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Abstract 
Emulsions are heterogeneous systems consisting of two immiscible liquids, widely used in the food industry as the basis 
for some products (mayonnaise, sauces, etc.) and components for the production of functional food products containing 
systems for targeted delivery of biologically active substances (vitamins, nutraceuticals, flavonoids, etc.). From a 
thermodynamic point of view, emulsions are unstable systems with excessive surface energy; therefore, they are characterized 
by rapid destruction through phase separation. For the solution to this problem, emulsifiers are used, amphiphilic molecules 
of various natures that reduce surface tension, i.e., possess surface activity. However, most of these stabilizers are synthetic 
and toxic products, which significantly limits their use in the food industry. Natural biopolymers, such as polysaccharides 
and proteins, as well as their complexes, are amphiphilic macromolecules that combine both polar and hydrophobic 
fragments, have surface-active properties, low toxicity and excellent biocompatibility, thus they can be considered as 
promising stabilizers for food emulsions. A special place among polysaccharides is occupied by chitosans and alginates, 
which, in addition to other advantages mentioned above, are accessible and cheap materials. 
The purpose of this work was a brief overview of the prospects for using chitosan, sodium alginate and protein-polysaccharide 
complexes as stabilizers for emulsions and foams for food application. The article discusses the possibility of using chitosan, 
sodium alginate, propylene glycol alginate, as well as various protein-polysaccharide complexes as stabilizers for 
heterogeneous food systems, foams and emulsions, which are the basis of many food products. In addition, special attention 
is paid to the prospects for the introduction of polysaccharide-based emulsifiers into industrial production and the problems 
that must be solved for the successful development of emulsions stabilized by biopolymers, which are the basis for the 
creation of food products, are discussed. 
Keywords: Chitosan, Sodium Alginate, Protein-Polysaccharide Complexes, Food Emulsion, Stabilization
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1. Introduction 
Emulsions, which are heterogeneous disperse 

systems, usually consist of two immiscible 
liquids, where one of them, the dispersed phase, 
is distributed in the form of droplets in the other, 
the continuous phase [1]. The use of emulsion 
systems is widespread in the food industry, for 
example, to improve the flavor characteristics of 
products, protect and deliver biologically active 
substances, and they are also the basis of some 
food products, such as mayonnaise, sauces, and 
creams [2].

The main problem that arises in the 
preparation and practical use of emulsions is 
their thermodynamic instability, expressed as 
destabilization and phase separation [3]. The 
addition of emulsifiers with surfactant and/or 
thickening properties ensures the formation of a 
stable emulsion. Now, synthetic surfactants are 
widely used to stabilize emulsions; however, their 
use can have a negative effect on the organism 
of consumers [4]. Thus, the possible binding of 
anionic surfactants to proteins, enzymes, and 
phospholipid membranes can lead to changes 
in the structure of human proteins and the 
dysfunction of enzymes and phospholipid 
membranes [5]. According to cytotoxicity tests, 
nonionic surfactants have fewer toxic effects than 
cationic, anionic and amphoteric surfactants, 
while the toxicity of cationic surfactants is 
the highest [6]. Therefore, replacing synthetic 
surfactants with biocompatible amphiphilic 
compounds is a key point in expanding the scope 
of application of emulsions in the creation of 
functional foods. 

The use of natural polymers such as proteins, 
polysaccharides, or their complexes as emulsifiers 
and/or stabilizers of food emulsions appears 
to be a promising approach to obtain highly 
digestible products [3]. The most common 
emulsifiers currently used in the food industry are 
a mixture of a low molecular weight surfactant, 
a natural amphiphilic polymer and an auxiliary 
co-emulsifier [7]. Polysaccharides such as 
pectin, various gums, and galactomannans are 
used as amphiphilic polymers. [8, 9]. The choice 
of polysaccharide as a natural component is 
due to the fact that, compared to protein, the 
stabilizer of most emulsions of natural origin, 
polysaccharides form a more voluminous 
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hydration layer, leading to the increased stability 
of emulsions due to the structural factor [10]. In 
addition, the low digestibility of polysaccharides 
in the gastrointestinal tract slows down the rate 
of release of biologically active substances [11].

Thus, emulsions currently used in the 
food industry based on polysaccharides are 
multicomponent mixtures containing various 
synthetic low-molecular compounds. Therefore, 
the search for new alternative surfactants is an 
urgent task for the modern food industry, aimed 
at creating functional food products that combine 
not only energy value, but also biologically active 
additives. Promising polymers are chitosans 
and alginates, polysaccharides of marine origin, 
solutions of which have sufficient viscosity to 
stabilize two-component emulsion systems. At 
the same time, the use of protein-polysaccharide 
complexes allows combining the properties of 
both components of the system, regulating both 
the rheological and surface-active properties of 
the system and the affinity for biologically active 
substances, expanding the range of functional 
components (vitamins, antioxidants, flavonoids, 
etc.) , implemented into the final product.

The purpose of this work was a brief overview 
of the prospects for using chitosan, sodium 
alginate, and protein-polysaccharide complexes 
as stabilizers for emulsions and foams for food 
use.

2. Use of chitosan, alginates and protein-
polysaccharide complexes as emulsifiers
2.1. Chitosan and its use as a stabilizer 
for  food emulsions

Chitosan is a randomized copolymer of 
D-glucosamine and N-acetyl-D-glucosamine, 
interconnected by 1,4-b-glycosidic bonds, is a 
product of deacetylation of the natural polymer 
chitin - poly-N‑acetyl-D-glucosamine, one of the 
most common natural polysaccharide, found in 
the shells of crustaceans and the fungus cell walls 
[12]. Significant scientific and practical interest 
in chitin and chitosan is due to their unique 
properties such as biocompatibility, low toxicity, 
biodegradability, and high sorption capacity for 
heavy metals and radionuclides [13]. 

The properties of chitosan are significantly 
influenced by its molecular weight (MW), which 
for unmodified polymers obtained from natural 
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chitin is in the range of 2–1000 kDa. Another 
equally important parameter that determines the 
ability of chitosan to dissolve in acidic media is the 
degree of deacetylation (DD). For a polysaccharide 
with a DD higher than 55 %, the dissolution in a 
1% acetic acid solution is typical. Solubility is due 
to the protonation of the primary amino group 
at the C-2 position of the D-glucosamine unit; 
thus, in an acidic medium, chitosan is converted 
into a polycation, which is a rare phenomenon 
for natural polysaccharides [13]. 

The polymer is limitedly soluble in water; 
this is determined by the degree of deacetylation 
and the molecular weight. According to literature 
data, chitosan with an MW of less than 50 kDa 
and a DD of more than 80% is soluble at acidic 
and neutral pH values, and with a DD of more 
than 55% it is soluble at a pH below 6.5 (рКа for 
chitosan) regardless of the molecular weight [13].

The diverse biological activity of chitosan, 
along with its safety for humans, determines 
the widespread use of this polysaccharide in the 
food industry. The antioxidant and antimicrobial 
activity of chitosan, as well as its ability to interact 
with various compounds [14-16], allow it to be 
used for the development of “smart packaging” 
that increases the shelf life of food products; 
its high emulsifying ability allows to replace 
synthetic surfactants in food technologies. The 
earliest mention of the use of chitosan in the 
food industry in patent data dates back to 1956: 
in a patent, chitosan hydrochloride was used as a 
modifying agent in the preparation and creation 
of chewing gum [13].

Chitosan is an effective emulsifier for 
stabilizing heterogeneous oil-in-water systems. 
The polysaccharide increases the viscosity of the 
dispersed phase, complicating the diffusion of 
dispersed particles and reducing the rate of droplet 
aggregation. In addition, the positively charged 
amino groups make chitosan an amphiphilic 
surfactant polymer. Chitosan can be used as the 
only emulsifier; however, the resulting emulsions 
are reversible due to sensitivity to pH. In an acidic 
media with pH < рКа protonated chitosan forms 
polyelectrolyte complexes (PEC), interacting with 
the carbonyl groups of triglycerides, and in the 
case of increasing pH to values above рКа PEC 
destruction and loss of emulsifying ability occurs. 
With increasing pH, the solubility of chitosan 

decreases, and the emulsion remains stable 
due to the oil phase droplets adsorbed on the 
chitosan particles. With a reverse increase in the 
acidity of the medium, chitosan transforms into 
a soluble form, desorbing dispersed oil droplets, 
and the emulsion reversibly stratifies [17]. The 
emulsifying ability of chitosan largely depends 
on the degree of deacetylation and molecular 
weight: it increases for low-molecular chitosans 
at DD of less than 60% and more than 86%, while 
at DD values from 65 to 77% these properties 
significantly depend on the concentration of the 
polysaccharide [18]. In a majority of experimental 
studies on the use of chitosan as an emulsifier, 
it was considered as a component of complex 
compositions containing other surfactants. The 
presence of both chitosan and protein emulsifiers 
makes the heterogeneous system more stable. 
Using a mixture of chitosan with soy protein 
isolate can improve the digestibility and stability 
of emulsified carotenoids [19]. A complex 
containing chitosan modified with b-lactoglobulin 
fibers stabilizes fish oil emulsion in water [20]. 
It has also been shown that stable Pickering 
emulsions, emulsions in which solid particles 
containing corn oil act as a stabilizer, are formed 
when the polyelectrolyte complex of chitosan and 
gelatin is used as an emulsifier [21]. The ability 
of chitosan to form polyelectrolyte complexes 
in aqueous solutions can be used to increase the 
stability of easily degradable compounds, such as 
carotenoids [22] and anthocyanins [23].

2.2. Alginates and their use for stabilization 
of food emulsions

Sodium alginate, the sodium salt of alginic 
acid, is a recognized food ingredient widely 
used in the production of functional foods. As a 
food ingredient, the use of alginate is based on 
three main properties: the ability to form thick 
solutions, gelation, and film formation. The 
considered polysaccharide is widely used for the 
production of many new functional food products, 
such as food jelly, restructured meat, packaging 
and protective materials for packaged, sliced, or 
prepared fruits, vegetables, etc. In addition, new 
applications of sodium alginate may arise after its 
chemical, physical and biological modifications, 
leading to the production of derivatives with the 
required functional properties. 
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Sodium alginate is a polysaccharide isolated 
from brown algae, where it occurs as a component 
of the cell wall, performing structural functions 
similar to carrageenans and agar [24]

Being a polymeric acid, alginate consists of 
1,4-linked a-L-guluronic acid (G-units) and b-D-
mannuronic acid (M-units) residues. These two 
acidic residues differ greatly in stereochemistry 
at the C-5 atom. Alginates obtained from 
different algae species differ in the content of 
G- and M-units, present in the polymer chain 
in the form of GG, MM and MG/GM blocks in 
different ratios, which leads to differences in the 
physical properties of alginate gels [25] and the 
characteristics of alginate-based products [24].

The wide practical use of alginate is based on 
its three main properties. Firstly, it is the ability 
to increase the viscosity of aqueous solutions. The 
second is the ability to turn into a gel when salts 
of divalent cations of various metals are added 
[25, 26] to an aqueous solution of sodium alginate. 
Unlike carrageenan or agar gels, temperature 
changes are not required for the formation of a 
heat-stable alginate gel, which saves not only 
energy, but also protects biologically active 
substances from thermal destruction. The 
third practically significant property of sodium 
alginate is the ability to form films and fibers. In 
addition, the unique structure of this polymer is 
biocompatible [27].

As a natural water-soluble polymer, alginate 
forms viscous aqueous solutions. The thickening 
properties of alginate are commonly used in the 
production of jams, marmalades and fruit sauces 
since the interactions between alginate and 
pectin are reversible upon heating and provide 
a higher viscosity than either component alone. 
Alginates are also used to thicken desserts and 
sauces such as mayonnaise. The use of alginate 
alone or in combination with other thickeners 
improves the organoleptic characteristics of a 
number of low-fat foods. The hydrophilic nature 
of alginate helps to retain water and improves 
the texture of food, resulting in improved food 
acceptance by consumers [28].

As a gelling agent, alginate forms stable 
gels over a wide temperature range and at 
low pH values, which can be used in the food 
industry. The introduction of alginates into 
the formulation of culinary creams provides 

resistance to freezing/thawing and reduces the 
separation of solid and liquid components. In 
ice cream, alginate is often used in combination 
with other hydrocolloids for thickening and 
stabilization, which allows controlling the 
viscosity of the product, increasing resistance 
to heat shock, and reducing shrinkage and ice 
crystal formation. In addition, alginate is widely 
used in the creation of artificial products, for 
example, an analogue of fish caviar [28].

As an emulsifier in industry, it is currently 
not being proposed to use alginic acid or its salt, 
but a chemical modification product, propylene 
glycol alginate (PGA) (Fig. 1). This compound is 
an esterified alginate derivative, widely used in 
the food and beverage industry. PGA was first 
obtained by Kelco in 1949 [29].

Since in this compound the carboxyl group 
of alginic acid is substituted by propylene glycol 
ether, PGA dissolves in an acidic medium up to 
pH 3-4, under conditions under which sodium 
alginate precipitates as alginic acid. Resistance 
to acidic conditions and to the ionic strength 
of solution makes propylene glycol alginate a 
valuable component in foods and beverages 
with high acidity or divalent metal ion content. 
In addition, PGA also has high lipophilicity and 
emulsifying ability due to the propylene glycol 
moiety contained in its molecules.

The addition of 0.1% propylene glycol alginate 
increases the colloidal stability of fruit and 
vegetable juices without compromising their taste 

Fig. 1. Scheme of the propylene glycol alginate syn-
thesis
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and composition. Due to the high emulsifying 
characteristics of propylene glycol alginate, it 
is possible to obtain concentrates and juices 
enriched with dry substances (pulp, etc.), both 
hydrophilic and lipophilic, which has a beneficial 
effect on the consumer characteristics of the final 
product [28].

In the literature there is also information 
about the use of propylene glycol alginate in 
a mixture with some other polysaccharides 
(carboxymethyl cellulose, gums, etc.) as a 
stabilizer for protein drinks, beer foam, and soy 
milk [28]. It is noted that the required amount 
of stabilizer does not exceed 0.5%, out of which 
more than 60% is propylene glycol alginate, which 
does not affect the taste and consistency of the 
final product. 

In addition, propylene glycol alginate has 
proven itself as a stabilizer for yoghurt with 
fruit fillings. Due to the acidic pH, the choice 
of stabilizers is quite limited, but in addition 
to maintaining high system uniformity and 
resistance to separation, the emulsifier provides 
a marketable appearance to the product [28].

The presence of hydrophobic fragments in 
the macromolecules of propylene glycol alginate, 
the latter acts as an effective stabilizer for salad 
dressings, improves the external and organoleptic 
characteristics of bread and the texture of pasta, 
reducing the pasta fragility [28, 30].

2.3. Stabilization of food emulsions and 
foams with protein-polysaccharide complexes

Protein-polysaccharide complexes combine 
the physicochemical and functional properties 
of their constituent macromolecules and, 
accordingly, hydrophobic and hydrophilic 
properties. Consequently, they can be successfully 
used as agents stabilizing the air/water or oil/
water interfaces in complex food systems [31].

Schmitt et al. [32] studied the surfactant 
properties at the air/water interface of 
b-lactoglobulin/acacia gum complexes prepared at 
pH 4.2 and a component ratio of 2:1 and compared 
them with the behavior of b-lactoglobulin. The 
surface activity of the complexes was similar for 
the value corresponding to the protein; however, 
the complexes formed stronger viscoelastic films 
with a thickness of about 250 Å at the interface. 
As a result, the gas permeability of films obtained 

from associates was lower compared to films from 
native b-lactoglobulin. In addition, by reducing 
the rate of aggregation of air bubbles, the 
complexes stabilized water-air foams. The results 
obtained were used to formulate complex food 
products, such as fruit ices and sorbets, for which 
the stability of air bubbles in the foam correlates 
with improved organoleptic parameters of the 
product. Complexes of whey protein isolate and 
acacia gum exhibit similar properties, which 
allows to use them for the replacement of animal 
gelatin when creating vegetarian foods [33].

Complexes based on b-lactoglobulin and 
pectins are also used to stabilize the air/water 
interface [34]. In this case, the charge density of 
pectin, i.e. the degree of its methylation and the 
ratio of components determine the size of the 
resulting complexes and, consequently, their 
surface activity. The viscoelastic properties of the 
air/water interface are determined either by the 
adsorption of the complex or by the sequential 
adsorption of the components. In the latter case, 
the formation of viscoelastic films was observed. 
A study of the structure of the resulting films 
showed that both obtained samples contain a 
dense layer near the air/water interface, which 
probably consists of b-lactoglobulin. However, the 
thickness of the film obtained with sequentially 
adsorbed components is higher than for adsorbed 
complexes. It should be noted that associates 
based on ovalbumin and pectin or b-lactoglobulin 
and carboxylated pullulan also exhibit surface-
active properties at the water-air interface and 
can be used to stabilize foam. It has been shown 
that napin, a protein isolated from rapeseed 
flour, forms complexes with pectins, which also 
stabilize aqueous foams and have a higher surface 
activity compared to the native protein [35]. 

Emulsions, widely used in the food industry, 
can also be stabilized with protein-polysaccharide 
complexes. If the complex is formed during the 
emulsification step, a mixed emulsion is produced 
[31]. There is also a layer-by-layer emulsion 
stabilization technique: in this case, the primary 
emulsion is stabilized by protein, and then a 
polysaccharide dispersion is added, inducing 
interfacial complexation, leading to the formation 
of so-called bilayer emulsions [36]. This approach 
is most commonly used on an industrial scale 
because it produces stable emulsions for a wide 
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range of compounds. A study of the rheological 
behavior of the sodium caseinate-dextran 
sulphate complex showed that the resulting 
interfacial layers at the interface are much more 
viscoelastic in the case of mixed emulsions [37]. 
Interestingly, the resulting emulsions showed 
different pH stability, especially in an acidic 
medium: mixed emulsions turned out to be 
much more resistant to flocculation compared 
to double-layer emulsions. These results have 
practical implications for the in vivo control of 
lipolysis. Ducel et al [38] reported high surface 
activity in an oil/water system for complexes 
of pea globulin or a-gliadin with acacia gum. 
The resulting films were characterized by a long 
relaxation time and high elasticity. In addition, 
complexes obtained at a lower pH stabilize 
emulsions more effectively due to having a higher 
spreadability on the surface of oil droplets.

Cho and McClements [39] emphasized the 
importance of controlling the ratio of protein 
to polysaccharide and the concentration of 
the latter to ensure the colloidal stability of a 
bilayer emulsion obtained in the presence of a 
b-lactoglobulin-pectin complex at pH 3.5. Too 
low (<0.02%) or high (>0.1%) pectin content led 
to the formation of an unstable emulsion due 
to flocculation. Another study showed that the 
presence of 100 mM NaCl and b-lactoglobulin/
citrus pectin complex produced more stable 
emulsions at pH 3–4 compared to emulsions 
stabilized by b-lactoglobulin alone. This is 
explained by the fact that in the presence of an 
electrolyte, shielding of the interfacial charge is 
achieved [40]. Some other protein-polysaccharide 
complexes (b-lactoglobulin with alginate, 
i-carrageenan or acacia gum) have been used to 
obtain acid-resistant bilayer emulsions and for 
industrial beverage production [41, 42]. 

The use of polycationic chitosan allows 
obtaining stable emulsions based on whey protein 
isolate at pH 6.0 [43]. As with other described 
systems, the ratio of protein and polysaccharide 
in the complex used plays an important role in 
stabilization. Interestingly, such systems form 
at a much lower pH (around 3.0) and can reduce 
surface tension as well as pure proteins. Stable 
concentrated emulsions containing up to 40% 
rapeseed oil can be obtained using a wide range 
of biopolymer concentrations ranging from 3.8 

to 11.2%, which allows additional control of the 
volumetric viscosity of the resulting product. The 
stability of an emulsion containing 15% sunflower 
oil, stabilized with whey protein isolate, increases 
when using a complex of chitosan and acacia 
gum at pH 3.0. The use of the complex leads to 
the formation of monodisperse droplets, gel-like 
emulsions or clusters of oil droplets, depending 
on the ratio of chitosan to acacia gum [44].

A study of the emulsifying properties of a 
complex of whey protein isolate and carboxymethyl 
cellulose revealed a dependence on the protein/
polysaccharide ratio for heterogeneous systems 
containing 10 and 20% oil fraction. It should be 
noted that the use of these complexes allows 
obtaining heat-stable emulsions, which is not 
observed for the stabilization with pure protein 
[45]. 

Complexes of soy protein isolate and 
hydrophobically modified pectin stabilize 
emulsions at pH 5.5. It has also been shown that 
protein-polysaccharide complexes are capable 
of stabilizing the outer interface of W/M/W 
emulsions obtained at pH ≤ 6.0 [45].

3. Problems and prospects for using 
polysaccharides for the stabilization 
of  food emulsions

The complex compositions of food systems 
determine the high demands placed on 
emulsifiers, among which health and the 
environment safety, as well as the ability to 
maintain emulsifying properties during food 
processing, are especially important. Researchers 
proposing polysaccharides for the stabilization 
of emulsions are faced with problems of their 
interaction with other components of systems 
(electrostatic interactions with salts and proteins, 
the formation of hydrogen bonds with other 
macromolecules, hydrophobic interaction with 
polyphenols, etc.), and they are also subject to 
thermal destruction as a result of processing food 
products. Despite the fact that the principles of the 
influence of external factors on the emulsifying 
properties of polysaccharides seem to have 
already been finally established, the significantly 
different molecular structure of polysaccharides 
leads to significant variations in their emulsifying 
properties. Therefore, in the case of using a 
new, previously undescribed polysaccharide 
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as a food emulsifier, a full investigation of its 
colloidal chemical characteristics is required. 
In addition, there is virtually no information 
in the literature on changes in the emulsifying 
properties of polysaccharides during food 
processing (thermal or non-thermal), as well as 
on the molecular mechanisms of these changes. 
Thus, the introduction of natural polysaccharides 
as food emulsifiers is undoubtedly a labor-
intensive task. 

Currently, emulsion systems obtained 
using polysaccharides as emulsifiers are used 
mainly to create functional foods capable of 
targeted delivery and the stabilization of active 
substances, as well as to study the mechanisms 
of their action, release, digestion, absorption, 
and transportation. Therefore, the development 
of a functional product should also include many 
stages of research, such as determining the 
structural characteristics and interfacial behavior 
of the polysaccharide, emulsion characteristics 
(stability, droplet size, etc.), as well as studying 
the kinetics of metabolism and the bioavailability 
of released biologically active substances. The 
result of solving these problems can be used to 
create emulsion systems that could specifically 
deliver the optimal amount of biologically active 
substances, protecting them from destruction 
during movement through the gastrointestinal 
tract [31]. 

4. Conclusion
Thus, polysaccharides, in particular chitosan 

and alginic acid derivatives, as well as protein-
polysaccharide complexes, are promising for the 
development of multifunctional emulsion systems 
capable of not only maintaining the stability of 
a heterogeneous system for a long time, but also 
giving them functional properties, for example, as 
nano- and microcontainers for biologically active 
substances. The introduction of polysaccharide-
based stabilizers into the production of food is 
difficult due to the labor-intensive processes 
for creating such systems. However, the fact 
that sodium alginate and chitosan are already 
successfully used in food technology as thickeners 
and components for “smart” and environmentally 
friendly food packaging increases the potential 
for these polysaccharides to find early use in other 
sectors of the food industry.
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Abstract 
Chromium chalcogenides and systems based on them have not been sufficiently studied. Chromium chalcogenide compounds 
Cr2X3 (X = S, Se, Te), new phases and solid solutions based on them are widely used in semiconductor technology, since 
these are materials with thermoelectric and magnetic properties. The purpose of this study was the investigation of chemical 
interactions in the Sb2S3–Cr2Te3 system, the construction of a phase diagram, and the search for new phases and solid 
solutions.
Using the methods of physicochemical analysis (differential thermal, X-ray phase, microstructural analysis, as well as 
density and microhardness measurements), the chemical interaction in the Sb2S3-Cr2Te3 system was studied and its phase 
diagram was constructed. The phase diagram of the system is quasi-binary and is characterized by the formation of a 
quaternary compound Cr2Sb2S3Te3.
Compound Cr2Sb2S3Te3 incongruently melted at 610 °C. Microstructural analysis showed that at room temperature solid 
solutions based on Sb2S3 were formed in the system, which reached up to 5 mol. % Cr2Te3, and based on Cr2Te3 up to – 8 mol. % 
Sb2S3. The Sb2S3–Cr2Te3 eutectic formed in the Sb system contains 20 mol. %Cr2Te3 and has a melting point of 430 °C. The 
Cr2Sb2S3Te3 compound crystallizes in a tetragonal system with the unit cell parameters: a = 10.03; c =16. 67 Å, z = 7, 
rpycn. = 5.72 g/cm3, rX-ray = 5.765g/cm3.
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1. Introduction
The search for functional materials that can 

meet the ever-increasing needs of the electronics 
industry is always in the spotlight. Materials 
that meet these requirements include antimony 
chalcogenide compounds and alloys based on 
them. Antimony sulfides and selenides are used 
in optical systems as photosensitive materials 
[1–7]. Antimony tellurides are materials with 
thermoelectric properties, used as energy 
converters [8–15]. 

It is known that the element chromium and 
chalcogenide compounds are used, not only 
for the manufacture of magnetic materials, 
but also for the production of ferrimagnets of 
complex composition with other chalcogenides. 
Ternary and more complex compounds 
based on chromium chalcogenides have high 
ferromagnetic properties [16–19]. Therefore, 
the production of photosensitive and magneto-
optical materials that retain the properties of the 
original compounds via the chemical interaction 
of photosensitive antimony chalcogenides with 
magnetic chromium chalcogenides is of both 
scientific and practical importance.

The Sb2S3 compound melts congruently at 
559.5 °C and crystallizes in the orthorhombic 
system with lattice parameters: a = 11. 229; 
b = 11.310; c = 3.83 Å, space gr. Pbnm-D16

2h, density 
4.63 g/cm3, microhardness 1400 MPa [20]. The 
Cr2Te3 compound melts congruently at 1280 °C 
and crystallizes in a hexagonal system with lattice 
parameters: a = 6.811; c = 12.062 Å, space gr. 
hP20 - P31c [21]. Phase transition a-Cr2Te3 has a 
temperature of 480 °C. 

2. Experimental
Alloys of Sb2S3–Cr2Te3 were synthesized from 

Sb2S3 and Cr2Te3 components in an evacuated 
quartz ampoule at a pressure of 0.133 Pa in the 
temperature range 600–1100 °C. The samples 
were heat treated at 500 °C for 240 h to ensure 
equilibrium.

Equilibrium alloys were studied by differential 
thermal analysis (DTA), X-ray diffraction (XRD), 
microstructural analysis (MSA), as well as by 
microhardness and density measurements.

DTA analysis of the samples was carried out 
using a frequency pyrometer NTR-73, the error 
was ±5 °C. The reordering of heating and cooling 

curves were carried using an N. S. Kurnakov 
NTR-73 pyrometer. The studied substance was 
placed in a quartz ampoule with the length of 
0.10–0.11  m and diameter.8–10·10–3 m, which 
was pumped out to 0.1333 Pa and sealed. A 
thermocouple passed through a hole of the 
ceramic block with corresponding diameter was 
placed bellow the sample. The tubular furnace, 
inside which a steel block was placed was used 
for heating. NaCl, KCl, Na2SO4, K2SO4 were used 
as reference compounds. Heating and cooling 
curves of these compounds were recorded under 
similar conditions with a heating rate of 10 °C/
min. Based on the data obtained for the reference 
substances, a calibration curve was constructed 
and checked after 15 days. The study mainly 
analyzed the thermal effects detected in the 
heating curves. Chromel-alumel was used as a 
thermocouple. 

XRD was carried out using D2 PHASER X-ray 
device in СuКa- radiation with a Ni filter.

Microstructure analysis (MSA) was performed 
by microscopic study using MIM-8 microscope. 
The solution 1 N HNO3: H2O2 = 1: 1 was used 
as a clarifier to determine phase boundaries. 
Microhardness was measured using a PMT-3 
metallographic microscope. The density of the 
samples was determined by the pycnometric 
method; toluene was used as a filler.

3. Results and discussion
Sb2S3-rich samples easily melted, forming a 

compact mass. After synthesis, Cr2Te3 compound 
was formed in the form of heterogeneous 
ingots. Therefore, the heterogeneous ingot was 
crushed into powder, pressed under a pressure 
of 200 atm and obtained in the form of tablets. 
In tablet form, the sample was placed in a 
quartz ampoule and sealed by sucking out the 
air and melting it in a gas lamp. Then solid-
phase synthesis was carried out by heating 
the sample at a temperature of 800 °C for 100 
h. After verification of the formation of Cr2Te3 
compound, alloys of the Sb2S3–Cr2Te3 system 
were synthesized.

The alloys of the Sb2S3–Cr2Te3 system were 
studied using physicochemical analysis methods. 
According to DTA data, it was established that two 
and three endothermic effects were obtained in 
the thermograms of the alloys.
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After a phase analysis of the alloys of the 
system, it was found that the alloys in proximity to 
the initial components and containing 50 mol. % 
Cr2Te3 are single-phase. At a content above 5 
mol. % Cr2Te3 the second phase was formed, 
i.e., two-phase regions appeared (Fig.  1b). The 
microstructures of alloys containing 5, 10, and 50 
mol. % Cr2Te3 Sb of Sb2S3–Cr2Te3 systems are shown 
in Fig. 1. As can be seen, 2 mol. % Cr2Te3 and the 
sample with 50 mol. % Cr2Te3 were single-phase 

solid solutions (Fig. 1a, c). The sample containing 
10 mol. % Cr2Te3 has two-phases (Fig. 1b).

For the conformation of DTA and MSA results, 
X-ray phase analysis of alloys of 30, 50 and 
92 mol. % Cr2Te3 of the Sb2S3–Cr2Te3 systems was 
performed (Fig. 2). As can be seen from Fig. 2, 
diffraction lines of the sample 92 mol. % Cr2Te3 
did not differ from the X-ray diffraction pattern 
of the Cr2Te3 compound, and a slight shift is 
observed. This sample is a solid solution based 

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2024;26(2): 197–203

I. I. Aliyev et al.	 Physicochemical study of phase formation in the Sb2S3–Cr2Te3 system

 
 

 

 
 
 
 
 
 
Рис. 1.  
 
 

 
Рис. 2.  
 
.   

400 
200 
600 800 

1000 
I,% 

10             20                30               40                50                60               70 
                                                                      2θ 

1

2

3

4

     5 

6

     1 mk   1 mk   1 mk 
cba

 
 

 

 
 
 
 
 
 
Рис. 1.  
 
 

 
Рис. 2.  
 
.   

400 
200 
600 800 

1000 
I,% 

10             20                30               40                50                60               70 
                                                                      2θ 

1

2

3

4

     5 

6

     1 mk   1 mk   1 mk 
cba

Fig. 1. Microstructures of alloys of Sb2S3-Cr2Te3 system (×340): a) – 5 mol %; b) – 10 mol %; c) – 50 (Cr2Sb2S3Te3) 
mol % Cr2Te3

Fig. 2. Diffraction patterns of system alloys of Sb2S3–Cr2Te3 system: 1 – Sb2S3; 2 – 30; 3 – 50 (Cr2Sb2S3Te3); 4 – 
70; 5 – 92; 6 – 100 mol. % Cr2Te3
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on Cr2Te3. In the diffraction patterns of samples 
with 30 and 70 mol. % Cr2Te3 diffraction lines of 
the original components were present, i.e. the 
samples were two-phase.

Diffraction peaks in the diffraction pattern of a 
sample containing 50 mol. % Cr2Te3, differed from 
the diffraction lines in the diffraction patterns of 
the original components by interplanar distances 
and intensity. As a result, a new quaternary 
compound containing Cr2Sb2S3Te3 was obtained 
(Fig. 2). The Cr2Sb2S3Te3 compound can be 
considered as a derivative of CrSbTe3, obtained by 
anionic substitution of Cr2Sb2S3Te3 (abbreviated 
as CrSbS1.5Te1.5). 

As a result of physicochemical analysis, a 
quasi-binary phase diagram of the Sb2S3-Cr2Te3 
system was constructed (Fig. 3). The Cr2Sb2S3Te3 
compound was formed as a result of a peritectic 
reaction: F + Cr2Te3 ↔Cr2Sb2S3Te3 at 610 °C. 

Liquidus of Sb2S3-Cr2Te3 system consisted of 
monovariant equilibrium curves for an a-solid 
solution based on the Sb2S3 compound, a new 
compound Cr2Sb2S3Te and b-solid solution based 
on Cr2Te3 compound. The binary eutectic formed 
in the system has a Cr2Te3 content of 20 mol. % 
and melting point 430 °C.

Crystallization of the a-solid solution was 
completed in the system in the concentration 
range of 0-20 mol. % Cr2Te3. In the range of 
0–20  mol. % Cr2Te3 two-phase alloys (L + d) 
were below the liquidus curve (Fig. 3). Two-
phase alloys consisting of (d + Cr2Sb2S3Te3), 
below the solidus line crystallized in the region 
of 5–50  mol.  % Cr2Te3. In the concentration 
range of 50–92 mol. % Cr2Te3, two-phase alloys 
(Cr2Sb2S3Te + a) were below the solidus line. 
Some physicochemical properties of the alloys 
are shown in Table 1.

As a result of microhardness measurements, 
three different values were obtained. The 
microhardness value (1400–1470) MPa 
corresponded to the microhardness of an a-solid 
solution based on Sb2S3. The microhardness 
value (1750–1880) MPa corresponded to the 
microhardness of the Cr2Sb2S3Te3 compound, 
and the value (2070–2150) MPa corresponded to 
the microhardness of the b-solid solution based 
on Cr2Te3. The dependence of the density of the 
alloys of the system on the composition showed 
that no sharp change was observed.

Based on the results of X-ray phase 
analysis, it was established that the Cr2Sb2S3Te3 

Fig. 3. Phase diagram of the Sb2S3–Cr2Te3 system
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compound crystallizes in a tetragonal system 
with lattice parameters: a = 10.03; c = 16.67 Å, 
z = 7, rpycn.  =  5.72  g/cm3, rX-ray = 5.75 g/cm3. 
Crystallographic data of Cr2Sb2S3Te3 compound 
are shown in Table 2.

4. Conclusions
Thus, the Sb2S3–Cr2Te3 system was studied 

using physicochemical analysis methods and its 
phase diagram was constructed. It was established 
that the Sb2S3–Cr2Te3 section is a quasi-binary 

Table 1. Composition of alloys of the Sb2S3–Cr2Te3 system, DTA results, determination of microhardness 
and density

Composition, mol. %
Thermal effects, °С Density,

103 kg/m3

Microhardness, MPa

Sb2S3 Cr2Te3

a Sb2Cr2S3Te3 b
Р = 0.1 Н Р = 0.2 Н

100 0.0 560 4.63 1400 – –
97 3.0 500, 555 4.70 1450 – –
95 5.0 470, 530 4.78 1470 – –
90 10 440, 515 4.86 1470 – –
85 15 430, 480 4.97 – – –
80 20 430 5.06 eutectic eutectic –
70 30 430, 610, 700 5.29 – – –
60 40 430, 610, 920 5.51 – 1750 –
50 50 610, 1090 5.72 – 1750 3280
40 60 540, 610, 1150 5.94 – 1800 3280
30 70 540, 610, 1195 6.16 – 1850 3280
20 80 540, 610, 1230 6.39 – 1880 3280
10 90 540, 610, 1260 6.65 – – 3280
5.0 95 850, 1270 6.83 – – 3280
0.0 100 480, 1280 6.82 – – 3250

Table 2. Interplanar distances (d), intensity (I) of lines and lattice indices (hkl) in the diffraction pattern 
of the Cr2Sb2S3Te3 compound

No I, % dexp., Å dcal., Å 1/d2
exp., Å 1/d2

cal., Å hkl

1 5.9 10.0289 10.0289 0.0099 0.0099 100
2 15.8 5.5561 5.5561 0.0324 0.0324 003
3 17.4 5.0252 5.0125 0.0396 0.0398 200
4 4.1 3.8528 3.8490 0.0674 0.0675 104
5    6.1 3.3509 3.3445 0.0891 0.0894 300
6 22.5 3.2277 3.2042 0.0960 0.0974 204
7 100 3.1236 3.1159 0.1025 0.1030 311
8 4.4 2.7857 2.7810 0.1288 0.1293 320
9 26 2.6254 2.6380 0.1451 0.1437 322

10 30. 2.3265 2.3344 0.1848 0.1835 331
11 19 2.1097 2.1035 0.2247 0.2260 217
12 23 2.0357 2.0404 0.2413 0.2402 108
13 8.3 1.9602 1.9672 0.2602 0.2584 510
14 8.6 1.7506 1.7453 0.3265 0.3283 426
15 7.2          1.6772 1.6718 0.3555 0.3578 600
16 4.9 1.5776 1.5788 0.4018 0.4012 601
17 6.2 1.5639 1.5665 0.4089 0.4075 540
18 7.1 1.4570 1.4580 0.4711 0.4704 339
19 6.0 1.3475 1.3492 0.5507 0.5493 722
20 6.8         1.3142 1.3170 0.5790 0.5765 730
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section of eutectic type. A quaternary compound 
Cr2Sb2S3Te3 is formed in the system with an anion 
exchange of components in the ratio of 1:1. The 
Cr2Sb2S3Te3 compound is formed by the peritectic 
reaction M + Cr2Te3 ↔ Cr2Sb2S3Te3 at 610 °C. The 
eutectic with a composition of 20 mol. % Cr2Te3 
is formed in the system between the a phase and 
Cr2Sb2S3Te3 at a temperature of 430 °C. In the 
Sb2S3 based system solid solutions reached up 
to 5 mol. % Cr2Te3, and in the system based on 
Cr2Te3 it was up to 8 mol. % Sb2S3. Based on the 
results of X-ray phase analysis, it was established 
that the Cr2Sb2S3Te3 compound crystallizes in a 
tetragonal system with lattice parameters: A = 
10.03; c = 16.67 Å, z = 7, density rpycn. = 5.72 g/cm3, 
rX-ray = 5.5 g/cm3.
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Abstract 
The study investigated the influence of nanoscale admixtures on the structure formation and strength characteristics of 
cement systems during their hardening with a duration of up to ten years. The study of the processes of structure formation 
of modified cement systems showed that there is a significant acceleration of the process of cement hydration during the 
early period of hardening, despite the decrease in water content. It was established that phase transformations and changes 
in phase composition in all systems were observed throughout the entire studied hardening period. At the same time, in 
the later stages of hardening, the appearance of stable hydrate new formations (xonotlite, afwillite, ettringite), capable of 
creating a lower-dimensional, dense and homogeneous structure of nanomodified cement stone was observed. This provides 
nanomodified cement systems with high compressive strength values (Rcom) both during the early and long stages of 
hardening. At the same time, the highest strength indicators throughout the entire study period (Rcom = 85 MPa, with a 
hardening duration of 28 days and Rcom = 157 MPa, with a hardening duration of 10 years) was characteristic for the cement 
system modified with a complex nanoscale admixture based on SiO2 particles.
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The designations accepted in the article
C – cement;
W – water;
W/C – water-cement ratio;
CNA - complex nano–additive based on SiO2 

particles;
CNT – carbon nanotubes

1. Introduction
Increasing and regulating the long-term 

strength of cement composites is an urgent 
problem for domestic and foreign researchers 
due to the wide practical significance of these 
materials. Now, this is especially important due to 
the production and use of new generation cement 
composites that have high strength and uniformity, 
and low porosity. Such performance indicators 
are achieved by nano- and micromodification 
of the structure of cement composites with 
various chemical admixtures, which at the same 
time represent both a component of the cement 
matrix and a technological method for achieving 
the required properties. Moreover, the role of 
chemical admixtures in the technology of modern 
cement composites increases in accordance with 
the increase in their influence on the hydration 
processes and formation of the structure of 
cement stone. In [1], the authors suggest that the 
increase in the strength of cement systems over 
time can be described by a sawtooth curve, which 
is due to the process of hydrolysis along the Si–O–
Si bonds (providing 50–60% of the strength [2]), 
as a result of which physico-chemical changes in 
the structure of cement stone changes will occur. 

Previously, in the studies of domestic [3–6] 
and foreign scientists [7–10], it was established 
that the use of chemical admixtures with a 
plasticizing effect in the technology of cement 
composites for structural purposes is the 
most reasonable way to regulate their phase 
composition, microstructure, and strength 
properties. For example, in studies [3, 4] the 
influence of the method of administration 
and dosage of the superplasticizer C-3 (based 
on sulfonated naphthalene formaldehyde 
polycondensates) on the formation of long-
term strength of cement stone for up to 18 
years was investigated. It was established that 
the strength characteristics of the studied 
cement systems depend on the concentration 

of the superplasticizer and, in comparison with 
the reference unmodified system, can be both 
higher and lower. This is due to the fact that 
in a hardening cement paste, the simultaneous 
crystallization of new hydrate formations of 
various quantities and compositions from 
the (CaO)х–(SiO2)у–(H2O)z solid solution of 
implementation, formed in the early stages of 
cement hydration, occurs. 

It should be noted that now modifying 
admixtures for cement composites are complex, 
i.e. they contain not only a superplasticizer, 
but also various micro- and nanoadmixtures 
of inorganic nature [10–16]. At the same time, 
establishing the relationship between the 
parameters of the structural strength of cement 
composites with the technological dosing 
procedure and the optimal dosage of the 
admixture is the main task in the problem of 
modifying cement systems with modern complex 
admixtures.

In particular, our experimental studies [17–
19], as well as the results obtained by other 
scientists [5–9], allowed to establish that complex 
admixtures based on nano-sized SiO2, as well as 
nanosized carbon and chrysotile tubes have a 
positive effect on the structure formation and 
strength characteristics of cement composites 
during the initial period of their hardening (up 
to 28 days). 

Studies examining the influence of nanosized 
particles on the formation of the structure and 
strength characteristics of cement systems under 
long-term hardening are practically absent. 
However, this problem is relevant since it is 
assumed that at the later stages of hardening, 
chemically active nano-sized particles in the 
composition of cement composites can contribute 
to the occurrence of two differently directed 
processes - the evolution and self-organization of 
the structure of composites with a corresponding 
increase in their strength characteristics, or 
degradation of the structure, which may be 
associated with an increase in stresses and 
deformations over time, ultimately leading to the 
destruction of the material [20]. 

The purpose of this study was investigation of 
the processes of structure formation and strength 
gain of nanomodified hardened cement paste 
during its hardening duration of up to 10 years.
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2. Experimental 
The following ingredients were used as 

initial components for the creation of cement 
systems: ordinary Portland cement (C) CEM I 42.5 
produced by JSC EUROCEMENT GROUP (Russian 
National State Standard 31108–2016); tap water 
(B) (Russian National State Standard 23732-
2011); carbon nanotubes (CNT) of the fulleroid 
type Nanocyl-7000 (l = 700–3000 nm, d = 5–35 
nm) obtained by chemical vapor deposition; 
complex nano-sized admixture (CNA), consisting 
of SiO2 particles with medium diameter dav ~ 10 
nm and superplasticizer grade Sika®ViscoCrete® 20 
HE produced by LLC “Zika”. The synthesis of CNA 
was carried out by the sol-gel method, described 
in detail in [17]. 

The mixtures were prepared by mixing 
Portland cement with a liquid mixer containing 
nano-sized admixtures. The water-cement ratio 
(W/C) for each system was selected based on 
the normal density of the cement paste. Three 
systems were obtained: reference C – W (W/C = 
0.45), C – CNA (W/C = 0.27), C – CNT (W/C = 0.27). 
The mass fraction of nanosized particles of CNA 
and CNT required for modifying cement systems 
was determined earlier [18, 19] and amounted to 
0.01% by weight of cement. The molded samples 
were placed in a normal hardening chamber 
(T = 21 °C, W = 100%), where they were kept for 
the required time (28 days, 1 year, 5 years, and 
10 years). 

A study of the degree of hydration (Dh) and 
phase composition of cement systems was 
carried out using a diffractometer ARL X’TRA 
(CuKa radiation, l = 1.541788 Å) by powder X-ray 
diffractometry. Primary results were processed 
using the software package PDWin 4.0 [21].

Calculation of Dh values of cement systems 
were carried out according to ratio (1). For this, 
the content of the alite phase (3СаО·SiO2 (C3S)) in 
a sample of pure cement clinker and in the studied 
cement systems [22] were determined: 

mod
h 3

0

( ) 1 100%,
I

C C S
I

Ê ˆ
= - ◊Á ˜Ë ¯

	 (1)

where Imod – intensity of the maximum phase peak 
C3S (d = 2.75 Å) in cement stone samples of dif-
ferent composition and hardening age; I0 – inten-
sity of the maximum peak of C3S phase in the 
original cement (d = 2.75 Å).

Features of the microstructure of cement 
systems were determined by scanning electron 
microscopy (SEM) using Phenom XL microscope, 
uacc = 15 kV, P = 0.10 Pa) with a backscattered 
electron detector. A cement stone chip was used 
as a sample. 

The study of the strength characteristics of 
cement systems was carried out using INSTRON 
Sates 1500HDS testing machine. For this, we 
destroyed a series (9–12 samples) of cube samples 
with the size of 5×5×5 cm. As a result of tests, it 
was established that the coefficient of variability 
within one series of samples was 7–10%.

3. Results and discussion
3.1. Processes of hydration and structure 
formation of cement systems

It was established that the intensity of cement 
hydration processes with the introduction of CNA 
and CNT increased significantly during the initial 
period of hardening (Figs. 1, 2). Already at the 28 
days in nanomodified cement systems (C - CNA 
and C - CNT) the Dh index amounted to ~90%. 
In the reference system without modifiers, such 
value was recorded only after 10 years.

The phase composition of all studied 
systems (Fig. 1, Table 1) after 28 days of 
hardening was predominantly represented by 
phases of tobermorite-like (xCaO·SiO2·zH2O), 
primary (CaO·SiO2·H2O – CSH) and secondary 
(2CaO·SiO2·H2O – С2SH) calcium silicate hydrates.

At this stage of hardening, in addition to 
the indicated phases in the C-CNA system, an 
additional formation of a phase of highly basic 
calcium silicate hydrate (3CaO·SiO2·2H2O) 
occurred, and in the reference system C – W the 
presence of a portlandite phase (Ca(OH)2) was 
revealed.

It can be assumed, that the heterogeneous 
process of formation of silicate hydrate phases 
in the reference and modified cement systems 
proceeds differently. During the initial hardening 
period of up to 28 days, congruent dissolution 
and hydration of the main clinker minerals 
occurs [18]. In this case, a xCaO·уSiO2·zH2O 
solid solution of implementation of variable 
composition is formed, which subsequently 
undergoes decomposition into several phases. 
In the reference system C – W, the solid solution 
of implementation decomposes mainly into 
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Fig. 1. X-Ray diffraction patterns of the nanomodified cement systems. Designated: a) C – CNA; b) C – CNT
(CaO)x·SiO2·zH2O (d = 3.34; 3.05; 2.93; 2.80; 2.31; 1.83); CaO·SiO2·H2O (d = 4.24; 3.01; 2.78; 2.50; 2.23; 1.77); 2CaO·-
SiO2·H2O (d = 3.34; 3.01; 2.92; 2.25; 1.96; 1.81); 3CaO·SiO2·2H2O (d = 3.33; 3.04; 2.92; 2.84; 1.88; 1.77); 3(2CaO·-
SiO2)·H2O (d = 3.07; 2.97; 2.72; 2.62; 2.22; 1.74); 2CaO·3SiO2·H2O (d = 4.24; 3.84; 3.36; 3.15; 2.85; 2.25); 3CaO·-
2SiO2·3H2O (d = 3.05, 2.74, 2.31, 2.21, 1.92; 1.68); 2CaO·SiO2·0.5H2O (d = 2.99; 2.77; 2.67; 2.25; 1.80; 1.61); 6CaO·-
6SiO2·2H2O (d = 3.65; 3.23; 3.07; 2.83; 2.04; 1.95); CaO·Al2O3·8.5H2O (d = 3.57; 3.13; 2.75; 2.58; 2.34; 1.79); 
4CaO·Al2O3·19H2O (d = 2.88; 2.78; 2.67; 2.35; 1.93; 1.82); 3CaO·Al2O3·SiO2·4H2O (d = 3.07; 2.74; 2.24; 1.99; 1.70; 
1.64); CaO·Al2O3·2SiO2·4H2O (d = 3.34; 3.19; 2.74; 2.70; 2.66; 1.81); 3CaO·Fe2O3·CaSO4·16H2O (d = 3.40; 2.93; 2.55); 
3CaO·Al2O3·3CaSO4·32H2O (d = 4.90, 3.02, 2.79, 1.62, 1.54; 1.50); Ca(OH)2 (d = 3.11; 2.63; 1.93; 1.79; 1.69; 1.49) [19]

a

b
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Table 1. Phase composition and morphology of cement systems with a hardening duration of up to 
10 years

System
Phase composition of system / morphology of crystals

28 days 1 year 5 years 10 years

C–
 W

(W
/C

 =
 0

.4
5)

xCaO·SiO2·zH2O / 
Plate
2CaO·SiO2·H2O / 
Plate
CaO·SiO2·H2O / 
Needle
Ca(OH)2 / Plate-
prismatic

CaO·SiO2·H2O / Needle
xCaO·SiO2·zH2O / Plate 
2CaO·SiO2·H2O / Plate
Ca(OH)2 / Plate-
prismatic

2CaO·SiO2·H2O / Plate
(CaO)x·SiO2·zH2O / Plate 
CaO·Al2O3·8.5H2O / 
Hexagonal plate
Ca(OH)2 / Plate-
prismatic

2CaO·SiO2·0.5H2O / Plate
3CaO·Al2O3·SiO2·4H2O / 
Hexagonal plate 
3CaO·Fe2O3·CaSO2·16H2O / 
Hexagonal plate
Ca(OH)2 / Plate-prismatic

C
 –

 C
N

A
(W

/C
 =

 0
.2

7)

xCaO·SiO2·zH2O / 
Plate 
3CaO·SiO2·2H2O / 
Hexagonal plate
CaO·SiO2·H2O / 
Needle

CaO·SiO2·H2O / Needle
4CaO·Al2O3·19H2O /  
Hexagonal plate
3(2CaO·SiO2)·2H2O / 
Hexagonal plate

CaO·SiO2·H2O / Needle
CaO·Al2O3·2SiO2·4H2O / 
Hexagonal plate
2CaO·3SiO2·H2O / 
Hexagonal plate

6CaO·6SiO2·H2O /  
Fibrous and Needle
3CaO·2SiO2·3H2O /  
Fibrous and Needle
2CaO·SiO2·H2O / Plate

C
 –

 C
N

T
(W

/C
 =

 0
.2

7)

xCaO·SiO2·zH2O / 
Plate
2CaO·SiO2·H2O / 
Plate 
CaO·SiO2·H2O / 
Needle

CaO·SiO2·H2O / Needle
3CaO·Al2O3·SiO2·4H2O / 
Hexagonal plate
3(2CaO·SiO2)·2H2O / 
Hexagonal plate

CaO·SiO2·H2O / Needle
4CaO·Al2O2·19H2O / 
Hexagonal plate
3CaO·2SiO2·3H2O / 
Fibrous and Needle

6CaO·6SiO2·H2O /  
Fibrous and Needle
3CaO·Al2O3·3CaSO4·32H2O / 
Fibrous and Needle
2CaO·SiO2·0.5H2O / Plate

Fig. 2. Kinetics of hydration of cement systems with a duration of their hardening of up to 10 years. Desig-
nated: o – С – W; ▲ – C – CNA; ■ – C – CNT
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tobermorite and the С2SH phase, while in 
modified systems, under the influence of active 
nano-sized particles, the formation of CSH 
calcium silicate hydrate phases with x = 0.8–1.5 
predominantly occurs. 

It should be noted that over 10 years, 
phase transformations and changes in phase 
composition have been observed in al l 
systems.

After 1 year of hardening the phase composition 
of the reference unmodified system practically 
did not change, but in nanomodified systems 
it changed significantly: the tobermorite-like 
phase transformed into highly basic calcium 
silicate hydrate (3(2CaO·SiO2)·2H2O); at the 
same time, a phase of highly basic hydrated 
calcium aluminate (4CaO·Al2O3·19H2O) is formed 
in the system with the addition of CNA , and 
the phase of calcium aluminosilicate hydrate 
(3CaO·Al2O3·SiO2·4H2O) is formed in the system 
with the addition of CNT. 

After 5 years of hardening in the reference 
system, low-basic hydrated calcium aluminate 
(CaO·Al2O3·8.5H2O) starts to form, which was 
typical for 1 year of hardening in nanomodified 
systems. An increased content of low-basic calcium 
aluminosilicate hydrates (CaO·Al2O3·2SiO2·4H2O) 
and calcium silicate hydrates (2CaO·3SiO2·H2O) 
was observed in the modified C – CNA system. 
This may be due to the introduction of nanosized 
SiO2 particles into the system, which are related 
in their crystal chemical structure to the minerals 
of cement stone, and are capable of chemical 
interaction with clinker minerals of cement, 
which leads to a decrease in the basicity of the 
resulting silicate hydrate phases. 

For the C – CNT system, on the contrary, the 
formation of stable highly basic hydrated calcium 
aluminate (4CaO·Al2O3·19H2O) and calcium 
silicate hydrate (3CaO·2SiO2·3H2O) was observed. 

After 10 years of hardening in the reference 
system, highly basic silicate hydrates and 
calciumaluminosilicate hydrates start to form, 
as well as the low-sulphate form of calcium 
hydrosulfoferrite (3CaO·Fe2O3·CaSO4·16H2O). 

It is worth noting that in the reference system 
C – W, the presence of the portlandite phase 
was recorded throughout the entire hardening 
process, in contrast to modified systems in which 
this phase was absent.

Thus, the phase composition of nanomodified 
systems during prolonged hardening was 
characterized by the formation of stable xonotlite 
minerals (6CaO·6SiO2·H2O), while in the C – CNA 
system, afwillite was additionally formed 
(3CaO·2SiO2·3H2O), and in the system C – CNT, 
ettringite (3CaO·Al2O3·3CaSO4·32H2O) was 
formed. The data obtained are consistent with 
the results presented in [3].

The X-ray phase analysis data correlate well 
with the SEM results (Fig. 3). It was established 
that the morphology of particles of unmodified 
and nanomodified hardened cement paste differs 
throughout the entire studied hardening period. 
In the reference system C – W, with a hardening 
duration of 28 days (Fig. 3a), a heterogeneous 
structure of cement stone was formed, consisting 
mainly of an amorphous-crystalline silicate 
hydrate gel and large lamellar crystals of 
portlandite. 

In nanomodified systems, during a similar 
period of hardening (Fig. 3d, g), the formation 
of nanosized crystallites with a small grain size 
occurs, forming a more uniform structure. At the 
same time, in the studied systems, the presence 
of a weakly crystallized gel, characteristic of 
primary low-basic calcium silicate hydrates, as 
well as fiber and needle-like new formations, 
probably formed by secondary high-basic calcium 
silicate hydrates was observed. It should be noted 
that crystallites form a large number of adjacent 
and intergrowth contacts with each other, which 
allows nanomodified systems to achieve high-
performance Rcom already in the early stages of 
hardening.

With a hardening duration of 5 years, the 
reference system (Fig. 3b) was characterized by a 
heterogeneous morphology of the cement stone, 
with predominantly lamellar crystals of different 
sizes; in the modified systems C – CNA and C – 
CNT (Fig. 3e, h), a predominantly fiber-plate and 
fiber-needle morphology of the resulting crystals 
was observed, respectively. After 10 years (Fig. 3f, 
i), the structure of the nanomodified cement 
stone can be characterized as dense, formed by 
crystallites of a predominantly fiber and lamellar 
structure, forming adjacent and intergrowth 
contacts with each other and other hydrate new 
formations.
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3.2. Strength characteristics of cement 
systems

The results of determining the compressive 
strength of the studied cement systems are 
presented in Table 2. It was found that after 
28 days the Rcom in the C – CNA system reached 
85 MPa, and in the C – CNT system it was 78 MPa. 
A similar value (80 MPa) in the reference system 
without admixtures was achieved only after 10 
years of hardening. Subsequently, during the 
entire hardening period for cement systems, 
a gradual increase in strength characteristics 

was observed. Maximum value of the Rcom was 
achieved after 10 years in the C – CNA system 
and composed 157 MPa. 

The values of age-strength relation over time 
(bt), which was calculated as the ratio of the actual 
compressive strength (Rt) of cement stone at a 
given age t to compressive strength (R28) at 28 
days are shown in Table 2. It should be noted that 
higher bt values were obtained for cement systems 
with CNA and CNT admixtures compared to the 
reference system throughout the entire studied 
hardening period.

Fig. 3. Micrographs of the studied cement hardening systems: C – W (a, b, c); C – CNA (d, e, f); C – CNT (g, h, 
i) at different curing times (28 days – a, d, g; 5 years – b, e, h ; 10 years – c, f, i)
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4. Conclusions
The positive effect of nanoscale admixtures 

on the processes of hydration and structure 
formation of cement systems with a hardening 
duration of up to 10 years has been established. 
Research results show that in nanomodified 
cement systems high degrees of hydration are 
achieved both during the early and long-term 
stages of hardening. In this case, the formation 
of stable hydrate new growths of various 
compositions, crystallizing mainly in the form 
of fibers and plates, characterized by a large 
number of adjacent and intergrowth contacts 
between themselves and other hydrate new 
growths occurs. 

It was established that, in comparison with the 
reference system, cement systems with admixtures 
of nanosized particles were characterized by high 
values of compressive strength throughout the 
entire studied hardening time. The highest Rcom 
both for 28th day of hardening (85 MPa) and with 
a hardening duration of 10 years (157 MPa) was 
characteristic for the cement system modified by 
CNA based on SiO2 particles.
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Abstract 
The continuously increasing energy needs of humanity are causing a number of serious environmental problems. One of the 
methods for the solution of such problems is the photocatalytic or photoelectrochemical production of a fairly environmentally 
friendly fuel - hydrogen gas. The studies in this field are mainly associated with the search for semiconductor material that is 
most suitable for photocatalysis. Oxides of some metals, including silver, can be used as such a material. The photocatalytic or 
photoelectrochemical activity of the oxide is determined by the features of its electronic structure and can increase significantly 
when combined with another oxide. Therefore, anodic oxidation of binary alloys is considered as an accessible and, most 
importantly, controlled method for combining oxides of various metals. The aim of this study was to reveal the role of alloying 
of silver with palladium in the photoelectrochemical activity of oxide films anodicly formed in deaerated 0.1 M KOH.
The anodic formation of oxide films was carried out by the potentiodynamic method in an alkaline medium on silver and 
its alloys with palladium, the concentration of which ranged from 5 to 30 at. %. Photoelectrochemical activity was assessed 
by the magnitude of the photocurrent generated in the oxide film directly during its formation and subsequent reduction. 
The photocurrent was measured in a pulsed lighting mode of the electrode surface with a quasimonochromatic LED with 
a wavelength of 470 nm.
A positive photocurrent was recorded on all studied samples, which indicates the predominance of donor structural defects 
in the forming oxide film. With an increase in the concentration of palladium in the alloy, the range of potentials of 
photoelectrochemical activity of formed anodicly oxide films expanded. The maximum photocurrent achieved during the 
anodic potentiodynamic formation of the oxide film was higher, the lower the palladium concentration was. During the 
cathodic potentiodynamic reduction of the formed oxide films, it was possible to record even higher values of photocurrents 
than during their anodic formation. The highest photoelectrochemical activity, characterized by a photocurrent density of 
2.89 µA/cm2 and incidental proton-to-electron conversion efficiency of 7.6%, was observed in the oxide film anodically 
formed on silver by the time the potential reached 0.6 V. Comparable values of the photocurrent and quantum efficiency 
(2.12 µA/cm2 and 5.6%) were recorded in the oxide film on the alloy with a palladium concentration of 10 at. % during its 
potentiodynamic reduction.
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1.	 Introduction
Semiconductors based on metal oxides 

are used in modern technologies of opto- and 
microelectronics (including complementary 
metal-oxide-semiconductor structures), 
electrocatalysis, the manufacture of sensor 
and current-generating devices, as well as 
photocatalytic and photoelectrochemical 
hydrogen production [1–3]. Such technologies 
for production of hydrogen have been particularly 
intensively developed in recent decades, as 
they allow solving problems with continuously 
increasing energy needs by humanity in a fairly 
environmentally friendly way.

In both photocatalytic and photoelectroche
mical processes the first stage is the illumination 
of the semiconductor material and the generation 
of electron-hole pairs [4–7]. At the next stage 
the charge carriers are separated in space, 
migrate to the interfaces and pass into the 
electrolyte. In the case of photocatalysis, 
photoinduced electrons and holes participate 
in reduction and oxidation processes occurring 
at the semiconductor/electrolyte interfaces 
[6]. In the case of photoelectrocatalysis, the 
reduction or oxidation process occurs at the 
semiconductor photoelectrode/electrolyte 
interface, and charge carriers move from one 
electrode to the second via the external circuit 
[7]. Due to the presence of similar steps, there 
is usually a correlation between the rate of the 
photocatalytic reaction and the photocurrent 
density [8, 9]. Thus, photocatalytic activity of 
semiconductor materials can be assessed based 
on the values of the photocurrent generated 
under illumination [9].

The efficiency of the processes of photocatalysis 
and photoelectrolysis is determined by the 
characteristics of the electronic structure of 
the semiconductor material and depends on 
the method of its preparation. The anodic 
oxidation of metals and alloys is one of the 
methods of the production of oxide films with 
controlled properties. The oxidation of alloys 
allow to synthesize oxide structures with complex 
chemical composition [2, 3], which can lead to an 
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increase in their photoelectrochemical activity 
[10].

Silver-based alloys, during anodic oxidation 
of which silver oxides are predominantly formed 
were considered as a model system in this study. 
Oxide Ag(I) is a narrow-bandgap semiconductor, 
used in electronics industry for the production 
of electrical, optical and magneto-optical data 
storage devices [11–13], for the manufacture 
of solar cells and photovoltaic devices [14]. 
In addition, Ag2O nanoparticles are used as 
catalysts [15], and high photocatalytic activity 
of the Ag2O/AgO redox pair in relation to the 
oxygen evolution reaction was demonstrated 
[16] . Catalysts based on silver and its oxides 
are promising materials for photocatalytic and 
photoelectrocatalytic decomposition of water 
[17, 18]. The effect of alloy formation on the 
properties of anodicly formed silver oxides has 
not been studied properly.

In [19–21], this effect was studied using the 
alloys of silver with gold containing 1, 4 and 
15 at. %. The objects of study were obtained 
by smelting. During potentiostatic anodic 
oxidation in a deaerated 0.1 M KOH solution, 
silver (I) oxide was formed on their surface, 
while gold remained thermodynamically stable. 
The photoelectrochemical properties of the 
formed oxide were studied by measuring the 
photocurrent as the deviation of the dark current 
during pulsed lighting mode of the electrode 
surface with a LED with a wavelength of 470 nm 
and an irradiation power of 3.6·1015 photon/cm2s. 
This method allows the characterization of the 
oxide directly during its formation. It has been 
established that the photocurrent density, and 
hence the photoelectrochemical activity in 
Ag2O silver oxides of n-type formed anodicly 
on silver-gold alloys decreased sharply with 
increase in gold concentration. The maximum 
photoelectrochemical activity was recorded in 
Ag(I) oxide potentiostatically formed on silver. 
Silver oxides Ag2O and AgO, anodically formed 
on silver-zinc alloys, were investigated using the 
same methods in [22, 23]. The presence of up to 
30 at. % of zinc in the alloy allows the presence 
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of a small amount of zinc oxide in the oxide film. 
However, an increase in the photocurrent due to 
the combination of these oxides was not observed. 
On the contrary, the photoelectrochemical 
activity of formed anodicly oxide films slightly 
decreased with increased zinc concentration in 
the alloy.

In this study, palladium, with widely known 
catalytic and photocatalytic properties [24, 25], 
is considered as the second component of silver-
based alloys. In alkaline solutions, palladium 
can oxidize and as the result its surface is being 
covered with an oxide film. Palladium oxide 
PdO is a p-type semiconductor [26] with a wide 
range of technological applications, including 
sensor production [26–28], catalysis [29, 30], 
photocatalysis and photoelectrolysis [31–33]. It 
was reported [29, 33] that doping with PdO oxide 
increases the photoelectrochemical activity of 
various oxides of other metals. Thin films Ag1–xPdx 
(0 ≤ x ≤ 1) with a thickness of ~70 nm were 
synthesized using the vapor deposition method 
in [34]. Using cyclic voltammetry in an alkaline 
solution, it was shown that the catalytic activity 
for the oxygen evolution reaction increases up 
to 5 times compared to pure palladium. In [35], 
homogeneous nanoparticles of Ag–Pd alloys 
with a size of about 5 nm were obtained by the 
thermolysis of precursors. According to cyclic 
voltammetry and measurements of the amount of 
removed CO, it was shown that the activity of the 
alloys in relation to the oxygen evolution reaction 
was higher than the activity of pure components. 
Moreover, the experimentally measured activity 
was higher than that calculated based on the 
assumption about linear combination of the 
properties of the individual components. The 
activity of AgPd2 alloy was by 60% higher than 
that of pure palladium, and for Ag4Pd alloy 
activity was 3.2 times higher than calculated by 
the linear combination method. Similar trends 
are observed for other alloys with a high silver 
content: it was higher for Ag9Pd by 2.7 times and 
for Ag2Pd by 2.3 times. The synergistic effect 
was associated with the special arrangement 
of the atoms of the individual components [35] 
– single palladium atoms were surrounded by 
silver atoms.

Taking into account the high catalytic 
activity of silver alloys with palladium described 

in the literature, it can be assumed that the 
photoelectrochemical activity of oxides 
formed anodicly on such alloys will increase in 
comparison with Ag(I) oxide formed on silver. 
The aim of this study was to reveal the role 
of formation of silver and palladium alloys 
in the photoelectrochemical activity of oxide 
films formed anodicly in deaerated 0.1 M KOH. 
In contrast to the potentiostatic conditions 
of anodic oxidation considered in [19–23], 
stepwise polarization mode of electrodes for 
the detection of the potential region of the 
highest photocurrent values, and therefore the 
photoelectrochemical activity of the forming 
anodic films was used in this study.

2. Experimental 
2.1. Materials and methods

Oxide films formed during the electrochemical 
oxidation of silver and silver alloys with palladium 
in a deaerated solution of 0.1 M KOH were used 
as objects of the study.

The alloys were obtained from silver and 
palladium with a purity of 99.99 mass. % by 
heating for two hours in evacuated ampoules 
at a temperature above the liquidus line. Slow 
cooling to room temperature was carried out in a 
closed oven. Calculated palladium concentration 
in samples XPd was 5, 10, 15, 20, and 30 at. %. 
These values will be used further in the text. The 
elemental composition of the resulting alloys 
was determined using energy dispersive X-ray 
analysis carried out using a JSM-6380LV JEOL 
scanning electron microscope with an INCA 
250 microanalysis system*. Phase composition 
of alloys was studied using ARL X’TRA X-ray 
diffractometer*.

One cylindrical sample was made from each 
alloy. All samples are equipped with a current lead 
and reinforced with polymerized epoxy resin in 
such a way that the end surface remained open 
for access to the solution. The average geometric 
surface area was 0.59±0.02 cm2.

A working solution of 0.1 M KOH was 
prepared from a chemically pure reagent and 
bidistilled water, deaerated with chemically 
pure argon.

* The results of the research were obtained using the 
Centre for the Collective Use of Scientific Equipment of 
Voronezh State University. URL: https://ckp.vsu.ru
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2.2. Photoelectrochemical studies
Photoelectrochemical studies were carried 

out in a plexiglass cell with undivided anode 
and cathode spaces. The cell was protected from 
electromagnetic interference by a metal shield. 
The bottom of the cell was equipped with a quartz 
window for illumination of the horizontally 
oriented surface of the working electrode. The 
auxiliary electrode was a platinum wire, the 
reference electrode was silver oxide, prepared by 
the electrochemical oxidation of a silver plate at a 
current of 5 mA for 20 min in aerated 0.1 M KOH. 
The potential of such an electrode was 0.428 V 
relative to a standard hydrogen electrode. The 
potentials in the study are presented relative to 
the standard hydrogen electrode.

Before each measurement, the surface of the 
working electrode, made of silver or a silver-
palladium alloy, was subjected to striping 
on sanding paper with decreasing grain size 
(P800, P1500 and P2500), and then polishing on 
chamois. The polished surface was degreased with 
isopropyl alcohol. This preparation was followed 
by a 5-minute cathodic standardization of the 
surface in a working solution at a potential of 
Ec = –0.3 V. This potential value was below the 
equilibrium potentials of formation/reduction 
of both silver (0.41 V) and palladium (0.07 V) 
oxides. At the same time, it was noticeably higher 
than the equilibrium potential of the hydrogen 
electrode in 0.1 M KOH with pH 12.89 (–0.76 
V), which excluded the possibility of hydrogen 
incorporation into the electrode material.

The potential region for the formation of oxide 
films was determined by cyclic voltammetry. The 
potential was scanned with rate of 5 mV/s from 
Ec in the anodic direction until appearance of 
maximum current, presumably associated with 
the formation of Ag(I) oxide. After this, scanning 
was carried out at the same rate until the value Ec.

The photoelectrochemical activity of formed 
anodicly oxides was assessed based on the 
photocurrent value, determined as the difference 
between the current under illumination and 
the current in the absence of illumination. 

Illumination was carried out in pulsed mode with 
a quasimonochromatic emitting LED (Table 1).

The incidental proton-to-electron conversion 
efficiency (IPCE) was calculated using the 
equation [36]:

IPCE (%) = 100% · 1240 · iph /(l· P), 

Where iph – photocurrent density (mA/cm2), l – 
wavelength (nm), P – lighting power (mW/cm2).

To determine the potential range and level of 
photoelectrochemical activity of silver oxide, a 
stepwise polarization mode of the electrodes was 
carried out (Fig. 1). After cathodic preparation 
of the electrode surface at Ec the potential 
was switched to the initial value Ei = 0.48 V. In 
preliminary experiments we established that below 
this value the photocurrent does not occur. From 
Ei value the potential increased every 5 min by 20 
mV with continuous recording of the polarization 
current and photocurrent in a pulsed lighting 
mode of the electrode surface. After the maximum 
current in the voltammogram associated with the 
formation of silver oxide, the potential decreased 
with the same step until full disappearance of 
the photocurrent. The polarization current and 
photocurrent densities were calculated per the 
geometric surface area of the working electrodes.

Electrochemical and photoelectrochemical 
studies were carried out using a Compact-2015 

Table 1. The regime of pulse irradiation of oxide films on Ag–Pd alloys

LED  
wavelength

Irradiation  
power

Photon  
flux density

Pulse  
duration

Pulse  
frequency

470 nm 0.1 mW/сm2 1.18·1014 photon/(s·сm²) 1000 ms 5 Hz

Fig. 1. Scheme of the potential step change in photo-
electrochemical measurements
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PhotoEdition potentiostat, manufactured in 
the laboratory of renewable energy sources of 
manufactured at the Laboratory of Renewable 
Energy Sources of Saint Petersburg National 
research Academic University of the Russian 
Academy of Sciences. 

3. Results and discussion 
3.1. Determination of the elemental and 
phase composition of alloys of the Ag-Pd 
system

According to the results of energy dispersive 
X-ray analysis of the obtained alloys, the 
palladium concentration was consistent with 
the calculated until it did not exceed 20 at. % 
(Table 2). On an alloy with a calculated palladium 
concentration of 30 at. % much lower XPd values 
have been experimentally determined. Probably 
such significant differences were due to the phase 
inhomogeneity of this sample.

According to X-ray diffractometry data, alloys 
with a palladium concentration of up to 20 at. % 
are characterized by the presence of only the 
alpha phase of the Ag(Pd) solid solution [37]. 
Similar results were obtained in [34, 35]. On the 
alloy with a calculated palladium concentration 
of 30 at. % in addition to the alpha phase Ag(Pd), 

a palladium phase was detected (Fig. 2). It can be 
assumed that an accumulation of the palladium 
phase occurs in the surface zone of the obtained 
alloys. A similar segregation of palladium as 
an electropositive component of the alloy was 
revealed in [38, 39]. Despite the deviation from 
homogeneity, this alloy was considered in the 
study of the photoelectrochemical activity of the 
anodic oxide films formed on it.

3.2. Cyclic voltammetry of alloys  
of the Ag–Pd system

The voltammograms obtained in a deaerated 
0.1 M KOH solution for all the studied alloys had 
similar shape (Fig. 3). On the anodic branch of the 
voltammogram, the current remained practically 
zero until the potential exceeded 0.42-0.52 V. A 
further increase in the potential led to an increase 
in the current.

On alloys with a palladium concentration of 
XPd = 5–15 at. % the maximum current A1 was 
recorded, the potential of which EA1 increased 
with increase in XPd (Table 3). On pure silver, 
the potential of A1 maximum was 0.56 V [21]. 
On alloys with XPd = 20 and 30 at. % a clear A1 
maximum was not recorded, therefore the range 
of potentials for obtaining the anodic branch of 

Table 2. Calculated and experimental composition, parameters of cycle voltammetry of Ag–Pd alloys, 
current efficiency of oxide formation processes and oxides thickness

Pd

Ag

, . %
, . %

X
X

at

at

(calculated) 

5
95

10
90

15
85

20
80

30
70

Pd

Ag

, . %
, . %

X
X

at

at   
(experimental)

5 01 0 01
94 99 1 59

. .
. .

±
±

9 81 0 03
90 19 1 52

. .
. .

±
±

15 67 0 05
84 33 1 23

. .

. .
±
±

20 51 0 08
79 50 1 02

. .

. .
±
±

23 05 0 71
76 95 2 30

. .

. .
±
±

EA1, V 0.60 0.65 0.68 0.72 0.76
qa, mC/сm2 59.5 53.2 58.6 77.0 45.8

qC1, mC /сm2 49.2 34.0 37.4 33.9 14.5
qC2, mC /сm2 – – – 16.4 10.3
qC3, mC /сm2 8.0 13.4 16.4 23.4 13.1
h(Ag2O), % 83 64 64 44 32
h(AgO), % – – – 21 22
h(PdO), % 13 25 28 30 29

L(Ag2O), nm 83 57 63 57 24
L(AgO), nm – – – 14 17
L(PdO), nm 6 10 13 18 10
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voltammograms was expanded. As a result, it 
was possible to observe a small step instead of 
the A1 peak, followed by a current A2 maximum, 
the potential of which was 0.9 V and did not 
depend on the palladium concentration in the 
alloy. The current density at the A1 and A2 
maxima decreased with increasing palladium 
concentration, respectively, with decreasing silver 
concentration in the alloy.

Several maxima were recorded on the cathodic 
branch of the cyclic voltammogram depending on 
the palladium concentration and the direction of 
potential scan. Thus, on alloys with a palladium 
concentration from 5 to 15 at. % two maxima 
of the cathode current were registered, and on 
alloys with a palladium concentration of 20 and 
30 at. % – three maxima were revealed (Fig. 3). 
The potentials of the C1 and C2 maxima are 
almost do not depend on the concentration of 
palladium in the alloy, and the current densities in 
them decrease with increasing XPd. The maximum 
cathode current C3 was recorded only on alloys, 
while it is absent on pure silver. Its potential 
decreased from approximately –0.05 to –0.14 V 
with increasing XPd from 5 up to 30 at. %, and the 
amplitude generally increased.

Thermodynamic analysis and literature data 
can be used for the determination of the nature of 
the peaks. Thermodynamic analysis showed that 
both components of the investigated alloys were 
prone to oxide formation in the studied potential 

range. For the processes of formation of Ag(I) and 
Ag(II) oxides:

2Ag + 2OH– = Ag2O+H2O+2e–,

Ag2O+2OH– = 2AgO + H2O+2e–

the equilibrium potentials in a 0.1 M KOH solu-
tion were Eeq

Ag2O/Ag
 = 0.410 V and Eeq

AgO/Ag2O
 = 0.672 V. 

In addition to the composition of the solution, 
the equilibrium potential depends on the com-
position of the electrode, namely, on the activity 
of silver. The less silver in the alloy, the higher 
the equilibrium potential for the formation of 
Ag(I) oxide. 

Literature data [35, 40] and the experimentally 
observed increase of the potentials of peak 
A1 with increasing palladium concentration 
indicated that this peak corresponds to the 
formation of Ag(I) oxide. The AgO oxide was 
formed on a sublayer of Ag(I) oxide, and therefore 
the equilibrium potential of its formation did not 
depend on the composition of the alloy, which was 
observed experimentally for the A2 peak.

Subsequent cathodic reduction confirmed 
these assumptions. Thus, if on alloys with a 
relatively low concentration of palladium (5–
15 at. %) only one A1 maximum was observed 
on the anode branch, then two current maxima 
were recorded on the cathode branch (C1 and C3). 
For alloys with higher palladium concentrations 
(20 and 30 at. %) three current maxima were 

Fig. 2. X-ray diffraction patterns of the alloy with 
calculated palladium concentration of 30 at.%

Fig. 3. Cycle voltammograms of Ag–Pd alloys in 0.1 M 
KOH at the potential scan rate of 5 mV/s
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recorded on the cathode branch (C1, C2, and 
C3). Since the maximum of the cathodic current 
C3 was not recorded on pure silver, probably it 
was associated with the reduction of oxidized 
forms of palladium formed in the anodic period 
of obtaining voltammograms on the alloys. A 
similar interpretation of this current maximum 
was given in [35].

For processes of formation of Pd(II) oxide or 
hydroxide:

Pd+2OH– = PdO + H2O+2e–,

Pd+2OH– = Pd(OH)2 + 2e–

difference between equilibrium potentials in 
0.1 M KOH solution was small: Eeq

Pd(OH)2/Pd = 0.136 V 
and Eeq

PdO/Pd
 = 0.089 V. Thus, the equilibrium po-

tentials for the formation of palladium oxide or 
hydroxide were lower than the equilibrium po-
tential for the formation of silver oxide. However, 
the maximum current associated with the forma-
tion of palladium oxide or hydroxide was not 
recorded in the voltammograms (Fig. 3). This 
situation is typical for the anodic formation of 
palladium oxide on alloys with a relatively low 
palladium content [41]. Thus, it is impossible to 
determine the formation of palladium oxide from 
the shape of the anodic voltammogram. At the 
same time, the maximum current C3 was clearly 
visible on the cathode branch at potentials lower 
than the potential of the maximum current char-
acterizing the reduction of silver oxides C1 and 
C2 (Fig. 3). The fact that the amplitude of the C3 
peak increased with increasing palladium con-
centration confirmed its nature associated with 
the reduction of palladium oxide or hydroxide. 
For definiteness, we will assume that the oxidized 
form of palladium is the oxide. The area under 
the C1 peak of the reduction of silver (I) oxide 
was much larger than the area under the reduc-
tion peak of palladium oxide (Fig. 3). Consequent-
ly, the main oxidation product of the studied 
alloys was Ag(I) oxide.

Density of cathode charges qC1, qC2, and qC3 was 
calculated as the area under C1, C2 and C3 peaks, 
characterizing the reduction of Ag2O, AgO, and 
PdO oxides (Fig. 3). The charge qC1, characterizing 
the reduction of Ag(I) oxide, decreased from 49.2 
to 14.5 mC/cm2 when XPd increased from 5 to 
30 at. % (Table 2). The charge qC3, characterizing 
the reduction of palladium oxide, increased 

from 8.0 to 23.4 mC/cm2 when XPd increased 
from 5 to 20 at.%, but decreased again during 
the transition to XPd = 30 at. %. On the cathode 
branch of voltammograms of alloys with XPd = 20 
and 30 at. %, C2 maximum, corresponding to the 
reduction of AgO oxide also appeared. Calculation 
of the area under this maximum led to qC2 values 
equal to 6.4 and 10.3 mC/cm2 for alloys with 
a palladium concentration of 20 and 30 at. % 
respectively.

The current efficiency h(Ag2O), h(AgO) and 
h(PdO) was defined as the ratio of cathodic 
charges qC1, qC2 and qC3 to the total anode charge 
qa, accumulated during the anodic period of 
voltammetry of alloys. For each of the oxides, 
the current efficiency values were less than 
100%. When the palladium concentration in the 
alloy increased from 5 to 30 at. % for Ag(I) oxide, 
the current efficiency decreased from 83 to 32% 
(Table 2). For palladium oxide, on the contrary, 
the current efficiency increased from 13 to 
29%. For the AgO oxide, formed on alloys with 
palladium concentrations of 20 and 30 at.%, the 
current efficiency was 21 and 22%, respectively. 
The current efficiency of oxide formation 
h(Ag2O)  + h(AgO) + h(PdO) also was less than 
100%, which indicated a possible contribution 
from the processes of anodic formation of soluble 
silver oxidation products. A similar pattern was 
observed for pure silver [19–21].

Based on the magnitude of the cathode 
charges, the thickness of the oxides formed during 
the anodic period of obtaining voltamograms was 
calculated using Faraday’s law. It should be noted 
that this calculation represents approximate 
estimation. It was performed under the 
assumption of uniform distribution of one of the 
formed oxides over the electrode area. For Ag(I) 
oxide, the estimated thickness L(Ag2O) decreased 
from 83 nm on an alloy with XPd = 5 at. % up to 
24 nm on alloy with XPd = 30 at. %. The estimated 
thickness of palladium oxide L(Ag2O) increased 
from 6 nm on an alloy with XPd = 5 at. % up to 
18 nm on an alloy with XPd = 20 at. %. A decrease 
in thickness was observed on the alloy with 
XPd = 30 at. % , the decrease could be due to the 
impairment of the homogeneity of the structure 
of this alloy. The thickness of AgO oxide L(Ag2O), 
formed on alloys with XPd = 20 and 30 at. %, was 
14 and 17 nm, respectively (Table 2).
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The visualization of the structure of the oxide 
film formed in the potentiodynamic polarization 
regime is quite difficult. It can be assumed that 
as the potential increased, the first was formed 
palladium oxide with an island structure. A further 
increase in potential led to the formation of Ag(I) 
oxide in areas free of palladium oxide. Due to the 
growth and fusion of nuclei, the Ag(I) oxide layer 
can cover the palladium oxide. The formation of 
a mixed oxide phase cannot be ruled out.

3.3. Photoelectrochemical activity of silver 
oxide

In preliminary experiments, with a stepwise 
increase in potential from Ec with a step of 20 mV 
and a duration of each step of 5 min, it was 
revealed that the photocurrent was not recorded 
on the alloys until the potential reached 0.48 V. 
This finding indicates that during this time 
photosensitive oxide film did not form in an amount 
sufficient to exhibit photoelectrochemical activity. 
According to estimated calculations using the 
obtained current output (Table 2) the thickness of 
the Ag(I) oxide formed at the moment the potential 
reached 0.48 V did not exceed 4 nm. It should be 
noted that the equilibrium values for the formation 
of palladium oxide were already significantly 
exceeded. The thickness of the palladium oxide 
formed at this point cannot be estimated. However, 
it was obvious, that even if some palladium oxide 
was formed, its photoelectrochemical activity had 
not yet manifested itself.

At potentials of 0.48 V and higher, an 
anodic photocurrent started to be recorded on 
silver and alloys (Fig. 4), indicating the n-type 
conductivity of the formed oxide film. The lower 
the concentration of silver in the alloy, the higher 
the potential at which photocurrent starts to be 

generated. With increasing potential in the anodic 
direction to values exceeding the potential of A1 
maximum, photocurrent increased, reaching 
maximum values iph

max(A) at potentials Eph
max(A) 

(Table 3). Values of Eph+
max(A) were higher than EA1 

on voltammograms.
After changing the direction of potential 

scan to the cathode, the photocurrent continued 
to increase. This can be explained by the 
continuation of the formation process and 
thickening of the oxide film, since the polarization 
currents remained anodic. The exception was 
silver and an alloy with an atomic fraction of 
palladium of 5 at. %, where after changing the 
direction of potential scan, the photocurrent 
immediately started to decrease. On alloys with 
higher palladium content, the photocurrent 
started to decrease at lower potentials.

Fig. 4. Photocurrent during the anodic and cathodic 
direction of the potential change of silver and Ag–Pd 
alloys in 0.1 KOH

Table 3. Parameters of photoelectrochemical activity

XPd, at.% 0 5 10 15 20 30
Anodic direction of potential scanning

Еph
max(A), V 0.60 0.68 0.68 0.74 0.74 0.76

iph
max(A), μА/сm2 2.89 1.99 1.94 0.90 0.47 0.78

IPCEmax(A), % 7.62 5.25 5.12 2.37 1.24 2.06
Cathodic direction of potential scanning

Еph
max(C), V 0.60 0.68 0.66 0.56 0.48 0.46

iph
max(C), μА/сm2 2.89 1.99 2.12 1.11 1.16 1.10

IPCEmax(C), % 7.62 5.25 5.59 2.93 3.06 2.90
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The photoelectrochemical activity of the oxide 
on silver disappeared at 0.38 V, and on alloys, 
at approximately the same potential values, 
about 0.3 V, most probably corresponding to the 
complete reduction of silver oxide. Indeed, the C1 
maximum, corresponding to the reduction of Ag(I) 
oxide, was observed in cyclic voltammograms at 
potentials of about 0.3 V. The C1 maximum on 
silver and the alloy with XPd = 5 at. % was slightly 
higher than on other alloys. Since the reduction 
potentials of palladium oxide have not yet been 
achieved, its existence on the surface of alloys 
cannot be ruled out. However, photocurrent was 
no longer generated, e.g. palladium oxide was 
not a photoelectrochemically active material 
under experimental conditions. Nevertheless, the 
presence of palladium in the alloy made a certain 
contribution to the photoelectrochemical activity 
of anodicly formed oxide films.

Thus, with increasing palladium, concentra
tion potential Eph

max(A), at which the maximum 
photocurrent was recorded in the anodic direction, 
also increased, and the maximum photocurrent 
density iph

max(A) decreased (Table 3). The potential 
Eph

max(C), at which the maximum photocurrent 
was recorded iph

max(C), decreased with increasing 
palladium concentration after changing the 
direction of potential scan from anodic to 
cathodic. The alloy with an atomic fraction of 
palladium of 10 at. % was characterized by the 
highest photoelectrochemical activity. On this 
alloy, as the potential swept to the cathode, the 
highest photocurrent density iph

max(C) was recorded 
at Eph

max(C) = 0.66 V. This value was close to the 
anodic peak potential EA1 on the voltammogram 
(Table 2). In the oxide film on silver, it was 
possible to register higher photocurrent values of 
2.89 µA/cm2, with incidental proton-to-electron 
conversion efficiency of 7.62%.

The maximum incidental proton-to-electron 
conversion efficiency, calculated based on the 
maximum values of photocurrent density, did 
not exceed 6% for all alloys. Changes of IPCEmax 
depending on the palladium concentration in the 
alloy, correlated with changes in the maximum 
photocurrent. When the potential swept to the 
anode, photoelectrocatalytic activity decreased 
with increasing palladium concentration in the 
alloy. When the potential swept to the cathode, 
the maximum photoelectrocatalytic activity was 

recorded in an oxide film formed anodically on 
an alloy with an atomic fraction of palladium of 
10 at. %.

4. Conclusions
During the anodic oxidation of silver and alloys 

of the Ag–Pd system in an alkaline deaerated 
solution of 0.1 M KOH in the potential range up 
to 0.76 V (SHE), silver oxide (I) was predominantly 
formed. The current efficiency of its formation 
decreased from 83 to 32% with an increase in the 
calculated palladium concentration from 5 to 30 at. 
%. The formation of palladium oxide with a current 
efficiency of 6–18%, depending on the composition 
of the alloy, is also possible. The potential range of 
photoelectrochemical activity of formed anodicly 
oxide films averaged from 0.35 to 0.76 V (st.h.e.). In 
the indicated potential range on silver and all alloys, 
under pulsed illumination, a positive photocurrent 
was generated, which indicated the predominance 
of donor structural defects in the forming oxide 
film. An increase in palladium concentration 
led to an expansion of the potential regions of 
photoelectrochemical activity of oxide films 
formed anodically on alloys of the Ag–Pd system. 
During the anodic potentiodynamic formation of 
an oxide film on alloys, the potential at which the 
maximum photocurrent was recorded increased 
with increasing palladium concentration, while 
the maximum photocurrent and the incidental 
proton-to-electron conversion efficiency generally 
decreased. During the cathodic potentiodynamic 
reduction of the formed oxide films, it was 
possible to record even higher photocurrents 
than during their anodic formation. The highest 
photoelectrochemical activity, characterized by 
the photocurrent density of 2.89 µA/cm2 and 
the incidental proton-to-electron conversion 
efficiency of 7.62%, was observed in an oxide film 
formed anodically on silver. Comparable values 
(2.12 µA/cm2 and 5.59%) were registered in an oxide 
film of an alloy with an atomic fraction of palladium 
of 10 at. %, during its potentiodynamic reduction.
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Abstract 
It is known that phases with disordered stoichiometric vacancies are promising candidates for new materials with outstanding 
thermoelectric, radiation-resistant, catalytic, and other properties, which can be explained by a large concentration of the 
so-called stoichiometric vacancies, caused by the fact that their stoichiometry does not correspond to the structural type. 
It is interesting to search for such compounds in AIII – BVI semiconductor systems, whose sesquichalcogenides (Me2Ch3, 
Me = Ga, In; Ch = S, Se, Te) are known to have both sphalerite and wurtzite structures and the share of stoichiometric 
vacancies in the cationic sublattice of about 1/3. The purpose of our study was to determine or confirm the high-temperature 
structures of gallium sesquisulfides and determine the stability regions corresponding to the phases with these structures 
on refined T-x diagrams in the high temperature region (T = 878 oC).
Various methods of structure and thermal analysis allowed us to prove that at temperatures above 878 °С, close to the 
stoichiometry of Ga2S3, gallium sesquisulfide has four modifications similar in terms of structure, which are connected with 
each other and other phases of the Ga – S system by enantiotropic transitions. The study confirmed that g-Ga2+dS3 with a 
sphalerite-like cubic structure is formed over a narrow temperature range (878 – 922 °С). The composition of the phase 
was specified (59.3 mol %). The study demonstrated that at temperatures above 912 °С and a slight excess of gallium (up 
to ~1 mol %) as compared to the stoichiometry of Ga2S3 two modifications are formed: a defected wurtzite-like structure 
(b-Ga2S3, P63mc) and its derivative phase, who structure has a lower symmetry (a-Ga2S3, P61) and reaches the stage of 
congruent melting (1109 ± 2 °С). The study also accounts for the existence of a distectoid transformation a-Ga2S3 ↔ b-Ga2S3 
(~1040 °C). The fourth modification with a monoclinic structure (a¢-Ga2S3, Сс) is stable over a temperature range from room 
temperature to ~1006 °С. Its composition satisfies the formula of Ga2S3. The article presents a corresponding T-x diagram 
of the Ga – S system with the areas of existence of the said phases. 
Keywords: Ga – S system, Phase diagram, Structure, Stoichiometric vacancies, Vacancy ordering, Synchrotron radiation 
for the structure analysis
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1. Introduction
It is known that when obtaining semiconductor 

materials, in order to control their properties a 
lot of attention is paid to the regulation of 
the concentration of point defects, including 
vacancies. However, structures of some of the 
promising semiconductors demonstrate disorder 
in one or several sublattices due to the fact that 
the stoichiometry of the materials does not 
correspond to the structural type. As a result, 
the occupancy of certain sites in one or several 
sublattices is significantly lower than 100%. 
In a number of compounds, such unoccupied 
vacancies, called stoichiometric vacancies, can 
have great concentrations, up to tens of mol % 
[1]. Since stoichiometric vacancies are essential 
structural elements, they cannot be strictly 
classified as point defects. However, several terms 
can be found in the literature on the problem, 
including defect structures and defect sphalerite 
(wurtzite, spinel) structures.

Structures with stoichiometric vacancies 
result in unique properties, which are not 
observed in compounds with classical vacancies*. 
These properties include good thermoelectric 
properties, high radiation resistance, a wide 
variety of lattice parameters in films, etc. [1–6]. 

In our study, we focused on the samples of 
such substances in the Ga – S system, which is 
one of the least studied among the A(III) – B(VI) 
systems. It is known that gallium sulfides with 
stoichiometry close to Ga2S3 crystallize in 
sphalerite- and wurtzite-like structures with 
stoichiometric vacancies in the cationic sublattice 
(~1/3 of the number of nodes) [7]. Detailed in the 
literature are a large variety of phases formed as a 
result of the ordered and disordered arrangement 
of these vacancies. However, little is known 
about the conditions for obtaining gallium 
sesquisulfides with a particular structure. Recent 
studies [8–10] demonstrated that besides the a¢-
Ga2S3 phase (one of the derivatives of the defect 
wurtzite with ordered vacancies), which is stable 
over a wide temperature range, there is another 
compound – g-Ga2+dS3, which has a sphalerite-like 
cubic structure with disordered vacancies. This 

* Classical vacancies can be explained by deviations of 
the composition of the solid phase from the ideal 
stoichiometry and disordering of the crystal structure at 
higher temperatures.

modification is stable over a narrow temperature 
range as compared to other phases (from 878 to 
922 °С) and is shifted towards a significant excess 
of gallium (0.5 mol %). At the same time, [9, 10] 
as earlier [11, 12] reported the presence of other 
gallium sesquisulfides on the phase diagram, 
whose regions of existence correspond to even 
higher temperatures than those of g-Ga2+dS3. 

The purpose of our study was to determine or 
confirm the structures of gallium sesquisulfides 
and determine the stability regions corresponding 
to the phases with these structures on refined 
Tx diagrams in the high temperature region 
(T ≥ 878 °C).

2. Experimental
The study was divided into several stages. 

During the preliminary stage, we obtained 
gallium sulfide alloys with various concentrations 
of components using the method of direct 
two-temperature synthesis described in [8]. 
The compositions of the alloys (1–2  g) used 
in structural studies corresponded to the 
concentration range of 58.0–60.2 mol % with the 
concentration of sulfur in the samples changing 
at an interval of 0.1–0.2 mol %. Ampoules with 
the obtained ingots were annealed for 24 hours 
at temperatures from 900 to 1080 °С, after which 
they were quenched in iced water. The samples 
were then taken out of the ampoules and ground 
to powder. 

During the first stage of the experiment, we 
conducted powder diffraction of the obtained 
alloys. Some of the samples were studied in 
situ under equilibrium conditions at high 
temperatures using synchrotron radiation. 
However, most of the powder diffraction patterns 
were obtained for quenched samples at room 
temperature. 

During the second stage, we performed a 
differential thermal analysis of each of the 
samples and an analysis of the alloys with a wider 
concentration range: from 50.0 to 60.7 mol %. 
In our experiments, we used the methodology 
presented in [8, 13]. During the final stage, we 
compared the results obtained by means of 
different methods.

The synchrotron radiation experiments were 
conducted at the National Research Centre 
“Kurchatov Institute” on the Structural Materials 
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Science station of Kurchatov Synchrotron 
Radiation Source, channel K1.3b. The powder 
of the studied compound was put into a quartz-
glass capillary with a diameter of 0.3–0.7  mm 
and a length of 25–30 mm. The vacuumed and 
sealed capillary was then put into a resistance 
heating furnace with a narrow X-Ray entrance 
slit. A chromel-alumel thermocouple was placed 
in 1–3 mm from the capillary. A Dectris Pilatus 
300K-W detector was placed about 20 cm behind 
the sample (the distance was determined based 
on the diffraction data for the studied sample 
obtained at room temperature). The furnace 
heated to high temperatures (860  °С) in about 
5 hours. The criterion used to estimate the 
time required to reach the equilibrium was the 
complete identity of the diffraction patterns 
obtained while increasing and decreasing the 
temperature step by step. The time required to 
obtain each diffraction pattern was ~ 0.5 hour. 

The method was chosen due to the fact that 
a noticeable pressure of chemically aggressive 
vapors (Ga2S, S2) over gallium sulfides prevented 
us from using the equipment traditionally 
used in HT-XRD experiments. The walls of the 
capillary with a thickness of ~10 µm are almost 
transparent for synchrotron radiation with a 
photon energy of 18055 eV (at a wavelength 
of 0.6867 Å). They absorb less than 2% of 
the energy. Together with the high energies 
of synchrotron radiation this allowed us to 
register the diffraction pattern of the powder 
in the capillary. The upper temperature limit 
was 1015  °С, which was only due to the 
characteristics of the heating element.

The X-ray crystallography of the annealed 
and quenched samples was performed at 
room temperature using an Empyrean B.V. 
diffractometer (CuKa1-radiation in the 2q range 
from 10° to 95°, step 0.02°, the exposure time at 
each point at least 0.2 s).

To analyze the data, we modelled calculated 
diffraction patterns of the powder based on the 
literature data using the PowderCell 2.4 software 
package [14]. The experimental diffraction 
patterns obtained on the Kurchatov Synchrotron 
Radiation Source were integrated in the Fit2D 
software [15], which was also used to calibrate 
the distance between the sample and the detector. 
The results were presented in terms of the 

CuKa1‑radiation (1.54060 Å). The Unitcell software 
was used for the refinement of cell parameters 
[16]. The reflections observed on the diffraction 
patterns were identified by means of comparison 
with the literature data [10].

The differential thermal analysis (DTA) was 
conducted on a unit consisting of ТРМ-101 and 
ТРМ-200 sensor units and temperature sensors 
in the form of chromel-alumel and nichrosil-
nisil thermocouples. The averaged signal being 
transmitted to the computer every second. The 
quantitative data was obtained using heating 
mode only with heating rates from 0.9 to 
4.0 K/min. Relatively low heating rates were used 
to differentiate between phase transformations 
occurring at similar temperatures and to prevent 
the emergence of metastable states. Inaccuracies 
in the temperatures of phase transformations 
on the horizontal lines of the T-x diagram were 
determined based on the statistical processing 
of all temperatures obtained for a particular 
horizontal for different compounds. The smallest 
possible inaccuracy was assumed to be ±2  °С, 
which is a standard inaccuracy for chromel-
alumel and nichrosil-nisil thermocouples. If the 
value obtained after statistical processing was 
lower, the final accuracy was still ±2 °С.

The analysis of the DTA data allowed us to 
determine the inaccuracy in the composition 
of the samples. Alloys with compositions 
differing by 0.1 mol % demonstrated reproducibly 
different effects. For instance, the horizontal 
line at 910  °С  – eutectic melting of GaS + 
g-Ga2+dS3 →  L – was observed in samples with 
a concentration of sulfur of up to 59.2 mol %. 
However, it was not observed for the alloy with 
xS = 59.3 mol %. Therefore, we assumed that the 
concentration inaccuracy in the samples was 
close to ± 0.1 mol %.

The compositions of phases participating 
in non-variant equilibria were refined when 
comparing the peak areas on the DTA thermograms. 
It is obvious, that these areas are proportional to 
the molar heat of phase transformations. Then, 
when studying the disproportionation of the 
condensed phase Ф2 into two other condensed 
phases (which occurs, for instance, during 
incongruent melting): 

Φ Φ Φ2 1 3� + 		  (1)
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or the comproportionation of Ф1 and Ф3 into Ф2 
(a reaction is reverse to (1): for instance, eutectic 
melting) the absorption of heat by the sample is 
maximum, if the bulk composition of the studied 
compound coincides with the composition of the 
Ф2 phase. This composition corresponds to the 
maximum peak area on the DTA thermogram*.

Since it is extremely difficult to conduct 
thermographic experiments with identical 
amounts of substances, it is practical to analyze 
normalized areas (S*) rather than absolute areas 
(S), where in formula (2) n is the amount of 
substance in a Stepanov ampoule:

S
S
n

* = .		  (2) 

We should note that dependences S* = f(xS) are 
constructed according to the Tamman’s method 
and consequently look similar to the Tamman’s 
triangle [17].

3. Results
Monoclinic a¢-Ga2S3 and cubic sphalerite-like 

g-Ga2+dS3 modifications. The results of the powder 
diffraction analysis of the alloys of various 
compositions annealed at different temperatures 
(and quenched at these temperatures) are given 
in Figs. 1 and 2 and table 1. Fig. 1 demonstrates 
typical diffraction patterns, which vary 
depending on the annealing temperature and 
the composition of the alloy. The diffraction 
patterns close to curve  1 with a large number 
of diffraction maxima were observed for all the 
annealed samples in the studied concentration 
range (58.0–60.2  mol %), if the annealing 
temperatures were below 870  °С. The same 
diffraction patterns were observed for all the 
alloys which, instead of quenching, were slowly 
cooled to room temperature in the switched-off 
furnace. A full-profile analysis of the diffraction 
patterns demonstrated that the main phase in 
such samples was the monoclinic modification of 
a¢‑Ga2S3. When the concentration of sulfur was 
from 59.8 to 60.2 mol %, this modification was the 
only one. At lower concentrations of chalcogen 
(58.0–59.6 mol %) an impurity phase appeared – 

* This is true, if we compare the results of DTA conduct-
ed using identical number of compounds with the same 
thermal conductivity and heat loss values. At the same time, 
changes in the quantity of the vapour phase equilibrium 
with Ф1, Ф2, and Ф3 should be negligibly small. 

gallium monosulfide (a hexagonal modification 
of GaS-2H, P63mmc). 

At higher annealing temperatures (905 
and 910  °С) alloys with an excess of gallium 
in relation to the stoichiometry of Ga2S3 (the 
concentration of sulfur from 58.0 to 59.8 mol %) 
demonstrated rare wide maxima of a specific 
form, (curve 2, Fig.  1). Taking into account 
the data of transmission electron microscopy 
[10], these maxima indicated the presence of 
a sphalerite-like cubic structure g-Ga2+dS3 with 
disordered stoichiometric vacancies. However, 
this did not happen in the alloys with the 
maximum concentration of sulfur (from 59.8 
to 60.2 mol %), and monoclinic modification of 
a¢‑Ga2S3 remained at least up to 1000 °С. 

The results of the high-temperature X-ray 
phase analysis of the alloy with the concentration 
of sulfur of 58.0 mol  % conducted using 
synchrotron radiation (curve  2, Fig.  1) were 
thoroughly analyzed. They demonstrated that 
the cubic modification of g-Ga2+dS3 can be stable 
as compared to other phases under equilibrium 
(it does not occur as a result of quenching and 
decomposition of other structures). For this 
composition, at temperatures 883, 893, and 903 °С 
g-Ga2+dS3 coexisted with gallium monosulfide 
GaS. When the sample was kept at 918 °С, the 
diffraction maxima of GaS disappeared and the 
diffraction pattern demonstrated a wide halo 
together with rare peaks of the g-phase. This 
indicates the formation of a sulfide melt as the 
second (impurity) phase. It should be noted that 
[10] describes the results of a similar study of this 
alloy. However, it only focused on the equilibrium 
at a single temperature (918 °С). 

Hexagonal high-temperature phases: wurtzite-
like b-Ga2S3 (P63mc) and its derivative a-Ga2S3 (P61). 
[10] proved that at temperatures above 922 °С the 
sphalerite-like g-Ga2+dS3 undergoes peritectic 
decomposition into a melt and another high-
temperature phase ~Ga2S3. However, the analysis 
of the structure of the substance obtained after 
quenching at T ≥ 945 °C always demonstrated a 
mixture of hexagonal phases (a-Ga2S3, b-Ga2S3, 
and – for some samples – GaS). 

In our study, we maintained the annealing 
temperature (from 940 to 1080 °С) of vacuumed 
quartz ampoules with ground alloys of various 
compositions close to Ga2S3 for a long time 
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(≥72  hours). This, followed by quenching, allowed 
us to identify two more separate high-temperature 
modifications of gallium sesquisulfide (Fig.  2). 
Thus, alloys with concentrations of sulfur of 
59.0 and 59.3 mol % annealed and quenched at 
930 °С demonstrated a single structure – b-Ga2S3 
with a wurtzite-like crystal lattice (P63mc) with 
disordered stoichiometric vacancies. The same 
modification was observed during the in situ 
synchrotron experiment for the sample with 
xS  =  59.75 mol % at temperatures of 965, 970, 
975, and 1015  °С. At the latter temperature 
b-Ga2S3 was the only form (curve 3 Fig. 1), while 
at lower temperatures it coexisted with the third 
high-temperature modification a-Ga2S3 (not to 
be confused with the monoclinic modification 
a¢-Ga2S3 which is stable including at room 
temperature). Unfortunately, the design of the 
experimental unit did not allow us to monitor 
the transformations of the alloy at temperatures 
higher than 1015 °С.

Quenching experiments conducted at 
temperatures above 950 °С allowed us to obtain 
a pure X-ray diffraction pattern of the third high-
temperature modification – a-Ga2S3. This phase 
has a hexagonal structure and is a modification 
of b-Ga2S3. Its formation is accompanied by the 
ordering of stoichiometric vacancies, which 
results in a decrease in symmetry up to SG P61. 
The latter can be observed on the diffraction 
pattern in the form of additional maxima as 
compared to the powder pattern of b-Ga2S3; see 
curve 4 and curve 3, Fig. 1. Fig. 2 demonstrates 
that for the alloys of the studied composition 
range with the highest concentrations of gallium, 
the third high-temperature phase, a-Ga2S3, is 
located above b-Ga2S3 on the T-x diagram. For 
instance, the a modification was identified for 
the compositions of 59.3 and 59.5  mol % with 
annealing temperatures from 985 and 950  °С 
respectively. At higher annealing temperatures, 
above 1050 °С, this modification was observed 

Fig. 1. PXRD-patterns for the Ga – S samples of different compositions, synthesized under various conditions 
and identified as follows: 1 – a¢-Ga2S3 (m) with the GaS admixture, 2 – g-Ga2+dS3  (c); 3 – b-Ga2S3  (hw); 4 – 
a-Ga2S3 (h¢); the designations of reflexes for a given phase are indicated in parentheses. Curves 1, 2, 4 correspond 
to samples obtained during annealing-quenching experiments; Curve 3 corresponds to in-situ research data 
obtained with the use of the synchrotron X-ray radiation; the results converted to “copper” radiation (CuKa1)
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in quenched samples over all the studied 
concentration range, up to the sample with the 
concentration of sulfur of 60.2 mol %. In all the 
experiments, phase a-Ga2S3 was identified as 
the only one (curve 4, Fig.  1). The monoclinic 
modification a¢- Ga2S3, which is the most stable 
at room temperature, was not registered even as 
an impurity phase and even in the samples with 
the highest concentration of sulfur (60.2 mol %).

The differential thermal analysis (DTA) 
allowed us to obtain an approximate T-x diagram 

of the Ga – S system. However, before we present 
the diagram, we should point out several 
characteristic features registered on differential 
heating curves for the alloys of Ga – S of various 
compositions.

56.0–59.0 mol % region. For the samples 
corresponding to this concentration interval, 
thermograms were registered, which, besides 
the minimum associated with the liquidus line, 
demonstrated deep endoeffecs at temperatures 
of 878, 910, and 922 °С (Fig. 4a).

Fig. 2. Compositions of samples of the Ga – S system identified during X-ray powder analysis versus the T-x-co-
ordinates of the phase diagram.  Notation. Annealed and quenched alloys are designated as dark, gray-filled 
figures – circles, triangles, squares, crosses; the samples, which studied in situ at high temperatures in a “syn-
chrotron” experiment are designated as light figures without shading.  Digital designations: 1 – a¢-Ga2S3 
(+ traces of GaS for samples with xS < 60.0 mol %), 2 – g-Ga2+dS3 (+ traces of GaS for temperatures less than 
910 °C), 3 – b-Ga2S3, 4 – a-Ga2S3. The dotted lines indicate the horizontals obtained from the DTA results; the 
compositions of the probable phases are marked as vertical dotted lines
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The results of the detailed* differential 
thermal analysis (DTA) confirm the results of the 
structure analysis, which indicated the stability 
of the g-Ga2+dS3 phase over a small range of 
temperatures and compositions. Furthermore, 
the results of the DTA allowed us to specify this 
range. Taking into account the results of the 
structure analysis, the first effect demonstrates 
that the lower limit of the temperature range 
is the eutectoid decomposition into GaS and 
monoclinic a¢-Ga2S3 (878±2  °С; equation  (I), 
Table 1). The latter effect indicates the upper 
limit of the g  phase. It is associated with 
incongruent melting, which, besides the melt, 
results in the formation of another high-
temperature modification Ga2S3 (922±2  °С; 
equation (II), Table 1). Finally, the intermediate 
effect (910 °С) is associated with eutectic melting 
(equation (III), Table 1).

* The study included 75 samples. Each sample was 
analysed at three heating rates: 0.9, 1.9, and 3.8 K/min.

The analysis of the dependences of normalized 
areas of endoeffects on thermograms allowed us 
to specify the composition of the g-Ga2+dS3 phase 
at the lower and the upper limits of existence of 
the phase on the T-x diagram. According to Fig. 3, 
the lower limit corresponds to the concentration 
of sulfur of 59.3±0.1 mol %. A similar value was 
obtained for the upper limit of existence of this 
modification, which is 0.2 % less than stated in 
[10]. 

59.0–59.5 mol % region. In this concentration 
range, all the above mentioned peaks, except for 
the last one (910 °С), were also quite prominent, 
which indicated that the compositions were close 
to the region of existence of g-Ga2S3.

59.5-59.8 mol % region. In this region, there 
was a decrease in the temperature of the effect 
(which was previously registered at 922  °С) 
to 916–917 °С. This indicated a change in the 
nature of the effect. Taking into account the 
X-ray data, the corresponding transformation 

Table 1. Thermal stability of the condensed phases for the Ga – S system and the structures of these 
phases

Фаза
Lower temperature limit of the 

phase stability and the 
correspondent phase equilibrium

Upper temperature limit 
of the phase stability and 
the correspondent phase 

equilibrium

Structure, cell 
parameters and the 

presence of ordered (+) 
or disordered 
(–) vacancies

Состав 
твердой 

фазы,  
мол. % S

g-Ga2+dS3

878 ± 2 °C, 
GaS + a¢-Ga2S3 = g-Ga2+dS3  (I),

eutectoid

922 ± 4 °C, 
g-Ga2+dS3 = b-Ga2S3 + L, (II)

peritectic

cubic, sphalerite-like, 
S.G. F m43 ,  

a = 5.17 – 5.21 Å, (–)
59.3

L  
расплав

910 ± 3 °C
GaS + g-Ga2S3 = L,    (III)

eutectic
– melt of gallium sulfides –

b-Ga2S3

912 ± 3 °C, 
g-Ga2+dS3 + a¢-Ga2S3 = b-Ga2S3,  (IV)

eutectoid

~1040 °C, 
b-Ga2S3 = a-Ga2S3,  (V)

distectoid

Hexagonal, wurzite-
like, S.G. P63mc, 

a = 3.682, b = 6.031Å, 
(–)

59.8

a-Ga2S3

~950 °C (from the Ga-side), 
L + b-Ga2S3 = a-Ga2S3,      (VI) 

cathatectic
~982 °C (from the S-side), 

b-Ga2S3 + a¢-Ga2S3 = a-Ga2S3, (VII)
eutectoid

1109 ± 2 °С,
a-Ga2S3 = L,   (VIII)
Congruent melting

hexagonal, S.G. P61, 
a = 6.3883, b = 18.081Å, 

(+)
59.0–60.2

a¢-Ga2S3, Stable at RT

1002 ± 2 °C,
a¢-Ga2S3 = L + a-Ga2S3, 

(IX)
peritectic melting

моноклинная, ПГ Сс, 
a = 11.14, b = 6.41, 

c = 7.04 Å, b = 121.2°, 
(+)

60.0

GaS-(2H) Stable at RT
967 ± 2 °С [10],  
GaS = L,    (XI)  

congruent melting

Layered hexagonal,  
S.G. P63mmc,  

a = 3.59, b = 15.43 Å [10]
50.0
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is associated with the formation of a new phase 
b-Ga2S3 from g-Ga2+dS3 and a¢-Ga2S3 according to 
the reaction reverse to eutectoid transformation – 
see equation (IV), Table 1.

The 59.8 mol % composition demonstrated a 
slight effect at 1040 °С (Fig. 4b), which can indicate 
the decomposition of the phase and which 
we classified as a distectoid transformation – 
equation (V), Table 1. Furthermore, at a 
temperature of 955–960  °С an additional 
endoeffect appeared (Fig.  4b), whose area 
increased at higher concentrations of sulfur in 
the studied samples. Taking into account the 
results of powder diffraction, we associated this 
effect with the formation of the a-Ga2S3 phase 
from the melt and b-Ga2S3 according to the 
catatectic reaction (see equation (VI), Table 1).

59.9 mol % composition. This composition 
is interesting because all the above mentioned 
effects (878, 917, and 950  °С) disappear from 
the thermogram, while a new one appears and 
is reproduced at a temperature of ~982 °С. We 

interpreted this effect as satisfying equation 
(VII), Table 1.

60.0–60.7 mol %s region. All the thermal 
experiments  conducted in  this  region 
demonstrated the presence of a strong effect at 
1002  ±2°С, which is most probably associated 
with the peritectic decomposition of the a¢‑Ga2S3 
phase (equation (IX), Table 1). 

For the alloy with the concentration of sulfur 
of 60.0 mol %, the maximum liquidus temperature 
is reached and the form of the effect becomes 
typical for the phase transformation of the I kind. 
This indicates congruent melting of the a-Ga2S3 
phase (1109±2 °C).

The results of the DTA (Table 1) together with 
the results of powder diffraction (Fig. 2) allowed 
us to obtain a fragment of the T-x diagram of 
the Ga – S system refined for the concentration 
range from 50.0 to 60.7 mol %. The diagram is 
presented in Fig. 5.

Metastable states in the Ga  –  S system. 
As we have previously mentioned, three out 

Fig. 3. The dependence of the reduced peak area on the alloy compositions for the DTA heating patterns, fo-
cused on the endo-effect observed at a temperature of ~878 °C
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Fig. 4. DTA heating patterns of the Ga – S alloys with a sulfur content of 58.8 (a) and 59.8 (b) mol % S at rates 
of 2 and 4 K/min, respectively

а

б
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of four phases of the Ga2S3 family (a, b, and 
g-Ga2+dS3) are metastable at room temperature 
and can be obtained only through quenching at 
high temperatures at which they are stable as 
compared to other phases. In order to determine 
the conditions under which these phases 
transform into their stable modifications at 
noticeable rates, samples of phases a-, b, and g 
(with the concentration of sulfur of 59.8 mol % for 
the first two phases and 59.3 mol % for the third 
phase) were studied in DTA experiments, where 
they were heated starting with room temperature 
at a heating rate of ~ 2 K/min. Thermograms of all 
the samples demonstrated noticeable exoeffects: 
b-Ga2S3 sulfide (460±10  °С) was the most 
susceptible to decomposition; modifications 
g-Ga2+dS3 and a-Ga2+dS3 also demonstrated 
exoeffects close to 700 and 650 °С respectively. 
In all the cases, the result of the transformation 
was a monoclinic modification a¢-Ga2S3 (with an 
impurity of GaS). In order to determine the heat 
of the phase transition 

b a-Ga S -Ga S2 3 2 3Æ ¢ , 		  (3)

a sample of the b modification was analyzed using 
a Hitachi DSC 7020 differential scanning calorim-

eter over a temperature range from 25 to 600 °С 
in a highly pure (99.999 %) nitrogen atmosphere. 
The heat of the phase transformation calculated 
based on the peak area was 15.9 J/g, which 
corresponds to 3.75 kJ/mol in relation to the 
idealized stoichiometry of Ga2S3. Unfortunately, 
it was impossible to estimate the thermal effects 
of the relaxation of two other high-temperature 
phases in the a¢ phase due to the temperature 
limitations (~600 °С) of the equipment.

During the DTA of the studied phase trans
formations observed during slow (2–4  K/min) 
cooling of the samples at temperatures outside 
the stability regions of high-temperature phases, 
the cooling curves demonstrated the same 
main effects as the heating curves. However, 
these effects correspond to significantly lower 
temperatures. Thus, the most high-temperature 
modification a-Ga2S3, which was in contact with 
melt L, (compositions from 58.0 to 59.5 mol %) 
is supercooled to a temperature of ~890  °C, 
below which it transforms into g-Ga2+dS3. In 
turn, g-Ga2+dS3 when slowly cooled decomposes 
into GaS and a¢-Ga2S3 only at 830–840  °С, i.e. 
It endures long-term supercooling up to almost 
50 °С as compared to the lowest temperature of its 

Fig. 5. Fragment of the T-x-diagram for the Ga – S system according to the data of this work
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stability region. Other horizontal lines also shift 
noticeably towards lower temperatures. Thus, 
the eutectic horizontal satisfying the reaction 
reverse to (III) (Table 1) shifts by ~ 15 °С from its 
position on the T-x diagram, and the temperature 
of peritectic crystallization of a¢-Ga2S3 (reaction 
opposite to (IX), Table 1) shifts by ~25  °С. 
Other peculiarities are that in cooling modes a) 
there were no transformations indicating the 
formation of the b-Ga2S3 phase and b) congruent 
crystallization of gallium sesquisulfide (a-Ga2S3) 
proceeded almost without supercooling.

4. Discussion
A shift of the regions of existence of defect 

phases towards the excess of the cation former 
(Ga, In). Let’s consider the fact that the regions 
of existence of all sesquisulfides from the Ga2S3 
family are shifted towards an excess of the 
cation former (Ga). The only exception is the 
a¢‑Ga2S3 phase whose composition corresponds 
to the ideal stoichiometry (60.0 mol %) within an 
inaccuracy of 0.1 mol %.

Here we can use the concept of valence 
electron concentration [18, 19], according to which 
structures with bonding networks close to the 
structure of diamond can be formed at a valence 
electron concentration (VEC) from 4.00 to 4.80 
(in certain cases up to 4.92). VEC is defined as 
the number of valence electrons per formula unit. 
Despite being rather formal, this approach can 
be effective when predicting the stoichiometry 
of some solid-phase compounds. In particular, 
it explains a noticeable shift of the composition 
of the cubic g phase Ga2+dS3 towards an excess of 
gallium as compared to the ideal stoichiometry 
of Ga2S3. Thus, with the concentration of sulfur 
in the phase being 59.3 mol %, we obtain d = 0.06 
and VEC: 

VEC = ◊ + ◊
+

=2 06 3 3 6
2 06 3

4 77
.
( . )

. .	 (5.1)

The actual VEC can be even smaller (by 
several hundredths) than the calculated value 
4.77, because the electrons of the gallium atoms 
that partially occupy the vacancies in the cationic 
sublattice of the cubic Ga2+dS3 phase may have 
little impact on the formation of the chemical 
bond. We should note that a small shift of the 
composition of the g phase towards gallium as 

compared to the ideal composition of Ga2S3, 
for which VEC would be almost 4.80, is in good 
agreement with the fact that the valence electron 
concentration in the structure tends to decrease. 
However, even after this shift VEC ≈ 4.7 is still 
close to the upper stability limit, which makes 
the Ga2+dS3 phase metastable outside the narrow 
region of temperatures and compositions. 

Taking into account the closeness of the 
bonding networks in wurtzite- and sphalerite-like 
structures, it is also logical that the homogeneity 
ranges of both wurtzite-like b-Ga2S3 and its 
modification a-Ga2S3 shift towards gallium. It 
also explains the fact that these phases are only 
stable over a limited temperature range. 

Thermal stability. Wurtzite-like modifications 
can exist at higher temperatures than sphalerite-
like structures, which is common for many binary 
phases, for instance, ZnS [20]. It is logical that 
the homogeneity ranges of the phases based on 
a “defect” wurtzite b- and a-Ga2S3 are generally 
located on the T-x diagram of the Ga – S system 
above the region of existence of the sphalerite-
like modification g-Ga2+dS3.

Characteristics that require further analysis. 
As quite unexpected came the fact that a more 
ordered phase b-Ga2S3 has a narrow homogeneity 
range, while its superstructural modification 
a-Ga2S3 with ordered vacancies has a wider 
homogeneity range and can be formed at higher 
temperatures than the b phase. This fact requires 
further analysis. At the same time, the vacancies 
of the a-Ga2S3 phase are only relatively ordered. 
This structure demonstrates crystallographically 
different positions of gallium in the cationic 
sublattice, which changes the symmetry and 
induces the transition P6₃mc → P6₁. Different 
cationic positions in the a-Ga2S3 structure 
are partially occupied to different degrees. 
However, they remain disordered, because 
partial occupation is stochastic. On the contrary, 
stoichiometric vacancies of another modification 
of the wurtzite-like structure of the b phase, 
a monoclinic a¢-Ga2S3, are almost completely 
ordered. As a result, this phase is significantly 
different in terms of stability from the disordered 
and partially ordered modifications: a¢-Ga2S3 is 
almost completely stoichiometric and stable over 
a wide range of temperatures, starting from room 
temperature. 
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Although some of the results of the study 
require further research, we can conclude that the 
results are relevant, because they were obtained 
using various methods and are in good agreement 
with each other.

5. Conclusions
Using several independent methods of 

structure analysis (X-ray powder diffraction 
and high-temperature diffraction by means of 
synchrotron radiation), we confirmed that the 
high-temperature phase found during electron-
diffraction studies (TEM, DAED) and formed at 
temperatures from 878 to 922 °С has a cubic 
sphalerite-like structure F m43  with disordered 
stoichiometric vacancies. The composition of 
the phase further referred to as g-Ga2+dS3 was 
specified (d ≈ 0.06 or xS = 59.3 mol %). The study 
demonstrated that at temperatures above 912 °С 
and a slight excess of gallium (up to ~1 mol %) 
as compared to the stoichiometry of Ga2S3 two 
modifications are formed: a defected wurtzite-
like structure (b-Ga2S3, P63mc) and its derivative 
phase, the structure of which has lower symmetry 
(a-Ga2S3, P61). For the first time the wurtzite-like 
(b-Ga2S3, P63mc) and sphalerite-like (g-Ga2+dS3) 
defect structures (with disordered vacancies) were 
obtained under equilibrium and studied in situ by 
means of synchrotron radiation. 

For the first time a phase diagram of the Ga – S 
system was obtained and the regions of existence 
of the three above listed high-temperature 
gallium sesquisulfides and a modification of 
gallium sesquisulfide (a¢-Ga2S3, Сс), stable at 
room temperature, were determined. 
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Deposition of lead sulfide films from “Pb(СH3COO)2 – N2H4CS” 
aqueous solutions and their properties
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Abstract 
The article presents the results of the study of lead sulfide films obtained by the aerosol pyrolysis of solutions of complex 
compounds of lead acetate and thiourea at temperatures of 300 and 400 °С. The concentration areas of existence of lead 
(II) hydroxo complexes were determined. We determined the domination regions of [Pb(N2H4CS)4]

2+ complexes, which are 
precursors during the deposition of lead sulfide films.
The crystal structure, phase composition, and surface morphology of the synthesized films were studied by X-ray phase 
analysis and atomic force microscopy. It was found that under these deposition conditions, the crystallized PbS films have 
a cubic structure and are textured in the (200) crystallographic direction. When the concentration of thiourea in the initial 
solution increases, there is an increase in the values of the average and root-mean-square roughness, as well as the relief 
height difference of the synthesized samples.
PbS films obtained at a temperature of 400 °C are characterized by a denser packing of grains and a perfect surface 
microstructure. By optical spectrophotometry, we determined the band gap of synthesized PbS, which is from 0.41 to 0.45 
eV for direct allowed transitions.
Keywords: PbS films, Aerosol pyrolysis method, Atomic force microscopy, Thiourea complex compounds, X-ray phase 
analysis, Transmission spectra
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1. Introduction 
Films of lead sulfide, which is a narrow-

bandgap semiconductor, are widely used as 
for creating efficient photovoltaic converters, 
photodetectors, and photoresistors, temperature-
sensitive sensors, IR detectors in the infrared 
region of the spectrum [1–5]. An urgent task 
is to synthesize PbS films with a given crystal 
structure and variable properties. The main 
methods for obtaining lead sulfide layers are 
chemical synthesis methods, such as chemical 
deposition and aerosol pyrolysis from solutions 
of sulfur-containing precursors [6–10]. Varying 
the crystal structure, optical and electrophysical 
properties of sulfide films provides an economical 
and technically accessible method for the aerosol 
pyrolysis of solutions of thiourea complex 
compounds (TCCs). The main idea of the method 
is the thermal destruction of complex compounds 
with the formation of a solid phase of metal 
sulfide [11, 12]. The aim of this work was to study 
the process of deposition of lead sulfide thin films 
by the aerosol pyrolysis of aqueous solutions of 
“Pb(CH3COO)2 – N2H4CS”, as well as to analyze 
the surface morphology, phase composition, and 
optical properties of the synthesized layers.

2. Experimental 
To produce complex compounds and to 

deposit PbS films, we used chemically pure 
Pb(CH3COO)2·3H2O and extra pure N2H4CS 
(thiourea). The concentration of the metal 
salt in the sprayed solution was 0.1 mol/l, the 
concentration of thiourea was between 0.4 and 
1 mol/l. PbS films were obtained by the aerosol 
pyrolysis of aqueous solutions of “Pb(CH3COO)2 – 
N2H4CS” on a heated substrate at temperatures 
of 300 and 400 °C. The substrates were silica 
plates, which were prewashed in nitric acid and 
chromic mixture, then washed repeatedly in 
distilled water. Each sample was sprayed for 1 
minute. 

X-ray phase analysis was carried out 
on a DRON  4‑07 X-ray diffractometer with 
CuKa‑radiation at the X-ray tube accelerating 
voltage of 29  kV and an anode current of 
26 mA. The phase composition of the films was 
determined by comparing the experimental 
values of interplanar distances dhkl obtained from 
diffraction patterns with reference data [13].

We studied the surface morphology of the 
samples using a SOLVER P47 atomic force 
microscope, analyzing the following parameters: 
arithmetic mean deviation of the surface profile 
Ra, RMS roughness, relief height difference D, and 
height of the largest number of grains h. In this 
study, we used Etalon series HA_FM composite 
polysilicon cantilevers by TipsNano with a 
curvature radius of 10 nm and gold reflective 
coating. 

The transmission spectra of PbS films were 
measured using a Vertex 70 Fourier spectrometer 
on a quartz substrate in the range of wavenumbers 
from 7000 to 2500 cm–1. To determine the optical 
band gap Eg, we used the Tauc formula for direct 
allowed transitions [14, 15]:
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where hn is the photon energy, d is the sample 
thickness, and a is the absorption coefficient. 
Considering the non-uniformity of the thickness 
of the studied films within the analyzed dimen-
sions, we normalized the transmission spectra 
[16]:
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The band gap was determined by extrapolation 
of the linear parts of the dependences 
((ad)nhn)2 = f(hn) to zero. The experimental data 
were processed using Origin Pro 8.5.

3. Results and discussion 
During the deposition of metal sulfide films 

by the aerosol pyrolysis of solutions of thiourea 
complex compounds, the processes leading to 
the formation of sulfide on a heated substrate 
begin already in the initial solution. They start 
with the formation of a covalent bond between 
the lead cation and the sulfur atom (NH2)2CS 
[10, 17]. Therefore, in order to understand the 
deposition mechanism of PbS layers, we studied 
ionic equilibria in the “Pb(CH3COO)2 – N2H4CS” 
solution taking into account the stability 
constants of different complexes. We determined 
the optimal concentration areas of thiourea 
complexes (СТU = 5·10–1 mol/l, СPb

2+ = 5·10–4 mol/l), 
which are sulfide precursors.
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Comparing the stability constants of lead 
complexes (II) in aqueous solutions [18], it can 
be noted that the highest values are for hydroxo 
complexes. Therefore, when analyzing the “lead 
salt – thiourea” solution, we first considered the 
hydrolysis process as complexation, in which 
hydroxyl ions are incoming ligands.

We calculated the fractions of hydroxo 
complexes in the “lead salt – thiourea” system 
at the initial concentration of CPb

2+ = 1·10–2 mol/l 
(in this case, the Pb(OH)2 precipitation does not 
occur) using the formulas in [11]. As can be seen 
from the calculated distribution diagram (Fig. 1), 
the pH at the beginning of the formation of Pb2+ 
hydroxo complexes is 4.5 (their fraction in the 
solution is 0.03 %). The concentration of hydroxo 
complexes increases sharply with increasing pH. 
In this case, it is possible to suppress hydrolysis 
in the solution by an excess of thiourea. Thus, 
the hydroxo groups are replaced with thiourea 
molecules in the inner sphere of the complex 
compound.

To model the initial solution taking into 
account the formation of thiourea complexes, we 
calculated and built three-dimensional diagrams 
and cross section lines of equal fractions. The 
methodology for their construction is provided in 
[19]. For the calculation, we used the experimental 
stability constants of homoligand complexes [18], 
the constants for mixed-ligand complexes were 
calculated using the formula [11]

lg
lg lg

lgKij
im jmi K +j K

i+j
m!
i!j!

= + .

Here Kij is the stability constant of the mixed 
[PbTUi(CH3COO)j] complex (j + j = m), Kim and Kjm 
are the stability constants of the homogeneous 
complexes [Pb(TU)m

2+] and [Pb(CH3COO)m
2–m], 

respectively, and 
m!
i!j!

 are the comproportionation 

constants.
Thus, we determined the domination areas 

of thiourea complex compounds, which are 
precursors during the deposition of lead sulfide 
films. Fig. 2 shows the three-dimensional diagram 
and the cross section lines of equal fractions for 

Fig. 1. Distribution diagram of lead (II) hydroxo com-
plexes

                                                a                                                                                                    b
Fig. 2. Three-dimensional distribution diagrams (a) and cross section lines of equal fractions (b) for the 
[Pb(N2H4CS)4]

2+ complexes in the “Pb(СH3COO)2 – N2H4CS” system
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“Pb(СH3COO)2 – N2H4CS” aqueous solutions of 
the [Pb(N2H4CS)4]

2+ complex.
In the “Pb(СH3COO)2 – N2H4CS” aqueous 

solution, a complex compound is formed, in which 
thiourea enters the inner sphere, and it binds to 
the metal cation by a donor sulfur atom already in 
the initial solution [9]. This is how the fragments 
of the sulfide structure are formed in the inner 
sphere of the complex compound obtained in the 
sprayed solution by the interaction of the lead 
salt and N2H4CS. When the thiourea complex 
compound decomposes on a heated substrate, the 
most thermally stable product, PbS, is released. 

When determining the structure of PbS films, 
we obtained diffraction patterns in the form of 
dependence of the diffracted radiation intensity 
on spatial coordinates for samples synthesized 
at different concentration ratios of lead acetate 
and thiourea. The obtained diffraction patterns 
are shown in Fig. 3. The halo, which appears on 
the diffraction patterns of each film in the range 
of angles from 15 to 25°, refers to the amorphous 

structure of the cuvette on which the samples 
were placed during imaging.

The X-ray phase analysis data (Table 1) 
suggest that the deposited PbS films crystallize in 
a cubic structure of the B1 type (space group ). The 
values of interplanar distances of experimentally 
obtained lead sulfide films are close to the values 
of the reference polycrystalline lead sulfide. 
We obtained its diffraction pattern using the 
same diffractometer with the same imaging 
parameters. Table 2 shows that the deviations of 
the values of interplanar distances of the etalon 
and lead sulfide thin films are much smaller than 
the error limit of the device. This indicates the 
high quality of the synthesized lead sulfide layers. 

For all studied PbS films, the interplanar 
distances for each crystallographic plane hkl 
practically coincide with each other, and the 
intensities of the same diffraction maxima are 
different (Table 1, Fig. 3). All the diffraction 
patterns show the highest intensity at the 
reflection (200), and the half-width of this peak 

Fig. 3. Diffraction patterns of PbS films obtained at different temperatures and component ratios of 
С(Pb(CH3COO)2):С(N2H4CS) 
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was the same for all samples. In general, this 
may indicate the preferential orientation of 
crystallites in this direction. Changing the molar 
ratio of components in the “Pb(СH3COO)2 – 
N2H4CS” system did not change the phase 
composition and crystal structure of the formed 
lead sulfide films. In the case of hydrochemical 
deposition, PbS layers with a cubic structure were 
also formed [20–22]. 

Previous studies [23–25] have showed that 
PbS films can crystallize in a cubic structure 
close to the D03 type, with a partially disordered 
(statistical) distribution of sulfur atoms over 
octahedral and tetrahedral positions. Since in 
the lead sulfide lattice the octahedral positions 
of the B1 structural type are predominantly 
occupied, a highly defective B1 structure with a 

high concentration of sulfur vacancies in regular 
octahedral positions and interstitial sulfur atoms 
in tetrahedral positions is formed [23, 24].

We studied the surface morphology of PbS 
films and obtained surface scans of the samples 
in the semi-contact mode of atomic force 
microscopy (AFM). Fig. 4 shows AFM images 
of the surface microrelief of lead sulfide films 
within the scanned area (scan area of 5x5 μm2) 
synthesized at different molar ratios of the initial 
solution components. 

According to AFM data, the surface of the 
obtained samples is composed of a set of rounded 
grains with pronounced boundaries, which form 
complex aggregates (Fig. 4). The average sizes of 
grains and their aggregates are 205–240 nm and 
330–365 nm, respectively (Table 3). 

Table 1. Characteristics of the interplanar distances of the deposited PbS films compared with 

Deposition temperature and molar ratios of components 
in the system «Pb(СH3COO)2 – N2H4CS» Database [13]

In
te

rp
la

ne
 d

is
ta

nc
e 

d,
 Å

300 °C 400 °C
d, Å h k l

1:6 1:8 1:10 1:8 1:10
3.4205 3.4205 3.4205 3.4205 3.4205 3.4260 1 1 1
2.9640 2.9640 2.9592 2.9592 2.9640 2.9670 2 0 0
2.0964 2.0964 2,0964 2.0964 2.0964 2.0980 2 2 0
1.7874 1.7874 1.7890 1.7890 1.7874 1.7890 3 1 1
1.7112 1.7127 1.7127 1.7127 1.7127 1.7130 2 2 2
1.4828 1.4828 1,4828 1.4817 1.4828 1.4830 4 0 0
1.3602 1.3610 1.3602 1.3602 1.3602 1.3610 3 3 1
1.3259 1.3267 1.3267 1.3259 1.3267 1.3270 4 2 0
1.2100 1.2100 1.2119 1.2113 1.2113 1.2110 4 2 2

Table 2. Comparison of the interplanar distances of experimental samples with the lead sulfide standard 

Peak 
number

Stan-
dard PbS

[13]

Deposition temperature 300°С Deposition temperature 400°С

PbS 
1:6

PbS 
1:8

PbS 
1:10

PbS
1:8

PbS 
1:10

d, Å d, Å Dd, Å d, Å Dd, Å d, Å Dd, Å d, Å Dd, Å d, Å Dd, Å
1 3.4205 3.4205 |0| 3.4205 |0| 3.4205 |0| 3.4205 |0| 3.4205 |0|
2 2.9640 2.9640 |0| 2.9640 |0| 2.9592 |0.0048| 2.9640 |0| 2.9592 |0.0048|
3 2.0964 2.0964 |0| 2.0964 |0| 2.0964 |0| 2.0964 |0| 2.0964 |0|
4 1.7874 1.7874 |0| 1.7874 |0| 1.7890 |0.0016| 1.7874 |0| 1.7890 |0.0016|
5 1.7112 1.7112 |0| 1.7127 |0.0015| 1.7127 |0.0015| 1.7127 |0.0015| 1.7127 |0.0015|
6 1.4828 1.4828 |0| 1.4828 |0| 1.4828 |0| 1.4828 |0| 1.4817 |0.0011|
7 1.3610 1.3602 |0.0008| 1.3610 |0| 1.3602 |0.0008| 1.3602 |0.0008| 1.3610 |0|
8 1.3267 1.3259 |0.0008| 1.3267 |0| 1.3267 |0| 1.3267 |0| 1.3259 |0.0008|
9 1.2113 1.2100 |0.0013| 1.2100 |0.0013| 1.2119 |0.0006| 1.2113 |0| 1.2113 |0|

10 1.1416 1.1421 |0.0005| 1.1421 |0.0005| 1.1416 |0| 1.1421 |0.0005| 1.1421 |0.0005|
11 0.9895 0.9892 |0.0003| 0.9892 |0.0003| 0.9895 |0| 0.9902 |0.0007| 0.9888 |0.0007|
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With increasing thiourea concentration 
in the initial solution, the average (Ra) and 
RMS (Rq) roughness, as well as relief height 
difference (Δ) increase, indicating the formation 
of films with more prominent surface relief. 
PbS samples obtained at the same ratios of 
С(Pb(CH3COO)2):С(N2H4CS), at 400 °C, have 
smoother surfaces compared to films synthesized 
at 300 °C. Thus, an increase in the deposition 
temperature leads to the formation of PbS films 
with a more perfect structure and denser packing 
of grains. Similar results concerning the effect of 
temperature on the microstructure of pyrolytic 
films of lead sulfide were obtained in [26].

When studying the optical properties of 
PbS films, we used the power-law dependences 

of the absorption coefficient on the photon 
energy (Fig. 5) to determine the optical 
band gap (Table 4). The samples obtained at 
temperatures of 300–400 °C and varying molar 
ratios of components are characterized by the 
band gap Eg from 0.41 to 0.45 eV. The obtained 
results are in good agreement with literature 
data [9, 15]. The component ratio in the sprayed 
solution practically does not affect the optical 
band gap.

4. Conclusions
Lead sulfide films were synthesized by aerosol 

pyrolysis of aqueous solutions of “Pb(CH3COO)2 – 
N2H4CS” at temperatures of 300 and 400 ºC. It was 
shown that the pH at the beginning of formation 

                                                a                                                                                                    b
Fig. 4. AFM images of the surface of the PbS films synthesized at 400°C and С(PbCH3(COO)2):С(N2H4CS) ratios 
of 1:8 (a) and 1:10 (b) 

Table 3. Morphological properties of PbS films 

Т, °C С(Pb(CH3COO)2):С(N2H4CS) D, nm Ra, nm Rq, nm h, nm Grain size/
aggregate size, nm

300
1:6 569 47 62 370 225 / 340
1:8 669 78 97 375 215 / 330

1:10 717 87 85 375 240 / 365

400
1:8 623 64 81 380 205 / 330

1:10 673 70 90 375 215 / 350
Table 4. Optical band gap (eV) of lead sulfide films

Synthesis temperature, 
°C

The ratio of components in the system “Pb(СH3COO)2 – N2H4CS”
1:4 1:6 1:8 1:10

300 0.43 0.45 0.45 0.45
400 0.43 0.44 0.41 0.42
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of lead (II) hydroxo complexes in the solution was 
4.5 and their fraction in the solution was 0.03 %. 
In this case, it is possible to suppress hydrolysis 
by an excess of thiourea, i.e., by replacing the 
hydroxo group with N2H4CS molecules. In 
order to model the initial solution taking into 
account the formation of thiourea complexes, we 
calculated and built three-dimensional diagrams 
and cross section lines of equal fractions for 
the [Pb(N2H4CS)4]

2+ complex. Thus, we chose 
the initial concentrations of the components: 
СTU = 5·10–1 mol/l, СPb

2+ = 5·10–4 mol/l.
X-ray phase analysis showed that PbS films 

with cubic structure and preferential orientation 
(200) were formed from solutions of thiourea 
complexes of lead. The surface of lead sulfide 
films was formed by a set of rounded grains with 
average sizes between 205 and 240 nm, which 
formed complex aggregates (330–365 nm). We 
determined that sulfide layers with less dense 
packing of grains and more prominent surface 
relief were formed with an increase in the 
thiourea concentration in the sprayed solution. 
PbS films deposited at 400 °C had a smoother 
surface.

Using the data of transmission spectra, we 
obtained the band gap of PbS for direct transitions 

(0.41–0.45 eV). The ratios of the initial solution 
components have little effect on the optical 
properties of the deposited layers. 
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Abstract 
We synthesized powders of single-phase solid solutions Sr0.925–xBaxEu0.075F2.075 (x = 0.00, 0.20, 0.25, 0.30, 0.35 and 0.40) by a 
precipitation technique from nitrate aqueous solutions. The lattice parameters increase linearly as the barium content 
increases. We recorded a significant increase in the X-ray luminescence intensity of europium at increasing barium content. 
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1. Introduction
A new direction in diamond photonics is the 

incorporation of rare-earth elements into the 
diamond crystal lattice in such a way as to form 
a luminescent center with luminescence bands 
of the incorporated ion. To date, there are two 
main technological approaches. The first one 
is the use of precursors (both inorganic and 
organic) obtained by chemical vapor deposition 
(CVD) or high pressure-high temperature 
(HPHT) methods [1–5]. The second method is 
the incorporation of nanoparticles of the target 
composition and their physical encapsulation 
inside the diamond using the CVD method [6]. 
The second approach shows the most intense 
luminescence. This is due to the fact that the 
incorporated target substances have rigorously 
selected functional compositions. Europium is 
used as a luminescent ion in most of the studies, 
since it is a probe element that allows both to 
detect the local environment and control its 
change, and to detect the reduction processes 
due to the possibility of the Eu3+→Eu2+ transition. 
So far, Eu2O3 [2], CeF3 [7], HoF3 [8], EuF3 [9], 
and b-NaGdF4:Eu [10] have been successfully 
incorporated to diamond. To interpret the 
luminescence response reliably, it is necessary 
to achieve the highest luminescence intensity 
from the designed composite material. For this 
purpose, it is necessary to select a luminophore 
composition that does not exhibit concentration 
quenching or polymorphic transformations 
at the high temperatures of the nanoparticle 
incorporation process. Fluorides of alkaline-
earth elements [11, 12] are effective thermally 
stable luminescent matrices with a wide range 
of doping with rare earth elements. They do 
not exhibit polymorphic transformations up to 
the melting point. To prepare fluoride powders, 
various synthesis methods are used, such as 
mechanochemistry, combustion, fluoroacetate 
decomposition, solvothermal and hydrothermal 
techniques, as well as co-precipitation from 
aqueous solutions, which allows obtaining large 
batches of powders [13–17]. In the series of 
CaF2→SrF2→BaF2 difluorides having the same 
structural type, the energy of matrix phonons 
decreases [18]. This may lead to an increase in 
the luminescence light output by preventing 
multiphonon relaxation. Solid solutions based 
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on barium fluoride and rare earth elements are 
not synthesized by solution-based techniques. 
This is why the main attention is focused 
on the strontium fluoride matrix. In the 
literature, there is a large amount of data on the 
photoluminescent characteristics of europium 
[19–24]. Drobysheva et al. [25] determined that 
the optimal concentrations for SrF2:Eu solid 
solutions are 7.5 and 15.0 mol. % Eu when excited 
by X-ray tubes with tungsten and silver anodes, 
respectively. An increase in the luminescence 
intensity can be achieved by reducing the 
phonon energy of the matrix through replacing 
the matrix cation with a heavier one. In the case 
of the strontium fluoride matrix, it is barium 
fluoride. 

The aim of the study was to test the approach 
of increasing the luminescence intensity of 
europium by making the matrix heavier in the 
concentration series of Sr1–xBaxF2:Eu (7.5 mol. %) 
at a variable barium content.

2. Experimental 
Initial reagents. The initial substances were: 

Sr(NO3)2 (99.99 %, Lanhit), Ba(NO3)2 (99.99 %, 
Vekton), Eu(NO3)3·6H2O (99.99 %, Lanhit), NH4F 
(chemically pure, Lanhit), and bidistilled water 
of our own production. We did not further purify 
the reagents.

Synthesis methodology. By precipitation 
from aqueous solutions, we synthesized a 
concentration series of Sr0.925–xBaxEu0.075F2.075 solid 
solution powders (x = 0.00, 0.20, 0.25, 0.30, 0.35 
and 0.40) by equation (1).
(0.925 – x)Sr(NO3)2 + xBa(NO3)2 + 
0.075Eu(NO3)3·6H2O + 2.075NH4F → 	 (1) 
→ Sr0.925–xBaxEu0.075F2.075 + 2.075NH4NO3 + 
0.45H2O.

The powders were synthesized by the 
dropwise addition of nitrate solution (С = 
0.08 M) into a polypropylene reactor with 
ammonium fluoride solution (0.16  M, 7% 
excess). The resulting suspension was stirred 
using a magnetic mixer for 2 hours. After 
sedimentation of the precipitate, the mother 
solution was decanted, and the precipitate 
was washed with a 0.5 % ammonium fluoride 
solution. The efficiency of nitrate ion washing 
out was controlled by qualitative reaction with 
diphenylamine. The washed precipitate was air-
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dried at 45 °C. High-temperature treatment was 
carried out in platinum crucibles at 600 °C for 
1 hour at a heating rate of 10 °/min.

X-ray diffraction (XRD) was performed on a 
Bruker D8 Advance diffractometer with CuKa 
radiation (l = 1.5406 Å). The lattice parameters 
(a) and coherent scattering regions (D) were 
calculated in TOPAS (Rwp<7).

The X-ray luminescence spectra of single-
phase powders were recorded at room temperature 
on an FSD-10 minispectrometer (JSC Optofiber) 
in the range of 200–1100 nm with a resolution 
of 1 nm under excitation by an X-ray tube with a 
chromium anode operating at 30 kV and 30 mA.

3. Results of synthesis  
of Sr0.925–xBaxEu0.075F2.075 solid solutions

The X-ray diffraction patterns of the 
Sr0.925–xBaxEu0.075F2.075 solid solution samples with 
the molar fraction of barium of 0.00, 0.20, 0.25, 
0.30, 0.35, and 0.40, air-dried at 45 °C and heat-
treated at 600 °C are shown in Fig. 1a. Annealing 
at 600 °C is necessary to dehydrate the powders 
and increase the luminescence intensity by 
removing the hydroxyl ion that quenches the 
luminescence. 

The X-ray diffraction analysis showed that 
the synthesis of the solid solutions resulted 
in the formation of single-phase powders of 
fluorite structure (JCPDS# 06-0262, a = 5.800 
Å for SrF2), but with a shifted position of X-ray 
reflections. This indicates a change in lattice 
parameters proportional to the amount of BaF2 
doping component. The process is followed by 
the incorporation of additional fluorine ions for 
electrostatic compensation and the formation 
of clusters such as REE6F36 (REE are rare-earth 
elements). The results of calculating the lattice 
parameters are summarized in Table 1 and 
presented in Fig. 2. The X-ray reflections are 
highly broadened, indicating the synthesis of 
nanoscale substances (Table 1). The size of the 
coherent scattering regions D was about 16–18 
nm. The synthesized powders were heat-treated 
at 600 °C in order to dehydrate them. The process 
temperature was chosen based on literature 
review. The X-ray diffraction patterns of the heat-
treated samples are provided in Fig. 1b. Comparing 
the X-ray diffraction patterns of the samples, we 
revealed a narrowing of the X-ray reflections. This 
indicates an increase in the coherent scattering 
region by several times and an increase in the 

                                                    a                                                                                           b
Fig. 1. X-ray diffraction patterns of Sr0.925–xBaxEu0.075F2.075 solid solutions: a – after drying in air at temperature 
of 45 °C, b – after heat treatment at temperature of 600 °C
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particle size, which is confirmed by the calculation 
(Table 1). The calculated lattice parameters are 
described by the linear equation a = 5.794 + 0.003x 
(x = mol.% BaF2) (R

2 = 0.999) (Fig. 2). They are 
slightly lower, which confirms the dehydration 
process during heat treatment (Table 1). 

The X-ray luminescence spectra of single-phase 
solid solution samples of Sr0.925–xBaxEu0.075F2.075 
after heat treatment at 600 °C are shown in 
Fig. 3. The luminescence spectra show trivalent 
europium luminescence bands with maxima at 
590 nm, 617 nm, and 698 nm, corresponding to 
the 5D0 → 7Fi transitions (i = 1,2,4). The barium-
free composition has a band of divalent europium. 

Analysis of the X-ray luminescence spectra 
revealed that the intensity of the europium 
luminescence bands increases with increasing 
barium content (5D0 → 7F1 with a maximum 
around 590 nm and 5D0 → 7F4 with a maximum 
around 698 nm). The increase in the intensity of 
the 5D0 → 7F2 band is less significant. This band 

is complex and consists of several components, 
whose intensity varies as the barium content 
increases. When the barium content increases, 
the 5D0 → 7F1 luminescence band undergoes 
a blue shift, and 5D0 → 7F4 undergoes a red 
shift of the maximum. The intensity of the 
5D0 → 7F1 luminescence band increases with 
increasing barium content (Fig. 4) according to 
the exponential function I = 24445 + 230e(10x) with 
approximation reliability criterion (R2 = 0.99227).

4. Conclusions 
Powders of single-phase solid solutions of 

Sr0.925–xBaxEu0.075F2.075 (x = 0.00, 0.20, 0.25, 0.30, 
0.35, and 0.40) were synthesized by precipitation 
from nitrate aqueous solutions using ammonium 
fluoride as a fluorinating agent. The lattice 
parameters of the samples after heat treatment at 
45 °C and 600 °C increased linearly with increasing 
barium content. After heat treatment at 600 °C, 
the coherent scattering region increased from 16–

Table 1. Lattice parameters of Sr0.925–xBaxEu0.075F2.075 solid solutions

Sample composition
Heat treatment

45 °С 600 °С
a, Å D, nm a, Å D, nm

Sr0.925Eu0.075F2.075 5.800(1) 14(1) 5.793(1) 77(1)
Sr0.725Ba0.200Eu0.075F2.075 5.869(1) 18(1) 5.859(1) 103(4)
Sr0.675Ba0.250Eu0.075F2.075 5.885(3) 15(1) 5.875(1) 65(5)
Sr0.625Ba0.300Eu0.075F2.075 5.901(1) 17(1) 5.889(1) 89(5)
Sr0.575Ba0.350Eu0.075F2.075 5.915(1) 16(1) 5.905(1) 70(8)
Sr0.525Ba0.400Eu0.075F2.075 5.930(1) 16(1) 5.921(1) 100(6)

Fig. 2. Dependence of the lattice parameters of the 
Sr0.925–xBaxEu0.075F2.075 solid solution on the Ba content

Fig. 3. Luminescence spectra of Sr0.925–xBaxEu0.075F2.075 
solid solutions
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18 nm to 70–103 nm. We recorded a significant 
increase in the X-ray luminescence intensity of 
europium for 5D0 → 7F1 with a maximum around 
590 nm and 5D0 → 7F4 with a maximum around 
698 nm at constant europium concentration 
and increasing barium content. The intensity 
of the 5D0 → 7F1 luminescence band increased 
with increasing barium content according to the 
exponential function I = 24445+230e10x. Upon 
the increase in barium content, we observed blue 
and red shifts in the position of the europium 
luminescence bands for 5D0 → 7F1 and 5D0 → 7F4, 
respectively. 
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Abstract 
Electrochemical processes involving organic substances are complex multi-stage reactions. In our opinion, it is incorrect 
to describe their kinetics using the principle of independent partial processes (or their individual stages) since electrode 
reactions can be coupled due to competition for active surface sites, due to common intermediate stages, or through an 
electron. In this case, the theory of coupled reactions or the graph-kinetic method should be used to provide the kinetic 
description of the process. In general, graph theory makes it possible to identify the relationship between the “structure” 
and the kinetic behavior of complex systems by means of graphical analysis. In the case of electrochemical reactions, 
structural elements are substances adsorbed on the metal surface and (or) a set of substances interacting in the reactions. 
The relationship between their concentrations can be characterized quantitatively by a transformation law, for example, 
the law of effective masses. Thus, a graph is a set of reacting substances and a sequence of reactions represented graphically. 
Graphs allow setting a system of kinetic equations and analyzing them by associating a certain behavior of the system with 
the structure of the corresponding graph. Under the assumption that one intermediate particle is involved in each elementary 
stage, the kinetic expressions will be linear, which corresponds to the first-order reaction model.
Graph-kinetic analysis of the processes within the Au|Gly–,OH–,H2O system confirmed that the partial multi-stage reactions 
of anode oxidation of glycine and hydroxyl anions are kinetically coupled. We obtained expressions for partial currents of 
electrooxidation of hydroxide ions and glycine anions during the anodic process occurring on gold in an alkaline glycine-
containing solution. It was shown that with an increase in the anode potential, the nature of the limiting stage of the anodic 
process changes.
Formal constants of rates and equilibria of electrochemical reactions involving particles of background electrolyte and 
glycinate ion were calculated. It was found that the rates of partial oxidation reactions of adsorbed OH particles and �OH  
are significantly higher than those of organic anions (Gly- and HCOO–). This indicates that the kinetics of the electrooxidation 
processes of Glyis in the Au|Gly-,OH–,H2O system are determined by the kinetic features of the electrooxidation reactions 
of hydroxide ions.
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1. Introduction
When several multi-stage processes occur 

on the surface of the electrode, they can be 
interconnected through intermediate particles 
(intermediates) and thus influence each other. 
In this case, the kinetics of the electrode reaction 
should be described using the graph method, 
which is often used to analyze enzymatic 
reactions in biochemistry [1–4]. In general, 
graph theory makes it possible to identify the 
relationship between the “structure” and the 
kinetic behavior of complex systems by means of 
graphical analysis. In this case, the “structure” is 
understood as the interaction and relationship 
between the elements of a given system, and its 
behavior is described by analyzing its response 
to an external disturbance. The partial and total 
i,E-dependencies are calculated by sequentially 
considering various kinetic situations that differ 
in the assumption about the nature of the limiting 
stage or take into account the presence of several 
slow stages with comparable rates. Comparing 
the total i,E-dependency with the experimental 
polarization i,E-curve allows drawing a conclusion 
about the preferred route of the process, which 
makes it possible to find a set of kinetic constants 
for individual stages.

It is particularly important to know the 
route of a complex multi-stage process when 
predicting the behavior of an electrochemical 
system in which multi-stage processes occur 
on metals and alloys in the presence of 
surface-active organic additives of various 
nature. Interconnection between individual 
electrode reactions through intermediates 
is another important factor influencing the 
kinetics of such processes. Based on their 
regularities, it is possible to identify the role 
of the organic compound in the formation of 
electrochemical transformation products (for 
example, electrooxidation or electrodeposition) 
with specified characteristics. This is especially 
important for modern microelectronics 
since understanding the kinetics of complex 
multi-stage processes in electrolytes with 
organic surface-active additives contributes 
to determining optimal conditions for the 
formation of interconnections between elements 
of integrated circuits by the void-free filling of 
holes in the dielectric with metal in the presence 
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of electrochemically active organic compounds 
with high adsorption capacity.

A typical example of a complex multi-step 
process is anodic oxidation of a monoaminoacetic 
acid (glycine) anion on an Au electrode in 
an aqueous alkaline solution. The areas of 
adsorption potentials and electrochemical 
activity of Gly– and OH– on gold overlap, which 
predetermines the potential for the mutual 
influence of partial reactions. In addition, 
OH- anions [5–11] are directly involved in the 
heterogeneous electrooxidation reaction of 
the glycine anion. It is reasonable to assume 
that partial heterogeneous processes in the 
Au|OH–,H2O and Au|Gly–,OH–,H2O systems 
will be kinetically coupled both due to the 
competition of OH-, Gly-, intermediates and their 
electrooxidation products for active sites on the 
Au surface and due to the presence of common 
stages of the oxidation reactions of hydroxide 
and glycinate ions.

The purpose of this work was to use the 
method of graph-kinetic analysis to distinguish 
the partial oxidation currents of hydroxide ions 
and glycine anions during the general anodic 
process occurring on gold in an alkaline glycine-
containing solution. It is possible that this will 
allow answering, at least qualitatively, the basic 
question: whether the kinetics of the anodic 
destruction of the glycine anion is its own or 
subordinate to the regularities of electrooxidation 
of hydroxide ions.

2. Calculation procedure
Selecting the reaction scheme. To use the graph-

kinetic method successfully, it is necessary to 
construct a detailed kinetic reaction scheme.

The process of anodic oxidation of OH– on 
gold in an aqueous medium has several stages. 
According to numerous researches [12–21], it 
proceeds via the chemisorption stage of the 
anion, most likely with partial charge transfer, 
and is accompanied by the sequential formation 
of mono- and biradical forms of adsorbed atomic 
oxygen. Earlier, we used the method of kinetic 
diagrams to analyze partial anodic processes in 
the Au|OH–,H2O system. The shape of the general 
stationary voltammogram was determined by 
calculation. A possible reaction scheme for the 
electroconversion of OH-ion is:
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Au OH Au OH(ads)
( )+ ¤ - +- - -1 l le  	 (I)

Au OH Au OH ( )(ads)
( )

(ads)- ¤ - + -- -1 1l l� e 	 (IIa)

Au OH OH Au O H O(ads) (ads) 2- + ¤ - + +-� �� e . 	 (IIIa) 

Here, λ is the degree of partial charge transfer 
from an adsorbed particle with a charge z = 1 per 
metal; eventually zads = -1 l  [21]. It is assumed 
[22–24] that the radical ion state is stabilized due 
to the overlap of 6s- and sp3 – AO for Au and OH–, 
respectively. However, the appearance of 2D Au(I) 
and Au(II) compounds on the surface is possible 
in such processes as:

Au OH (AuOH)(ads)
( )

(ads)- ¤ +- -1 l le  	 (IIb)

(AuOH) OH (AuO) H O(ads) (ads) 2+ ¤ + +- e .	 (IIIb)

The formation of the phase Au(III) oxide at 
sufficiently high potentials can be the result of a 
process involving Au O ads- ��

( )  or (AuO)ads:

Au O OH / Au O / H O(ads) 2 2- + ¤ + +-�� 1 2 1 23 e 	(IVa)

(AuO) OH / Au O / H O(ads) 2 2+ ¤ + +- 1 2 1 23 e .	(IVb)

When choosing between alternative routes for 
anodic formation of Au2O3: via (IIa), (IIIa), and 
(IVa) or (IIb), (IIIb), and (IVb) stages, we preferred 
the first scenario due to the results of quantum 
chemical modeling. Therefore, this scenario was 
used later on, during the stage of constructing 
graphs for the intermediates of heterogeneous 

processes of ОН– oxidation in the aqueous 
medium � ��OH O. and 

The potential range of anodic release of 
molecular oxygen, which further complicates 
oxide formation on gold in an alkaline medium, 
was not considered in the study.

T h e  m a i n  c u r r e n t  m a x i m a  o n  t h e 
voltammogram of glycine anion oxidation have 
more positive values than the adsorption current 
maxima in the Au|OH–,H2O system [6, 10, 30, 31], 
however, they have noticeably more negative 
values than the Au2O3 peak (Fig. 1). According 
to [6], the six-electron, generally anodic, 
process goes through the stage of dissociative 
Gly– chemisorption, the products of which, 
( NH CH COO2- - -�

2  and ) , are then anodically 
oxidized to CN–, �NH2 , and CO2. According to the 
method of a rotating ring-disc electrode [28], 
at E > 0.35 V, adsorbed methylamine can also 
be formed. However, the results of in situ FTIR 
reflection spectroscopy [5, 6] indicate that the 
main intermediates of anode destruction of Gly- 
on polycrystalline gold are formate ions. What is 
more, this method did not detect the formation 
of methylamine. In addition, the absorption 
bands corresponding to CN–, OCN–, and CO2, as 
well as Au(CN)2

+ were reliably recorded. Taking 
into account these data, the putative scheme of 
the glycine anion oxidation, which reflects the 
features of the anodic transformation of OH– and 
the possibility of coupling of individual reactions, 
is as follows:

Fig. 1. Cyclic voltammograms obtained on a gold electrode in a background solution (dotted line) and with the 
addition of 0.03 M glycine; v = 0.10 B/c [10]
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Au OH NH CH COO

Au (OH ,NH CH COO )
(ads)
( )

2 2

( )
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- + ¤

¤ -

- - -

- - -

1

1

l

l
	 (V)
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( )
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- ¤

¤ - +

- - -

-

1

1

l

� -- l)e
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Au (HCOO ,CN ) H O e
2 2 (ads)

-
(ads) 2

- + ¤

¤ - + +

- -

-

� 3

3 2
 	 (VII)

Au (OH,HCOO ,CN ) OH

Au CN CO H O e.

-
(ads)

ads 2

- + ¤

¤ - + + +

- -

-

�

2

	 (VIII)

It is assumed that during stage (V) the 
glycine anion adsorption occurs on the gold 
surface partially occupied by adsorbed OH- 
anions, however, there is the possibility of their 
additional oxidation through (VI) resulting in 
the formation of �OH . Stages (VII) and (VIII) 
correspond to the destruction of the glycine anion 
and the intermediate.

In the general case, the heterogeneous 
chemical reactions of additional oxidation of the 
adsorbed cyanide ion should also be taken into 
account:

+2 Au-OH

Au OCN (IX)

+ Au-O

ads

ads

ad

�

��

ÈÎ ˘̊ ¤

¤ - + +

-

-

-

H O Au

Au CN
2

ads

2

ss ads

2 3 ads

Au OCN (X)

+ Au O Au OCN (XI)

¤ - +
¤ - +

-

-

Au

AuO,2

Also, it is necessary to take into account 
that at sufficiently high potentials gold can also 
dissolve, which leads to the formation of gold Au 
(III) cyanide and cyanate complexes as a result of 
the following reactions: 

Au jCN Au(CN) eads j
( j)+ ¤ +- - +3 3  	 (XII)

Au jCN Au(CN) eads j
( j)+ ¤ +- - +3 3 . 	 (XIII)

When equations were recorded, it was 
assumed that the surface activity of H2O, CO2, 
and gold complexes was significantly lower 
than that of other adsorbates. In addition, it 
was assumed that processes (IIIa), (IIIb), (IVa), 
(IVb), (VII), and (VIII) involve OH- ions directly 
from the electrode layer of the solution, rather 
than those adsorbed on gold since interpreting 
these reactions as purely surface reactions would 
significantly complicate the construction of the 
corresponding graphs.

Initial kinetic ratios. Let us assume that 
the surface initially contains only one type of 
active adsorption centers. The number of these 
centers is N (expressed in mol/cm2). It is not only 
constant, but also significantly less than the 
number of metal atoms. This makes it possible to 
use the Langmuir isotherm model in the analysis.

Let Ni and Nj be the number of active surface 
sites occupied by particles of the i-th and j-th 
types, respectively. The change in the state of the 
active site during i ⇔j process may be associated 
not only with the oxidation/reduction of particles, 
but also with their adsorption/desorption. Each 
of these processes is interpreted as a kinetically 
reversible first-order reaction, the rate of which is:

v k N k N N k kij ij i ji j ij i ji j= - = -( ).Q Q  	 (1)

Here, kij and kji are the formal rate constants, 
while Θi and Θj are the proportion of surface 
adsorption centers occupied by reagents and 
products. It was assumed that there were no 
diffusion limitations for all types of particles; 
features of the structure of the electrical double 
layer were not explicitly taken into account.

The current covering of adsorption centers was 
assumed to be stationary. In this approximation

k kij i ji j
ji

Q Q= ÂÂ  		  (2)

actually represents the so-called stationary ki-
netic adsorption isotherm, where

Q Qi j
ji

+ =ÂÂ 1.  		  (3)

Since k k cij ij
o
i
v= ,  and k k cji ji

o
j
v= ,  the concent

ration equilibrium constant is K k k K c cij ij ji ij i
v

j
v= = ( )0 .   

K k k K c cij ij ji ij i
v

j
v= = ( )0 .   Here, K k kij ij ji

0 0 0=  is the standard 
equilibrium constant, and cv  is the volumetric 
molar concentration.

The rate constants of adsorption stages 
involving singly charged anions with due account 
of the possibility of partial charge transfer are as 
follows:

k k E c F E E RT

k k E c F E

ij ji i
v

ji ji j
v

= ÈÎ ˘̊

= -

0 0 0

0 0

( ) exp ( - )

( ) exp ( -

lb

la EE RT0 ) ,ÈÎ ˘̊

	 (4a)k k E c F E E RT

k k E c F E

ij ji i
v

ji ji j
v

= ÈÎ ˘̊

= -

0 0 0

0 0

( ) exp ( - )

( ) exp ( -

lb

la EE RT0 ) ,ÈÎ ˘̊ 	 (4b)

Whereas for electrochemical stages with their 
participation, they are:

k k E c F E E RT

k k E c

ij ji i
v

ji ji j
v

= -ÈÎ ˘̊

= -

0 0 0

0 0

1

1

( ) exp ( ) ( - )

( ) exp (

l b

--ÈÎ ˘̊l a) ( - ) .F E E RT0

	 5a
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k k E c F E E RT

k k E c

ij ji i
v

ji ji j
v

= -ÈÎ ˘̊

= -

0 0 0

0 0

1

1

( ) exp ( ) ( - )

( ) exp (

l b

--ÈÎ ˘̊l a) ( - ) .F E E RT0 	 5b

Here, E and E0 are the current and standard 
electrode potentials for a given reaction; α 
and β are cathodic and anodic charge transfer 
coefficients (hereinafter a = b = 0.5). If the 
adsorption of a charged particle is not accompanied 
by a redistribution of electron density, then the 
influence of E on the rate constants in equations 
(4a), (4b), (5a), and (5b) disappears, and formulas 
(5a) and (5b) take their usual form. It is obvious that 
in the general case the values of Кij, Kji also depend 
on the potential, although to varying degrees.

3. Analysis of kinetic diagrams
Au|OH-,H2O system. Let us assume that the 

anodic processes occurring in gold in an alkaline 
background electrolyte are stationary. Such an 
assumption is necessary at this stage, since it is 
extremely difficult to obtain a complete equation 
for the nonstationary anodic voltammogram, 
including the potential range of all current maxima 
even in the background electrolyte solution. The 
task is even more complicated if, along with the 
oxidation of hydroxide ions, the electrooxidation 
of the glycine anion occurs in the same potential 
range. According to the analysis technique 
proposed in [1-4], a kinetic diagram of the anodic 
process on the Au electrode in a background 
alkaline electrolyte can be constructed as follows 
(Fig. 2). Here, the initial state (1) is the free active 
site of the gold surface initially occupied by a water 
molecule; the vertices of the graph correspond 
to the successive transformation of the OH– 

ion: Au OH , Au OH , Au O Au O .ads ads ads 2- - -- � �� and 3  
The covering of the surface with each type of 
adsorption centers is, respectively, Θ1, Θ2, Θ3, Θ4, 

and Θ5; traversing the loop counterclockwise is 
positive. The overall reaction:

Au OH / Au O / H O e,2 2+ ¤ + +-3 1 2 3 2 33  	 (6)

representing the sum of stages (I), (IIa), (IIIa), and 
(IVa), proceeds at the rate:

i F k k15 15 1 51 53= -( ).Q Q  		  (7)

Each of these stages corresponds to the 
corresponding graph edge. To simplify the 
calculation procedure, the principle of the 
limiting stage was used, and kinetic situations 
with comparable speeds of two or more stages 
were not considered.

Let us assume that, for example, in the 
potential range of anodic peak A1 on the 
i,E-dependency (Fig. 1), the slowest is stage 
(I), while the rest of the stages are quasi-
equilibrium. Since k12 << kij and k21 << kji, after a 
series of transformations, expression (7) can be 
represented in a fairly simple form:

i i

F
k K K K K k

K K K K K K K

15 12

12 23 34 45 15
1

21

23 23 34 23 34 45 2

3
1

ª =

=
-

+ + + +

-

(
33 34 45 15

1K K K - ).
.	(8)

In this case, the effect of kinetic coupling of 
individual stages is manifested through a change 
in values Θ1 and Θ5, each of which is determined 
by a set of equilibrium constants from all stages 
of the process. It should be noted that under 
the procedure [2-4], expression (8) is written 
based on a fairly simple graphical algorithm, the 
structure of the graph is analyzed, and the system 
of equations (1)-(3) is not solved.

By subsequently assuming stages (IIa), (IIIa), 
and (IVa) as limiting, in a similar way we obtained 
expressions for the rate of the total oxidation 
reaction for gold in an alkaline medium in the 
potential range of peaks A2, A3, and A4: 

i i

F
k k K K K K

K K K K K K K K

15 23

23 32 54 43 21 15

21 21 15 21 15 54 21

3
1

ª =

=
+ + + +

(
-

115 54 43K K
)
	(9)

i i

F
k K k K K K

K K K K K K K

15 34

34 23 43 15 21 54

21 23 21 15 54 21 15

3
1

ª =

=
+ + + +

(
-  

))
	 (10)

i i F
k K K k K K
K K K K K K15 45

45 23 34 54 21 15

21 23 23 34 21 15

3
1

ª =
-

+ + + +
( )

 .	 (11)

Fig. 2. Graph-kinetic diagram of adsorption and elec-
trochemical processes occurring on an Au electrode 
in an alkaline medium in the region of potentials 
preceding the anodic release of molecular oxygen
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The sets of constants necessary for calculations 
were found by the brute force search based on the 
condition of best matching the position of each of 
the calculated and experimental anodic maxima. 
In addition, the values of the rate constants of 
direct and reverse reactions were determined 
(Table 1). It should be noted that the values of the 
equilibrium constants of individual stages by an 
order of magnitude coincided with the values of 
constants that could be calculated from known 
reference data [32]. The calculation showed that 
within the selected assumptions, the position of 
each of the four anodic current maxima on the 
calculated voltammogram correlated with the 
corresponding peak on the experimental i,E-
dependence (Fig. 3). However, the A1 maximum 
on the calculated voltammogram could be 
obtained only by assuming l ≠ 0. Otherwise, 
in this potential range there is a horizontal 

platform rather than a peak, which contradicts 
the experimental data (Fig. 3, inserts a and b).

Au| Gly–, OH–, H2O system. In the general 
case, the anodic processes in this system include 
the entire spectrum of reactions (I)–(XIII). 
Accordingly, the kinetic graph should consist of 
five interconnected cycles: anodic processes on Au 
in a background solution, the same, but with the 
addition of glycine, anodic reactions of additional 
oxidation of formate ions and cyanide ions, and 
dissolution of gold itself. However, the processes 
of OCN– and Au(CN)(3–j)+ formation occur at any 
noticeable rate only at high anodic potentials, that 
is why at this stage of the graph-kinetic analysis 
reactions (VIII) – (XIII) were not considered. The 
same applies to reactions (IVa) and (IVb) which 
correspond to the formation of gold oxide (III) 
at the potential of the A4 peak since its position 
and amplitude are practically insensitive to the 

Table1. Values of rate constants and equilibria constants of partial reactions occurring in the system 
Au|OH–,H2O

Constant
Edge of the graph

 (1¤2)  (2¤3) (3¤4) (4¤5) (5¤1)

kij
0 1,  c- 2 5 10 7. ◊ - 1 0 10 9. ◊ - 6 5 10 1. ◊ - 2 5 10 4. ◊ - –

kji
0 1,  c- 1 7 10 13. ◊ - 2 5 1015. ◊ 4 3 1021. ◊ 2 5 1029. ◊ –

Kij
0 1 5 106. ◊ 4 0 10 25. ◊ - 1 5 10 22. ◊ - 1 0 10 33. ◊ - 9 10 74◊ -

Fig. 3. The calculated voltammogram obtained in the Au|OH-,H2O system in comparison with the experimen-
tal one (dotted line). Inset: The maximum area A1, taking into account (a) and without taking into account the 
partial charge transfer (b) during the adsorption of the hydroxide ion
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presence of glycine in the solution (Fig. 1). As 
a result, the kinetic analysis concerns only the 
potential range covering the anode peaks A1Gly, 
A2Gly, and A3Gly, i.e. it is limited to the study of 
coupled partial processes of adsorption and anodic 
oxidation of OH- and Gly- anions and the additional 
oxidation of HCOO-. The graph corresponding to 
them contains three interconnected cycles: a, b, 
and c (Fig. 4A). However, it is also quite difficult 
to provide an analytical description of the 
processes within this graph, that is why further 
simplifications were made assuming that stages VI 
and VII proceed together. The resulting graph now 
contains only 2 cycles (Fig. 4B), in which the stage 
1⇔2 is common. Accordingly, the equilibrium 
constant K56 is multiplicative and is the product of 
the corresponding equilibrium constants of stages 
VI and VII. Therefore, it is impossible to separately 
determine the latter within the framework of this 
simplification.

It was assumed that in each cycle it was 
possible to distinguish a limiting stage in the 

corresponding potential range, the kinetic 
regularities of which determine the shape of 
the partial anodic i,E-curve. It is reasonable to 
assume that, similar to the background electrolyte 
solution, with the growth of E, the nature of the 
limiting stage changes, so does the nature of the 
particles involved in the oxidation reactions in 
both cycles. The following most probable kinetic 
situations were considered:

Kinetic route I. In the potential range of the 
A1Gly – A2Gly maxima, the limiting stage in cycle a 
is (2⇔3), and in cycle b, it is stage (5⇔6). The 
total anodic current in this case should consist 
of partial currents of anodic oxidation of anions 
of hydroxyl i14 and glycine i17

*:

i Fk
K k k k

k k k
K K K

K K K

14 23
12 52 67 71

52 67 71
21 14 71

14 34 21

2
1

=
+

+ + + +
+ +

( )

KK K K52 67 71+
Ê
ËÁ

ˆ
¯̃

Ê

Ë

Á
ÁÁ

ˆ

¯

˜
˜̃

	(12)

* Although stage 1⇔7 is an adsorption stage, the amount of 
adsorbate is determined by the rate of electrooxidation of 
glycine and additional oxidation of formate.

Fig. 4. General (A) and simplified (B) kinetic graphs of conjugated anode processes in the Au|Gly-,OH-,H2O 
system in the region of anode maxima potentials  А1Gly - А3Gly 

А

B
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Kinetic Route II. In the range of the A3Gly 
maximum, monoradicals are involved in the anodic 
process of cycle a �OH , while in cycle b, there is 
additional oxidation of formate ions. If in this case 
the limiting stages are (3⇔4) and (6⇔7), then:

i Fk
K K

k k k
K K K

K K K K K K

14 34
12 23

52 65 71
21 41 71

21 32 21 52 21 5

2
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+ + + +

+ + + 22 65K
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Ê
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Á
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Kinetic Route III. Assuming that the nature 
of the limiting stage in cycle b does not change 
with the growth of the anode potential, i.e. the 
total current consists of the partial currents 
of the monoradical �OH  and the glycine anion 
oxidation, processes (3⇔4) and (5⇔6) may be 
limiting. Wherein:

i Fk
K k k k

k k k K K K
K K K

14 34
23 52 67 71

52 67 71 21 23 25
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i Fk
K K k k

k k
K K K
K K K K

17 56
12 25 41 32

32 41
21 23 25

21 17 21 14

3
1

=
+

+ + + +
+ +

( )

++
Ê
ËÁ

ˆ
¯̃

È

Î

Í
Í
Í

˘

˚

˙
˙
˙K K K21 17 76

.	(17)

Since stages (2⇔5) and (1⇔7) are adsorption 
stages, they were not considered as limiting.

In all cases, the rate of the corresponding 
partial process is determined by the rate of its 
limiting stage, however, equations (12)–(17) have 
constants corresponding to the processes in both 
cycles, which actually reflects the effect of their 
mutual influence.

For the numerical calculation of partial 
currents, it is necessary to know the sets of the 
corresponding constants, the values of which 
were determined, as before, by brute force search. 
The starting point in determining the values of 
k kij
o

ji
o, , and Kij

0  for partial background processes 
were the values of the constants given in Table 1. 
The brute force search procedure was completed 
when reaching the values of the sets of constants 

that allowed matching the potentials’ maxima of 
the calculated and experimental voltammograms.

The calculated partial voltammograms 
obtained under the assumption that there was 
any of the three possible kinetic situations are 
presented in Fig. 5 (a–d).

In the potential range of the A1 maximum, 
the introduction of the glycine anion led to an 
increase in the potential of the first maximum 
on the partial i, E-dependence corresponding to 
OH- adsorption with partial charge transfer (as 
compared to the background solution), however, 
the rate of electrooxidation of Gly– in the same 
potential range was negligibly small (Fig. 5a).

The A2 maximum on the partial curve in 
the Au|Gly-,OH-,H2O system associated with 
the formation of �OH  increased much more 
significantly as compared to the same maximum 
in the background solution (Fig. 5b). In this range, 
there was a process of glycine electrooxidation, 
the rate of which was maximum at E ≈ 0.45 V.

The anodic A3 maximum on the partial i,E‑de-
pendence corresponding to the electrooxidation of 
�OH  and the formation of Au O- ��  also increased in 

the presence of glycine, however, to a much smaller 
degree (Fig. 5c). Along with the electrooxidation of 
glycine, the process of formate ion additional oxi-
dation was also possible. This process reached the 
maximum rate at E ≈ 0.60 V.

Finally, if we assume that the nature of the 
limiting stage for processes involving oxygen 
changes and for cycle b in any potential range 
the glycine electrooxidation reaction (5⇔6) 
is limiting, then the kinetic situation III is 
observed. The corresponding calculated partial 
i,E-dependencies are shown in Fig. 5d.

It is characteristic that the position of 
the maximum on the partial voltammogram 
corresponding to the process � ��OH O,Æ  remained 
practically unchanged (Fig. 5c and d). Whereas 
the maximum on the partial i,E-curve of glycine 
oxidation shifted considerably to the anodic 
region (Fig. 5b and d) and fell into the potential 
range of the anodic release of oxygen. The latter, 
however, contradicts the experimental data [10]. 
Therefore, we can come to the conclusion that in 
the Au|Gly-,OH–,H2O system, with an increase in 
the anode potential, the kinetic situations I and 
II are consistently observed, which means that 
the nature of the limiting stages really changes.
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It is important that in any of the considered 
potential ranges, the rate of partial oxidation 
reactions for adsorbed OH and �OH  particles were 
significantly higher than that of electroactive 
organic particles. In the framework of formal 
kinetics of “parallel” reactions, this means that 
in the Au|Gly–,OH–,H2O system, the kinetics of 
the glycine anion electroconversion was mainly 
determined by the kinetic features of the process 
of hydroxide ions electrooxidation.

The total voltammogram obtained by adding 
the partial i,E-characteristics of the processes 
involving OH- and Gly- is shown in Fig. 6. The 
insert to the figure shows a fragment for the 
potential range of the A3Gly peak found under 
the assumption that kinetic situation III was 
observed. The discrepancy between the calculated 
and experimental i,E -dependence, both in terms 
of the maximum position and shape, once again 
confirms that this kinetic variant of Gly oxidation 

does not occur in practice.
With regards to variants I and II of the kinetic 

scheme, the position of the maxima on the 

calculated and experimental voltamperograms 
practically coincided with each other. It is clear 
that in the potential range of the A1Gly maximum, 
the overall rate of the process was determined 
only by the regularities of the electroconversion 
of oxygen on gold. In the range of the A2Gly 
maximum, both the electro-oxidation reaction 
of OH- ions and glycine anions contributed to 
the total current of the anodic process. Finally, 
the total anodic process at the A3Gly potential 
consisted of three partial processes: the formation 
of an oxygen biradical, the electrooxidation of the 
formate ion, and the electrooxidation of glycine, 
which was oxidized in this region at a low but 
non-zero rate.

The rate and equilibrium constants of the 
processes occurring in cycles a and b calculated 
from the values of the sets of constants for partial 
reactions are presented in Table 2.

The analysis of these data showed that the 
values of the formal rate and equilibrium constants 
of electrochemical stages 2⇔3 and 3⇔4 for 
reactions with joint participation of ON- and Gly– 

Fig. 5. Partial voltammograms calculated under the assumption that I (a-b); II (c) or III variant of the kinetic 
scheme (d) is realized
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differ little from those obtained for the Au|OH–

,H2O system, while the constants characterizing 
the process of hydroxide ion adsorption change 
significantly in the presence of glycine anion, 
which, in our opinion, once again indicates that the 
processes of electrooxidation of organic particles 
are governed by the kinetic regularities of anodic 
processes involving OH– ions.

4. Conclusions
1. The method of kinetic diagrams was used to 

analyze anodic processes in the Au|Gly–,OH–,H2O 
system with a limited number of active sites on the 
gold surface. It was confirmed that partial multi-
stage reactions of anodic oxidation of glycine and 
hydroxyl anions are kinetically coupled.

2. It was shown that with an increase in 
the anode potential, the nature of the limiting 

stages of processes, both with the participation 
of background and organic particles, changes. 
Otherwise, the calculated i,E dependencies differ 
significantly from the experimental data.

3. Formal rate and equilibria constants of 
electrochemical reactions involving particles of 
background electrolyte and the position of the 
anodic maximum associated with the formation 
of an oxygen biradical are not very sensitive to 
the presence of Gly- in the solution. However, 
the rates of partial oxidation reactions of 
adsorbed OH and �OH  particles are significantly 
higher than those of organic anions (Gly- and 
HCOO-). This indicates that the kinetics of 
the electrooxidation processes of Glyis in the 
Au|Gly–,OH–,H2O system are determined by the 
kinetic features of the electrooxidation reactions 
of hydroxide ions.

Fig. 6. Calculated total voltammogram obtained by graph-kinetic analysis under the assumption of the imple-
mentation of the I and II variants of the kinetic scheme; experimental i,E-dependence (dotted line). The inset 
is a fragment of the total i,E–dependence in the region of A3Gly maximum potentials under the assumption of 
the implementation of the III variant of the kinetic scheme of the anodic oxidation process of the Gly- anion

Table 2. Values of rate constants and equilibrium constants of partial reactions occurring in the 
Au|Gly–,OH–,H2O system

Constant
Edge of the graph

1¤2 2¤3 3¤4 4¤1 2¤5 5¤6 6¤7 7¤1

kij
0 1, c- 2 5 10 2. ◊ - 1 1 10 9. ◊ - 6 5 10 1. ◊ - 4 6 10 22. ◊ - 1 6 104. ◊ 6 0 10 9. ◊ - 6 0 10 9. ◊ - 9 0 10 3. ◊ -

kji
0 1,  c- 4 2 10 6. ◊ - 9 7 109. ◊ 4 4 1021. ◊ 2 1 10 4. ◊ - 1 0 10 2. ◊ - 7 2 10 4. ◊ - 7 0 10 4. ◊ - 1 3 104. ◊

Kij
0 5 8 103. ◊ 1 1 10 19. ◊ - 1 5 10 22. ◊ - 2 2 10 18. ◊ - 1 6 106. ◊ 8 3 10 6. ◊ - 8 5 10 4. ◊ - 6 9 10 7. ◊ -
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Abstract 
By calculating the ionic equilibria in the system CuCl2 (Mn2+, Ni2+) − NaCH3COO – N2H4CS, we determined the concentration 
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1. Introduction 
Water treatment is currently of a great 

importance due to the increasing negative impact 
of oil refineries, chemical plants specializing in 
fabric dyeing and the manufacturing of leather, 
as well as plants manufacturing synthetic resins, 
pesticides, agricultural chemicals, medicine, 
etc. Toxic organic compounds formed as a result 
of the production processes are accumulated 
in wastewater and have negative carcinogenic, 
teratogenic, and mutagenic effects on the human 
body [1]. 

The most efficient and cost-effective methods 
of decomposition of organic compounds 
into harmless final products (Н2O, СО2) are 
photocatalysis and photoelectrocatalysis, 
which occur under ultraviolet or visible light 
in the presence of catalysts. Ref. [2] presents 
a review and analysis of studies focusing on 
the use of inorganic semiconductors (metal 
oxides and chalcogenides) as catalysts which 
facilitate the decomposition of a large number 
of organic compounds. As a result of the analysis 
of the advantages and drawbacks of various 
photocatalytic materials the authors determined 
the main requirements to heterogeneous 
photocatalysts, including a relatively high-
efficiency visible light adsorption, which 
facilitates the formation of electron-hole pairs 
and prevents volume recombination, as well as 
chemical stability and a low production cost.

Titanium dioxide TiO2 (Eg = 3.2 eV) is a 
metal oxide semiconductor photocatalyst that 
has been most thoroughly studied over several 
decades now. This material demonstrates a 
high photocatalytic activity, chemical stability, 
and durability, and is relatively inexpensive 
to produce [3]. However, the photocatalytic 
activity of the oxide is usually observed under 
ultraviolet radiation, whose share in the 
solar spectrum is ~8%. According to previous 
studies, it is currently important to create 
effective photocatalysts with a band gap less 
than 3.2 eV and active in the visible spectral 
region. Therefore, an increased attention is 
paid to materials based on transition metal 
chalcogenides and some other inorganic 
semiconductors which have unique optical, 
electric, photoelectric, and catalytic properties. 
In order to assess photocatalytic properties, 

controlled photolysis of common organic dyes 
is analyzed, including methylene blue (MB) [4], 
rhodamine B [5], and methyl orange (MO) [6]. 

The most promising compound based on 
a metal chalcogenide is non-toxic copper 
monosulfide (CuS), a p-type semiconductor 
with a band gap of 1.2–2.4 eV [7,8]. Effective 
separation of photoexcited charge carriers in 
copper(II) sulfide is accounted for by its structural 
properties, namely by the presence of vacancy 
defects [9]. At the same time, the characteristic 
location of electron bands with corresponding 
redox potentials facilitates the generation of 
photoactive centers (·OH and ·O2– radicals) and 
thus ensures the degradation of toxic organic 
compounds under visible light [10].

The search for new photocatalysts that 
would ensure the effective decomposition of 
organic compounds under visible light motivated 
researchers to synthesize nanostate CuS in the 
form of hierarchical hollow nanospheres [11], 
caved superstructures [12], nanoparticles [13], 
nanowires [14], nanorods [15], nanoribbons 
[16], nanoplates [17, 18], nanoflowers [19], and 
hierarchical structures [20]. Of particular interest 
is a study of a controlled synthesis of CuS caved 
superstructures and their application in the 
catalysis of organic dyes degradation in the 
absence of light. The synthesis was performed 
by means of oxidation of hydroxide radicals 
produced from H2O2  in the catalytic reaction 
[12]. According to the previously published data, 
the use of the nanodispersed state CuS for the 
photocatalytic removal of organic compounds 
from aqueous media is a promising method. 
However, effective photocatalysis under visible 
light requires modification of the copper sulfide 
surface. 

It is known that the introduction of foreign 
impurity ions alters the coordination environment 
of the host metal ions in the metal sulfide 
lattice and modifies the electronic structure 
of the compound as a result of the formation 
of localized electron energy levels in the band 
gap. For this reason, although it is possible 
to effectively use undoped copper sulfide for 
photodegradation, it is often doped with ions 
of transition metals including Zn2+, Ni2+, Co2+, 
and Mn2+ [21,22]. Thus, Sreelekha et al. [23] 
obtained nanoparticles of copper sulfide doped 
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with cobalt. The effectiveness of photocatalytic 
processes in their presence was 1.3 times higher 
than that of undoped copper sulfide nanoparticles 
under the same conditions. According to the 
authors, the increased effectiveness of CuS(Co) 
is explained by the changes in the electronic 
structure of the compound, which result in a 
slower recombination of photogenerated charge 
carriers. The authors also synthesized copper 
sulfide nanoparticles doped with iron [24] and 
nickel [25]. The most effective were structures 
containing 3 at.% of Fe and 3 at.% of Ni. The 
effectiveness of photodegradation of rhodamine 
under visible light in the presence of these 
structures was 98.53 and 98.46%, respectively. 
The effectiveness of the catalysts for both systems 
increased dramatically as compared to undoped 
copper sulfide. The authors believe that the 
improvement of photocatalytic properties of 
doped copper sulfide is explained by both the 
changes in the electronic structure and a larger 
number of catalytically active centers on the 
surface of the semiconductor.

To obtain nanostructures based on copper 
sulfide, a large number of methods are 
used, including chemical deposition from 
aqueous solutions of sodium sulfide Na2S or 
hydrogen sulfide H2S [26], the SILAR method 
[27], hydrothermal synthesis [28], solid-phase 
synthesis [29], and sonoelectrochemical synthesis 
[30]. 

The synthesis method largely determines 
the morphological features and the crystal 
structure of photocatalysts, which in turn 
determine the capacity of physical and chemical 
photodegradation. A method that deserves 
special attention is the chemical bath deposition 
(CBD) method. It is fairly simple and the most 
energy-effective, and can be conducted at 
relatively low temperatures. The process is 
easy to control, which makes it possible to vary 
the composition and functional properties of 
metal sulfides in the form of both thin films 
and powders [31]. An important advantage of 
this method is that it allows forecasting the 
conditions of the synthesis of both binary 
and ternary compounds using the calculation 
methodology described in [31]. 

In our study, we focused on the conditions for 
hydrochemical synthesis of CuS(Ni) and CuS(Mn) 

films and powders in reaction systems of various 
compositions. We analyzed their composition, 
structure, optical, and photocatalytic properties 
using methylene blue (MB). 

2. Thermodynamic conditions for the 
formation of solid phases of sulfides and 
hydroxides of copper(II), manganese, and 
nickel 

Hydrochemical deposition of the solid phase 
of metal sulfides involves a set of complex 
intermolecular interactions in the system’s 
volume including hydrolytic decomposition of 
thiourea with the formation of hydrosulfuric acid 
H2S and cyanamide H2CN2:

N2H4CS ¤ H2S + H2CN2 		  (1)

followed by the formation of the metal sulfide 

MeL2+ +H2S = MeS ¤ + L + 2Н2+.	 (2)

An analysis of ionic equilibria aimed at 
determining the conditions for the formation of 
sulfides and hydroxides of copper, manganese, 
and nickel was conducted in reaction systems 
CuCl2  –  CH3COONa – CH3COOH – N2H4CS, 
CuCl2  –  MnCl2  − CH3COONa – N2H4CS, and 
CuCl2 – NiSO4 − CH3COONa – N2H4CS at 298 K. 
The preliminary criterion of the formation of 
metal sulfides МеS in diluted solutions was the 
following equation: 

IPMeS = SPMеS, 		  (3)

where IPMeS is the ionic product of the metal sulfide 
and SPMeS is the solubility product of the solid phase 
of MeS. 

The portion of uncomplexed active ions of 
Men+ capable of entering into a chemical reaction 
with S2− was determined based on the expression: 
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where 2Me
C +  is the total analytical concentration 

of the metal salt in the solution; L1, L1,2, L1,2…n is 
the concentration of the ligand; and k1, k1,2, k1,2…n 
are the instability constants of various complex 
forms of the metal. 

Using the reference values of thermodynamic 
stability constants of complexed ions Cu2+, Mn2+, 
and Ni2+, we analyzed ionic equilibria in all the 
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above listed systems. Fig. 1 presents dependence 
diagrams of fractions of complexed ions of 
copper (a), manganese (b), and nickel (c) on the 
pH. The dotted line indicates the pH of chemical 
deposition of the analyzed metal sulfides.

To determine the minimum concentration 
of the metal salt Сн required for the formation 
of the solid phase of MeS taking into account 
critical nuclei in the analyzed systems, we used 
the following expression [31]: 
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where p – is the negative logarithm; pSPMeS is 
the value of the solubility product (pSPCuS = 35.2, 
pSPMnS = 12.6, pSPNiS = 20.45) [32]); 2Me +a  is 
the fraction of free metal ions; 

2H Sk  
2 2H CNk  are 

ionization constants of H2S (19.88) [32] and 
H2CN2 (21.52) [32]; KC − is the constant of hyd
rolytic decomposition of thiourea, pKC = 22.48, 
[31]; [N2H4CS]н is the initial concentration of 
thiourea; bc and bS were determined based 
on expressions 

2

2
3 3 H SHS

[H O ] [H O ]S k k-
+ +b = + + , 

2 22

2
3 3 H CNHCN

[H O ] [H O ]c k k-
+ +b = + +  [31]; s is the 

specific surface energy of the metal sulfide 
(surface tension) assumed to be 1.0 J/m2 [31]; 
VM is the molar volume of the metal sulfide 
(VM(CuS) = 3.19·10−5 m3/mol, VM(MnS) = 2.18·10−5 m3/mol, 
VM(NiS) = 1.68·10−5 m3/mol); rcr is the radius of the 
critical nucleus assumed to be 3.5·10−9 m [31]; R is 
the universal gas constant; and T is temperature.

Besides the formation of MeS, chemical 
deposition in an alkaline medium is accompanied 
by other reactions, in particular the formation 
of metal hydroxides. The conditions for their 
formation were calculated based on the equation 
[31]:

2
2H Me(OH) WMe

pC pSP p 2p 2pHK+= - a - + ,	 (6)

where Сн is the minimum concentration of the 
salt required for the formation of the solid phase 
of metal hydroxides (Cu(ОН)2, Mn(OH)2, Ni(OH)2), 
whose solubility products are 2Cu(OH)pSP

 = 19.66, 

2Mn(OH)pSP  = 12.72, and 
2Ni(OH)pSP  = 17.19 respec-

tively; KW is the ionic product of water [32].
Calculations of the formation regions of sulfides 

and hydroxides of copper, manganese, and nickel 
are presented in Fig. 2 as dependence diagrams 
in the coordinates “initial concentration of metal 
salt рСн – рН of the solution – concentration of 
thiourea [N2H4CS]”. The concentration planes 
correspond to the start of the formation of CuS 
(lilac), MnS (red), NiS (blue), Cu(OH)2 (orange), 
Mn(OH)2 (yellow), and Ni(OH)2 (green). 

Fig. 2 demonstrates that for all the systems 
the deposition starts with the formation of the 
solid phase of copper sulfide. The solid phase 
of copper sulfide without copper hydroxide 
is formed between the concentration planes 
corresponding to CuS and Cu(ОН)2 over the 
whole рН range (a). It is possible that in the рН 
region limited by the concentration planes of 
CuS, Cu(OH)2, and Mn(OH)2 (b) or CuS, Cu(OH)2, 
and Ni(OH)2 (c) only copper sulfide is formed. 
Codeposition of CuS and MnS (b) or CuS and 
NiS (c) with a large number of impurity phases 

                                   a                                                                b                                                                c
Fig. 1. Diagrams of ionic equilibria in the systems (а) CuCl2 – CH3COONa – N2H4CS: CuOH+(1), Cu(OH)2 (2), 
Cu(OH)3

– (3), Cu(OH)4
2– (4), CuCH3COO+ (5), Cu(CH3COO)2 (6); (b) MnCl2 – CH3COONa – N2H4CS: Mn2+ (1), MnOH+ 

(2), MnCH3COO+ (3); (c) «NiSO4 – CH3COONa – N2H4CS: Ni2+ (1), NiCH3COO+ (2), Ni(CH3COO)2 (3), NiOH+(4), 
Ni(OH)2 (5), Ni(OH)3

– (6)
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of hydroxides of these metals is possible in the 
рН range 13.5–14.0 and 8.0–14.0 respectively. 
It should be taken into account that the 
thermodynamic conditions were determined 
at room temperature (298  K). Therefore, we 
can assume that an increase in the deposition 
temperature might affect the deposition regions 
of the analyzed compounds. For this reason, 
we conducted preliminary experiments to 
determine the temperature of the synthesis and 
the initial concentration of all the reactants 
and confirmed that the most promising region 
of formation of copper sulfide films doped with 
manganese or nickel is the weak acidic region 
(рН = 5–6).

3. Experimental 
The hydrochemical deposition of CuS films on 

substrates and powders in the reactor volume was 
performed from a reaction mixture containing 
0.03  M of CuCl2, 0.012  М of thiourea N2H4CS, 
and 2.0 М of NaCH3COO providing for the ligand 
environment. In order to obtain doped CuS(Mn) 
and CuS(Ni) dispersions, 0.005 М of MnCl2 and 
NiSO4 was introduced into the reactor. The films 
were deposited on frosted quartz substrates 
degreased with ethyl alcohol for 120 minutes at 
353 K in a ТS–ТB–10 thermostat. The accuracy of 
the maintained operating temperature was ±0.1о. 

To study the morphology and elemental 
composition of the films, a Tescan Vega 4 LMS 
Scanning Electron Microscope was used together 
with an Oxford Xplore EDS – AZtecOne energy 

dispersive spectroscopy (EDS) system. The size 
of the film and powder particles was determined 
using the Measure software and Grapher and 
Origin graphic editors.

The thickness of the films was measured 
using an MII-4M microinterferometer with a 
measurement error within 10%.

Phase and structure analyzes of the synthesized 
thin films and powders were conducted by means 
of X-ray diffraction using two diffractometers: a 
Rigaku MiniFlex600 (Rigaku, Japan) with a copper 
anode CuKa (powders) and an Empyrean Series 2 
(PANalytical) with a cobalt anode CoKa (films). 
To determine the crystal structure of the thin 
films we used X-ray reflectometry at an angle of 
5°. The experimental X-ray diffraction patterns 
were described by means of a full-profile analysis 
(Rietveld method) [33] using the FullProf Suite 
software [34]. 

The transmittance spectra of the CuS, 
CuS(Mn), and CuS(Ni) films deposited on frosted 
glass substrates were registered using a UV-3600 
spectrophotometer (Shimadzu, Japan). The device 
has a double beam optical scheme, a halogen 
lamp (visible and near IR spectral region) and a 
deuterium lamp (UV region). The recording was 
performed using a standard procedure in the UV, 
visible, and IR spectral regions at 1 nm intervals.

The adsorption and photocatalytic activity of 
the synthesized films and powders were studied 
using a PE-5300VI spectrophotometer. To register 
the optical density of the studied solutions, we 
plotted an experimental dependence of the optical 

                                   a                                                                b                                                                c
Fig. 2. Boundary conditions for the formation of poorly soluble phases CuS, MnS, NiS, Cu(OH)2, Mn(OH)2, 
Ni(OH)2 in the systems CuCl2 – CH3COONa – N2H4CS (a), CuCl2 – MnCl2 – CH3COONa – N2H4CS (b), and CuCl2 – 
NiSO4 – CH3COONa – N2H4CS (c) depending on the pH of the environment and the concentration of chalcogenide. 
The calculations were conducted for [NaАс] = 2 М and T = 298 K
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density of aqueous solutions on the concentration 
of methylene blue in the concentration range 
from 10–7 to 10–4 M. 

To determine the photocatalytic properties, 
a 3.0×2.4 cm2 thin film or a 0.012 g weighed 
portion of powder of the analyzed metal sulfides 
were put into 10 ml of a methylene blue solution 
with a concentration of 10–5 M and exposed to 
visible light for 4 hours or 15 minutes respectively 
with constant stirring. The optical density was 
measured at certain periods (1 hour for the film 
and 5 minutes for the powder). The source of 
radiation was a 60 W incandescent lamp. 

It is known that the рН of a solution plays 
an important role in the photodegradation 
of dyes, because it affects the formation of 
hydroxyl radicals [35].  Therefore, in our study, 
we analyzed the effect of the pH of a MB 
solution on the ratio of the contribution of the 
adsorption and photocatalytic components 
during the decolorization of the solution with 
the рН ranging from 6.0 to 9.5. The study was 
conducted as follows. 0.012 g weighed portions 
of powder were kept in an alkali solution with a 
known pH for 30 minutes with constant stirring. 
After this they were put into 20  ml of a MB 
solution with a concentration of 10–4 M and kept 
for 30  minutes either in complete darkness or 
under radiation with constant stirring. The degree 
of decolorization of the dye in the experiments 
conducted in the dark was considered to be only 
the result of adsorption of the dye on the surface 
of the powder. The degree of photocatalytic 
decomposition of the molecules of methylene 
blue was considered equal to the difference 
between the degree of decolorization of the dye 
under radiation and the degree of decolorization 
of the dye in the dark. The degree of decolorization 
of the dye was calculated using the formula:

0

0

100%,
C C

D
C
-

= ◊ 		  (7)

where C0 is the initial concentration of the dye, 
М; and C is the concentration of the dye after 
applying the catalyst.

4. Results and discussion 
4.1. Morphology and elemental composition

In our study we analyzed 170–200 nm thin 
films with good adhesion to the substrate 

and powders of copper sulfide and CuS doped 
with manganese and nickel, i.e. CuS(Mn) and 
CuS(Ni). Their electron microscopic images and 
particle size distribution histograms are shown 
in Figs. 3 and 4. Clear unimodal size distribution 
of particles was observed in both films and 
powders. The thin film layer of CuS consists of 
globular grains and has the most homogeneous 
microstructure. When doped with manganese and 
nickel salts, crescent-shaped grains are formed 
with the size ranging from 40 to 200 nm. However, 
the number of nanosized particles forming CuS, 
CuS(Mn), and CuS(Ni) films grows from 27 to 50 
and to 56% respectively. 

The analysis of the microstructure of powders 
of copper sulfide and CuS(Mn) and CuS(Ni) doped 
with transition metals demonstrated that they 
consist of spherical grains with ~ 30, 46, and 61% 
of nanoparticles. The latter are agglomerates of 
smaller nanoparticles. 

The elemental analyzes demonstrated that 
the chemical composition of the films and 
powders includes copper (46.30–47.99 at.%) and 
sulfur (43.80–53.35 at.%). The ratio of the metal 
and chalcogen in the studied compounds allows 
us to conclude that bivalent copper sulfide is 
formed. The content of manganese and nickel 
was 0.13 and 0.15 at.%, respectively. 

4.2. X-ray diffraction analysis 
To obtain accurate information about the 

crystal structure and the degree of defectiveness 
of the synthesized films, we conducted a 
comprehensive analyzes of experimental X-ray 
diffraction patterns by means of the Rietveld 
method using the FullProf software. Experimental 
X-ray diffraction patterns of fine powders and 
thin films of undoped CuS, as well as of CuS(Mn) 
and CuS(Ni) doped with transition metals, are 
given in Fig. 5a and Fig. 6a.

A comparison of the experimental X-ray 
diffraction patterns of the powders and thin 
films of CuS, CuS(Mn), and CuS(Ni) to the X-ray 
diffraction pattern of a reference coarse-grained 
powder of copper sulfide with a covelline structure 
(Fig. 5a and Fig. 6a) allowed us to assume that the 
diffraction reflections of the studied samples 
correspond to the hexagonal phase of covelline 
with a space group P63/mmc. Their fine-grained 
nature can be observed in Fig. 5b and 6b, 
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a b c
Fig. 3. Electron microscopic images of the films of undoped copper sulfide (a), and CuS doped with manganese 
(b) and nickel (c) together with particle size distribution histograms

Fig. 4. Electron microscopic images of the powders of undoped copper sulfide (a), and CuS doped with man-
ganese (b) and nickel (c) together with particle size distribution histograms

a b c
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which describe the profile of a fragment of the 
experimental X-ray diffraction patterns by means 
of decomposition of the broad reflections of the 
covelline phase characteristic for the scattering 
from small particles. Therefore, the analyzes of 
the experimental X-ray diffraction patterns was 
performed based on a model of the covelline fine 
crystal structure. To achieve a good agreement 
between the experimental profile of the X-ray 
diffraction patterns and the calculated one, we 
varied the lattice parameters and the particle 

size assuming the anisotropy of their shape and 
taking into account a slight texture forming in 
the synthesized compounds. This is connected 
with the fact that during the synthesis of powder 
samples with a covelline crystal structure a 
texture can develop along the selected axis (in 
our study, axis “с” was 4 times larger than axes 
“a” and “b”) as well as the deviation of the particle 
shape from the isotropic one. This calculation 
algorithm taking into account the anisotropy of 
the grain size was also applied to the analyzes 

                                                a                                                                                                    b
Fig. 5. Experimental X-ray diffraction patterns of CuS (2), CuS(Mn) (3), and CuS(Ni) (4) powders are shifted 
along the Y-axis for clarity. The calculated X-ray diffraction pattern of the reference CuS (1) with the hexago-
nal covelline structure (space group P63/mmc) (a). Experimental X-ray diffraction pattern (red circles) and the 
calculated (blue line) and differential (green line) curves for CuS. The angular positions of the Bragg reflections 
are indicated with dashes (b). The insert shows the decomposition of the profile into separate peaks

                                                а                                                                                                    б
Fig. 6. Experimental X-ray diffraction patterns of CuS (2), CuS(Mn) (3), and CuS(Ni) (4) films are shifted along 
the Y-axis for clarity. The calculated X-ray diffraction pattern of the reference CuS (1) with the hexagonal 
covelline structure (space group P63/mmc) (a). Experimental X-ray diffraction pattern (red circles) and the 
calculated (blue line) and differential (green line) curves for CuS(Mn). The angular positions of the Bragg re-
flections are indicated with dashes (b). The insert shows the decomposition of the profile into separate peaks
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of the X-ray diffraction patterns of the studied 
CuS, CuS(Mn), and CuS(Ni) films formed from 
microfine particles. Fig. 5b and 6b present a 
comparative analyzes of the experimental X-ray 
diffraction pattern of the CuS powder and the 
CuS(Mn) thin film to their theoretical profiles 
calculated using the model of the hexagonal 
covelline structure (space group P63/mmc). The 
figures demonstrate a good agreement between 
the experimental and the calculated profiles 
assuming that a covelline phase is implemented 
in the volume of the powder and the film with a 
particle size of several nanometers. The refined 
structural parameters of the crystal lattice of 
the studied dispersions given in table 1 are in 
agreement with JCPDS 06-0464.

Table 1 shows that the doping of the powders 
with transition metals resulted in an increase 
in the crystal lattice volume from 0.2080(4) to 
0.2091(5) nm3, while the doping of the films 
resulted in a decrease in the crystal lattice 
volume from 0.2060(8) to 0.1897(9) nm3. This can 
be caused by the fact that impurity ions might 
penetrate into the crystal lattice of copper sulfide 
in powders, while in the films copper ions are 
partially replaced by manganese or nickel ions. 

The diffraction reflections observed on the 
X-ray diffraction patterns of all the films are 
broadened due to a decrease in the coherent 
scattering regions. The results of the analyzes 
demonstrated that an averaged particle size 
(<D>) of CuS, CuS(Mn), and CuS(Ni) films and 
powders is nanoscale, i.e. it is smaller than the 
grain diameter determined by means of the 
scanning electron microscopy (Fig. 4). This is 

explained by the fact that nanoparticles form 
larger agglomerates. A similar effect was observed 
by Pal M. et al. [36] during chemical deposition 
of CuS powders.

4.3. Optical properties 
The optical properties of the CuS and CuS(Me) 

films were studied in the range of 200-1800 nm. 
The transmittance spectra in Fig. 7a demonstrate 
that the films absorb most of the radiation. The 
maximum light transmission of the film (8.2%) is 
observed for CuS(Ni). The spectra of all the films 
demonstrate a decline at 400–700 nm (1.77–
3.1 eV) characteristic of the CuS phase.

The band gap Eg, was calculated for direct 
allowed transitions. For this, we build function 
(ahn)2 = f(hn) demonstrated in Fig. 7b. Of 
the greatest interest was the region of 1.77–
3.1 eV, where, as mentioned before, the optical 
characteristics change noticeably. Graphical 
methods demonstrated that Eg, of the undoped 
CuS film was 2.08 eV, while the band gaps of 
CuS(Ni) and CuS(Mn) films were 2.37 and 2.49 eV, 
respectively.

A slight difference between the experimental 
band gaps indicates the similarity of the electronic 
structure of the samples, which, in turn, indicates 
a similarity in the morphological properties and 
the absence of the factors (quantum confinement 
effects, defects, etc.) affecting the Еg. The 
obtained results are in agreement with the 
previously published values for CuS and CuS(Me) 
films [38–40].

Therefore, the doping of copper sulfide with 
transition metals resulted in an increase in the 

Table 1. Crystal lattice parameters (a, c), volume (V), particle size along the crystallographic directions 
(L(h00/0k0), L(00l)) and average size (<D>) of powders and films of CuS, CuS(Mn), CuS(Ni)

Parameters Powders Films
CuS CuS(Mn) CuS(Ni) CuS CuS(Mn) CuS(Ni)

a, b, nm 0.38228(8) 0.38192(6) 0.38214(6) 0.3807(2) 0.3811(8) 0.3811(2)
c, nm 1.6438(7) 1.6480(9) 1.6532(9) 1.641(4) 1.595(9) 1.509(9)

V, nm3 0.20804(6) 0.20818(6) 0.20909(5) 0.2060(8) 0.2006(9) 0.1897(9)
L(h00/0k0) 

L(00l)
2.0
5.0

2.6
5.5

2.7
5.7

2.3
3.4

2.2
4.3

2.2
4.5

<D>, nm 2.5 3.3 3.5 1.7 2.6 2.5
L(h00/0k0) 

L(00l)
<D>, nm

2.0
5.0
2.5

2.6
5.5
3.3

2.7
5.7
3.5

2.3
3.4
1.7

2.2
4.3
2.6

2.2
4.5
2.5

L(00l)/L(h00) 2.5 2.12 2.11 – – –
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band gap. This can be explained by the formation 
of substitutional solid solutions of MnxCu1–xS, 
because according to the existing literature [41, 
42] the band gap of MnS is 3.1–3.8 eV. As for the 
doping of copper sulfide with nickel, the obtained 
band gap of 0.15–1.0 eV [37, 43] cannot be 
explained in the same way as the above described 
increase in Eg. A thermodynamic estimate of the 
synthesis conditions demonstrated the possibility 
of formation of nickel hydroxide Ni(OH)2 in the 
analyzed reaction mixture, which is an indirect 
semiconductor with a band gap of 3.95 eV [44]. 
Based on the composition of the reaction mixture 
we can assume that an oxide NiO phase is formed 
in the films with a band gap of 3.2–3.5 eV, which 
can also result in an increase in the band gaps of 
CuS(Ni) films [45].

4.4. Photocatalytic and adsorption activity 
We know that during chemical deposition 

in a reactor, CuS, CuS(Mn), and CuS(Ni) solid 
phases are formed both on the substrate (in the 
form of films) and in the volume of the reaction 
mixture (in the form of powder). Therefore, in our 
study we performed a comparative analyzes of 
the adsorption and photocatalysis of methylene 
blue (MB). Fig. 8 demonstrates the dependence of 
the decolorization of the MB dye on the duration 
of exposure to visible light in the presence 
of CuS(Mn) (a) and CuS(Ni) (b) catalyst films 
obtained from reaction mixtures containing 
0 (1), 0.001 (2), 0.005 (3), and 0.01 (4) М of MnCl2 

(NiSO4) respectively, and in the presence of 
CuS(Ni) (1) and CuS(Mn) (2) catalyst powders 
obtained from reaction mixtures containing 0.005 
М of nickel (manganese) salt. The kinetic curves 
of the decolorization of MB demonstrate that the 
degree of decolorization of the dye solution under 
visible light in the presence of CuS, CuS(Mn), and 
CuS(Ni) catalyst powders reaches 90–97% over 
15 minutes, while in the presence of catalyst thin 
films the degree of decolorization reaches only 
18–35 % (CuS(Mn)) and 34–38 % (CuS(Ni)) over 
four hours. 

The effectiveness of the studied catalysts 
is demonstrated in Fig. 9. Both CuS(Ni) films 
and powders were more active catalysts for the 
decolorization of MB. Based on their effectiveness, 
the powders can be ordered as follows CuS → 
CuS(Mn) → CuS(Ni). This agrees well with their 
specific surface area, which increases from 11.6 
to 15.7 and 17.4 m2/g respectively. Therefore the 
surface area of CuS(Mn) and CuS(Ni) powders is 
1.4–1.5 times larger than the surface area of the 
CuS powder. Powders are also known to have a 
“looser” microstructure due to a larger number 
of surface atoms and the difference in the size 
and shape of the particles. The presence of voids 
and pores in the catalyst powders is proved by 
the deviation of the particles from the isotropic 
shape demonstrated by the X-ray diffraction and 
an increase in the volume of the crystal lattice 
in the series CuS (0.20804(6) nm3) → CuS(Mn) 
(0.20818(6) nm3) → CuS(Ni) (0.20909(5) nm3).

                                                а                                                                                                    b
Fig. 7. The transmittance spectra of the CuS, CuS(Ni), and CuS(Mn) films (а); results of the graphical estimation 
of the band gap (b)
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The resulting decolorization of the solution 
is determined based on the cumulative effect of 
the adsorption of the MB dye on the surface of the 
photocatalyst and photocatalytic decomposition 
of the dye molecules. Therefore, the main 
factors that impact the effectiveness of the 
decolorization of the solution caused by the above 
mentioned processes, is the specific surface area 
of the solid solution introduced in the system 
and its modification, as well as the degree of 
defectiveness of its crystal structure. 

It is known [21] that the pH of a solution 
affects the surface charge of the particles of 
photocatalysts and the catalytic reactions 
potential, and therefore the degree of adsorption 
and photodegradation of dyes. An effective way 
to modify the surface of copper sulfide is to 
increase the alkalinity of the environment. This 
is explained by an increased contribution of the 
electrostatic attraction facilitating the transfer 
of electrons between the dye molecules and the 
surface of the dispersed phase adsorbing OH– ions 
from the solution, as well as by the formation in 
the alkaline medium of a small number of organic 
compounds of active radicals ·OH and ·O2– which 
facilitate photodegradation. 

To separate the processes of adsorption and 
photocatalysis in the pH range from 6 to 9.5 we 
conducted comparative experiments with and 
without optical radiation in the visible spectral 
region. 0.012 g weighed portions of powder were 
kept in an alkali solution with a known pH for 30 
minutes with constant stirring. After this they 

were put into a dye solution with a concentration 
of 10–4 M. The decolorization of the dye in the 
experiments conducted in the dark was considered 
to be only the result of adsorption of the dye on the 
surface of the powder. The degree of photocatalytic 
decomposition of the molecules of methylene blue 
was considered equal to the difference between 
the degree of decolorization of the dye under 
radiation and the degree of decolorization of the 
dye in the dark. The obtained dependences of 
the adsorption capacity and the photocatalytic 
activity of photocatalyst powders CuS, CuS(Mn), 
and CuS(Ni) on the рН of the MB solution are 

                                   a                                                                b                                                                c
Fig. 8. Dependence of the degree of decolorization of the MB dye on the duration of exposure to visible light 
in the presence of CuS(Mn) (a) and CuS(Ni) (b) catalyst films obtained from reaction mixtures containing 0 (1), 
0.001 (2), 0.005 (3), and 0.01 (4) М of MnCl2 (NiSO4) respectively, and in the presence of CuS(Ni) (1) and CuS(Mn) 
(2) catalyst powders obtained from reaction mixtures containing 0.005 М of nickel (manganese) salt and un-
doped CuS (3) (c). 

Fig. 9. Dependence of the degree of decolorization of 
the MB dye in the presence of films (1, 2) and powders 
(3, 4) CuS(Mn) (1, 3) and CuS(Ni) (2, 4) on the concen-
tration of manganese (nickel) salts in the reaction 
mixture 
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given in Fig. 10. In an acidic environment, the 
decolorization of the dye occurs mostly due to its 
adsorption on the surface of the powder. At higher 
pH the degree of photocatalystic decomposition 
of MB in the presence of photocatalyst powders 
CuS(Mn) and CuS(Ni) increases. 

The maximum photocatalytic activity was 
demonstrated by copper sulfide doped with 
nickel. With pH = 9.5 the degree of decomposition 
of MB was 12.9%. Its photocatalytic activity 
was 1.2 times higher than that of CuS(Mn) and 
1.5 times higher than that of CuS. The results of 
the experiments demonstrated an increase in 
both the sorption and photocatalytic activity in 
the series CuS → CuS(Mn) → CuS(Ni). 

We should note that the presented results 
are of a great interest both in terms of the use 
of dispersions for photocatalysis of a relatively 
low optical radiation in the visible region and 
in terms of quite active kinetics of the process 
of photodegradation of MB, taking into account 
the short (5–15 min) time of contact between the 
solution and the introduced catalyst.

5. Conclusions
Using chemical  deposit ion of  f ixed 

concentrations of copper chloride, sodium 
acetate, and thiourea with the concentration of 
manganese or nickel salts varying from 0.001 to 
0.01 M we obtained powders and thin films of 
CuS and its modifications CuS(Mn) and CuS(Ni) 
with a thickness of 180–200 nm. The introduction 

of manganese or nickel salts into the reaction 
mixture during the chemical deposition to 0.005 M 
results in insignificant changes in the shape and 
size of the grains of the formed copper sulfide. 
The average particle size of doped copper sulfide 
is 20% smaller than the average particle size of 
undoped copper sulfide. The X-ray diffraction 
analysis demonstrated that a finely dispersed 
solid phase is formed in both films and powders 
based on the hexagonal covelline structure CuS 
(space group P63/mmc). The transmittance spectra 
of the CuS and CuS(Mn, Ni) films were studied in 
the wavelength range from 200 to 1800 nm. The 
study demonstrated that doping with the studied 
transition metals results in an increase in the 
band gap from 2.08 eV (CuS) to 2.49 eV (CuS(Mn)) 
and 2.37 eV (CuS(Ni)). 

The results of the comparative study of the 
adsorption and photocatalytic characteristics of 
the synthesized dispersions (in our study used 
with methylene blue) demonstrated a higher 
degree of decolorization of solutions over a 
shorter time interval under visible light and in the 
presence of catalyst powders. The results of the 
experiments demonstrated an increase in both 
the sorption and photocatalytic activity in the 
series CuS → CuS(Mn) → CuS(Ni). The maximum 
photocatalytic activity was demonstrated by 
copper sulfide doped with nickel. With the 
pH = 9.5 the degree of decomposition of MB was 
12.9% over the first 15 minutes. 
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Abstract 
This research article delves into the profound ramifications of halogenation on anthracene within the captivating domain 
of polycyclic aromatic hydrocarbons (PAHs). By employing Density Functional Theory (DFT) calculations, the study 
comprehensively explores the intricate interplay between halogen atoms and the molecular framework of anthracene. The 
entwining of halogens such as fluorine, chlorine, and bromine with aromatic rings orchestrates a symphony of changes, 
reshaping electronic structures, reactivity, and optical behaviors. This investigation traverses diverse analytical landscapes, 
encompassing molecular orbitals and Density of States analysis, UV-visibility spectra, infrared spectroscopy, nuclear 
magnetic resonance (NMR), and natural bond orbital (NBO) analysis, unveiling the intricate tapestry of molecular 
modifications. The electronic transitions, vibrational signatures, and NMR shifts of halogenated derivatives illuminate the 
dynamic effects of halogenation. Moreover, the study contemplates their potential across medicinal, environmental, and 
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1. Introduction
Anthracene, a fundamental polycyclic 

aromatic hydrocarbon (PAH), embodies the 
intricate interplay among fused aromatic rings 
[1, 2]. Recent scientific attention has pivoted 
towards understanding the transformative 
impact of halogenation on these molecules, 
with halogens like fluorine, chlorine, and 
bromine intricately engaging with anthracene 
and reshaping its potential [3]. Halogenation 
is a precision tool that crafts a fresh narrative 
for PAHs, meticulously refining electronic 
structure and reactivity, altering energy levels, 
influencing absorption spectra, and sculpting 
fluorescence behavior [4–6]. The derivatives of 
halogenated anthracene beckon across diverse 
scientific horizons. In the realm of medicine, 
these derivatives hold promise as antibacterial 
and antifungal agents, candidates for innovative 
therapies against cancer and infectious diseases, 
and as components of advanced drug delivery 
systems [7–11]. Environmental considerations 
arise as halogenated PAHs traverse the realms 
of air, water, and soil, shaping their destiny and 
toxicity profiles, underscoring the importance of 
ecological understanding [12–14].

In this research endeavor, we embark on a 
computational journey, dissecting the effects of 
halogenation on anthracene and its derivatives. 
Employing analytical methods spanning 
molecular orbitals, UV-visibility, IR spectroscopy, 
NMR, Potential Energy Maps (PES), and more, we 
unravel the intricate tapestry of these molecules. 
From unraveling drug likeness to unveiling 
electronic intricacies, this study contributes 
to comprehending halogenated anthracene 
derivatives and their applications.

2. Computational procedure
In this study, Density Functional Theory (DFT) 

calculations were conducted using the Gaussian 
09 computational package. The B3LYP functional 
was employed for molecular optimization, 
employing the 6-311G basis set [15–18].

3. Results and discussion
Anthracene and its derivatives doped with 

fluorine, chlorine, and bromine underwent 
design via GaussView. Subsequently, a DFT 
model was employed to optimize their structures, 

utilizing the B3LYP/6-311G basis set known for 
its appropriateness in capturing low-energy 
configurations (i.e., basis set with the lowest 
energy [19–21].

3.1. Molecular orbitals (MOs) and density of 
states (DOS) analysis

MOs and DOS analysis are pivotal for 
comprehending a material’s electronic structure 
[22–24]. MOs define electron distribution within 
molecules, while DOS analysis illustrates energy 
level distribution (Figs. 1, 2). The energy gap, 
exemplified by the difference between the Highest 
Occupied Molecular Orbital (HOMO) and Lowest 
Unoccupied Molecular Orbital (LUMO) energies, 
significantly influences reactivity and optical 
attributes [25, 26]. For instance, in the context of 
halogen-doped anthracene, the undoped molecule 
displays a HOMO-LUMO gap of 3.5785 eV. Upon 
fluorine, chlorine, or bromine substitution, this 
gap decreases by 0.0069, 0.0224, and 0.0301 eV 
respectively, due to changes in electron distribution. 
This interplay between MOs, DOS analysis, 
and energy gap values offers a comprehensive 
understanding of electronic transitions, reactivity, 
and optical behavior in the realm of molecules and 
materials [27, 28]. Fig. 2 shows that the halogen-
doped structures have higher DOS than anthracene, 
which means they have more available electron 
states at a given energy level. This could affect their 
electrical and optical properties. 

Fig. 1. Optimized structures and MOs of anthracene 
and its structures doped with halogens
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The  quantum chemical  parameters 
of anthracene and its halogen-substituted 
derivatives vary systematically with the size of 
the halogen atom (Table 1). For example, the total 
energy of the compounds decreases as the halogen 
atom becomes larger [29], from –14684.7709 eV 
for anthracene to –84714.4531 eV for anthracene-
Br. This is because the halogen atoms have more 
electrons, Doping anthracene with halogens leads 
to a decrease in EHOMO and ELUMO. This effect is due 
to the higher electronegativity of halogen atoms, 
causing electron repulsion from the aromatic ring. 
Consequently, the ΔE (HOMO-LUMO gap) of the 
compounds decreases in the order anthracene > 
anthracene-F > anthracene-Cl > anthracene-Br, 
indicating increased polarizability with larger 
halogen atoms [30–32].

The ionization potential (I) and electron 
affinity (A) of anthracene and its halogen 
derivatives increase with the size of the halogen 
atom, from 5.4899 eV and 1.9114 eV for anthracene 
to 5.6988 eV and 2.1504 eV for anthracene-Br, 
respectively. This is due to the lower HOMO 
and LUMO energies, which affect the ease of 
electron removal and addition [33]. The chemical 
hardness (h) and softness (S) of anthracene and 

its halogen derivatives are inversely related to 
the size of the halogen atom [34]. The h values 
decrease from 1.7892 eV for anthracene to 
1.7742 eV for anthracene-Br, due to the smaller 
HOMO-LUMO gap and higher polarizability. The 
S values increase from 0.5589 eV–1 for anthracene 
to 0.5636 eV–1 for anthracene-Br, due to the 
smaller HOMO-LUMO gap and higher reactivity. 
The electrophilicity (w) and nucleophilicity 
(Nu) of anthracene and its derivatives vary with 
the halogen doping. The w values exhibit an 
ascending trend from 3.8269 eV for anthracene to 
4.3407 eV for anthracene-Br, due to the enhanced 
electrophilic nature of the halogens. The Nu 
values display a descending trend accordingly [35, 
36]. The different halogen substituents (F, Cl, Br) 
have an impact on the electronic properties of 
the compounds, influencing parameters like ΔE 
backdonation and the transfer electron fraction 
ΔN (Fe). The specific effects are influenced by 
the nature of the halogen atom and its electronic 
interactions within the molecular structure

3.2. Ultraviolet-visible (UV-Vis) analysis
Gaussian software facilitated energy 

calculations, optimizing the structure with the  

Fig. 2. DOS analysis for anthracene and its halogen-doped structures
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6-311G(d,p) basis set. The TD-SCF method was 
applied for electronic transition and absorption 
spectrum analysis [37–39]. Fig. 3 illustrates 
absorption coefficient variation with incident 
light wavelength, highlighting greater coefficients 
representing enhanced light absorption.

Anthracene possesses a series of conjugated 
double bonds, which impart it with various 
intriguing properties, notably its capability to 
absorb UV light [40–42]. 

Anthracene doping with the first three 
halogens increases electron density in the 
HOMO and LUMO orbitals. This reduces the 
energy gap between the HOMO and LUMO 
orbitals and affects the optical properties of 
the anthracene molecule. Consequently, the 
electrons at the HOMO of the doped molecules 
require energy with a lower frequency and higher 
wavelength to transition from HOMO to LUMO 
[43]. This phenomenon enhances the likelihood 
of the doped molecules absorbing light in the 
visible spectrum (Fig. 3). As a result, the doped 
molecules exhibit more pronounced coloration 
compared to the undoped molecules (i.e., l = 
382.8, 384.3, 387, and 430.2 nm for Anthracene, 

anthracene-F, anthracene-Br, and anthracene-
Cl respectively).

3.3. Infrared (IR) analysis
Gaussian software was utilized to perform 

energy calculations, resulting in the optimized 
structure obtained through the 6-311G(d,p) basis 
set [40, 44].

The identification of conjugated rings within 
the anthracene structure is facilitated by its 
distinctive aromatic C–H stretching. Notably, the 
C−H stretching vibrations of PAHs are commonly 
observed around 3100 cm–¹ [45–49]. This study 
calculates the theoretically estimated aromatic 
C–H stretching vibrational modes within the 
range of 3154-3188 cm–¹ (Fig. 4).

The study’s exploration of halogen doping’s 
impact on the infrared (IR) spectra of anthracene 
uncovers noteworthy transformations. Initially, 
the introduction of halogen atoms induces shifts 
in absorption peak positions, signifying changes 
in molecular vibrations and bond strengths (e.g., 
C=C-H in undoped anthracene at 3154–3188 cm–¹, 
shifting to 3295–3321 cm–¹ for fluorine-doped 
anthracene). Moreover, novel absorption bands 

Fig. 3. UV-Vis. absorption spectra of anthracene and its halogen-doped derivatives
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emerge, indicating the formation of fresh 
vibrational modes and functional groups. The 
study also detects alterations in intensity 
and band width for specific absorption peaks, 
indicative of variations in molecular flexibility and 
rigidity. Notably, the presence of halogen atoms 
introduces distinct IR absorption peaks linked 
to the halogen groups themselves. Collectively, 
this investigation offers valuable insights into 
the modifications induced by halogen doping, 
shedding light on their intricate influence on the 
IR spectra of these molecules.

3.4. Nuclear magnetic resonance (NMR)
Fig. 5 illustrates the theoretically computed 

H-NMR and C-NMR structures for both pristine 
anthracene and its derivatives doped with the 
first three halogen group members. The NMR 
calculations were performed using Gaussian 
09 software. The shielding range for normal 
anthracene spans from –50 to 100 ppm [24]. 
Notably, introducing fluorine caused a ppm 
shift ranging from –100 to 300 ppm. This 
ppm shifts persisted when chlorine replaced 
fluorine, spanning from –200 to 700 ppm. With 

the introduction of bromine, the ppm shift 
intensified, ranging from -500 to 2000 ppm. This 
trend indicated an expanded shielding range 
corresponding to the increasing electronegativity 
of the halogen family. Fig. 5 portrays the original 
NMR peaks of undoped anthracene, with more 
carbon resonances at the upfield and fewer at the 
downfield. The introduction of fluorine led to a 
notable transformation in molecule orientation. 
A distinct medium peak for fluorine emerged at 
290.128 ppm, while carbon and hydrogen atoms 
underwent chemical environment changes due 
to inductive and neighboring effects. The same 
pattern held when chlorine and later bromine 
replaced fluorine, manifesting peaks at 704.749 
and 1968.174 ppm, respectively. This observation 
underscores the linear relationship between NMR 
peaks generated by halogen family members in 
anthracene and their electronegativity.

3.5. Potential energy map (PEM) and charge 
distribution

The PES and charge distribution significantly 
impact the molecular orientation and influence 
the optical and electrical properties of the 

Fig. 4. IR spectrum for anthracene and its halogenation with F, Cl and Br
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molecules [50–52]. Fig. 6 shows the PESs of 
anthracene and its halogen-doped derivatives. 
These maps illustrate how the charge distribution 
of a molecule varies in three dimensions, using 
different colors to indicate high and low charge 
density regions. The charge distribution is 
calculated as the net charge on each atom or 
group of atoms in a molecule. The arrows in 
Figure 6 represent the direction and magnitude of 
the dipole moments of each molecule. The dipole 
moment is a vector quantity that measures the 
molecular polarity, or the degree of separation 

of positive and negative charges in a molecule. 
A higher dipole moment indicates a more polar 
molecule.

Anthracene has a symmetrical charge 
distribution and no net dipole moment, as shown 
in Fig. 6 and Table 1. This means that it is a non-
polar molecule with no net charge. However, 
when anthracene is doped with halogens, such 
as fluorine, chlorine, or bromine, its charge 
distribution and polarity change dramatically. 
Halogens are more electronegative than carbon 
and hydrogen [53], which means that they pull 

Fig. 5. NMR of anthracene and its halogen-doped derivatives

Fig. 6. PEM and charge distributions for anthracene and its halogen-doped structures 
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more electrons towards themselves. This causes 
a shift of electron density from the carbon rings 
to the halogen atom, creating an asymmetrical 
charge distribution and a net dipole moment 
in the molecule. Table 1 show that chlorine-
doped anthracene has the largest dipole moment 
(2.3449), followed by bromine-doped (2.2182), 
and fluorine-doped anthracene (1.7247). This 
implies that chlorine-doped anthracene is the 
most polar and reactive molecule among the four 
shown in Fig. 6.

3.6. Reduced density gradient (RDG) and 
noncovalent interactions (NCI)

The innovative utilization of reduced density 
gradient (RDG) and noncovalent interactions 
(NCI) has revolutionized the exploration of 
weak intermolecular forces. Through the RDG 
methodology, the NCI index serves as a compelling 
tool to substantiate non-covalent interactions. 
RDG is a dimensionless parameter that synergizes 
density and its derivative. Employing Multiwfn 
for RDG in eq. (1) scatter plots and VMD for 3D 
isosurfaces, the visualization of these intricate 
interactions is enriched:

RDG r
r

r r
( ) =

— ( )
( ) ( )

1

2 3 2
1
3

4
3

r

p r
�. 	 (1)

The investigative NCI pursuits are founded 
on an isosurface threshold of 0.5, within the 

RDG isosurface scope of -0.035 to 0.02 atomic 
units, as elegantly showcased in Fig. 7. This 
analysis is further elevated through graphical 
representation, which correlates the function r(r) 
with the sign of l2, offering profound insights 
into molecular interactions. The polarity of 
sign(l2)r yields invaluable predictions: a negative 
value signifies attractive, bound interactions, 
while a positive value signifies repulsive, non-
bonded interactions. The scatter graphs in Fig. 7 
transcends visual complexity. By stratifying 
spikes based on sign(l2)r, distinct color-coded 
zones emerge-red for robust repulsion, green 
for delicate attraction (van der Waals), and 
blue for potent intermolecular interactions, 
particularly robust hydrogen bonding. These 
advancements underscore the pivotal role of RDG 
and NCI methodologies in decoding intricate 
intermolecular dynamics [54–58]. 

When compared to other compounds, 
those containing fluorine display a heightened 
concentration of points on the graph. This finding 
indicates that weak hydrogen bonds and van der 
Waals interactions within fluorine-containing 
compounds are more robust. This insight is 
underscored by the red patches in Fig. 7, which 
are localized within aromatic rings and signify 
significant repulsive interactions. Furthermore, 
in the same Fig. 7, a green isosurface linked to the 
anthracene compound emerges, highlighting van 
der Waals interactions. This specific isosurface’s 

Table 1. Quantum chemical parameter’s values of study compounds

Quantum chemical parameters Anthanthrene Anthanthrene-F Anthanthrene-Cl Anthanthrene-Br

Total Energy (eV) –14684.7709 –17385.8899 –27191,7283 –84714.4531
EHOMO (eV) –5.4899 –5.6231 –5.7072 –5.6988
ELUMO (eV) –1.9114 –2.0515 –2.1511 –2.1504
ΔE (eV) 3.5785 3.5716 3.5561 3.5484
Ionization potential I (eV) 5.4899 5.6231 5.7072 5.6988
Electron affinity A (eV) 1.9114 2.0515 2.1511 2.1504
Chemical hardness «h» (eV) 1.7892 1.7858 1.7780 1.7742
Chemical softness S ( eV–1 ) 0.5589 0.5600 0.5624 0.5636
Electronegativity c (eV) 3.7006 3.8373 3.9292 3.9246
Chemical potential m (eV) –3.7006 –3.8373 –3.9292 –3.9246
Electrophilicity w (eV) 3.8269 4.1228 4.3414 4.3407
Nucleophilicity Nu (eV–1) 0.2613 0.2426 0.2303 0.2304
ΔE backdonation –0.4473 –0.4464 –0.4445 –0.4436
Transfer electron fraction ΔN 2.9517 2.8239 2.7300 2.7282
Dipole-moment (Debye), «μD» 0.0000 1.7247 2.3449 2.2182
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positioning corroborates the presence of these 
interactions. Simultaneously, it provides evidence 
for weak hydrogen bonding and additional 
hydrogen-hydrogen contacts (H–H).

Evaluating a compound’s potential as a 
drug involves essential steps, often employing 
Molinspiration property values in alignment with 
Lipinski’s rule of five. This widely recognized 
guideline suggests that successful drugs typically 
adhere to specific criteria: fewer than five 
hydrogen bond donors, less than ten hydrogen 
bond acceptors, a molar refractivity within 40 to 
160, a polar surface area below 140 Å2, a molecular 

weight under 500, and containing fewer than ten 
rotatable bonds [59, 60].

Table 2 shows how the molecular properties 
of anthracene and its halogenated derivatives 
vary depending on the type of halogen attached. 
The molecular weight of anthracene increases 
with the size and polarizability of the halogen, 
making it less volatile and dense. The HBA of 
anthracene increases by one when fluorine 
is added, enhancing its hydrogen bonding 
and solubility. The PSA of anthracene and 
its derivatives remains zero, indicating a low 
polarity and a high permeability. These properties 

Fig. 7. RDG Analysis of Studied Compounds – Weak and Strong Interactions
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are important for the chemical and biological 
behavior of these molecules.

3.7. Natural bond orbital (NBO) analysis
Utilizing B3LYP/6–31G(d, p) theoretical 

methods, this study extensively investigated the 
NBO configuration of the compound in question. 
The main focus was on elucidating interactions 
between Lewis and non-Lewis orbitals, shedding 
light on intramolecular and intermolecular 
hydrogen bonding, as well as π electron dispersion. 
Stabilization energy, a measure of delocalization 
interactions, was evaluated using second-
order energy for individual donor NBOs (i) and 
acceptor NBOs (j) in eq. (2), leading to E(2) values 
capturing electron delocalization. This concept 
is mathematically expressed by the equation 
[61–65]:

E q E q
F i j

ij i
j i

( ) ( , )
.2

2

= =
-

D
e e

		  (2)

Here, “qi” denotes donor orbital occupancy, 
“ej” and “ei” represent diagonal elements, and 
“F(i,j)” signifies NBO Fock matrix elements. 
Table 3 provides an in-depth exploration 
through Second Order Perturbation Theory 
Analysis of the Fock Matrix in NBO for a range 
of compounds, specifically Anthracene and its 
derivatives: Anthracene (neutral), Anthracene 
(+Cl), Anthracene (+Br), and Anthracene (+F). The 
table unveils a rich tapestry of insights into the 
interactions between donor and acceptor NBOs, 
revealing E(2) values that correspond to significant 
stabilization energies. Moreover, it showcases the 
differences in energy (E(j)–E(i)) in atomic units 
and the associated F(i,j) values in atomic units, 
further underlining the complex interplay of 

forces within these molecules. Drawing attention 
to specific examples, Anthracene (+Br) stands out 
with a remarkable transition, as the LP (3) Br 24 
orbital donates to the p* C 17 – C 20 acceptor, 
resulting in a substantial stabilization energy 
of 78.61 kcal/mol. This transition underscores 
the magnitude of intermolecular interactions, 
indicative of a strong binding affinity between 
the Br atom and the phenyl ring. Comparing 
across the various derivatives, Anthracene (+F) 
demonstrates noteworthy interactions as well. 
Here, p C 1 – C 6 engages with p* C 4 – C 5, 
leading to a stabilization energy of 17.39 kcal/mol. 
This interaction, while energetically favorable, 
highlights the relatively weaker influence of 
fluorine compared to other substituents like 
chlorine and bromine.

3.8. Nonlinear optical (NLO) properties 
NLO materials are of paramount importance 

in the realm of nonlinear optics, playing a 
pivotal role in fields such as information 
technology and various industrial applications. 
The optimization of geometry was carried out 
through the B3LYP/6-31G+(d,p) method, followed 
by an initial static analysis. The computation of 
the three-dimensional tensor, denoted as (b0) 
representing the initial static hyperpolarizability, 
involved equations for its x, y, and z components 
(eq. (3)). These components contribute to 
determining the overall static dipole moment (mt), 
the mean polarizability (a0), and the initial static 
hyperpolarizability (b0) [61, 66]:

m m m m

a
a a a

t x y z

t
xx yy zz

= + +ÈÎ ˘̊

=
+ +( )

2 2 2
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3
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,

Table 2. Molinspiration property values for the studied compounds

Anthracene

Descriptors Neutral +Cl +Br +F Expected 
range

Hydrogen bond donor (HBD) 0 0 0 0 5
Hydrogen bond acceptors (HBA) 0 0 0 1 10
Molar Refractivity 61.45 66.46 69.15 61.41 40–160
Polar surface area (PSA) Å2 0.00 0.00 0 0 140
Molecular weight 178.23 212.67 257.13 196.22 500
Number of rotatable bonds 0 0 0 0 10
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Table 3. Second order perturbation theory analysis of Fock Matrix in NBO for Studied Compounds

Anthracene (neutral)
Donor NBO (i) Acceptor NBO (j) E(2) kcal/mol E(j)–E(i) a.u. F(i,j) a.u.

p C 1 – C 2 p* C 3 – C 4 17.63 0.28 0.063
p C 1 – C 2 p* C 9 – C 10 18.4 0.29 0.068
s C 1 – H 7 s* C 5 – C 6 4.96 1.04 0.064
p C 9 – C 10 p* C 1 – C 2 17.17 0.3 0.066
p C 9 – C 10 p* C 11 – C 12 16.43 0.3 0.063
s C 9 – H 13 s C 2 – C 3 4.59 1.04 0.062
p C 18 – C 19 LP ( 1) C 5 35.32 0.16 0.085

LP ( 1) C 5 p* C 3 – C 4 69.28 0.14 0.106
LP ( 1) C 5 p* C 18 – C 19 52.46 0.14 0.099
LP*( 1) C 6 p* C 1 – C 2 69.27 0.14 0.106

Anthracene (+Cl)
p C 1 – C 2 p*C 9 – C 10 21.32 0.28 0.071
s C 1 – H 7 s* C 5 – C 6 4.65 1.1 0.064
s C 2 – C 9 s* C 2 – C 3 4.76 1.26 0.069

s C 6 – C 17 s* C 20 –Cl 24 5.09 0.83 0.058
p C 11 – C 12 p* C 9 – C 10 19.14 0.28 0.066
p C 18 – C 19 p* C 4 – C 5 18.92 0.29 0.069

LP*( 1) C 3 p* C 1 – C 2 72.87 0.14 0.107
LP ( 1) C 6 p* C 1 – C 2 67.29 0.14 0.104
LP ( 1) C 6 p* C 17 – C 20 78.61 0.12 0.106

p* C 17 – C 20 p* C 18 – C 19 191.31 0.01 0.077
Anthracene (+Br)

s C 1 – C 6 s* C 5 – C 6 4.85 1.26 0.07
s C 6 – C 17 s* С 20 –Br 24 5.23 0.78 0.057
p C 9 – C 10 p* C 1 – C 2 19.86 0.29 0.07

p C 11 – C 12 p* C 9 – C 10 19.13 0.28 0.066
s C 12 – H 16 s* C 2 – C 3 4.85 1.1 0.066
s C 18 – C 19 s* C 20 –Br 24 5.32 0.79 0.058

LP*( 1) C 3 p* C 1 – C 2 72.77 0.14 0.107
LP ( 1) C 6 p* C 17 – C 20 78.4 0.12 0.106

LP ( 3)Br 24 p* C 17 – C 20 10.54 0.31 0.054
p* C 17 – C 20 p* C 18 – C 19 196.36 0.01 0.077

Anthracene (+F)
p C 1 – C 6 p*C 4 – C 5 17.39 0.28 0.063
p C 1 – C 6 p* C 17 – C 20 18.45 0.28 0.066
s C 1 – H 7 s* C 2 – C 3 4.97 1.04 0.064
s C 4 – H 8 s* C 5 – C 6 5.01 1.04 0.065

p C 17 – C 20 p* C 18 – C 19 15.31 0.31 0.062
p C 18 – C 19 p* C 4 – C 5 15.86 0.3 0.065

LP*( 1) C 2 p*C 1 – C 6 69.7 0.14 0.105
LP*( 1) C 2 p*C 9 – C 10 51.66 0.14 0.098
LP ( 1) C 3 p*C 11 – C 12 52.31 0.14 0.099
LP ( 3) F 24 p* C 17 – C 20 19.73 0.44 0.087
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Notably, significant magnitudes of specific 
polarizability and hyperpolarizability components 
indicate a pronounced dispersion of charge 
in particular orientations  [67, 68] Table 4 
presents the computed values for compounds 
with different substitutions (+Cl, +Br, +F), 
revealing their molecular dipole moments 
(μ), mean polarizabilities (a0), and initial 
hyperpolarizabilities (b0). These values, initially 
provided in atomic units (a.u.), have been 
conveniently converted into electrostatic units 
(e.s.u.) for better comparability. Remarkably, the 
dipole moments of the compounds (+Cl, +Br, +F) 
surpass that of the well-known molecule Urea 
(m = 1.3732 D), often employed as a benchmark 
in NLO investigations.

Turning to polarizabilities, the results 
highlight that anthracene exhibits heightened 
polarizability when subjected to a positive 
inductive effect (+F), whereas Anthracene displays 
reduced polarizability under a positive inductive 
effect (+Br). In the context of NLO systems, the 
magnitude of (b0) holds substantial significance. 
Notably, the computed b0 values for the examined 
compounds are comparatively lower than the 
benchmark value of urea (343.272·10–³³ esu), 
suggesting that these compounds might have 
limited potential for practical NLO applications.

4. Conclusions 
In this comprehensive research article, the 

profound impact of halogenation on anthracene 
has been intricately unveiled. Through DFT 
calculations, we navigated the intricacies of 
electronic structure, reactivity, and optical 
behavior as they respond to the presence of 
halogen atoms. The resulting insights underscore 
the delicate symphony of changes introduced by 
halogens like fluorine, chlorine, and bromine, 
reshaping the properties and potential of these 
PAHs. Analytical explorations, spanning MOs, 
UV-visibility spectra, vibrational signatures, NMR 
shifts, and NBO analysis, collectively illustrate 
the multifaceted impact of halogenation. This 
research extends beyond theoretical boundaries 
to embrace practical realms, offering glimpses 

into advancements in medicine, considerations 
for the environment, and the potential of organic 
electronics. As we draw the curtains on this 
symphony of insights, we find that halogenation, 
with its transformative effects, holds the promise 
of enhancing anthracene’s properties across 
a spectrum of scientific domains, seamlessly 
blending theoretical understanding with real-
world applications.
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Table 4. Nonlinear optical properties of the title 
compounds

Parameters
Anthracene

Neutral +Cl +Br +F
m x 0.00 1.00 –0.91 0.16

my 0.00 2.11 1.96 1.72

m z 0.00 0.00 0.00 0.00

mt 0.00 2.33 2.16 1.73

a xx –88.00 –82.73 –87.81 –73.86

ayy –70.76 –92.01 –93.64 –85.13

a zz –71.35 –99.63 –105.33 –91.38

a0 –76.70 –91.46 –95.59 –83.46

a esu( ) -*10 24 –11.37 –13.55 –14.17 –12.37

bxxx 0.00 3.00 26.22 –13.72

bxyy 0.00 16.86 3.93 17.15

bxzz 0.00 –3.38 16.47 –6.69

bx 0.00 16.48 46.62 –3.26

byyy 0.00 53.18 –64.00 –34.45

bxxy 0.00 3.46 –30.20 4.96

byzz 0.00 –11.73 –53.29 16.86

by 0.00 44.91 –147.50 –12.63

bzzz 0.00 0.00 0.00 0.00

bxxz 0.00 0.00 0.00 0.00

byyz 0.00 0.00 0.00 0.00

bz 0.00 0.00 0.00 0.00

b0
3310esu( ) -* 0.00 47.84 154.69 13.4
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Abstract 
The purpose of this study was the investigation of the influence of water impurities in benzoic acid, used as a source of 
protons during proton exchange on lithium niobate crystals, on the process of formation of proton exchange waveguides, 
their structure and phase composition.
To carry out the research, prism coupling method, X-ray diffraction analysis, IR absorption spectroscopy, and optical 
microscopy in polarized light were used. It was established that an increase in the moisture content in benzoic acid affected 
the optical characteristics of the waveguides and slightly increased the stress (strain) of the proton exchange layers. 
Subsequent annealing significantly equalized the characteristics of the waveguides. 
When performing proton exchange, the moisture content of benzoic acid must be taken into account to obtain reproducible 
and stable performance of integrated optical devices with proton exchange waveguides.
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1. Introduction 
Proton exchange (PE) is one of the main 

modern technologies for producing optical 
waveguides in lithium niobate (LN) crystals for 
the manufacture of various integrated optical 
devices [1, 2]. The most widely used source of 
protons in PE is benzoic acid (BA) [3–5]. When LN 
is immersed into the molten BA part of the lithium 
ions in the surface layer of the LiNbO3 crystal is 
substituted by hydrogen ions, and an HxLi1–xNbO3 
solid solution is formed. Proton penetration depth 
into LiNbO3 depends on conditions, it ranges from 
fractions of a micron to several microns. As a 
result, the refractive index ne of the surface (proton 
exchange) layer of the crystal increases [3, 6–9], 
which is a prerequisite for the appearance of the 
waveguide properties of this layer.

Immediately after proton exchange and 
subsequent annealing, depending on the value 
of normalized concentration х of protons, seven 
different HxLi1-xNbO3 phases can form [3, 8]. The 
formation of a-phases (х < 0.12) during post-
exchange annealing ensures the stable optical 
characteristics of waveguides and restoration of 
the electro-optical coefficient.

Despite the fact that PE is a widely used 
technological process, its individual aspects 
continue to be actively researched [10-12].

To obtain reproducible characteristics of 
waveguides, it is not enough to strictly control 
the duration of processing and annealing, as 
well as the temperature regime. The process of 
formation of optical waveguides is influenced by 
the chemical composition of lithium niobate [13]. 
In congruent lithium niobate, commonly used for 
integrated optical devices, the ratio Li2O:Nb2O5 
may vary among different manufacturers [13, 
14], therefore the characteristics of the formed 
waveguides will also differ. 

The proton exchange process is also affected 
by the presence of impurities in benzoic acid, 
including water impurities. The moisture content 
in BA varies among different manufacturers; the 
moisture content of BA is also affected by the 
conditions and duration of storage of benzoic 
acid. The influence of moisture impurities in 
BA on the PE process was noted in a number of 
studies [15–18]. 

It was previously shown that benzoic 
acid in melts is present predominantly in an 
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undissociated state in the form of dimers [19]. 
Moisture impurities increase the electrical 
conductivity of benzoic acid melts, promote its 
dissociation and somewhat accelerate proton 
exchange [20].

This study is a continuation of a previously 
conducted research into the electrical 
conductivity of benzoic acid melts with a 
controlled content of moisture impurities 
[20]. The goal of the study was to establish the 
influence of controlled moisture content in BA 
on the process of proton exchange, the phase 
composition of proton exchange layers and the 
optical characteristics of PE waveguides.

2. Experimental 
To evaluate the effect of moisture impurities 

on the PE process, several samples of benzoic 
acid were used: 1) benzoic acid, analytical grade 
as-received (hereinafter this sample is called 
unprocessed BA (NBA)); 2) BA after drying in a 
desiccator over anhydrous calcium chloride for 
7 days (DBA); 3) BA after exposure to conditions 
of relative humidity of air of 100% for 5–7 days 
(WBA). When dried over anhydrous CaCl2 the BA 
weight decreased by approximately 0.02%; when 
exposed to conditions of 100% moisture, the BA 
weight increased by ~0.02%.

For the study, samples of congruent lithium 
niobate (X-cut) produced by CQT (PRC) with the 
size of 15x10x1 mm were used. Proton exchange 
was carried out in a melt of benzoic acid at a 
temperature of 175 оC for 6 h, which led to the 
formation of a multi-mode waveguide. After PE, 
the reactor with the samples was removed from 
the furnace to cool to room temperature. Post-
exchange annealing was carried out in an air 
atmosphere at 370 оC.

For the obtained planar waveguides, the depth 
profiles of the extraordinary refractive index ne(x) 
were determined by the prism coupling method 
using the inverse Wentzel–Kramers–Brillouin 
method [21] and ∆ne(0) values at the surface of 
the waveguide at wavelength l = 0.633 µm were 
determined. 

For the detection of changes on the surface 
of the proton-exchanged layer of the LN crystal 
caused by phase transformations, the optical 
microscopy in polarized light (Olympus BX 51) 
was used.



297

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2024;26(2): 295–303

I. V. Petukhov et al.	 The influence of benzoic acid moisture on the proton exchange process in lithium niobate crystals

X-ray diffraction studies of lithium niobate 
samples were carried out using DRON-UM1 
double crystal diffractometer in Co-anode 
radiation (wavelength lb = 1.62073 Å). The 
q/2q-curves were registered and used for the 
determination of e33 strain in the direction of 
the normal to the surface according to Bragg 
equation: 

e33 = ∆d/d = –Δq ctg q, 

where ∆d is change in interplanar spacing d, Δq 
is the angular distance between the diffraction 
reflection maxima from the lithium niobate sub-
strate and from the corresponding PE phase, q – 
Bragg reflection angle.

Lithium niobate samples after PE were also 
studied using IR absorption spectroscopy on a 
Hewlett Packard Spectrum Two spectrophotometer 
in the range 400–6000 cm–1.

3. Results and discussion
The refractive index profile of the waveguides 

after PE has a stepwise character (Fig. 1). In all 
three cases, the Δne(0) had similar values, which 
probably indicated a qualitatively identical 
phase composition of the uppermost layer of 
the proton-exchanged region. The depth of 
the waveguide layer obtained in the WBA was 
noticeably higher than for the other two BA 
samples. This indicated a more intense PE in the 
presence of water impurities.

In the IR spectra of the samples after proton 
exchange (Fig. 2), the following pattern can 
be noted: a wide peak at 3200–3400 cm–1, 
corresponding to interstitial protons (presumably 
the b2-phase), was the most intense for the proton 
exchange layers obtained in the WBA, and in 
the DBA the peak intensity was the lowest. The 
same is true for the narrow peak corresponding 
to absorption at 3500 cm–1. Measurements of 
IR spectra indicated a natural increase in the 
concentration of protons in the PE layer on 
lithium niobate with an increase in the moisture 
content in benzoic acid used for PE.

After PE, regardless of the amount of impurity 
water in the BA, two peaks were recorded on the 
q/2q- curves (Fig. 3). It should be noted that after 
PE in the melt of dried benzoic acid, the intensity 
of these peaks was maximum. Decomposition of 
the obtained curves allowed to identify a larger 
number of peaks corresponding to different 
proton-exchange phases (Table 1). 

The lithium niobate peak had a shoulder on 
the right, due to the presence of the a-phase, 
formed at the PE-layer/LiNbO3 interface and 
characterized by the lowest proton concentration 
[3]. There were three phases in the proton 
exchange layers (the b1-, b2-phases and probably 
the k2-phase). With the increasing ordinal 
number of the b-phase, the concentration of 
protons increased [3]. The phase with a higher 
proton concentration was located closer to the 
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Fig. 1.  

 

 
Fig. 2.  

 

 

Fig. 1. Refractive index profiles in proton-exchanged waveguides, PE 175 оС, 6 h in different samples of ben-
zoic acid: 1 – DBA, 2 – NBA, 3 – WBA
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Fig. 2. IR absorption spectra of lithium niobate after PE 175 оС, 6 h: 1 – DBA, 2 – NBA, 3 – WBA
2 

 

 
Fig. 3.  

 

 

 

 

 

 

a)                                                                         b) 

     

Fig. 4.  

 

 

-0.005 0.000 0.005 0.010 0.015 0.020
0.0

0.2

0.4

0.6

0.8

1.0
I/Imax

d/d

 2  1 2

0 1 2 3 4 5 6 7
0.00

0.05

0.10

0.15


n 

 (0
)

e

t      / hann
0 1 2 3 4 5 6 7

0

2

4

6

8

10


/  

 m

t      / hann



Fig. 3. q/2q curves for proton-exchanged layers on 
lithium niobate after PE 175 оС, 6 h. () in DBA, (▲) in 
NBA, (■) in WBA. Reflection from (110) planes

As the moisture content in BA increased, 
the proportion of the b1-phase also increased, 
and increase in the strains of the most stressed 
b2-phase was observed. In [3, 8] it was stated 
that the b1-phase is the most stressed on the 
X-cut of LiNbO3 (under PE conditions at 240 оC). 
However, the results of a study [23], in which 
a gradual etching of the PE layer obtained at 
175 оC was performed, indicated that the etching 
off a b2-phase located on the surface decreased 
the intensity of the peak with the highest strain 
values.

The decrease in the intensity of the peaks 
corresponding to proton-exchange phases 
with increasing moisture content in the BA 
was possibly due to higher stresses and higher 
structure imperfection of these phases. A similar 
ratio of intensities of proton-exchange phases 
occurred when comparing the q/2q-curves of 
lithium niobate without treatment and with pre-
treatment of the crystal surface with Ar plasma 
before proton exchange [24]. Plasma treatment 
significantly increased the structure imperfection 
of a thin surface layer of lithium niobate, led to an 
increase in strain in proton-exchange phases and 
a decrease in the intensity of the corresponding 
peaks on the q/2q-curves. The results obtained 
may indicate an intensification of proton 
exchange as the content of water impurities in 
benzoic acid increases. 

crystal surface [3, 22]. Although, according to the 
authors of [3], the formation of the k2-phase is 
possible only as a result of annealing, according 
to the results of [23], the k2-phase, probably, can 
form immediately after PE (in the 175 оC, 6  h 
mode).
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An increase in the benzoic acid moisture led to 
an increase in the concentration of protons in the 
PE layer. This can explain the slower decrease in 
the refractive index (Fig. 4) for samples obtained 
in the WBA during annealing at the initial 
stage. The observed changes correspond to the 
literature data [15, 16]. 

Annealing for 2 h changed the phase 
composition of the PE layers (Fig. 5, Table 2). The 
results of decomposition of q/2q-curves obtained 

for two orders of reflection are shown in Table 2. 
The presence of the k1-phase was more clearly 
visible on the q/2q-curves of the second order of 
reflection (Fig. 5b). 

During annealing the b-phases located at 
the surface of the PE layer turned into the k2- 
and k1-phases; the presence of the k1-phase 
was confirmed by micrographs of the surface 
of protonated layers (Fig. 6). The resulting 
modulated structures represented the formations 

Table 1. Decomposition of the peaks in q/2q curves for proton-exchanged layers obtained in different 
samples of benzoic acid

Benzoic acid Peak 
(phase)

Relative peak 
intensity e33·103 Full width at half 

maximum·103 Relative peak area, %

DBA

1(LN) 0.95 0 0.74 42.7
2(a) 0.48 0.42 0.51 14.8
3(k2) 0.058 3.10 3.06 10.7
4(b1) 0.022 6.05 2.00 2.7
5(b2) 0.12 9.21 4.09 29.1

НБК

1(LN) 0.82 0 0.51 43.6
2(a) 0.45 0.33 0.57 26.5
3(k2) 0.022 3.20 1.34 3.0
4(b1) 0.012 4.10 9.96 12.8
5(b2) 0.073 9.49 1.86 14.1

WB

1(LN) 0.91 0 0.61 49.8
2(a) 0.37 0.47 0.64 21.4
3(k2) 0.033 3.18 2.32 6.9
4(b1) 0.029 7.98 3.93 10.3
5(b2) 0.058 9.86 2.24 11.7
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Fig. 4. ∆ne(0) (a) and waveguide depth (b) as functions of annealing duration. () PE in DBA, (▲) PE in NBA, 
(■) PE in WBA
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Table 2. Decomposition of the peaks in q/2q curves for proton-exchanged layers obtained in different 
samples of benzoic acid, after annealing 370 оС, 2 h

Benzoic acid Peak 
(phase)

Relative peak 
intensity e33 ·103 Full width at half 

maximum ·103
Relative peak 

area, %
Reflection from (110) planes

DBA

1 (LN) 0.93 0 0.58 52.1
2 (a) 0.48 0.83 0.44 20.1
3 (k1) 0.31 1.32 0.59 17.8
4 (k2) 0.17 3.53 0.60 10.0

NBA

1 (LN) 0.87 0 0.42 37.4
2 (a) 0.54 0.44 0.43 23.8
3 (k1) 0.48 0.93 0.60 28.7
4 (k2) 0.16 3.67 0.62 10.1

WBA

1 (LN) 0.83 0 0.47 42.4
2 (a) 0.55 0.74 0.48 28.0
3 (k1) 0.31 1.21 0.66 22.0
4 (k2) 0.11 3.85 0.63 7.5

Reflection from (220) planes

DBA

1 (LN) 0.97 0 0.33 60.0
2 (a) 0.24 0.67 0.30 13.7
3 (k1) 0.23 1.20 0.50 21.7
4 (k2) 0.04 3.97 0.61 4.7

NBA

1 (LN) 0.96 0 0.36 65.9
2 (a) 0.16 0.69 0.23 7.0
3 (k1) 0.26 1.13 0.46 22.6
4 (k2) 0.04 3.95 0.65 4.5

WBA

1 (LN) 0.99 0 0.36 67.4
2 (a) 0.19 0.67 0.23 8.2
3 (k1) 0.25 1.13 0.45 21.4
4 (k2) 0.03 4.03 0.58 2.9
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Fig. 5. q/2q curves for proton-exchanged layers on lithium niobate after PE 175 оС, 6 h and annealing 370oC, 2 
h. () PE in DBA, (▲) PE in NBA, (■) PE in WBA. Reflection from the planes: a – (110), b – (220)
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of k1-phase as a result of relaxation of high 
internal stresses in proton-exchange layers [25]. 
Phase k2, which was formed during PE under the 
b-phases, upon annealing was transformed into 
the k1 and a phases.

An analysis of the results shown in Table 2 
indicated an increase in e33values, corresponding 
to the k2-phase, with increasing content of 
moisture impurities in benzoic acid. It also 
follows from the decomposition of reflections 
from (110) planes that an increase in moisture 
content increased the total intensity of proton-
exchange phases (k2-, k1- and a-phases). In the 
case of reflection from the (220) planes, which 
contain information about the structure of deeper 
layers, an increase in the moisture of the BA led 
to an increase in the intensity of reflections from 
lithium niobate, while the total intensity from the 
k2- and k1-phases changed slightly. 

As the annealing duration increased, the 
differences in the characteristics of the waveguides 
obtained in the DBA, NBA, and WBA decreased 
(Fig. 4). The ∆ne value is determined by the phase 
composition and concentration of protons in the 
PE layer. For each phase the dependence of ∆ne 
from normalized х concentration in HxLi1-xNbO3 
is different. The strongest dependence of ∆ne(0) 
on х was observed at average х values (about 
0.4), and at high х and especially at low х the 
dependence was weak [4]. Upon annealing > 4 h, 
the transition to the a-phase (low х) begins, 
and the dependence of ∆ne(0) on х significantly 
weakened. The maximum difference ∆ne(0) for 

DBA and WBA was observed at an annealing time 
of 1–2 h (Fig. 4a), when the main phases were 
k2- and k1-phases (x = 0.12–0.44 [26]), for which 
d∆ne(0)/dx had the highest values. The reduction 
of differences in the depth d of waveguides with 
an annealing time of more than 4 h (Fig. 4b) can 
be explained by the fact that the effective proton 
diffusion coefficient DH in the PE layer on lithium 
niobate depends on х. In the a-phase region this 
dependence was quite strong, and with increase 
in х the DH magnitude in X-cut crystals decreased 
[27]. Since the hydrogen concentration in the 
PE layer obtained in the WBA was higher, the 
diffusion coefficient in it was lower and weakened 
the possible increase of d due to the higher х in 
the layer adjacent to the surface of the crystal.

Thus, the presence of small amounts of water 
in BA accelerates proton exchange. This may 
be due to the fact that water impurities in the 
benzoic acid melt promote both the transition of 
BA dimers into monomers and the dissociation 
of benzoic acid. This indicates an increase in 
the electrical conductivity of benzoic acid melts 
with increasing impurity water content [20]. 
The relatively small effects were due to the low 
concentration of water, even in the acid with the 
highest moisture content there was one molecule 
of water per about 300 molecules of benzoic 
acid. However, to obtain reproducible optical 
characteristics of integrated optical devices that 
use proton exchange, the moisture content of 
the benzoic acid used for proton exchange must 
be controlled. 

4. Conclusions
The presence of moisture in benzoic acid used 

for proton exchange on lithium niobate crystals, 
affects the optical characteristics of waveguides 
and slightly increases the stress (strain) of the 
proton exchange layers. Subsequent annealing 
significantly equalizes the characteristics of the 
waveguides. 

When performing proton exchange, the 
moisture content of benzoic acid must be taken 
into account to obtain reproducible and stable 
performance of integrated optical devices with 
proton exchange waveguides.
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proton exchange (175 oC, 6 h) and annealing (370 oC, 
2 h)
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Abstract 
The purpose of this study was to investigate the anode resistance of manganese monosilicide MnSi in fluoride-containing 
sulfuric acid solutions and the concentration effect of sodium fluoride on the anodic dissolution and passivation of the 
silicide.
The study was carried out on a single-crystal MnSi sample in 0.5 M H2SO4 + (0.0025−0.05) M NaF solutions. The study 
presents micrographs and elemental composition of the electrode surface after anodic polarization from E corrosion to 
E = 3.2 V in 0.5 M H2SO4 and 0.5 M H2SO4 + 0.05 M NaF solutions. A stronger etching of the electrode surface was observed 
in the presence of fluoride ions; elemental analysis showed an increase in the oxygen content in certain areas of the silicide 
surface associated with the formation of manganese and silicon oxides and their partial removal at high polarization values.
The kinetic regularities of the MnSi-electrode anodic dissolution were studied by the methods of polarization, capacitance, 
and impedance measurements. It was established that the addition of fluoride ions leads to weaker barrier properties of 
the silicon dioxide surface film, which determines the high silicide resistance in a fluoride-free medium. The order of the 
reaction was calculated for the MnSi anodic dissolution for NaF depending on the potential. In the region of low anodic 
potentials (from Ecor to E ≈ –0.2 V), the reaction order ranged from 1.8 to 1.1, which was due to the high influence of silicon 
in the composition of the silicide and its oxidation products. With an increase in the polarization value (up to E = 0.9 V), 
the reaction order decreased to 0.5. An increase in the contribution of manganese ionization and oxidation reactions to 
the kinetics of the anodic dissolution of the silicide was observed. The silicide passivation in a fluoride-containing electrolyte 
was characterized by higher values of the dissolution current density (10–4−10–3 A/cm2) as compared to a fluoride-free 
electrolyte (10–6 A/cm2), the reaction order in region of the passive state was ~1.0. Passivation was due to the formation of 
MnO2 and SiO2 oxides on the surface. In the transpassivation region (E ≥ 2.0 V), there was a weak dependence of the current 
density on the concentration of fluoride ions. Oxygen release was observed on the surface of the electrode, and the formation 
of MnO4

– ions was recorded in the near-electrode layer. The article discusses mechanisms and kinetic regularities of anodic 
processes on an MnSi-electrode in sulfuric acid solution in the presence of fluoride ions.
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1. Introduction
Many branches of science and technology 

face difficulties when using fluoride-containing 
solutions [1-10]. This mainly concerns enterprises 
involved in the production of metals from ores 
[3–6]. Due to the technological process, fluorides 
can accumulate in the water system and the 
fume-collecting chimney at the enterprise. The 
main danger of fluorides is associated with their 
concentration and the formation of hydrogen 
fluoride, which destroys metal structures and 
causes various types of corrosion [5, 6].

One way to protect steels from corrosion 
damage is to use alloying additives, which can 
affect the rate of steel dissolution in corrosive 
media. Metallurgy uses transition metal silicides 
as alloying additives, which are introduced into 
steel in the form of finished alloys or so-called 
ferroalloys (ferrosilicon, ferrosilicomanganese, 
ferromanganese, etc.). The introduction of 
ferrosilicomanganese into manganese silicide-
based steel increases the wear and shock 
resistance of steel. It improves its corrosion 
characteristics due to the formation of surface 
barrier films and decreases the melting point of 
the alloy, which significantly reduces the cost of 
steel production [11–13]. A high content of silicon 
in steel favorably affects its elastic properties, 
resistance to corrosion and oxidation at high 
temperatures [11, 12, 14]. Manganese and iron 
form a solid solution, which increases steel 
hardness and strength. Manganese is used for 
desulfurization, which prevents the appearance 
of iron-sulfur bonds [13, 15].

The electrochemical behavior of manganese 
silicides (MnSi and Mn5Si3) in a fluoride-free 
acidic medium has been previously studied [16, 
17]. These studies revealed high anode resistance 
of silicides due to the formation of a SiO2-based 
barrier film on their surface. Since silicon dioxide 
is unstable in fluoride-containing media [18], it is 
expected that the anodic behavior of silicides will 
largely depend on the concentration of fluorides 
in the solution. This paper presents the results of 
the study of the anode resistance of manganese 
monosilicide MnSi in 0.5 M H2SO4 + (0.0025–
0.05) M NaF solutions. This study revealed the 
concentration effect of sodium fluoride on the 
anodic dissolution and passivation of manganese 
monosilicide.

2. Experimental
Manganese monosilicide MnSi was obtained 

by the Czochralski method in the industrial single 
crystal growing furnace OKB-8093 (“Redmet-8”). 
The sample was pulled out using an alundum rod 
at a speed of 0.4 mm/min. To provide a better 
mixing of the melt and to create a more uniform 
temperature field, the crucible with melt and 
the seed were rotated in opposite directions 
with frequencies within the ranges of 0–15 and 
0–60 rpm, respectively. The finished sample was 
placed in a fluoroplastic holder and filled with 
epoxy resin, which was then polymerized. The 
working area of the electrode surface was 0.1 cm2.

Electrochemical measurements were carried 
out at a temperature of 25 °С under natural 
aeration conditions in unstirred 0.5 M H2SO4 + 
(0.0025–0.05) M NaF solutions. The solutions 
were prepared with chemically pure H2SO4, NaF 
reagents, and deionized water (water resistivity, 
18.2 MΩ·cm, organic carbon content, 4 μg/l). 
Sodium fluoride was introduced into the solution 
immediately before the experiment.

Polarization and impedance measurements 
were taken using a Solartron 1255/1287 unit 
(Solartron Analytical) in an YASE-2 (pyrex glass) 
electrochemical cell with separated cathode 
and anode sections. A saturated silver chloride 
electrode was used as the reference electrode and 
a platinum electrode was used as the auxiliary 
electrode. The potentials in the work were given 
relative to the standard hydrogen electrode, the 
current densities i were given per unit of the 
geometric area of the electrode.

Cyclic current-voltage curves in a 0.5 M H2SO4 
+ 0.05 M NaF solution were recorded within the 
range from E corrosion to the anodic region at 
a potential sweep rate of n = 10 mV/s. Before 
the measurement of the impedance spectra, the 
current was stabilized at each potential. After 
that, the impedance was measured at this value 
of Е and higher potentials, and the potential was 
changed with a fixed step. Anodic potentiostatic 
curves for a given value of E were plotted based 
on the obtained i values. The range of frequencies 
f(w/2p) used for impedance measurements was 
from 20 kHz to 0.02 Hz, while the amplitude of 
the alternating signal was 5–10 mV.

The morphology and surface composition 
of the samples before and after electrochemical 
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tests were investigated using a Hitachi S-3400N 
scanning electron microscope (Japan) with a Bruker 
Quantax 200 attachment for energy-dispersive 
analysis (Germany). The images were obtained in 
high vacuum at an acceleration voltage of 10 kV in 
the mode of secondary electron scattering.

The polarization and impedance data were 
measured and processed using the programs 
CorrWare2, ZPlot2, and ZView2 (Scribner 
Associates, Inc.).

3. Results and discussion
The anodic potentiostatic curves of the 

MnSi-electrode recorded in the potential range 
from Ecor to E = 3.2 B in solutions of H2SO4 with 
the addition of NaF are shown in Fig. 1. The 
introduction of fluoride ions into the solution 
resulted in significant changes in the shape of 
the silicide polarization curve. With an increase 
in the concentration of fluoride ions the anode 
peaks became noticeably more pronounced. 
The dissolution rate of MnSi in the 0.5 M H2SO4 
solution containing a minimum concentration of 
NaF (at E ≈ 0.5 V) was two orders of magnitude 
higher than that for a fluoride-free sulfuric acid 
solution. In the presence of fluoride ions, the 
transition to the transpassivation region occurred 
at higher anodic potentials.

Anodic polarization curves for manganese 
monosilicide in 0.5 M H2SO4 + (0.0025−0.05  M 
NaF) solutions can be divided into several 
characteristic sections. Section I (from Ecor to 
E ≈ –0.2 V) corresponds to the region of active 
dissolution characterized by a rapid increase in 
current density with an increase in potential. In 
a solution with a concentration of 0.05 M NaF, 
a slight change in current was recorded. In this 
region, a weak gas emission was observed on the 
electrode surface. The intensity of gas formation 
decreased with an increase in the potential and a 
decrease in the concentration of NaF. According 
to [19], silicon in acidic media is oxidized to form 
silicon dioxide, which can dissolve in the presence 
of HF. According to [20, 21], during the oxidation 
of silicon in fluoride-containing media in the 
region of low anodic polarizations hydrogen can 
form on its surface. Manganese in acidic media is 
unstable, it can spontaneously dissolve with the 
release of hydrogen [22, 23]. Along with chemical 
dissolution, there is electrochemical oxidation of 
manganese with the formation of Mn2+ ions. The 
transformations of silicon and manganese in this 
section of the polarization curve can be described 
by the following equations:

Si + 2H2O = SiO2 + 4H+ + 4e–, E0 = 0.86 V; 	 (1)

SiO2 + 6HF = H2SiF6 + 2H2O; 	 (2)

Mn + H2SO4 = MnSO4 + H2; 	 (3)

Mn = Mn2+ + 2e–, E0 = -1.18 V. 	 (4)

On the surface of MnSi in a 0.5 H2SO4 solution 
without the addition of NaF at low anodic 
potentials there was no gas release. Manganese 
in the composition of the silicide in a fluoride-
free electrolyte was more stable due to the 
formation of a silicon dioxide surface film [16, 
17]. The addition of sodium fluoride weakened the 
passivation action of silicon dioxide and thus led 
to the activation of the processes of manganese 
and silicon dissolution in the composition of the 
silicide, which, apparently, was accompanied by 
the release of hydrogen.

Section II (from –0.2 V to 0.9 V) is characterized 
by a further increase in the density of the 
silicide dissolution current, however, the rate 
of i increase fell with an increase in E (the slope 
of the polarization curve changed). With an 
increase in the concentration of NaF, the range 

Fig. 1. Anodic potentiostatic curves of MnSi-electrode 
in 0.5 M H2SO4 (1) и 0.5 M H2SO4 + (х) M NaF, where 
x = 0.0025 (2); 0.005 (3); 0.01 (4), 0.05 (5)
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of the recorded anode peak markedly expanded. 
Section III (from 0.9 V to 2.0 V) is characterized 
by a gradual decrease in current density which 
ends with a narrow passivation region. Section IV 
(from 2.0 to 3.2 V) characterizes the passivation 
region. At this section of the polarization curves 
at E > 2.6 V small gas (oxygen) bubbles formed on 
the surface of the electrode and the space near 
the electrode was colored crimson. As compared 
to the fluoride-free solution, oxygen release 
was observed at higher values of potential (in a 
fluoride-free medium at E ≥ 2.2 V).

The kinks on the MnSi-electrode polarization 
curves in the fluoride-containing electrolyte are 
probably related to the formation of manganese 
oxides:

Mn + H2O = MnO + 2H+ + 2e–, E0 = –0.65 V; 	 (5)

Mn + 3H2O = Mn2O3 + 6H+ + 6e–, E0 = –0.31 V;	(6)

Mn2O3 + H2O = 2MnO2 + 2H+ + 2e–, E0 = 1.0 V;	 (7)

Mn2+ + 2H2O = MnO2 + 4H+ + 2e–, E0 = 1.23 V. 	 (8)

The solubility of manganese (II) oxide in 
acidic media is quite high, and it cannot cause 
deep passivation of the electrode [24]. According 
to [22], the passivation of manganese is possibly 
due to the formation of Mn2O3 and MnO2 oxides on 
its surface. However, manganese (III) oxide in an 

acidic medium is unstable and disproportionate 
to the formation of manganese (II) and (IV) 
compounds. Manganese dioxide is more stable 
in acids and its formation can cause passivation 
of the electrode. Oxidation of manganese dioxide 
with the formation of permanganate ions leads to 
its removal from the surface of the electrode [23]:

MnO2 + 2H2O = MnO4
– + 4H+ + 2e–, E0 = 1.69 V.	(9)

The results of microscopic examination of the 
surface of manganese monosilicide before and 
after electrochemical tests are shown in Fig. 2. 
Anodic polarization of the MnSi-electrode in a 
0.5 M H2SO4 solution caused partial etching of 
the electrode surface (Fig. 2b). The addition of 
fluoride ions to the solution (Fig. 2c) led to the 
formation of a more developed surface relief, 
there were pronounced convex regions.

Elemental analysis of the silicide surface 
(Table 1) showed that in the fluoride-free solution 
the surface layer of the electrode was depleted 
of manganese and there was an increase in the 
oxygen content (as compared to the original 
sample). The latter was probably due to the 
selective dissolution of manganese from the 
silicide surface layer at low anodic polarizations 
and due to the oxidation of silicon to low-soluble 
silicon in the acidic media of silicon dioxide. In 

                            a                                                                    b                                                                  c
Fig. 2. Microphotographs of MnSi surface (×400) before (a) and after etching in 0.5 М H2SO4 (b) and 0.5 М 
H2SO4 + 0.05 М NaF (c) at E = 3.2 V

Table 1. Elemental analysis of the MnSi electrode surface at the point (Fig. 2)

Elements Mn, at.% Si, at.% O, at.%
Initial sample 46.5±2.3 49.6±2.5 3.9±0.2

Sample after polarization from 
Еcor to Е = 3.2 V at n = 0.1 mV/s

in 0.5 M H2SO4 21.2±0.6 58.4±2.9 20.6±0.6
in 0.5 M H2SO4 + 0.05 М NaF (×) 45.9±2.3 49.3±2.5 4.8±0.2
in 0.5 M H2SO4 + 0.05 М NaF (●) 28.5±1.4 31.3±1.6 40.2±2.0
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the fluoride-containing electrolyte, an increased 
oxygen content was recorded in the region of 
the convex areas; the ratio of the amount of 
manganese and silicon corresponded to the ratio 
of the elements in the MnO2 and SiO2 oxides. 
Outside the convex region, the composition of 
the silicide surface differed slightly from that of 
the original sample.

Similar dependencies indicate the formation 
of oxides on the MnSi surface with its anodic 
polarization up to 3.2 V. In a fluorine-free 
medium, a film consisting mainly of silicon 
dioxide was formed; in the presence of sodium 
fluoride, manganese and silicon oxides (probably 
MnO2 and SiO2) were formed, which partially 
dissolved in the solution when interacting with 
the components of the electrolyte.

The degree of fluoride ion concentration 
influencing the rate of anodic processes on 
the silicide is shown in Fig. 3. It can be seen 
that the dependence of the reaction order 
nNaF=

 ∂ lg i/∂ lg CNaF of the manganese monosilicide 
anodic dissolution for F– ions is a mirror reflection 
of the anodic curve with the lowest of the 
studied sodium fluoride concentrations equal 
to 0.0025  M. At low concentrations of fluoride 

ions, the content of silicon dioxide on the 
silicide surface was still high and the rate of the 
oxidation process seemed to be limited by the 
rate of dissolution of silicon dioxide interacting 
with HF (which formed when NaF was introduced 
into an acidic medium). The film thickness at each 
potential value was determined by the successive 
processes of electrochemical oxidation of silicon 
and chemical dissolution of silicon dioxide until 
it reached a steady state.

Previous research [18] distinguishes two 
ways of dissolving silicon dioxide depending 
on the amount of silicon in the samples. With 
a high silicon content in silicides, silicon atoms 
are not isolated from each other, which can lead 
to the formation of ≡Si-O-Si≡ siloxane groups, 
therefore, etching will proceed according to 
equation (10) and a second reaction order for HF 
should be expected:

≡Si-O-Si≡ + 2HF → 2 ≡Si-F + H2O. 	 (10)

With a low silicon content, isolated Si-OH 
silanol groups can be formed, the limiting stage 
of their dissolution will be reaction 11, according 
to which the HF reaction order is equal to one:

≡Si-OH + HF → ≡Si-F + H2O. 	 (11)

As a result of the silicon dioxide dissolution, 
the processes associated with the ionization of 
manganese are activated. The electrochemical 
dissolution of manganese in acidic media can be 
represented by the following stages [25]:

Mn + H2O = MnOHads + H+ + e–; 	 (12) 

MnOHads + H+ = Mn2+ + H2O + e–.	 (13)

When the solution contains hydrofluoric 
acid, HF molecules can take part in the process 
of manganese ionization, for example, according 
to the scheme:

Mn + HF = MnFads + H+ + е–; 	 (14) 

MnFads + H+ = Mn2+ + HF + e–.	 (15)

Due to the fact that the dissolution of silicon 
dioxide is characterized by the first (reaction 
11) or second (reaction 10) order for HF and the 
dissolution of manganese has the first order 
(reaction 14), it can be concluded that in the 
region of the first anodic section the process of the 
MnSi-electrode dissolution will be predominantly 
determined by the dissolution of silicon dioxide. 

Fig. 3. Graphs of the dependences of electrochemical 
quantities on the potential of the MnSi-electrode: (1) 
Anodic potentiostatic curve in 0.5 M H2SO4 + 0.0025 M 
NaF; (2) The dependence of nNaF on the potential in 
0.5 M H2SO4 + (0.0025–0.05) M NaF
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The values for the reaction order in this region 
gradually decreased from 1.8 to 1.1 (Fig. 3), which 
seems to indicate the mixed nature of the bonds 
on the silicide surface: both silanol and siloxane 
groups were present.

With increasing polarization, the values of 
the reaction order decreased to ~ 0.5; according 
to Fig.  3, the minimum of the reaction order 
corresponded to the maximum on the anodic 
curves (E ≈ 1.0 V). The papers [22-24, 26] describe 
the abnormal dissolution of manganese in 
acidic fluoride-free media, while in the silicide 
composition manganese is more stable [16, 17]. 
The addition of sodium fluoride appears to activate 
the anodic dissolution of manganese from the 
silicide. As a result, the recorded current mainly 
corresponded to the processes of manganese 
oxidation and dissolution (reactions 3, 4, and 5), 
which were weakly dependent on the presence 
of HF in the composition of the electrolyte. The 
latter caused low nNaF values.

At E > 0.9 V, the reaction order began to 
gradually increase and reached a peak at the 
potentials of the passivation region on the 
polarization curves. Apparently, this was due 
to the accumulation of passivating products of 
manganese and silicon anodic oxidation (Mn2O3, 
MnO2, and SiO2 oxides) on the surface of the 

electrode, which dissolved with the participation 
of HF molecules. The authors of [27, 28] proposed 
a scheme for the process of nickel (II) and iron 
(III) oxides dissolution in an acidic fluoride-
containing electrolyte. According to [28], for 
manganese (IV) oxide it is:

Mnox
4+ + HF = MnFads

3+ + H+; 	 (16)

MnFads
3+ + 5HF = [MnF6]

2– + 5H+. 	 (17)

In the transpassivation region, the reaction 
order approaches zero.

The shape of CVA curves indicates the 
occurrence of several MnSi-electrode oxidation 
and dissolution processes in a fluoride-containing 
electrolyte (Fig. 4). In the first polarization cycle, 
three anode peaks in both forward and reverse 
directions were recorded on the CVA curve in 
the potential range from Ecor to E = 3.2 V. As the 
number of the polarization cycle increased, a 
slight decrease in the values of the dissolution 
current density were observed. With a gradual 
decrease in the reversal potential, first to 2.2 V 
(up to the passivation region), then to 1.4 V 
(up to the beginning of the passivation region), 
the shape of the CVA curves in the forward 
and reverse directions remained unchanged. 
A more noticeable decrease in the manganese 
silicide dissolution currents with an increase 
in the polarization cycle at a reversal potential 
of 3.2 V as compared to E reversal to 1.4 and 
2.2 V indicates the accumulation of passivating 
products of anodic oxidation on the silicide 
surface which were not completely removed 
in the presence of fluoride and caused partial 
passivation of the electrode.

Fig. 5 shows the dependence of the differential 
capacitance of the MnSi-electrode on the 
potential in semi-logarithmic coordinates. The 
values of the differential capacitance were 
calculated from the ratio C = –1/(wZ≤), where 
w is the angular frequency of the alternating 
current, Z≤ is the imaginary part of impedance 
at a frequency of 10 kHz. The maximum values 
of the differential capacitance were observed at 
potentials close to Ecor and were ~16.5 μF/cm2 in 
a solution containing 0.05 M NaF. With a gradual 
increase in the potential, the differential capacity 
decreased sharply. The drop was sharper with 
a higher concentration of fluoride ions in the 
solution. At potentials above 1.0 V, the values of 

Fig. 4. Cyclic voltammetric curves of the MnSi-elec-
trode in 0.5 M H2SO4 + 0.05 M NaF. The number is the 
polarization cycle. In the upper right corner - 5 cycles 
of polarization at the reversal potential Erevers = 1.4 V
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the differential capacitance did not depend on 
the concentration of fluoride ions. Similar to the 
polarization curves (Fig. 1), C,E -dependencies 
can be divided into four linear sections, the 
change in the slope of which indicates changes 
in the surface state. A gradual decrease in the 
values of the differential capacitance from 
16.5 to 2 μF/cm2 may indicate the formation of 
compounds on the silicide surface characterized 
by low conductivity (resistivity r(SiO2) ≈ (1012–
1016) Ω·cm [21]; r(Mn2O3) ≈ 105 Ω·cm; r(MnO2) ≈ 
(10–1–102) Ω·cm [29]). According to reactions 
10 and 11, a large number of Si-F bonds should 
be expected. According to authors [30, 31], the 
polarizability of Si-F bonds is less than that of 
Si-OH bonds.

The MnSi-electrode impedance spectra in 
sulfuric acid solutions with the addition of sodium 
fluoride are more complex than in a fluoride-free 
solution [16]. The form of the impedance spectra 
changed with the shape of the polarization curve 
and the variation in the concentration of fluoride 
ions (Fig. 6), which indicates the diversity of the 
silicide dissolution and passivation processes.

At the potentials of anodic section I, in 
solutions with a low concentration of NaF (≤ 0.01 
M), capacitive semicircles with the center in 
the region Z≤ > 0 were recorded on the complex 

Fig. 5. Dependence of the logarithm of the differential 
capacitance on the potential of the MnSi-electrode in 
0.5 M H2SO4 (1) and 0.5 M H2SO4 + (х) M NaF, where 
x = 0.0025 (2); 0.005 (3); 0.01 (4), 0.05 (5)

Fig. 6. Impedance spectra of MnSi electrode in 0.5 M 
H2SO4 + 0.05 M NaF at Е, V: -0.32 (1); 0 (2); 0.9 (3); 
1.1 (4); 1.8 (5); 2.6 (6)

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2024;26(2): 304–313

I. S. Polkovnikov et al.	 Anodic dissolution and passivation of manganese monosilicide...



311

Z-plane. The system was characterized by high 
values of the impedance modulus |Z| (~90 kΩ·cm2). 
|Z| increased with an increase in polarization. 
Similar dependencies were also observed for MnSi 
in a fluoride-free sulfuric acid solution (|Z| ≈ 250 k 
Ω·cm2), in which the behavior of the silicide 
was determined by a silicon dioxide barrier film 
[16]. Apparently, with a low content of fluoride 
ions, the passivating effect of silicon dioxide 
persists, but the barrier properties of the oxide 
film weaken. With a concentration of NaF equal 
to 0.05 M, an additional capacitive semicircle 
appeared on the impedance spectra in the low 
frequency (LF) region (Fig. 6A). This indicates 
the staged nature of the oxidation processes of 
the components of manganese silicide, which 
are accompanied by adsorption of intermediates 
on the electrode surface (reactions 10–15). The 
form of the impedance spectra confirms the 
assumptions made on the basis of constant 
current measurements and calculations of the 
nNaF reaction order.

The impedance spectra in the potential region 
of anodic section II (Fig. 6a, E = 0 B) contained 
several semicircles: at least two capacitive 
semicircles in the high-frequency (HF) region, 
one inductive semicircle, and one capacitive arc 
in the low-frequency region. With an increase 
in the potential, the diameter of the low-
frequency semicircles decreased and at certain 
potentials several loops were recorded. More 
complex impedance graphs as compared to the 
graphs in section I indicates the presence on the 
silicide surface in this region of the potentials 
of several types of intermediates formed during 
the manganese and silicon ionization (reactions 
10–12, 14). Intermediates formed during the 
dissolution of manganese (II) oxide in the 
presence of fluoride ions were probably also 
recorded.

When the anodic polarization curve 
approached its maximum (at E from 0.5 to 
0.8 V), an increase in the diameter of the second 
capacitive semicircle was observed. Near the 
maximum E ≈ 0.9 V, this section of the impedance 
spectra had the form of an almost vertical straight 
line, in the low-frequency region a distorted 
capacitive semicircle was also recorded (Fig. 6b). 
At the end of anodic section III (at E = 1.8 V), the 
impedance spectra contained a high-frequency 

capacitive semicircle and a low-frequency 
semicircle, which at w → 0 was recorded in the 
region of negative Z¢. With a further increase 
in potential, the diameter of the LF semicircle 
increased markedly faster than the diameter of 
the HF semicircle (Fig. 6c). The form of impedance 
spectra indicates the occurrence of passivation 
processes (reactions 1, 5−8), which correlated 
with the region of negative slope di/dE on the 
anodic polarization curves at these E (Fig. 1).

In the region of oxygen release potentials, 
the impedance spectra of manganese silicide in a 
fluoride-containing electrolyte had the same form 
as in a fluoride-free solution, i.e. two well-divided 
capacitive semicircles. At maximum polarization 
(E = 3.2 V), an inductive low-frequency arc was 
also observed. The latter indicates the destruction 
of the oxide film on the surface of the MnSi-
electrode in a fluoride-free solution and the 
removal of manganese and silicon oxides (MnO2 
and SiO2) in the fluoride-containing electrolyte, 
which provides for a release of oxygen.

4. Conclusions
The study of the anodic behavior of the MnSi-

electrode in 0.5 M H2SO4 + (0.0025 – 0.05) M NaF 
solutions indicates a strong influence of fluoride 
ions on the processes of anodic dissolution and 
passivation of silicide. The silicon dioxide surface 
film, which is stable in acid, dissolves when 
fluoride ions are added. As a result, the process 
of anodic dissolution of manganese monosilicide 
is activated. It was established that at low 
anodic polarizations (from Ecor to E  ≈ –0.2 V), 
the influence of silicon dioxide persists, the 
rate of its dissolution determines the anode 
resistance of the silicide. In the potential range 
(from –0.2 V to 0.9 V), manganese ionization and 
oxidation reactions (up to Mn2+, MnO) make a 
significant contribution to the kinetics of anodic 
processes. Manganese monosilicide passivation 
is observed at potentials (from 0.9 V to 2.0 V) and 
is associated with the formation of manganese 
and silicon oxides (Mn2O3, MnO2, and SiO2). In 
the region of transpassivation (from 2.0 to 3.2 V), 
the processes of oxygen release and further 
manganese oxidation (up to MnO4

−) are recorded.
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Abstract 
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1. Introduction 
When studying the phase diagrams of barium 

fluoride (BaF2
) systems with rare earth fluorides 

(RF3) for R = Sm-Lu,Y , Tkachenko and Sobolev 
[1-3] discovered that along with solid solutions 
of Ba1-xRxF2+x fluorite structure and BaR2F8 
(R = Ho-Lu,Y) compounds, ordered fluorite-
related Ba4R3F17 phases also formed. Earlier, 
single crystals of this phase were grown from 
a non-stoichiometric melt by Guggenheim and 
Johnson, however, they mistakenly described 
their composition as BaRF5 [4]. Kieser and Greis 
[5-7] found that a slow cooling of solid solutions 
of Ba1–xRxF2+x synthesized at 1000 °C leads to their 
ordering and the formation of trigonally distorted 
phases of Ba4R3F17 for R = Ce-Lu. They correctly 
determined the space group symmetry as R-3. 
The interpretation of the crystal structure of 
Ba4R3F17 (R = Yb, Y) [8] confirmed that these data 
were correct [5]. The repeated structural study 
[9] did not produce any new results. Isostructural 
compounds Pb4R3F17 (R = Sm-Lu,Y) [10], Pb8Y6F32O 
[11], and Ba4Bi3F17 [12] were also synthesized.

A feature of BaF2
-RF3 systems is that solid 

solutions of Ba1–xRxF2+x based on barium fluoride 
do not form during low-temperature syntheses. 
Co-precipitation from aqueous solutions results 
in the formation of phases of the fluorite structure 
containing 40–50 mol % RF3 without any signs 
of ordering [13–16]. This cubic phase was also 
synthesized for bismuth fluoride [17]. Following 
the mistake of Guggenheim and Johnson, the 
composition of such phases is often described 
as BaRF5 [18–21]. The absence of any signs of 
trigonal distortion characteristic of Ba4R3F17 
phases in these samples can be interpreted as a 
manifestation of the Ostwald’s step rule [22, 23]: 
metastable cubic phases of the corresponding 
composition are precursors of ordered phases 
stable at synthesis temperatures.

Phases synthesized in this way have low 
solubility in water unlike barium fluoride 
nanoparticles. These phases are matrices for 
photonics materials [4, 18–21, 24–31].

When the phase formation was studied 
at 350–500 °C using BaF2

-RF3 systems from 
the sodium nitrate melt and sodium fluoride 
as a fluorinating agent [32], it was found that 
for the REE of the yttrium subgroup, sodium 
fluoride introduced to the reaction products 

[33, 34] (unlike the REE of the cerium subgroup 
[35, 36]).

The purpose of this work was to study the NaF-
BaF 2-YF3 systems by the method of solid-phase 
synthesis in order to establish the composition 
of the formed phases.

2. Experimental
The following reagents were used in the 

experiment: NaF (Reagent grade, Chimmed), BaF2 
(99.99%, LANHIT), and YF3 (99.99%, LANHIT). 
The initial powders were further purified from 
oxygen-containing impurities by melting under 
CF4 fluorinating atmosphere in graphite crucibles. 
The resulting polycrystalline fluorides were 
ground and, following stoichiometric calculations, 
mixtures of polycrystalline fluoride powders were 
prepared. The mixtures were ground in an agate 
mortar for 15 minutes with ethyl alcohol to 
achieve uniform composition, then dried at 60 °C 
under an IR lamp for 10 minutes and ground again 
for 3 minutes. The prepared powders were stored 
in a desiccator to avoid hydration.

The prepared samples were placed in 
nickel capillaries, which, together with barium 
hydrofluoride, BaF2·HF, were placed in copper 
containers. The containers were sealed by argon 
arc welding. When heated, barium hydrofluoride 
decomposed and formed a fluorinating 
atmosphere.

The ground mixtures of NaF, BaF2, and YF3 
were sintered under the following conditions: 
exposure temperature 750 °C, heating time 2.5 
h, and exposure time 336 h. After sintering, the 
containers were quenched in liquid nitrogen.

The used annealing and quenching method 
was similar to the method which was used to 
study phase equilibria in the MF2-RF3, M = Ca, 
Sr, Ba systems in [1, 37, 38]. Quenching in liquid 
nitrogen is less efficient than quenching in water 
due to the low heat of vaporization of liquid 
nitrogen and the low heat capacity of gaseous 
nitrogen, however, it prevents the possibility of 
pyrohydrolysis of samples when water enters the 
container due to catastrophic cracking of welds.

The synthesized samples were examined by 
X-ray phase analysis and partially by thermal 
analysis. X-ray powder diffraction (XRD) 
was carried out using a Bruker D8 Advance 
diffractometer (CuKa-radiation). TOPAS, DifWin, 
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and Powder 2.0 software were used to process 
X-ray diffraction patterns.

3. Results and discussion
Phase equilibria in the NaF-BaF2-YF3 system 

are very complex. It should be noted that 
sintering in the binary BaF2-YF3 system at 750 °C 
for two weeks did not result in equilibrium. 
X-ray diffraction patterns recorded a mixture of 
phases, including the reflections of the BaY2F8 
compound. It should be noted that the study of 
this system in [1,2] was limited to a temperature 
of 870 °C. The equilibrium time determined 
by the diffusion coefficients of cations became 
too long with a decrease in temperature [39], 
however, the addition of at least 5 mol % sodium 
fluoride allowed synthesis sample with clear 
X-ray diffraction patterns.

Fig. 1 shows a section of the phase diagram 
of NaF-BaF2-YF3 built using the data of the X-ray 
phase analysis of the annealed samples. The 
homogeneity region of the solid solution based on 
Ba4Y3F17 was distinctly contoured. The maximum 
content of sodium fluoride in this solid solution 
was about 20 mol % NaF. The lattice parameters 
of this solid solution (R phase) are given in Table 
1. It can be observed (Fig. 2) that an increase in 
the amount of sodium in the solid solution led to 

a decrease in the lattice parameters.
It should be noted that the binary BaF2-YF3 

system had a small homogeneity region of this 
phase. According to [5], it is 41–44 mol % YF3. 
As can be seen from Fig. 1, the introduction of 
sodium dramatically expanded the homogeneity 
region. Thus, it can be stated that the heterovalent 
isomorphism [40] stabilized the crystal lattice of 
the R phase. The same phenomenon was observed 
earlier in the NaF-BaF 2-GdF3 system [41].

Naturally, we can expect a partial cationic 
substitution of yttrium ions of similar sizes 
with sodium. Such substitution takes place, for 
example, in the fluorite phase formed in the NaF-
YF3 system [3]. The study of the structure of the 
fluorite-like phases formed in the NaF-BaF 2-YF3 
system showed that sodium is also able to 
partially substitute barium in its crystallographic 
positions (BaNa0.25Y2.75F10.5 phase) [34].

The studied R phase is a derivative of the 
structural type of fluorite. Its general formula 
can be written as follows: Ba1–x–yYxNayF2+x–y. The 
parameters of the trigonal cell were related to the 
parameter а0 of the fluorite subcell by the ratios 
а ~ √7/2а0 and с ~2√3а0 [5, 8]. The structure of 
Ba4Y3F17 has Y6F37 complexes of 6 yttrium ions 
with an internal cuboctahedral cavity formed 
by anions, which includes an additional fluorine 
ion located in a single-charge environment 
(F8 positions in [8, 12]). In addition, there are 

Fig. 1. Concentration region of the R phase in the 
NaF-BaF2-YF3 system at 750 °C. (1) single-phase sam-
ples, (2) two- or three-phase samples

Fig. 2. Change in molar volume of the R phase at 
constant content of yttrium fluoride (40 mol % YF3). 
(1) our data, (2) data of Greis and Kieser [6], extrapo-
lation to 40 mol % YF3
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the same interstitial fluorine ions in the cubic 
environment (F7 positions according to [8, 12]). 
These interstitial fluorine ions should disappear 
with the appearance of anionic vacancies, which 
results in the crystal structure stabilization.

4. Conclusions
Therefore, the study showed that in the 

ternary NaF-BaF2-YF3 system, the introduction 
of sodium fluoride stabilizes the Ba4Y3F17 phase 
and expands its homogeneity region. The 

corresponding solid solution can be used to create 
new photonics materials.
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Table 1. X-ray characteristics of the solid solution (R phase). Trigonal crystal system, space group R-3, 
Z = 6 when calculated for the formula Ba4R3F17

Composition of the fluoride mixture, 
mol%

Lattice parameters
R phase, Å Unit cell volume, Å3 Mole volume, 

Å3

5% NaF – 60% BaF2 – 35% YF3
single–phase sample

а = 11.141
c = 20.57 2211.5 368.6

5% NaF – 55% BaF2 – 40% YF3,
single–phase sample

а = 11.074
c =20.41 2167.0 361.2

5% NaF – 50% BaF2 –  45% YF3

а = 11.046
c = 20.36 2150.9 358.5

5% NaF – 45% BaF2  – 50% YF3

а = 11.081
c = 20.35 2163.9 360.7

10% NaF – 60% BaF2 – 30% YF3

а = 11.131
c = 20.63 2213.2 368.9

10% NaF – 50% BaF2 – 40% YF3
single–phase sample

а = 11.055
c = 20.37 2156.2 359.4

10% NaF – 45% BaF2 – 45% YF3

а = 11.040
c = 20.36 2149.1 358.2

10% NaF – 40% BaF2 – 50% YF3

а = 11.049
c = 20.35 2151.9 358.7

15% NaF – 50% BaF2  – 35% YF3
single–phase sample

а = 11.101
c = 20.47 2184.5 364.1

15% NaF – 45% BaF2  – 40% YF3
single–phase sample

а = 11.044
c = 20.36 2150.7 358.5

15% NaF – 40% BaF2  – 45% YF3

а = 11.040
c = 20.36 2148.8 358.1

15% NaF – 35% BaF2  – 50% YF3

а = 11.068
c = 20.41 2164.9 360.8

20%NaF – 50%BaF2  – 30%YF3

а = 11.146
c = 20.60 2215.8 369.3

20% NaF – 40% BaF2  – 40% YF3

а = 11.038
c =  20.36 2147.9 358.0

25%NaF – 40%BaF2  – 35%YF3

а = 11.065
c = 20.39 2162.0 360.3

25% NaF – 35% BaF2  – 40% YF3

а = 11.038
c = 20.36 2148.0 358.0

25% NaF – 30% BaF2  – 45% YF3

а = 11.042
c = 20.36 2149.3 358.2

30% NaF – 30% BaF2  – 40% YF3

а = 11.040
c = 20.36 2149.2 358.2

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2024;26(2): 314–320

P. P. Fedorov et al.	 Stabilization of the Ba4Y3F17 phase in the NaF-BaF2-YF3 system



318

References
1. Tkachenko N. L., Shvantner M., Sobolev B. P. 

Phase diagram of the BaF2-YF3 system. Neorganicheskie 
materialy [Inorganic Materials]. 1977;13(5): 847–849. 
(In Russ).

2. Sobolev B. P., Tkachenko N. L. Phase diagrams 
of BaF2-(Y, Ln)F3 systems. Journal of the Less Common 
Metals. 1982;85: 155–170. https://doi.org/10.1016/ 
0022-5088(82)90067-4 

3. Sobolev B. P. The rare earth trifluorides. Part 1. 
The high temperature chemistry of the rare earth 
trifluorides. Barcelona: Institut d’Estudis Catalans; 
2000. 520 с.

4. Guggenheim H. J., Johnson L. F. New fluoride 
compounds for efficient infrared-to-visible conversion. 
Applied Physics Letters. 1969;15(2): 51-52. https://doi.
org/10.1063/1.1652898

5. Kieser M., Greis O. Darstellung und Eigenschaften 
der Fluorituberstrukturhasen Ba4SE3F17 mit SE = Ce-Nd, 
Sm-Lu und Y. Zeitschrift für anorganische und allgemeine 
Chemie. 1980;469: 164–171. https://doi.org/10.1002/
zaac.19804690123

6. Greis O., Kieser M. Electron diffraction from 
single crystals of Ba4Pr3F17, Ba4Nd3F17, Ba4Gd3F17 and 
Ba4Dy3F17. Journal of the Less Common Metals. 
1980;75(1): 119–123. https://doi.org/10.1016/0022-
5088(80)90376-8

7. Greis O., Haschke J. M. Rare earth fluorides. 
Handbook on the physics and chemistry of rare earths. 
K. A. Gschneidner & Le Roy Eyring (eds.). Amsterdam, 
N.Y., Oxford: 1982;5: 387–460. https://doi.org/10.1016/
S0168-1273(82)05008-9

8. Maksimov B. A., Dudka A. P., Genkina E. A., … 
Golubev A. M. The fluorite-matrix-based Ba4R3F17 
(R = Y,Yb) crystal structure. Ordering of cations and 
specific features of the anionic motif. Crystallography 
Reports. 1996;41(1): 50–57. Available at: https://
elibrary.ru/item.asp?id=13237398

9. Tyagi F. K., Kohler J. Preparation and structural 
elucidation of new anion-excess fluorite variant 
Ba4Er3F17. Solid State Science. 2001;3: 689–695. https://
doi.org/10.1016/S1293-2558(01)01167-0 

10. Greis O., Uwais B. M., Horne W. Preparation 
and characterization of superstructure phases Pb4R3F17 
with R = Sm, Gd and Er to Lu. Zeitschrift für anorganische 
und allgemeine Chemie. 1989;186: 104–107.

11. Dib A., Aleonard S. J. Structure cristalline de 
Pb8Y6F32O. Journal of Solid State Chemistry. 1986;64(2): 
1 4 8 – 1 6 1 .  h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / 0 0 2 2 -
4596(86)90134-9

12. Dombrovski E. N., Serov T. V., Abakumov A. M., 
Ardashnikova E.I., Dolgikh V.A., Van Tendeloo G. The 
structural investigation of Ba4Bi3F17. Journal of Solid 
State Chemistry. 2004;177(1): 312–318. https://doi.
org/10.1016/j.jssc.2003.08.022

13. Kuznetsov S. V., Yarotskaya I. V., Fedorov P. 
P., … Osiko V. V. Preparation of nanopowdered M1-

xRxF2+x (M = Ca, Sr, Ba; R = Ce, Nd, Er, Yb) solid 
solutions. Russian Journal of Inorganic Chemistry 
2007;52(3): 315–320. https://doi.org/10.1134/
s0036023607030035

14. Kuznetsov S. V., Fedorov P. P., Voronov V. V., 
Samarina K. S., Ermakov R. P., Osiko V. V. Synthesis of 
Ba4R3F17 (R stands for rare-earth elements) powders 
and transparent compacts on their base. Russian 
Journal of Inorganic Chemistry. 2010;55(4): 484–493. 
https://doi.org/10.1134/S0036023610040029

15. Fedorov Р. P., Mayakova M. N., Kuznetsov S. V., 
… Osiko V. V. Co-Precipitation of Yttrium and Barium 
Fluorides from Aqueous Solutions. Materials Research 
Bulletin. 2012;47: 1794–1799. https://doi.org/10.1016/j.
materresbull.2012.03.027

16. Mayakova M. N., Voronov V. V., Iskhakova L. D., 
Kuznetsov S. V., Fedorov P. P. Low-temperature phase 
formation in the BаF2-CeF3 system. Journal of Fluorine 
Chemistry. 2016;187: 33–39. https://doi.org/10.1016/j.
jfluchem.2016.05.008

17. Fedorov P. P., Mayakova M. N., Kuznetsov S. V., 
… Iskhakova L. D. Coprecipitation of barium-bismuth 
fluorides from aqueous solutions: Nanochemical 
effects. Nanotechnologies in Russia. 2011;6(3-4): 203-
210. https://doi.org/10.1134/s1995078011020078 

18. Zhang C., Ma P., Li C., … Lin J. Controllable and 
white upconversion luminescence in BaYF5 :Ln3+ (Ln = 
Yb, Er, Tm) nanocrystals. Journal of Materials Chemistry. 
2011;21: 717–723. https://doi.org/10.1039/
C0JM02948C

19. Lei Y., Pang M., Fan W., … Zhang H. Microwawe-
assisted synthesis of hydrophilic BaYF5:Tb/Ce,Tb green 
fluororescent colloid nanocrystals. Dalton Transactions. 
2011;40:  142-145. https://doi.org/10.1039/
C0DT00873G

20. Lei L., Chen D., Huang F., Yu Y., Wang Y. 
Syntheses and optical properties of monodisperse 
BaLnF5 (Ln = La-Lu, Y). Journal of Alloys and Compounds. 
2012;540: 27–31. https://doi.org/10.1016/j.
jallcom.2012.06.078

21. Karbowiak M., Cichos J. Does BaYF5 exist? – The 
BaF2-YF3 solid solution revisited using photolumi
nescence spectroscopy. Journal of Alloys and Compounds. 
2016;673: 258–264. https://doi.org/10.1016/j.
jallcom.2016.02.255

22.	 Ostwald W. Studien ueber die Bilding und 
Umwandlung fester Koerper. Zeitschrift für Physikalische 
Chemie. 1897;22: 289–330. https://doi.org/10.1515/
zpch-1897-2233

23. Threifall T. Structural and thermodynamic 
explanations of Ostwald’s rule. Organic Process 
Research & Development. 2003;7(6): 1017–1027. 
https://doi.org/10.1021/op030026l

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2024;26(2): 314–320

P. P. Fedorov et al.	 Stabilization of the Ba4Y3F17 phase in the NaF-BaF2-YF3 system



319

24. Nizamutdinov A. S., Kuznetsov S. V., Madi
rov E. I., … Fedorov P. P. Down-conversion luminescence 
of Yb3+ in novel Ba4Y3F17:Yb:Ce solid solution by 
excitation of Ce3+ in UV spectral range. Optical 
Materials. 2020;108: 110185. https://doi.org/10.1016/j.
optmat.2020.110185

25. Tomkus M., Natansohn S. J. Anti-Stocs 
phosphors in BaF2-RF3 systems. Journal of The 
Electrochemical Society. 1971;118(3): 70.

26. Johnsen L. F., Guggenheim H. J., Rich T. C., 
Ostermayer F. W. Infrared-to-visible conversions by 
rare-earth ions in crystals. Journal of Applied Physics. 
1 9 7 2 ; 4 3 ( 3 ) :  1 1 2 5 – 1 1 3 7.  h t t p s : / / d o i .
org/10.1063/1.1661225

27. Rich T. C., Pinnow D. A. Exploring the ultimate 
efficiency in infrared-to visible converting phosphors 
activated with Er and sensitized with Yb. Journal of 
Applied Physics. 1972;43(5): 2357–2365. https://doi.
org/10.1063/1.1661503

28. Xincren L., Gang X., Powell R. C. Fluorescence 
and energy-transfer characteristics of rare earth ions 
in BaYF5 crystals. Journal of Solid State Chemistry. 
1986;62: 83–91. https://doi.org/10.1016/0022-
4596(86)90219-7

29. Liu F., Wang Y., Chen D., … Huang P. 
Upconversion emission of a novel glass ceramic 
containing Er3+:BaYF5 nano-crystals. Materials Letters. 
2007;61(28): 5022–5025. https://doi.org/10.1016/j.
matlet.2007.03.089 

30. Vetrone F., Mahalingam V., Capobianco J. H. 
Near-infrared-to blue upconversion in colloidal 
BaYF5:Tm3+,Yb3+ nanocrystals. Chemistry of Materials. 
2009;21: 1847–1851. https://doi.org/10.1021/
cm900313s

31. Shan Z., Chen D., Yu Y., … Wang Y. Upconversion 
luminescence of Ho3+ sensitized by Yb3+ in transparent 
glass ceramic embedding BaYF5 nanocrystals. Materials 
Research Bulletin. 2010;45(8): 1017–1020. https://doi.
org/10.1016/j.materresbull.2010.04.004

32. Fedorov P., Mayakova M., Alexandrov A., … 
Ivanov V. The melt of sodium nitrate as a medium for 
the synthesis of fluorides. Inorganics. 2018;6(2):38. 
https://doi.org/10.3390/inorganics6020038

33. Alexandrov A. A., Petrova L. A., Pominova D. V., 
… Fedorov P. P. Novel fluoride matrix for dual-range 
optical sensors and visualization. Applied Sciences. 
2023;13(18):  9999. https://doi.org/10.3390/
app13189999

34. Fedorov P. P., Volkov S. V., Vaitieva Yu. A., 
Alexandrov A. A., Kuznetsov S. V., Konushkin V. A. 
Fluorite-like phases based on barium fluorides and 
rare-earth elements. Zhurnal strukturnoi khimii [Journal 
of Structural Chemistry]. 2024;65(5): 126843. (In Russ). 
https://doi.org/10.26902/JSC_id126843

35. Fedorov P. P., Alexandrov A. A., Voronov V. V., 
Mayakova M. N., Baranchikov A. E., Ivanov V. K. Low-
temperature phase formation in the SrF2 - LaF3 system. 
Journal of the American Ceramic Society. 2021;104(6): 
2836-2848. https://doi.org/10.1111/jace.17666

36. Alexandrov A. A., Bragina A. G., Sorokin N. I., 
… Fedorov P. P. Low-temperature phase formation in 
the BaF2-LaF3 system. Neorganicheskie materialy 
[Inorganic Materials]. 2023;59(3): 306–316. (In Russ). 
https://doi.org/10.31857/S0002337X23030016

37. Sobolev B. P., Fedorov P. P. Phase diagramms of 
the CaF2 - (Y,Ln)F3 systems. I. Experimental. Journal of 
the Less Common Metals. 1978;60(1): 33-46. https://
doi.org/10.1016/0022-5088(78)90087-5

38. Sobolev B. P., Seiranian K. B. Phase diagrams 
of systems SrF2–(Y,Ln)F3. II. Fusibility of systems and 
thermal behavior of phases. Journal of Solid State 
Chemistry. 1981;39(2): 337–344. https://doi.
org/10.1016/0022-4596(81)90268-1

39. Fedorov P. P. Third law of thermodynamics as 
applied to phase diagrams. Russian Journal of Inorganic 
Chemistry. 2010;55(11): 1722–1739. https://doi.
org/10.1134/s0036023610110100

40. Fedorov P.P. Heterovalent isomorphism and 
solid solutions with a variable number of ions in the 
unit cell. Russian Journal of Inorganic Chemistry. 
2000;45(3):268–291. Available at: https://www.
elibrary.ru/item.asp?id=13360696

41. Pavlova L. N., Fedorov P. P., Olkhovaya L. A., 
Ikrami D. D., Sobolev B. P. Ordering of the heterovalent 
solid solution of the fluorite structure in the NaF-BaF2-
GdF3 system. Kristalografia [Crystallography Reports]. 
1993;38(2): 164–169. (In Russ).

Information about the authors
Pavel P. Fedorov, Dr. Sci. (Chem.), Full Professor, 

Chief Researcher at the Prokhorov General Physics 
Institute of the Russian Academy of Sciences (Moscow, 
Russian Federation).

https://orcid.org/0000-0002-2918-3926
ppfedorov@yandex.ru
Angelina A. Volchek, Acting Junior Researcher at 

the Prokhorov General Physics Institute of the Russian 
Academy of Sciences (Moscow, Russian Federation).

https://orcid.org/0000-0001-7743-1376
angelina.vol4ek@yandex.ru
Valery V. Voronov, Cand. Sci. (Phys.–Math.), 

Leading Researcher at the Prokhorov General Physics 
Institute of the Russian Academy of Sciences (Moscow, 
Russian Federation).

https://orcid.org/0000-0001-5029-8560
voronov@lst.gpi.ru

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2024;26(2): 314–320

P. P. Fedorov et al.	 Stabilization of the Ba4Y3F17 phase in the NaF-BaF2-YF3 system



320

Alexander A. Alexandrov, Junior Researcher at the 
Prokhorov General Physics Institute of the Russian 
Academy of Sciences (Moscow, Russian Federation).

https://orcid.org/0000-0001-7874-7284
alexandrov1996@yandex.ru

Sergey V. Kuznetsov, Cand. Sci. (Chem.), Head of 
the Laboratory at the Prokhorov General Physics 
Institute of the Russian Academy of Science (Moscow, 
Russian Federation).

https://orcid.org/0000-0002-7669-1106
kouznetzovsv@gmail.com
Received 29.11.2023; approved after reviewing 

11.12.2023; accepted for publication 15.12.2023; 
published online 25.06.2024.

Translated by Irina Charychanskaya

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2024;26(2): 314–320

P. P. Fedorov et al.	 Stabilization of the Ba4Y3F17 phase in the NaF-BaF2-YF3 system



321

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.2024.26/11943

Synthesis and characterization of lead and cadmium hexaborates 
doped with Cr3+ 
T. N. Khamaganova  *

Baikal Institute of Nature Management Siberian Branch of the Russian Academy of Sciences,  
6 Sakhyanovoy str., Ulan-Ude 670047, Buryatia, Russian Federation

Abstract 
Borates doped with transition metals (Mn, Cu, Cr) exhibit a significant and long-lasting luminescence at room temperature, 
high power, and other outstanding characteristics. Therefore, the purpose of the study was to establish the possibility of 
the formation of borate materials containing chromium and the determination of their structure and thermal properties.
New phases of variable composition were synthesized in the PbCd2–xB6O12:xCr3+ system by heterovalent substitution of Cd2+ 
ions with Cr3+ ions using solid-phase reactions at 640 °C. The phases were isolated in the concentration range 0 ≤ x ≤ 7.0 mol % 
and characterized by X-ray phase analysis (XRD), differential scanning calorimetry (DSC) and IR spectroscopy. According 
to XRD and IR spectra, the resulting borates crystallize in a monoclinic cell and are assigned to one structural type (space 
group P21/n, Z = 4).
The crystallographic characteristics of the new phases have been determined. The crystal lattice parameters and their 
volumes decrease monotonically, indicating the formation of a continuous series of substitutional solid solutions in the 
studied concentration range. According to the DSC results, the sample PbCd2–xB6O12: 0.03 Cr3+

 melts incongruently at 729 °C.
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1. Introduction
One of the effective ways to improve the 

functional properties of many classes of inorganic 
compounds is the substitution of cations in their 
crystal structures. By the substitution of cations 
within the structural type, it is possible to carry 
out not only the directed synthesis of the desired 
crystalline phase, but also to set and regulate the 
necessary physicochemical properties [1–5]. 

In the excitation spectrum at 300 nm near the 
absorption edge of PbCd2B6O12 hexaborate two 
broad emission bands were detected at 510 nm 
and 617 nm [6]. According to the authors of [6], 
the emission bands are an integral property of the 
undoped compound and are consistent with the 
emission bands in CdB4O7 and Cd2B6O11.

The obtained temperature dependences of the 
thermoluminescence intensity of the obtained 
new series of PbCd2–xB6O12:xM borates on the 
composition of active ions (M = Mn2+, Eu3+, Cu2+) 
were promising [7–9]. Thermal fluorescence 
curves for samples of solid solutions of the 
PbCd2B6O12:Cu2+ (x = 0.01; 0.03; 0.05; 0.06; 0.08) 
system upon excitation with ultraviolet light 
for 5 min are shown in Fig. 1. The results of 
thermoluminescent sensitivity measurements 
were normalized by the signal from the standard, 
which was LiF:Mg,Ti lithium fluoride (TLD-100). 
The thermoluminescence intensities of the 
studied series of borates were not inferior to the 
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intensity of the first maximum of the industrial 
phosphor (TLD-100) [9]. 

The data obtained allow us to consider 
materials based on lead and cadmium hexaborate 
as promising phosphors. Chromium ions Cr3+ are 
among the well-known activators successfully 
used to create luminescent materials for modern 
lighting technology [10–14]. The investigation of 
the properties of the described above hexaborates 
with active chromium ions Cr3+ for the assessment 
of the efficiency of thermoluminescent properties, 
which are expected to be studied in the future, is 
of interest.

The purpose of this study was to obtain 
polycrystalline samples of phases based on 
double lead and cadmium borate PbCd2B6O12, 
doped with chromium ions Cr3+, studying them 
using X-ray diffraction, IR spectroscopy and 
differential scanning calorimetry. 

2. Experimental
Synthesis of powder preparations PbCd2–хB6O12: 

xCr3+ was carried out using the method of solid-
phase reactions, varying the activator content 
from 1 to 7 mol %. 

The starting reagents were chemically pure 
boric acid H3BO3 and metal oxides PbO, CdO, Cr2O3 
(OOO Krasny Khimik, Russia). Metal oxides were 
pre-calcined at 500 °C for 5–6 h. Stoichiometric 
amounts of the starting reagents were annealed 
in the range from 400 to 640 °C for 150 h with 
repeated intermediate homogenization. The 
synthesis temperature was successively increased 
by 50–100°C. Before each increase in temperature, 
the samples were homogenized and their phase 
composition was determined using X-ray powder 
diffraction analysis (XRD). Identification of doped 
phases was carried out by comparison with the 
X-ray diffraction pattern of individual PbCd2B6O12 
borate, the structure of which was determined for 
a single crystal [6].

X-ray diffraction data of polycrystals of the 
synthesized borates were obtained using D8 
ADVANCE Bruker AXS powder autodiffractometer 
with a Vantec-1 detector (CuKa-radiation). The 
imaging of the samples was performed at room 
temperature in the diffraction angle range 
of 10–60° with a scanning step of 0.02°. The 
experimental intensities were processed and the 
unit cell parameters of the obtained phases were 

F i g .  1 .  T h e r m a l  l u m i n e s ce n ce  c u r ve s  o f 
PbCd2–xB6O12:xCu2+ samples with x = 0.03 (1), 0.05 (2), 
0.07 (3), 0.06 (4), 0.08 (5); LiF – (6) upon excitation 
with UV for 5 min 
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refined using the TOPAS 4.2 software package 
[15]. Diffraction patterns of doped samples and 
pure lead and cadmium hexaborate are shown 
in Fig. 2. Monophasicity of polycrystals of pure 
PbCd2B6O12 and activated PbCd2-xB6O12: 0.03 Cr3+ 
was confirmed by thermal analysis. 

Thermoanalytical studies were carried out 
by differential scanning calorimetry (DSC) using 
a Netzsch STA 449c F1 JUPITER synchronous 
thermal analyzer. A sample weighing 19.7 mg was 
placed in a Pt crucible with a lid and heated in an 
argon atmosphere in the range of 25–800 °C. The 
sample heating rate was 10 °C/min.

Infrared absorption spectra of the synthesized 
compounds were recorded using ALPHA IR 
Fourier spectrometer (BRUKER) in tablets with 
KBr in the range of 400–4000 cm–1. Interpretation 
of the spectra and assignment of absorption 
bands were performed based on data from [16–
20].

3. Results and discussion 
The crystal structure of PbCd2B6O12 is a three-

dimensional framework formed by boron-oxygen 
layers [(B6O12)

6-]n, extending parallel to the plane 
ab [6]. Between them are one-dimensional 
tunnels of 8-membered rings filled with Cd(2)O6–
octahedra chains. Chains of Cd(2)O6–octahedra, 
connected by common edges, form new two-

dimensional [Cd2B6O12]
4– layers also parallel to 

the ab plane. Two-dimensional [Cd2B6O12]
4– layers, 

connecting by bridging dimers of edge-linked 
Cd(1)O7– polyhedra, form a three-dimensional 
[Cd2B6O12]

2– anion network. Pb2+ ions with CN = 7 
are located in the voids of the three-dimensional 
frame. The boron atoms in the structure are 
coordinated by three and four oxygen atoms.

XRD of samples activated with chromium 
ions showed the absence of impurity phases. The 
X-ray diffraction patterns of the borates of the 
studied system were indexed using the method 
of structural analogy using single-crystal data of 
PbCd2B6O12 [6]. Crystallographic characteristics 
based on the results of indexing X-ray diffraction 
patterns are given in Table 1. All doped borates 
crystallize in the monoclinic system, sp. gr. P21/n.

In the structure of monoclinic PbCd2B6O12 
cadmium atoms exhibited double coordination 
with coordination number (CN) = 6 and 7. Radius 
of Cr3+ ion for CN = 6 according to [21] was 0.615 Å, 
which was slightly less than the radius of the Cd2+ 
ion, which for this coordination has a value of 
0.65 Å, and for CN = 7 is 0.745 Å. The insignificant 
content of the dopant and their small size compared 
to the radius of the substituent ions did not lead 
to a restructuring of the structure, as evidenced 
by the lattice parameters of the solid solutions. It 
can be seen that the resulting phases crystallize 

Fig. 2. X-ray diffraction patterns of the PbCd2–xB6O1xCr3+ xCr3+ system
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in the same structural type as the original matrix, 
forming a continuous series of PbCd2-хB6O12: xCr3+ 
substitutional solid solutions in the considered 
concentration range 0 ≤ x ≤ 7.0 mol. %.

In Fig. 3 the heating curve of PbCd2-хB6O12: 
0.03Cr3+ sample, containing one endothermic 
effect at 729 ºС, corresponding to the melting 
process of the sample is shown. As the temperature 
increased, the mass of borate remained constant 
until it melted. A similar thermal effect was 
discovered for pure hexaborate PbCd2-хB6O12 [7].

X-ray diffraction pattern of PbCd2-хB6O12: 
0.03Cr3+ powder melt contained the main 
reflections of phases identified as CdB4O7, PbO, 
pointing at incongruent melting pattern of borate. 
The XRD results were in agreement with our 
previously obtained data [7–9]. The melting 
temperatures of some activated lead and 
cadmium borates are shown in Table 2.

IR spectra of PbCd2B6O12 (1) and PbCd2–xB6O12: 
0.03 Cr3+ (2) samples, presented in Fig. 4, 
contained a large number of bands in the region of 
600–1400 cm–1 and show significant similarities. 
The complex structure of the boron-oxygen 
framework of the studied borates did not 
allow a strict interpretation of the spectra. 
The similarity in the shape and location of the 
absorption bands indicated the same type of 
coordination of boron atoms in both phases 
and confirmed the XRD results on the similarity 
of their crystal structures. The bands in the 
absorption spectra were due to the presence of 
PbCd2B6O12 BO3‑triangles and BO4‑tetrahedra 
in the structure, vibrations of which are usually 
observed in the spectral range 400–2000 cm–1. 
Spectrum (2) included intense bands at 1384, 
1299, 1183, 989, 795 cm–1. Bands with lower 
intensity were observed at 1260, 1063, 895, 656, 

Table 1. Crystallographic and thermal characteristics of phases PbCd2-xB6O12: xCr3+ (sp, gr. P21/n, Z = 4)

Phase a, Å b, Å c,  Å b, deg. V, Å 3 Тmelt,° С

PbCd2B6O12[6] 6.5570(3) 6.9924(4) 19.2094(10) 90.285(4) 880.72(8) 731

PbCd2B6O12 6.5618(3) 6.9868(4) 19.2081(8) 90.250(3) 880.61(7) 734

PbCd2-xB6O12 : 0.02 Cr3+ 6.5605(5) 6.9885(9) 19.213(2) 90.253(6) 880.9(2)

PbCd2-xB6O12: 0.03 Cr3+ 6.5598(6) 6.9861(7) 19.219(1) 90.246(5) 880.8(1) 729 

PbCd2-xB6O12 : 0.04 Cr3+ 6.5573(6) 6.9855(7) 19.204(2) 90.248(6) 879.7(1)

PbCd2-xB6O12 : 0.05 Cr3+    6.5567(7) 6.9852(6) 19.217(1) 90.244(6) 880.0(1)

PbCd2-xB6O12 : 0.06 Cr3+ 6.5546(6) 6.9793(7) 19.215(6) 90.228(6) 878.9(1)

PbCd2-xB6O12 : 0.07 Cr3+ 6.5508(5) 6.9801(8) 19.207(2) 90.224(5) 878.3(1)

Fig. 3. Heating curve of PbCd2–xB6O12:0.03Cr3+ sample 
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620, 577, 414 cm–1. Interatomic distances B–O in 
triangles varied within 1.334(9)–1.396(9) Å and 
were significantly shorter than in tetrahedrons 
(1.430(9)–1.538(8) Å [6]. Consequently, the high-
frequency bands of the spectrum at 1384 cm–1 
and 1299 cm–1 were caused by antisymmetric 
stretching vibrations (n3) BO3 groups Peaks in 
the lower frequency region (<1200 cm-1) were 
associated with symmetrical stretching vibrations 
of (n1)BO3 and (n3)BO4 groups Absorption bands 
in the region of 577–795 cm–1 were due to various 
deformation vibrations (n2) and (n4) of corrugated 
layer [(B6O12)

6−]. Observed absorption peaks at 
414  cm–1 can be classified as deformation (n2) 
vibration of bonds in boron-oxygen tetrahedra. 

4. Conclusions
Phases of variable composition were obtained 

by heterovalent substitution of cadmium ions with 
chromium ions in the double borate PbCd2B6O12 
using solid-phase reactions. Substitutional 

solid solutions of PbCd2–хB6O12: xCr3+ system 
were revealed in the concentration range 
0 ≤ x ≤ 7.0 mol %. According to the XRD results, 
the parameters and volumes of monoclinic 
cells monotonically decreased with increasing 
activator content. Changes in the cell parameters 
of the new phases were consistent with the ionic 
radii of the activator and the substituted matrix 
ions. The incongruent melting temperature of 
PbCd2B6O12: 0.03Cr3+ was 729 °C.
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Abstract 
The article presents an analysis of the synergy of structural transformations of phyllosilicates subjected to high temperatures 
and microwave radiation in terms of the destruction and formation of crystal structures. Studying the synergy of 
transformations of crystal structures is essential for the development of new materials and technologies, because it helps 
to create materials with unique properties, which cannot be obtained when using the same factors separately.
The material used in the study was a polymineral complex, which contained quartz, montmorillonite, kaolinite, chlorite, 
paragonite, and iron oxides (listed from the largest to the smallest mass fraction). The methods used in the study allowed 
us to assess the structural transformations. Averaged structural formulas of the studied phyllosilicates were calculated 
using the oxygen method combined with a recalculation method based on the results of a microprobe analysis. Differential 
thermal analysis demonstrated a synergistic effect of high temperature and microwave fields registered as a decrease in 
the temperature gradient of the ceramics and initiation of the sintering process at lower temperatures and with greater 
intensity. All the treated samples contained the amorphous phase in significant concentrations: from 15 to 25 vol. %. Half 
of the three-layer phyllosilicates (chlorite and montmorillonite) were destroyed by the microwave field. Kaolinite and 
paragonite practically did not react to external factors. The synergistic effect was the most obvious in the structural 
transformations of silicon and iron oxides.
Our experiments demonstrated for the first time the mechanism of formation of magnetite and hematite crystals from 
X-ray amorphous iron-containing films covering the particles of clay minerals. The use of the MW field and the resulting 
dehydration led to the formation of crystals of nuclei of iron oxides. The following high-temperature processes activated 
an increase in aggregated iron (magnetite and hematite). The X-ray diffraction analysis determined the presence of a 
synergistic effect in the evolution of structures, which could not be identified by means of IR-spectroscopy. The EPR 
spectroscopy allowed us to register the states of rare irregular cells with foreign paramagnetic atoms. The shift of the foreign 
Fe3+ from the geometric centers of octahedral crystal cells towards the minima of potential energy caused by the Jahn-Teller 
effect decreased the potential energy of the crystal lattice. At the same time, some chemical bonds forming the crystal cell 
became stronger, while others weakened.
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1. Introduction
Within the modern paradigm, a structure 

has the following characteristics: morphometric 
(size, shape, surface of the structural elements, 
and their quantitative description), geometric 
(spatial composition of the structural elements), 
and energy characteristics (types of structural 
bonds and the total energy of the structure). 
However, this approach does not fully reflect 
the dynamics of structures that have spatial and 
temporal nature [1]. 

The synergy of transformation of a crystal 
structure is a combination of processes facilitating 
its evolution at various levels. Interactions 
can occur between physical parameters, for 
instance temperature and electromagnetic 
fields, and between chemical factors, including 
the concentration of foreign ions or phases and 
synthesis activators [2, 3].

Studying the synergy of transformations 
of crystal structures is essential for the 
development of new materials and technologies, 
because it helps to create materials with 
unique properties, which cannot be obtained 
when using the same factors separately. The 
synergistic effect results in the formation 
of new crystal phases, which have higher 
thermal conductivity and strength [4] or flame 
retardancy [5]. There are some studies focusing 
on the combined effect of the temperature 
field, the microwave field, and impurity ions on 
condensed matter [6]. However, there appear to 
be no publications concerning the synergistic 
effect of these factors during the transformation 
of crystal cells of phyllosilicates.

Earlier studies demonstrated that microwave 
field treatment of montmorillonite can result 
in structural transformations (restructuring 
of the crystal structure and amorphization) 
caused by heating [7]. It is known [8, 9] that high 
temperature treatment of phyllosilicates results 
in the structural degradation of clay minerals. 

In order to develop functional materials with 
good sorption properties, it is important to analyze 
the effect of various fields on phyllosilicates. [10] 
considers the effect of a10-minute exposure 
to microwave radiation on the morphology, 
phase composition, and sorption capacity of 
montmorillonite clay. The authors demonstrated 
that phyllosilicates can be modified, but did 

not explain the transformations occurring at 
micro- and mesolevels. [11] determined that 
both resistance heating and microwave radiation 
have a positive effect on the sorption capacity 
of montmorillonite. The authors suggested a 
hypothesis that the changes in the sorption 
properties of phyllosilicate containing materials 
subjected to MW field and heat treatment are 
caused by the transformation of isomorphous 
structures.

It is therefore important to consider the 
synergistic effect of high temperature and 
microwave radiation on structural transformation 
of the particles of the montmorillonite polymineral 
complex (M-PMC). 

The purpose of our study was to analyze 
the synergy of structural transformations of 
phyllosilicates subjected to high temperatures 
and microwave radiation in terms of destruction 
and formation of crystal structures.

2. Experimental 
2.1. Materials

In our study, we analyzed samples of 
montmorillonite clay (M-PMC) mined in the 
Orenburg Region. The samples were ground 
using an iMold milling machine and subjected 
to sieve analysis with the mesh size of 26 µm. 
The montmorillonite yield of the polymineral 
complex was over 30% and the total amount 
of clay minerals was − 50%. A large number of 
organic compounds determined by means of 
Raman spectroscopy were removed with a 30% 
H2O2 solution. 

The elemental composition of the obtained 
А sample, expressed in form of oxides, was 
determined by means of chemical analysis 
according to [12]. According to the X-ray powder 
diffraction performed in [13] clay is a polymineral 
complex, which contains quartz, montmorillonite, 
kaolinite, chlorite, paragonite, and iron oxides 
(listed from the largest to the smallest mass 
fraction). Table 1 presents the structural formulas 
and volume fractions of their crystalline phases 
in the А sample.

Powder samples (A) were subjected to 
microwave radiation for 10 minutes. The source 
of the MW field was a 750 W magnetron with a 
radiation frequency of 2.45 GHz [14]. A 10 mm 
layer of dispersed samples was put into a 
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cuvette on a rotating plate in order to average 
the heating conditions at a humidity of 70±5% 
(sample B). The temperature of the samples in 
the MW field was up to 220–250 °С. The third 
sample C was heated to 900 °С at a heating rate 
of 5 °С/min. The fourth sample BC was obtained 
by sequential MW irradiation and heating up to 
900 °С.

The understanding and modeling of structural 
transformations caused by the synergistic 
effect of the MW field and high temperatures 
requires a comprehensive experimental analysis 
at millimeter-, micro-, and nanosize levels. 
Accurate information can only be obtained when 
controlling the reproducibility of results. In our 
study, we used methods that allowed us to assess 
the dynamics of structural transformations 
caused by MW field and temperature in the 
presence of foreign elements. In particular, we 
focused on crystallochemical characteristics (2.1), 
physicochemical properties (2.2–2.5), and the 
fine structure (method 2.6).

2.2. Crystallochemical analysis
Structural formulas given in Table 1 do not 

show the distribution of the foreign elements 
between tetrahedral, octahedral, and interlayer 
positions in the crystal lattice. According to [15], 
these positions should be taken into account 
when analyzing the chemical structure of layered 
silicates. In order to calculate the crystal chemical 
formulas of the studied phyllosilicates, we used 
a classical oxygen method combined with a 

recalculation method based on the results of a 
microprobe analysis [16]. 

2.3. Differential thermal analysis
Structural transformations in the samples 

were registered by means of differential thermal 
analysis (DTA). The thermograms were obtained 
using a Thermoscan-2 unit (ООО Analitpribor, 
Russia) with a heating rate of 5 °С/min from 25 to 
1000 °С. The error for temperature measurement 
was ± 1 °С. Aluminum oxide powder (Al2O3) with 
a weight of 0.5 g and sealed in a quartz container 
was used as a reference. The weight of the studied 
sample put into a quartz crucible was 0.50±0.01 g. 

2.4. Infrared spectroscopy
The IR spectra of the samples were obtained 

using an Infralyum FT-02 IR Fourier spectrometer 
(OOO Lumex, Russia). The spectrometer had 
an attachment for disturbed total internal 
reflection (DTIR) with a single reflection zinc 
selenide (ZnSe) crystal. The measurements were 
performed over the range of 550 ÷ 4000 cm–1 with 
a resolution of 2 cm–1. The Bessel apodization was 
used for the Fourier transform. The spectra were 
recorded in the mode of accumulation of 60 scans 
with the correction of the base line.

2.5. X-ray phase analysis
The X-ray phase analysis of the powders 

was conducted using a Shimadzu XRD 7000S 
diffractometer (Shimadzu Corporation, Japan) 
with a OneSight matrix detector. Diffraction 
patterns were recorded under the following 

Table 1. Phase composition of the sample

Mineral / Space group [12] Structural formula / mineral classification [13] Fraction, 
vol. %

b-Quartz
P6222

SiO2
Simple oxide >40

Montmorillonite
B2/m

(Na,Ca)0.33(Al1.67Mg0.33)(Si4O10)(OH)2·nH2O
three-layer phyllosilicate (T-O-T): two tetrahedral silica-
oxygen (T) and one octahedral alumina-oxygen (O) sheets 

30

Kaolinite
P1

Al2(Si2O5)(OH)4
two-layer phyllosilicate: T-O structure 10

Chlorite
C2/m 

(Mg,Fe)6–x(Al,Fe)2xSi4–xO10(OH)8
three-layer phyllosilicate: T-O-T structure 10

Paragonite
B2/b

NaAl2(Si3Al)O10(OH)2
two-layer phyllosilicate: T-O structure 5

Magnetite, hematite 
Fd3m, R3

Fe2+Fe3+
2O4, Fe2O3

Simple oxide <5
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conditions: anode of the X-ray tube – Cu (copper), 
rotation of the sample, angles 2q: from 5 to 140°, 
scanning rate of 1 °/min, step of 0.2°.

2.6 EPR spectroscopy
The EPR spectra of the initial samples and the 

treated samples were registered using a CMS8400 
compact automatic controlled spectrometer 
(Adani, Belarus) at room temperature. The 
spectra were registered under the following 
conditions: frequency of 9.86 GHz, magnetic field 
of 1–7 T, magnetic field modulation frequency 
of 200 kHz.

3. Results and discussion
3.1. Structural formulas of phyllosilicates 
with isomorphous ions

Morphometric and monomineral analyses 
of the M-PMC samples were performed using a 
JCM-6000 scanning electron microscope (JEOL, 
Japan). Fig. 1a demonstrates the matrix structure 
of the dispersion system: the microstructure 
consists of solid structural elements (Fig. 1b), 
i.e. mineral particles, oxide grains, and their 
associations that determine the dispersion of the 
system. It is obvious that the structure consists of 
powdered quartz grains (1) and microaggregates 
of clay (2) and clay powder particles (3). The 
powdered grains were rounded and had the 
elemental composition of Si, O; their size varied 
from 1 to 5 µm. Some of the quartz grains were, 
as usual [17], covered with a thin film of iron 
oxides, and some were covered with clay coats. 
Microaggregates (2) consisted of clay particles 

of kaolinite (O, Si, Al, Fe, Ti), mostly isometric or 
slightly elongated and with the size varying from 
fractions of a micron to several microns.

Isometric microaggregates (3) were looser and 
consisted of fine thin particles connected by clay 
bridges. Their size was 10–20 µm. Montmorillonite 
and chlorite microaggregates with similar crystal 
structures and microelemental composition (O, 
Si, Al, Fe, Na, Mg, Ca) usually have a thin leaf-
like shape [18]. The boundaries between the 
primary particles were hardly identifiable because 
one microaggregate gradually transformed into 
another.

A general  crystal  chemical  formula 
of montmorillonite taking into account the 
isomorphous ions is presented as follows [19]:

Mx
+Si4Al2–x(Fe2+, Mg)xO10(OH)2·nH2O.	 (1)

x varies within quite a wide range (from 0.1 to 
0.6), because it is often impossible to obtain a 
monomineral fraction of the clay mineral for 
chemical analysis. Metal cations (M) are repre-
sented by ions of alkali and alkaline earth ele-
ments (Na, Ca, Mg, etc.) located in the interlayers 
of the structure. They compensate for the nega-
tive charge of the octahedral layers. The calcu-
lated formula of the studied montmorillonite is 
presented as follows (2):

{3H2O[(Na,Mg)0.3Ca0.05]0.35}(Mg0.17Fe0.49Al1.7)2 
[Al0.17Si3.83]4(O7.08OH4.9)12.		 (2)

The averaged calculated structural formula 
of kaolinite also demonstrates a high degree of 
isomorphism:

                                                  a                                                                                                  b
Fig. 1. Matrix microstructure: general view (a) and solid structural elements (b) 
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Na0.12Ca0.02(Mg0.12Fe0.27Al3.59)[Al0.41Si3.59O10]·(OH)8.	(3)

Chlorite should have a strictly specific 
structure without any deviations in the ratios of 
group coefficients. Therefore, the recalculated 
structural formula (4) is close to a typical chlorite 
formula:

(Mg0.51Ca1.2Fe1.19Al3.07)5.97(Si3.12Al0.88)4O10(OH)8.
	 (4)

The structural formula of paragonite cannot 
be specified due to its low concentration (because 
it is difficult to obtain a monomineralic fraction). 

3.2. Interpretation of the differential thermal 
analysis (DTA)

Fig. 2 presents the thermograms of samples 
A and В. Analyzing the empirical dependences, 
we identified 5 main stages of structural 
transformation of the А and В samples. The 
obtained thermograms of А and В are in good 
agreement with the results obtained in [20]. 

During the first stage of heating (from 25 to 310 
ºС) of the А sample, an intense endothermic effect 
was observed, which is quite common for complexes 
containing clay minerals. During this stage, most of 
the water is removed from interparticle capillaries 
and the diffuse region of the electrical double 
layer [21]. The derivatogram of the В sample did 
not demonstrate any endothermic effects during 
this stage. Most of the physically bound water was 
removed as a result of the MW radiation. 

During the second stage, the condition of the 
А and В samples stabilized, and all the energy was 
used for heating. 

During the third stage, within the temperature 
range from 430 to 540 ºС, samples А and В 
demonstrated synchronized decomposition, 
which might be caused by the removal of 
chemically bound water from the structure of 
phyllosilicates [22, 23]. At the end of the third 
stage, another, less intense, endothermic effect 
was observed in the А sample. As a result, the 
dispersion system transformed into a more 
equilibrium state during the fourth stage. The 
effect is common for both metakaolinization of 
clay minerals within the set temperature range 
and the b→a-quartz transformation. There was 
not such an endothermic effect in the В sample. 

During the fourth stage, at a temperature 
of  about 700 ºС the sintering process 
(agglomeration) was observed in the В sample. 
The process started 70 ºС earlier and was more 
active than in the А sample. The sintering 
proceeded during the fifth stage. This is the 
synergistic effect of high temperature and the 
microwave field: their combined use resulted in 
a decrease in the temperature gradient of the 
В sample and facilitated the initiation of the 
sintering process at lower temperatures and with 
greater intensity. 

3.3. Interpretation of the IR spectra 
(transformation of the chemical bonds)

The main task of the IR spectroscopy was 
to specify the nature of the chemical bonds in 
sample А and their transformations in samples В, 
С, and ВС. The obtained IR spectra are presented 

Fig. 2. Thermograms of samples A and В Fig. 3. IR spectra of the samples: A, B, C, BC
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in Fig. 3. The results of the analysis of the IR 
spectra are given in Table 2. The base lines of 
the spectra were corrected and the absorption 
maxima were normalized so that the samples with 
close structure of the absorption bands were as 
similar as possible.

When comparing the absorption bands of the 
obtained spectra to the results of previous studies 
it is impossible to reliably differentiate between 
montmorillonite and chlorite, when both of them 
are present in the clay, due to the similarity of 
their spectra [24].

A broad absorption band at 990–1000 cm–1 

is explained by Si-O-Si vibrations in tetrahedral 
layers of montmorillonite or chlorite crystals [24, 
28]. The presence of these minerals is confirmed 
by a profile near 3000–3700 cm–1, where the А 

spectrum shows a weak absorption band with a 
maximum at 3620 cm–1 caused by the vibrations 
of the О-Н group in the three-layer structure 
of the mineral. Montmorillonite and chlorite 
have interlayer water molecules, which was 
demonstrated by an additional broad absorption 
band resulting from the О-Н vibrations of the 
adsorbed water with the transmission minima 
at 3400 and 1636 cm–1 [24, 28]. Two clear 
intense peaks of the О-Н vibrations at 3620 
and 3696  cm–1 in the spectrum of the sample 
indicated the presence of kaolinite [25, 26]. 
Three absorption bands at − 1025, 1113, and 
1164 cm–1 corresponded to the O-Si-O bonds 
in the kaolinite structure similar to the lines at 
935 and 909 cm–1, which appeared as a result of 
Al(Al)-OH vibrations. 

Table 2. Characteristic modes of interatomic bonds in M-PMC samples according to FTIR-spectroscopy 
results

Wavenumber, cm–1

Oscillation type Mineral
А B C BC

645 645 645 645 O-Si(Al)-O
[24–26]

Montmorillonite/Chlorite, 
Kaolinite

693 693 694 694 Si-O
[27] Quartz

750 750 750 750 Si-O-Al
[25, 26] Kaolinite

778 778 778 778 Si-O
[27] Quartz

797 797 796 796

833 833 831 831 Al(Mg)-OH
[24–26, 28]

Montmorillonite, 
Kaolinite

878 878 – – Al(Fe)-OH
[28] Montmorillonite

911 910 – – Al(Al)-OH
[25, 26, 28]

Montmorillonite, 
Kaolinite935 935 – –

985 988 1010 1010
O-Si-O

[24–26, 28]
Montmorillonite/Chlorite, 

Kaolinite1025, 1113, 1164 1025, 
1113, 1164 1088, 1164 1088, 1164

1636 1636 – – Constitutional 
water

(OH-group)
[24, 28]

Montmorillonite/Chlorite
3397 3397 – –

3620 – – –

Constitutional 
water

(OH-group)
[25–27]

Kaolinite

3649, 3670, 3696 3620, 3649, 
3670, 3696 – –

Constitutional 
water

(OH-group)
[24–26, 28]

Montmorillonite, 
Kaolinite
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The intensity of the peak at 645 cm–1 
corresponding to the bending vibrations of 
O-Si(Al)-O in chlorite was close to that of 
kaolinite bands [24]. 

For the main peak of the O-Si-O vibration, the 
montmorillonite lattice demonstrated adjacent 
lines corresponding to the bending vibrations of 
the О-Н groups coordinated with Al(Al), Al(Mg), 
and Al(Fe). The presence of the absorption bands 
corresponding to the latter two substitutions 
indicated a significant level of isomorphism of the 
structures [24]. The studied M-PMC demonstrated 
intense Al(Mg)-OH absorption bands at 830 cm–1 

and Al-(Fe)-OH - absorption bands at 878 cm–1. 
Therefore, the А sample contained a large amount 
of magnesium and iron, which replaced aluminum 
in phyllosilicates crystals with the Т-О-Т structure. 

A weak band at 694 cm–1 and even weaker 
bands at 777 and 796 cm-1 indicated the presence 
of quartz [27].

The spectra of the B samples demonstrated a 
decrease in the intensity of the absorption bands 
at 3386 and 1636 cm–1, associated with the release 
of water molecules from the interlayer space of 
montmorillonite and chlorite.

The spectra of the C sample did not demonstrate 
any absorption bands corresponding to the 
vibrations of the ОН groups. Besides, there were 
no broad absorption bands at 3380 and 1636 cm–1, 
which indicated the absence of constitutional 
water in the structure. The identification of the 
obtained spectra was hindered by the possibility 
of formation of amorphous silicon oxide whose 
absorption bands overlapped with the absorption 
bands of anhydrous aluminosilicates. 

The spectrum of the BC sample had the 
same absorption profile as the spectrum of the 
C sample. However, the relative intensities of 
both the main absorption band of the O-Si-O 
bond and the absorption bands at other wave 
numbers differed. We assume that this can be 
caused by the formation of various phases of the 
IR amorphous quartz and distorted structures of 
clay minerals. 

We did not manage to determine the behavior 
of paragonite under various conditions by 
means of the IR spectroscopy, because the main 
absorption bands of this mineral overlapped with 
the absorption bands of the main phases of the 
M-PMC [29]. 

Fig. 4. Diffraction patterns of the samples: A, B, C, BC (bottom-up)
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3.4. Evolution of phase compositions
Fig. 4 shows the diffraction patterns of 

samples A, B, C, and BC (in the bottom-up order). 
The greatest effect observed for all the treated 
samples (В, С, ВС) was the formation of an 
amorphous phase in significant concentrations. 
The most intense amorphization was registered 
for samples В (22 vol. %) and ВС (25 vol. %). As a 
result of resistance heating up to 900 °С, 15% of 
crystalline modifications transformed into the 
amorphous phase.

The second greatest  effect  was the 
decomposition of 23% of montmorillonite. 
The main cause of this process was high-
temperature heating (samples В and ВС). 
Half of the montmorillonite crystal lattices 
were destroyed by the MW field (15%). Earlier 
we demonstrated [30] that the degree of 
amorphization of montmorillonite depends on 
the mode of the MW treatment and can reach up 
to 50–70%.

The next phyllosilicates whose crystal lattice 
was destroyed by the MW field was a thermally 
stable three-layer chlorite. Its volume fraction 
remained intact after heating (sample С), but was 
twice as small in samples В and ВС.

Kaolinite and paragonite practically do not 
react to external factors: the distorted kaolinite 
cells disappear and paragonite crystallizes [31].

The synergistic effect was the most obvious in 
the structural transformations of silicon and iron 
oxides. Silicon oxides demonstrated a decrease 
in the symmetry of the newly formed phases 
and an increase in their specific surface as well 
as inhomogeneity of size distribution [32]. The 
fraction of quartz in samples В and С decreased by 
5–7%, while in the ВС sample it decreased by 10–
12 %. Our experiments demonstrated for the first 
time the mechanism of formation of magnetite 
and hematite crystals from X-ray amorphous 
(Table 1) iron containing films covering the 
particles of clay minerals (Fig. 1b). The use of 
the MW field and the resulting dehydration led 
to the formation of crystalline nuclei of iron 
oxides (sample В). At high temperatures, the 
formation of aggregated iron crystals (magnetite 
and hematite) intensified reaching the maximum 
level (11%) in sample ВС.

The X-ray diffraction analysis determined the 
presence of a synergistic effect in the evolution 
of structures, which could not be identified by 
means of IR-spectroscopy.

Fig. 5. EPR spectra of the samples: A, B, C, BC (bottom-up)
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3.5. Paramagnetic centers in the structure
Electron paramagnetic resonance makes 

it significantly easier to identify structural 
transformations due to the presence of 
paramagnetic impurities in minerals. EPR 
spectroscopy has recently become an important 
method in the studies of clays. There are a lot 
of studies focusing on paramagnetic centers or 
radicals associated with clays. The interpretation 
of the experimental data obtained by means of 
EPR spectroscopy is only possible, when reliable 
identification methods are used (X-ray phase 
analysis, IR spectroscopy). 

Fe2+ (3d6) ions are not Kramer ions and are 
usually invisible for EPR spectroscopy [33], while 
the observed Fe3+ (3d5) ion is quite common 
in minerals. Fig. 5 demonstrates the second 
derivatives of the EPR spectra of the four samples 
with well identifiable signals. The frames on the 
right hand side show the general views of the 
spectra (the first derivatives).

The EPR spectrum of the initial sample (А) 
contained 4 peaks. A narrow peak (∆B≈16.2 mT), 
located in a weak magnetic field with g = 4.172 
is common for phyllosilicates and corresponds 
to the Fe3+ (J = 5/2) ion, which replaces Al3+ in 
octahedral positions with rhombic distortion 
[34]. A broad (∆B≈40 mT) line with g = 2.111 
indicated the presence of thin films covering 
the iron oxides on clay particles. Furthermore, 
in the field near 340 mT (338.3 and 342.5) an 
asymmetrical double peak is observed comprised 
by two narrow (∆B ≈ 3 mT) lines with g = 1.998 
and g = 1.973 respectively. The replacement of the 
native cation of the crystal lattice with a cation 
with a greater charge (or an anion with a smaller 
charge) stabilized the electron paramagnetic 
center in the structure, whose g-factor was 
usually [33] below 2. Such paramagnetic centers 
appeared, for instance, in the case of heterovalent 
isomorphism. The O- oxygen form, common in 
minerals, was also observed in the EPR spectra 
[35]. 

After subjection to the MW field (sample В) 
two additional signals appeared in the spectrum. 
A line with g = 4.110 corresponding to isolated Fe3+ 
ions with distorted octahedral and tetrahedral 
environments became complicated on the side 
of the weak field with a peak with g = 6.668. 
This indicated an increase in the crystallinity of 

phyllosilicates. A signal with g = 2.580 appeared, 
and the line with g  =  1.990  intensified. They 
are associated with [36] both the formation 
of a metastable iron-peroxide complex and 
the formation of clusters of Fe3+ ions in iron-
containing phyllosilicates. The intensity of the 
signals from defects decreased by 5–6 times 
symbatically with their concentrations. A line 
with g ≈ 2 became two times broader due to an 
increase in the fraction of aggregative iron oxides. 
Such lines are usually observed in phyllosilicates, 
where the Fe3+ ion replaces the structural Mg2+ ion 
(for instance, in chlorite).

As a result of resistance heating (sample 
С), the amplitude increased by 3–4 times, and 
the width of the low field line decreased (by 
∆B ≈ 5 mT), because the positions of isomorphous 
iron ions in the lattice became equivalent. The 
signals associated with defects disappeared, 
and the fraction of aggregated iron in the 
paramagnetic (g = 1.969) and ferromagnetic 
(g  =  2.152) states increased. Both lines of Fe3+ 
ions in the EPR spectrum of sample ВС were the 
narrowest and the most symmetrical as compared 
to the other samples. Unlike the X-ray structural 
analysis, which studies the whole volume of 
the samples, the EPR spectroscopy allowed us 
to register the states of rare irregular cells with 
foreign paramagnetic atoms. The shift of the 
foreign Fe3+ ions from the geometric centers of 
octahedral crystal cells towards the minima of 
potential energy caused by the Jahn-Teller effect 
decreased the potential energy of the crystal 
lattice [37, 38]. At the same time, some chemical 
bonds forming the crystal cell became stronger, 
while others weakened. 

4. Conclusions
The combined use of the high-temperature 

and MW fields results in the evolution of the 
structure: montmorillonite microaggregates and 
iron containing coatings covering them, as well as 
the crystal cells of three-layer clay minerals are 
destroyed. The octahedral layers of the particles 
are distorted. Foreign Fe3+, ions are introduced, 
which then participate in the crystallization 
of magnetite and hematite. The most obvious 
structural transformations include the formation 
of crystalline phases of iron oxides resulting from 
the synergistic effect of external factors.
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Abstract 
Layered double perovskites (LDP) based on rare earth elements, barium, and 3d-metals with high electrical conductivity 
and electrocatalytic activity in the oxygen reduction reaction are promising cathode materials for medium-temperature 
solid oxide fuel cells based on proton- or oxygen-conducting solid electrolytes. For the improvement of the functional 
characteristics of LDP, various strategies are used: a) creating composites based on LDP, b) the partial substitution of cations, 
and c) the creation of a deficiency of cations in various positions in the LDP structure. The advantage of the latter strategy 
is that it does not require complicating the chemical and, as a rule, phase composition of the LDP. The purpose of this study 
was the investigation of the effect of neodymium and barium deficiency on the structural and electrical transport 
characteristics of NdBaFeCo0.5Cu0.5O6–d LDP.
The samples were obtained by the ceramic method and characterized using X-ray phase analysis, IR absorption spectroscopy, 
iodometry, electron microscopy, thermal analysis, as well as electrical conductivity and thermo-EMF measurements methods.
Creation of up to 10 mol. % of vacancies in neodymium or barium sublattices had little effect on the values of the oxygen 
nonstoichiometry index (d) and unit cell parameters of NdBaFeCo0.5Cu0.5O6–d derivatives. However, it led to an increase in 
the crystallite size (determined by the Scherrer, Williamson–Hall and size–strain methods) and the thermal stability of 
these phases. The values of electrical conductivity and the Seebeck coefficient of ceramics, in general, increased, and the 
activation energies of the electrical transfer process decreased when a deficiency of neodymium or barium was created in 
its structure. In the temperature range 300–700 K, the weighted mobility of charge carriers (“holes”) varied within 0.04–0.8 
cm2/(V·s) and increased with increasing temperature, which is typical for the polaron conduction mechanism, and their 
concentration varied in the range (0.1–3)·1020 cm–3, increased exponentially with increasing temperature and, in general, 
when a deficiency of neodymium or barium in the NdBaFeCo0.5Cu0.5O6–d structure was created.
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1. Introduction
High values of electrical conductivity and the 

Seebeck coefficient of LnBa(M¢,M≤,M≤¢)2O6–d (Ln– 
Y, rare earth element (REE), M¢,M≤,M≤¢– 3d-metal) 
compounds, related to oxygen-deficient layered 
double perovskites (LDP), as well as the presence 
in their structure of electrochemically active 
transition metal ions and weakly bound oxygen 
determines the interest in these complex oxides 
as functional materials for various purposes, 
including high-temperature thermoelectrics, 
cathode materials of solid oxide fuel cells (SOFC), 
working elements of chemical semiconducting 
gas sensors, membranes for oxygen separation, 
etc. [1–4]. LDP are semiconductors with a band 
gap of about 1.5 eV [5].

F u n c t i o n a l  c h a r a c t e r i s t i c s  o f 
LnBa(M¢,M≤,M≤¢)2O6–d phases can be improved 
by introducing of nano- and microparticles 
of a different nature into them, the targeted 
substitution of cations, or creating their deficiency 
in various positions of the crystal structure of 
these compounds [3, 6–8], and the latter method 
of modification is interesting since it can be 
carried out without complication of the chemical 
composition of complex LnBa(M¢,M≤,M≤¢)2O6–d 
oxides [9].

The authors [10–12] found that cation-
deficient Ln1–xBaCo2O6–d (Ln – Pr, Nd, Sm) LDP 
were formed when the deficiency of cations 
in the REE sublattice of their structure up to 
5 mol. % was created. A deficiency of REE in LDP 
promoted the formation of oxygen vacancies in 
their structure, which led to an increase in the 
parameters of the crystal structure and a slight 
decrease in electrical conductivity [10–12]. 
However, it significantly reduced their specific 
surface resistance and increased the output 
power of electrochemical cells in which they act 
as cathodes [11].

The creation of barium deficiency in the 
structure of layered cobaltites LnBaCo2O6–d (Ln – 
La, Pr, Nd, Sm) [10, 13–19], in general, similarly 
affected the oxygen nonstoichiometry, structural 
characteristics, electrical transport properties, 
and electrochemical performance of these phases, 
although several differences were observed. Thus, 
the width of the barium homogeneity region of 
the LnBaCo2O6–d phases was wider than for REE, 
and reaches 10 and 15 mol. % for Ln = Pr [15, 

16] and Ln = La [13], respectively. Parameters of 
the unit cell of LnBa1-xCo2O6–d (Ln – Pr, Nd) LDP 
decreases slightly, and the electrical conductivity 
of ceramics increases significantly when a barium 
deficiency is created in it [15–17], while the 
greatest increase in electrical conductivity was 
observed for PrBa0.92Co2O6–d [14], PrBa0.96Co2O6–d 
[15], NdBa0.95Co2O6–d [17] samples.

It was established in [20] that the creation of 
cobalt deficiency in the structure of the complex 
oxide PrBaCo2O6–d led to an increase in unit cell 
parameters, oxygen nonstoichiometry index, and 
a decrease in electrical conductivity and specific 
surface resistance of PrBaCo2–xO6–d phases and an 
increase in the output power of cells in which they 
acted as cathodes, and a composition with x = 0.06 
was characterized by the highest electrochemical 
performance. 

Layered LnBaCo2O6–d cobaltites had the 
highest electrochemical activity in the oxygen 
reduction reaction among LDP, however, 
their thermal expansion coefficients (TEC) 
significantly exceeded those for typical solid 
electrolytes (SE) [2–4,7,8]. In this regard, a low 
thermomechanical compatibility of SE and 
LnBaCo2O6–d was observed, which limited the 
practical use of REE–barium cobaltites in various 
SOFC. A decrease in the TEC of layered cobaltites 
can be caused by the partial substitution of 
cobalt in their structure with other 3d-metals, 
which in many cases also led to an improvement 
in the electrochemical performance of these 
phases [3]. Thus, the complex modification 
of layered LnBaCo2O6–d oxides by partial 
substitution of cobalt in them and the creation 
of a deficiency of rare earth elements and barium 
can be considered as a promising method for 
developing electrode materials for medium-
temperature SOFC with improved functional 
characteristics [18].

Previously, we studied the effect of cation 
deficiency in various sublattices of the 
LnBaCuFeO6–d (Ln – Y, La) structure on their oxygen 
stoichiometry (6–d), crystal lattice parameters, 
thermal and electrical properties [21, 22], and it 
has also been shown that NdBa(Fe,Co,Cu)O6–d LDP 
are of interest as cathode materials for medium-
temperature SOFC [23]. It was shown in [24] that 
the substitution of barium ions with strontium 
ions in NdBaFeCo0.5Cu0.5O6–d led to a decrease in 
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TEC and an increase in the electrical conductivity 
of this complex oxide.

The purpose of this study was investigation of 
the effect of neodymium and barium deficiency 
on the thermal stability and the structural 
and electrical transport characteristics of 
NdBaFeCo0.5Cu0.5O6–d LDP.

2. Experimental 
LDP samples  with the composit ion 

N d 0 . 9 0 B a F e C o 0 . 5 C u 0 . 5 O 6 – d  ( N 0 9 0 B ) , 
N d 0 . 9 5 B a F e C o 0 . 5 C u 0 . 5 O 6 – d  ( N 0 9 5 B ) , 
NdBaFeCo0.5Cu0.5O6–d (NB), NdBa0.95FeCo0.5Cu0.5O6–d 
(NB095) and NdBa0.90FeCo0.5Cu0.5O6–d (NB090) 
were synthesized using a standard ceramic 
method from neodymium (NO-L), iron (III) (extra 
pure grade 2–4), cobalt (II, III) (pure grade), 
and copper (II) (pure grade) oxides and barium 
carbonate (pure grade), which were mixed in 
specified stoichiometric ratios and grounded 
using a Pulverizette 6.0 mill from Fritsch 
(crucible material and grinding balls was ZrO2). 
Then, the resulting powders were pressed into 
tablets with a diameter of 19 mm and a height 
of 2–3 mm, which were annealed in air for 40 
h at 1173 K [23, 24]. Annealed samples were 
crushed in an agate mortar, re-grounded using 
a Pulverizette 6.0 mill (Fritsch) and pressed 
into bars with the size of 5×5×30 mm. The 
samples were sintered in air for 9 h at 1273 K. 
For the measurements of electrical conductivity, 
rectangular parallelepipeds with a size of 4×4×2 
mm were cut from sintered ceramics.

The  ident i f i cat ion  of  samples  and 
determination of their unit cell parameters were 
carried out using X-ray phase analysis (XRD) 
(X-ray diffractometer Bruker D8 XRD Advance, 
CuKa-radiation) and IR absorption spectroscopy 
(Nexus ThermoNicolet IR Fourier spectrometer) 
(∆n  =  ±2 cm–1). The oxygen nonstoichiometry 
index of the samples (d) were determined using 
iodometric titration according to the method 
[25] (∆d  =  ±0.01), taking into account the 
presence of 3d- metals in various oxidation states 
(Fe+3,Co+4,Co+3, Cu+2), which were reduced into 
Co+2, Cu+, and Fe+2 during titration.

The average size of coherent scattering areas 
(CSA, D), comparable to the crystallite sizes, were 
calculated based on the XRD results using the 
Scherrer equation (1) [26]:

D
K= l

bcos
,

Q
		  (1)

where K = 0.9; l – wavelength of CuKa– radiation, 
nm; b – the width of the integral peak at half-max-
imum, rad; Q – Bragg angle, rad.

Additionally, the CSA and microstrain values 
were calculated using the Williamson–Hall 
method (2) and the size–strain method (3) [27]:
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where e – microstrain value; d – interplanar dis-
tance, nm.

Apparent density (rapp) ceramics were 
determined based on the geometric dimensions 
and the weight of the samples, the relative density 
(rrel) of ceramics and its total porosity (Π) was 
calculated as:

r
r
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where rXRD – theoretical (X-ray) density of samp
les. 

Open porosity (Пo) was determined based on 
the water absorption of the samples, and closed 
(Пc) porosity was determined as the difference 
between total and open porosity.

The microstructure of the samples was 
studied by scanning electron microscopy (SEM) 
using JSM-5610 LV scanning electron microscope, 
as well as using an ALTAMI MET 1D digital 
metallographic microscope (Altami, Russian 
Federation). 

The thermal stability of LDP powders was 
studied in air in the temperature range 300–1100 K 
using a TGA/DSC–1/1600 HF thermoanalytical 
system. Electrical conductivity (s) and thermo-
EMF (S) of the resulting ceramic samples, after 
applying contacts to their ends by burning silver 
paste, were studied in air in the temperature 
range of 300–1100 K according to the methods 
of [21, 22] (ds ≤ 5 %, dS ≤ 10 %). Conduction (Es) 
and thermo-EMF activation energies of samples 
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(ES) were calculated from the linear parts of 
the dependences ln(s·T) = f(1/T) and S = f(1/T), 
respectively. Weighted mobility of the main 
charge carriers (µ), as well as their concentration 
(p) were calculated based on experimentally 
determined values of electrical conductivity (s) 
and Seebeck coefficient (S) of cation-deficient 
ceramics using the method [28]. The activation 
energy of the main charge carriers (Ep) was 
calculated based on the dependences ln p = f(1/T), 
using the equation:

p p
E
kT
p= -

È

Î
Í

˘

˚
˙0 exp , 		  (6)

where p0 – constant, k – Boltzmann constant, T – 
temperature.

3.  Results and discussion 
After the final stage of synthesis, all samples, 

within the error of X-ray phase analysis, were 
single-phase (Fig. 1a) and had a double perovskite 

structure (a  =  b  ≈  ap, c  ≈  2ap, sp. gr.P4/mmm 
[18, 23]). The crystal lattice parameters of the 
cation-deficient samples were close to those 
for the base phase (NB) (Table 1) and increased 
slightly when vacancies were created in the 
neodymium sublattice, which is consistent with 
the results of [10–12]. The axial ratio (c/2a) 
of the samples, in general, increased with the 
formation of neodymium or barium vacancies in 
their structure, which indicates a decrease in the 
degree of tetragonal distortion of their perovskite 
structure. 

The value of the oxygen nonstoichiometry 
index of the double perovskites obtained in 
this study varied within the range of 0.28–0.32 
(Table 1), slightly increasing when a deficiency of 
cations in the structure of the NdBaFeCo0.5Cu0.5O6–d 
phase was created.

In the IR absorption spectra of the studied 
LDP samples (Fig. 1b), four expressed absorption 
bands with extrema at 357–374 cm–1 (n1), 467–
468 cm–1 (n2), 577–580 cm–1 (n3) and 650–661 cm–1 

Table 1. Lattice constants (a, c, V), tetragonal distortion degree (c/2a) and oxygen nonstoichiomety 
index of cation-deficient NdBaFeCo0.5Cu0.5O6–d perovskites

Sample a, nm с, nm V, nm3 с/2а d
N090B 0.39274 0.77267 0.1192 0.9837 0.30
N095B 0.39261 0.77095 0.1188 0.9818 0.32

NB 0.39212 0.77072 0.1185 0.9828 0.28
NB095 0.39145 0.76965 0.1179 0.9831 0.30
NB090 0.39182 0.77128 0.1184 0.9842 0.31

Fig. 1. X-ray powder diffractogramms (a) and IR absorption spectra (b) of N090B (1), N095B (2), NB (3), NB095 
(4), NB090 (5)
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(n4) were observed, which according to [29] 
correspond to valence (n2, n3) and deformation 
vibrations of bonds (Fe,Co,Cu)–O–(Fe,Co,Cu) in 
layers [(Fe,Co,Cu)O2] (n1–n3) of crystal structure of 
these phases and in the direction perpendicular to 
these layers (n4), and for compositions NB095 and 
NB090, splitting of n1 band into two with extremes 
at 357–359 and 372–374 cm–1 was noted. The 
position of the extrema in the IR absorption 
spectra of the samples practically did not change 
with changes in their cation composition, which 
was in good agreement with the results of X-ray 
diffraction and iodometry, according to which the 
creation of a deficiency of cations in the structure 
of NdBaFeCo0.5Cu0.5O6–d LDP has little effect on 
the parameters of its crystal structure and oxygen 
stoichiometry.

The CSA values corresponding to the average 
crystallite sizes in the samples, determined by 
various methods, were somewhat different from 
each other (Table 2, Fig. 2), however, there was a 
pronounced tendency towards an increase in the 

CSA with an increase in the cation deficiency in 
the LDP structure, explained by an increase in the 
diffusion mobility of the elements of their crystal 
structure with an increase in the degree of its 
defectness. The microstrain values of the samples 
determined using the Williamson–Hall and size–
strain methods were close, with the exception 
of the N090B composition, characterized by 
significantly higher values  e. According to the 
results of microscopy, the ceramic grains had a 
shape close to isometric, and their size was 3–5 
μm and practically did not change with changes 
in the cationic composition of the ceramic. Thus, 
the grains of the studied ceramics turned out to 
be polycrystalline and contained several tens 
crystallites each.

The apparent density of ceramics increased, 
and its porosity, accordingly, decreased with 
increasing deficiency of neodymium or barium 
cations in its composition (Table 3). This finding 
indicates that the sintering of ceramics based on 
the NdBaFeCo0.5Cu0.5O6–d phase increased with 

Fig. 2. Williamson–Hall (a) and size–strain plots (b) of N090B (1), N095B (2), NB (3), coherent scattering area 
values (c, d)

Table 2. Values of coherent scattering area (D) and microstrains of NdBaFeCo0.5Cu0.5O6–d ceramic 
samples, calculated using Sherrer, Williamson–Hall, and size–strain (S–S) methods

Sample
Sherrer Williamson–Hall S–S
D, nm D, nm e D, nm e

N090B 252.9 467.4 0.0016 384.6 0.0134
N095B 303.8 519.9 0.0012 314.8 0.0033

NB 288.7 370.2 0.0009 305.1 0.0044
NB095 330.8 655.0 0.0010 339.4 0.0029
NB090 293.2 398.9 0.0008 316.2 0.0024
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the creation of cation vacancies in its structure, 
which, as mentioned above, is explained by an 
increase in the diffusion mobility of the cations 
included in their composition due to an increase 
in the defectiveness of the crystal structure 
of LDP. The highest value of apparent density 
(6.39 g/cm3) and the lowest porosity (3.9%) were 
recorded for composition NB095. It is interesting 
to note that the creation of cation vacancies 
predominantly reduced the open porosity of the 
ceramics, while the closed porosity of the cation-
deficient samples varied within a fairly narrow 
range (3.6–5.3%) and was close to that for the 
base composition (NB) (4.0%), with the exception 
of the NB095 sample, characterized by the lowest 
closed porosity (2.2%) (Table 3).

Based on the results of thermal analysis 
(Fig. 3), we can conclude that the studied powders 
were thermally stable up to temperatures 
T* = 685–745 K, above which some (≈0.3–0.5%) 

weight loss caused by the release of mobile 
oxygen from samples (1–d) and an increase in 
the oxygen nonstoichiometry index (Fig. 3b) were 
observed [23–25]. In this case, the highest weight 
loss was observed for the composition N090B, 
and the lowest for samples N095B and NB090 
(Fig. 3a). The T* value was minimal for the basic 
NdBaFeCo0.5Cu0.5O6–d LDP and increased when a 
deficiency of neodymium or barium was created 
in its structure (Fig. 3c). Thus, the creation of 
vacancies in the sublattices of neodymium or 
barium of the NdBaFeCo0.5Cu0.5O6–d phase led to 
an increase in its thermal stability. It should be 
noted that the thermal stability and sintering 
ability of the studied samples, in general, 
change symbatically with changes in their cation 
composition, which is in good agreement with the 
results we obtained earlier when studying LDP 
in the NdBaFeCo0.5Cu0.5O6–d–NdSrFeCo0.5Cu0.5O6–d 
system [24].

The studied LDP are semiconductors 
(∂s/∂T  >  0) of p-type (S  > 0) (Fig. 4a, b), the 
nature of the electrical conductivity of which 
changes to metallic (∂s/∂T < 0) near Tmax = 992–
1050 K (Fig. 4d). In this case, a change in the 
nature of the temperature dependence of their 
Seebeck coefficient was observed (from ∂S/∂T < 0 
at T < Tmin = 900–1052 K (Fig. 4f) to ∂S/∂T > 0 at 
T > Tmin), which was due to the release of mobile 
oxygen from the ceramic structure (1–d). The 
Tmax and Tmin values were significantly higher 
T*  =  685–745 K (Fig. 3b), since the release of 
oxygen from the volume of sintered ceramics into 
the gas phase (air) occurs with greater diffusion 
difficulties than from powders. A comparison 
of the results of this study with the data we 
obtained earlier investigating the electrical 
transport properties of LDP [21–25] allowed us 
to conclude that the conductivity of ceramics is 
determined by the electrical conductivity of the 

Тable 3. X-ray (rXRD), apparent (rapp), relative (rrel ) density, full (П), open (По), and closed (Пc) porosity 
of NdBaFeCo0.5Cu0.5O6–d ceramics

Образец rXRD, g/cm3 rapp, g/cm3 rrel, % П, % По, % Пс, %
N090B 6.47 6.08 94.0 6.0 1.9 4.1
N095B 6.59 6.09 92.4 7.6 2.3 5.3

NB 6.71 6.06 90.3 9.7 5.7 4.0
NB095 6.65 6.39 96.1 3.9 1.7 2.2
NB090 6.52 6.17 94.6 5.4 1.8 3.6

Fig. 3. Depencences of mass loss (a), and oxygen non-
stoihiometry index (b) of N090B (1), N095B (2), NB (3), 
NB095 (4), NB090 (5) phases vs temperature, and de-
pendence of temperature of beginning of mass loss (c) 
of these compounds vs their composition
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grains, the contributions of grain boundaries 
and contacts are insignificant, and the ohmicity 
of the contacts is confirmed by the linearity 
of their current-voltage characteristics. The 
values of the electrical conductivity and the 
Seebeck coefficient of ceramics, in general (with 
the exception of N090B composition), increase 
when a deficiency of cations is created in it (Fig. 
4c, d, Table 4). The temperature Tmax value on 
dependencies s  =  f(T) for the studied LDP, in 
general, increased with increasing Nd:Ba ratio 
in its structure, while the temperature Tmin 
on dependencies S  =  f(T) was maximal for the 
basic composition (NB) and decreased when 
neodymium or barium vacancies were created 
in its structure (Fig. 4e, f, Table 4). 

The LDP investigated in this study were 
polaronic conductors [3, 10–17, 21–24], for 
which the dependence of electrical transport 
properties on temperature is described by the 
equations:

s s� exp ,= -
È

Î
Í

˘

˚
˙

A
T

E
kT

		  (7)

S
k
e

E
kT

BS� � � � ,= - +
Ê
ËÁ

ˆ
¯̃

		  (8)

where k – Boltzmann constant, T - temperature, 
A and B – constants, Es = ES + Em and ES – activation 
energies of electrical conductivity and ther-
mo-EMF, ES – the excitation energy of polarons, 
and Em – activation energy of their transfer [30]. 
As can be seen from the data in Table 4, the ac-
tivation energies of the electrical transfer process 
(Es, ES and Em) in the studied ceramic samples, in 
general, decreased when a deficiency of neodym-
ium or barium was created. For the studied LDP 
Es > ES (Em > 0) (Table 4), from which it follows 
that the charge carriers in them are small radius 
polarons (SRP). 

Weighted mobility of charge carriers (µ) in 
the studied samples in the temperature range 

Fig. 4. Temperature (a, b) and concentration (c–f) dependences of electrical conductivity (a, c), Seebeck coef-
ficient (b, d), and temperatures of extrema on the s = f(T) (e) and S = f(T) (f) dependences of N090B (1), N095B 
(2), NB (3), NB095 (4), NB090 (5) ceramics

Тable 4. Values of electrical conductivity at room temperature (s300), maximal electrical conductivity 
(smax), minimal Seebeck coefficient (Smin), temperatures of extrema on the temperature dependences of 
electrical conductivity and Seebeck coefficient (Tmax, Tmin), and activation energies of electrical transport 
(Es, ES, Em) in the NdBaFeCo0.5Cu0.5O6–d ceramic samples

Sample s300, S/cm smax, S/cm Tmax, К Smin, µV/K Tmin, К Es, eV ES, eV Em, eV

N090B 0.230 39.1 995 40.6 900 0.281 0.051 0.230
N095B 0.461 62.6 992 53.9 935 0.267 0.049 0.218

NB 0.208 45.8 1033 43.5 1052 0.305 0.067 0.238
NB095 0.206 60.2 1030 44.8 970 0.308 0.069 0.239
NB090 0.250 54.2 1050 60.3 996 0.281 0.087 0.194
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300–700 K varied within 0.04–0.8 cm2/(V·s) 
and increased with increasing temperature 
(Fig. 5a), which is characteristic for the polaron 
conduction mechanism. The values of µ changed 
non-monotonically with changes in the cation 
composition and oxygen nonstoichiometry index 
(d) of samples (Fig. 5c, d). The concentration of 
charge carriers “holes” in the same temperature 
range varied within the range (1–30)·1019 cm–3 
(Fig. 5b), in general, increased with the creation 
of a deficiency of neodymium or barium cations 
(Fig. 5e), as well as with increase in d (Fig. 5e), 
and increased exponentially with increasing 
temperature. The activation energy of charge 
carriers (Ep), varied within 0.150–0.174 eV and 
increased with increasing Nd:Ba ratio in the 
structure of the ceramics. 

4. Conclusions
Cation-deficient  ceramics based on 

NdBaFeCo0.5Cu0.5O6–d LDP was obtained using 
solid-phase reactions. The structure, oxygen 
stoichiometry, thermal stability, electrical 
conductivity, and thermo-EMF of the samples 
were studied. It was shown that the creation 
of up to 10 mol. % deficiency of neodymium or 
barium in the NdBaFeCo0.5Cu0.5O6–d phase did not 
significantly affect the parameters of its crystal 
structure and oxygen nonstoichiometry index, 
but led to the growth of crystallites, improved 
the sintering of ceramics, increased its thermal 
stability, and improved the electrical transport 
properties. The activation energies of the 
processes of electrical transfer, weighted mobility 

and concentration of the main charge carriers 
(“holes”) in the studied materials were calculated, 
the influence of the cationic composition and 
oxygen stoichiometry of ceramics on its structural, 
thermal and electrical transport characteristics 
were analyzed. The approach used in this study 
can be effectively applied to the development 
of electrode materials for medium-temperature 
solid oxide fuel cells based on oxygen-ion- or 
proton-conducting solid electrolytes.
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Abstract 
The purpose of this work was to develop a methodology for the synthesis of WO3-based nano-scale materials, to provide 
their characterization, and to study their sensory properties.
The nanopowder was made by slowly adding nitric acid to an aqueous solution of ammonium paratungstate, 
(NH4)10W21O41·xH2O, followed by centrifugation, drying, and calcination. The size of tungsten trioxide grains, which was 
10-20 nm, was determined by transmission electron microscopy. According to X-ray phase analysis, the powder, which was 
calcined at a temperature of 500 °C, mainly consisted of a triclinic phase. Subsequently, diammine palladium (II) nitrate 
and terpeniol were added to the WO3 nanopowder to form a paste. The resulting paste was applied to a special dielectric 
substrate and calcined to a temperature of 750 °C. As a result, a fragile tungsten trioxide-based gel formed. The mass 
fraction of palladium in the fragile gel was 3%. The sensory properties of the obtained gas-sensitive material were studied 
under stationary (300 °C) and non-stationary temperature conditions (quick heating to 450 °C and slow cooling to 100 °C).
A sharp increase in the sensitivity of a tungsten trioxide-based sensor was observed under non-stationary temperature 
conditions which depended on the composition of the gas-sensitive layer.
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1. Introduction
Tungsten trioxide is a semiconductor with 

a band gap of 2.4–2.8 eV [1]. The application 
of WO3 is quite wide: for example, it is used 
to manufacture scintillators, luminophores, 
and electrochromic glass that can change light 
transmission with the changes in electrical 
voltage. Tungsten trioxide-based materials 
are used as hydrogenation catalysts during 
hydrocarbon cracking. Recently, nanodispersed 
tungsten (VI) oxide has become widely used as 
a gas-sensitive material for chemical sensors [2].

In most cases, WO3 is the basis of the gas-
sensitive material, while additives increase 
sensitivity and selectivity. For example, a highly 
sensitive acetone sensor was obtained from the 
WO3/Au nanocomposite [3]. The mesoporous 
sensor based on the WO3-TiO2 heterojunction 
is highly sensitive to hydrogen [4]. A sensor 
with a p-n heterojunction at the boundary of 
NiO nanosheets and WO3 nanorods has a high 
sensitivity to acetaldehyde [5].

Sensors with very low power consumption 
can be created using individual metal oxide 
nanofilaments [6]. A very fast nanosecond 
response and extremely low power consumption 
at the level of several microwatts was achieved 
using an individual WO3 nanofilament coated 
with platinum [7]. The mechanism of chemical 
processes involved in detection of hydrogen 
in air was investigated using a gas-sensitive 
material consisting of WO3 nanorods [8]. The 
p-NiCo2O4/n-WO3 heterojunction was used 
to obtain a sensor with high sensitivity to 
nitrogen dioxide [9]. In addition, a NOx sensor 
was created based on palladium doped WO3 
[10]. Doping of a n-type semiconductor, WO3 
nanospheres, with a p-type semiconductor 
(antimony) made it possible to obtain an 
ammonia sensor operating at a temperature 
close to room temperature [11].

Flower-like WO3-In2O3 hollow microspheres 
were used as a gas-sensitive material used to 
detect acetone [12]. Iron doped reduced graphene 
oxide (rGO) was added to WO3 to create a low 
temperature acetone sensor [13]. A sensor 
capable of detecting amines at the level of ppb 
concentrations was created using WO3-W18O49 
heterostructures with the addition of graphene 
layers and PdO nanoparticles [14].

A WO3/CuWO4 heterostructure with 3D 
hierarchical pores was used to create a highly 
sensitive sensor operating at room temperature 
under the influence of visible radiation [15]. A 
Pd-WO3 sensor with reinforced “self-assembly” 
made it possible to detect hydrogen even at room 
temperature [16].

A chemoresistive NO2 sensor using lanthanum 
doped WO3 was synthesized by flame spray 
pyrolysis [17]. A highly sensitive and highly 
selective H2S sensor based on a flower-like 
WO3/CuO nanocomposite can operate at low 
temperatures close to room temperature [18].

An ultra-low detection limit for ammonia 
detection at room temperature was achieved 
for a nanocomposite consisting of WO3 and 
multi-walled carbon nanotubes (MWCNT) [20]. 
A low-temperature WO3-Bi2WO6 sensor with a 
hierarchical flower-like structure made it possible 
to detect H2S at the level of ppb concentrations 
[21]. A fast responding and highly reversible 
hydrogen sensor was obtained by doping 
amorphous WO3 thin films with palladium [22]. 
WO3-decorated TiO2-based nanofiber allowed 
obtaining a heterostructure with high sensitivity 
to hydrogen [23]. Surface modification of the WO3 
nanomaterial with Pt and Ru particles was used to 
obtain sensors sensitive to vapors of low-boiling 
liquids [24]. A WO3-PdO core-shell architecture 
was used to obtain a highly sensitive acetone 
sensor [25].

The sensory properties of WO3-based 
nanofilms obtained by magnetron sputtering 
have been studied in detail [26]. WO3 nanofilms 
can also be prepared by thermal oxidation of 
metallic tungsten, however, its responses to 
nitrogen oxides and ammonia were not very high 
[27]. A micro-machined WO3-based sensor was 
created to detect oxidizing gases. Importantly, 
the authors managed to achieve not only high 
responses, but also high selectivity by processing 
the results by the “electronic nose” methodology 
[28]. A highly sensitive hydrogen sensor was 
created by co-spraying tungsten and platinum 
[29].

One of the greatest challenges related to 
gas analysis with the help of sensors is their 
insufficient selectivity [30], which can be 
increased using a non-stationary temperature 
conditions of the sensor [31–33].
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The purpose of this work was to synthesize 
Wo3-based nanomaterials, to provide their 
characterization, and to study their sensory 
properties in relation to hydrogen sulfide and 
carbon monoxide. In addition, the purpose of 
this study was to compare two temperature 
conditions: stationary and non-stationary.

2. Experimental
2.1. Synthesis and characterization  
of the gas-sensitive material

6.25 g of ammonium paratungstate (Sigma-
Aldrich, Product Number 510114, Batch number 
MKCL8549) was dissolved in 250 ml of deionized 
water at 80 °C. Further, 3M nitric acid solution was 
added dropwise to the constantly stirred solution 
until pH = 0. The temperature was maintained at 
80 °C. The resulting mixture was kept at 80 °C for 
30 minutes and then cooled to room temperature 
and kept for one hour.

(NH4)10W12O41·5H2O + 10HNO3 + 2H2O →  
→ 12H2WO4↓ + 10NH4NO3.	 (1)

The tungstic acid precipitate was separated 
by centrifugation, washed with deionized water, 
and dried at 80 °C for 12 hours. As a result of 
further heat treatment of the dried tungstic 
acid precipitate for 24 hours at a temperature of 
500 °C, tungsten trioxide formed:

H2WO4 → WO3 + H2O.		  (2)

The tungsten trioxide nanopowder was 
characterized by transmission electron 
microscopy (Fig. 1) and by X-ray phase analysis 
(XRD) using a DRON-4 device with a cobalt anode 
(Fig. 2). According to the electron microscopy 
data, the size of WO3 grains was 10–20 nm. The 
diffraction pattern was interpreted using the 
Powder Diffraction File (PDF-2) database. The 
PDF data for hexagonal and triclinic modifications 
of WO3 were plotted to the left side of Y-axis. 
The experimental XRD data were plotted to the 
right side of Y-axis. It was found that the sample 

Fig. 1. Transmission electron microscopy image of 
tungsten (VI) oxide nanopowder

Fig. 2. X-ray diffraction pattern of tungsten (VI) oxide nanopowder calcinated at 500 °C
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corresponded to the triclinic phase of WO3 (PDF 
card 01-073-6498).

A gas-sensitive layer based on WO3 with the 
addition of palladium oxide was obtained by 
treating tungsten trioxide powder with a solution 
of tetraammine palladium (II) nitrate with the 
addition of terpeniol as a binder component. 
The resulting paste was applied on a dielectric 
substrate made of aluminum oxide with platinum 
electrodes and a heater, then it was calcined to 
a temperature of 750 °C. As a result, terpeniol 
burned out and a layer of tungsten trioxide with 
the addition of palladium oxide in the form of a 
gel formed on the substrate.

2.2. Measuring sensory characteristics
Control gas mixtures “hydrogen sulfide 

in synthetic air” and “carbon monoxide in 
synthetic air” with concentrations of 10 ppm and 
200 ppm diluted with synthetic air at a flow rate 
of 250  ml/min were used to study the sensory 
properties of the obtained materials. A metal-
enclosed TO-8 sensor was placed in a stainless 
steel chamber. The temperature of the sensor 
was set by a special electronic device according 
to the temperature coefficient of resistance of 
the heater.

The electrical resistivity of the gas-sensitive 
layer of the sensor was measured with a special 
electronic device with a sampling rate of 40 Hz and 
recorded as a computer file. Each measurement 

cycle lasted 15 seconds: 2 seconds of heating from 
100 to 450 °C and then 13 seconds of cooling 
from 450 to 100 °C. These cycles were continuous 
(Fig. 3). The results of the first five cycles of 
measurements were not taken into account. 
Only one of the 575 cycle points was used for 
quantitative determination, which corresponded 
to a time of 14.95 seconds after the start of the 
measurements.

The response S was calculated by the ratio of 
the active electrical resistance R0 in clean air to 
the active electrical resistance Rg in the studied 
gas medium according to the formula:

S = R0/Rg. 		  (3)

3. Results and discussion
The sensor temperature (curve 1) and the 

electrical resistivity of the WO3-Pd sensor 
when detecting carbon monoxide (curve 2) 
and hydrogen sulfide (curve 3) over three 
measurement cycles are shown in Fig. 3.

Fig. 4 shows the concentration dependences of 
the electrical resistance of the WO3-Pd sensor on 
time during one measurement cycle for hydrogen 
sulfide.

Fig. 5 shows the dependence of the WO3-Pd 
sensor response on the concentration of hydrogen 
sulfide in stationary (curve 1) and non-stationary 
temperature conditions (curve  2). According 
to the figure, the non-stationary conditions 

Fig. 3. Temperature (curve 1) and the electrical resistance of the WO3-Pd sensor at 50 ppm carbon monoxide 
(curve 2) and at 50 ppm hydrogen sulfide (curve 3) in a non-stationary temperature regime over three mea-
surement cycles
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contribute to an increase in the sensor response to 
hydrogen sulfide by about an order of magnitude. 
The difference in the form of sensor resistance 
versus time dependences when detecting carbon 
monoxide and hydrogen sulfide can be used to 
increase the analysis selectivity [33].

An increase in the sensitivity of the WO3-
Pd sensor to hydrogen sulfide may be explained 
by the temporary separation of the catalytic 
activity of the gas-sensitive layer of the sensor 
and the sorption of the analyte gas [31]. The 
non-stationary temperature conditions seem 
to activate the gas-sensitive layer of the sensor 
before the analyte gas desorption begins. In 
addition, the sensor response also depends on 
the total concentration of the charge carriers. 
The higher the sensor response, the fewer charge 
carriers are present in the metal oxide sensor 
before the analyte gas is released. As a result, 
the impulsed temperature changes increase the 
resistance of the WO3-Pd sensor in air due to high 
oxygen sorption.

4. Conclusions
As a result of the study, the traditional sol-

gel technology was used to produce a WO3-Pd 
sensor by adding palladium oxide (3% by weight) 
to a tungsten trioxide nanopowder. The sensory 
characteristics of the resulting material in relation 
to hydrogen sulfide and carbon monoxide were 

investigated. The conducted studies of sensory 
characteristics in two types of temperature 
conditions showed that the impulsed temperature 
changes result in a significant increase in the 
sensitivity of the sensor to hydrogen sulfide. 
Therefore, when operating in non-stationary 
temperature conditions, the WO3-Pd sensor can 
be used to detect hydrogen sulfide and other 
reducing gases.
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Influence of the particle size of sulfonated cation exchange resin on 
the physicochemical properties and surface morphology of MK-40 
heterogeneous membranes
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Abstract 
The article presents the results of the study of the physicochemical properties and surface morphology of MK-40 
heterogeneous membranes with a given particle size of sulfonated cation exchange resin within the ranges of < 20 μm, 
32–40 μm and 56–71 μm with the resin-polyethylene ratio of 65:35. The experimental membranes were manufactured at 
LLC Innovative Enterprise Shchekinoazot (Russia). A comparative analysis of the characteristics of the membranes showed 
that their main physicochemical properties change in accordance with the changes in surface parameters. With an increase 
in the particle size of the ion exchange resin, the moisture content and the thickness of the membranes decreased together 
with the surface macroporosity. What is more, the exchange capacity of the membranes did not depend on the particle size 
of the ion exchange resin.
Quantitative analysis of SEM images of swollen membranes revealed a number of peculiarities of their surface morphology. 
First, it was established that membranes with a size of resin particles within the range of 56-71 μm had small ion-exchangers 
with a radius of R < 10 μm and no large (R > 20 μm) ion-exchangers. Secondly, it was found that the fraction of the ion 
exchanger and the weighted average radius of the ion exchange resin particles decreased by 14% and 15% respectively with 
an increase in the preset dimensions of the ion exchanger. Thirdly, with an increase in the size of the resin particles, the 
surface macroporosity decreased by 7%, while the size of the macropores increased by more than 20%. To explain the 
revealed peculiarities of the surface morphology of MK-40 heterogeneous membranes with different particle sizes of 
sulfonated cation exchange resin, it is necessary to study the structure of their internal phase.
Keywords: Heterogeneous cation exchange membrane, Particle size of ion exchange resin, Surface morphology, 
Physicochemical properties
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1. Introduction
Currently, researchers and practitioners are 

focused on developing specialized membrane 
products that meet specific technological 
requirements, such as low membrane electrical 
resistance [1], specific selectivity [2], chemical 
and thermal stability [3], and/or scaling resistance 
[4]. The manufacture of new or the modification 
of existing commercial membranes for specific 
purposes is a complex interdisciplinary task since 
the parameters that determine their properties 
often act in opposite directions. For example, a 
high concentration of fixed ions in the membrane 
matrix results in a low electrical resistance, 
however, it also causes a high degree of swelling in 
combination with poor mechanical stability [1, 5]. 
In addition, one of the biggest challenges for the 
manufacture of heterogeneous membranes with 
an optimal combination of mechanical strength 
and electrochemical properties is the need for 
two continuous phases: ion exchange and inert 
phases. Continuous paths for ion transport are 
necessary for effective contact between ion 
exchange particles, while mechanical strength 
can be ensured by a continuous layer of binder 
material [6]. What is more, the deformation 
of the inert binder and ion exchange resin 
particles during swelling results in the formation 
of channels filled with the solution, which 
connect the ion-exchangers. To achieve high 
mechanical strength, ion exchange membranes 
can be reinforced with fabrics made of polymers 
such as nylon and polyester (Lavsan). This 
structure causes significant changes in the 
physicochemical properties of the membrane 
surface and volume on a micrometer scale. 
The presence of conductive (the ion-exchanger 
phase) and non-conductive (inert binder) 
sections and reinforcing fabric contributes to 
the development of electrical and geometric 
heterogeneity on the surface, which contributes 
to the development of electroconvection in 
electromembrane systems, the main mechanism 
for the overlimiting conductivity of membranes 
[7,  8].

The aim of the work is to study the influence of 
the particle size of the sulfonated cation exchange 
resin on the physicochemical properties and 
structural characteristics of the surface of the 
MK-40 heterogeneous membrane.

2. Experimental
In our study, we used experimental samples 

of the MK-40 heterogeneous cation exchange 
membrane with a preset size of particles of the ion 
exchange resin within the range of: < 20, 32–40, 
and 56–71 µm. The samples were manufactured 
at the well-known Russian enterprise, LLC 
IE Shchekinoazot. The MK-40 membrane is a 
polymer composition of a strongly acidic cation 
exchanger KU-2-8, low-pressure L461N19 
polyethylene, and a reinforcing fabric, Excelsior 
capron mesh, art. 56314. Fixed groups of MK-40 
membranes are sulfonic acid groups, SO3

–. The 
ratio of ion exchange resin and polyethylene 
in the composition of the experimental MK-40 
membranes was traditional and was 65 wt. % 
to 35 wt. %. Particles of ion exchange resin of a 
certain size were selected using a complex of five 
sieves with a mesh diameter of 71, 32, and 20 μm.

Physicochemical properties of the studied 
samples were determined using standard testing 
methods for ion exchange membranes [9]. The 
total exchange capacity was determined under 
static conditions using acid-base titration. 
The total exchange capacity Q (mmol/gdry) was 
calculated taking into account the moisture 
content W. The moisture content W (%) in 
the membranes was determined by air-heat 
drying, the thickness l (μm) was measured using 
a micrometer, and the density r (g/cm3) was 
measured using a pycnometer.

The surface morphology of the membranes 
was studied by scanning electron microscopy 
(SEM) using a JSM-6510 LV microscope (Japan). 
Since ion exchange membranes are swollen 
when activated, the study was carried out in a 
low vacuum mode using reflected electrons at 
an accelerating voltage of 20 kV. This SEM mode 
does not require preliminary drying of the sample 
and spraying a conductive layer on its surface 
[10]. The quantitative assessment of the fraction 
of ion exchange material (S, %) and porosity 
(P, %) on the surface of the membranes was 
carried out using an original software package 
[11]. The concept of a “pore” was understood 
as the space between the ion-exchanger and an 
inert binder (polyethylene). Taking into account 
the “size effect” of the inhomogeneous surface 
of heterogeneous membranes, to determine 
simultaneously the fraction and the radius of the 
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particles of the ion exchange resin (R, μm) and 
macropores (r, μm), the value of 500 was chosen 
as the optimal magnification ratio of the surface 
image [5].

3. Results and discussion
A comparison of the properties of the 

experimental MK-40 membranes with different 
particle sizes of ion exchange resin revealed 
the influence of the sizes of ion-exchanger 
particles on their physicochemical and structural 
properties (Table 1).

The surface structure of the studied 
heterogeneous cation exchange membranes was 
heterogeneous (Fig. 1). There were visible light 
areas of the conductive surface (ion-exchanger 
particles) and dark areas of inert polyethylene 
(non-conductive surface). A comparison of 
electron micrographs of the membrane surfaces 
with the minimum and maximum particle sizes 
of the ion exchange resin showed that with an 
increase in particle sizes, the fraction of the ion-
exchanger S on the surface of the membranes 
in the swollen state decreased by 14% (Table 1). 
Quantitative analysis of the size of the ion 

exchange resin particles on the surface revealed 
a difference in the values of the weighted average 
radius of slightly more than 15%.

Histograms of the distribution of the fraction 
of resin particles of different radii SR of the 
total phase area of the ion exchanger S0 on the 
surface of the experimental MK-40 membranes 
are shown in Fig. 2. For the MK-40 membrane 
with a minimum preset particle size of the ion-
exchange resin, the maximum proportion (85%) 
were particles with a radius within the range 
from 1 to 10 μm, 14% constituted particles with 
a radius of 11–13 μm, the rest was resin particles 
with R < 1 μm. In the case of the membrane with 
the maximum preset particle size of the ion-
exchange resin (from 56 to 71 μm) it was found 
that large particles were absent on their surface. 
Particles with a radius within the ranges from 
1 to 10 μm and from 11 to 16 μm made up 70% 
and 28% of the total area of the ion exchange 
phase, respectively. It was revealed that with an 
increase in the particle size of the ion exchange 
resin, the surface macroporosity P (Table 1) 
tended to decrease by 7%. However, the value 
of the weighted average radius of macropores 

                                               a                                                                                                   b
Fig. 1. SEM images of the surface of MK-40 sulfonated cation exchange membranes at a magnification of 500. 
The particle size of ion exchange resin is < 20 µm (a), 56-71 µm (b)

Table 1. Physicochemical properties and structural characteristics of the surface of MK-40 membranes 
with different particle sizes of ion exchange resin

Resin particle 
sizes, μm

IEC,  
mmol/gdry

W, % r, g/cm3 l, μm S, % P, % R, μm r, μm

<20 2.54±0.02 40.4±0.6 1.10±0.06 566±7 21±1 4.7±0.8 2.6±0.3 1.8±0.3
32-40 2.49±0.02 37.7±0.9 1.06±0.07 554±7 18±4 3.8±0.9 2.7±0.2 1.8±0.1
56-71 2.54±0.03 35.7±0.6 1.03±0.07 492±6 18±2 4.4±1.7 2.2±0.3 2.2±0.2
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increased by more than 20%. Histograms of the 
distribution of the macropore fractions along 
the radii on the surface of the experimental 
samples of the MK-40 membrane in the swollen 
state are shown in Fig. 3. For a membrane with 
a preset resin particle size of 56–71 μm, a wider 
pore size variation interval was established, 
which was 0.5–8 μm for swollen samples. What 
is more, the fraction of macropores in the range 
of 1 < r < 5 μm and more than 7 μm was 80 and 
19%, respectively. For the MK-40 membrane with 
a minimum resin particle size, the maximum 

fraction of macropores (97%) corresponded to 
sizes within the range of 1 < r < 5 μm, while there 
were no macropores with r > 5 μm.

The obtained physicochemical characteristics 
of the studied membranes are given in Table 1. 
With an increase in the particle size of the ion 
exchange resin, the total exchange capacity 
did not change, and the moisture content, 
density, and thickness decreased by 12, 6, and 
15%, respectively. The change in the basic 
physicochemical properties of the studied 
membranes with an increase in the particle size of 

Fig. 2. Fractions of resin particles SR of different radii R of the total area of the ion exchange phase S0 on the 
surface of the MK-40 membrane with the particle size of the ion exchange resin of < 20 μm (1) and 56-71 μm (2)

Fig. 3. Macropore fractions Pr of different radii r of their total area P0 on the surface of the MK-40 membrane 
with the particle size of the ion exchange resin of < 20 μm (1) and 56–71 μm (2)
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the ion exchange resin corresponded to a change 
in the structural characteristics of their surface. 
The moisture content (W) and the thickness (l) of 
the membranes fell with a decrease in their surface 
macroporosity and an increase in the particle size 
of the ion-exchanger. However, an inconsistent 
decrease in the density of membranes by 6% 
was also established. Typically, the change in 
the density and porosity of materials is of an 
antibatic nature. The exchange capacity (Q) of 
the membranes did not depend significantly on 
the particle size of the ion exchange resin due to 
its equal content by weight per dry sample.

In previous studies [5] of Ralex sulfonated 
ion exchange membranes (MEGA a.s., Czech 
Republic), we established that the fraction 
and size of pores on their surface grew with an 
increase in the particle size of the ion exchange 
resin in the grinding. In the case of the studied 
experimental MK-40 membranes, an increase 
in the specified resin particle size resulted in a 
decrease in the macroporosity and an increase 
in the size of macropores.

4. Conclusions
We studied the influence of the particle 

size of the sulfonated ion exchange resin on 
the physicochemical properties and structural 
characteristics of the surface of the MK-40 
heterogeneous membrane. The change in the 
basic physicochemical properties of the studied 
membranes with an increase in the particle size of 
the ion exchange resin corresponded to a change 
in the structural characteristics of their surface.

However, a comparative analysis of the 
experimental results requires an explanation of 
the following facts established during the study: 
1. a decrease in the weighted average radius of 
the ion exchanger sections on the surface of the 
membranes with an increase in the preset particle 
size of the ion exchange resin; 2. the presence of 
small ion-exchangers with a radius of R < 10 μm 
and the absence of large ion-exchangers with a 
radius of R < 20 μm in the samples of membranes 
with a particle size of 56–71 μm; 3. the symbatic 
nature of the change in the surface macroporosity 
and density of the membranes with an increase in 
the particle size of the ion-exchanger. To better 
understand and explain the identified changes 
in surface morphology and the physicochemical 

properties of the membranes, it is necessary to 
further study their internal phase.
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Abstract 
Transition phenomena near the melting point (premelting effect) are fundamental processes occurring in materials with 
different types of chemical bonding. At T ≥ 0.8Tm, there is a fluctuating heat release. The analysis of fluctuation processes 
allows obtaining information about dynamic reconstructions in various subsystems and interconnections between them 
within the system. The purpose of this work was to study the spectral characteristics of heat fluctuations in stationary 
modes of premelting materials with ionic, covalent, and metallic chemical bonds (KCl, Ge, Cu, and Sb) and to determine 
the type of the fluctuation process using the Hurst parameter.
The spectral characteristics of heat fluctuations in stationary modes of pre-melting KCl, Ge, Cu, and Sb at T* ~ 0.9Tm were 
determined by wavelet analysis. This method allows analyzing the behavior of complex systems at critical points in order 
to identify certain correlations and development trends in them. 
The study showed that in the premelting region, the frequency spectrum of heat fluctuations was characteristic of 1/f2 noise 
or nonlinear Brownian noise, which is a precursor of structural reconstructions during phase transitions. The type of 
fluctuation processes in the premelting region of KCl, Ge, Cu, and Sb was determined using the Hurst parameter (H). It was 
shown that in stationary modes of premelting H > 0.5. Consequently, the previous trend of the process dynamics was very 
likely to develop in the same direction. However, with a decrease in the energy of the chemical bond H Æ 0.5, which indicated 
a decrease in the stability of the system and a likely change in the development trend for the structural reconstructions in 
the premelting transition region.
Thus, near the melting point, there are unstable dynamic states, which are precursors to structural changes in the system, 
which have certain developmental trends. This should be taken into account when calculating the stability and reliability 
of materials and systems.
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1. Introduction 
There is a large amount of data on 1/fb noise 

in various complex systems [1–3]. Fluctuations 
occurring in the transition region during the 
first order phase transitions are especially 
interesting since such noise, in contrast to 
uniform distribution, predetermines certain 
correlations associated with the occurrence 
of a spatial or temporal ordering similar to 
a phase transition. Fluctuating precursors 
manifest themselves in the form of anomalous 
behavior of various macroscopic parameters: 
physical, electrophysical, and structural [4, 5]. 
This indicates that at certain critical points 
(bifurcation points) there is a loss of stability 
of the previous state accompanied by the 
emergence of dynamic dissipative structures. 
In this case, the system becomes sensitive to 
small changes in the initial conditions and 
fluctuations begin to play an important role. 
This phenomenon is known as “ordering through 
fluctuations” [6]. Thus, fluctuating precursors 
during phase transitions require specifying 
the degree of spatio-temporal localizations in 
the system and identifying new information 
about the behavior of the system in these 
nonequilibrium conditions.

The purpose of this paper is to study the 
spectral characteristics of heat fluctuations 
in stationary modes of pre-melting materials 
with different types of chemical bonding and to 
determine the type of the fluctuation process 
using the Hurst parameter.

2. Experimental 
Our earlier studies of melting of materials 

with ionic, covalent, and metallic chemical 
bonds conducted by the DTA method at T ≥ 0.8Tm 
revealed temperature-temporal regions of 
premelting fluctuation phases [7]. 

The experiments were carried out using 
materials with different types of chemical bonds 
without phase transformations before and after 
the melting point: KCl, Ge, Cu, and Sb. Isothermal 
endurance (stationary mode) was carried out at 
T* ~ 0.9Tm. The time of isothermal endurance was 
35 minutes. What is more, the fluctuation state 
remained for a long time with slow relaxation to 
equilibrium, which is characteristic of dissipative 
processes.

For the spectral analysis of fluctuation 
processes and parameterization of the premelting 
phases of materials with different types of 
chemical bonding in stationary modes, we used 
the method of continuous wavelet transform [8]. 
Spectral analysis of fluctuation signals was carried 
out using the MatLab software environment with 
the Symlet8 basic function. 

3. Results and discussion 
The study considered the impact of the 

chemical bonding on the spectral characteristics 
of heat fluctuations in the premelting region 
of KCl, Ge, Cu, and Sb. Heat fluctuations in 
stationary modes are most interesting in terms 
of obtaining information on the regularities of 
the evolution of dynamic transition states during 
melting since in these premelting modes there is 
a long-term sequence of correlated fluctuation 
bursts producing nonlinear Brownian noise. What 
is more, such spectral parameters as the self-
similarity coefficient (b) and the intensity of heat 
fluctuations provide information on the dynamics 
of the formation of transient phases.

As an example, we considered the wavelet 
transform pattern W(a,b) of the premelting effect 
of Cu in the stationary mode at T* = 1,221.8 K 
(Fig. 1). In this pattern, a hierarchical self-
similar structure of local extrema was visible 
at different scales. The branching of the local 
extrema pattern corresponded to the rescaling 
of fluctuations and the transition to another 
level of the process. In general, this pattern of 
wavelet transform of heat fluctuations in KCl, 
Ge, and Sb, as well as Cu, is characteristic of 
signals of nonlinear Brownian noise or 1/f noiseb, 
which indicates correlations in the premelting 
transition regions. [9]. This was also confirmed by 
the statistical, correlation, and Fourier analysis 
which were carried out in [10]. They showed that 
fluctuation processes in the premelting region 
are random processes with normally distributed 
correlated increments. 

The values of the spectrum coefficient b of heat 
fluctuations of transient processes during KCl, Ge, 
Cu, and Sb melting at isothermal endurance are 
given in Table 1. The self-similarity coefficient 
b ~ 2 indicated that dissipative processes in the 
transition region during melting were of the same 
physical nature. It also indicated the generic 
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nature of transient processes of premelting of 
crystalline materials with different types of 
chemical bonding. This indirectly reflected the 
occurrence of structural reconstructions in the 
materials in the premelting phase.

The energy spectrum Ew(a) of heat fluctuations 
of transient processes of premelting KCl, Ge, Cu, 
and Sb in stationary modes is shown in Fig. 2. 
The analysis of the energy spectrum showed that 
with a decrease in the energy of the chemical 
bond from KCl to Sb, there was a decrease in 
the intensity of the fluctuation process in the 
pretransition region. The change in the intensity 
of heat fluctuations reflected the varying degree 

of correlation in the system. For example, a low 
value of the energy of chemical bond (DE) of 
Sb apparently resulted in emergence of long-
time correlation bonds in the dynamic system. 
However, KCl, which had the largest energy 
of chemical bond among the studied group of 
materials, was characterized by the occurrence 
of short-lived correlation states.

Fig. 1. DTA curve and wavelet transform of the fluctuation process of premelting of Cu (T* = 1,221.8 K)

Fig. 2. Energy spectra of heat fluctuations in the pre-
melting phase of KCl, Ge, Cu, and Sb in a stationary 
mode

Table 1. Parameters of transient processes of 
premelting of KCl, Ge, Cu, and Sb in a stationary 
mode and the energy of the chemical bond

Т*, К b Н DЕ,  
kJ/mol

KCl 940 2.1 0.58 423.2
Ge 1180 2.2 0.56 327.6
Cu 1220 2 0.55 306.7
Sb 814 2.1 0.52 165.8

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2024;26(2): 362–366

E. S. Mashkina	 1/f2 noise as a precursor of structural reconstructions near the melting point of crystalline materials...



365

Evaluation of the Hurst parameter allowed 
identifying certain hidden patterns or so-called 
trends in the fluctuation process in the premelting 
region. At a value of H > 0.5, the previous trend 
for the system transformation was highly likely 
to continue in the same direction. If H < 0.5, the 
direction of the trend was to change, while at 
H = 0.5 it was difficult to determine the direction 
of the trend [11, 12]. The Hurst parameter was 
calculated using RS-analysis.

For all types of the studied materials, the 
Hurst parameter was H > 0.5 (Table 1). In our 
case, the value of H > 0.5 indicated a persistent 
behavior of correlations in the system, i.e. the 
trend for the character of changes of the process 
persisted. However, a decrease in the energy of the 
chemical bond led to a decrease in the stability of 
the system and an approximation to uncertainty. 
This correlated with the change in the intensity 
of the fluctuation process within the premelting 
region in the series KCl, Ge, Cu, and Sb.

4. Conclusions
Regardless of the type and energy of the 

chemical bond, the pattern of the wavelet 
transform of the premelting heat fluctuations 
of Ge, Sb, and Cu in stationary modes is that 
characteristic of 1/f2 noise signals (non-linear 
Brownian noise). Thus, it can be stated that the 
processes that occur during nonequilibrium phase 
transitions in materials with ionic, covalent, and 
metallic chemical bonds have identical energy 
patterns.

With a decrease in the energy of the chemical 
bond in the series from KCl to Sb, the intensity 
of the fluctuation process in the pre-melting 
phase decreases, which indicates the determining 
influence of the energy of the chemical bond 
on the nature of formation and the fluctuation 
parameters of the premelting transient processes 
of various crystalline materials.

Evaluation of the chaotic state of fluctuation 
processes using a stochastic parameter, the 
Hurst  (H) parameter, showed that a previous 
trend for structural reconstructions is not likely 
to change. Therefore, the analysis of the spectral 
characteristics of fluctuation processes near the 
melting point can provide information not only 
about the state of the system, but also can be used 
in methods aimed at predicting its evolution.
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