyzed 
the SEM images of the surface of the studied 
membranes shown in Figs. 5 and 6. The main 
surface material of the IEM is a composite: 
polyethylene with ion exchange resin particles 
fairly evenly distributed in it. In addition, 
cavities (voids) are visible on the surface for all 
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anion–exchange membranes, and fragments 
of reinforcing tissue are also visible for AEM1 
and AEM2. For AEMprist (Fig. 5a) the reinforcing 
fabric is not explicitly detected on the surface, 
however, there is a noticeable violation of the 
uniformity of distribution of the polyethylene/
ion exchanger composite over the threads of 
the reinforcing fabric. As the time of using AEM 
in the electrodialyzer increases, the reinforcing 
fabric reaches the surface (Fig. 5, c, e): polyester 

fragments up to 60×40 microns in size for AEM1, 
enlarging to 160×60 microns for AEM2, are 
visualized on the SEM images. An increase in the 
size of the sections of reinforcing fabric extending 
to the surface naturally leads to an increase in 
the gaps between the reinforcement strands 
and the polyethylene/ion exchanger composite 
material. To assess the changes in the state of 
the cavities and walls, the membrane sections 
located between the strands of the reinforcing 
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Fig. 5. SEM images of the surface of the anion exchange membranes under study: a, b – АEMprist; c, d – АEM1; 
e, f – АEM2 ; а, c, e – magnification ×150; b, d, f – magnification ×1000
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mesh were examined at a higher magnification 
(Fig. 5b, d, e). For AEMprist, the size of the voids 
reaches 24 microns. As the operating time of 
the IEM increases, the size of the caverns does 
not increase, however, there is an increase in 
their number. In the case of cation exchange 
membranes (Fig. 6), a larger (compared to AEM) 
fraction of the surface is occupied by reinforcing 
tissue. The main change found during the 
operation of cation exchange membranes in the 

electrodialyzer is the appearance of reinforcing 
fabric on the surface: the size of polyester 
filaments found on the SEM images of IEM 
increases in the CEMprist <  CEM1 <  CEM2 range 
and amounts to (microns): 4×3, 13×6, and 15×6, 
respectively.

Thus, the analysis of the SEM images shows 
that, compared with the conditioned CEMprist and 
AEMprist samples, prolonged operation led to a 
more noticeable manifestation of defects caused 

Fig. 6. SEM images of the surface of the cation exchange membranes under study: a, b – CEMprist; c, d – CEM1; 
e, f – CEM2 ; а, c, e - magnification ×150; b, d, f – magnification ×1000
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by the formation of cavities and the appearance 
of reinforcing tissue on the surface. Both cationic 
(CEM1, CEM2) and anion-exchange (AEM1, AEM2) 
membranes are characterized by an increase 
in the content of macropores formed between 
the reinforcing fabric and the ion exchanger + 
polyethylene composite.

In addition, the presence of large [50, 51] and 
highly hydrated [50, 52, 53] ions in the processed 
solutions can lead to stretching of the IEM matrix 
and, consequently, an increase in the size of the 
pores filled with solution or water. The latter 
is supported by the observed increase in the 
thickness of the initial and spent membranes, 
which swelled under the same conditions 
(Table 1). In turn, an increase in the content of 
strongly bound water may be due to an increase 
in the distance between fixed groups of the ion-
exchange material during the degradation of the 
crosslinking agent, as was shown by the example 
of the KU-2 sulfocation ion exchanger with 
different divinylbenzene content [33].

4. Conclusion
The moisture content and thermal effect of 

dehydration of cation exchange (RalexCMH-Pes) 
and anion exchange (RalexAMH-Pes) membranes 
were thermogravimetrically determined before 
and after their long-term use in industrial 
electrodialysis plants during the concentration/
desalination of multicomponent salt solutions, 
waste products from the production of complex 
mineral fertilizers. It was found that the moisture 
capacity of the membranes and the specific heat of 
dehydration, regardless of the type of membrane, 
increase with increasing duration of operation of 
the electrodialyzer. The molar thermal effect is 
practically independent of the type of membrane 
and the duration of its use and averages 39.0±1.8 
and 35.8±1.2 kJ/mol for cation-exchange and 
anion-exchange membranes, respectively, which 
corresponds to the formation of associates of 2–4 
water molecules.

The estimation of the total and relative 
content of kinetically unequal water molecules 
in the membranes showed the highest fraction 
of weakly and moderately bound water, which 
ranges from 87.0 to 90.2 % for cation exchange 
membranes and 79.3 to 85.0 % for anion exchange 
membranes. The contribution of water molecules 

involved in the strong ion-dipole interaction with 
the functional groups of the membrane is the 
smallest. The nature of changes in the content of 
water molecules with different degree of binding 
depends on the type of membrane depending on 
the time of use: if for cation exchange membranes 
during operation the proportion of strongly 
bound water increases from 9.6 to 13.0 %, then 
in the case of anion exchange membranes, on the 
contrary, it decreases from 19.3 to 15.0 %.

The discovered effects of an increase in 
moisture content and a redistribution of water 
fractions of different degree of binding can be 
explained by an increase in the number of defects 
(cavities) and the release of reinforcing tissue 
onto the membrane surface, as well as an increase 
in the size of macropores filled with solution or 
water. These changes in membrane morphology 
may be caused by membrane degradation during 
prolonged operation in an electrodialysis unit. 
A feature of anion exchange membranes is the 
diffractometrically confirmed formation of 
inorganic precipitation, the hydrophilic particles 
of which are localized in the nanopores of the 
membrane, which probably contributes to an 
additional increase in the moisture content of 
the anion exchange material.
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Abstract
Objectives: The aim of the study is to synthesize a series of 2-alkyl-5-methyl-4,5,6,7-tetrahydro-[1,2,4]triazolo[1,5-a]
pyrimidin-7-ols, to investigate their inhibitory properties and the regularities of their interaction with a steel surface, in 
order to create a new generation of efficient and environmentally friendly acid corrosion inhibitors.
Experimental: The paper presents the results of synthesis and investigation of the anticorrosion properties of new 2-alkyl-
5-methyl-4,5,6,7-tetrahydro-[1,2,4]triazolo[1,5-a]pyrimidin-7-ol derivatives obtained from individual fatty acids and 
vegetable oils. The reaction of aminotriazoles with crotonaldehyde in an amphoteric surfactant medium made it possible 
to develop a method for producing the target compounds with high yield and purity. The anticorrosion properties of the 
synthesized triazolopyrimidinol derivatives were studied with respect to St3 steel in 24% HCl using both direct methods 
(GOST 9.905-82, 9.907-83) and electrochemical techniques (potentiodynamic polarization and polarization resistance 
method according to Mansfeld). Electrochemical tests by potentiodynamic polarization and direct corrosion measurements 
in 24% HCl showed that all investigated compounds exhibited a pronounced inhibiting effect on St3 steel.
Conclusions: It has been established that all investigated compounds act as mixed-type inhibitors. The most effective ones 
were the derivatives obtained from coconut oil, providing protection efficiencies up to 98.5% at concentrations of 1–2 g/L. 
Comparison of gravimetric and polarization data revealed that the high instantaneous protection efficiencies determined 
by electrochemical methods correspond to intensive physical adsorption of inhibitor molecules immediately after their 
introduction. However, during prolonged exposure in direct gravimetric tests, a decrease in protection efficiency was 
observed for compounds with alkyl substituents of C13 and longer, which is attributed to the partial instability and desorption 
of the protective films under extended acid exposure. This leads to localized corrosion on certain surface areas and a 
reduction in the overall protection efficiency. The results confirm the promise of synthesizing 4,5,6,7-tetrahydro-[1,2,4]
triazolo[1,5-a]pyrimidin-7-ols from renewable plant-based feedstocks for the development of biodegradable acid corrosion 
inhibitors.
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1. Introduction 
In modern technologies of acid treatment of 

oil and gas wells, inhibited acids are widely used to 
protect the steel components of equipment from 
intense acid corrosion [1–3]. Their composition 
is primarily based on organic compounds capable 
of adsorbing on the metal surface and forming 
a protective film that prevents direct contact of 
the acid with the metal. The most studied and 
commonly applied classes of such compounds 
are nitrogen- and sulfur-containing inhibitors, 
as well as composite systems based on them with 
the addition of surfactants [4].

Nitrogen-containing heterocycles, such as 
benzotriazole and its derivatives, are characterized 
by high efficiency in hydrochloric acid and by the 
stability of their adsorption layer at moderate 
temperatures. Their advantages include low 
volatility, compatibility with acid solutions, 
and the ability to form complexes with iron 
ions. However, as temperature increases, their 
protective performance may decrease, which 
necessitates either structural modification of the 
molecule or the use of synergistic additives. Sulfur-
containing compounds, such as thiourea and 
certain benzothiazole derivatives, demonstrate 
good activity under harsher conditions, but their 
effectiveness is often limited by instability in 
oxidative environments and by high sensitivity 
to the composition of formation waters.

The most stable protection is provided 
by combined systems in which nitrogen- and 
sulfur-containing compounds are complemented 
by cationic or nonionic surfactants. Such 
compositions are characterized by strong 
adsorption capacity and uniform distribution over 
the metal surface. However, their multicomponent 
nature complicates the optimization of their 
formulation and may reduce environmental 
acceptability. In this regard, new generations of 
inhibitors based on biodegradable and renewable 
sources are of particular interest, as they combine 
the efficiency of traditional organic inhibitors with 
environmental safety and the availability of raw 
materials. This is especially relevant for modern 
reservoir treatment technologies oriented toward 
the principles of “green chemistry” [5].

In light of these considerations, one of 
the most promising areas is the synthesis of 
corrosion inhibitors derived from plant-based raw 

materials, particularly fatty acids and vegetable 
oils. The authors have previously shown [6–7] 
that derivatives of certain triazolopyrimidines 
obtained from vegetable oils exhibit high 
inhibition efficiency toward acid corrosion of 
steel in 24% HCl. These compounds contain 
active centers (N atoms and OH groups) capable 
of strong coordination with the steel surface and 
formation of stable protective layers.

Another class of structurally related inhibitors 
is represented by 2-alkyl-5-methyl-4,5,6,7-
tetrahydro-[1,2,4]triazolo[1,5-a]pyrimidin-7-ols. 
The development of a method for their synthesis, 
along with an investigation of their inhibitory 
properties and interaction mechanisms with 
the steel surface, represents an important task 
for creating a new generation of efficient and 
environmentally friendly acid corrosion inhibitors.

2. Experimental

Spectral analysis method 
Chromatographic analysis of the purity of the 

obtained compounds was performed using an 
Agilent 1260 Infinity chromatograph with UV and 
mass detection (Agilent 6230 TOF LC/MS detector, 
electrospray ionization). Chromatographic 
conditions were as follows: column Gemini C18 
(4.6×50 mm); sorbent particle diameter 5 μm; 
linear gradient elution; mobile phase: eluent А – 
MeCN–Н2О, 2.5 : 97.5, 0.1 % CF3COOH, eluent В – 
MeCN, 0.1 % CF3COOH, mobile phase flow rate 
3.75 ml/min; column oven temperature 40  °С; 
injection volume 1.5 μL. 

General procedure for the synthesis of 
3-substituted 5-amino-1H-1,2,4-triazoles (1a-c)

To a solution of 0.1 mol of the corresponding 
carboxylic acid in 100 mL of butanol, 0.1 mol 
(13.6  g) of aminoguanidine bicarbonate was 
added in portions. The mixture was heated to 90–
95 °C (evolution of carbon dioxide was observed) 
and then refluxed using a Dean–Stark apparatus 
equipped with a reflux condenser fitted with a 
calcium chloride drying tube for approximately 
20  hours. After this period, 2 g of sodium 
hydroxide was added to the reaction mixture, and 
refluxing was continued for an additional 5 hours 
to induce cyclization of the intermediate 1a–c*. 
Completion of the reaction was monitored by the 
amount of water collected in the Dean–Stark trap 
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(~3.5 cm³). The reaction mixture was then cooled, 
and the resulting mixture of triazoles was washed 
with water and extracted using a butanol–water 
system, removing the aqueous phase three times. 
The organic layer was dried over sodium sulfate, 
and the solvent was subsequently removed under 
reduced pressure using a rotary evaporator.

General procedure for the synthesis of 
3-substituted 5-amino-1H-1,2,4-triazoles (1d-f)

For the synthesis based on vegetable oils, a 
solution of approximately 0.1 mol of vegetable oil 
in 100 mL of butanol was treated dropwise with 
1 mL of sulfuric acid, followed by the portionwise 
addition of 0.3 mol (40.8 g) of aminoguanidine 
bicarbonate. The subsequent procedure was carried 
out according to the method described above.

General procedure for the synthesis of 2-alkyl-
5-methyl-4,5,6,7-tetrahydro-[1,2,4]
triazolo[1,5-a]pyrimidin-7-ol derivative (2a-f)

A mixture of 0.1 mol of cinnamaldehyde and ~ 
0.1 mol of the aminotriazole mixture 1a-f in the 
presence of an amphoteric surfactant (40 wt.% of 
the total reagent weight) was kept at 80–85 °C for 
15 minutes. The mixture was then cooled down and 
analyzed without extraction or further treatment.

Electrochemical studies
The obtained 2-alkyl-5-methyl-4,5,6,7-

tetrahydro-[1,2,4]triazolo[1,5-a]pyrimidin-7-ol 
derivatives were analyzed with regard to their 
anticorrosive activity towards acid corrosion on 
St3 steel in a 24% HC solution using gravimetric 
direct corrosion tests and potentiodynamic 
polarization method.

Gravimetric direct corrosion tests were 
performed according to GOST 9.907-83 “Methods 
for the removal of corrosion products after 
corrosion tests”.

Corrosion tests were carried out on steel plates 
(20×40 mm, thickness 1.2 mm). Each sample was 
preliminarily polished with K1000 fine-grained 
sandpaper, after which it was washed with distilled 
water, ethanol, and dried with filter paper. The 
experiments were carried out in a 24% HCl solution 
(for 7 days) under natural aeration without stirring 
for three samples in parallel (for each inhibitor 
concentration). After testing, the plates were 
washed with distilled water and treated with 
compositions in accordance with GOST 9.907-83.

The corrosion rate was determined according 
to the mass loss of the samples and was calculated 
using the formula:

k
m

S tinh = D
¥

, 

where ∆m = m0 – m (m0 is the mass of the sample 
before the start of the experiment, m – is the mass 
of the sample after the test, g), S – is the total 
surface area of the plate, m2. 

For each solution, the corrosion rate k0 
without an inhibitor additive was determined 
(k0(avg) ≈ 16.9 g/m2·day). The inhibitory effect of 
aminotriazine derivatives was evaluated according 
to the value of the inhibition coefficient:

g =
k

k
0

inh

and the degree of protection:
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where k0 and kinh are the corrosion rates in the 
blank solution and in the solution with the inhib-
itor, respectively.

Calculation of the corrosion rate using the 
polarization resistance method

Polarization curves were obtained on an 
electrode made of St3 steel (with an area of 1.0 cm2) 
in an electrochemical cell with undivided electrode 
chambers using an IPC-PRO potentiostat. The 
working electrode was preliminarily cleaned with 
K2000 sandpaper and degreased with ethyl alcohol. 
Electrode potentials (E) were measured relative 
to the silver chloride electrode, connecting the 
space of the electrochemical cell and the reference 
electrode through an electrolytic bridge based on 
agar-agar and sodium nitrate, and recalculated 
to the scale of a standard hydrogen electrode 
(potential was +202 mV relative to SHE). The 
auxiliary electrode was a platinum mesh. 

The test substances were introduced into 
the acid until the required concentration was 
obtained. The electrodes were placed in the 
prepared solution and kept until the onset of a 
stationary state for 30 min. After the corrosion 
potential (Еcor) was established, polarization 
curves with a potential scan rate of 0.2 mV/s in 
the anode and cathode directions were obtained. 
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Polarization curves were recorded until the 
current density (i) reached 0.1 A cm-2.

The rate of corrosion in current units was 
determined by the polarization resistance 
technique as summarized by Mansfeld [8].

The studies were carried out using a three-
electrode cell with undivided cathode and anode 
spaces without stirring under natural aeration 
conditions. The reference electrode was silver 
chloride (potential +202 mV relative to SHE), and 
the auxiliary electrode was a platinum mesh. The 
reference electrode was separated from the cell 
by an electrolytic bridge based on agar-agar and 
NaNO3.

The working electrode was preliminarily 
cleaned with P2000 sandpaper, degreased with 
ethyl alcohol (96%), and washed with distilled 
water. The electrodes were placed in the prepared 
solution and kept until the onset of a stationary 
state for 30 min. When the stationary state was 
reached, the electrode was polarized in the range 
of ±30 mV from the Еcor value in potentiodynamic 
mode with a scanning rate of 0.2 mV/s. 

Polarization resistance Rp was determined as 
the slope of the polarization curve at the point 
Ecor in the coordinates ΔE – I, where ∆E  is the 
difference between the current electrode potential 
and the corrosion potential (E-Ecor), and I is the 
electric current in the measuring circuit. Next, the 
dependence was replotted with the coordinates 
2.3RpI – ΔE. Coefficients ba and bc (anodic and 
cathodic Tafel slopes of the polarization curve) 
were determined using the TableCurve 2D software 
as the approximation parameters of the equation:

2 3.
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b b
b b

E E
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The corrosion current was calculated taking 
into account the obtained coefficients according 
to the equation:

I
B
Rp

cor = , 

where В is the Stern-Geary coefficient calculated 
using the formula:

B
b b
b b
a c

a c

=
+2 3. ( )

.

For the comparison of the data obtained in 
various studies, the values of the corrosion current 
density (icor) calculated using the expression will 
be presented further:

i
I
Scor
cor= ,

where S is the geometric area of the electrode. 
For the convenience of further comparison of the 
obtained data, the ratio of the corrosion current 
density of each test sample to the current density 
of the control experiment was calculated 
(i0

cor
 ≈ 6.8 mA/cm2): 

Z
i
ii = ¥cor

cor

%0 100 .

Measurements for each concentration of 
the substance were made at least 5 times until 
reproducible data was obtained with subsequent 
statistical processing of the measurement results.

3. Results and discussion
1,2,4-Aminotriazoles 1a–c, derived from 

individual fatty acids (capric, myristic, and stearic 
acids), as well as mixtures of 1,2,4-aminotriazoles 
1d–f obtained from vegetable oils (coconut, 
palm, and sunflower), were synthesized via the 
reaction of aminoguanidine bicarbonate with the 
corresponding fatty acid or oil according to the 
previously described procedure [6] (Fig. 1).

The composition of the aminotriazole 
mixtures 1a-f was determined by HPLC/MS and 
was found to be greater than 95 %.

The resulting 3-alkyl-1H-5-amino-1,2,4-
triazoles were subjected to further transformation 
with crotonaldehyde according to a previously 
reported method [7]. For this purpose, a mixture 
of 0.1 mol of crotonaldehyde and approximately 
0.1 mol of the aminotriazole mixture 1a-f in an 
amphoteric surfactant medium was maintained 
at 80–85 °C for 15 minutes.

During this process, 1,2,4-triazoles underwent 
a transformation that proceeded in two stages: 
the first stage involved a Michael addition of 
the exocyclic amino group to the double bond, 
followed by a second stage of intramolecular 
cyclization via nucleophilic attack on the carbonyl 
group. As a result, derivatives of 2-alkyl-5-
methyl-4,5,6,7-tetrahydro-[1,2,4]triazolo[1,5-a]
pyrimidin-7-ols (2a-f) were formed (Fig. 2).
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Table 1. Anti-corrosion activity indicators based on the results of direct corrosion tests in 24% HCl

Inhibitor Сinh. 
g·dm–3

Corrosion rate.  
kinh. g/(m2·h)

Inhibition coefficient. 
γ. % Protection degree. Z. %

without inhibitor – 16.90 – –

2a
1 1.02 9.60 94.05
2 0.85 11.50 95.03

2b
1 4.46 2.18 73.84
2 4.32 2.26 74.72

2c
1 7.29 1.34 57.31
2 4.98 1.96 70.84

2d
1 0.32 30.23 98.11
2 0.25 38.41 98.51

2e
1 5.25 3.25 69.24
2 1.92 8.90 88.77

2f
1 10.19 1.67 40.28
2 9.93 1.72 41.85

Fig. 2. Reaction of 3-alkyl-1H-5-amino-1,2,4-triazoles with crotonaldehyde

Fig. 1. Scheme for the synthesis of 3-alkyl-1H-5-amino-1,2,4-triazoles

The results of direct corrosion tests in 24% 
HCl (Table 1) showed that all 2a-f compounds 
reduced the corrosion rate of St3 steel compared 
to the uninhibited solution. The most pronounced 
inhibitory effect was observed for the derivative 

obtained from coconut oil (2d) – the protection 
efficiency Z reached 98.1–98.5 % at concentrations 
of 1-2 g/L, corresponding to an inhibition 
coefficient γ ≈ 30–38, which significantly exceeds 
the values obtained for other analogues. In 
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comparison, the derivative 2a, obtained from an 
individual carboxylic acid (capric acid), provided 
94.0-95.0% protection.

This level of efficiency correlates with the 
average fatty acid composition of coconut oil, 
where derivatives with C7–C13 alkyl substituents 
predominate. A similar relationship between 
inhibitor structure and protective efficiency 
was observed for the other triazolopyrimidinol 
derivatives studied: as the alkyl chain length 
exceeded 9-10 carbon atoms, a significant 
decrease in protective performance was noted. 
This trend is consistent with the known influence 
of hydrocarbon chain length on surface activity 
and molecular adsorption ability at the metal-
acid interface: excessive chain elongation 
reduces solubility and, consequently, decreases 
the packing density of the inhibitor film on the 
steel surface.

According to polarization measurements 
of derivatives 2a-c , a set of anodic and 
cathodic polarization curves was obtained 
(Fig. 3). Electrochemical measurements by the 
potentiodynamic polarization method (Table 2) 
confirmed the high inhibitory activity of all 
investigated compounds. The addition of all 
inhibitors caused a shift of the corrosion potential 
(Ecor) toward the cathodic region by 90–120 mV 
relative to the blank, accompanied by suppression 
of both anodic and cathodic reactions, indicating 
a mixed inhibition mechanism. The shape of the 
anodic and cathodic branches of the polarization 

curves remained unchanged, but the current 
density decreased substantially, suggesting 
blocking of active corrosion sites without 
alteration of the iron dissolution mechanism.

The polarization resistance (Rp) increased by 
tens to hundreds of times (up to 1124 kΩ·cm2 
for compound 2d at 2 g/L), accompanied by a 
reduction of the corrosion current density (icor) 
to 0.021-0.055 mA·cm–2. For comparison, in the 
absence of an inhibitor, icor ≈ 6.8 mA·cm–2. The 
protection degree determined by electrochemical 
methods (Zi) ranged from 94–98 %. The high 
inhibitory activity of the compounds is likely due 
to their multicenter adsorption character. The 
molecules contain several donor-acceptor centers 
(nitrogen atoms of the pyrimidine ring and 
hydroxyl groups) capable of complex formation 
with iron ions, probably resulting in the formation 
of chelate-like surface complexes that produce a 
dense protective layer preventing the penetration 
of H+ and Cl– ions to the metal surface.

The nature of adsorption, as indicated 
by the high protection efficiencies and their 
dependence on concentration, follows the 
Langmuir adsorption isotherm, suggesting 
monomolecular surface coverage.

Despite the high protection degrees 
calculated from potentiodynamic polarization 
and polarization resistance data (Zi > 90 %), 
noticeably lower protection values Z were 
obtained by gravimetric measurements for certain 
samples (2b-2c and 2e-2f). This discrepancy 

Table 2. Data from electrochemical tests of mixtures of 2-alkyl-5-methyl-4,5,6,7-tetrahydro-[1,2,4]
triazolo[1,5-a]pyrimidin-7-ols 2a-f

Inhibitor Сinh, g·dm–3 Ecor, mV Rp, kΩ·cm2 icor, mA·cm–2 Zi, %

Blank – –188 4.2±0.5 6.8±0.3 –

2a
1.0 –297 574±18 0.054±0.014 94.0
2.0 –301 487±25 0.077±0.011 92.3

2b
1.0 –293 715±11 0.046±0.003 95.4
2.0 –303 692±19 0.0046±0.004 95.4

2c
1.0 –291 523±21 0.060±0.014 94.0
2.0 –291 637±19 0.048±0.004 95.2

2d
1.0 –293 262±14 0.10±0.03 90.3
2.0 –301 1124±42 0.034±0.013 96.6

2e
1.0 –293 865±19 0.040±0.008 96.0
2.0 –310 1080±48 0.021±0.005 97.9

2f
1.0 –301 827±22 0.037±0.008 96.3
2.0 –306 640±14 0.055±0.009 94.5
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Fig. 3. Anodic (1-3) and cathodic (1′–3′) polarization curves of St3 steel electrodes in a 24% HCl solution with-
out inhibitor additives (blank), with additives 2a-f at concentrations of 1 g/L (2-2′) and 2 g/L (3-3′)
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is explained by the fundamental differences 
in the nature and time scale of the applied 
methods. Electrochemical techniques assess the 
instantaneous adsorption effect and suppression 
of electrochemical currents within the first tens 
of minutes after inhibitor introduction; they are 
sensitive to rapid blocking of active corrosion 
sites and provide a localized, short-term efficiency 
profile over a small electrode area. Gravimetric 
testing, on the other hand, reflects integrated 
mass loss during prolonged (7-day) exposure and 
captures subsequent processes: restructuring 
or degradation of the adsorbed layer, inhibitor 
leaching, interactions with corrosion products, 
and development of localized corrosion sites.

4. Conclusions
A series of new 2-alkyl-5-methyl-4,5,6,7-

tetrahydro-[1,2,4]triazolo[1,5-a]pyrimidin-7-ol 
derivatives was obtained from aminotriazoles 
and crotonaldehyde in an amphoteric surfactant 
medium. Gravimetric tests in 24% HCl showed 
that all investigated compounds reduce 
the corrosion rate of St3 steel at inhibitor 
concentrations of 1–2 g/L. The highest efficiency 
was achieved for compound 2d, derived from 
coconut oil, with a protection degree of 98.5%. 
Potentiodynamic polarization data indicate that 
all inhibitors act as mixed-type compounds, 
affecting both anodic and cathodic processes. 
The polarization resistance (Rp) increased by 
an order of magnitude (up to 1124  kΩ·cm2), 
while the corrosion current density (icor) 
decreased by more than two orders of magnitude, 
corresponding to protection degrees of 94–98 %. 
For samples 2b–2c and 2e–2f, discrepancies 
were observed between electrochemical and 
gravimetric data: high instantaneous efficiency 
(Zi > 90 %) did not translate into long-term 
stability of the inhibitor film. This behavior is 
explained by partial desorption and leaching of 
the adsorbed inhibitor layer during prolonged 
exposure of the metal in hydrochloric acid. It 
was demonstrated that inhibitor efficiency is 
determined by the optimal length of the alkyl 
radical (C9-C10): excessive chain elongation 
reduces compound solubility and the uniformity 
of surface coverage, leading to decreased 

protective performance. The results highlight 
the high potential of 4,5,6,7-tetrahydro-[1,2,4]
triazolo[1,5-a]pyrimidin-7-ol derivatives, 
including those synthesized from vegetable 
oils, as environmentally safe and effective acid 
corrosion inhibitors for steel in the oil, gas, and 
chemical industries.
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in the region of GeTe-Sb2Te3-Te compositions of the Ge-Sb-Te system using the DTA, X-ray diffraction and SEM methods 
are we presents. 
Experimental: The studied samples were synthesized using a special technique that allows them to be obtained in a state 
as close to equilibrium as possible.
Conclusions: A diagram of solid-phase equilibria at 300 K, a projection of the liquidus surface and some polythermal sections 
of the phase diagram are constructed. The fields of primary crystallization of phases are outlined, non- and monovariant 
equilibria are determined. According to the obtained picture of phase equilibria, the curves of monovariant equilibria 
originating from the peritectic and eutectic points of the boundary system GeTe-Sb2Te3 undergo transformations at certain 
transition points. In the region of compositions rich in tellurium, a number of invariant transition reactions occur, 
corresponding to the joint crystallization of two-phase mixtures of telluride phases and elemental tellurium.
Keywords: Layered germanium-antimony tellurides, Phase memory materials, Topological insulator, Phase diagram
Funding: The work was partially supported by the Azerbaijan Science Foundation - Grant No AEF-MCG-2022-1(42)-
12/10/4-M-10.
For citation: Nabiyev E. R., Orujlu E. N., Hasanov A. A., Aghazade A. I., Aliyeva S. G., Yusibov Yu. A. Phase equilibria in the 
GeTe-Sb2Te3-Te system. Condensed Matter and Interphases. 2024;26(4): 639–650. https://doi.org/10.17308/kcmf.2025.27/13322
Для цитирования: Набиев Э. Р., Оруджлу Э. Н., Гасанов А. А., Агазаде А. И., Алиева С. Г., Юсибов Ю. А. Фазовые 
равновесия в системе GeTe-Sb2Te3-Te. Конденсированные среды и межфазные границы. 2025;26(4), 639–650. https://
doi.org/10.17308/kcmf.2025.27/13322

  Elnur N. Orujlu, e-mail: elnur.oruclu@yahoo.com
© Nabiyev E. R., Orujlu E. N., Hasanov A. A., Aghazade A. I., Aliyeva S. G., Yusibov Yu. A., 2025

The content is available under Creative Commons Attribution 4.0 License. 

Condensed Matter and Interphases. 2025;27(4): 639–650



640

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2025;27(4): 639–650

E. R. Nabiyev et al.	 Phase equilibria in the GeTe-Sb2Te3-Te system

1. Introduction 
Ternary compounds of the A IV-BV-Te 

systems (AIV-Ge, Sn, Pb; BV-Sb, Bi) with layered 
tetradymite-like structures have long been in the 
focus of researchers as thermoelectric materials 
with anomalously low thermal conductivity [1-
6]. The discovery at the beginning of our century 
of a new quantum state of matter - a topological 
insulator [7, 8] gave a new powerful impetus to 
the study of these compounds and phases based 
on them. It turned out that compounds of the 
homologous series AIVTe·mBV

2Te3(AIVBV
2Te4, 

AIVBV
4Te7, AIVBV

6Te10, etc.) and solid solutions 
based on them are 3D topological insulators and 
are very promising for use in various areas of 
high technology, including spintronics, quantum 
computers, scanning devices used in security 
systems and medicine, etc. [9-17].

Recently, the special attention of researchers 
has been attracted by compounds and alloys of 
the GeTe-Sb2Te3 system with a reversible phase 
transition between the crystalline and amorphous 
states caused by very short (only a few tens of 
nanoseconds) laser radiation. These alloys, called 
phase memory materials, are already used as 
memory materials in rewritable optical disks and 
have great potential for creating a non-volatile 
alternative based on them to traditional flash 
memory [18–24]. 

At the initial of research stage on the 
development of new complex inorganic materials, 
particularly chalcogenide materials, it is essential 
to have reliable data on phase equilibria in the 
corresponding systems [25-29]. In the review 
article [26], based on a critical analysis of the 
available literature, it was shown that the data 
on the phase diagrams of most AIVTe-BV

2Te3 type 
systems are contradictory and need to be clarified. 
Taking this into account, we have undertaken 
repeated detailed studies of phase equilibria in 
some AIVTe-BV

2Te3  type systems using a specially 
developed technique for synthesizing equilibrium 
samples, as well as the thermodynamic properties 
of intermediate phases [30–37].

Numerous works [38–46] are devoted to the 
study of phase equilibria in the Ge–Sb–Te system, 
some of which are summarized in [43]. According 
to the data of [38], in the GeTe-Sb2Te3 quasi-
binary system, ternary compounds Ge2Sb2Te5, 
GeSb2Te4, GeSb4Te7 are formed, melting with 

decomposition according to peritectic reactions 
at 903, 888, and 875 K, respectively, as well as wide 
regions of solid solutions based on both initial 
compounds. The results of the study of phase 
equilibria in the GeTe– Sb2Te3–Te compositions 
region are presented in [39], and in [40, 41] in 
the Ge–GeTe–Sb2Te3–Sb compositions region. 
The results of the thermodynamic study of some 
ternary compounds of the GeTe– Sb2Te3 system 
by the calorimetric method are presented in [42].

The papers [44, 45], published at the beginning 
of our century, present the results of repeated 
studies of solid-phase equilibria in the Ge-Sb-
Te system and crystal structures of germanium-
antimony tellurides. The authors of [44] presented 
a compilation phase diagram of the GeTe- Sb2Te3 
system, constructed based on the data of [38] with 
the addition of compositions of other known and 
suspected ternary compounds without specifying 
the nature and temperatures of their melting 
(Fig. 1a). Taking into account the compilation 
nature of this diagram, a new detailed study of this 
system was undertaken in [46]. It was shown that 
it is characterized by the presence of six ternary 
compounds: Ge4Sb2Te7, Ge3Sb2Te6 Ge2Sb2Te5, 
GeSb2Te4, GeSb4Te7, and GeSb6Te10. The first two 
melt with decomposition by a solid-phase reaction, 
and the rest - by peritectic reactions at 863, 854, 
848, and 843 K, respectively (Fig. 1). In addition, in 
[46] the refined parameters of the crystal lattices of 
all the indicated compounds are presented.

New data obtained in [46] for the key section 
GeTe- Sb2Te3 of the ternary system Ge-Sb-Te in-
dicate the need to revise its complete T-x-y dia-
gram and determine the primary crystallization 
fields of all identified ternary compounds.

Taking into account the above, we have 
undertaken a re-examination of phase equilibria 
in the Ge-Sb-Te system. In this paper, a new 
refined picture of phase equilibria of the indicated 
system in the GeTe -Sb2Te3-Te compositions 
range is presented, including the liquidus surface 
projection, the isothermal section at 300 K, and 
some polythermal sections of the phase diagram.

2. Experimental 
2.1. Synthesis

The alloys for the study were prepared in 
2 stages. At the first stage, the initial binary 
tellurides GeTe and Sb2Te3 were synthesized 
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and identified by DTA and X-ray diffraction 
techniques. The synthesis was carried out by 
melting high-purity elemental components in 
quartz ampoules evacuated to a residual pressure 
of ~10–2 Pa. At the second stage, intermediate 
alloys of the GeTe-Sb2Te3-Te system were 
obtained by fusing the obtained tellurides, as well 
as elemental tellurium in various stoichiometric 
ratios, also under vacuum conditions.

At the second stage of synthesis, the results 
of works [46–48] were taken into account, 
which showed that even long-term (up to 
3000 h) thermal annealing of bulk samples of 
layered tetradymite-like phases obtained by the 
traditional method of alloying does not lead 
to reaching the equilibrium state. According 
to the authors of the mentioned works, this 
is due to weak diffusion between the layers in 
the layered structure of the phases. Taking into 
account the results of these works, the alloys 
after alloying were quenched by throwing them 
into ice water with subsequent homogenizing 
annealing. Quenching was carried out in the 
temperature range of 900-1050 K depending on 
the composition, and homogenizing annealing 
was carried out at 620 K for 1000 h. Then the 
alloys were cooled in the switched-off furnace 
mode.

2.2. Methods
Differential thermal analysis (DTA), X-ray 

diffraction analysis (XRD), and scanning electron 
microscopy (SEM) were used for the alloys 
investigations.

Thermal heating curves were recorded on a 
differential scanning calorimeter DSC NETZSCH 
404 F1 Pegasus system and on a multichannel 
DTA setup assembled based on an electronic data 
recorder “TC-08 Thermocouple Data Logger”. 
Powder diffraction patterns were obtained on a 
Bruker D8 diffractometer with CuKα radiation, 
and SEM images were collected on a Tescan Vega 
3 SBH scanning electron microscope.

3. Results and discussion
Analysis of the set of obtained experimental 

results of annealed samples along different 
sections of the GeTe-Sb2Te3-Te concentration 
triangle using literature data on the системам 
GeTe-Te [49, 50],  Sb2Te3-Te [50] and GeTe-
Sb2Te3 [46] boundary systems allowed to obtain 
a mutually consistent picture of phase equilibria 
in the studied system (Fig. 2-8, Table). In the 
text, figures and table we have adopted the 
following designations of phases: α- and α′‑solid 
solutions based on high-temperature (HT) and 
low-temperature (RT) modifications of GeTe, 

Fig. 1. Phase diagram of the GeTe-Sb2Te+ system [46]. a) Compilation phase diagram according to [44, 45]
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β-solid solutions based on Sb2Te3, I-VI – ternary 
compounds Ge4Sb2Te7, Ge3Sb2Te6, Ge2Sb2Te5, 
GeSb2Te4, GeSb4Te7 and GeSb6Te10, respectively 
(Fig. 2).

3.1. Solid-phase equilibria diagram
Fig. 2 shows an isothermal section of the 

phase diagram at 300 K. As can be seen, it is 
characterized by the presence of stable tie-lines 
between elemental tellurium and all crystalline 
phases of the GeTe-Sb2Te3 side system. The two-
phase regions α′+Те and β+Те occupy a significant 
part of the area of ​​the concentration triangle. 
Other possible two-phase regions are practically 
degenerated into tie-lines between ternary 
compounds and elemental tellurium, which is 
due to the insignificance of their homogeneity 
regions.

All phase regions in Fig. 2 are confirmed by 
X-ray diffraction and SEM methods. As can be 
seen from Fig. 3, the powder diffraction patterns of 
alloys, which are on the tie-lines in composition, 
consist of reflection lines of the corresponding 
ternary compounds and elemental tellurium, 
and the diffraction patterns of alloys from the 
Ge3Sb2Te6-Ge2Sb2Te5-Те and GeSb2Te4-GeSb4Te7-
Те three-phase regions contain diffraction 
reflections of the corresponding three phases.

The SEM patterns were also in accordance 
with the solid-phase equilibria diagram. As 
an example, Fig. 4 shows the SEM patterns of 
two alloys (samples 5 and 6 in Fig. 2), which 
clearly show the interface between the β+Te and 
GeSb6Te10+β+Te phase regions.

3.2. Liquidus surface
Fig. 5 shows the projection of the liquidus 

surface of the GeTe-Sb2Te3-Те system. As can 
be seen, it consists of the fields of primary 
crystallization of seven phases: a- and β‑solid 
solutions, ternary compounds Ge2Sb2Te5, 
GeSb2Te4, GeSb4Te7, GeSb6Te10, and elemental 
tellurium. All liquidus surfaces of telluride phases 
have the form of stripes from the GeTe-Sb2Te3 
side system towards the tellurium angle of the 
concentration triangle.

The primary crystallization fields of phases 
are delimited by a series of curves of monovariant 
equilibria, which originate from various points of 
nonvariant equilibria of the boundary systems. 
The indicated curves, intersecting near the 
tellurium angle of the concentration triangle, 
form a series of points with nonvariant transition 
(U1-U4) and eutectic (E) equilibria. The types 
and temperatures of all non- and monovariant 
equilibria are given in Table.

Fig. 2. Solid-phase equilibria diagram of the GeTe-Sb2Te3-Te system at 300 K
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According to Fig. 5, the curves emanating 
from the peritectic (Р1-Р4) and eutectic (е1) points 
of the GeTe-Sb2Te3 boundary system undergo 
transformations at certain transition points K1-
K5. These transformations can be explained based 
on phase diagrams of the boundary components 
of the studied system. Thus, in the side system 
GeTe- Sb2Te3, the temperatures of the peritectic 
(Р1-Р4) and eutectic (е1) equilibria decrease in the 
direction from germanium telluride to Sb2Te3, 
i.e. from left to right in Fig. 5. At the same time, 
in the side system GeTe-Te, the temperature 
of the eutectic e2 (653 K) is significantly lower 
than that of the eutectic e3 (695 K) in the other 
boundary system Sb2Te3-Te, i.e. in this part of the 
phase diagram, the temperatures of the invariant 
equilibria decrease in the opposite direction. The 

Table. Non- and monovariant equilibria in the 
GeTe-Sb2Te3-Te system

Points 
and 

curves in 
Fig. 5

Equilibrium T, K

p1
p2
p3
p4
e1

L + α ↔ Ge2Sb2Te5
L + Ge2Sb2Te5 ↔ GeSb2Te4
L + GeSb2Te4 ↔ GeSb4Te7
L + GeSb4Te7 ↔ GeSb6Te10

L ↔ GeSb6Te10 + β

910
900
892
883
873

e2
e3
U1
U2
U3

L ↔ α′ + Te
L ↔ β + Te

L + β ↔ GeSb6Te10 + Te
L + GeSb6Te10 ↔ GeSb4Te7 + Te
L + GeSb4Te7 ↔ GeSb2Te4 + Te

653
695
688
677
665

U4 L + GeSb2Te4 ↔ Ge2Sb2Te5 + Te 651
E L ↔ α′ + Ge2Sb2Te5 + Te 640

p1K1
p2K2
p3K3

L + α1 ↔ Ge2Sb2Te5
L + Ge2Sb2Te5 ↔ GeSb2Te4
L + GeSb2Te4 ↔ GeSb4Te7

910–825
900–830
892–840

p4K4
e1K5
K5U1
K4U2

L + GeSb4Te7 ↔ GeSb6Te10
L ↔ GeSb6Te10 + β
L + β ↔ GeSb6Te10

L + GeSb6Te10 ↔ GeSb4Te7

883–850
873–855
855–688
850–677

K3U3
K2U4
K1E

L + GeSb4Te7 ↔ GeSb2Te4
L + GeSb2Te4 ↔ Ge2Sb2Te5

L ↔ α1(α2) + Ge2Sb2Te5

840–665
830–651
835–640

e3U1
U1U2
U2U3
U3U4
U4E
e2E

L ↔ β + Te
L ↔ GeSb6Te10 + Te
L ↔ GeSb4Te7  + Te
L ↔ GeSb2Te4  + Te
L ↔ Ge2Sb2Te5 + Te

L ↔ α2 + Te

695–688
688–677
677–665
665–651
651–640
653–640

Fig. 3. Powder diffraction patterns of alloys 1-4, shown 
in Fig. 2
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experimental DTA data obtained by us showed 
that the temperatures of nonvariant transition 
equilibria (U1-U4) also decrease in the direction 
from the eutectic e3 to the ternary eutectic 
point E (640 K) (Fig. 5, Table). Similar opposite 
directions of changes in the temperatures of 
nonvariant equilibria in the boundary system 
GeTe- Sb2Te3 and in the regions of compositions 

rich in tellurium lead to the transformation of 
the above-mentioned monovariant equilibria [51, 
52]. In the case of peritectic equilibrium curves, 
similar transformations occur at the intersection 
points (K1-K4) of the pointed curves with the 
corresponding stable sections of the “ternary 
compound-elementary tellurium” type (Fig. 5). 
Therefore, in the Table, the pointed curves are 

Fig. 5. Projection of the liquidus surface of the GeTe-Sb2Te3-Te system. Primary crystallization fields: 1 – a; 
2 – Ge2Sb2Te5; 3 – GeSb2Te4; 4 – GeSb4Te7; 5 – GeSb6Te10; 6 – β; 7 – Те

Fig. 4. SEM patterns of alloys 5 and 6, shown in Fig. 2
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presented as two series, transforming into each 
other at the transition points K1-K5 (Fig. 5).

Using the curve P1E as an example, we will 
consider one of the above transformations. 
This curve, before intersecting with the stable 
section Ge2Sb2Te5-Te (P1K1), reflects the peritectic 
equilibrium L + α ↔ III. At the intersection 
point (K1), this equilibrium is transformed into 
the eutectic L ↔ α + III (curve K1E). Similar 
transformations take place on the P2U4, P3U3,  P4U2 
and e1U1 curves. 

3.3. Polythermal sections of the phase 
diagram

Below some polythermal sections of the 
T-x-y phase diagram of the GeTe-Sb2Te3-Te 
system (Fig. 6–8) are presented, which reflect the 
crystallization processes in more detail and made 
it possible to clarify the location of the curves of 
monovariant equilibria and the coordinates of 
the invariant points.

Four (Ge2Sb2Te5-Te, GeSb2Te4-Te, GeSb4Te7-Te 
and GeSb6Te10-Te) of the six polythermal sections 
considered are stable in the subsolidus. Two other 

Fig. 6. Polythermal sections of Ge2Sb2Te5-Te, GeSb2Te4-Te, GeSb4Te7-Te и GeSb6Te10-Te of the phase diagram of 
the GeTe-Sb2Te3-Te system
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sections GeTe-[B] and [A]-Sb2Te3 ([A] and [B] 
are alloys with equimolar ratios of components 
of the boundary systems GeTe-Te and Sb2Te3-
Te, respectively) intersect almost all fields of 
primary crystallization of phases and reflect most 
heterogeneous equilibria.

Ge2Sb2Te5-Te section (Fig. 6) passes through 
the fields of primary crystallization of the α-phase, 
Ge2Sb2Te5 and GeSb2Te4 compounds as well as 
elemental tellurium. Below the α-phase liquidus, 
crystallization proceeds according to the L + α ↔ 
Ge2Sb2Te5 peritectic reaction (Fig. 5, curve P1K1), 
resulting in the formation of a three-phase field 
L + α + Ge2Sb2Te5. In this reaction, the α-phase 
is completely consumed and at 825 K the system 
passes into a two-phase state L + Ge2Sb2Te5. Starting 
from 750 K, crystallization continues according to 
the peritectic reaction L + GeSb2Te4 ↔ Ge2Sb2Te5 
(Fig. 5, curve K2U4), as a result of which a three-
phase region L+Ge2Sb2Te5+GeSb2Te4 is formed.

Near the tellurium angle, tellurium crystallizes 
primarily from the melt, then the monovariant 

eutectic process L ↔ GeSb2Te4+Te begins (Fig. 5, 
curve U3U4). Complete crystallization of the 
alloys of this section occurs at 651 K according 
to the invariant transition reaction U4 and a 
two-phase mixture GeSb2Te4+Te is formed. The 
crystallization processes along the other three 
sections connecting the compositions of ternary 
compounds with elemental tellurium (Fig. 6) can 
be followed by comparing them with Figs. 2 and 
5. As can be seen from the T-diagrams, despite 
the stability of these sections below the solidus, 
the crystallization processes in them are complex 
and multi-stage.

The GeTe-[B] section (Fig. 7) passes through 
the fields of primary crystallization of all phases 
except elemental tellurium (Fig. 5). In the 
subsolidus it crosses all phase regions of the 
system (Fig. 2). In this diagram, the liquidus 
curves of different phases are marked taking 
into account Fig. 5. Pairs of conjugate curves 
emanating from the intersection points of the 
liquidus lines reflect the beginning and the 

Fig. 7. Polythermal section of GeTe-[B] of the phase diagram of the GeTe-Sb2Te3-Te system
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end of monovariant equilibria along the curves 
P1K1E (b), P2K2U4 (c), P3K3U3 (d), P4K4U2 (e), P1K5U1 
(f).  The fields between the indicated pairs of 
curves correspond to the two-phase areas L+III 
(IV, V, VI) and L + β. These pairs of curves in the 
temperature range of 640-688 K reach the curves 
of monovariant equilibria originating from the 
eutectic points e2 and e3 of the side systems and 
form a series of transition points (U1, U2, U3, U4) 
and eutectic (E) equilibria (Fig. 5). The horizontals 
at 688, 677, 665, 651 and 640 K in Fig. 7 reflect 
these nonvariant equilibria.

Section [A]-Sb2Te3 (Fig. 8). Phase equilibria 
along this section are qualitatively similar to 
those in Fig. 7 and differ from them only in 
temperature-concentration intervals.

4. Conclusion
Based on the experimental data obtained 

by studying carefully homogenized equilibrium 
alloys using the DTA, XRD and SEM methods, 
a new refined picture of phase equilibria in the 
GeTe-Sb2Te3-Te system was obtained, which 
significantly differs from the previously known 

one. A solid-phase equilibria diagram at 300 
K and a projection of the liquidus surface, as 
well as a number of polythermal sections of the 
phase diagram, were constructed. The fields of 
primary crystallization of seven phases, including 
ternary compounds Ge2Sb2Te5, GeSb2Te4, GeSb4Te7 
and GeSb6Te10 were determined, non- and 
monovariant equilibria were established. It 
was shown that monovariant equilibria on 
the curves of monovariant equilibria undergo 
transformations at certain transition points. 
The interaction of the indicated curves with 
the eutectic curves emanating from the lateral 
systems GeTe-Te and Sb2Te3-Te leads to a cascade 
of invariant transition reactions characterizing 
the joint crystallization of two-phase mixtures 
III(IV, V, VI)+Te. 

The results obtained in the work can be 
used to obtain poly- and single crystals of 
the above-mentioned ternary compounds, 
which are promising as topological insulators, 
thermoelectrics and materials with phase 
memory.

Fig. 8. Polythermal section of [A]-Sb2Te3 of the phase diagram of the GeTe-Sb2Te3-Te system
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Abstract
Objectives: The paper studies the effect of the uniformity of spatial distribution of Pt nanoparticles over the support surface 
in Pt/C materials on the microstructure and electrochemical behavior of PtCo/C catalysts obtained on their basis. PtCo/C 
catalysts are synthesized by the impregnation of Pt/C followed by heat treatment in an Ar/H₂ atmosphere. The use of a 
Pt/C material with a platinum mass fraction of about 20% and a uniform distribution of Pt nanoparticles over the surface 
of the carbon support makes it possible to obtain a PtCo/C catalyst, the activity of which in the oxygen reduction reaction 
at 0.90 V is 1215 A/g (Pt), which is 4.8 times higher than a similar figure for a commercial Pt/C catalyst. In this case, the 
use of a Pt/C material with an ununiform distribution of nanoparticles leads to the production of a PtCo/C catalyst with 
large particle size and low active surface area, which significantly worsens its activity in oxygen reduction reactions. The 
purpose of this article is to study the effect of the uniformity of the spatial distribution of Pt nanoparticles over the support 
surface in Pt/C materials on the microstructure and electrochemical behavior of the PtCo/C catalysts obtained from them.
Experimental: PtCo/C catalysts were synthesized by impregnation with Pt/C followed by heat treatment in an Ar/H2 
atmosphere.
Conclusions: The use of a Pt/C material with a platinum content of approximately 20% and a uniform distribution of Pt 
nanoparticles over the carbon support surface allows the production of a PtCo/C catalyst with an oxygen reduction reaction 
(ORR) activity of 1215 A/g (Pt) at 0.90 V, which is 4.8 times higher than that of a commercial Pt/C catalyst. The use of a 
Pt/C material with a non-uniform distribution of nanoparticles results in a PtCo/C catalyst with a large particle size and a 
low active surface area, which significantly reduces its ORR activity.
Keywords: Platinum-based electrocatalysts, Bimetallic nanoparticles, High-temperature synthesis, Heat treatment, Oxygen 
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1.	 Introduction 
Finding ways to enhance the activity and 

stability of platinum-based electrocatalysts 
is a critical task for advancing various areas 
of hydrogen energy, such as low-temperature 
fuel cells (LTFCs) [1-4]. One effective approach 
involves doping platinum with d-metals (e.g., 
Co, Ni, Fe, Cu) [5–7]. By varying the composition 
and structure of the resulting nanoparticles, 
this strategy can improve the functional 
characteristics of the catalyst [8–14] while 
reducing its cost.

It is known that a catalyst’s performance is 
largely determined by its morphology, including 
the distribution of metal nanoparticles on 
the carbon support, as well as their shape, 
composition, structure, average size, and size 
distribution [15–18]. Furthermore, catalysts 
incorporating bimetallic nanoparticles often 
exhibit enhanced stability due to stronger 
metal-support interactions. Therefore, for 
bimetallic systems, these factors must be 
carefully considered when developing an optimal 
synthesis strategy. 

Among various candidates, PtCo/C catalysts 
are regarded as the most promising for LTFCs, 
combining high activity in the oxygen reduction 
reaction (ORR) with outstanding stability [4, 
19, 20]. The high practical relevance of research 
on PtCo/C catalysts is underscored by their 
application in commercial systems, such as the 
Toyota Mirai fuel cell [21].

The functional properties of bimetallic 
catalysts are determined by the chemical 
composition and structure of their nanoparticles, 
as well as by the distribution of these particles on 
the carbon support. For instance, achieving a high 
degree of alloying in PtCo/C catalyst nanoparticles 
is crucial. Cobalt atoms that are not incorporated 
into the platinum lattice can dissolve during 
operation and poison the polymer electrolyte 
membrane, thereby degrading the performance 
of the LTFC [22]. However, incorporating Co 
atoms into the Pt nanoparticles during synthesis 
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is challenging. In many cases, subsequent heat 
treatment is required, which can lead to particle 
agglomeration (coarsening), a reduction in active 
surface area, and consequently, a loss of catalytic 
activity. Furthermore, forming bimetallic PtCo 
nanoparticles with an ordered alloy structure (an 
intermetallic phase) can significantly enhance the 
catalyst’s stability compared to materials with a 
disordered alloy structure [22, 24].

High-temperature synthesis in a reducing 
atmosphere is a promising route for producing 
platinum-based electrocatalysts for low-
temperature fuel cells, offering advantages such 
as high-performance characteristics. Several 
methods exist for the high-temperature synthesis 
of bimetallic platinum catalysts.

The first approach involves impregnating a 
high-surface-area carbon support with precursors 
of platinum and a d-metal in the required 
ratio, followed by carbothermic reduction in an 
inert atmosphere with hydrogen [25–27]. The 
uniformity of the final product depends heavily 
on the properties of the carbon support and the 
high-temperature reduction conditions. Another 
method utilizes a pre-synthesized Pt/C catalyst 
(often commercial), which is impregnated with 
a d-metal precursor. Subsequent heat treatment 
in an inert atmosphere with a small amount of 
hydrogen reduces the metal oxide/hydroxide 
and facilitates its “fusion” with platinum 
nanoparticles [28, 29]. In this case, the properties 
of the resulting bimetallic catalyst are determined 
not only by the temperature and atmosphere 
but also by the microstructure of the initial Pt/C 
material.

While several studies have investigated the 
effects of temperature and atmosphere on the 
properties of PtM/C catalysts prepared by this 
method, systematic studies on the influence of 
the Pt/C precursor’s microstructure are lacking. 
This includes the role of the average size and 
size distribution of platinum nanoparticles, 
as well as their dispersion on the carbon 
support, on the structural characteristics 
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and electrochemical performance of the final 
bimetallic catalysts.

Therefore, the aim of this work was to 
prepare a series of PtCo/C catalysts via 
high-temperature treatment in a reducing 
atmosphere using Pt/C precursors with varying 
microstructures, and to conduct a comparative 
study of the composition, structure, and 
catalytic activity of the resulting materials in 
the oxygen reduction reaction.

2. Experimental
2.1. Deposition of Co(OH)₂ on a Pt/C 
catalyst 

The development of highly efficient catalysts 
containing non-precious metals is an important 
and promising area of hydrogen energy research. 
The synthesis method described herein allows 
for the production of catalysts exhibiting high 
activity in ORR and enhanced stability.

A sample of a Pt/C catalyst (with a Pt loading 
of approximately 20 wt. %) was placed in a 
beaker, and 60 mL of ethylene glycol (reagent 
grade, AO “EKOS-1”, Moscow, Russia) measured 
with a cylinder was added. A magnetic stir 
bar was placed into the resulting suspension, 
and it was stirred on a magnetic stirrer for 
2–3 minutes. Subsequently, the mixture was 
subjected to ultrasonic dispersion twice for 2 
minutes each (using an Ultrasonic Processor 
FS-1200N) and then returned to the magnetic 
stirrer. A calculated volume of the cobalt 
precursor, CoSO₄·7H₂O, as an aqueous solution 
with a concentration of 0.071 M, was added via 
a dispenser, and stirring was continued for 1 
hour [30].

Following this, a calculated amount of 
NaOH, dissolved in 20 mL of bidistilled water, 
was introduced to precipitate cobalt hydroxide. 
The mixture was stirred on a magnetic stirrer 
for another hour. The catalyst suspension was 
filtered using a Büchner funnel with “Blue 
Ribbon” filter paper and washed sequentially 
with water, ethanol, and again with water, each 
for at least three cycles. The catalyst on the filter 
was then dried at 80 °C in a vacuum oven. After 
drying, the catalyst was separated from the filter 
paper, and the resulting powder was subjected 
to thermal treatment in a tube furnace at 700 °C 

for 1 hour under a flow of inert gas containing 5 
% hydrogen.

Two types of Pt/C catalysts were used to 
prepare the bimetallic catalysts: (1) a catalyst 
with a uniform distribution of nanoparticles 
on the Vulcan XC-72 carbon support (Fig. 1a), 
designated as Pt/C-u, which is characterized by a 
high electrochemical active surface area (ECSA) of 
80 m²/g(Pt); and (2) a catalyst with a non-uniform 
distribution, a high fraction of agglomerates 
(Fig. 1b), and an ECSA of 25 m²/g(Pt), designated 
as Pt/C-n. After thermal treatment at 700 °C, the 
samples were labeled as PtCo/C-u and PtCo/C-n, 
respectively, according to the type of Pt/C 
material used.

2.2. Investigation of the composition and 
structure of PtCo/C catalysts

The phase composition of the obtained 
materials was studied on an ARL X’TRA 
diffractometer (CuKα) in the 2θ range from 15° 
to 55° with a step of 0.04° and a recording rate 
of 2° per minute. The elemental composition of 
the materials was studied by X-ray fluorescence 
analysis on an RFS-001 spectrometer with total 
internal reflection (TXRF). The average size, shape, 
and spatial distribution of nanoparticles on the 
surface of the carbon support were studied using 
a JEM-F200 transmission electron microscope 
(TEM) (JEOL). A JEOL EM-01361RSTHB beryllium 
sample holder with a double tilt was used for TEM 
measurements. TEM images were obtained at 
magnifications from 30000× to 600000×.

2.3. Electrochemical characterization
The electrochemical behavior of the 

electrocatalysts was studied using a three-
electrode cell and a rotating disk electrode 
(RDE) in a 0.1 M HClO₄ electrolyte [31]. 
Catalytic ink was prepared by dispersing 
0.006 g of the catalyst in a mixture of 2000 μL 
isopropyl alcohol and 40 μL of a 5 wt. % Nafion 
solution via 30-minute ultrasonication to form 
a homogeneous suspension. A calculated aliquot 
of the ink was drop-cast onto a glassy carbon 
disk electrode to achieve a uniform Pt loading 
of 19–21 μg/cm².

Standardization of the electrode surface 
and recording of cyclic voltammograms (CVs) to 
determine the ECSA were performed according 
to the procedure described in [31]. The activity of 
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the synthesized catalysts in ORR was evaluated 
by voltammetry with a linear potential sweep 
on a rotating disk electrode. The kinetic current 
was calculated at a potential of 0.90 V using the 
Koutecky–Levich equation [31]. All potentials 
in this work are given relative to a reversible 
hydrogen electrode (RHE).

3. Results and discussion 
T w o  P t / C  m a t e r i a l s  w i t h  d i s t i n c t 

microstructures were selected for cobalt 
doping: (1) Pt/C-u with a uniform distribution 
of nanoparticles on the carbon support surface 
(Fig.  1) and an average crystallite size of 
approximately 2.3 nm (Table 1); and (2) Pt/C-n, 
a material with a non-uniform nanoparticle 
distribution, pronounced agglomeration, and a 
slightly larger average crystallite size of 3.0 nm, 
as determined by X-ray diffraction (XRD) analysis.

It should be noted that despite using the 
same amount of cobalt precursors (calculated 
for a Pt:Co atomic ratio of 1:1) deposited on the 
Pt/C materials, the composition of the resulting 
PtCo/C materials differed depending on the 
synthesis methodology. When cobalt precursors 

were deposited onto the Pt/C-u material using an 
alkali, the composition of the resulting catalyst 
was Pt1Co1, which corresponds to the atomic 
ratio of the precursors used in the synthesis. 
In contrast, for the PtCo/C-n catalyst derived 
from the Pt/C-n material, the composition 
corresponded to PtCo1.6. This indicates that the 
PtCo/C-n catalyst contained a lower proportion 
of Pt compared to the PtCo/C-u material, which 
may be attributed to specific features of the 
synthesis procedure and metal losses during the 
process. The platinum mass fraction in the PtCo/
C-n material was 14 % (Table 1), which is lower 
than expected from the precursor loading and 
supports the assumption of metal losses during 
synthesis.

During the deposition of cobalt onto a Pt/C 
support followed by thermal treatment in an inert 
atmosphere, two primary processes can occur: 
the formation of bimetallic PtCo nanoparticles 
via atomic diffusion, and the coarsening of metal 
nanoparticles through agglomeration.

The formation of bimetallic nanoparticles 
after the deposition of cobalt precursors on Pt/C 
materials and subsequent thermal treatment is 

Fig. 1. Synthesis scheme of PtCo/C catalysts on various Pt/C materials
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confirmed by XRD data. A shift of the reflections 
corresponding to the face-centered cubic (fcc) 
structure of platinum towards higher 2θ angles 
was observed (Fig. 2a). This indicates a decrease 
in the crystal lattice parameter (Table 1) due 
to the formation of an alloy of platinum with 
cobalt. The extent of the peak shift and the 
phase composition of the resulting PtCo/C 
catalysts depend on the type of Pt/C material 
used. For the PtCo/C-u catalyst, derived from 
the uniformly distributed Pt/C material, a single 
PtCo phase with a lattice parameter of 3.853 Å 
was formed. In contrast, XRD analysis of the 
PtCo/C-n catalyst revealed two distinct metallic 
phases (Table 1). The composition of the Pt-Co 
alloy can be estimated from the lattice parameter 
using Vegard’s law. For the PtCo/C-n material, 
the compositions are PtCo0.18 and PtCo0.44 for the 
phases with lower and higher cobalt content, 
respectively. A discrepancy was noted between 
the composition of the bimetallic phases 

determined by XRD and the bulk composition 
from elemental analysis. This suggests that 
not all cobalt is incorporated into the platinum 
lattice to form an alloy. The cobalt not alloyed 
with platinum may exist in the material as a 
separate phase, likely an X-ray amorphous cobalt 
oxide or hydroxide. Analysis of the average 
crystallite size in the bimetallic catalysts using 
the Scherrer equation [31] showed that thermal 
treatment leads to different structural changes 
in the materials. For the PtCo/C-u catalyst, a 
slight increase in nanoparticle size to 4.5 nm 
was observed. Conversely, the PtCo/C-n material 
exhibited more significant particle coarsening, 
with sizes reaching 10–30 nm.

Furthermore, addit ional  ref lect ions 
appeared on the XRD pattern of the PtCo/C-n 
material after thermal treatment. The presence 
of these reflections may indicate the formation 
of Pt-Co intermetallic compounds. However, 
their low intensity makes precise identification 

Table 1. Structural characteristics of PtCo/C catalysts obtained on the basis of various Pt/C materials

Sample w(Pt), % Composition 
TXRF Lattice parameter, Å Composition 

XRD
Average crystallite 

size, nm

Pt/C-р 21±1 Pt 3.94(6) – 2.3±0.2

Pt/C-н 18±1 Pt 3.93(3) – 3.0±0.2

PtCo/C-p 18±1 PtCo1.0 3.85(3) PtCo0.23 4.5±0.2

PtCo/C-н 14±1 PtCo1.6

3.86(6)
3.81(1)

PtCo0.18
PtCo0.44

30±3
10±1

Fig. 2. X-ray diffraction patterns of Pt/C materials and PtCo/C catalysts obtained on their basis with uniform 
(a) and non-uniform (b) distribution of nanoparticles over the surface of the carbon support
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difficult.
According to TEM data (Fig. 3), the PtCo/

C-u catalyst is characterized by a uniform 
distribution of metal nanoparticles on the carbon 
support surface. TEM results also revealed that 
the material contains nanoparticles with a size 
range of 2 to 8 nm (Fig. 3b), as well as large 
nanoparticle agglomerates up to 30 nm in size 
(Fig. 3b). A particle size distribution histogram 
was constructed based on the analysis of TEM 
images (Fig. 3c), and the average size of the metal 
nanoparticles was calculated to be 4.7 nm. The 
histogram shows a wide dispersion, indicating 
the presence of both small nanoparticles 
(around 2 nm) and larger ones exceeding 8 
nm. It is important to note that the large 
nanoparticle agglomerates were not included 
in the calculation of the average particle size 
or in the construction of the histogram due to 
methodological constraints in their accurate 
accounting. The average nanoparticle size for the 
PtCo/C-u material, as determined by TEM, closely 
matches the average crystallite size of PtCo 
calculated using the Scherrer equation (Table 
1). Thus, the bimetallic catalyst derived from 
the uniform Pt/C material exhibits a uniform 
distribution of nanoparticles across the carbon 
support surface but simultaneously possesses 
a very broad particle size distribution and the 
presence of agglomerates, which is a detrimental 
factor for developing highly efficient catalysts. 
Consequently, further optimization of the 
cobalt precursor deposition method and thermal 

treatment conditions is likely required to obtain 
a catalyst with a narrower size distribution.

Evaluation of the ECSA by cyclic voltammetry 
(Fig. 4) revealed significant differences between 
the PtCo/C materials derived from Pt/C precursors 
with different uniformities. The ECSA for the 
PtCo/C-u material was about 50 m²/g(Pt) (Table 
2), which is somewhat lower than that of the 
commercial Pt/C analogue (ECSA = 84 m²/
g(Pt)). This decrease is likely associated with the 
larger size and broader size distribution of the 
nanoparticles in the bimetallic material. Notably, 
the deposition of cobalt followed by thermal 
treatment led to a reduction in the ECSA for the 
PtCo/C-u material compared to the original Pt/
C-u (Table 2), which can be attributed to particle 
growth during the high-temperature synthesis of 
the bimetallic catalyst. The ECSA for the PtCo/
C-n material, derived from the non-uniform 
Pt/C precursor, was significantly lower than that 
of PtCo/C-u. This can be explained both by the 
lower initial ECSA of the Pt/C-n precursor and 
the larger metal particle size in the final PtCo/
C-n material (Table 1).

The polarization curves in Fig. 4 exhibit 
a typical shape for platinum-based catalysts. 
From 1.10 V to an onset potential of about 
0.98 V for PtCo/C-n and Pt/C, and about 1.00 
V for PtCo/C-u (Fig. 4c, Region I; Fig. 4d), the 
current is zero, indicating that the ORR does 
not proceed. Upon reaching the onset potential, 
the cathodic current increases as the potential 
decreases. This region is independent of the 

Fig. 3. TEM images (a, b) and histogram of the size distribution of nanoparticles (c) of PtCo/C-u catalyst ob-
tained on the basis of Pt/C catalyst with uniform distribution of nanoparticles
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electrode rotation rate, and the reaction rate 
is governed solely by the sluggish kinetics of 
the ORR. With a further decrease in potential, 
oxygen diffusion to the electrode surface begins 
to contribute. This region (Fig. 4c, Region II) is 
characterized by mixed kinetic-diffusion control. 
At even lower potentials, the cathodic current 
becomes independent of the applied potential as 
it becomes limited solely by the rate of oxygen 

supply to the electrode surface – this is the 
region of the limiting diffusion current (Fig. 4c, 
Region III).

The catalytic activity at 0.90 V, normalized 
both to the mass of Pt (mass activity, Im), and to 
the ECSA (specific activity, Is), demonstrates the 
superior performance of the PtCo/C-u material. 
Its mass activity of 1215 A/g(Pt) and specific 
activity of 24.3 A/m²(Pt) far exceed those of the 

Table 2. Electrochemical characteristics of the obtained PtCo/C catalysts, as well as the commercial Pt/C 
catalyst Hispec 3000

Sample ECSA, m2/g (Pt) Ik, mА Im, А/g (Pt)
(at 0.90 V)

Is, А/m2 (Pt)
(at 0.90 V) E1/2, V

PtCo/C-p 50±5 5.0±0.5 1215±122 24.3±2.4 0.94±0.01
PtCo/C-н < 3 0.6±0.1 192±19 – 0.88±0.01

Hispec 3000 84±8 1.2±0.1 254±25 3.0±0.3 0.91±0.01

Fig. 4. Cyclic voltammograms of PtCo/C catalysts obtained using various Pt/C catalysts (a, b); linear potential 
sweep voltammograms (c) and Tafel dependence for the obtained PtCo/C catalysts, as well as the commercial 
Pt/C catalyst Hispec 3000 (d)
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commercial Pt/C analogue (254 A/g(Pt)), despite 
its lower ECSA (Table 2). In contrast, the PtCo/
C-n material shows significantly lower activity 
compared to the commercial Pt/C, which can 
be attributed to its extremely low ECSA. Based 
on the half-wave potential (E1/2), the studied 
samples can be ranked in the following order of 
increasing activity: PtCo/C-n < Pt/C < PtCo/C-u. 
The half-wave potential serves as a key indicator 
of activity, alongside kinetic current values. 
Thus, it is confirmed that the PtCo/C-u catalyst, 
possessing the highest half-wave potential of 
0.94 V among all samples, exhibits the greatest 
activity in the ORR.

4. Conclusions
A study on model Pt/C samples with uniform 

and non-uniform distributions of platinum 
nanoparticles demonstrated the decisive 
influence of this parameter on the performance 
of the resulting bimetallic PtCo/C catalysts. 
It was found that the PtCo/C catalyst derived 
from the uniformly distributed Pt/C precursor 
exhibits a larger electrochemical surface area 
and a mass activity more than six times higher 
than that of the catalyst obtained from the 
non-uniform Pt/C material. Furthermore, the 
mass activity of the most active PtCo/C catalyst 
exceeded that of a commercial Pt/C catalyst by 
a factor of 4.8.

Thus, the presented high-temperature 
synthesis method for PtCo/C electrocatalysts 
has proven to be both promising and scalable for 
producing highly efficient bimetallic materials. 
Future work will focus on synthesizing catalysts 
with varying metal loadings and testing their 
performance in membrane-electrode assemblies 
of low-temperature fuel cells.
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Abstract
Objectives: Manganese silicide-germanides, with the general formula composition Mn5(Si,Ge)3, different in the quantitative 
ratio of silicon and germanium with the formula Mn5Si2.40Ge0.60, Mn5Si0.60Ge2.40, and Mn5Si0.15Ge2.85, were subjected to anodic 
polarization in an aqueous sodium sulfate solution. The main objective of the study was the determination of the products 
of their anodic transformation in a non-oxidizing neutral medium and the identification of regularities of the formation 
of oxide films on their surface.
Experimental: The cyclic voltammetry method showed that the anodic oxidation process is not reversible. Polarization 
measurements were accompanied by subsequent monitoring of changes in the surface state using electron microscopy. 
The micro-X-ray spectral analysis was used for the determination of the ratio of elements on the surface before polarization 
of the sample and in the corrosion products.
Conclusions: The results of the study demonstrated that during the anodic transformation process for all materials, the 
fraction of manganese in the samples decreased, the fraction of germanium increased, and the fraction of silicon changed 
insignificantly. It was concluded that the dissolution of the material components occurs selectively: manganese was 
predominantly ionized from the solid phase of manganese germanide into the solution, and its content on the surface was 
reduced to insignificant amounts. Silicon and germanium formed loose oxide layers without good adhesion to a hard, 
manganese-depleted surface and did not provide a serious protective effect. Germanium (II) oxide and partially hydrated 
germanium (IV) oxide GeO2 x H2O were the main products of anodic oxidation that remained on the surface. Silicon oxide 
was also present in anodic oxidation products, but in lower quantities, and was not sufficient for the provision of the 
protective effect of the material.
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1. Introduction
The rapid development of modern technologies 

inevitably dictates the need to create and 
investigate the properties of new materials, 
which often represent a complex composition 
of components with significantly different 
properties. At the same time, modeling the 
electrochemical behavior of multicomponent and 
multiphase systems is a complex and non-trivial 
task, requiring a comprehensive approach and a 
wide range of methods. These methods should 
allow us to evaluate not only the final change in 
the material surface under the influence of an 
aggressive medium but also provide information 
about the kinetics of cathodic and anodic 
processes. The combination of cyclic voltammetry 
(allowing to assess the rate and reversibility of 
electrode processes) with electron microscopy 
and micro-X-ray spectral analysis (enabling 
to visually evaluate changes in the structure, 
qualitative and quantitative composition of the 
surface of the material) allows examining the 
various aspects of dissolution process of the 
material and to form a comprehensive view of 
the changes occurring on its surface. Manganese 
silicide-germanides, which have different 
ratios of silicon and germanium are suitable 
objects for such studies, since their individual 
components, manganese, silicon and germanium, 
have significantly different electrochemical 
behavior [1].

It is known that all individual components 
of manganese silicide-germanides are capable 
for oxidation in both acidic and alkaline media, 
forming products with various thermodynamic 
stability on the surface of the sample. Thus, 
during the oxidation of manganese, compounds 
in various oxidation states can be formed, none 
of which is capable to form the strong film with 
protective properties: in an acidic medium, 
soluble salts of divalent manganese are formed, 
and in an alkaline medium, manganese is in a 
passive state due to the formation of Mn(OH)2 
and at higher potentials, MnO2 on the surface [2–
5]. Silicon, due to the formation of poorly soluble 
SiO2, protects the surface well from dissolution 
in acidic media, while in alkaline media its 
protective properties are not so significant [2, 
6–8]. Germanium, despite its structure and 
some chemical properties like silicon, cannot 

form protective surface compounds in any of the 
previously studied media [2, 10].

Manganese silicide-germanides are two-
phase structures consisting of silicide, silicide-
germanide, and manganese germanide phases, 
with the amount of one or the other phase varying 
depending on the silicon or germanium content 
of the material [11]. 

It is known that Mn5Si3 and Mn5Ge3 “limiting” 
phases with respect to silicide-germanides during 
anodization form layers of oxidation products, 
which, in the case of manganese silicide, protect 
the surface of the sample from further destruction 
[9, 12]. In the case of manganese germanide, a 
defective layer of anodic transformation products, 
unable to protect the sample is formed [10, 12]. To 
date, there is no systematic data on the qualitative 
and quantitative composition of the products 
of anodic oxidation of manganese silicide-
germanides with different ratios of germanium 
and silicon in neutral media. Nevertheless, data 
on the influence of the ratio of elemental silicon 
and germanium, as well as the phases formed 
in the material, on the formation of surface 
compounds can be used both for modeling the 
behavior of such three-component metal + two-
non-metal systems and for practical use in the 
creation of semiconductor structures.

This work aims to compare the anodic 
behavior of manganese silicide-germanides with 
different ratios of silicon and germanium in the 
sample and to analyze changes in the surface 
microstructure of the materials and the products 
of their anodic oxidation.

2. Experimental 
Manganese silicide-germanides with 

the following compositions: Mn5Si3-2.85Ge2.85, 
Mn5Si3-2.40Ge2.40, and Mn5Si3-0.60Ge0.60, obtained 
according to the method described in [13], were 
subjected to multiple cyclic anodic polarization 
from the open circuit potential to the potential 
of thermodynamically possible oxygen evolution, 
followed by a return to the original potential. 
The surface of the sample was then examined 
microscopically using micro-X-ray spectral 
analysis. The methods of sample preparation and 
their study are described in detail in the study 
[13, 15]. The phase composition of the samples 
was confirmed by X-ray structural analysis [11]. 
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With an increase in the fraction of germanium 
atoms in the sample, the phase composition 
of the material changes from a predominant 
content of the manganese silicide phase Mn5Si3 
to the predominant content of the manganese 
germanide phase, Mn5Ge3.

3. Results and discussion 
3.1. Polarization measurements and data 
from microscopic and micro-X-ray spectral 
studies of manganese silicide-germanides

Anodic CVA curves for Mn5Si3-0.60Ge0.60 are 
shown in Fig. 1. From E = +0.2 V, the current 
density started to increase noticeably, which 
indicates active dissolution of the material. 
However, it was impossible to isolate a separate 
maximum on the curve; the peaks were not 
separated, and the oxidation processes of 
the components occurred at close potentials. 
At a potential of +1.6 V, a state of passivity 
occurred, and the process of active dissolution 
was suspended. The anodic oxidation process 
is irreversible, since the reverse scan curve also 
had oxidation peaks accompanied by current 
oscillations, while reduction peaks were absent. 
Current oscillations were detected at potentials 
of thermodynamic possibility of oxygen release. 
It can be assumed that the released gas promoted 
the detachment of the oxide layer formed during 
direct unfolding, characterized by weak adhesion 
to the surface of the material.

After anodic polarization on the surface of 
the n5Si3-0.60Ge0.60 electrode there was no visible 
layer of transformation products (Fig.  2). At 
magnifications of 370× and 1000×, it became 
clear that the most developed areas of the 

surface were cracks, where the manganese 
content was noticeably lower than in smooth 
areas, and the percentages of germanium 
and oxygen were higher. This allowed us to 
assume that the manganese silicide phase in 
this medium was stable and was not subjected 
to anodic destruction, while in the cracks, the 
transformation of manganese germanide with 
the ionization of manganese into a solution and 
the accumulation of insoluble germanium oxides 
occurred (Table 1). 

The Mn5Si3-2.40Ge2.40 material, containing a 
higher amount of germanium in the sample, 
was subjected to destruction at a significantly 
higher anodic current in the active dissolution 
region compared to Mn5Si3-0.60Ge0.60 (Fig. 3). The 
process was also irreversible; the reverse curves 
for all cycles were above the forward curves, since 

                                 а                                                               b                                                               c
Fig. 2. Micrographs of the Mn5Si3-0.60Ge0.60 surface after 3 cycles of anodic polarization in an 0.5М Na2SO4 solu-
tion at the following magnifications: (а) 50×, (b) 370×, (c) 1000×

Fig. 1. Anodic CVA-curves for Mn5Si3-0.60Ge0.60 in an 
0.5М Na2SO4 solution, potential change rate is 5 mV/s; 
the number of the cycle is shown by a number near 
the curve
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during reverse scanning, additional oxidation 
of components occurred on a more developed 
surface.

A yellow-brown oxide layer formed on 
manganese silicide germanide Mn5Si3-2.40Ge2.40 
during anodic polarization was clearly visible. 
Microscopic examination also showed the 
presence of a well-developed layer of anodic 
transformation products (Fig. 4). The layer 
was not continuous, it was loose, and easily 
detachable from the surface of the material. 
Uneven film formation led to current oscillations 
in the CVA curves (Fig. 3): during detachment, 
the current increased sharply and then decreased 

as a new portion of the product accumulated on 
the surface. 

Micro-X-ray spectral analysis of the surface 
showed that after anodic polarization the silicon 
content decreased slightly, the percentage of 
the manganese component decreased, and the 
germanium component increased. This suggested 
that the manganese silicide phase was still resistant 
to anodic destruction, manganese was actively 
removed into solution, and germanium remained 
on the surface in the form of yellow germanium 
oxide with complex composition GeOX. In cracks, 
the composition of the anodic dissolution products 
differed from that on the sample surface, with a 
further depletion of manganese and enrichment 
of the germanium component. 

The Mn5Si3-2.85Ge2.85 sample consisted of 
91 % of manganese germanide Mn5Ge3 phase, 
less thermodynamically stable during anodic 
oxidation in electrolyte solutions [11, 14]. 
Therefore, the currents in the active dissolution 
region were even higher than for Mn5Si3-0.60Ge0.60 
and Mn5Si3-2.40Ge2.40 samples (Fig. 5). Oscillations 
associated with the detachment of anodic 
oxidation products were expressed less strongly; 
the reverse curve showed a sharp increase in 
current in active dissolution potentials, followed 
by a decrease. The process, just like in the 
previous samples, was not reversible; there was 
no symmetrical recovery peak. 

Table 1. Content of elements on Mn5Si3-0.60Ge0.60 surface before and after anodic polarization

ωat Mn, % ωat Si, % ωat Ge, % ωat O, %

Surface before the polarization 60.25±2.55 31.24±1.87 6.16±0.83 2.35±0.51
On the surface 56.85±2.15 34.93±1.88 2.81±0.54 5.41±0.64
In the cracks 15.78±1.23 31.28±1.87 12.83±1.12 40.11±1.85

                                 а                                                               b                                                               c
Fig. 4. Micrographs of the Mn5Si3-2.40Ge2.40 surface after 3 cycles of anodic polarization in an 0.5М Na2SO4 solu-
tion at the following magnifications: (а) 50×, (b) 370×, (c) 1000×

Fig. 3. Anodic CVA-curves for Mn5Si3-2.40Ge2.40 in an 
0.5 М Na2SO4 solution, potential change rate is 5 mV/s; 
the number of the cycle is shown by a number near 
the curve
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After anodic polarization in 0.5 M sodium 
sulfate solution on the surface of Mn5Si3-2.85Ge2.85 
similarly as on the surface of Mn5Si3-2.40Ge2.40, 
the yellow-brown oxide layer was clearly visible. 
Surface microscopy demonstrated that this 
layer was even looser. At 2000x magnification, 
the smallest parts of the layer, represented by 
structures twisted into tubes became visible. The 
size of the particles that composed the oxide layer 
did not exceed several tens of micrometers (Fig. 6).

Micro-X-ray spectral analysis showed a 
significant decrease in the content of manganese 
and silicon in the layer of anodic oxidation 
products and a simultaneous increase in the 
germanium and oxygen (Table 3). Apparently, 
the less thermodynamically stable phase of 
manganese germanide was destroyed with the 
transition of manganese into solution, leaving 
germanium oxide on the surface, characterized by 
poor adhesion to the surface and, consequently, 
a low protective effect.

The dried layer of anodic transformation 
products was easily separated from the sample 

by lightly tapping of the electrode on any hard 
surface. Micrographs of the cleaned surface are 
shown in Fig. 7. Surface relief of the Mn5Si3-2.85Ge2.85 
sample was quite developed, and areas affected by 
corrosion, where selective etching of manganese 
and the formation of oxides, primarily germanium 

                                 а                                                               b                                                               c
Fig. 6. Micrographs of the Mn5Si3-2.85Ge2.85 surface after 3 cycles of anodic polarization in an 0.5М Na2SO4 solu-
tion at the following magnifications: (а) 50×, (b) 370×, (c) 2000×

Fig. 5. Anodic CVA-curves for Mn5Si3-2.85Ge2.85 in an 0.5 М 
Na2SO4 solution, potential change rate is 5 mV/s; the 
number of the cycle is shown by a number near the curve 

Table 2. Content of elements on the Mn5Si3-2.40Ge2.40 surface before and after anodic polarization

ωat Mn, % ωat Si, % ωat Ge, % ωat
 O, %

Surface before the polarization 57.78±2.14 6.16±0.81 30.34±2.03 5.72±0.66
On the surface 20.13±1.93 5.97±0.79 47.07±2.12 26.83±1.64
In the cracks 11.79±2.25 5.65±1.79 53.49±3.34 29.07±2.73

 Table 3. Content of elements on the Mn5Si3-2.85Ge2.85 surface 

ωat. % Mn ωat % Si ωat % Ge ωat % O
Surface before the polarization 61.34±2.15 3.27±0.08 30.51±1.75 4.88±0.53
The layer of the corrosion 
products 10.17±1.24 2.18±0.12 40.30±2.05 47.35±4.36

Cleaned surface 58.53±2.08 4.69±0.12 36.77±2.64 0
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oxides, occurred, were clearly visible. Micro-X-
ray spectral analysis of the surface freed from 
oxidation products showed that quantitatively its 
composition was very close to the composition 
of the Mn5Si3-2.85Ge2.85 surface before anodic 
polarization in a sodium sulfate solution 
(Table  3). A small increase in the fraction of 
silicon may indirectly indicate some enrichment 
of the surface with the manganese silicide 
phase Mn5Si3, while the upper surface layer of 
the manganese germanide phase Mn5Ge3 was 
completely transformed and removed.

3.1. X-ray phase and thermal analysis 
of anodic oxidation products 

For more accurate determination of the 
composition of the corrosion products of 
germanium-containing phases, X-ray phase 
and thermal analysis methods were used. From 
among all materials studied, the powder detached 
from the Mn5Si3-2.85Ge2.85 sample with the highest 
number of germanium atoms was chosen for 
further study.

The diffraction pattern of the anodic oxidation 
products removed from the surface of the sample 
is shown in Fig. 8. The absence of peaks and a 
large halo at small angles was characteristic for 
the presence of a large amount of amorphous 
phase and the absence of crystallites. This 
indicated the amorphous nature of the oxide layer 
formed during the corrosion process. 

The results of thermal analysis of anodic 
oxidation products, thermogravimetric (TG) and 
differential scanning (DSC) curves are presented 
in Fig. 9.

On the TG curve, two processes of mass loss 
in the range of 100–600 oC and 650–1000  oC 

and the beginning of the melting process at 
1137 oC were clearly visible. Mass spectrometric 
analysis revealed the presence of one water 
molecule in the compound, which evaporated 
during the first mass loss process. The second 
mass loss process corresponded to the phase 
transition of germanium monoxide GeO into 
germanium dioxide GeO2. The DSC curve clearly 
showed the oxidation peak of GeO into GeO2 at 
1056 oC. The process involved the absorption of 
oxygen, as was indicated by the readings of the 
mass spectrometer. The onset of melting of the 
substance was recorded at 1137 oC. Considering 
that the melting of germanium dioxide is a 
relatively high-temperature process occurring at 
temperatures above 1137 oC, sublimation of the 
oxide onto the surface of the crucible can occur 
simultaneously, followed by the formation of 
refractory compounds [16]. After the analysis, it 
was noticed that the lid of the platinum crucible 
was tightly adhered to the crucible. When the 

                                 а                                                               b                                                               c
Fig. 7. Micrographs of the Mn5Si3-2.85Ge2.85 surface after 3 cycles of anodic polarization in an 0.5М Na2SO4 solu-
tion, purified from anodic oxidation products at the following magnifications: (а) 50×, (b) 370×, (c) 2000×

Fig. 8. Diffraction pattern of Mn5Si3-2.85Ge2.85 anodic 
oxidation products
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lid was removed, a thin film of reaction products 
could be detected. The weight of the crucible 
was also changed after thermal analysis. Thus, 
the corrosion products of the samples were 
predominantly oxygen-containing germanium 
compounds. Possible formulas of anodic oxidation 
products are GeO, GeO2, and Ge(OH)x. 

4. Conclusions
Analysis of the CVA curves, the surface 

microstructure of the samples and their elemental 
composition after anodic oxidation showed 
that anodic destruction occurs selectively and 
predominantly affects the manganese germanide 
phase. In this case, manganese ionizes and passes 
into solution, and germanium forms an oxide 
layer containing GeO, GeO2, and their hydrated 
form Ge(OH)x on the surface. 

A comparison of changes in surface 
composition showed that with an increase 
in the fraction of germanium in manganese 
silicide-germanides, the ability of the material 
to resist anodic oxidation decreased. Thus, in the 
Mn5Si3-0.60Ge0.60 sample with a high silicon and a 
low germanium content, after polarization, the 
fraction of the manganese component on the 
surface decreased by 6 %, while the germanium 
content decreased by half, and the fraction of 
silicon increased by 12 %. Corrosion products, 

mostly germanium oxides, accumulated in cracks. 
There was no visible oxide layer on the surface. 
This sample contained predominantly the Mn5Si3 
phase, resistant to anodic oxidation in a wide 
range of aggressive media, and its behavior, 
including the absence of an abundant layer of 
products, was determined by it.

When the fraction of silicon in the sample 
decreased and the fraction of germanium 
increased to a composition of Mn5Si3-2.85Ge2.85, 
the total amount of corrosion products increased, 
and they formed a developed layer of structures 
resembling microtubes, enriched in germanium 
oxide, which could be easily removed from 
the surface. Since this material contained 
predominantly the Mn5Ge3 phase, which did not 
exhibit high resistance to anodic destruction, 
its behavior was close to the behavior of the 
individual substance Mn5Ge3. In corrosion 
products, the fraction of manganese decreased by 
more than 80 %, silicon by 33 %, and the fraction 
of germanium increased by 32 %. The surface 
under the product layer also underwent changes: 
manganese was selectively etched from it, its 
fraction decreased by 5 %, while the fraction of 
germanium increased by 20 %, and silicon by 43 %. 

Changes in the content of components 
the sample of intermediate Mn5Si3-2.40Ge2.40 
composition was due to the behavior of both 

Fig. 9. Thermogravimetric and DSC curves for Mn5Si3-2.85Ge2.85 anodic oxidation products
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phases: Mn5Si3, and Mn5Ge3. The product layer 
was sufficiently formed, but it was bound to 
the surface more strongly than in the case 
of Mn5Si3-2.85Ge2.85. The manganese content 
in the products was 65 % lower than in the 
original material, and the germanium content 
increased by 5 5%. The fraction of silicon changed 
insignificantly. Most of the oxidation products 
were contained in cracks, where the fraction of 
germanium was 76 % higher than on the original 
surface. 

Thus, the active transition of the manganese 
germanide phase into solution enriches the 
surface of the sample with a silicide phase that 
is more resistant to anodic oxidation. 
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Abstract
The objects of the study are nanostructures based on palladium (II) oxide of various elemental compositions and morphological 
organization. 
The aim of the work is to establish the influence of synthesis conditions on the phase composition and texture of thin films 
of palladium (II) oxide synthesized by oxidation in an oxygen atmosphere of initial ultrafine layers of metallic palladium 
of various thicknesses on SiO2/Si(100) substrates.
Conclusions: It has been established that the oxidation of the initial ultrafine layers of metallic palladium with thicknesses 
of ~ 95, ~ 190, and ~ 290 nm in an oxygen atmosphere in the temperature range Tox = 873 - 1123 K leads to the formation 
of homogeneous polycrystalline films of palladium (II) oxide on SiO2/Si (100) substrates. It is shown that the surface layers 
of PdO/SiO2/Si (100) films have a pronounced texture (001), the degree of which increases with increasing oxidation 
temperature. 
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1. Introduction 
Currently, various types of binary, ternary, 

and more complex metal oxide semiconductors 
are being intensively studied as materials suitable 
for detecting gases with oxidizing properties. In 
most cases, n-type conduction semiconductors 
such as SnO2 [1–3], ZnO [4, 5], In2O3 [6], and 
TiO2 [7] are traditionally used for this purpose. 
However, in the last decade, the study of the 
sensory properties of wide-band metal oxide 
semiconductors with p-type conductivity 
and composites based on them has begun [8]. 
Sensor materials based on Cu2O [9], NiO [10] 
nanostructures, porous NiO microspheres [11], 
and nanostructures based on copper (II) oxide 
[12] have been synthesized. Nanocomposites with 
a p-n heterojunction are considered the most 
promising for the detection of oxidizing gases 
[13]. Research by scientists of Voronezh State 
University has proved the effectiveness of using 
nanocrystalline and thin films of palladium (II) 
oxide characterized by p-type conductivity [14]. 
Studies of the physical and chemical properties 
of n-type metal oxide semiconductors have led to 
the creation of sufficiently efficient gas sensors 
based on them [15]. The enormous success in 
using tin dioxide SnO2 gas sensors is not least 
due to accurate information about the nature 
of point defects (oxygen vacancies), as well as 
about chemical and physical processes involving 
adsorbed oxygen molecules and analyzing 
gases. To date, gas sensors of the resistive type 
are produced in two ways: thick-film and thin-
film technologies. It should be emphasized that 
thick-film gas sensors are formed by various 
methods from pre-synthesized nanocrystalline 
powders. As a result, thick-film polycrystalline 
structures can be considered isotropic in the first 
approximation. Therefore, nonstoichiometry, 
crystallite sizes, and specific surface area are 
critical physical and chemical parameters that 
determine the functional properties of sensors. 
For gas sensors based on thin films, another 
important criterion is the morphology and 
orientation of the surface layers, which play 
an important role in the detection of toxic or 
explosive gases [15]. Despite the widespread use 
of palladium (II) oxide in various fields of science 
and technology, many fundamental properties 
of this material have not been sufficiently 

studied, including the formation of thin and 
nanocrystalline films. Therefore, the purpose of 
this work is to establish the influence of synthesis 
conditions on the phase composition and texture 
of thin films of palladium (II) oxide synthesized 
by oxidation in an oxygen atmosphere of initial 
ultrafine layers of metallic palladium of various 
thicknesses on SiO2/Si(100) substrates.

2. Experimental methodology
A two-stage process was used to synthesize 

thin films of palladium (II) oxide. During the 
first stage, thin films of metallic palladium 
were formed by open evaporation in a vacuum. 
The method of open evaporation in vacuum is 
the simplest way to produce films of various 
materials. A freshly prepared powder of the 
sprayed substance is placed in a crucible made 
of graphite or refractory metal, the substrate is 
fixed in a heated holder, and the entire system 
is evacuated. The substrate is heated until its 
temperature is equal to the required value, 
and then the temperature of the evaporator is 
increased. When the time of the spraying process 
reaches the required value, the flap separating 
the evaporator and the substrate is closed, after 
which the substrate with the film cools down in 
vacuum. In addition, an upgraded film production 
technology is often used, which uses additional 
evaporators. In this work, tungsten heaters 
were used to produce thin films of metallic Pd 
by thermal evaporation in high vacuum, which 
were used to heat palladium foil with a basic 
component content of 99.99 at. %. A high vacuum 
at a residual pressure level of ~ 10-8 mmHg 
in the working chamber was created using a 
turbomolecular pump. To establish the modes of 
the palladium film formation process, its vapor 
pressure was calculated using the equation: 

lg ( , )

, , lg , ,

P

T
T T

Pd PaS =

= - + - - ◊ -20150
13 670 0 419 0 302 10 3

	 (1)

where T is the absolute temperature, K. 
Palladium metal films were formed on SiO2/Si 

(100) substrates. The thickness of the SiO2 buffer 
layer was ~ 300 nm. The SiO2 buffer layer is 
necessary in order to prevent direct interaction of 
the palladium metal with the substrate material. 
The oxidation of palladium metal films in the 
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temperature range T = 970–1070 K grown on 
Si(100) substrates without a SiO2 buffer layer led 
to the formation of palladium silicide Pd2Si [14]. 

Metal l ic  Pd f i lms were  grown on a 
SiO2/Si(100) substrate without heating in order 
to obtain ultrafine layers with Pd crystallite 
sizes from 2 to 6 nm. Such crystallite sizes 
ensure uniform oxidation to form palladium 
(II) oxide. The thickness of the initial palladium 
metal films, determined by scanning electron 
microscopy during the study of chips of Pd/
SiO2/Si (100) heterostructures, ranged from 
95±8 to 300±15 nm. When choosing the modes 
of oxidation of ultradisperse palladium layers, 
we were guided by the conditions under which 
films of lower thickness were oxidized in an 
oxygen atmosphere. The modes of oxidation of 
the initial palladium metal films in air are shown 
in Table 1. 

The Pd/SiO2/Si (100) heterostructures were 
placed in a tubular furnace at room temperature 
and then the furnace was heated at a rate of ~ 250 
degrees per hour to the desired temperature. After 
reaching the required temperature, isothermal 
exposure was carried out for 360 and 480 minutes. 
As shown in Table 1, in several cases, in particular, 

at oxidation temperatures of Tox = 773 K and 
Tox = 973 K, the durations of oxidation in air were 
360 and 480 minutes, respectively.

3. Results and discussion
Thin PdO films on SiO2/Si(100) substrates 

obtained by thermal oxidation in an oxygen 
atmosphere of the initial ultrafine layers of 
metallic palladium with a thickness from 95±5 
to 290±15 nm were studied by X-ray phase 
analysis (XFA). In order to increase the accuracy 
of calculations of the parameters of the tetragonal 
lattice of thin PdO films, CoKα radiation was 
used during X-ray studies. In addition, for the 
same purpose, thin PdO films were synthesized 
on SiO2/Si(100) substrates with a thickness from 
95±5 nm to 290±15 nm (Table 1). An increase in 
the thickness of thin PdO films on SiO2/Si(100) 
substrates should lead to a change in the ratio of 
the reflection intensities of palladium (II) oxide 
and silicon. 

For  X-ray studies, PdO/SiO2/Si(100) 
heterostructures were selected, thermally 
oxidized under conditions that allowed the 
synthesis of homogeneous polycrystalline 
films of palladium (II) oxide. The experimental 

Table 1. Modes of thermal oxidation in an oxygen atmosphere of ultrafine metallic Pd films of various 
thicknesses and phase composition of samples (according to XRD data) after heat treatment

The thickness of the 
initial films Pd dPd, 

nm

Duration  
of annealing t, min

Annealing temperature Phase
composition  

of the samplesTox, °С Tox, К

95 ± 5
95 ± 5
95 ± 5
95 ± 5
95 ± 5
95 ± 5

480
480
480
480
480
480

400
500
600
700
800
850

673
773
873
973

1073
1123

PdO + Pd*
PdO
PdO
PdO
PdO
PdO 

190 ± 10
190 ± 10
190 ± 10
190 ± 10
190 ± 10
190 ± 10 

480
480
480
480
480
480

400
500
600
700
800
850

673
773
873
973

1073
1123

Pd + PdO** 
PdO + Pd*

PdO
PdO
PdO
PdO

290 ± 15
290 ± 15
290 ± 15
290 ± 15
290 ± 15
290 ± 15

480
480
480
480
480
480

400
500
600
700
800
850

673
773
873
973

1073
1123

Pd + PdO** 
PdO + Pd*

PdO
PdO
PdO 
PdO

* Intense PdO reflexes and weak Pd reflexes.
** Intense Pd reflexes and a few weak PdO reflexes.
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data obtained in the form of bar diagrams of 
PdO/SiO2/Si (100) samples obtained by oxygen 
oxidation of the initial palladium metal layers of 
various thicknesses are shown in Fig. 1–3. Since 
the intensity of the Si(400) reflex from the silicon 

substrate in some cases exceeds the intensity of 
the strongest reflexes of the palladium (II) oxide 
film by two or three orders of magnitude, the 
intensity of the X-ray reflexes is represented in 
logarithmic coordinates.

Fig. 2. X-ray diffraction pattern of thin PdO films on a SiO2/Si(100) substrate obtained by thermal oxidation in 
oxygen in the initial palladium layer with a thickness of 190 ± 10 nm: a) Tox = 873 K; b) Tox = 973 K 

Fig. 1. X-ray diffraction pattern of a nanocrystalline PdO film on a SiO2/Si (100) substrate obtained by thermal 
oxidation in oxygen of the initial palladium layer with a thickness of ~ 35 nm at Tox = 1073 K 

a

б
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When comparing Figures 1 and 2, it becomes 
obvious that with increasing thickness of the 
initial ultrafine palladium layers, the intensity 
of X-ray reflections of palladium (II) oxide films 
on SiO2/Si(100) substrates increases. In addition, 
as can be seen when comparing Fig. 1 and Fig. 3, 
for palladium (II) oxide films obtained by the 
thermal oxidation of initial palladium layers with 
a thickness of ~ 190 nm at Tox = 1073 K, X-ray 
reflections were recorded at the far diffraction 
angles, for example, (202) and (212), which did 
not appear on diffractograms of films synthesized 
by the thermal oxidation of initial palladium 
layers with a thickness of ~ 35 nm. Diffractograms 
of PdO/SiO2/Si (100) samples synthesized at 
Tox  =  1123 K reveal another long-range reflex 
(114). 

A general analysis of X–ray diffraction 
patterns of PdO/SiO2/Si(100) heterostructures 
obtained by the thermal oxidation of initial 

palladium layers with a thickness of ~ 190 nm in 
the temperature range Tox = 873–1123 K allows 
us to conclude that the synthesized palladium (II) 
oxide films are single-phase and polycrystalline 
without signs of any texture. This is evidenced 
by the ratio of X-ray reflex intensities, which in 
most cases correspond to similar characteristics 
of the ASTM standard for a powdered palladium 
(II) oxide sample [42].

Nevertheless, it should be noted that an 
increase in the oxidation temperature leads to an 
increase in the degree of structural perfection of 
palladium (II) oxide films. This fact is confirmed 
not only by an increase in the intensity of the 
corresponding X-ray peaks, but also by the 
appearance of additional reflections at distant 
diffraction angles with large values of the Miller 
indices, for example, peaks (212) and (114).

In order to determine the orientation of the 
surface layers, PdO/SiO2/Si(100) samples were 

Fig. 3. X-ray diffraction pattern of thin PdO films on a SiO2/Si (100) substrate obtained by thermal oxidation 
in oxygen of the initial palladium layer with a thickness of 190±10 nm: a) Tox = 1073 K; b) Tox = 1123 K 

a

б
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studied by high-energy electron diffraction 
(HEED), which allows obtaining information from 
layers several nanometers thick. The electron 
diffraction patterns obtained during the study 
of some SiO2/Si(100) heterostructures are shown 
in Fig. 4. 

A comparison of experimental X-ray diffraction 
data on the crystal structure over the entire 
volume of thin films of PdO/SiO2/Si(100) and the 
results obtained by the HEED method from near-
surface layers allows us to draw the following 
conclusions. The XRD method captures all 
reflexes, while the HEED method does not register 
a number of mixed reflexes (hkl) characteristic of a 
homogeneous polycrystalline palladium (II) oxide 
film. In addition, with an increase in the oxidation 
temperature from Tox = 873 K and Tox = 1073 K, 
along with the disappearance of mixed reflexes 
(hkl), reflexes (002) and (004) become the most 
intense on electronograms. All this indicates that, 
unlike the entire volume of thin polycrystalline 
films of palladium (II) oxide, the surface layers 
with a thickness of several nanometers acquire a 
pronounced orientation (001).

The crystallographic planes (001) and (002) 
in the unit cell of palladium (II) oxide are formed 
exclusively by palladium atoms, which allows us 
to conclude that there is a preferential orientation 
(001) of the surface layers of thin PdO films with 
increasing oxidation temperature and may be 
important for the formation of gas sensors with 
increased selectivity.

4. Conclusion
1. By the X-ray method has been established 

that the oxidation of the initial ultrafine layers of 
metallic palladium with thicknesses of ~ 95, ~ 190, 
and ~ 290 nm in an oxygen atmosphere in the 
temperature range Tox = 873–1123 K leads to the 
formation of homogeneous polycrystalline films 
of palladium (II) oxide on SiO2/Si (100) substrates. 

2. Through the use of the HEED method it 
has been established that the surface layers 
of PdO/SiO2/Si (100) films have a pronounced 
texture (001), the degree of which increases with 
increasing oxidation temperature.
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Abstract
Objectives: The mechanochemical modification of zeolites with the addition of acidic salts causes an increase in the 
defectiveness of their structure, a change in the dispersion of the powder, and the conductivity of tableted samples. The 
aim of the study was to obtain mineral samples with improved conductivity using a mechanochemical method from air-dry 
mixtures of clinoptilolite-stilbite, clinoptilolite rocks and, potassium hydrosulfate in different ratios.
Experimental: The shape and size of particles, chemical and phase composition of powders, and their physical properties 
were studied using electron microscopy, energy-dispersive X-ray spectrometry, X-ray phase analysis, differential scanning 
calorimetry, infrared spectroscopy, sieve analysis, gravimetry, and air permeability. The electrical conductivity of the tableted 
samples was measured using a three-electrode circuit in the temperature range from 25 to 100 °C.
Conclusions: The results of the study demonstrated that mechanical treatment of mixtures of zeolites with an acidic salt 
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and an increase in structural defects. The interaction of components occurs via the silanol groups of clinoptilolite and 
hydrosulfate groups through the formation of hydrogen bonds and with the involvement of water molecules. It was also 
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in an equimass ratio, subjected to shock-shear action with a mechanical energy dose of 2.16 kJ/g, amounted to 4.26·10–4 S·m–1 
at 100 °C. Electrical conductivity values of the same order were obtained earlier for the mechanochemical activation of 
natural zeolites with potassium hydrophosphates. Consequently, the hydrosulfate anion does not make a significant 
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1. Introduction
Zeolites are used as adsorbents, catalysts, 

and ion exchangers [1–4], in electrochemical 
devices, for example, for lithium-ion batteries 
due to the unique microporous structure and 
ion-exchange properties [5–7]. Low ionic 
conductivity limits the use of natural zeolites as 
solid electrolytes [8, 9]. The ionic conductivity can 
be increased by chemical modification, thermal 
treatment, and mechanical activation in high-
energy devices [10–13]. Mechanical treatment 
of a solid substance leads to the reduction and 
deformation of particles without the use of high 
temperatures and aggressive chemical reagents 
[14–16]. The resulting defects and impairments in 
the crystal lattice create additional vacancies and 
interstitials and contribute to an increase in the 
concentration and mobility of charge carrier ions 
[8, 10]. Moreover, the formation of an amorphous 
phase can provide higher ionic conductivity 
compared to the crystalline phase [10, 17, 18].

The mechanical treatment of zeolites in 
the presence of acidic alkali metal salts leads 
to complex structural changes [11]. Intense 
mechanical action causes a decrease in the 
size of crystallites, an increase in the specific 
surface area, and the introduction of alkali 
metal ions from the acid salt into the zeolite 
structure [19]. The electrical properties of 
mechanically activated zeolites containing acidic 
salts of alkali metals differ significantly from 
the properties of the original materials [11, 19]. 
Ionic conductivity increases by several orders 
of magnitude depending on the type of zeolite, 
acid salt, mechanical activation conditions, and 
temperature [19]. In mechanically activated 
zeolites, an increase in the concentration of 
alkali metal ions and the formation of defects 
contribute to an increase in ionic conductivity 
[8, 12]. The control of the amount of defects in 
zeolites is crucial for energy storage applications 
[20]. It was demonstrated [19] that the electrical 
conductivity of pressed samples obtained by joint 
mechanochemical activation of clinoptilolite-
stilbite or clinoptilolite rocks with potassium 
hydrophosphate is ~ 10–5–10–6 S·m–1 at 25 ºС. 
Potassium hydrosulfate is a good ionic conductor 
(Fig. 1) with the ability to stabilize the amorphous 
state [21], but it is brittle and not chemically 
stable. Properties of potassium hydrosulfate 

in nanocomposite solid electrolytes (1–x)
KHSO4-xSiO2 depend on the particle size and 
pores of silicon dioxide [21]. Highly porous and 
microporous zeolites are mechanically and 
thermally stable and are also suitable matrices 
for encapsulating conductive components [5, 6]. 
Guest ions can influence proton conductivity due 
to the synergistic effect of pore characteristics and 
ion concentration [7]. The structure, dispersion, 
morphology, physical, and electrophysical 
properties of the resulting composite will be 
affected by the joint mechanical activation of 
natural zeolite with potassium hydrosulfate.

This study aimed to obtain mineral powders 
with improved electrophysical properties using 
short-term mechanical activation of mixtures 
of natural zeolite clinoptilolites with potassium 
hydrosulfate in different ratios.

2. Experimental part
2.1. Materials

Natural zeolite rocks [22], clinoptilolite-
stilbite (I) and clinoptilolite (II) (Kholinsky and 
Shivyrtuisky deposits, Russia) were pre-crushed 
using a crusher, and potassium hydrosulfate (d) 
(pure for analysis grade, GOST 4223) was used 
without any processing.

The assignment of absorption bands in the 
IR spectrum of KHSO4, n, cm–1 was: 2978; 2884; 
2834; 2484; 2417 (H2O; OH in HSO4); 1767; 1701 
(OH bound with HSO4); 1651; 1620 (H2O); 1454; 

Fig. 1. Temperature dependences of potassium hydro-
sulfate conductivity (complex impedance method, 
impedance meter BM-507, n = 5 Hz–500 kHz, silver 
electrodes, cooling mode, air, 2 K/min) [21]
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1317; 1284; 1175 (S-O-H); 1071; 1007; 883; 853 
(SO4); 665; 614; 577 (SO4); 453. The conductivity 
of tableted mechanically activated samples of 
clinoptilolite-stilbite and clinoptilolite rocks at 
25 °C varied from ~ 10–6 to10–9 S·m–1 [23].

Modified mineral samples were obtained by 
mixing clinoptilolite powders with a particle 
size not exceeding 0.5 mm with 25, 33, and 
50 wt % potassium hydrosulfate and subsequent 
mechanical activation for 3, 5, and 7 min in a 
vibratory bowl grinder IVCh-3 according to the 
method described in detail in the study [19].

2.2. Research methods
The shapes and sizes of particles were 

examined using electron microscopy (scanning 
electron microscope JSM-6510LV JEOL, Japan). 
The elemental composition was determined 
using an INCA Energy 350 X-ray energy dispersive 
spectrometer (Oxford Instruments, UK).

The phase composition was investigated using 
powder diffraction (DRON-3 diffractometer, CuKα-
radiation, Ni-filter, U = 25 kV, I = 20 mA, 2θ = 3–55°, 
1°/min). Semi-quantitative analysis was carried 
out using the corundum number method. The 
relative degree of crystallinity of clinoptilolite (krel) 
was calculated as described in [19].

Weight changes of 20 mg of mineral samples 
heated in platinum crucibles in the range of 
30 to 850 °C were studied in a dynamic argon 
atmosphere at a heating rate of 10 °C/min using 
a synchronous thermal analyzer (STA 449F1, 
NETZSCH, Germany). The apparent activation 
energy of dehydration (EA) in the temperature 
range from 50 to 150 °C was calculated using the 
Arrhenius equation according to the study [24].

The specific area was determined using the 
T-3 (Tovarov) device [14]. The granulometric 
composition of the powders was studied using 
sieve analysis, and their bulk density (ρb) was 
measured using gravimetry. True density (ρtr) was 
determined by the pycnometric method using 
TS-1 kerosene as the working fluid. Layer porosity 
(ela) was calculated using the equation [19]:

ela = [1 – (1/rb·rtr)]·100 %, 	 (1)

The mineral structures were analyzed using 
a SHIMADZU FTIR-8400S Fourier transform 
infrared spectrometer in the frequency range of 
4000–400 cm–1 in tablets with KBr. 

The samples were prepared in tablet form 
(diameter 10 mm and thickness 3–4 mm) using 
the IP-1A-1000 press. The volume conductivity 
was measured using an E6-13A teraohmmeter (air 
humidity 26 %, U = 100 V, three-electrode circuit, 
t = 25–100 °C; error: 5 %) [19]. The activation 
energy of conductivity (Eact) was calculated 
graphically based on the linear dependence of 
the natural logarithm of electrical conductivity 
on the reciprocal temperature.

The parameters and properties of clinoptilolite 
zeolites modified with potassium hydrosulfate and 
subjected to mechanical activation were compared 
with similar characteristics of natural zeolites 
processed under identical conditions without 
additives and with potassium hydrophosphate. 
[19]. The marking of the samples includes the type 
of rock (I, II), salt content (dx, where x = 25, 33, 50), 
and the exposure time (3, 5, 7 min, corresponding 
to energy doses equal to 2.16, 3.60, 5.04 kJ/g), with 
its components separated by a dash.

3. Results and discussion
3.1. Study of morphology and chemical 
composition

Clinoptilolite-stilbite rocks modified with 
potassium hydrosulfate were characterized by a 
complex surface relief formed by polydisperse 
aggregates of irregularly shaped particles (Fig. 2). 
After three minutes of mechanical treatment, 
micron-sized aggregates with the size of 46×23, 
44×21, 42×33 (Id33-3), and after seven minutes 
aggregates with the size of 29×23, 25×21, 24×30 
(Id33-7) were revealed on SEM images of the 
powder surface. The replacement of clinoptilolite-
stilbite with clinoptilolite rock in the composition 
did not have a significant effect on the surface 
morphology, but the size of the largest aggregates 
increased to 41×53, 30×27, 26×17 (IId33-7). A 
doubled increase of salt content had practically 
no effect on the sizes of particle aggregates – 
40×44, 21×25, 17×23 (IId25-5), 45×25, 25×14, 
16×22 (IId50-5), without excluding the possibility 
of the formation of quasi-spherical agglomerates 
in the case of a potassium hydrosulfate content 
of 25 wt %. The image of the surface of the Id50-
7 powder was significantly different, with large, 
rounded, agglomerated particle formations 
measuring 60×95, 57×81, 54×42 µm revealed. 
Electron microscopy data showed that mechanical 

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2025;27(4): 676–688

T. P. Soloboeva et al.	 Composition, structure, and electrophysical properties of natural zeolite clinoptilolites...



679

shock-shear action in an air environment promoted 
both dispersion and the formation of aggregate-
agglomerate structures of mineral particles. In 
order to obtain high-quality powder for pressing, 
the duration of mechanical processing should be 
7 minutes. This time corresponds to an energy 
dose of 5.04 kJ/g.

The average oxide content in mass percentage 
and the calculated silicate modulus indicated that 
natural zeolites belong to the high-silica group 
(Table 1). The silicate modulus of samples from 
clinoptilolite-stilbite rock was 10–11, while for 
samples from clinoptilolite rock it was 8–9. As a 
result of increasing the energy dose from 2.16 to 

5.04 kJ/g (Id33-3 and Id33-7), the silicate modulus 
increased slightly, indicating that the strength 
and number of acid centers decreased. An 
increase in the content of potassium hydrosulfate 
in the sample compositions expectedly led to an 
increase in the concentration of K2O and SO3, as 
well as a decrease in the concentration of Na2O. 
An increase in the dose of mechanical energy 
will lead to an increase in the mobility of extra-
framework hydrated cations in the aluminum-
silicon-oxygen framework system. This is possible 
not only due to the increase in the concentration 
of K+ cations, but also due to changes in the degree 
of their hydration, caused by the conversion 

Fig. 2. SEM images of selected samples: I, clinoptilolite-stilbite rock; II, clinoptilolite rock; 25, 33, 50, potas-
sium hydrosulfate (d) content, wt %; 3, 5, 7, duration of mechanical treatment, min
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of mechanical energy into thermal energy as a 
result of local heating during mechanochemical 
activation.

3.2. Study of phase composition
X-ray diffraction patterns of mechanically 

activated (I5, I7, II5, II7) and mechanochemically 
modif ied with potassium hydrosulfate 
clinoptilolite rocks (Id50-7, Id33-7, IId50-5, 
IId33-7, IId25-7) are shown in Fig. 3. Changes in 
the intensities and positions of diffraction peaks 
reflect transformations in the crystal structure 
of clinoptilolite after mechanical treatment. In 
the X-ray images of clinoptilolites mechanically 
activated with acid salt, compared to those 
mechanically activated without additives, an 
increase in the intensity of reflections by 1.3–
1.9 times was observed. Disorder of the crystal 
structure was indicated by an amorphous halo 
in the region 2θ = 10–35o (Id33-7, IId33-7). 
Mechanochemical treatment of natural zeolites 
together with salt led to a change in their phase 
composition (Fig. 3). Thus, in the diffraction 
patterns of Id50-7, Id33-7, and IId50-5 samples, 
reflections of high-temperature phases of 
cristobalite and tridymite were recorded instead 
of the expected impurity quartz (Table 2). This 
indicates a polymorphic transition of quartz into 
cristobalite and is consistent with the data on the 
products of mechanical activation of quartz raw 
materials [25]. The relative degree of crystallinity 
of clinoptilolite increased in Id33-7 and IId25‑5 
samples and decreased in Id50-7, IId50-5, and 
IId33-7 samples. It was revealed that salt is 
present after mechanical activation, together 
with stilbite-clinoptilolite and clinoptilolite rocks 
in the form of K3H(SO4)2 and KHSO4, respectively. 
It is known that the disordering of the hydrogen 
bond system during phase transitions and high 

proton conductivity is the characteristic feature 
of the first of the mentioned salts [26]. In addition, 
the diffraction patterns of clinoptilolite-stilbite 
samples modified with potassium hydrosulfate 
did not contain crystalline phases of stilbite and 
microcline. The increase in electrical conductivity 
was associated with amorphization, which was 
confirmed by a decrease in the relative degree 
of crystallinity of clinoptilolite (Id50-7, IId33-7, 
IId50-7 samples). At the same time, the crystalline 
nanoporous structure of clinoptilolite provided 
channels for the efficient diffusion of metal 
cations and the necessary mechanical strength. 
Obviously, the optimal values of the degree of 
crystallinity of clinoptilolite in the samples, 
rather than the maximal values, are important.

3.3. Thermal stability study
On the DSC curves of mechanically activated 

zeolites, endothermic effects were observed in 
the temperature range of 172–202 оC [22], which 
are explained by the removal of sorption water. 
Similar curves of zeolites mechanically activated 
together with potassium hydrosulfate in equimass 
ratios contain several endothermic effects (Fig. 
4). During thermal decomposition of potassium 
hydrosulfate, reactions (2)–(4) may occur.

2KHSO4 
240 oCæ Æææ  K2SO4 + H2SO4,	         (2)

2KHSO4 
320 340-æ Æææææ

oC  K2S2O7 + H2O,	          (3)

K2S2O7 
>æ Ææææ600 >C  K2SO4 + SO3.	          (4)

According to the results of X-ray phase analysis, 
samples contained crystals of K3H(SO4)2 (Table 2). 
Then the endothermic effects at 386 and 392 ºС 
(IId50-3, Id50-3) can be attributed to the phase 
transition of K3H(SO4)2 into the high-temperature 
tetragonal phase [26]. The endothermic effects at 

Table 1. Average oxide content and silicate modulus for selected samples

Samples
Average content of main components in mineral samples, wt %

Mc = Si/AlSiO2 Al2O3 Na2O CaO Fe2O3 K2O SO3 MgО CuО ZnО

Id33-3 52.2±7.4 8.8±0.9 1.3±0.2 1.2±0.2 0.7±0.2 15.6±2.1 18.4±1.8 0 1.1±0.5 0.8±0.3 10.1
Id33-7 47.1±7.6 7.6±0.4 1.1±0.3 1.0±0.3 0.8±0.5 19.4±5.2 19.6±2.5 0 2.1±1.4 1.2±0.6 10.5
Id50-7 34.3±1.6 6.0±0.4 0.9±0.2 0 0.5±0.1 25.3±2.9 31.5±3.4 0 0.9±0.6 0.6±0.5 9.7
IId25-5 63.8±2.9 13.2±0.7 1.6±0.2 2.2±0.2 2.0±0.4 6.8±1.9 7.6±2.9 1.0±0.1 1.0±0.2 0.7±0.1 8.2
IId33-7 47.9±4.6 9.6±0.7 1.2±0.1 2.1±0.3 1.9±0.2 14.3±1.6 19.5±1.8 0.8±0.1 1.6±0.7 1.1±0.5 8.4
IId50-5 37.3±4.0 7.3±0.6 0.8±0.1 1.7±0.2 1.9±1.1 20.3±2.0 26.1±2.1 0.8±0.1 2.3±2.3 1.5±1.5 8.7

I, clinoptilolite-stilbite rock; II, clinoptilolite rock; 25, 33, 50, potassium hydrosulphate (d) content, wt %; 3, 5, 7, duration 
of mechanical treatment, min
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Fig. 3. X-ray diffraction patterns of zeolite samples: I, clinoptilolite-stilbite rock; II, clinoptilolite rock; 25, 33, 
50, potassium hydrosulfate (d) content, wt %; 3, 5, 7, duration of mechanical treatment, min.; Cl, clinoptiloli-
te; G, heilandite; St, stilbite; M, microcline; Q, quartz; C, cristobalite; T, tridymite; Ms, mercallite; Hs, potas-
sium hydrosulfate
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195–204 ºС with a clear shape were caused by the 
structural phase transition and disorder in the 
crystal lattice of KHSO4 [27]. They can be attributed 
to the process of salt melting in a mechanically 
activated zeolite matrix. After seven minutes of 
mechanical treatment, an obvious inclusion of the 
hydrosulfate anion in the hydrogen bond system 
was observed, and the indicated endothermic 
effect in the region of 381–390 ºС was no longer 

recorded. Moreover, endothermic effects were 
reduced by a factor of 2–3 at 195 ºС (Id50-7) 
and 174  ºС (IId50-7) . It should be noted that 
the endothermic effects were preserved in the 
temperature range from 560 to 650 ºС in all zeolite 
samples with potassium hydrosulfate additives.

The smooth course of thermogravimetric 
curves of mechanically activated zeolites is 
characteristic of the mineral clinoptilolite 

Table 2. Composition of phases, interplanar distances (d) in the region 2θ = 22–26°, relative intensities 
of diffraction reflections (I/I0) of clinoptilolite and relative degree of its crystallinity (krel)

Samples Crystalline phases* d, Å I/I0 krel, %

I7 St; Cl; M; Q 3.975 3.786 3.427 253 137 171 100
Id33-7 Hs; Cl; G; C 3.974 – 3.320 402 0 268 119
Id50-7 Hs; T; Cl 3.981 3.869 3.426 209 90 49 62

II5 Cl 3.971 3.780 3.419 1000 297 484 100
IId25-5 Cl; Mc; Q 3.979 3.862 3.417 1000 465 427 106

II7 Cl 3.982 – 3.434 1000 0 579 100
IId33-7 Mc; T; Cl 3.962 3.787 3.411 941 202 334 94
IId50-7 Mc; Cl; T 3.972 3.863 3.342 369 169 74 39

Cl: [00-025-1349] (Na,K,Ca)6(Si,Al)36O72×20H2O; [00-019-0211] CaAl2Si7O18·7.5H2O 
St: [00-022-0518] Са4Al9Si27O72·32H2O; M: [00-019-0932] KAlSi3O8; Q: [01-085-0794] SiO2; C: [01-082-0512] SiO2; 

T: [01-083-1339], [00-016-0152] SiO2; Mc: [01-072-1247] KHSO4; Hs: [00-052-0406] K3H(SO4)2; I, clinoptilolite-stilbite rock; 
II, clinoptilolite rock; 25, 33, 50, potassium hydrosulphate (d) content, wt %; 5, 7, duration of mechanical treatment, min

Fig. 4. Differential scanning calorimetry curves of selected samples: I, clinoptilolite-stilbite rock; II, clinopti-
lolite rock; 50, potassium hydrosulfate (d) content, wt %; 3, 7, duration of mechanical treatment, min
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[19]. The TG curves of zeolites modified with 
potassium hydrosulfate, as in the case of 
modification with potassium hydrophosphate 
trihydrate [19], had two to three stages of weight 
loss (Fig. 5). It was found that the residual mass 
of mechanically activated equimass compositions 
of clinoptilolites with the addition of acid salt at 
850 ºС reaches 76–79 % (Table 3). The process of 

evaporation of sorption water from the studied 
powders with high determination coefficients 
(R2 ≥ 0.94) can be described by the formal Broido’s 
kinetic equations and diffusion models (Table 3). 
The apparent activation energy of dehydration in 
the temperature range of 30–150 ºC for samples 
mechanically activated together with potassium 
hydrosulfate for 3 and 7 minutes was comparable 

Fig. 5. Thermogravimetric curves of selected samples: I, clinoptilolite-stilbite rock; II, clinoptilolite rock; 50, 
potassium hydrosulfate (d) content, wt %; 3, 7, duration of mechanical treatment, min

Table 3. Minima of DTG curves, mass loss at 850 ºC, apparent activation energy of dehydration in the 
Arrhenius equation according to selected formal kinetics: models one-dimensional diffusion (D1), 
Ginstling–Brownstein (D4), 

Samples DTGmin, oC Dm850, %
Model D1 Model D4 Broido*

R2 Еа, kJ·mol–1 R2 Еа, kJ·mol–1 R2 Еа, kJ·mol–1

Ic50-3 93; 144; 307 9.95* 0.9688 34.19 0.9774 36.58 0.9883 30.74
Id50-3 119; 218 21.04 0.9936 43.20 0.9932 43.59 0.9994 32.17
Ic50-7 110; 142; 309 8.39* 0.9971 49.49 0.9955 51.27 0.9976 37.42
Id50-7 117; 169 21.40 0.9962 51.12 0.9960 51.60 0.9999 36.25
IIc50-3 140; 303 9.31 0.9983 45.48 0.9971 47.05 0.9978 35.10
IId50-3 121; 207 22.03 0.9760 42.20 0.9751 42.71 0.9938 31.84
IIc50-7 140; 293 10.00 0.9998 43.08 0.9994 44.94 0.9983 34.35
IId50-7 115; 174 23.57 0.9908 55.04 0.9902 55.79 0.9980 38.62

* – mass losses are given at 700 ºC [19], activation energy of dehydration of samples with potassium hydrophosphate 
trihydrate (c) was calculated by us earlier [19]; I, clinoptilolite-stilbite rock; II, clinoptilolite rock; 50, potassium hydrosulphate 
(d) content, wt %; 3, 7, duration of mechanical treatment, min
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to similar indicators for zeolites modified with 
potassium hydrophosphate trihydrate [19]. In 
addition, the EA values were approximately 
50 % and 10-17 % lower compared to the same 
indicators for control samples (I3, I7, II3, II7).

3.4. Analysis of the structure
The IR spectra of the studied samples (Fig. 6) 

had characteristic absorption bands associated 
with vibrations of the Si-O-Si, Si‑O‑Al, and O-H 
bonds, as well as the presence of water molecules 
in the zeolite channels [22]. Absorption bands 
with maxima in the regions of 1283–1287 and 
~ 850 and 885 cm–1 belong to the stretching 
vibrations of the S-O and S-O-H groups [27, 
28], and deformation vibrations of О-S-O and 
scissor vibrations of S-O-H groups at 577–
579 cm–1 [27]. An increase in the acid salt content 

in the compositions of mineral samples was 
accompanied by an increase in the number of 
absorption bands in the region of 3050–2450 cm–1, 
associated with sulfate groups, and an increase 
in the intensity of absorption bands belonging 
to OH groups linked by hydrogen bonds. In the 
IR spectra of samples from clinoptilolite-stilbite 
rocks containing 25 wt % potassium hydrosulfate, 
an increase in the dose of mechanical energy 
was accompanied by a shift in several absorption 
bands. A shift to the short-wave region of the 
bands of the stretching vibrations of OH groups 
and to the long-wave region of the absorption 
bands of asymmetric stretching vibrations of SO4 
were observed at 1169 cm–1 (Id25-x, where x = 3, 
5, 7), and the shift of the absorption bands of the 
Si-O-Si stretching vibrations (IId25-x, where x = 
3, 5, 7) to the long-wave region was also revealed. 

Fig. 6. Infrared spectra of zeolite samples: I, clinoptilolite-stilbite rock; II, clinoptilolite rock; 25, 33, 50, po-
tassium hydrosulfate (d) content, wt %; 3, 5, 7, duration of mechanical treatment, min
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In the IR spectra of samples from clinoptilolite 
rock (II), hydrosulfate absorption bands appeared 
with a maximum at 885–887 cm–1, and small 
shifts of absorption bands to the long-wavelength 
region were observed. An increase in the acid salt 
content in the zeolite matrix led to significant 
changes, primarily in the infrared region of 
OH group vibrations. Hydrogen bonds of the 
polymer HSO4

– chain play a significant role in 
the conductivity process and in the polymorphic 
behavior of KHSO4 [29]. Doses of mechanical 
energy of 2.16 and 3.60 kJ/g caused similar 
structural changes, and already seven minutes 
of mechanical treatment (D = 5.04 kJ/g) led to 
more significant shifts of the absorption bands. 
The highest number of hydrogen-bonded OH 
groups was found in the IR spectra of powders 
with an equimass composition of potassium 
hydrosulfate and zeolite (Id50-x, IId50-x, where 
x = 3, 5, 7). In these cases, a transformation 
of the absorption band at 883–887 cm–1 into 
doublets, for example, 887 and 851 cm–1 (Id50‑3) 
was observed. Absorption bands belonging to 
clinoptilolite at 604–601 cm–1 gave way to salt 
absorption bands at 579–577 cm–1 (Id50-x, where 
x =3, 5, 7, IId50-x, where x =3, 5). Considering the 
proton conductivity of potassium hydrosulfate 
and the important role of hydrogen bonds in the 
formation of conductivity channels, improved 
electrophysical properties can be expected in 
mineral samples with an equimass composition.

3.5. Study of physical properties
It is known that the presence of water 

molecules in natural zeolites contributes to 
an increase in conductivity [30]. When shock-
shear mechanical action is applied to air-dry 

clinoptilolite rocks, local heating, is observed 
which activates the process of water desorption 
from the internal pores of zeolites [19]. This 
explains the decrease in humidity by ~ 9 % for 
mechanically activated natural zeolites (I3, 
I7, II3, II7) (Table  4). An increase in the dose 
of mechanical energy from 2.16 to 3.60 kJ/g 
causes a change in the crystalline structure of 
clinoptilolite, in which the constitutional water 
from the silanol groups, released during their 
interaction with potassium hydrosulfate, is 
converted into sorption water. As a result, the 
moisture content increases (W, %) in all acid salt-
modified zeolite samples except Id50-5. With a 
further increase in the energy dose to 5.04 kJ/g, 
a decrease in hygroscopic moisture was observed, 
with the exception of IId50-7. The reduction of the 
salt concentration from 50 to 25 wt % in modified 
zeolites increased hygroscopicity, except for 
IId25-7. This can be explained by the formation 
of a new system of H-bonding of salt anions and 
silanol groups with the participation of water 
molecules, namely: S-O-H…H-O-H…H-O-Si.

Increasing the dose of supplied specific 
mechanical energy by 2.88 kJ/g contributed to 
an increase in the bulk density of the samples 
by ~ 6 % (IId33-7) and 13-14 % (Id50-7, IId50-7, 
IId25-7). The true density of powders changed or 
remained practically unchanged (Id25-7, IId50-7, 
IId25-7), or increased by 5-6 % (Id50-7, Id33-7), 
or decreased by 12 % (IId33-7). In this case, the 
porosity of the layer ranged from 40 % (IId25-3) to 
64–65 % (IId50-7, Id50-5, Id50-7). Such changes 
are explained by the dispersion-agglomeration 
processes, the formation of an amorphous 
phase, dehydration, and the restructuring of 

Table 4. Physical characteristics of modified zeolite samples

Samples ρb, g·cm–3 ρtr, g·cm–3 ela, % W, % Ssp, cm2·g-1 Samples ρb, g·cm–3 ρtr, g·cm–3 ela, % W, % Ssp, cm2·g-1

Id50-3 1.16 2.06 44 3.3 4870 IId50-3 1.10 2.18 58 3.4 5410
Id50-5 1.28 2.16 41 3.0 5950 IId50-5 1.19 2.11 60 4.3 3950
Id50-7 1.33 2.17 39 3.0 2630 IId50-7 1.25 2.22 64 4.5 3840
Id33-3 1.15 2.10 45 3.7 4710 IId33-3 0.88 2.37 52 4.8 10140
Id33-5 1.15 1.96 41 4.5 3480 IId33-5 0.98 2.04 50 5.0 6480
Id33-7 1.09 2.23 44 3.7 6200 IId33-7 0.93 2.08 48 5.0 7140
Id25-3 1.05 2.05 49 4.6 6950 IId25-3 0.78 2.14 40 4.7 13300
Id25-5 1.08 2.09 48 5.5 7120 IId25-5 0.81 2.14 42 4.9 13800
Id25-7 1.03 2.09 51 4.2 8500 IId25-7 0.88 2.15 47 4.3 11650

I, clinoptilolite-stilbite rock; II, clinoptilolite rock; 25, 33, 50, potassium hydrosulphate (d) content, wt %; 3, 5, 7, du-
ration of mechanical treatment, min
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the pore system as a result of mechanochemical 
activation. The specific surface area of salt-
modified clinoptilolite rocks after 7 minutes of 
mechanical activation decreased by 1.4 times 
compared to 3 minutes of such exposure (IIdx‑3 
and IIdx-7, where x = 25, 33, 50, Table 4). The same 
characteristic of clinoptilolite-stilbite rocks, on 
the contrary, increased by 1.2–1.3 times (Id25-
7, Id33-7), except for the Id50-7 sample, the 
specific surface of which decreased by 1.9 times 
in comparison with Id50-3.

The granulometric  composition and 
electrophysical characteristics of individual 
mechanically strong potassium hydrosulfate-
modified and mechanically activated zeolite 
samples are presented in Table 5. An increase 

in the time of mechanical activation exposure 
predictably led to an increase in the mass fraction 
of particles with sizes of 71, 80 (Id50-5) and 140, 
320 µm (IId50-5). 

The dependence of the electrical conductivity 
of tableted samples on temperature in Arrhenius 
coordinates is shown in Fig. 7. The highest value 
of electrical conductivity among the studied 
samples at 25 and 100 ºС was revealed for IId50-3 
(Table 5). The activation energies of conductivity 
for mechanically activated clinoptilolite-stilbite 
rocks without additives and with potassium 
hydrosulfate were 0.17–0.18 [19] and 0.70–
0.75 eV. For similar samples from clinoptilolite 
rock, the same characteristics were equal to 0.60–
0.63 [19] and 0.66–0.91 eV. The determination 

Table 5. Granulometric composition, specific conductivity at 25 and 100 oC, activation energies of 
conductivity, coefficient of determination of dependence ln (s) = f (1/T)

Samples
Content of micrometer particle fractions,  

wt. %

Electrical conductivity at 
different temperatures (°C):

σ·106, S·m–1 Еact, эВ R2

≥ 630 320 140 80 ≤ 71 25 100
Id50-3 0.4 5.0 44.3 47.4 2.9 0.25 74.34 0.74 0.9379
Id50-5 1.9 7.9 29.7 50.4 10.1 0.34 88.84 0.75 0.9785
Id33-3 6.1 5.0 25.5 54.7 8.8 0.45 57.94 0.70 0.9280
IId50-3 0.5 4.9 54.6 35.6 4.3 0.85 426.47 0.73 0.8925
IId50-5 0.4 7.1 70.1 21.1 1.3 0.62 145.66 0.66 0.9063
IId33-3 1.1 4.9 81.0 10.3 2.8 0.08 71.48 0.91 0.9027

Еact is activation energy of conductivity in temperature ranges of 25–100 °C; R2 is the coefficient of determination of 
the linear dependence ln σ = f(1/T); I, clinoptilolite-stilbite rock; II, clinoptilolite rock; 33, 50, potassium hydrosulphate (d) 
content, wt %; 3, 5, duration of mechanical treatment, min.

Fig. 7. Dependencies of the logarithm of specific conductivity on the inverse temperature for pressed samples: 
I, clinoptilolite-stilbite rock; II, clinoptilolite rock; 33, 50, potassium hydrosulfate (d) content, wt %; 3, 5, du-
ration of mechanical treatment, min
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coefficients of the linear dependencies ln s = f(1/T) 
varied from 0.90 to 0.98. Clinoptilolite rock 
modified with potassium hydrosulfate in an 
equimass ratio after mechanical activation with 
an energy dose of 2.16 kJ/g had the highest specific 
electrical conductivity s = 4.26·10–4 S·m–1. This 
was comparable to the conductivity for a similar 
sample modified with potassium hydrogen 
phosphate trihydrate [19]. However, the activation 
energy of conductivity in the case of potassium 
hydrosulfate samples is almost 2 times higher. 

4. Conclusions
From an air-dry mixture of clinoptilolite-

stilbite (clinoptilolite) rocks and potassium 
hydrosulfate in ratios of 3:1, 2:1, and 1:1, mineral 
powders were obtained using a vibratory bowl 
grinder IVCh-3 with impact-shear action and 
an energy dose of 2.16, 3.60, and 5.04 kJ/g. 
Pressed samples at 25 ºС had specific electrical 
conductivity values of about 10–6 S·m–1. Short-
term mechanical action on clinoptilolite rocks 
for 3–7 minutes together with salt led to the 
amorphization of stilbite and microcline, 
polymorphic transition of quartz into cristobalite 
and tridymite, as well as different phase states of 
the salts (KHSO4, K3H(SO4)2). The system of silanol 
groups and proton-containing hydrosulfate 
anions connected by hydrogen bonds, representing 
possible conduction channels, was formed with 
an equimass ratio of components and a dose of 
mechanical energy of 5.04 kJ/g. At 25 and 100 °C, 
the electrical conductivity of a sample based on 
clinoptilolite rock and potassium hydrosulfate 
of equimass composition with an energy dose 
of 2.16 kJ/g was ~8.5·10–7 and 4.3·10–4 S·m–1, 
respectively. The results obtained earlier indicate 
that HPO4

2- ions are better integrated into the 
zeolite structure and transfer charge more 
efficiently than HSO4

–. Zeolites with the addition 
of potassium hydrosulfate, due to the presence 
of interaction and high hygroscopicity, are less 
promising for practical use in electrochemical 
devices compared to zeolites with the addition of 
potassium hydrogen phosphate trihydrate.
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Abstract
Objective: The solution to the urgent task of creating compact gas analyzers capable of long-term autonomous operation 
in hard-to-reach places is related to the development of sensors with reduced energy consumption. The aim of this work 
was to create a room temperature hydrogen sensor, as it is the sensor’s heating that contributes significantly to the energy 
consumption of the entire device.
Experimental: To solve this problem, a new method for the synthesis of a nanomaterial based on In2O3 with a 3 % palladium 
additive was developed, which differs significantly from the common methods of sol-gel synthesis and hydrothermal 
synthesis. This was due to the fact that at low sensor temperatures, minimizing the effect of humidity is crucial. Performing 
the synthesis in an aqueous environment leads to the formation of a large number of hydroxyl groups on the surface, which 
attract water. In our work, the nanomaterial was prepared by sintering a cellulose fiber pre-impregnated with a solution of 
indium nitrate (+3) and tetraammine palladium nitrate (+2). According to X-ray phase analysis, the powder sintered at a 
temperature of 500 °C consists mainly of the triclinic phase of indium oxide (+3). According to scanning electron microscopy, 
the samples largely retained the reproducible characteristic macrostructure of the cellulose template. The electrophysical 
characteristics of the nanomaterial obtained at room temperature showed the possibility of determining hydrogen in the 
air. The detection limit is less than 10 ppm. 
Conclusions: The sensitivity of our hydrogen sensor at room temperature is higher than that of sensors described in other 
publications. The effect of humidity on sensor readings is minimized.
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1. Introduction
The determination of hydrogen and other 

combustible explosive gases in hard-to-reach 
places is an important practical task. Gas sensors 
are commonly used to solve this problem, 
including thermocatalytic, electrochemical, and 
semiconductor sensors. Thermocatalytic sensors 
are simple and inexpensive, but they have low 
sensitivity and selectivity. Electrochemical 
sensors, which are similar to fuel cells, have high 
sensitivity and selectivity, but they have a limited 
operational duration due to the consumption of 
the reactant. High sensitivity and high selectivity 
can be achieved using semiconductor sensors, but 
their application usually requires maintaining 
an operating temperature of around 300 °C. The 
significant energy consumption makes it difficult 
to create autonomous gas analyzers based on 
semiconductor sensors that can operate in remote 
areas for extended periods.

There are several approaches to solving 
the problem of reducing energy consumption 
by semiconductor sensors. One approach is to 
miniaturize the sensor and use special dielectric 
substrates with low heat capacity [1]. Another 
approach is pulse heating, which not only 
reduces energy consumption but also increases 
the sensitivity and selectivity of the analysis in 
some cases [2]. In recent years, there have been 
many publications that propose a third approach 
to solving this problem: the synthesis of gas-
sensitive materials that can perform gas analysis 
without heating the sensor. In English literature, 
this approach is known as a “room temperature 
sensor.” These sensors can be used to detect 
various gases in the air, including both reducing 
gases such as ammonia [3–5] and hydrogen 
sulfide [6-8], and oxidizing gases such as NO2 
[9–11].

Gas-sensitive materials for low-temperature 
hydrogen sensors have been synthesized. PdO 
nanoparticles with added palladium allow for the 
detection of very high hydrogen concentrations, 
exceeding 1000 ppm at room temperature [12]. 
A nanomaterial based on WO3, graphene, and 
palladium exhibited a response of several percent 
at a hydrogen concentration of 10000 ppm and 
a temperature of 50 °C [13]. The response of 
Ti2CTx MXene to 1000 ppm of hydrogen was 
several percent [14]. A material based on TiO2 

nanospheres with palladium additives allowed for 
the detection of hydrogen at a concentration of 
500 ppm [15]. A material based on NiCo2O4 nano-
needles with an addition of palladium allowed 
for the confident detection of hydrogen at a 
concentration of 100 ppm [16]. A nanomaterial 
based on WO3 allowed for a sensor response of 
12% at a hydrogen concentration of 100 ppm [17]. 
A nanomaterial based on mixed manganese and 
cobalt oxides with an addition of reduced graphene 
had a similar response [18]. A significantly greater 
response to hydrogen was observed in a tungsten 
(VI) oxide-based nanomaterial with a palladium 
additive [19]. Using TiO2-based nanomaterials, 
significant responses to hydrogen were obtained 
at room temperature, but this required the use of 
UV radiation to activate the sensitive material and 
impedance measurements [20].

Indium (III) oxide-based nanomaterials are 
widely used [21, 22]. For example, silver-modified 
In2O3 nanosheets were used to detect 1-butanol 
under UV light [23]. Thermal spraying of thin-film 
indium oxide allowed for the detection of NO2 and 
H2S at room temperature [24].

An important problem in the determination of 
gases by low-temperature (“room temperature”) 
semiconductor sensors is the minimization of the 
influence of the humidity of the environment. 
The presence on the surface of metal oxide 
semiconductors of hydroxyl groups formed 
during synthesis makes them vulnerable to water 
sorption, which leads to a significant increase 
in the contribution of ionic conductivity. The 
electroconductive response of semiconductor 
sensors is based on a change in the concentration 
of electrons and a change in their mobility, so an 
increase in the contribution of ionic conductivity 
interferes with the gas analysis. Thus, in order 
to obtain gas-sensitive materials for low-
temperature sensors, it makes sense to choose 
methods in which the interaction of the reactants 
does not occur in an aqueous environment. Most 
studies on “room temperature sensors” do not 
use either sol-gel synthesis or hydrothermal 
synthesis.

In this paper, the synthesis of the In2O3 
nanomaterial was carried out using the 
biotemplate method, which has been widely 
used in recent years for the production of 
biocatalysts, antibiotics, and anti-cancer drugs 
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[25]. Biotemplate synthesis is also used for 
the production of gas-sensitive materials. For 
example, a CeO2-ZnO hollow-fiber-based material 
was successfully used to create an ethanol sensor 
[26]. SnO2-based nanotubes were used to create 
an acetone sensor [27].

The purpose of our work was not only to study 
the gas sensitivity of the obtained material in 
relation to hydrogen, but also to study the effect 
of humidity on the background resistance, since 
this problem is not considered in publications on 
“room temperature sensors” for unknown reasons.

2. Experimental
2.1. Synthesis

A weighed amount of indium nitrate (CAS: 
207398-97-8, InN3O9·nHOH, MW: 300.83 g/mol, 
form: powder and chunks, Sigma-Aldrich, USA), 
corresponding to 0.05 mol(eq)/L, was mixed with 
an aqueous solution of acetic acid (pH = 5). The 
mixture was kept at room temperature until the 
indium nitrate was completely dissolved.

The sheets of ash-free cellulose filters (red 
tape) were washed with an eluent, a mixture of 
butanol and acetic acid in a volume ratio of 1:4. 
50 ml of the eluent was poured into a 0.5-liter 
glass, and the cellulose sheets were immersed in 
the solution to a depth of 1-2 cm. The glass was 
covered with glass and left for 5 hours. Next, the 
sheets were removed from the cup, dried, and 
after drying, the top 2 cm of the sheets were cut 
off and removed, and then heated for 3 hours in 
a drying oven at 105 °C.

50 ml of the solution of indium nitrate was 
poured into a glass, and sheets of washed and 
dried filter paper were immersed in it to a depth 
of 1 cm. The glass was closed and left to stand 
for 2 hours. After impregnation, the cellulose 
was removed from the chamber and dried at 105 
°C for 3 hours. The material was then calcined at 
500 °C for 6 hours to burn off the cellulose and 
form indium oxide:

4In(NO3)3 → 2In2O3 + 12NO2 + 3O2 	 (1)

2.2. Sensor fabrication 
A gas-sensitive layer based on In2O3+Pd (mass 

fraction of palladium 3%) was created by treating 
the In2O3 material with a solution of tetraammine 
palladium (II) nitrate. After drying, the material 

was mixed with terpeniol, which was used as 
a binding agent, to form a paste. The resulting 
paste was applied to a dielectric substrate made 
of aluminum oxide, with platinum electrodes 
and a heater, and then baked at a temperature of 
750 °C, resulting in the burning of the terpeniol 
and the formation of a semiconductor layer of 
brittle indium oxide gel on the substrate.

2.3. Material characterization
The structure of the In2O3 sample was 

characterized by X-ray phase analysis using a 
DRON-4 instrument with a cobalt anode. The 
resulting diffraction patterns were subsequently 
analyzed using the ICSD Database 2010-2). 

The material was investigated using a JEOL 
JSM-6380LV scanning electron microscope in 
secondary electron mode.

2.4. Sensor measurements
Calibration gas mixtures “hydrogen in 

synthetic air” with concentrations of 10 ppm 
and 200 ppm were used. To achieve the desired 
hydrogen concentration, the calibration gas 
mixtures were diluted with synthetic air. A 
portion of the synthetic air flow was passed 
through distilled water for humidification. After 
mixing the three streams - dry air, humidified air, 
and the verification gas mixture, the humidity and 
temperature were measured using a Honeywell 
HIH-4602-A sensor. A TO-8 sensor in a metal 
casing was placed in a stainless-steel chamber.

Using a specially designed device, the electrical 
resistance of the gas-sensitive layer of the sensor 
was measured at a sampling rate of 40 Hz and 
recorded as a computer file.

The sensor response S was determined as the 
relative difference in electrical conductivity in the 
gas medium σ and in synthetic air σ0, which is 
equivalent to the relative difference in electrical 
resistance in the gas medium R and in synthetic 
air R0:

S
R R
R

=
-

=
-s s

s
0

0

0 .		  (2)

3. Results and discussion
3.1. Morphology and structure of the 
material

Fig. 1 shows images of an indium oxide 
sample obtained using a scanning electron 
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microscope. The samples retain the characteristic 
macrostructure of the cellulose template. In terms 
of morphology, the studied material consists of 
agglomerations of fiber-like objects, each of 
which is curved or “twisted,” sometimes multiple 
times, along its length, which ranges from a few 
micrometers to several tens of micrometers. The 
thickness of the relatively flat fibers can be as 
thin as submicrons, while the width can be several 
micrometers, forming extended “sheets.” In some 
areas of fiber agglomerations, there are objects of 
small thickness (size) of ~ 100 nm.

As a result of the deciphering of diffraction 
patterns, it was found that the studied sample is 
almost completely (more than 95%) represented 

by the main modifications of crystalline indium 
(III) oxide, which is cubic (PG Ia). In addition, 
the presence of mixed indium oxide-hydroxide 
InO(OH) (cubic, PG P213, up to 3%) and indium 
hydroxide In(OH)3 (cubic, PG Im, less than 1%) 
was detected in small amounts, which can be 
explained by insufficient thermal treatment 
in terms of time or temperature. The data on 
R-factors and the quality factor of the diffraction 
pattern are also shown in Figure 2.

3.2. Sensor investigation
Fig. 3 shows the electrical resistance of the 

sensor when hydrogen is added to the air at 
a concentration of 10 ppm. As expected, the 
response is donor-type, resulting in an increase 
in the electrical conductivity of the sensor. 
This is because indium oxide is an n-type 
semiconductor, and hydrogen is a reducing agent. 
Adding hydrogen increases the concentration of 
electrons in the semiconductor:

H2 → 2H+ + 2e 		  (3)

2H2 + O2
– → 2H2O + e		  (4)

Fig. 4 shows the calibration dependence of 
the In2O3+Pd sensor at a temperature of 25 °C. 
The sensitivity of our sensor is higher than in 
papers [12-18].

3.3. Determining the effect of humidity
As already noted, an important problem 

of low-temperature sensors is to minimize 

Fig. 2. X-ray diffraction pattern of indium (III) oxide 
nanopowder, calcinated at 500 oC. Compounds: с − 
In2O3 (cubic, SG Ia); InO(OH) (cubic, SG P213), In(OH)3 
(cubic, SG Im)

Fig. 3. Electrical resistance of the In2O3-Pd sensor 
when hydrogen is added. Sensor temperature is 25°C, 
the air humidity is 25 %

Fig. 1. SEM image of In2O3 material obtained by the 
biotemplate method
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the influence of humidity. Fig. 5 shows the 
dependence of the electrical resistance of the 
In2O3-Pd sensor on humidity at a temperature 
of 25 °C.

As expected, an increase in humidity leads 
to a significant decrease in electrical resistance, 
which is due to the appearance of an additional 
(ionic) conduction mechanism caused by the 
sorption of water on the surface of the metal oxide 
semiconductor [28]. This mechanism is caused by 
the dissociation of water and the appearance of 
a significant number of hydrogen cations on the 
surface. Additionally, charge transfer can also be 
associated with the transport of hydroxide anions.

4. Conclusion
In2O3-Pd nanomaterial samples synthesized 

by the biotemporal method showed the ability to 
detect relatively low concentrations of hydrogen 
at room temperature, which suggests that they 
can be used to create sensors that do not require 
energy consumption for heating.

Despite the choice of a non-aqueous synthesis 
method and the minimal number of hydroxyl 
groups in the metal oxide semiconductor, the 
resistance of the resulting sensor is significantly 
affected by humidity, so the practical application 
of the corresponding gas analyzer is only possible 
in combination with a humidity sensor.
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Professor of the St. Petersburg Mining University of 
Empress Catherine II, Full Member of the Russian Academy 
of Natural Sciences, organizer and scientific head of the 
international symposium “Nanophysics and Nanomaterials” 
Andrey Gordianovich Syrkov will celebrate his 70th birthday 
at the end of January 2026. We congratulate him on this 
wonderful milestone anniversary and wish him robust health, 
new creative projects, well-being, success and good luck in 
his scientific and educational activities and in his dedicated 
labors and initiatives!

Born on January 29, 1956 in Leningrad. In 1979, he 
graduated with honors from the Leningrad Lensovet Institute 
of Technology (Technical University) and was assigned to the 
position of assistant at the Solid State Chemistry Department 
of Leningrad State University named after A.A. Zhdanov. 
While studying in a correspondence postgraduate program, he 
prepared and defended his Candidate of Sciences dissertation 
(PhD thesis) ahead of schedule in 1984 in the specialty 
«Physical Chemistry». His work focused on surface reactions in 
the chemical metallization of silica and hydridopolysiloxane. 
The work was carried out under the supervision of the Rector 
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of Leningrad State University, Corresponding 
Member of the USSR Academy of Sciences V.B. 
Aleskovsky – the founder of the world–famous 
scientific school in the field of nanotechnology 
by the method of molecular layering and chemical 
assembly of solids, the author of the “framework” 
hypothesis and concepts of informational and 
quantum synthesis of highly organized substances 
and materials [1,2]. In 1988, A.G. Syrkov became 
the head of the Faculty of Advanced Training 
“Scientific Foundations and Methods of solid-
state Technology” of Leningrad State University. 
Since 1989, he has been an associate professor; in 
1990, he received the academic title of Associate 
Professor.

In 1996, he joined Metal Polymer CJSC 
where he completed the implementation of 
the results of his doctoral research at the 
Prometey Central Scientific Research Institute of 
Structural Materials and the Research Institute of 
“Energostal”. In 1999, he defended his doctoral 
thesis “Hydride solid-state synthesis of metallic 
substances and its fundamental patterns” at 
St. Petersburg State Technological Institute 
(Technical University) in the specialty “Chemistry 
and Physics of Surfaces”. In this work, Syrkov 
A.G. formulated a new scientific direction – the 
influence of the reducing agent on the structure 
and reactivity of dispersed metallic materials.

From 1996 to 2001, he worked as Deputy 
Director for Scientific Research at Metal Polymer 
CJSC and concurrently as Director for Science 
and Development at Pimtek LLC (St. Petersburg). 
Here he began to develop formulations of 
industrial lubricants that have been repeatedly 
tested on the conveyors of leading brewing 
companies in Russia. At the same time, he heads 
the retraining of specialists at St. Petersburg 
State University Faculty of Advanced Training 
“Scientific foundations and methods for obtaining 
modern detergents.” In 2001, at the invitation of 
Professor E.I. Boguslavsky begins teaching at the 
Department of General and Technical Physics 
(GTP) of the St. Petersburg State Mining Institute 
(Technical University). At the department, he 
continued to research and create new lubricating 
and corrosion-resistant materials,developing and 
expanding relevant sections of physics, physical 
chemistry, as well as metallurgy and materials 
science [3–5].

Since 2001, A.G. Syrkov has been actively 
publishing in the scientific journal “Condensed 
Matter and Interphases” [6–8]; since 2004, 
also in the scientific-technical and industrial 
journal “Tsvetnye Metally” [9]. Both journals 
are included in the list of the Higher Attestation 
Commission of Russia (НАС) and in the 
international citation-analytical database Scopus. 
In 2005, on the initiative of Professor I. . Beloglazov 
(1950-2011) and the leadership of the «Ore and 
Metals» Publishing House, he became a member 
of the editorial board for the special thematic 
issue «Nanostructured Metals and Materials» 
published based on the journals  “Tsvetnye 
Metally” and “Non-ferrous Metals” (Moscow) [10, 
11]. From 2012 to 2021, he was a member of the 
editorial board of the scientific journal “Journal 
of Mining Institute” (a HAC-listed journal and 
a Q1 journal in Scopus). From 2013 to 2017, 
he was a member of the editorial board of the 
scientific journal “Smart Nanocomposites”; 
since 2018, he is a member of the editorial board 
of the journal “Smart Nanocomposites Letters” 
(USA). Syrkov A. G. is a reviewer for articles 
in the following journals:  Journal of Mining 
Institute; Tsvetnye Metally;  Condensed Matter 
and Interphases; Izvestiya VUZ;  Glass Physics 
and Chemistry; Journal of Surface Investigation: 
X-Ray, Synchrotron and Neutron Techniques.

In 2003, Syrkov A. G. successfully applied 
for and moved from the position of associate 
professor to the position of professor; in 2006, 
he received the academic title of Professor in the 
Department of General and Technical Physics 
(GTP). In 2003, he organized the scientific 
seminar «Nanophysics and Nanomaterials» and 
became its scientific director. Since 2013, by order 
of the Rector of the Mining University (SPMI), 
the seminar has officially held the status of an 
international seminar (symposium) [12–14].

The annually held «Nanophysics and 
Nanomaterials» (N&N) symposium serves not 
only for the traditional exchange of scientific 
and technical information, discussions on 
presentations, but also for the preliminary 
defense of materials for future Candidate and 
Doctor of Sciences dissertations. Over the 22 years 
of the symposium’s operation, hundreds of degree 
candidates from 15 universities in Russia and 
Belarus, including Moscow State University, 
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Saint Petersburg State University, Voronezh 
State University, Belarusian State Technological 
University; from universities in China, Egypt, 
Vietnam; and from academic institutes in Russia, 
Belarus, Azerbaijan (Ioffe Physico-Technical 
Institute of the Russian Academy of Sciences,  
Institute of Metallurgy of the Ural Branch of the 
Russian Academy of Sciences (IMET UrB RAS), 
Institute of Chemistry of Silicates of the RAS, 
Institute of High-Molecular Compounds of the 
RAS, Institute of Geology of the Karelian Research 
Centre of the RAS (IG KarRC RAS), Joint Institute 
of Machine Building of the National Academy of 
Sciences of Belarus, Metal–Polymer Research 
Institute of National Academy of Sciences of 
Belarus, etc.) have presented their research 
results at its plenary sessions, section meetings, 
and round tables. Among the organizations 
that have presented their reports at the N&N 

symposium are also Princeton University, West 
Virginia University (USA), University of Campinas 
(Brazil), IMC Montan (UK), and Beneq (Finland).

The most important and distinctive feature 
of the N&N symposium, conducted under the 
leadership of A.G. Syrkov, is that a portion of the 
presentations at the meetings is always dedicated 
to the memorial dates and great scientists who 
made decisive contributions to the formation of 
famous national scientific schools in metallurgy, 
materials science, nanotechnology, as well as 
the physics, chemistry, and technology of low-
dimensional structures and materials. The reports 
presented on this topic necessarily analyze not 
only the biographical data of scientists, but 
also the connection with modern research, the 
real directions of the development of the works 
of these scientists in the 21st century [14–
16]. The authorship of the cited works clearly 

Professor Syrkov A. G. with his research team, which organizes and conducts  
the International Symposium “Nanophysics and Nanomaterials» (since 2003)
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demonstrates the active participationof students 
and postgraduates from the Mining University. 
Leading Professor of the GTP Department 
A. G. Syrkov gives lectures on physics and 
nanotechnology to about two hundred students 
every semester.As a result, these students 
know who N. S. Kurnakov, P. P. Weimarn, 
V. B. Aleskovsky, L. A. Sena, I. N. Beloglazov are 
and what these scientists did for the priority 
of Russian science. This mission of the N&N 
symposium and Professor Syrkov’s lectures is 
extremely important today for the patriotic 
education of the young generation.

In 2008, A. G. Syrkov was elected a 
Corresponding Member of the Russian Academy 
of Natural Sciences, and in 2012, a Full Member 
of the Russian Academy of Natural Sciences in the 
mining and metallurgy section. Currently, Andrey 
Gordianovich Syrkov is the Scientific Supervisor 
for the «Nanotechnology» direction at the Mining 
University, an expert for UNESCO, the National 
Research Centre «Kurchatov Institute» (Moscow), 
and the London-based Institute of Materials, 
Minerals and Mining (IOM3). In 2024, he became 
a member of the Materials Science Section of the 
St. Petersburg Branch of the Russian Academy 
of Sciences (by invitation of Academician V. Ya. 
Shevchenko). A. G. Syrkov is a recognized specialist 
in the physics, chemistry, and technology of metal 
surfaces [17–19]. He developed the theory and 
patented methods for the solid-phase hydride 
synthesis of nanostructured metallic materials 
and the layering of variously sized quaternary 
ammonium compound molecules on metals 
[8, 20, 21]. He has original works in the field of 
nonlinear properties of surface-modified metals 
[3, 14, 28]. The developments of Syrkov A. G. 
and his students have been implemented at ten 
enterprises in the mineral resource sector of 
Russia and Belarus with a total annual economic 
effect exceeding 100 million rubles [3, 5, 14].

In addition to active scientif ic  and 
organizational work, Syrkov A.G. conducts 
intensive research together with his postgraduates, 
students, and faculty members–young Ph.D. 
(Candidate of Sciences) holders [3, 15, 16] (see 
team photo). Professor Syrkov A.  G. leads the 
Mining University’s world-class research direction 
«Nanostructured highly hydrophobic metals and 
solid-state methods for their synthesis» [14, 17, 

23]. In recent years, under his leadership, projects 
No. 5279 and No. 8635 under the thematic plan of 
fundamental research within state assignments 
of the Russian Ministry of Science and Higher 
Education, and contract No. 18017 with GMC 
Company (Moscow) have been executed; the 
research team participated in the implementation 
of several state contracts (2012–2020) and in 
research under a grant from the Foundation 
for Assistance to Innovations (contract No. 
16679GU/2021) in 2021–2023 [23, 24]. A.G. Syrkov 
is a co-author of more than 220 scientific works, 
8 monographs, 15 textbooks, and 17 inventions. 
The research team he led won a competition 
and received two awards from the International 
Fund “Generation” in the nomination “Best 
scientific team in the Field of Nanomaterials and 
Nanotechnology”. A.  G.  Syrkov has supervised 
3 Doctors and 15  Candidates of Sciences to 
successful dissertation defenses, including two 
international scholars. 

His successful supervision of postgraduates 
in 2021-2024 has been repeatedly acknowledged 
with letters of appreciation and an award from 
the leadership of the St. Petersburg Mining 
University. Students and postgraduates not 
only at SPMI but also at St. Petersburg State 
Technological Institute (Technical University)
and Saint Petersburg Electrotechnical University 
“LETI” study from books and textbooks on 
nanotechnology written by Syrkov. In 2019, 
“LETI” University purchased an additional print 
run of Syrkov A. G.’s book [25], dedicated to 
surface physics and the laws of P. P. Weimarn, 
from the SPbPU publishing house. Currently, 
students from 11 groups at “LETI” study from 
this book, including those specializing in the 
Department of Microradioelectronics and Radio 
Equipment Technology. The university leadership 
of SPMI and the book’s author received a formal 
letter of appreciation from the Vice-Rector of 
«LETI».

At the International N&N symposium 
organized by A. G. Syrkov, where he is a co-
chairmanof the organizing committee, in addition 
to presentations by young scientists, many 
substantial plenary lectures have been delivered 
by: Professor Y. Nakanishi (Shizuoka University, 
Japan); I. Kaganovich (Princeton University, 
USA); M. Brzhezinskaya (Helmholtz Centre, 
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Germany); Corresponding Member of the NAS of 
Belarus N. R. Prokopchuk; S. N. Saltykov (NLMK); 
N. N. Rozhkova (IG KarRC RAS); V. N. Pak; N. M. 
Barbin (IMET UrB RAS) and others. A special 
mention deserves the preliminary defense 
of materials related to a scientific discovery 
(Diploma No. 509), conducted at N&N by 
Professor A. S. Mustafayev [17, 23].

The scientific level of presentations at N&N 
is such that articles and chapters based on 
their materials are published in publications 
included in the Scopus database [18, 26, 27], 
including high-quartile journals [28–30]. These 
materials align with the global trend of advanced 
research in nanotechnology, nanoelectronics 
[31–33], and related fundamental research 
[34–36]. By dedicating presentations and 
articles to the anniversaries of N. S. Kurnakov, 
P. P. Weimarn, V. B. Aleskovsky, K. F. Beloglazov, 
I. N. Beloglazov [14, 16, 23], the participants 
of the N&N symposium make an invaluable 
contribution to preserving the historical memory 
of the representatives of the best national 
scientific schools in metallurgy, nanotechnology, 
and materials science [37]. On the initiative of 
N&N Organizing Committee members from 
St. Petersburg State Mining Institute (Technical 
University), since 2021, a special Professor 
P. P. Weimarn Prize for outstanding scientists in 
the field of nanotechnology has been awarded 
at the symposium’s annual meetings. It is worth 
emphasizing the objectivity of the selection of 
laureates by the N&N Organizing Committee 
under the leadership of Syrkov A. G. In the year 
of awarding the prize, its holders, as a rule, 
independently received confirmation of their 
merits from other (scientific or government) 
structures. For instance, M. M. Sychev in 2022, 
besides the prize, received the Academician 
Grebenshchikov Prize from the Presidium of the 
RAS; N. R. Prokopchuk in 2023 received the Order 
of Labor Glory from the President of Belarus; 
N. N. Rozhkova (N&N laureate in 2024) in 2025 
received the honorary title “Honored Scientist of 
the Republic of Karelia”.

The achievements of our honoree, Professor 
Syrkov A. G., in studying the historiography of 
nanomaterials and proving the priority of Russian 
science (represented by Professor P. P. Weimarn) 
in the field of nanotechnology deserve special 

note. In 2023, the editorial board of the Great 
Russian Encyclopedia (GRE) approached us and 
Andrey Gordianovich with a request to write an 
article about the scientific activities of Professor 
Petr Weimarn of the Mining Institute (SPMI). 
We provided so much material that we ended up 
with 3 articles. One of them, the most detailed 
on the given topic, was presented personally 
by A.  G.  Syrkov [38]. This article was highly 
appreciated by the Editorial Board of Chemical 
Sciences of the GRE. Considering the jubilarian’s 
other works in this direction [15, 23, 25] (he has a 
total of 20 works on P. P. Weimarn), the following 
can be stated. By the end of 2025, A. G. Syrkov has 
established himself as a unique specialist, perhaps 
the only one in the world, with such a profound 
understanding of the essence of P. P. Weimarn’s 
scientific heritage, including the physicochemical 
meaning of Weimarn’s works and issues of 
historiography. Syrkov A. G. today appears to be 
the most knowledgeable regarding the details of 
Weimarn’s activities during his three life stages 
(in St. Petersburg, Yekaterinburg, and Japan), as 
well as the connections and continuity with the 
works of N.S. Kurnakov, I.F. Schroeder, Wolfgang 
Ostwald (Germany), V. B. Aleskovsky, and other 
renowned scientists. The high professionalism 
in the field of physicochemistry of nanomaterial 
production is reflected by the fact that the 
honoree, as follows from the above, remains an 
active scientist in the topic that Weimarn worked 
on [15]. This favorably distinguishes Syrkov A. G.’s 
works from those of historiographers, who mainly 
track the chronology of events in a scientist’s life.

In our article on the occasion of Professor 
Syrkov A. G.’s 60th birthday [19], we wrote about 
some of the jubilarian’s hobbies and his birthday 
celebration traditions. We would like to confirm 
that Andrey Gordianovich is still interested in the 
history of his family together with his brother.
The family line is very interesting: ancestors 
Ivan, Fedor, and Dmitry Syrkov in the 16th 
century, by the tsar’s command or as patrons 
themselves, built over 20 famous churches in 
Veliky Novgorod, Tikhvin, and other cities [24]. 
Syrkov Afanasy Konstantinovich, a shipbuilding 
scientist and uncle of Syrkov A.G., according 
to a biographical reference book published 
for the 300th anniversary of St. Petersburg 
[39], entered the thousand most popular St. 
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Petersburg (Leningrad) residents of the 20th 
century. Syrkov A. K. – commander of the Order 
of Lenin, laureate of the State Prize in Science and 
Technology, author of books and textbooks on 
ship and shipyard construction – always served as 
an example of dedication for Syrkov A. G. Another 
example for Andrey Gordianovich is his father, 
Gordian Konstantinovich, a Naval officer who 
received 18 state awards (medals and badges) for 
impeccable service on the ships of the Baltic and 
Northern Fleets. Syrkov A. G. still, if the weather 
permits, makes a ski run through Alexandrino 
Park on his birthday. Due to the lockdown in 
2021/22, he sings less than before [24], but does 
so with pleasure. He relates to this milestone with 
a degree of irony, likening it to a score of 7:0 in 
favor of the jubilarian and his family. Since the 
author of this article is closely approaching the 
“8:0” mark, he has the right to tell the honoree 
that the fruitful time for writing books and 
interesting work is not over yet. We wish Andrey 
Gordianovich good Health and that his sons bring 
him even more joy than before!

As the main conclusions of this article, the 
following can be noted. Professor Syrkov A. 
G. approaches his milestone anniversary with 
strong results and achievements in scientific and 
educational activities. His special contribution to 
the science of nanotechnology and nanostructured 
metallic materials is associated with the creation 
of the theory, development of technology, 
and implementation of highly hydrophobic, 
corrosion-resistant dispersed materials with 
an anti-friction surface effect. His scientific, 
organizational, social and teaching activities 
are characterized by the successful training 
of Candidates and Doctors of Sciences for the 
mineral resource complex of the Union State, 
high-level professional proof of the priority of 
Russian science in nanotechnology, which gives 
the younger generation the opportunity to better 
know their “roots” and more effectively develop 
the work of great predecessor scientists.

The editorial board of the journal “Condensed 
State and Interphases” joins in congratulating and 
wishing success in all endeavors our great friend 
and sincerely respected professor Andrei G. Syrkov
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