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The decisive role of biological factors in the corrosion  
of the D16T alloy. Review
D. V. Belov, S. N. Belyaev  *

Federal Research Centre Institute of Applied Physics of the Russian Academy of Sciences,  
46 Ulyanova str., Nizhny Novgorod 603950, Russian Federation
Abstract 
The biocorrosion of duralumin grade D16T has been studied and a mechanism has been proposed according to which the 
initiators of initial corrosion damage are reactive oxygen species (ROS) produced by micromycetes. An assumption was 
made about the participation of hydrogen peroxide in the mycological corrosion of the D16T alloy, which is formed both 
during the life of micromycetes and during the activation of oxygen by zero-valent aluminium (ZVAl). The mechanisms of 
intergranular, pitting and pitting corrosion of duralumin under the influence of microscopic fungi are proposed. Purpose: 
determination of the main biological factor initiating biocorrosion of the D16T alloy; assessment of the biological impact 
of the association of microscopic fungi on the alloy in order to develop scientifically grounded and effective methods of 
protecting aluminium and its alloys from biocorrosion by micromycetes. 
The object of the study was an aluminium alloy D16T in accordance with state standard (GOST) 4784–2019 after hardening 
and natural ageing, which is widely used for the manufacture of load-bearing elements of structures and equipment of fuel 
systems of aircraft, car bodies, parts of various machines and assemblies operating at low temperatures, and in the food 
and pharmaceutical industries. The stages of initiation and development of biocorrosion of the D16T alloy under the 
influence of a consortium of moulds have been studied using a scanning electron microscope. The phase composition of 
the D16T corrosion products has been studied.
In the process of vital activity of microscopic fungi, reactive oxygen species are formed, initiating the biocorrosion of the 
D16T alloy. The initial stage of biocorrosion is caused by hydrolysis of the protective passive aluminium film. At the stage 
of intense biocorrosion, oxygen-containing aluminium compounds are formed in the form of a water-saturated gel. Further, 
as this corrosion product accumulates, its water permeability decreases. The gel undergoes “ageing” and turns into crystalline 
products. Conidia and hyphae of microscopic fungi adhere, are mechanically fixed on the metal surface and penetrate into 
the surface layers and deep into the metal, causing its corrosive destruction in the form of pitting, ulcers, and cavities. It 
is possible that the initiation of metal biocorrosion is a consequence of the hyperproduction of reactive oxygen species by 
the cells of micromycetes as a result of oxidative stress. This may be their defensive strategy aimed at destroying xenobiotic 
material. 
The development of intergranular and pitting corrosion of the D16T alloy under the action of micromycetes occurs at the 
sites of contact with the exudate, which, due to a cascade of reactions with the participation of ROS, is locally enriched in 
hydroxide ions. The origin and development of pitting on the duralumin surface occurs in defects of the passive oxide film 
due to the displacement of oxygen-containing surface aluminium compounds and their interaction with corrosive OH– and 
ROS anions. Hydrogen peroxide, as an intermediate product of the metabolism of micromycetes, on the surface of the D16T 
alloy can participate in the Fenton process or decompose heterogeneously, also provoking the development of aluminium 
biocorrosion.
Keywords: Biocorrosion, Mycological corrosion, Duralumin, D16T, Zero-valent aluminium, ZVAl, Micromycetes, Microscopic 
fungi, Reactive oxygen species, ROS, Superoxide anion radical, Hydrogen peroxide, Intergranular corrosion, Pitting corrosion
Acknowledgements: The authors express their gratitude to G. A. Gevorgyan and M. V. Maksimov for help in performing 
macro- and microstructural analysis and studies on an electron microscope (JSC Central Research Institute Burevestnik, 
Nizhny Novgorod 603950, Sormovskoe shosse, 1a).
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1. Introduction 
The most active biological agents ubiquitous 

in soil, water, and air are mould or microscopic 
fungi (micromycetes). Often they prevail over 
other microorganisms and have the greatest 
potential for impact on almost all infrastructure 
and human industrial and household activities. 
Micromycetes are active agents initiating 
microbiological corrosion of most metals and 
alloys. The species diversity of microscopic fungi, 
their high adaptability to living conditions, and 
powerful enzymatic apparatus lead to significant 
amounts of damage to metal materials by them. 
The microbiological corrosion (biocorrosion) 
of metals is the destruction caused by the 
direct or indirect action of microorganisms. 
The biocorrosion of metals by micromycetes in 
atmospheric and soil conditions, for example, 
in well-ventilated places with favourable 
temperature and humidity characteristics, with 
the presence of contaminants on the metal 
surface is especially characteristic [1].

The microbial corrosion of metals is a 
serious environmental and economic problem. 
In most cases, the corrosion of metals occurs 
in an oxygen-containing environment. Among 
the microorganisms involved in the corrosion 
of metals, the most active ones are aerobic. 
However, among anaerobic microorganisms, 
there are those that are capable of initiating 
and accelerating the oxidation of metals. Some 
of these microbes can consume molecular 
hydrogen, abiotically formed during the 
oxidation of metals. Due to the occurrence of 
coupled reactions, the anaerobic oxidation of 
metals becomes thermodynamically favourable. 
Additionally, extracellular enzymes, such as 
hydrogenases, accelerate the oxidation of 
metals. Organic electron carriers such as flavins, 
phenazines, humic substances can replace 
molecular hydrogen as an electron carrier 
between metal and living cells. Direct electron 
transfer without intermediaries from oxidising 
metal to microbial cells is also possible [2–5].

The role of biofilms in the corrosion of 
metals. First discovered in 1978, the existence 
of a specific form of bacteria in the form of 
biofilms [6] was recognised as the predominant 
form of microbial life on our planet. Biofilms 
are defined as a special form of organisation of 
microorganisms formed at the interface between 
two phases, intensively exchanging genetic 
information and capable of coordinating their 
behaviour through the secretion of molecular 
signals – Quorum Sensing. The study of biofilms 
has many practical applications, for example, in 
medicine, in the ecology of natural and industrial 
waters, and in hydrometallurgy. The practical 
significance of the study of planktonic and biofilm 
forms of habitation of corrosive microorganisms 
in aquatic environments is due to the relevance 
of increasing the efficiency of biocidal protection 
of buildings and structures.

The issue of the decisive role of bacterial 
biofilms in the corrosion of metals is widely 
discussed in the literature [7–12]. However, the 
issue of the effect of biofilms of microscopic fungi 
has been little studied. In our opinion, biofilms of 
micromycetes are one of the determining factors 
in the corrosion processes of metals.

A bacterial biofilm is a collection of surface-
associated microbial cells enclosed in a matrix 
of an extracellular polymeric substance, 
predominantly a polysaccharide material. In 
[13], the decisive role of the adhesion of bacteria 
Pseudomonas f luorescens and Desulfovibrio 
desulfuricans to metal surfaces in their corrosion 
was reported. The authors provided evidence that 
the substance involved in the primary adhesion 
of bacteria to the surface of mild steel is of a 
polysaccharide nature. This substance is present 
in the outer membrane of bacterial cells in the 
form of lipopolysaccharide [14].

Mycelial fungi can organise multicellular, 
highly structured consortia known as fungal 
biofilms that form stable communities on a 
variety of biotic and abiotic surfaces. Most of the 
research is focused on the study of planktonic 
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forms of micromycetes. The analysis of the 
literature data showed that filamentous fungi 
are ubiquitous in various aquatic environments, 
including drinking water distribution systems. 
Within such closed water supply systems, 
consortiums of microscopic fungi, which form 
biofilms, develop. According to [15], the biofilm 
isolated from the drinking water distribution 
system included the following micromycetes: 
Aspergillus sp., Alternaria sp., Botrytis sp., 
Cladosporium sp., Penicillium sp.

The typical morphology of a biofilm of 
microscopic fungi is described as a complex three-
dimensional structure of heterogeneous surface-
associated colonies consisting of filamentous 
hyphae (chains of elongated cells), pseudohyphal 
cells, yeast-like cells, and various forms of 
extracellular matrix (Fig. 1) [16]. For example, 
micromycete Aspergillus fumigatus produces in 
vitro an extracellular hydrophobic matrix with 
typical characteristics of a biofilm, consisting of 
galactomannan, a-1,3-glucans, monosaccharides, 

polyols, melanin, and proteins (antigens and 
hydrophobins) [17, 18].

During the initial stages of biofilm growth 
and development, the formation of a layer of 
substances surrounding the fungus is observed. 
This layer is involved in the binding of cells to 
each other (cohesion) and in their interaction 
with the surface of the substrate (adhesion). 
These substances provide the structural basis of 
the forming microfilm. Each microscopic fungus 
has its own pattern of biofilm development.

Microorganisms have now been shown 
to be able to adhere to virtually any surface. 
Surface-associated micromycetes, which form 
biofilms, have a special phenotype that differs 
from planktonic organisms. They have specific 
mechanisms of attachment to the surface, which 
are regulated by various characteristics of the 
nutrient medium, substrate, and cell surface [19].

In nature, adhesion is a widespread 
phenomenon inherent in many microorganisms, 
which allows them to colonise their habitats. The 

Fig. 1. Scheme of the formation of a biofilm of micromycetes on the surface of a metal
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adhesive ability of micromycetes determines 
their further colonisation of the metal surface. 
The stage of attack of micromycetes on the 
metal surface following the primary adsorption is 
characterised by the invasive (from lat. invasio – 
invasion, attack) growth of a microorganism. 
Proteolytic, lipolytic enzymes of fungi (proteases, 
hyaluronidase, phospholipase, lipase, etc.) 
are involved in the destruction of the surface 
structural elements of the protective film on the 
metal surface and enable its further colonisation 
and penetration (from lat. penetratio – penetrate). 
The pathogenicity factors of microscopic fungi 
include adhesins. Adhesins are areas of the fungi 
surface (proteins, carbohydrate parts of cell wall 
mannoproteins, etc.) that ensure the attachment 
of a microorganism to a solid substrate. Adhesins 
of micromycetes differ by specificity and allow 
them to adhere to different solid substrates. 
[20]. The study [21] reports that the adhesion 
of microorganisms is the initial stage of the 
biofouling of materials, including metals, in air 
and water environments. The authors studied 
the adhesion of the conidia of a microscopic 
fungus, Trichoderma viride, to the surface of 
metals differing in oxidising potentials, and 
determined the quantitative kinetic parameters 
characterising the stage of adhesion of the 
conidia of micromycetes.

Now, scanning electron microscopy is widely 
used to visualise micromycete biofilms [22]. In 
the study [23], the stages of biofilm formation 

of the Aspergillus fumigatus micromycete 
were studied using confocal laser scanning 
microscopy. The authors of the study [24] carried 
out a structural analysis of the biofilms of the 
Aspergillus niger micromycete using the same 
method. 

In our studies, we observed the biofilm 
formation of microscopic fungi on all surfaces of 
corroding metals. Biofilms of microscopic fungi 
on the surface of the D16T alloy are shown in 
Figs. 2 and 3.

Recent advances in molecular techniques and 
confocal microscopy have shown that biofilm 
formation is a natural and preferred form of 
fungal growth and a major cause of persistent 
infections in humans. The study [25] presents 
microscopic, spectroscopic, and microsensor 
methods for studying biofilms. Analytical 
methods for studying extracellular polymeric 
substances, in particular, polysaccharides and 
proteins, are generalised.

The presence of microorganisms on the 
surface of a material can significantly affect 
its performance. Surface-mediated microbial 
growth and the formation of a biofilm on a solid 
substrate provokes its further biofouling. The 
presence of biofilms can promote interfacial 
physicochemical reactions, which are undesirable 
under abiotic conditions. Therefore, the generally 
accepted concept of biocorrosion is expanding. 
The existing definition of biocorrosion can be 
extended by noting that these are changes in 

Fig. 2. Formation of a biofilm of a consortium of microscopic fungi on the surface of the D16T alloy
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the properties of metallic materials caused by 
the formation of a biofilm or biofouling layer. 
The biocorrosion of metals can be considered a 
consequence of coupled biological and abiotic 
reactions of electron transfer from metals to 
microbial cells [26].

The detailed mechanisms of biocorrosion are 
still poorly understood. Thus, in the article [27], 
the main attention of researchers was focused on 
studying the effect of biomineralisation processes 
occurring on metal surfaces, on the biocorrosion 
of metals, and the effect of extracellular enzymes 
active in the biofilm matrix on electrochemical 
reactions at the biofilm–metal interface.

It is generally accepted that the biocorrosion 
of metals under the influence of microscopic 
fungi is indirect and occurs when exposed to 
aggressive media formed as a result of their vital 
activity. However, we have shown in experiments 
that micromycetes are directly involved in the 
destruction of the surface of metals.

The role of reactive oxygen species (ROS) 
in the biocorrosion of metals. The production 
of ROS, including the superoxide anion radical 
(O2

•−), hydrogen peroxide (H2O2) and hydroxyl 
radicals (HO•), is a characteristic phenomenon 
of all living organisms, including mould fungi. 
ROS play various roles in cellular defence and 

Fig. 3. Photographs of a biofilm of a consortium of microscopic fungi on the surface of the D16T alloy
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in the transmission of signals that control the 
differentiation, development, and pathogenesis 
of micromycete cells [28]. ROS regulate the 
germination, development, and intercellular 
interactions in microscopic fungi. The study [29] 
points out that ROS are formed in microscopic 
fungi over the course of metabolic activity. The 
formation of ROS increases under the influence 
of various stress factors, including starvation, 
light, mechanical damage, and interaction 
with other living objects. The regulation of 
ROS content is the most important aspect 
in the development of a fungal organism. 
The review considers the sources of ROS in 
fungal cells, sensors, and pathways of ROS 
signal transduction. A detailed description of 
antioxidant protection in different classes of 
microscopic fungi is provided. 

Active oxygen metabolites - hydrogen peroxide 
H2O2 and the superoxide anion radical O2

•− are 
always present in cells in low concentrations, 
participating, among other things, in intra- and 
intercellular signalling [30]. Hydrogen peroxide 
is considered to be a marker of oxidative stress 
[31]. Hydrogen peroxide is a by-product in various 
cellular processes and the end product of many 
metabolic reactions.

In the physiological range of concentrations 
(from 1 nM to 0.1–0.5 µM), H2O2 acts as a 
signalling molecule, takes part in the processes of 
cell differentiation, migration, and proliferation 
[32, 33]. With an increase in concentration to 
1–10 μM, H2O2 causes the arrest of the cell cycle, 
which is usually restored and even accelerated in 
the case of a successful adaptation to oxidative 
stress. At high concentrations (≥10 µM H2O2) 
oxidative stress prevails, adaptation does not 
occur, and apoptosis starts. The boundaries 
of these reactions are relative and strongly 
depend on the cell type, cultivation conditions, 
and heterogeneous distribution of H2O2 in the 
cell, which makes the concept of the average 
intracellular concentration of H2O2 unacceptable 
[34].

The ability of soil micromycetes to synthesise 
and release hydrogen peroxide into the 
environment is widely known [35]. The study 
[36] reports on the ability of a microscopic 
fungus, Trichoderma guizhouense, to synthesise 
and accumulate significant amounts of hydrogen 

peroxide. The formation of H2O2 by fungi can 
occur through two main metabolic reactions: 
as a by-product of oxidation by FAD-dependent 
oxidases such as glucose oxidase or amino acid 
oxidases [37–40], and by dismutation of the 
superoxide anion radical O2

•− by superoxide 
dismutases (SOD) [41].

In [42], it was reported that the key role 
in the development of the phytopathogenic 
fungus Fusarium graminearum depends on 
the balanced dynamics of the formation of 
reactive oxygen species, in particular hydrogen 
peroxide. In [43], 50 strains of fungi belonging 
to different types of basidiomycetes were tested 
for the ability to synthesise and release H2O2. 
A comparative evaluation on the ability of 
microorganisms to decolorise synthetic dyes was 
carried out. Hydrogen peroxide is involved in the 
decomposition of lignin and cellulose by white 
and brown rot fungi as a co-substrate [44, 45]. In 
addition, it was shown that H2O2 plays a key role 
in the degradation of lignocellulose [46].

The study [47] proved the ability of mycelial 
fungus Stilbella aciculosa  to produce an 
extracellular superoxide anion radical during cell 
differentiation. In [48–50], detailed descriptions 
of the chemical and biochemical properties of 
O2

•− were presented.
Superoxide anion radicals during initiation 

of biocorrosion of metals. In our own previous 
studies [51, 52] it was shown that O2

•−, formed 
during the life of microscopic fungi, can pass 
into the pericellular environment and act as an 
initiator of physicochemical processes leading to 
deep destruction of metals. It is known that O2

•− 
in an aqueous solution exists in the form of an 
equilibrium mixture of a base and a conjugated 
acid - a hydroperoxide radical. At pH>7, the 
equilibrium is shifted towards O2

•−, the radicals 
of an equilibrium mixture in aqueous solutions 
rapidly transform into stable products as a result 
of parallel reactions [53, 54] in accordance with 
reaction schemes (1)–(4):

НО2
• ↔ O2

•− + Н+, Ka = 1.6×10–5,  
pKa = 4.60±0.15,		  (1)
НО2

• + НО2
• → О2 + Н2О2,  

k = (8.60±0.62)×105 M–1s–1,	 (2)
O2

•− + O2
•− + 2 Н2О → О2 + Н2О2 + 2 ОН–,  

k<0.35 M–1s–1, 		  (3)
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НО2
• + O2

•− + Н2О → О2 + Н2О2 + ОН–,  
k = (1.02±0.49) x 108 M–1s–1.	 (4)

As a result of the cascade of these reactions, 
corrosive agents accumulate in the medium, 
initiating metal corrosion.

The participation of hydrogen peroxide 
in the corrosion of metals. In a number 
of literary sources, the issue of the effect of 
hydrogen peroxide on metal corrosion and its 
participation in the initiation and stimulation of 
metal corrosion is considered [55, 56].

For example, the authors of [57, 58] studied 
the effect of hydrogen peroxide on the corrosion 
of stainless steel. The study presents the 
characteristics of oxide films formed on stainless 
steel when exposed to H2O2 and O2 in water. In 
[59], the corrosion of various stainless steels 
in chloride-containing alkaline solutions of 
hydrogen peroxide was studied by electrochemical 
methods. The authors concluded that alkaline 
solutions of hydrogen peroxide cause the 
corrosion of stainless steels to varying degrees, 
regardless of the content of chloride ions, 
and their corrosion activity increases with an 
increasing content of H2O2.

Titanium, currently widely used in dental 
implantology and orthopaedics due to its excellent 
corrosion resistance and mechanical properties, 
has proven to be unstable in environments 
containing H2O2 [60–62]. The corrosion of 
titanium in a hydrogen peroxide solution in 
an alkaline medium was investigated in [63]. 
The authors proposed a reaction mechanism 
based on the interaction of titanium oxide with 
perhydroxyl ion (HO2

–). 
The mechanism of aluminium dissolution 

in alkaline media. From a thermodynamic 
point of view, aluminium is an active metal, 
which is determined by the negative value of 
its equilibrium electrode potentials (–1.662 V, 
Al ‒ 3ē = Al3+; –2.35 V, Al + 4OH– – 3ē = [Al(OH)4]

–) 
[64].

The high corrosion resistance of aluminium 
under natural conditions is due to the presence 
of a multilayer passive film on its surface. In air, 
pure aluminium is covered with a strong oxide 
film 5–10 nm thick, which protects it from further 
oxidation [65]. It is formed as a result of oxidation 
of the surface layer of a pure metal by air and 
water oxygen molecules and reaches a thickness 

that ensures it is impervious to gases. To date, a 
lot of information about its structure has been 
accumulated. According to some data [66], under 
natural conditions at a temperature of 20 – 90 оС 
it consists of three layers: an amorphous oxide 
or hydroxide several nm thick located directly 
on the aluminium surface; a layer of pseudo-
boehmite Al2O3·1.3H2O located in between; and 
a layer of bayerite Al2O3·3H2O, a few microns 
thick on the top of it. According to other data 
[67–69], the protective film is a thin barrier 
layer of monohydrate orthorhombic boehmite 
g-AlO(OH) adjacent to the metal surface and a 
thicker outer layer of crystalline oxide consisting 
of bayerite or hydrargillite Al2O3·3H2O. Some 
authors noted that under normal conditions, a 
protective X-ray amorphous oxide layer with a 
thickness of 4–10 nm was formed on the surface 
of the aluminium, which may include bayerite 
Al(OH)3 and boehmite AlO(OH) [70–72]. The 
determining influence on the biocorrosion of 
the D16T alloy is exerted by the composition 
and state of the passivating layer on its surface 
[73–76].

Metallic aluminium actively reacts with 
various oxidising agents, including O2 and H2O. 
For example, the reaction products of aluminium 
with water are hydrogen and solid oxidation 
products formed according to schemes (5)–(7):

2Al + 3H2O = Al2O3 + 3H2, 	 (5)
2Al + 4H2O = 2AlO(OH) + 3H2, 	 (6)
2Al + 6H2O = 2Al(OH)3 + 3H2.	 (7)

The mechanism of aluminium oxidation has 
been studied in detail by a number of authors 
in [77 – 80]. The electrochemical dissolution 
of aluminium, according to the authors of [81, 
82], includes at least two conjugated processes: 
the formation of a protective passive oxide 
film (Al + 3OH– – 3e = AlO(OH) + H2O) and its 
chemical dissolution with the formation of 
soluble aluminates. The authors of [83] believe 
that in solutions with pH < 12, the rate of 
formation of a passive film is higher than the 
rate of its dissolution. Therefore, the rate of 
aluminium corrosion is controlled by the stage of 
removing hydroxide films from the metal surface, 
the dissolution of which is determined by the 
diffusion of [Al(OH)4]

– and OH–. It was pointed 
out in [84] that the corrosion of pure aluminium 
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in an alkaline solution can be explained by the 
operation of a short-circuited corrosion cell and 
includes the stages of formation and dissolution 
of a natural oxide film with simultaneous 
reduction of water molecules.

The development of modern methods for a 
reliable assessment of the biodamage of materials, 
the prediction of the effect of biocorrosion on the 
mechanical characteristics of products and the 
safety of their further operation are important 
and urgent tasks. Therefore, the study of the 
problem of microbiological corrosion of metals 
is of great importance for the development 
of ways to increase the durability of metal 
materials and products and structures based on 
them. Aluminium and its alloys are used as the 
main structural material for the manufacture of 
equipment for the food industry, aircraft, and 
spacecraft [85].

Now, the mechanism of metal biocorrosion 
under the influence of microscopic fungi has not 
been fully studied, and the existing methods of 
protection against it are ineffective [86, 87]. The 
biocorrosion of aluminium and alloys based on it 
is still a poorly studied issue and causes a lot of 
controversy in the scientific world.

Purpose:  determination of the main 
biological factor initiating biocorrosion of 
the D16T alloy; assessment of the biological 
impact of the association of microscopic fungi 
on the alloy in order to develop scientifically 
grounded and effective methods of protecting 
aluminium and its alloys from biocorrosion by 
micromycetes.

The focus of the study was the aluminium 
alloy D16T in accordance with state standard 
(GOST) 4784-2019 after hardening and natural 
ageing, which is widely used for the manufacture 
of load-bearing elements of structures and 
equipment of fuel systems of aircraft, car 
bodies, parts of various machines and assembles 
operating at low temperatures, in the food and 
pharmaceutical industries. In our previous study, 
we investigated the biocorrosion of AD0 grade 
aluminium and aluminium-based alloys: B65, 
D16, AMg6 [88, 89].

Using a scanning electron microscope, 
the stages of initiation and development of 
biocorrosion of the D16T alloy under the influence 
of a consortium of mould fungi were studied. The 

phase composition of D16T corrosion products 
has been studied.

2. Experimental
In the experiments, a consortium of natural 

strains of microscopic fungi was used, the spores 
of which were isolated from the air of industrial 
premises and from washings from the working 
surfaces of equipment. The surface of Czapek–
Dox solid nutrient medium with sucrose, 
poured into Petri dishes, was inoculated with 
micromycete spores. Petri dishes with a dense 
nutrient medium were open in the working 
areas of production facilities for several hours, 
after they were placed in a thermostat for the 
development of lawn of micromycetes. According 
to the second method, swabbings of equipment 
surfaces were applied to the surface of a dense 
nutrient medium in the form of a suspension of 
micromycete spores in physiological solution 
(0.9% NaCl), obtained by wiping the surfaces 
with a cotton swab. Next, the prepared metal 
samples were placed on the lawns of micromycete 
consortiums. The experiment lasted at least 
10 months at a temperature of (27±2)  °C in 
a biological thermostat. A comparison was 
performed with control samples placed on sterile 
nutrient media. The experimental technique is 
described in detail in [51, 52, 90].

The identification of micromycetes from the 
surface of metal samples was carried out based on 
their morphological and cultural features, using 
an identification guide [91, 92].

The results of the research showed that 
the mycobiota of aluminium alloys was 
mainly represented by the following genera of 
micromycetes: Alternata, Aspergillus Mucor and 
Penicillium.

Preparation of samples and the assessment 
of biocorrosive damage. Metal samples in the 
form of 30x20x15 mm and 20×20×15 mm bars were 
ground to obtain a smooth surface and polished 
to a mirror finish. Then they were washed with 
water, the surface was degreased with carbon 
tetrachloride, ethyl alcohol, and dried.

Corrosion products after exposure were 
removed mechanically with a brush with polymer 
bristles. Corrosion products strongly adhering to 
the surface was removed by ultrasonic cleaning 
with an ultrasonic frequency of 20–30 kHz. The 
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medium was distilled water with a temperature of 
(20±2) °C. For the identification of the most severe 
biodamage, the samples were analysed visually. 
To reveal the microstructure of the surface, the 
samples were etched in a Keller solution of the 
following composition: HF (48 %) 1.0 ml; HCl 
(r  = 1.19 g/cm3) 1.5 ml; HNO3 (r = 1.42 g/cm3) 
2.5 ml; H2O 95.0 ml.

The macroscopic study of the surface of 
the samples was carried out using an MBS-
2 light microscope. Microstructural studies 
in the cross section of corroded samples were 
carried using an optical microscope MT 753F. 
The fine structure of the corroded samples 
was analysed using TESCAN VEGA 3 XMH 
scanning electron microscope with a lanthanum 
hexaboride LaB6 cathode. Qualitative and semi-
quantitative analysis of chemical elements 
present in the composition of corrosion products 
after exposing the samples to the lawns of 
micromycete consortiums was carried out using 
energy dispersive X-ray spectroscopy (EDS-
analysis). The equipment for EDS analysis was 
an energy-dispersive spectrometer based on 
a semiconductor silicon-drift detector with 
nitrogen-free cooling, mounted on a scanning 
electron microscope column with a range of 
detected elements from Be(4) to Pu(94).

X-ray phase analysis of sample biocorrosion 
products was carried out by the standard 
method using a Dron-3M diffractometer with 
monochromatised CuKa-radiation in a Bragg-
Brentano geometry. The identification of 
crystalline phases was carried out by comparison 
of the obtained experimental values of interplanar 
distances and relative intensities with the 
reference ones.

Identification of ROS. For the registration of 
the extracellular superoxide anion radical O2

•− nitro 
blue tetrazolium chloride dye (NBT2+) 2Cl– was 
used. This dye is widely used for these purposes 
in various chemical and biochemical studies 
[93, 94], it is reduced to mono- and diformazans 
characterised by absorption maxima at 525 nm 
(e525 = 23400 M−1cm−1 in ethanol) and 605  nm 
(e605 = 40200 M−1cm–1 in a mixture of ethanol – 
chloroform), respectively [95]. Formazan was 
eluted from the aqueous extract using a dimethyl 
sulfoxide – chloroform mixture in a 2:1 volume 
ratio. The concentration of coloured formazan 

in the analysed samples was determined using 
a UV‑3600i Plus spectrophotometer (Shimadzu, 
Japan). As a control, a dye solution with the addition 
of superoxide dismutase (SOD, 15 Units) was used, 
which at pH = 7 and a temperature of (20–25) °C 
with a rate constant of k = (1.8 – 2.3)×109 M–1s–1 

with absolute specificity, catalyses the reaction of 
dismutation of the superoxide anion radical into 
H2O2 and О2 [96–98]. The research methodology 
is described in detail in [52, 90, 99].

Also, the formation of O2
•− was confirmed by 

the spectrophotometric method using adrenaline 
[100]. For experiments, we used a pharmacopoeial 
preparation of epinephrine hydrochloride 
(1  mM, pH = 7, treatment time 15 min), which 
in the presence of O2

•− turns into adrenochrome 
[101]. Adrenochrome formation was monitored 
spectrophotometrically using a UV-3600i Plus 
(Shimadzu, Japan) at lmax = 347 nm. The reaction 
constant of the superoxide anion radical with 
adrenaline is (4.0–5.6)×104 М–1s–1 [102, 103]. 
The superoxide specificity of the adrenaline-
adrenochrome system was confirmed by a 
significant (up to 75 %) inhibition of the detection 
of the superoxide anion radical in the presence 
of superoxide dismutase (SOD, 15 Units). 200 µl 
of 0.1 % aqueous solution of epinephrine 
hydrochloride was added to 2 ml of liquid exudate 
freed from micromycete cells. After 15-mins of 
incubation, spectrophotometric measurement 
was performed.

For the determination of hydrogen peroxide 
in the liquid exudate formed during aluminium 
biocorrosion, the so-called FOX method was 
used. The FOX-method is based on the change in 
colour of the xylenol orange dye (lmax = 540 nm, 
e540  =  26800 M–1sm–1). The reaction reagent 
included: 500 μM iron ammonium sulphate; 50 mM 
sulphuric acid; 100 mM sorbitol; 250 µM xylenol 
orange [104]. The measurements were carried 
out using a UV-3600i Plus spectrophotometer 
(Shimadzu, Japan) at a wavelength of 540 nm. 
The amount of hydrogen peroxide was calculated 
using calibration curves.

The concentration of H2O2 was measured by 
the titanium method [105, 106].

3. Results and discussion 
Interactions in the “metal - micromycetes” 

system at the stage of initiation of biocorrosion 
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should be considered as a set of physicochemical, 
chemical, and biochemical processes occurring at 
the interfaces between surface oxygen compounds 
of aluminium, forming its protective passive film, 
and an aqueous solution of exudate formed 
during the life of cells microscopic fungi, with 
the involvement of environmental components 
- oxygen and water.

The first stage mycological corrosion of 
metal is characterised by the development of 
colonies of micromycetes. For some period of time 
(3-5 days) they adapt, grow and develop, then 
exometabolites appear and locally accumulate, 
initiating the primary processes of destruction 
of the metal surface. Biocorrosion begins from 
the ends and on the side surfaces of the samples 
with the appearance of exometabolites or the so-
called exudate in the form of a transparent mobile 
liquid. Where there is a local concentration 
of exometabolites, they interact with the 
components of the passive protective metal film. 
This is possible only with the participation of 
water, the film of which can appear on the metal 
surface due to capillary condensation. This will be 
facilitated by the mycelium of microscopic fungi 
fixed on the surface of the metal. Due to the energy 
inhomogeneity of the metal surface, its various 
parts will interact with living cells and electrolytes 
with different intensities [107]. This leads to the 
uneven formation of corrosion centres. Following 
this, electrochemical processes on the metal 
surface take part in the general mechanism and 
cathodic and anodic depolarisations occur. When 
the surface structures protecting the base metal 
are loosened, hyphae and conidia of microscopic 
fungi penetrate deep into the metal and interact 
with the components of the corrosive medium.

In these experiments, we simulated conditions 
close to the real operating conditions of metals 
and alloys, using artificially prepared nutrient 
media for cultivating micromycetes.

We have assessed corrosion damage during 
all stages of biocorrosion with a detailed analysis 
of the stages of the process, the appearance of 
samples, the area and depth of corrosion damage:

- the appearance of exudate in the form of 
a transparent liquid from the ends and on the 
side surfaces of the samples and the initiation of 
biocorrosion;

- fouling of the sample surface with mycelium 

followed by the introduction of hyphae into the 
loose surface structures of the metal;

- transformation of a transparent exudate 
into a mobile gel, easily removed from the metal 
surface;

- the transformation of the gel into jelly;
- ageing and crystallisation of jelly with the 

formation of amorphous corrosion products;
- the formation of solid crystalline corrosion 

products that firmly adhere to the surface of the 
sample.

In the case of electrochemical corrosion of 
aluminium, a similar sequence of processes is 
not observed. We will consider these stages in 
more detail.

The initial stage of biocorrosion is the local 
appearance on the surface of a micromycete 
consortium lawn in contact with the metal, an 
exudate in the form of a transparent and highly 
mobile liquid with a pH of 8–9 (Fig. 4). The 
formation of an exudate was also noticed in 
the study of aluminium biocorrosion under the 
influence of individual strains of micromycetes 
on it [90]. Similarities can also be traced in the 

Fig. 4. Drops of exudate on the lateral surfaces of 
corrosive samples (shown by arrows)
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staging of the process and general observations.
Within two to three days from the beginning 

of the experiment, the consistency of the exudate 
becomes gel-like (Fig. 5). A transparent gel 
eventually turns into a jelly, undergoes ageing 
and its structural changes occur: compaction, 
turbidity and crystallisation, and the pH value 
gradually shifts to neutral.

The study of the surface morphology of 
the samples at the initial stage of biocorrosion 
showed that the mycelium of micromycetes is 
fixed on the surface of the samples (Fig. 6) and 
then penetrates through the protective film deep 
into the metal (Fig. 7).

After adsorption and fixation of hyphae of 
micromycetes on certain energetically favourable 
areas of the alloy surface, hyphae and conidia 
of micromycetes are introduced into the loose 
and defective sites of the surface layers of the 
metal. In these sites, pittings and ulcers are 
subsequently found (Fig. 8).

Biocorrosion mechanism of the aluminium. 
The biocorrosion of aluminium is a complex 
phenomenon that includes at least three processes 
[89]: 1) the interaction of the components of the 
protective passive film and pure metal with 
reactive oxygen species released during the life of 
microscopic fungi; 2) electrochemical corrosion 

of the alloy due to the operation of short-circuited 
galvanic cells; 3) reductive activation of oxygen 
with the participation of zero-valent aluminium 
ZVAl with the formation of hydrogen peroxide, 
which is involved in the direct destruction of the 
metal and in the cascade of ROS reactions, as well 
as heterogeneous decomposition of hydrogen 
peroxide by a mechanism similar to the Fenton 
reaction.

Intense corrosion damage to the surface of 
the D16T alloy at the initial stages of exposure 
to microscopic fungi suggests that the corrosive 

Fig. 5. Translucent gel at the sites of exudate forma-
tion (shown by arrows)

Fig. 6. Adhesion of mycelium of micromycetes on the surface of the samples and their gradual overgrowth 
(shown by arrows)
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agents are, first of all, OH– and H2O2. The cascade 
of reduction reactions involving water molecules 
that proceed according to the electrochemical 
mechanism on the microcathode areas of the 
surface of the corroding aluminium alloy can 
serves as the source of OH–-ions, while oxidative 
dissolution of aluminium alloy occurs on the 
microanode areas. It is difficult to explain the 
continuous accumulation of OH- ions during 
the initial stages of biocorrosion using only the 
electrochemical mechanism of corrosion. During 
this period, no obvious corrosion damage is 
observed, however, exudate drops in direct contact 
with the surfaces of the samples grow in volume 
and, at the same time, their pH value increases (up 
to 10–11). Upon exposure to microscopic fungi 
OH– ions constantly accumulate in the liquid 
exudate in sites of direct contact with the metal, 
which is possible only as a result of the occurrence 
of respiratory and metabolic processes in the 
cells of microscopic fungi with the participation 
of oxygen and water.

Interaction of aluminium with ROS produced by 
micromycetes. The surface charge of a protective 
aluminium oxide film plays an important role in 
its interaction with charged particles. We believe 
that the surface of aluminium in an aqueous 

solution containing hydroxide ions is negatively 
charged. This promotes the adsorption of electron 
acceptor molecules, including oxygen molecules, 
on the surface of a passive aluminium film, which 
are rapidly reduced on it.

If we assume that due to a local increase in 
pH, the protective passive film was dissolved and 
its clean surface was exposed, then aluminium 
will react rapidly with the ROS produced by 
micromycete cells. For example, it becomes 
possible for aluminium to interact with the 
superoxide anion radical released during the life 
of microscopic fungi, which can be represented 
by the scheme (8):

Alo + O2
•− = [Alo···O2

•−]ads = [Al+(O2
–)]–.	 (8)

The resulting surface adsorption complex 
undergoes hydrolysis with the formation of an 
OH– ion and Al(OH)3 by reactions (9)–(11):

[Al+(O2
–)]– + H2O = [AlO(OH)] + OH–,	 (9)

[AlO(OH)] + H2O = Al(OH)3,	 (10)
AlO(OH) + H2O + OH– = [Al(OH)4]

–.	 (11)

After dissolution of the protective film 
o f  a l u m i n i u m  w i t h  t h e  fo r m a t i o n  o f 
tetrahydroxoaluminate ions, they diffuse into 
the volume of a drop of liquid exudate, where 

Fig. 8. Surface of the sample after exposure to a con-
sortium of micromycetes for 60 days. Pitting is visible. 
Some pits merge into ulcers and cavities

Fig. 7. Micrograph of the sample surface with myceli-
um filaments (hyphae) of micromycetes
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its further transformations are possible in close 
proximity to the mycelium of micromycetes.

Hydroxide ions and water molecules are 
able to penetrate and move in films of surface 
oxygen compounds of aluminium [107]. Studies 
[108, 109] have shown a significant effect on the 
rate of dissolution of aluminium in an alkaline 
medium of the diffusion factor - the delivery of 
ОН– ions to corroding metal. We believe that the 
development of pitting corrosion of aluminium 
in an aqueous medium with pH>7 is initiated 
due to the local enrichment of the surface with 
hydroxide ions. The nucleation and development 
of pitting on the aluminium surface proceeds 
primarily in defects in the passive oxide film 
due to the displacement of oxygen-containing 
aluminium compounds by aggressive OH– anions 
followed by the interaction of the metal with ROS. 
The adsorption/chemisorption of the superoxide 
anion radical on the hole centres of the passive 
aluminium film components is possible. For 
example, the ability of the g-AlO(OH) boehmite 
surface to stabilise ROS has been proven [110]. 
The superoxide anion radical O2

•− stabilises on 
the defect-free boehmite surface, then, with the 
participation of water, the surface hydroperoxide 
(perhydroxyl) radical HO2

∙ is formed according to 
reactions (12)–(14):

O2
•− + (H2O)-AlO(OH) = HO2

• + (−HO)–AlO(OH),	(12)

or 

O2
•− + (H2O)–AlO(OH) =  

= (•−O–O)-AlO(OH) + H2O,	 (13)
(•−O–O)–AlO(OH) + H2O = 
= (HO–O)-AlO(OH) + OH–.	 (14)

During the life of microscopic fungi, as 
well as under the conditions of oxidative stress 
of micromycete cells, a certain amount of 
endogenous hydrogen peroxide in concentrations 
of 10–4–10–6 M metabolically accumulates in the 
environment. In this case, its interaction with 
aluminium can occur according to the Fenton 
reaction. The formation of hydroxyl radicals (HO–) 
will be initiated through electron transfer from 
Alо to H2O2 according to schemes (15)–(17) [111]:
Alо + 3H2O2 = Al3+ + 3[H2O2]

•−,	 (15)
3[H2O2]

•− = 3OH− + 3OH•,	 (16)
Al3+ + 3OH− = Al(OH)3.		  (17)

Our experiments confirmed that the 
decomposition of hydrogen peroxide begins 
after some time, during which the natural oxide 
layer dissolves. Thus, under the considered 
conditions, hydrogen peroxide is an intermediate 
product of oxygen activation reactions and 
undergoes heterogeneous decomposition, 
electrochemical transformation (conjugated 
oxidation and reduction reactions), or enzymatic 
decomposition. In an alkaline environment H2O2 
turns into HO2

– and then reduced to OH- according 
to schemes (18)–(20):

Alо + 4OH− – 3e = [Al(OH)4]
–,	 (18)

H2O2 + 2e = 2OH−,		  (19)

in total: 

2Alо + 2OH− + 3H2O2 = 2[Al(OH)4]
–.	 (20)

Now, a number of literary sources [112 – 
115] report that in an aqueous solution it is 
possible to generate isomeric forms of the HOOH 
molecule, in particular, the oxywater molecule 
[H2O

+O−] in the form of a zwitterion. The latter 
heterolytically dissociates with the release of 
a water molecule and a singlet oxygen atom 
O([↑↓][↑][↓]) or 1D-oxene O[↑↓][↑↓][_], which 
exhibit high oxidising properties and mediate the 
decomposition of hydrogen peroxide itself. We 
do not rule out the possibility of the formation 
of such highly reactive molecules in the studied 
system. The formation of oxywater and singlet 
oxygen can probably be postulated in the general 
scheme of aluminium–ROS interactions.

In the overall  process of aluminium 
biocorrosion, we propose to conditionally 
distinguish several stages [116–118]. Aluminium 
biocorrosion induction stage, during which the 
hydrolysis of the protective passive film occurs, 
leading to an impairment of its continuity and an 
increase in the permeability for water molecules. 
This becomes possible due to the presence of 
structural defects in the passive aluminium film 
that are impermeable to air oxygen, but open 
upon contact with liquid water, for example, due 
to the Rehbinder effect. Another possible reason 
for the destruction of the protective film is its 
chemical dissolution, which will occur locally 
in its most defective sites. This is facilitated 
by the formation of a liquid exudate with basic 
properties by micromycetes. At pH  >  7, the 

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2022;24(2): 155–181

D. V. Belov, S. N. Belyaev	 The decisive role of biological factors in the corrosion of the D16T alloy. Review



168

dissolution of aluminium oxide compounds 
occurs mainly with the formation of [Al(OH)4]

- 
ions[119, 120] and includes oxide hydration and 
dissolution of the formed aluminium hydroxide 
according to schemes (21)–(23):

Al2O3 + H2O = 2AlO(OH)

or 

Al2O3 + 3H2O = 2Al(OH)3,	 (21)
AlO(OH) + H2O + ОН– = [Al(OH)4]

–,	 (22)
Al(OH)3 + ОН– = [Al(OH)4]

–.	 (23

According to [121], when aluminium hydroxide 
comes into contact with metallic aluminium, the 
so-called “rehydrolysis” of aluminium hydroxide 
can occur, leading to the formation of aluminium 
oxide according to reaction (24):

2Al(OH)3 + 2Al = 2Al2O3 + 3H2.	 (24)

The resulting aluminium oxide is less permeable 
to water molecules than aluminium hydroxide. 
Defects that are opened upon contact with 
water are closed by a newly formed oxide, which 
significantly inhibits the biocorrosion of the metal.

At the induction stage [77–80], the Al–O–Al 
structural bridges are destroyed with the formation 
of Al–OH bonds; at the same time, the pH of the 
exudate formed by micromycetes increases, the 
value of which can reach up to 11. With a passive 
aluminium film thickness of 2–4 nm [76], 5–10 
aluminium oxide layers can be located above the 
surface of a pure metal. The passive film localised 
at the boundaries of crystal grains will probably 
have the most defective structure [79].

Hydroxyl groups are able to diffuse from the 
“exudate-passive film” interface to the “passive 
film-aluminium” interface, forming structural 

hydroxides. The diffusion of OH groups is 
significantly accelerated with an increase in the 
number of defects in alumina [80]. When the OH-
groups come into contact with metallic aluminium, 
aluminium hydroxide is “rehydrolysed” according 
to reaction (24). The resulting aluminium oxide 
will increase the thickness of the passive film and 
may be hydrolysed again. The intensification of 
the process will be facilitated by the destruction 
of the oxide coating.

In experiments, we noticed the formation 
of hydrogen and saturation of drops of liquid 
exudate adjacent to the surfaces of the samples 
with it (Fig. 9). If the rate of hydrogen formation 
is higher than the rate of its diffusion, the 
resulting hydrogen, accumulating under the oxide 
coating, can lead to its destruction [75]. The oxide 
coating is a significant obstacle to the formation 
of hydrogen, since the diffusion coefficient of 
hydrogen in the oxide is 10–13−10–14 cm2/s [122, 
123]. In turn, the effective diffusion coefficient 
of ОН–-groups in the oxide is much lower and 
amounts to ~10–17 cm2/s [80]. The conditional 
end of the induction period is due to the fact 
that the hydrolysed passive film dissolves locally 
in the most defective sites, which leads to the 
intensification of biocorrosion.

Intensive aluminium biocorrosion stage. As 
the oxidation of the metal proceeds, point 
penetration defects and their number per unit 
surface increases. The resulting aluminium 
hydroxide covers most of the aluminium surface. 
In the process of aluminium oxidation, aluminium 
hydroxide micelles are formed in the zones of 
penetration defects, which do not prevent the 
transfer of water to the oxidising metal, fill the 
defect volume, and eventually emerge on the 

Fig. 9. The formation of hydrogen produced during the interaction of exudate with the D16T alloy at the sites 
of its contact with the lawn of micromycete mycelium.
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aluminium surface. Further, this leads to the 
formation of a water-saturated gel, enveloping the 
corroding area of the surface of the metal sample.

The transfer of aluminium hydroxide is carried 
out mainly by ions [Al(OH)4]

– [118]. Mass transfer 
prevents the rapid accumulation of solid corrosion 
products on the aluminium surface and promotes 
an increase in the rate of biocorrosion. Over time, 
the gel-like aluminium hydroxide, enveloping 
the surface of the metal, is converted into its 
crystalline form. Over time, the gel ages: it loses 
water molecules, becomes structured, compacted, 
and loses the ability to pass water to the surface of 
the oxidised metal [77]. With a lack of hydroxide 
ions, a decrease in water permeability occurs 
due to an increase in the volume of corrosion 
products and structuring of the freshly formed 
hydroxide. These processes can be represented 
as a diagram: micelles Al(OH)3 → water-saturated 
gel → structured gel → crystalline corrosion products. 
From this moment, a slowdown in the overall rate 
of aluminium biocorrosion is observed. Intensive 
oxidation of the metal gradually fades.

pH change of the exudate during aluminium 
biocorrosion. We noticed that in the studied 
system, the pH value of the exudate formed at 
the metal–micromycete consortium boundary 
can either increase or decrease. It is known [124] 
that during the hydration of aluminium oxide, 
which forms a passive surface film, hydroxide 
ions are formed, which are bound to the metal 

surface in various ways. The formation of the 
surface charge is controlled by the adsorption 
of protons and hydroxide ions by active sites on 
the surface. The surface of aluminium hydroxide 
is amphoteric and, depending on the pH of the 
medium, can act as an acid or Bronsted base. It 
is known, that at a pH value less than the value 
corresponding to the zero charge point (ZCP), 
the surface is charged positively, and at a higher 
pH value, it is charged negatively. The ZCP value 
can vary from ~7 to ~10 depending on the type of 
aluminium oxide [124]. The decrease in exudate 
pH during the stage of intense biocorrosion of 
aluminium is associated with the dissolution of 
aluminium hydroxide, and the increase in pH is 
associated with the association of Al(OH)3 into 
chains (polymerisation) [118], accompanied by 
the loss of OH- according to reaction (25):

[Al(OH)4]
– = Al(OH)3 + OH–.	 (25)

These processes compete with each other. In 
turn, during the stage of biocorrosion initiation 
(3–5 days), the pH of the exudate can reach 8–9, 
which is associated with the formation of ROS by 
micromycete cells and their interaction with water 
and air oxygen. These observations were confirmed 
by us for a wide range of metals [125, 126].

Finishing stages of biocorrosion. The process 
of biocorrosion ends with the depletion of the 
nutrient medium and the termination of the life 
of micromycetes. In our experiments, after at 

                                                        a                                                                                                b
Fig. 10. Biocorrosion products of the alloy: gel and jelly at the sites of exudate formation (a); crystalline cor-
rosion products (b)
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least ten months of exposure, complete depletion 
of the nutrient medium was observed. The 
products of aluminium biocorrosion successively 
turned from a gel (Fig. 10) into multi-coloured 
crystalline formations of irregular shape (Fig. 
11). The surface of the samples, which was in 
direct contact with the lawn of micromycetes, was 
subjected to significant damage (Fig. 12).

Assessment of corrosion damage. Corrosion 
damage develops according to the mechanism of 
pitting corrosion, turning into ulcer corrosion, and 
is localised at the sites of contact of aluminium 
with exudate produced by micromycetes. After 
10 months of exposure, the entire surfaces of the 
samples, which were in close contact with the 

mycelium of the consortium of microscopic fungi, 
were subject to corrosion damage. Characteristic 
features of the final stage of biocorrosion of 
aluminium alloys are deep ulcers (up to 2–3 mm) 
and cavities of various shapes filled with corrosion 
products (Figs. 11, 12).

Along with white and brown corrosion 
products in the form of irregularly shaped 
clusters, we observed an insignificant amount 
of light blue corrosion products characteristic of 
copper compounds (Fig. 13).

The results of X-ray phase analysis of the 
corrosion products of the D16T sample, which 
were collected from different parts of the surface, 
are shown in Table 1. During the destruction of 

                                                      a                                                                                                     b
Fig. 11. Appearance of samples with corrosion products: (a) 3 months after the beginning of the experiment; 
(b) 10 months after the start of the experiment

                                                        a                                                                                               b
Fig. 12. Appearance of the sample without corrosion products during the final stages of the experiment 
(10 months): lateral edges of the sample (a) (subsurface corrosion is clearly visible); surface in direct contact 
with the lawn of a micromycete consortium (b)
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the material under the influence of micromycetes, 
we found some oxygen compounds of aluminium 
in its corrosion products: g-Al(OH)3, a-AlO(OH), 
5Al2O3·H2O [120, 127, 128], copper and magnesium.

EDS analysis confirmed the presence of 
aluminium, copper, and magnesium oxygen 
compounds in the corrosion products [121, 129]. 
The results of the EDS analysis of the corrosion 
products of the D16T alloy sample collected from 
different parts of the sample surface are shown 
in Fig. 14. Phosphorus, sulphur and nitrogen 

were recorded in addition to oxygen among non-
metals. In our opinion, the sources of these non-
metals are the remains of cells of microscopic 
fungi and elements of the nutrient medium.

At the initial stage, local selective corrosion is 
observed on a small area, which intensively spreads 
deep into the metal along the grain boundaries. 
After, local corrosion in the form of spots spreads 
over the surface of the samples. Observations 
using an electron microscope made it possible to 
detect the presence of centres of intergranular 
corrosion (Fig. 15). The depth of corrosion damage 
in some areas of the surface reached 1.5–2.0 mm. A 
corrosive medium formed as a result of the activity 
of microscopic fungi and containing ROS and 
hydroxide ions entered deep into the metal and 
destroyed the outer grain boundaries of the D16T 
alloy. There was a fragmentary destruction of the 
grains. In this case, the grain boundary material 
acted as an anode to the copper-rich grains that 
are the cathode regions.

Microstructural studies of the samples showed 
the presence of areas of biocorrosion damage under 
the metal’s surface. Subsurface corrosion starts 
at the surface of the metal and spreads deeper. 
The mycelium of microscopic fungi can easily 
penetrate into the formed cavities in the alloy, 
which contribute to the deepening of the process.

Table 1. Data of X-ray structural analysis of corrosion products of the D16T alloy

Location of sites (no. 1, no. 2) on the surface of 
the sample with corrosion products for which 

X-ray phase analysis was performed

Surface area 
number 2q, grad d, nm I, % Phase

1

38.58 2.3336 100 Al

40.2 2.2432 12.35 g-Al(OH)3

43.54 2.0785 37.18 Al

44.8 2.0230 58.70 g-Al(OH)3

0.64 1.8025 16.97 g-Al(OH)3

65.18 1.4312 15.46 Al

2

35.22 2.5481 9.16 AlO(OH)

36.9 2.4358 12.07 g-Al(OH)3

38.69 2.3278 45.20 5Al2O3·H2O

40.26 2.2400 9.60 g-Al(OH)3

44.94 2.0170 100 Al

50.7 1.8005 15.13 g-Al(OH)3

65.28 1.4293 51.96 Al

78.3 1.2205 22.15 Al

Fig. 13. Products of copper corrosion on the sample 
surface
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The presence of copper and magnesium 
compounds in the biocorrosion products of the 
D16T alloy can be explained by component-
selective corrosion of the alloy and selective 
etching of aluminium from its structure. A more 
intense destruction of aluminium occurred in 
the surface layers of D16T. The interaction of 
copper and magnesium with ROS at pH>7 is also 
thermodynamically possible. This was confirmed 
by the EDS analysis of corrosion products studied 
on a transverse section of the sample (Table 1).

We proposed that the oxidation of copper in 
an alkaline medium is realised with the formation 
of oxygen compounds of copper according to 
schemes (26)-(28):
2 Cu + 2OH– – 2e = Cu2O + H2O,	 (26)
Cu2O + 2OH– – 2e = 2CuO + H2O,	 (27)
Cu2O + 2OH– + H2O – 2e = 2Cu(OH)2.	 (28

Intergranular corrosion. The analysis of 
literature data shows that the driving force of the 
IGC is the difference in electrochemical potentials 
that occurs at the matrix/particle interface 

(aluminium solid solution/second phase), the 
value of which, in the general case, is the higher, 
the less coherent the interface is and the larger 
the size particles [130].

The intensity and depth of IGC depend on the 
structure of the matrix, primarily on the length 
and structure of grain and subgrain boundaries 
[131]. Since the D16T alloy is located at the 
boundary of the (a + S) and (a + S + q) regions, 
two types of strengthening particles can be 
distinguished in it – q (Al2Cu) and S (Al2MgCu), 
the polarisation of which is different in relation to 
the matrix: the q phase is the cathode in relation 
to the matrix, and the S phase is the anode.

The phase of Al2Cu intermetallic compound 
is distinguished by grain boundaries, which 
are unstable and selectively decompose due 
to electrochemical heterogeneity. From the 
intermetallic compound Al2Cu aluminium can 
selectively pass into the solution and the copper 
forms irregularly shaped conglomerates. The 
surface becomes porous, cavities of various 
configurations and depths are formed (Figs. 15, 16). 

Element
Chemical composition in the site (a) of the surface, %

Spect
rum 1

Spect
rum 2

Spect
rum 3

Spect
rum 4

Spect
rum 5

Spect
rum 6

Al 25.27 9.97 20.22 26.51 23.54 11.07

Cu 9.98 65.55 2.22 0.95 7.67 63.98

Mg 0.3 0 0 0.57 0.28 0

O 53.46 22.56 63.16 66.18 46.5 55.7

P 2.06 0.73 1.29 0.71 3.54 1.05

S 5.08 1.18 8.82 1.16 13.59 0.89

N 3.84 0 4.29 3.86 4.88 0

Element

Chemical composition in the site (b) of the surface, %
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Al 32.87 0.7 0.54 9.65 9.11 67.17 59.18 63.66 2.81
Cu 35.21 89.43 90.57 4.81 3.74 3.54 4.44 3.86 77.67
Mg 1.35 0 0 1.95 1.85 1.3 1.38 1.42 0.92
O 20.82 7.13 6.54 51.24 53.7 21.67 25.40 22.72 12.24
P 3.05 0.3 0.26 9.94 9.29 2.1 2.85 2.91 2.01
S 0.79 0.87 0.68 0.87 1.0 0.39 1.0 0.74 0.78

N 1.98 0.97 0.98 3.84 3.91 1.49 2.35 1.99 1.38
Fig. 14 Results of EDS analysis of corrosion products in sites (a) and (b) on the sample surface
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Subsequently, copper also undergoes destruction, 
as evinced by the presence of its oxidation 
products.

The process of dissolution of the S phase is 
more complicated. First, it dissolves according 
to the anode mechanism, losing aluminium 
and magnesium ions. This leads to a change in 
the chemical composition of the phase, and it 
becomes a cathode in relation to the matrix, with 

a corresponding change in the mechanism of its 
chipping [130].

Based on the obtained data, it can be concluded 
that the IGC of the D16T alloy under the influence 
of microscopic fungi is due to the synergistic 
effect of structural and phase factors. Corrosion 
lesions are characterised by their great depth and 
branching. This may be due to the separation of 
phases along the boundaries of subgrains and the 

Fig. 15. Microstructures of different sections of the surface of a lateral section of a sample with foci of inter-
granular corrosion

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2022;24(2): 155–181

D. V. Belov, S. N. Belyaev	 The decisive role of biological factors in the corrosion of the D16T alloy. Review



174

emergence of a greater driving force of corrosion 
(difference in electrochemical potentials). 
Along with this, relatively narrow, but very deep 
channels of corrosion lesions are observed, which 
merge into continuous corrosion centres in the 
form of ulcers. This pattern may be due to the 
decomposition of the solid solution, which leads 
to the formation of large particles of stable S and 
q phases in the recrystallised regions [132, 133].

Classical methods of corrosion protection, 
such as the use of organic inhibitors or 
coatings based on polymeric materials, become 
ineffective under conditions of microscopic fungi 
development. Much more often, experts offer 
methods of inhibiting, rather than combating 
biocorrosion. The tactics of combating the 
biocorrosion of metals under the influence of 
micromycetes should take into account the 
peculiarities of the biochemical mechanisms 
of the functioning of microorganisms. Only by 
knowing the mechanisms of interaction in the 
“microorganism - metal” system is it possible 
to create effective ways to protect metals from 
biocorrosion.

The formation and release of reactive 
oxygen species by micromycetes into the 
external environment is one of the factors 
of biocorrosion. Hyperproduction of ROS 
may be a consequence of oxidative stress 
in micromycetes. This may be caused by an 
impairment of the natural “redox status” of 
microscopic fungal cells that are in direct 
contact with the metal surface. The presence of 
water contributes to the conversion of ROS into 
their most stable and “long-lived” forms, which 
either initiate the biocorrosion of duralumin 
and its alloys themselves, or trigger a cascade 
of reactions involving hydroxide ions.

Model systems show that the surface of an 
aluminium alloy in contact with micromycete 
consortiums is subjected to global destruction, 
which is unacceptable when operating equipment 
or products under the influence of micromycetes. 
Based on a detailed study of the mechanism of 
occurrence and development of biocorrosion of 
duralumin under the influence of microscopic 
fungi, effective methods of protection against 
biocorrosion will be developed.

Fig. 16. Foci of intergranular corrosion of samples
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4. Conclusions
During the vital activity of microscopic 

fungi, reactive oxygen species that initiate 
the biocorrosion of the D16T alloy are formed. 
The initial stage of biocorrosion is due to the 
hydrolysis of the protective passive aluminium 
film. During the stage of intense biocorrosion, 
oxygen-containing aluminium compounds in the 
form of a water-saturated gel are formed. Further, 
this corrosion product is accumulated and its 
water permeability decreases. The gel undergoes 
“ageing” and turns into crystalline products. The 
conidia and hyphae of microscopic fungi adhere, 
mechanically attach to the surface of the metal 
and penetrate into the surface layers and deep 
into the metal, causing its corrosion damage 
in the form of pitting, ulcers, and cavities. The 
initiation of metal biocorrosion is a consequence 
of the hyperproduction of reactive oxygen species 
by micromycete cells as a result of oxidative 
stress. This may be their defensive strategy aimed 
at destroying xenobiotic material.

The development of intergranular and pitting 
corrosion of the D16T alloy under the action of 
micromycetes occurs at the sites of contact with 
exudate, which is locally enriched in hydroxide 
ions due to the cascade of reactions involving 
ROS. The nucleation and development of pitting 
on the surface of duralumin occurs in the defects 
of the passive oxide film due to the displacement 
of oxygen-containing surface compounds of 
aluminium and their interaction with corrosive 
OH– anions and ROS. Hydrogen peroxide, as 
an intermediate product of the metabolism 
of micromycetes, on the surface of the D16T 
alloy can participate in the Fenton process or 
decompose heterogeneously, also provoking the 
development of aluminium biocorrosion.

The ultimate goal of research into the 
microbial corrosion of metals is the development 
of molecular tools aimed at diagnosing the 
occurrence, studying the mechanisms and rates 
of metal biocorrosion. This will allow the most 
effective strategies for protecting materials 
from biodegradation to be implemented. A 
systematic biological approach is required, 
including innovative methods for the isolation 
and characterisation of corrosive strains of 
microscopic fungi; conducting functional genomic 
studies; the investigation of the functioning 

of microbial communities and dynamically 
developing relationships with environments; and 
the study of unique metabolites that are the end 
points of specific cellular processes.

For the determination of diagnostic signs of 
biocorrosion processes in metals, it is necessary 
to carry out a systematic study of the unique 
chemical and biochemical processes occurring 
in living cells, including the study of their low 
molecular weight metabolic profiles.

The study of metal corrosion mechanisms 
involving microbial communities will lead to new 
strategies for protection against biocorrosion. 
Our progress in understanding the mechanisms of 
corrosion of metals under different microbiomes 
is at an embryonic stage, but interdisciplinary 
electrochemical, microbiological and molecular 
tools will enable rapid progress in this area.
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1. Introduction
The study of systems based on heavy metal 

chalcogenides is of interest due to the relevance 
of the development of new semiconductor 
materials with different functional properties. 
These include systems based on compounds 
of groups I, III and VI (where I is Cu, Ag; III is 
AI, Ga, In; VI is S, Te) [1–8]. Ternary compound 
FeIn2S4 is a dilute magnetic semiconductor. This 
group of semiconductors attract attention due to 
the potential for their use in spintronics [9–12] 
for the production of Schottky diodes, switches, 
and lasers controlled by a magnetic field, light 
modulators, and other devices [13–16].

This study is a continuation of our research 
on the ternary Cu2S-In2S3-FeS system along the 
Cu3In5S9–FeIn2S4 section. The study was carried 
out in order to clarify the nature of the chemical 
interaction in the ternary Cu2S–In2S3–FeS 
system in regions with a high content of In2S3 
and the determination of the phase formation in 
Cu3In5S9–In2S3–FeIn2S4 and CuFeIn3S6–Cu3In5S9–
FeIn2S4 systems [17]. 

The initial components of the Cu3In5S9 and 
FeIn2S4 section are formed in the corresponding 
binary Cu2S–In2S3 and In2S3–FeS systems which 
are quasi-binary sections of the ternary Cu2S–
In2S3–FeS system [18-20].

The compound with the composition of 
Cu3In5S9 melts congruently at a temperature 
of 1085 °C and crystallizes in a monoclinic 
system with lattice parameters: a = 0.660 nm, 
b = 0.691 nm, c = 0.812 nm, b = 89°, Z = 1 [17, 
18, 21]. The compound with the composition of 
FeIn2S4 melts congruently at a temperature of 
1125 °C and crystallizes in a cubic lattice with 
parameters: a = 1.053 nm [20, 24, 25].

The purpose of this study was the investigation 
of the nature of the chemical interaction between 
the Cu3In5S9 and FeIn2S4 compounds.

2. Experimental
Samples for the study were synthesized 

from preliminarily obtained Cu2S, In2S3, and 
FeS in evacuated quartz ampoules (1.33 Pa) 
with a length of 15–18 cm, a diameter of 
15  cm, at temperatures of 1370÷1400 K. After 
completion of the reaction the ampoules were 
kept under the regime for 1.5–2 h. After that, the 
ampoules were cooled to 900 K and long-term 
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homogenizing annealing was carried out at the 
same temperature.

The alloys were studied by methods of 
physicochemical analysis: differential thermal 
DTA, microstructural MSA, X-ray phase XRD 
analyses; microhardness measurement. DTA 
was carried using a Jupiter STA 449 F3 thermal 
analyser (NETZSCH, Germany) at a heating rate 
of 10 deg/min using a Pt-Pt/Rh thermocouple. 
The device was operated under control of the 
Proteus software.

XRD of the samples was carried using a 
D2 Phaser X-ray diffractometer (Bruker, 
Germany) using CuKa-radiation (Ni-filter). The 
microhardness of the alloys was measured using 
a PMT-3 microhardness tester under loads of 0.1 
and 0.2 N. The MSA of the alloys of the system was 
studied using an MIM-8 metallographic microscope 
on pre-etched sections polished with paste. An 
etchant of the composition NH4NO3 (3–8 wt %) + 
K2Cr2O7 (0.02–0.5 wt %) + concentrated H2SO4 
during the study of the microstructure of the alloys 
with the etching time of 20 s.

3. Results and discussion
The interaction between Cu3In5S9 and FeIn2S4 

was studied using 15 samples, the compositions 
of which are presented in the Table. Based on 
the DTA data, it can be assumed that the nature 
of the interaction between these compounds is 
simple, since the samples have two effects on the 
thermograms.

Table 1. Composition and DTA results of alloys of 
the Cu3In5S9–FeIn2S4 system

Composition mol. %
Thermal effects Т, КCu3In5S9 FeIn2S4

100 – 1360
95 5 1350, 1275
90 10 1340, 1215
80 20 1300, 1150
70 30 1240, 1150
60 40 1148, 1170
50 50 1150, 1200
40 60 1150, 1250
30 70 1300, 1155
20 80 1350, 1150
10 90 1370, 1150
5 95 1390, 1150
– 100 1400
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MSA studies, carried out on ground polished 
surfaces of alloys, showed that samples up to 
5 mol % FeIn2S4 and 7 mol % Cu3In5S9 were 
homogeneous, and with an increase in the content 
of the second component, two-phase mechanical 
mixtures consisting of solid solutions based on 
the initial components (s1+

 s) were formed.
Microhardness was measured under a load of 

0.1 N. When measuring the microhardness, the 
values for Cu3In5S9 of 2900 MPa and for FeIn2S4 of 

3300 Mpa were stably obtained (Fig. 1.) As can be 
seen from the Figure, the microhardness values 
of alloys rich in Cu3In5S9 and FeIn2S4, increased 
significantly from 2700 to 2900 MPa and from 
3150 to 3300 MPa with the formation of solid 
solutions.

Samples containing 0, 30, 50, 70, and 100 mol % 
FeIn2S4 were studied by the XRD method. 

Samples of 30, 50, 70 mol % FeIn2S4 turned 
out to be two-phase (Fig. 2).

The results of DTA are presented in the 
Table 1.

Based on the obtained results, the phase 
diagram of the Cu3In5S9–FeIn2S4 section was 
constructed. The phase diagram provides an idea 
about the nature of the chemical interaction 
between the initial components (Fig. 3) 

The section is a quasi-binary section of the 
ternary Cu2S-In2S3-FeS system.

The liquidus of the system consists of two 
branches of primary crystallization of the s1 (solid 
solution based on Cu3In5S9) and s2 (solid solution 
based on FeIn2S4) phases. 

The co-crystallization of s1 and s2 phases 
occurs at a composition of 42 mol % FeIn2S4 and 
a temperature of 1150 K:

Liq ↔ s1 + s.Fig. 1. Hμ-x diagrams of the Cu3In5S9 - FeIn2S4 system

Fig. 2. Powder X-ray diffraction patterns of alloys of the Cu3In5S9 – FeIn2S4 system: 1 – Cu3In5S9; 2 – 30 mol % 
FeIn2S4; 3 – 50 mol % FeIn2S4; 4 – 70 mol % FeIn2S4; 5 – FeIn2S4 (▲ –  FeIn2S4;  ■ – Cu3In5S9)
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The composition of the eutectic was also 
confirmed by the plotting of the Tamman’s 
triangle using a graphical method. As can be seen 
from the Figure, there are solid solution areas on 
the bases of the components.

To determine the limits of the regions of 
the solid solutions, alloys with the following 
compositions were additionally synthesized: 2.0; 
3.0; 5.0 mol % FeIn2S4 and 3.0; 5.0; 8.0; mol % 
Cu3In5S9. The samples were annealed at 700 K for 
150 h and then quenched in iced water. After heat 
treatment, the microstructures of these samples 
were carefully studied. It was established that 
at a temperature of 700 K the mutual solubility 
of the components reached 5 mol % based on 
Cu3In5S9 and 7 mol % based on FeIn2S4. At room 
temperature the mutual solubility was 3 mol % 
based on Cu3In5S9 and 5 mol % based on FeIn2S4.

4. Conclusion 
The phase diagram of the Cu3In5S9–FeIn2S4 

system was constructed. It has been established 
that the section is a quasi-binary section of the 
ternary Cu2S–In2S3–FeS system and is eutectic. 
The mutual solubility of the components at a 
temperature of 700 K reaches 5 mol % based on 
Cu3In5S9 and 7 mol % based on FeIn2S4.
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1. Introduction
The argyrodite family compounds with the 

general formula A8B
IVX6 (where A – Cu, Ag; BIV – 

Si, Ge, Sn; X – S, Se, Te) have a number of valuable 
functional properties and have been studied by 
many research teams [1–3]. These compounds are 
attracting more and more attention as promising 
candidates for thermoelectric materials due to 
their excellent transport properties, relatively 
low thermal conductivity [4–13]. Moreover, 
their components are widely commonand low-
toxic . Many of these compounds undergo phase 
transitions at relatively low temperatures (310–
520 K). Typically, high-temperature modifications 
crystallise in a cubic structure, and low-temperature 
phases have lower symmetry. Most of the high-
temperature phases of these compounds, due to 
the peculiarities of their crystal structure, have 
mixed electron-ion conductivity and demonstrate 
high values of cationic conductivity and ionic 
diffusion for solids due to the high mobility of 
copper (or silver) ions in the “liquid-like” ion 
sublattice [14-20]. This makes them promising 
materials for ion-selective electrodes and solid 
electrolytes when developing various types of 
electric batteries, sensors, etc. [14–22].

The purpose of this work was to determine the 
thermodynamic functions of phase transitions 
of Ag8GeS6, Ag8GeSe6, Ag8SnS6, and Ag8SnSe6 
compounds by differential scanning calorimetry 

(DSC). This method is considered to be one of 
the most advanced and highly sensitive methods 
of phase analysis. What is more, modern DSC 
devices have a wide range of capabilities that can 
be used to determine not only the temperature 
and enthalpy of phase transformations, heat 
capacity, and its dependence on thermodynamic 
parameters, but also the kinetic characteristics of 
physicochemical processes under the conditions 
of linear temperature change [23].

The nature of melting and the crystalline 
structures of the objects of our study have 
been examined in detail. The silver-germanium 
chalcogenides Ag8GeS6 and Ag8GeSе6 melt 
congruently at 1.228 K and 1.175 K and undergo 
polymorphic transformations at 493 K and 321 K, 
respectively [24–26]. The Ag8SnS6 and Ag8SnSe6 
compounds also melt congruently at 1,112 K and 
1,015 K and undergo polymorphic transformations 
at 445 K and 356 K, respectively [24, 27]. Low-
temperature modifications (LT) of all studied 
compounds have rhombic structures, while their 
high-temperature (HT) modifications have cubic 
structures [24, 28–32]. More detailed information 
on the parameters of the crystal lattice of the 
above-mentioned compounds is given in Table 1.

The thermodynamic properties of the studied 
compounds have been investigated in a number 
of papers [33–37]. In [33–35], the EMF method 
with a glassy Ag+ conductive electrolyte in the 

Table 1. Crystallographic data for the Ag8GeS6, Ag8GeSe6, Ag8SnS6, and Ag8SnSe6 compounds

Compound Phase Transition 
Temperature, К Crystallographic data

Ag8GeS6 493

HT rhombic phase; space group: Pna21;
a = 15.149 Å; b = 7.476 Å; c = 10.589 Å [28]
HT cubic phase; space group: F-43m;
a = 10.70 Å [24]

Ag8GeSe6 321

HT rhombic phase; space group: Pmn21; 
a = 7.823 Å, b = 7.712 Å, c = 10.885 Å [29]
HT cubic phase; space group: F-43m;
a = 10.99 Å [24]

Ag8SnS6 445

HT rhombic phase; space group: Pna21; 
a = 15.2993(9)Å; b = 7.5479(4); c = 10.7045(6) [31]
HT cubic phase; space group: F-43m; 
a = 10.85 Å [24]

Ag8SnSe6 356

HT rhombic phase; space group: Pmn21; 
a = 7.89052(6) Å; b = 7.78976(6) Å; c = 11.02717(8) Å [2]
HT cubic phase; space group: F-43m;
a = 11.12 Å [24, 32]
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temperature range of 400–520 K was used to 
study the Ag-Ge-Se and Ag-Sn-Se systems and 
to determine the thermodynamic functions of 
the formation of high-temperature modifications 
of the Ag8GeSe6 and Ag8SnSe6 compounds. 
Later, we studied these systems [36, 37] in a 
lower temperature region (390–450 K) by the 
EMF method with a solid Ag4RbI5 electrolyte. 
These EMF data were used to calculate the 
standard integral thermodynamic functions of 
the formation of both crystalline modifications 
of the Ag8GeSe6 and Ag8SnSe6 compounds. 
Thermodynamic functions of their polymorphic 
transitions were calculated by combining the 
obtained data.

2. Experimental
2.1. Synthesis

The Ag8GeS6, Ag8GeSe6, Ag8SnS6, and Ag8SnSe6 
compounds were synthesised for the study by 
direct fusion of elementary components of high 
purity in evacuated (~10–2 Pa) and sealed quartz 
ampoules. High-purity elementary components 
manufactured by Evochem Advanced Materials 
GmbH (Germany) were used for the synthesis: silver 
granules (Ag-00047; 99.999 %), germanium pieces 
(Ge-00003; 99.999  %), tin granules (Sn-00005; 
99.999 %), sulphur pieces (S-00001; 99.999 %), and 
selenium granules (Se-00002; 99.999 %). Due to 
the high vapour pressure of sulphur and selenium 
at the melting temperatures of the synthesised 
compounds, the synthesis was carried out in a 
dual-zone mode. The temperature regime for the 
synthesis of each compound was selected with 
due account of their melting points and phase 
transformations. The ampoule with the reaction 
mixture was heated in an inclined tubular furnace 
to the temperature which exceeded by ~50° the 
melting point of the synthesised compound (“hot” 
zone). A part of the ampoule (~8 cm) was located 
outside the furnace and was cooled with water 
to control the pressure of sulphur or selenium 
vapours and prevent the ampoule from exploding 
(“cold” zone). To accelerate the interaction, the 
ampoule was rotated around the longitudinal 
axis and subjected to vibration. When the bulk of 
sulphur or selenium had reacted, the ampoule was 
introduced into the furnace completely and held 
in the hot zone for 1 hour. Further, the ampoule 
was cooled (very slowly in the region of the 

polymorphic transformation temperature), and 
then subjected to thermal annealing just below 
these temperatures for 10–15 hours. This was 
done to ensure a complete transition of the high-
temperature phase to the low-temperature phase 
in order to minimise the error in the enthalpy 
calculations. High-temperature modifications 
for each compound were also obtained by heating 
the samples in evacuated and sealed ampoules 
to 350 °C. Then they were quenched by plunging 
them into ice water.

The synthesised compounds were identified 
by X-ray diffraction analysis (XRD). The XRD of 
the samples was carried out on a D8 ADVANCE 
powder diffractometer from Bruker (Germany) 
with CuKa1 radiation. The powder diffraction 
patterns presented in Fig. 1 show that the 
diffraction patterns of compounds which were 
cooled slowly after synthesis completely coincide 
with the XRD data (red lines in the online version) 
of the low-temperature rhombic modifications 
from the crystallographic database. The powder 
diffraction patterns of the quenched samples had 
diffraction patterns that were completely indexed 
in the cubic structure. Fig. 2 shows an example 
of a diffraction pattern of a quenched Ag8GeS6 
sample. Thus, the XRD results of the synthesised 
samples confirmed their single-phase nature.

2.2. Experimental
The temperatures and the heat of the phase 

transitions of the studied compounds were 
determined by the DSC method. The principle 
of this method is based on the measurement of 
the temperature dependence of the difference 
in heat flows in the substance and the reference 
material exposed to a temperature programme. 
The DSC method determines heat by the heat 
flow, a heat derivative with respect to time. 
Differential scanning calorimeters have two 
measuring cells: one is for the studied sample 
while in the other, the reference cell, an empty 
crucible is normally placed. The measured value 
is the temperature difference between the sample 
and the reference cells at any moment of time. As 
a good approximation, it can be assumed that the 
heat exchange between the various elements of 
the measuring system is only carried out by the 
mechanism of thermal conductivity. According 
to the thermal conductivity equation, the 
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temperature difference measured at two points 
at the same moment of time is proportional to 
the value of the heat flow between them. The 
differential signal is displayed as a reference line. 
Effects, such as phase transitions of the first order, 
can be observed in the form of a peak. The area 
of the peak is the amount of enthalpy, and the 

direction of the peak indicates the direction of 
heat flow, endothermic or exothermic [23].

Three characteristic temperatures can be 
used to describe the peak on the DSC curve: 
Tonset, Tpeak, and Tend (Fig. 3). The initial and final 
temperatures correspond to the intersection of 
the reference line extrapolated to the peak region 

Fig. 2. Powder diffraction pattern of the Ag8GeSe6 sample, quenched from 350 °С

Fig. 1. Powder diffraction patterns of low-temperature modifications of the Ag8GeS6 (а), Ag8GeSe6 (b), Ag8SnS6 
(c), and Ag8SnSe6 (d) compounds
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and the tangents drawn through the point of 
inflexion. The reference line is a virtual line drawn 
through the interval in which a reaction or phase 
transition occurs under the assumption that the 
heat of the process is zero.

Our experiments were carried out on a DSC400 
differential scanning calorimeter manufactured 
by Linseis (Germany), which had the following 
specifications:

· Temperature range of the platinum furnace: 
from room temperature to 1,600 °С.

· Temperature scanning speed: in the range 
from 0.01 to 100 °C/min.

· Thermocouples: platinum-platinum-
rhodium.

· Temperature accuracy: 0.01°.
· DSC resolution: 1 mW.
· Calorimetric sensitivity: 17.6 μW.
· Heat accuracy: ±1 %.
The measurements were taken using the 

Linseis TA V 2.3.1 software. The calorimeter 
had been pre-calibrated. Since our studies were 
carried out at low temperatures (300–550  K), 
relatively low-melting metals were used as 
references for the calibration of our device: 
indium, tin, bismuth, and zinc provided by Linseis 
for this purpose, with appropriate certificates. The 
calibration temperature for each substance was 
selected in accordance with the recommendations 
given in the manual.

The DSC of the compounds and references 
was performed using an aluminium crucible 
with a lid. Given that the studied compounds 

were solid polycrystalline samples, they were 
preliminarily ground to a powdery state prior 
to the measurement in order to ensure the 
maximum contact area between the studied 
sample and the crucible bottom. Due to the fact 
that the amount of the sample tested by the 
DSC method was very small (about several tens 
of mg), a greater weighing error could lead to a 
very noticeable relative error in determining the 
extensive values. Therefore, to weigh the samples, 
we used accurate (first class of accuracy according 
to GOST) Radwag electronic analytical balance 
(Poland), AS220 series, with a range from 1 mg to 
220 g and a measurement accuracy of 0.01/0.1 mg. 
The DSC study mode was selected based on the 
phase transition temperature of the studied 
compound. The heating rate was 3 °/min. The 
measurements were carried out in a flow of argon.

3. Results and Discussion
To determine the temperatures and enthalpies 

of the phase transitions of the Ag8GeS6, Ag8GeSe6, 
Ag8SnS6, and Ag8SnSe6 compounds, we took DSC 
heating curves for the samples. Two samples of 
each compound with different masses in the range 
of 20–40 mg were selected and three DSC heating 
curves were taken for each sample. Thus, 6 DSC 
curves were taken for each compound. The DSC 
curves were then processed using the Linseis TA 
Evaluation V2.3.1 software and the temperatures 
of the beginning and the end of the peak and 
the enthalpy of the phase transition for 1 mole 
of substance were obtained. These values were 

Fig. 3. Characteristics of the peak on the DSC curve
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almost identical in the DSC curves for all samples 
and the difference did not exceed 2%. According 
to [38], in such cases, the error in determining the 
thermal effects is not more than ±4%.

Below, as an example, we present the study 
and calculation procedure for the Ag8SnSe6 
compound. We selected two samples of this 
compound with masses of 25.56 and 33.72 mg. 
Given that the phase transition temperature 
for the Ag8SnSe6 compound is 356 K [24], the 
DSC study was carried out in a dynamic mode of 

heating from room temperature to 400 K. The DSC 
heating curve obtained for the Ag8SnSe6 sample 
with a mass of 25.56 mg is shown in Fig. 4. The 
following average values of phase transition 
enthalpies were obtained: DНp.t = 19.63 kJ/mol 
(25.56 mg); DНp.t = 19.71 kJ/mol (33.72 mg). 
The average for these values was taken as the 
final value of DHp.t. for the Ag8SnSe6 compound 
(Table 2).

Table 2 also shows the temperatures and 
average values for phase transition enthalpies for 

Fig. 4. DSC heating curve of the Ag8SnSe6 compounds with a mass of 26.56 mg

Table 2. Thermodynamic data for phase transitions of the Ag8GeS6, Ag8GeSе6, Ag8SnS6, and Ag8SnSе6 
compounds

Compound Phase Transition 
Temperature, К DНp.t, кJ/mol DSp.t., J/(mol×К)

Ag8GeS6 495 9.46±0.38 19.11±0.76

Ag8GeSе6 321
16.95±0.68 52.80±2.11

15.0±4.7 [36] 46.9±14.8 [36]
Ag8SnS6 446 8.77±0.35 19.66±0.79

Ag8SnSe6 355
19.67±0.6 55.41±2.22

15.4±4.3 [37] 43.4±12.1 [37]
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the rest of the studied compounds. The obtained 
values of enthalpies and temperatures (Tonset) of 
phase transitions were used to calculate entropies 
of phase transitions (Table 2) by the formula:

DS p.t.= DHp.t/Tp.t

As shown in Table 2, the entropy values of the 
phase transitions of the two sulphide compounds 
are very close. Apparently, this is due to the 
fact that these values refer to the same type of 
change in the crystal structure during the phase 
transition (from a rhombic lattice to a cubic 
lattice). In other words, the degree of disordering 
at the phase transition is approximately the same 
for both compounds. A similar pattern was also 
observed for selenides. It should be noted that 
selenides had much higher values of DSp.t than 
sulphides. This indirectly indicates a greater 
disordering of silver ions in the cubic lattice of 
selenides as compared to sulphides.

It should be noted that the values of DHp.t 
for the Ag8GeSе6 and Ag8SnSe6 compounds [36, 
37] obtained by the EMF method differ from the 
results of this work by up to 22%, which is within 
the error of the data obtained by the EMF method 
(Table 2). It is obvious that the calorimetric 
data are more accurate, since the EMF method 
determines the heat of the phase transition from 
the differences in the slopes of the lines of the 
direct EMF temperature dependencies for the two 
modifications [39, 40].

The analysis of the published data on 
thermodynamic functions of phase transitions 
of chalcogenides [41] showed that the values of 
such functions for our research objects are quite 
high compared to the values of thermodynamic 
functions of phase transitions of the first kind. 
Apparently, this is due to a higher degree of 
disordering in their structure during phase 
transformation. During the transition to the high-
temperature modification of the argyrodite-type 
Ag8B

IVX6 compounds, many empty positions are 
formed in the rigid anionic framework, which 
makes silver cations mobile [14, 24]. This leads 
to an additional growth in entropy.

4. Conclusions 
We provided new data on the thermodynamic 

functions of phase transitions of Ag8GeS6, 
Ag8GeSe6, Ag8SnS6, and Ag8SnSe6 compounds, 

members of the argyrodite family, obtained by 
DSC. The abnormally high entropy values for 
the phase transitions characteristic of these 
compounds can be explained by strong disordering 
in the cationic sublattice of high-temperature 
cubic modifications, which is accompanied by an 
increased mobility of silver ions.
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1. Introduction
Dye sensitised solar cells (DSSC) became 

the focus of attention after the work of Swiss 
researchers [1], who created a solar battery by a 
combination of nanostructured electrodes and a 
dye capable of efficient charge transfer. The use of 
sintered mesoporous titanium dioxide turned out 
to be a breakthrough idea that made it possible 
to lay the foundations for the design of DSSC, 
raising the efficiency of converting light energy 
into electrical energy from 1% (for batteries with 
non-porous TiO2) up to 7% [2]. The principle of 
operation of DSSC is as follows [2]:

1) at the anode, the dye captures a light 
quantum, transiting into an excited electronic 
state:
D + hn → D*;		  (1)

2) the dye in the excited state transfers 
an electron to the semiconductor (TiO2), 
transforming into the corresponding cation:

D* – e–(TiO2) → D+;		  (2)

3) the dye returns to its original state, 
oxidizing the iodide ion from the electrolyte:
2D+ + 3I– → 2D + I3

-.		  (3)

4) the electrolyte is regenerated at the cathode 
(Pt):
I3

– + 2e–(Pt) → + 3I-.		  (4)

Various natural dyes, including anthocyanins, 
have been studied as sensitisers for the production 
of cheap and environmentally friendly DSSC [2–
5]. For efficient electron transfer from a dye to a 
semiconductor, direct chemical bonding between 
anthocyanins and titanium atoms is required. 
Two variants of differing schemes were proposed 
for such binding, shown in Fig. 1. In the first 

variant, the quinonoid [3], and in the second 
variant, the flavylium [4] form of anthocyanins 
are adsorbed, but in both cases the interaction 
occurs through the B-ring of anthocyanins. At the 
same time, due to differences in the structure of 
anthocyanins, the structure of the B-ring should 
have a decisive influence on binding, and in the 
case of pelargonidin derivatives, only one-point 
interaction is possible due to the presence of only 
one hydroxyl (or keto-group in the quinonoid 
form) group in the B-ring.

The efficiency of sorption of anthocyanins 
based on various aglicones on titanium dioxide 
has not been investigated in any of the studies 
known to us. 

The purpose of this study was the comparison 
of the sorption of 3-glucosides of six common 
anthocyanidins (pelargonidin, cyanidin, peonidin, 
delphinidin, petunidin, and malvidin) on anatase, 
which is one of the three natural crystalline 
modifications of TiO2 used as a semiconductor in 
solar cells and the comparison with the sorption 
of the same substances on silica gel.

2. Experimental 
Anthocyanins were obtained by extraction 

with a 0.1 M HCl aqueous solution from plant 
materials, specifically the leaves of eastern 
redbud (Cercis canadensis) and fruits of common 
barberry (Berberis vulgaris). The resulting extracts 
were purified by solid-phase extraction using 
DIAPAC C18 syringe cartridges [5]. Re-extracts 
were obtained by eluting anthocyanins from the 
cartridges with a mixture of ethanol and 0.1 M 
HCl aqueous solution. Ethanol was removed using 
a vacuum rotary evaporator. The solutions were 
mixed to obtain a complete set of 3-glucosides 
of cyanidin, peonidin, delphinidin, petunidin, 

Fig. 1. Anthocyanins bonding with surface Ti atoms according to studies [3] and [4] 
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and malvidin from eastern redbud leaves [7] and 
pelargonidin 3-glucoside from barberry fruits [8] 
in comparable amounts.

For the sorption of anthocyanins by anatase 
and silica gel, the same purified extracts or their 
mixtures were used. Accurate weighed quantities 
of anatase or silica gel in the amount from 0.2 g 
to 1.0 g with a step of 0.2 g were added to 10 ml of 
extracts with a reduced (i.e., taking into account 
dilution before spectrophotometry) optical 
density at an absorption maximum of about 2–3. 
The resulting mixtures were vigorously shaken for 
at least 2 h, followed by centrifugation for 10 min 
at 2700 rpm. The mother solution was separated 
by decantation, and its composition, as well as the 
composition of the initial extract, was analysed 
by HPLC [9].

3. Results and discussion 
It should be noted that the schemes of 

interaction between anthocyanins and anatase 
surface, proposed in the scientific literature and 
presented in Fig. 1, are not substantiated. Thus, 
scheme 1 in Fig. 1 suggests the formation of 
chelate complexes with the participation of the 
quinonoid structure, although the electronic 
absorption spectra of anthocyanins in the sorbed 
state presented in the cited article correspond 
to the flavylium form. Structure II includes 
titanium with an oxidation state of +3 with a 
tetrahedral environment and the flavylium form 
of anthocyanins in the form of a chelate complex. 
Pelargonidin derivatives cannot form such 
complexes, but their inefficiency does not follow 
from the known literature data (see review [2]).

On the other hand, it is known [10, 11] that 
the structures of anatase, rutile, and brookite 
are composed of distorted octahedra, and 

the only difference is in the joining of these 
octahedra and in their arrangement in space. 
At the same time, in [12], a scheme of olation 
and oxolation for the joining of [Ti(OH)4(H2O)2] 
or [Ti(OH)3(H2O)3]

+ octahedra into bulk crystal 
structures was proposed. During the olation of 
two such octahedra along the edges gives rise 
to two bridging hydroxide ions OH-, and as a 
result of further oxolation, an oxygen atom with 
a trigonal environment of titanium atoms arises. 
Thus, the coordination number of titanium inside 
the crystals is 6, and the coordination number of 
oxygen atoms is 3. 

A study comparing the sorption propensity 
of anthocyanins on the surface of anatase was 
performed in comparison with sorption on the 
surface of silica gel. The mixture was composed 
in such a way that the structure of anthocyanins 
differed in the number of hydrogen bond donors 
(OH-groups) and hydrogen bond acceptors 
(as well as electron pair donors for donor-
acceptor interaction, OH- and/or OCH3-groups) 
in the B-ring. For this, a solution containing 
3-glucosides of six main natural anthocyanidins: 
delphinidin (Dp3Glu, three OH groups in the 
B-ring), cyanidin (Cy3Glu, two OH groups in 
the B-ring), petunidin (Pt3Glu, two OH groups 
and one OCH3-group in the B-ring), peonidin 
(Pn3Glu, one OH group and one OCH3-group 
in the B-ring) and malvidin (Mv3Glu, one OH 
group and two OCH3-groups in the B-ring), and 
pelargonidin (Pg3Glu, only one OH group in the 
B-ring) was prepared. The results obtained for 
anatase and silica gel are presented in Table 1 
and Table 2.

The tables show the degree of sorption of each 
of the anthocyanins (a), relative values of the 
degree of sorption, calculated using the formula:

Table 1. Parameters of sorption activity of anthocyanins on anatase

No Anthocyanin
Experiment No. 1 Experiment No. 2

Mean value  b–
a a(rel.) b a a(rel.) b

1 Dp3G 0.57 11 24.5 0.74 8.81 31.5 28.0
2 Cy3G 0.28 5.43 7.19 0.45 5.31 8.83 8.01
3 Pt3G 0.37 7.01 10.5 0.55 6.5 13.2 11.8
4 Pg3G 0.05 1 1 0.08 1 1 1
5 Pn3G 0.14 2.65 2.92 0.21 2.53 2.94 2.93
6 Mv3G 0.18 3.38 3.88 0.26 3.11 3.86 3.87

a - absorption degree of the anthocyanin, a(rel.) – ratio to the parameter for Pg3Glu, b
–

 – mean value.
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( ) ( )
(Pg 3Glu)

iaa =
a

rel , 		  (5)

and b – sorption parameter calculated using the 
formula [13]:

1 1
( )( )( )

1 ( )1
( )

b BAi
b A

B

-
ab = =

-
a

. 		  (6)

On silica gel, silanol (Si-OH) groups are 
active and accessible, while siloxane groups are 
more sterically hindered and are of secondary 
importance in sorption. The acidity of the surface 
silanol groups enables their involvement in the 
formation of hydrogen bonds with the sorbate 
as proton donors. In this case, the difference in 
the acceptor capacity (during the formation of a 
hydrogen bond) of OH- and OCH3-groups should 
not be high, with some preference for groups with 
oxygen atoms with the highest charge.

For the estimation of the charge state of 
oxygen atoms in anthocyanins, we calculated 
the distribution of electron density in model 
3-methylaglycones using the semi-empirical PM3 
method (Table 3).

When 3-glucosides are adsorbed on the acid 
sites of silica gel, their functional groups can 

participate in the formation of a hydrogen bond as 
acceptors for oxygen atoms of the B-ring or A-ring. 
Based on the comparison of the charges on oxygen 
atoms, shown in Table 3, it can be assumed that 
for derivatives of cyanidin, petunidin, peonidin, 
and malvidin, the hydrogen bond (as an acceptor) 
should be formed by the oxygen atom of the 
hydroxyl group in position 4’ and in the case of 
delphinidin it should be formed by the oxygen 
atom of the hydroxyl group in position 3’. 

In the case of a pelargonidin derivative, 
sorption at position 7 (i.e., in the A-ring) 
is preferable to sorption at other positions. 
However, the close values of the parameters 
of sorption activity of all six anthocyanins 
(Table 2) on silica gel cannot be explained by the 
different orientation of anthocyanins relative to 
the silica gel surface. Obviously, for more stable 
sorption of anthocyanins, the formation of two 
hydrogen bonds is necessary. In this case, all 
six anthocyanins have in common the presence 
of hydroxyl groups in positions 5 and 7, which 
have only small differences in charges for all 
six anthocyanins. In this case, the geometric 
parameters also turn out to be favourable: the 
distance between neighbouring silanol groups 
on the silica gel surface (0.526 nm [13]) is 
consistent with the distance between the oxygen 

Table 2. Parameters of sorption activity of anthocyanins on silica

No Anthocyanin
Experiment No. 1 Experiment No. 2

Mean value b–
a a(rel.) b a a(rel.) b

1 Dp3G 0.42 0.92 0.86 0.47 0.94 0.88 0.87
2 Cy3G 0.43 0.94 0.90 0.47 0.93 0.87 0.89
3 Pt3G 0.45 0.98 0.97 0.51 1.01 1.03 1
4 Pg3G 0.46 1 1 0.5 1 1 1
5 Pn3G 0.5 1.09 1.19 0.55 1.1 1.22 1.2
6 Mv3G 0.51 1.11 1.23 0.59 1.17 1.41 1.32

a - absorption degree of the anthocyanin, a(rel.) – ratio to the parameter for Pg3Glu, b
–

 – mean value.

Table 3. Distribution of electron density between oxygen atoms in 3-methoxyanthocyanidins

Anthocyanin
The charge on the oxygen atom in position:

5 7 3¢ 4¢ 5¢
3MeDp –0.181 –0.185 –0.223 –0.203 –0.202
3MeCy –0.183 –0.186 –0.209 –0.203 –
3MePg –0.184 –0.187 – –0.182 –
3MePt –0.182 –0.187 –0.195 –0.204 –0.202
3MePn –0.184 –0.188 –0.196 –0.179 –
3MeMv –0.182 –0.187 –0.195 –0.204 –0.202
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atoms of hydroxyl groups in positions 5 and 7 
in anthocyanins (0.476 nm, calculated by the 
PM3 method); the existing small differences are 
levelled by the flexibility of the orientation of 
hydrogen bonds, and the interaction scheme is 
shown in Fig. 2. Moreover, the anthocyanin plane 
can be tilted towards the interior of the pattern 
in a way that the steric effect of the glycosidic 
substituent at position 3 can be neglected.

A significant difference in the sorption 
of anthocyanins on silica gel and on anatase 
becomes apparent when analysing the data in 
Table 1. The greatest increase in sorption activity 
is observed with an increase in the number of 
hydroxyl groups in the sorbate (in the series of 
pelargonidin - cyanidin - delphinidin derivatives), 
and also, even though to a lesser extent, in the 
series of pelargonidin - peonidin - malvidin 
derivatives. 

For the prediction of the possible mechanism of 
anthocyanin sorption on anatase, it is necessary to 
know the surface structure of TiO2, the elementary 
crystal lattice of which is shown in Fig. 3. 

The outer planar octahedral layer of the 
titanium-oxygen octahedra of the [001] face 
can be obtained by olation (i.e., combining by a 
bridging OH group) of [Ti(OH)4(H2O)2] octahedra 
at which all water molecules are removed, and 

adjacent octahedra are connected by equatorial 
bridging OH groups, forming a solid plane, Fig. 
4a. In this case, all titanium atoms must contain 
two axial OH groups to maintain the octahedral 
coordination:

a) the first octahedral layer (A) after the 
olation of monomeric octahedra; b) association 
of two layers of octahedra (A and B) with partial 
oxolation; c) structure after partial dehydration.

Oxolation during the formation of a three-
dimensional grid can occur due to the combination 
of the upper layer of octahedra (A) with another 
similar layer (B), Fig. 4b. In this case, based on 
the elementary crystal cell, the oxo group is 
formed during the condensation of the bridging 
(equatorial) OH group of layer A from below with 
the upper axial OH group of the lower layer B. 
Similarly (since the octahedra of layers A and B 
are combined along adjacent opposite edges), 
additionally oxolation occurs (i.e., the formation 
of bridging oxo groups) of the lower axial OH 
groups of layer A with half of the equatorial OH 
groups of layer B. This leads to distortion of the 
octahedra due to the displacement of the oxo 
groups of layer A downwards, while for steric 
reasons another pair of trans-hydroxyl (before 
oxolation) groups of the upper layer should rise 
up from the plane. This allows the completion of 

Fig. 2. Two-point anthocyanin adsorption on the 
silica surface

Fig. 3. Anatase unit cell 
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the oxolation of layer A from above with the third 
layer (B) in the formation of a three-dimensional 
structure. 

Without this oxolation, the surface of the 
[001] face will be represented by titanium 
atoms containing axial OH groups, ribbons of 
coordinatively saturated oxo groups shifted 
downward due to oxolation, and ribbons of OH 
groups shifted upward and are accessible for 
sorption with molecules of potential sorbates, 
Fig. 4b. Due to the steric effect of the inner layers 
(with complete oxolation and with a shortened 
distance between titanium atoms), dehydration 
of the outer layer is possible with the replacement 
of equatorial OH groups by coordinatively 
unsaturated oxo groups and with the formation 
of an axial vacancy in the coordination sphere 
of the titanium atom, Fig. 4c. Such dehydration 
and its reverse hydration are reversible, which 
follows from the data of [14] on the study of 
X-ray photoelectron spectra of annealed titanium 
dioxide nanopowder before and after hydration. 
Indeed, in non-hydrated titanium dioxide, the 
main band has the lowest energy of 534.0 eV; it 
is attributed to internal (fully oxolated) oxygen 
atoms. The oxygen atoms with an energy of about 
555.5 eV, which are attributed to oxygen from 
the surface OH groups, are also quite noticeable. 

Their energies noticeably differ from the energy 
of oxygen atoms of sorbed water molecules with 
a photon energy of about 537.5 eV. During the 
hydration of the nanopowder, the concentration of 
surface hydroxyl groups increased approximately 
three to four times, confirming the reversibility 
of hydration-dehydration. However, to obtain 
effective DSSC, a direct donor–acceptor bond 
between the coordinatively unsaturated titanium 
atom on the surface and the oxygen atom of the 
auxochromic hydroxy or methoxy group of the 
anthocyanin molecule is desirable. Probably, the 
formation of an axial vacancy of the titanium 
atom on the surface is possible during annealing 
of the initial TiO2 and explains the need for such 
a procedure.

As can be seen from the data in Table 1, there 
is a significant difference in the sorption capacity 
of anthocyanins depending on the structure of 
the B-ring. Therefore, it can be assumed that 
the B-ring with significantly different structure 
among the six anthocyanins used is responsible 
for the sorption of anthocyanins on anatase. 
Moreover, two-point sorption (i.e., the presence 
of two substituents in the B-ring) is preferable to 
one-point sorption. 

Based on the values of the charges on the 
oxygen atoms of functional groups, it can be 

Fig. 4. Formation of the surface layers of the anatase (001) face
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assumed that an increase in the charge of 
the oxygen atom (i.e., its donor properties 
during the formation of a donor-acceptor bond) 
enhances sorption in the series of substituted 
pelargonidin (substitution of the OH group in 
the 4¢ position with a charge on the oxygen 
atom –0.182)  < cyanidin (substitution of the 
OH group in position  3¢ with a charge on the 
oxygen atom  -0.209) < delphinidin (substitution 
of the OH group in position 3¢ with a charge on 
the oxygen atom –0.223) with the possibility of 
two-point sorption in the last two cases. Two-
point sorption is also possible for petunidin, 
peonidin, and malvidin derivatives. However, the 
substitution of the OH group by the ОСН3‑group 
does not contribute to the enhancement of 
sorption, since the increase of the charge on 
the oxygen atoms and OH- and OCH3-groups 
was practically not observed in the case of the 
peonidin and malvidin derivatives. 

Therefore, delphinidin, petunidin, or cyanidin 
glycosides can be proposed as being the most 
effective anthocyanins for the sorption modification 
of the anatase surface, and the sorption interaction 
of anthocyanin with the surface can be represented 
by the diagrams shown in Fig. 5. 

In the proposed scheme, the titanium atom 
completes the coordination sphere with an 
octahedron due to the donor-acceptor bond 
with the lone pair of electrons of the OH group 
in position 3¢ (Scheme I), or the OH group in 

position 4¢. It is this bond that is likely to be the 
main link in the transfer of an electron from 
anthocyanin to titanium dioxide in solar cells. 
Additionally, the oxygen atom on the anatase 
surface forms a hydrogen bond with the hydroxyl 
group in position 4¢ (Scheme I). For the sorption 
of methoxy derivatives, the donor–acceptor bond 
with the titanium atom must be performed by the 
oxygen atom of the OH groups in the 4¢ position 
(Scheme II), and the methoxy groups can enhance 
sorption due to the formation of a hydrogen bond 
with bridging hydroxyl groups on the surface. The 
number of hydroxyl groups is not high, which 
explains only a moderate increase in the sorption 
capacity in the case of substituted peonidin and 
malvidin (compared to pelargonidin derivatives).

3. Conclusions
Thus, the nature of the sorption of 3-glucosides 

of the six common anthocyanidins on anatase is 
fundamentally different from the sorption on 
silica gel. In the first case, sorption is determined 
by the functional groups of the B-ring, while in 
the second case, it is determined by the hydroxyl 
groups of the A-ring. Based on the results of the 
experiments performed, it can be assumed that 
delphinidin derivatives should have the highest 
efficiency as anatase sensitisers.
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Abstract 
Industrially produced anionic surfactant alkylbenzenesulfonic acid is proposed as a reagent for the ionic flotation of metals 
from acidic media. To establish the possibility of its application using this method, it is necessary to study the surface-active 
(surface tension, adsorption, cross-sectional area of a molecule in the adsorption layer) and colloidal (particle size, critical 
micelle concentration, solubilisation) properties of its aqueous and nitric acid solutions. 
In this study, a series of solutions with various concentrations of alkylbenzenesulfonic acid and containing various amounts 
of nitric acid (from 1 to 10 wt%) were prepared. The surface tension of the obtained solutions was determined by the hanging 
drop method using a DSA 25E tensiometer. The introduction of HNO3 led to a decrease in the surface tension of 
alkylbenzenesulfonic acid solutions and in its CMC value in comparison with aqueous solutions. On surface tension isotherms 
with a nitric acid content of 5 and 10 wt%, the presence of several inflections was found, which indicates a stepwise micelle 
formation. The values of surface activity and Gibbs energies of micelle formation of alkylbenzenesulfonic acid in aqueous 
and nitric acid solutions were calculated. Adsorption isotherms were constructed from the results of processing the curves 
of the surface tension of alkylbenzenesulfonic acid solutions. With small amounts of HNO3 (1 and 2%), the limiting adsorption 
value of the anionic surfactant significantly increased as compared to the aqueous solution. A further increase in the acidity 
of the medium led to a decrease in the maximum on the adsorption isotherm. In the presence of an inorganic acid, the 
monomolecular layer of the surfactant first significantly loosened and then gradually became denser with an increase in 
acidity. The values of the limiting adsorptions, the adsorption equilibrium constants and the Gibbs energies of adsorption 
at the liquid-gas interface were calculated using the obtained isotherms. The solubilising ability of alkylbenzenesulfonic 
acid in relation to the Sudan I dye was determined photometrically using a UNIСO 1201 spectrophotometer. With an increase 
in the solution acidity and the surfactants content the amount of solubilised dye increased.
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1. Introduction
Solutions of surfactants are widely used in 

various industries: the production of detergents 
and cosmetics, food products and dyes, oil 
production and refining technology, various 
chemical, biochemical and pharmaceutical 
industries, where surfactants can be used to 
influence the speed and direction of processes, 
to synthesize mesoporous materials, etc.

A feature of surfactants is the ability to 
spontaneously form structured aggregates 
(micelles) in solution, which determines the 
particular practical importance of such systems. 
The size and shape of surfactant aggregates 
in solution is determined by the balance of 
interactions between the hydrophilic and 
hydrophobic parts of surfactant molecules. 
While hydrophobic interactions of surfactant 
molecules promote the growth of micelles, the 
repulsion between hydrophilic groups on the 
micelle surface limits their growth. The addition 
of low molecular weight inorganic compounds 
(salts, acids), ions of which shield the electrostatic 
repulsion of surfactant hydrophilic groups on the 
micelle surface, increases surface activity and 
enhances surfactant adsorption at the interphase 
boundary. In addition, inorganic electrolytes 
affect the entire complex of colloid-chemical 
properties of surfactants, increase their micelle-
forming ability, solubilising effect, wetting, and 
promote, in particular, the transition of spherical 
micelles to cylindrical ones. If cylindrical micelles 
already exist in the solution, then the addition 
of an inorganic low molecular weight salt can 
lead to an increase in their length. In this case, 
the effect is determined not only by the amount 
of salt added to the surfactant solution, but also 
by the chemical structure of the ions formed 
during its dissociation. Thus, since the structure 
of surfactant micelles is highly sensitive to the 
type and amount of the inorganic low molecular 
weight salt added to the solution [1–3], for the 
control of the surface active and rheological 
properties of surfactant solutions electrolytes 
are used [4]. 

The anionic surfactant alkylbenzenesulfonic 
acid (ABSA) was proposed as a reagent for ionic 
flotation. ABSA mixes well with water, forms 
a stable foam, forms precipitates with metal 
ions, and it is also a fairly accessible reagent. 

To establish the possibility of using ABSA as a 
flotation agent in acidic solutions, it is necessary to 
study the effect of the concentration of inorganic 
acids on the surfactant and micellar properties 
of ABSA solutions [5]. Previously, the effect of 
hydrochloric acid on the colloidal properties 
of alkylbenzenesulfonic acid was studied [6]. 
This study is devoted to the investigation of 
the colloidal properties of aqueous solutions 
containing ABSA and nitric acid.

2. Experimental
Reagents. Anionic surfactant alkylbenzene

sulfonic acid (general formula CnH2n+1C6H4SO3H, 
where n = 10–14, the content of the main 
substance is 96.8%, the average molecular weight 
is 320.9 g/mol, OOO KINEF). The initial ABSA 
solution was prepared by dissolving an accurate 
weighed quantity in distilled water. Solutions 
with lower concentrations were prepared by 
appropriate dilution. Sudan I dye (1-(phenylazo)-
2-naphthol, chemically pure reagent, Sigma-
Aldrich). Nitric acid, concentrated (r = 1.49 g/cm3, 
chemically pure reagent, RM Engineering). HNO3 
content of 1, 2, 5, and 10% in mixtures were 
created by introducing the calculated amount of 
concentrated acid.

All experiments were performed at a 
temperature of 25 °C.

Devices. The surface tension of ABSA – HNO3 – 
H2O systems at the liquid-gas interface was 
determined by the hanging drop method using 
a DSA 25E tensiometer manufactured by KRUSS.

The critical micelle concentration (CMC) of 
ABSA at different HNO3 content was determined 
based on surface tension isotherms: the content 
of surfactant, at which the curvilinear section 
of the graph become straight line parallel to the 
abscissa axis was determined in semilogarithmic 
coordinates [7, 8]. The surface tension value at 
the water-air boundary at a given temperature 
was taken from the reference book [9]. All 
data presented in the study were obtained by 
averaging the results of three measurements. 
Surface activity was calculated as the slope 
of the initial section of the surface tension 
isotherm:

g
d
dCC

� � lim= -
Æ0

g , 		  (1)
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C is the concentration of the ABSA solution 
(kg/m3); g is the surface tension of the solution 
(N/m). 

Based on the CMC values obtained, the Gibbs 
energies of micelle formation were calculated 
using the formula:

DmG RT� � lnCMC,= 		  (2)

R = 8.314 J/mol·K is the universal gas constant; 
T = 298 К is the absolute temperature; CMC is the 
critical micelle concentration (mol/m3).

Adsorption G (µmol/m2) of ABSA at the liquid-
gas boundary was calculated based on the surface 
tension isotherms according to the equation:

G� �
ln

= - 1
RT

d
d C

g
,		  (3)

C is the concentration of the ABS solution 
(kg/m3); R = 8.314 J/mol·K is the universal gas 
constant; T = 298 K is the absolute temperature; 
g is the surface tension of the solution (N/m).

Based on the obtained adsorption data, the 
C/G values were calculated and the dependence 
C/G – f(C) was plotted. According to the graph, 
the values of the limiting adsorption Gm (as the 
slope a) and adsorption equilibrium constant K 
(m3/mol), as the Y-interception is equal to 1/(GmK) 
were determined. The determination of limiting 
adsorption value allows to calculate the parameters 
of the monomolecular layer: the cross-sectional 
area of a molecule S (nm2) and axial length d (nm) of 
the molecule according to the following formulas:

S
Nm A

= 1
G

 ,		  (4)

d
r

=
Gm M ,		  (5)

Gm is the limiting Gibbs adsorption (mol/m2); 
NA = 6.02 1023 mol–1 is the Avogadro number; M 
is the molar mass of the surfactant (kg/mol); r is 
the surfactant density (kg/m3).

The Gibbs energies ∆adsG of adsorption at the 
liquid-gas interface were calculated based on the 
values of the adsorption equilibrium constants K 
according to the equation: 

∆
ads

ln ,G RT K= − 		  (6)

R = 8.314 J/mol·K is the universal gas constant; 
T = 298 K is the absolute temperature; K is the 
adsorption equilibrium constant (m3/mol).

The solubilising ability S (mg/dm3) of ABSA 
– HNO3 – H2O compositions was studied by 
absorption photometry in relation to the 
oleophilic dye Sudan I [10, 11], which is insoluble 
in water but soluble in the hydrophobic part of 
micelles. The dye content in the solution was 
determined by measuring the optical density of 
the solution in 0.5 cm cuvettes using a UNICO 
1201 spectrophotometer at l = 400 nm. In 
prepared solutions of surfactant compositions 
with a volume of 20 cm3 dye (20 mg) was 
added. The flasks were stoppered, mixed using 
Millab Unimax 1010 shaker for 60 min until 
equilibrated, then the contents were filtered 
through filter paper. According to the calibration 
chart (А = 0.0147·C (mg/dm3), R2 = 0.9983) [6] the 
amount of solubilised dye per unit volume of the 
solution was determined.

Molar solubilising ability Sm (mg/g) was 
calculated as the ratio of the obtained value of S 
to the ABSA concentration (c, g/dm3) [12]:

S
S
cm = .		  (7)

3. Results and discussion 
3.1. Surface tension and micellization

The introduction of alkylbenzenesulfonic 
acid leads to a sharp decrease in the surface 
tension of both water and aqueous solutions of 
nitric acid (Fig. 1). The decrease in the value of 
g reflects the process of filling the surface layer 
with surfactant molecules and reaching the  

 
Fig. 1.  
 

 
Fig. 2.  
  

lgCABSA [СABSA, g/dm3]
-2,5 -2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0

γ, 
m

N
/m

20

30

40

50

60

70

80

1

2

3

4

5

СABSA, g/dm3
0,00 0,05 0,10 0,15 0,20

Г,
 μ

m
ol

/m
2

0

2

4

6

8

1

2
3

4

5

Fig. 1. Surface tension isotherms of ABSA acid com-
positions: 1 – without acid; 2 – 1% HNO3; 3 – 2% HNO3; 
4 – 5% HNO3; 5 – 10% HNO3
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limiting value of adsorption. After the critical 
micelle concentration is reached, the decrease 
in surface tension with an increase in the ABSA 
content slows down, which is associated with the 
formation of micelles in the solution [13]. 

In the presence of an inorganic acid, the 
decrease in surface tension is more significant 
than in pure water. The introduction of nitric 
acid at concentrations of 1 and 2 wt. % led to an 
increase in micelle-forming ability, expressed in 
a decrease in CMC values and surface tension 
during CMC, which was caused by dehydration 
of the polar groups of surface-active ions in the 
presence of an electrolyte. Also, with an increase 
in the concentration of inorganic acid, a decrease 
in the surface tension of the solution started at a 
lower content of ABSA.

An increase in the content of HNO3 up to 5 
and 10% led to the appearance of two inflections 
on the surface tension curves (Fig. 1, curves 4 and 
5). Probably, with an increase in the concentration 
of the inorganic acid, the dissociation of ABSA, 
as a weaker acid, is suppressed (pKa = 2.17 [14]), 
as a result it behaves similarly to a nonionic 
surfactant and forms premicellar structures 
at lower concentration regions [15]. With an 
increase in the surfactant content, the amount 
of ABSA anions increased, and mixed micelles 
were formed. This formation was accompanied 
by the appearance of another step on the surface 
tension isotherm. The obtained CMC1 values and 
values of the surface activity and Gibbs energy of 
micellization calculated using formulas (1) and (2) 
depending on the ionic strength of the medium are 
presented in Table 1. Negative values of the Gibbs 
energy indicated the spontaneity of the micelle 
formation process. The introduction of HNO3 led 
to a sharp increase in the surface activity of ABSA, 

the negative value of DmG slightly increased in 
absolute value with increasing acidity.

 3.2. Adsorption at the liquid-gas interface
The increase in the acidity of the medium 

in the transition from water to 10 wt% HNO3 
changed the conditions for the formation of a 
monomolecular layer, compared with an aqueous 
solution, which was expressed as the change 
in the height and position of the maximum of 
adsorption isotherms, calculated based on surface 
tension isotherms (Fig. 2). The initial increase in 
acidity sharply increased the value of the limiting 
adsorption, however, a subsequent increase in the 
acid content lowered the value of Gm.

The introduction of nitric acid at concentrations 
of 1 and 2% led to a “loosening” of the monomolecular 
layer, which was expressed by an increase in the 
area occupied by one surfactant molecule (Table 2). 
In this case, the adsorption equilibrium constants 
(K) and the absolute values of the Gibbs energies 
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Table 1. Influence of the ionic strength of the solution on the surface-active characteristics  
of ABSA – HNO3 – water compositions

СHNO3
, % I, mol/dm3 CMC, g/dm3 g, mN·m2/kg ∆mG, kJ/mol

0.00 0.00 0.50 74.72 –33.17

1.00 0.16 0.15 252.83 –36.15

2.00 0.32 0.20 217.05 –35.44

5.00 0.79
0.20

(CMC2 = 0.80) 217.05 –35.44

10.00 1.59
0.02

(CMC2 = 0.1) 347.00 –41.11

Fig. 2. ABSA adsorption isotherms at the liquid-gas 
interface: 1 – without acid; 2 – 1% HNO3; 3 – 2% HNO3; 
4 – 5% HNO3; 5 – 10% HNO3
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of adsorption, which characterize the adsorption, 
increased. With an increase in the content of 
inorganic acid, the transfer of 1 mol of surfactant 
from the solution to the surface layer requires less 
energy than in an aqueous solution. 

3.3. Solubilisation
The mechanism of solubilisation is largely 

determined by the nature of the surfactant. In 
the case of ionic surfactants, an oleophilic dye 
containing polar groups is introduced into the 
surface layer of micelles, where its molecules are 
located between surfactant molecules, orienting 
parallel to them and turning polar groups into the 
aqueous phase. In this case, the solubilisate can 
dissolve both in the core and in the hydrophilic 
shell of micelles [16].

In the initial section, the amount of solubilised 
dye slowly increased with increasing surfactant 
concentration. Solubilisation isotherms in 
aqueous solution and in the presence of 1 and 
2% HNO3 almost coincided (Fig. 3). In a medium 
with 5 and 10% inorganic acid, the solubilisation 
of the dye increased abruptly with an increase in 
the ABSA content, which was probably due to the 
transition from one type of micelles to another. 

At high concentrations of nitric acid, an 
increase in the solubilising capacity was also 
observed, which was probably due to the 
protonation of the dye and the formation of 
an ion associate with the ABSA anion. Various 
additives especially affect colloidal dissolution, 
contributing to the enlargement of micelles due 
to their hydrophobization (i.e., lowering the 
effective degree of dissociation and hydration). 
The molar solubilisation curves of Sudan I have 
maxima at an ABSA content of 0.01 g/dm3, only 
the degree of the manifestation of the maximum 
changed with increasing acidity (Fig. 4). With a 
further increase in the concentration of ABSA, the 

number of moles of solubilised dye per 1 mole of 
surfactant remained constant.

4. Conclusions
The introduction of nitric acid into aqueous 

solutions of alkylbenzenesulfonic acid changed 
the structure of surfactant monomolecular layers 

Table 2. Influence of the ionic strength of the solution on the parameters of the ABSA monomolecular 
layer at the liquid-gas interface

СHNO3
, % I, mol/dm3 Gm, mmol/m2 K, m3/mol ∆adsG, kJ/mol S, nm2 d, nm

0.00 0.00 5.09 9.65 –5.62 1.96 1.58
1.00 0.29 9.90 26.31 –8.10 1.01 3.07
2.00 0.58 9.19 32.17 –8.60 1.09 2.85
5.00 1.45 8.54 28.89 –8.33 1.17 2.65

10.00 2.92 5.67 38.49 –9.04 1.76 1.76 
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Fig. 4. Effect of nitric acid concentration on the molar 
solubilisation of the Sudan I dye in ABSA solutions: 
1 – without acid; 2 – 1% HNO3; 3 – 2% HNO3; 4 – 5% 
HNO3; 5 – 10% HNO3

Fig. 3. Effect of nitric acid concentration on the solu-
bilisation of the Sudan I dye in ABSA solutions: 1 – 
without acid, 1 and 2% HNO3; 2 – 5% HNO3; 3 – 10% 
HNO3
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and led to an increase in the surface activity 
of ABSA, expressed in a decrease in the CMC 
value. In more concentrated nitric acid solutions 
(5 and 10%), micelle formation proceeded in 
several stages. The processes of micellization 
and adsorption of surfactants at the liquid-gas 
interface proceeded spontaneously, while with an 
increase in the acidity of the medium, absolute 
values of Gibbs energies of these processes 
increased. The introduction of nitric acid had a 
positive effect on the solubilising ability of ABSA 
aqueous solutions in relation to the oleophilic dye 
Sudan I, which can be caused by the protonation 
of the dye and the formation of an ion associate 
of the solubilisate with the ABSA anion.
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1. Introduction
A notion is a set of specific properties 

and relations between the subjects under 
consideration that exists in our thinking as a 
thought. Words and phrases that describe notions 
are called terms. Like notes in music and words in 
people’s conversations, notions form the basis of 
science. As new data are accumulated, sometimes 
we need to generalise scientific facts, improve the 
old ones, and introduce new notions, According 
to the decision of the “Third national meeting 
of heads of departments of inorganic chemistry” 
that took place between 9 and 12 October 2016 
in Ivanovo, professors V. Zlomanov, P. Kazin, 
and А. Yatsenko of Lomonosov Moscow State 
University, and professor E. Rumyantsev of 
Ivanovo State University of Chemistry and 
Technology, were given the task of improving 
the basic notions of chemistry. The results of 
their work are presented in a brief glossary [1]. 
It does not replace the information in existing 
textbooks but complements them and expands 
knowledge in the field of chemistry. The glossary 
includes the most important notions at the 
modern level of comprehension of chemistry 
that allow defining the conditions required to 
control the transformation of substances based 
on thermodynamics. We will analyse the specifics 
of some notions related to substances and their 
transformations.

2. Chemistry and substance
Chemistry holds an important place among 

natural sciences. It is also of economic significance 
and it generally has an impact in our everyday 
life. Chemistry does not come to the fore in our 
lives. However, without chemistry, it would have 
been impossible to achieve many great things 
in this field and create new substances that are 
necessary for human life, such as materials for 
the production and transformation of energy, 
for creating vehicles, communication systems, 
food, medicines, clothing, etc. As chemistry is 
present everywhere, people often forget about 
it and underestimate some of its important 
notions. Chemistry is the science that deals with 
substances and the transformations they undergo. 
However, there is no clearly understanding 
of what substances actually are and what 
transformations they undergo. According to the 

philosophical definition of a substance as a form 
of matter or physical essence, it objectively exists 
but this definition does not allow the conditions 
required to control the composition, structure, 
and, consequently, the properties of substances 
to be determined. The notion of a substance can 
be specified based on the atomic structure model. 
We will define substances (chemical) as a set 
of interacting particles that are characterised 
by four features: 1) composition, or the type 
and ratio of amounts of particles forming the 
substance (atoms, molecules, ions), 2) energy 
of their interaction, 3) structure and, finally, 4) 
dispersion or, in other words, the size of particles. 
The specified features determine the physical and 
chemical properties of substance. It should be 
noted that the suggested definition of substances 
is newer and clearer as compared to those existing 
in academic and scientific papers.

3. Transformation of substances
When changes occur in the composition, 

structure, interaction energy, and size of particles 
of substances and, as a result, in their physical and 
chemical properties, these processes are called 
chemical reactions. Sometimes the processes of 
electron density redistribution between atomic 
nuclei are called chemical reactions, which 
is not really correct since the changes of all 
substance properties are not taken into account. 
Unlike nuclear reactions, in chemical reactions 
the atomic nuclei of substances do not change, 
although electrons and nuclei are redistributed.

First, we will analyse the specifics of substance 
properties, and then we will consider the 
thermodynamics of the transformation processes 
they undergo. 

4. Substance features 
Composition is a type and qualitative ratio of 

the particles of atoms, molecules, ions, etc., that 
substances are made of. 

When characterising the composition, it is 
important to decide which substances should be 
considered pure. Pure substances are a relative 
notion which is associated with the functional 
applications of substances. For example, the 
properties of semiconductors are determined 
by the concentration of charge carriers, such 
as electrons and holes, and their mobility. The 
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criterion of purity of semiconductors is the ratio 
between the required functional concentration 
of charge carriers and that determined by the 
properties of substances. For instance, when using 
a Hg1–xCdxTe solid solution to detect infra-red 
radiation, the concentration of uncompensated 
carriers should not exceed 1016 cm–3. Therefore, 
only substances with a total concentration of 
carriers due to impurities, nonstoichiometry, 
etc. of less than 1016 cm–3, or 10–4 at. % can be 
considered as pure.

Energy of the interaction of particles that 
form substances is a quantitative measure 
of the movement and interaction between 
particles in a system that determines its ability 
to operate is the most important notion in all 
natural sciences. An interaction is a form of 
energy exchange that occurs when systems 
(substances) come into contact. There are 
electrical, magnetic, gravitational, weak, and 
strong interactions. Chemistry is limited by 
the analysis of electrostatic (and in some cases, 
magnetic) interactions between nuclei and 
electrons, atoms, and molecules. The energy of 
such interactions can be described using the Gibbs 
energy function G = f(T, p, ni), as its arguments or 
such natural variables as temperature T, pressure 
p, and the amount of moles of the components ni 
can be measured and recorded in order to control 
chemical transformations. The change of Gibbs 

energy (DG) includes the enthalpy (DH) and the 
entropy (DS) components: DG = DH – TDS. The 
first of them (DH) describes the common chemical 
bond which occurs due to the electrostatic 
interaction between electrons and atomic nuclei. 
Depending on the distribution of electron density, 
there are different types of chemical bonds, 
including ionic, covalent, and metallic. The type 
of chemical bond determines the physical and 
chemical properties of substances. The significant 
role of the entropy component can be seen in 
complex cyclic compounds “without” chemical 
bonds, for example, in catenanes and rotaxanes. 
The molecules of these compounds consist of two 
or more cycles that put one through the other like 
chain links (Fig. 1). The interaction between atoms 
in cycles is determined by the covalent bond, that 
is by the value DH. The interaction between the 
same cycles is due to the entropy component DS. 
The molecules of the studied compounds undergo 
structural changes under the action of light and 
start rotating like a wind turbine blade in a strictly 
defined direction. Based on this effect, Jean-Pierre 
Sauvage (France), James Fraser Stoddart (USA), 
and Bernard Feringa (Netherlands) designed and 
manufactured molecular machines and received 
the 108th Nobel Prize for their work.

Molecular Borromean rings and cyclic DNAs 
are also examples of other compounds “without” 
chemical bonds.

Fig. 1. The scheme of the structure of catenanes (top) and rotaxanes (bottom). Shill G. Catenanes, Rotaxanes, 
and Knots: transl. from English. M.: Mir, 1973. 211 p. (ill.: p. 202-208)
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The interaction between particles in 
substances leads to the formation of a structure 
of short-range and long-range order in their 
spatial distribution.

Chemical and crystal chemical structure is 
a well-ordered spatial arrangement of particles 
that form substances. The properties of a crystal, 
such as the energy of the crystal lattice, as well as 
electrical, optical, chemical, and other properties, 
are determined by the composition and structure 
of the crystal. Different arrangement of the same 
particles in space, for example, of carbon atoms 
in diamonds and graphites, results in different 
properties, including the energy of the crystal 
lattice that determines the melting and boiling 
points, hardness, etc.

Size, or the linear (geometric) size of the 
particles of substances, influences the ratio of the 
surface and volume energies. Substance particles 
with a size of 1–100 nm are called nanoparticles. 
Their surface and volume energies are compatible. 
This leads to the emergence of essentially new 
properties.

5. Thermodynamics of substance 
transformation

We study chemistry as a science in order 
to understand how to synthesise substances 
with the required functional properties. We can 
find the solution to this problem in chemical 
thermodynamics (we will call it thermodynamics 
from now on in this paper). The transformations 
themselves are determined by the kinetics 
of processes. Thermodynamics (from Greek 
θέρμη meaning “warmth” and δύναμις meaning 
“strength”) studies the methods of transformation 
(and transmission) of energy. Thermodynamics 
has some special features because it focuses 
only on the macroscopic properties relating to a 
rather great amount of substances. What’s more, 
it studies only equilibrium processes and it does 
not study processes over the course of time. The 
issues of non-equilibrium thermodynamics have 
been considered in [3].

What do we teachers have to know and 
what do we have to teach our students in order 
to control the transformation of substances? 
Thermodynamics provides the following answer 
to this question. We need to know how to evaluate 
the following:

1. The possibility of spontaneous occurrence 
of processes (without any ambient energy 
consumption).

2. The sign and value of the thermal effect of 
a chemical reaction.

3. The equilibrium composition of the 
reaction medium. 

The answers to these questions can be given 
using a mathematical model based on the notions 
and laws of thermodynamics. Therefore, at first 
we will consider the basic concepts and laws of 
thermodynamics.

6. Basic concepts of thermodynamics
Thermodynamics is a study of systems. 

Everything that is outside a system is called the 
environment. The system and the environment 
can exchange energy and substances. A system 
that can exchange both substances and energy 
with the environment is called an open system. 
If it is impossible for the system to exchange 
substances with the environment, such a system 
is called a closed system. In isolated systems there 
is no exchange of substances or energy with the 
environment.

The state of the system is determined by 
several variables. They are all interconnected. 
To make the construction of mathematical 
models easier, they are provisionally divided 
into independent variables and their functions. 
Similar to mathematics, the former are called 
arguments or state coordinates. There are two types 
of variables: intensive and extensive. Intensive 
parameters, such as temperature and pressure, 
reflect the individual properties of substances 
and do not depend on the quantity of substances. 
Extensive parameters describe a particular 
sample of substances and are proportional to 
their quantity. To determine their values, for 
example, volume or weight, we need to totalise 
them in all parts of the system. To determine the 
state of the system, we need at least one extensive 
variable among the coordinates (parameters).

The variables that describe the quantitative 
composition of the system take a special place 
among the coordinates that determine the state 
of the system. The minimal set of substances 
that are enough to characterise the composition 
of the system is called the components.  To 
perform a definite qualitative and quantitative 
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characterisation of the composition, they must 
satisfy the following requirements [2]: a) they 
must be independent, which means that it is 
impossible to obtain certain components from 
others, b) the concentration dependence of the 
substance properties must be fully described, c) the 
conditions of electrical neutrality and material 
balance in the system must be maintained.

Work is the form (method) of transmission 
of energy. For the work to be performed, the 
resistance of the external force F must be 
overcome. If the system is not affected by external 
forces, it does not perform work. The value of 
work dW is represented as the product of the 
overcomable force F on the change of dX of the 
corresponding coordinate Х: dW = FdX. The 
symbol of variation d stands for infinitely small 
amounts of work W. There are different types of 
work, such as mechanical, thermal, “chemical”, 
and so on. It should be noted that unlike internal 
energy, work is not a function of state, it depends 
on the course of the process. Work is measured 
in the same units as energy U. In the SI this unit 
is the joule (J). Sometimes the values of U and W 
are expressed in calories (cal). 1 cal = 4.1840 J.

Heat is a form (method) of transmission 
of energy from a more heated system to a less 
heated one through heat exchange, i.e. as a 
result of a chaotic collision of particles. Unlike 
thermodynamics, in thermochemistry heat is 
considered positive if it is released into the 
environment and negative if it is absorbed. If we 
consider temperature (Т) as a force (measure of 
effect) and entropy (S) (the definition of which 
will be given in article 7) as a coordinate, then 
the product TdS = dWheat can be considered as heat 
work, or the amount of transmitted heat.

“Chemical work”* d mW dn
i

i ichem ,= Â  Wchem 

is performed upon the transformation (chemical 
reaction) of a certain amount of moles (n1) of one 
substance into n2 moles of another substance. In 
this case, the chemical potential mi, acts as force 
F (see article 6.), while a change of the amount 
of moles (dni) acts as the change of coordinate Х. 

Chemical potential mi describes the “rate” 
of change in the internal energy U (enthalpy H, 

* We use this notion with quotation marks to show that it is a 
relatively conditional notion since the transformation of 
substances includes not only chemical work but also heat and 
mechanical work.

Helmholtz energy F, and Gibbs energy G) of 
the system that occurs when one mole of the ith 
component is added to it (see article 6.) while 
the values of other arguments remain the same. 

mi
i S V k i

U
n

= ∂
∂

Ê
ËÁ

ˆ
¯̃ π, ,

. 		  (1)

7. Basic laws of thermodynamics
The logic of the structure of notions and 

definitions of thermodynamics may seem difficult 
at first but it can be explained if we see how 
it works, for example, when solving the main 
problem of chemistry, which is predicting the 
result of the transformation of initial substances 
into products when the substances are provided 
in a certain ratio and placed under certain 
conditions. The mathematical model that allows 
solving the basic problems of thermodynamics 
can be constructed using the basic laws of 
thermodynamics.

The first law of thermodynamics is usually 
represented as follows: 

dU Q W= +d d .		  (2)

According to this law, the internal energy 
U of the isolated system is constant. In a non-
isolated system it may change due to the fact 
that the environment performs work dW upon 
the system and transmits heat dQ to it. It should 
be noted that according to IUPAC, those** changes 
that increase the internal energy of the system 
are considered to be positive. 

As it was mentioned previously, heat is a form 
(method) of transmission of energy through heat 
exchange, and the product of TdS = dWheat can be 
considered as heat work dWheat or the amount 
of transmitted heat. Therefore, the first law 
concerning the constant internal energy of the 
system can be expressed as follows:

dU Wi= Â , 		  (3)

i. e., due to changes in internal energy dU, the 
system can perform various types of work Wi.

As for the open systems, the first law of 
thermodynamics is represented as an equation (4):

dU Q W dni i= + + Âd d mmech �, 	 (4)

** Sometimes another system of signs is used. For instance, if 
work is considered positive, it is performed by the system upon 
the environment.
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where the latter sum is called “chemical work” 
(see article 6.). It describes the process of the 
transmission of substances between the system 
and its environment.

The first law of thermodynamics shows that 
processes may occur but it does not mention 
anything about their direction or which of the 
processes occur spontaneously. These issues are 
explained by the second law of thermodynamics. 
For this purpose, a new variable, entropy S, is 
introduced. It is used as one of the parameters 
(coordinates) that determine the state of the 
system. It changes dS in case of a revertable 
process can be expressed as the ratio of heat effect 
dQ of the process to temperature Т, and according 
to the recommendation of IUPAC, the value dQ 
is considered to be positive if the system obtains 
heat from the environment:

dS
Q
T

= d
. 		  (5)

In SI, entropy (energy divided by temperature) 
is expressed as follows: J·K–1. The sign and 
the value of entropy change determine the 
direction of the process. If the entropy increases 
dS > 0 in an isolated system, the process occurs 
spontaneously, which means that it is irreversible. 
The maximum of entropy and its constant state 
show that the system is in equilibrium.

What does entropy mean? We can answer 
this question using statistical thermodynamics. 
Thermodynamic probability w is used to 
evaluate the measure (value) of probability of 
a particular state. Its value equals the number 
of ways in which N particles can be placed in 
available microstates N1, N2, N4, …, Ni 

*:

w
N

N N Ni

= !
! !.... !�1 2

,		  (6)

where the factorial sign stands for the product 
N! = 1 · 2 · 3 · ... · N and 0! = 1. To illustrate the 
notion of thermodynamic probability w, we will 
consider two macrostates** of a system consisting 
of six particles (N = 6) that can be distributed by 

* Microstate is the state of the system that is determined by the 
simultaneous specification of three coordinates х, у, z and three 
impulses p, or three products of mass m by the velocity vector: 
 

p mx x= n , 
 

p my y= n , 
 

p mz z= n  of  all  the particles 
comprising the system.
** Macrostate is a state of the system consisting of a large number 
of particles.

three (i = 3) microstates (cells). Let us consider 
the first macrostate with all six particles in one 
cell. It is a case of thermodynamic probability 

w1

6
6 0 0

1= =!
! ! !

.

In the second macrostate, all six particles 
will be distributed evenly by three cells. The 
probability of the second macrostate equals 

w2

6
2 2 2

90= =!
! ! !

. It is obvious that the probability 

of an even distribution is 90 times higher as 
compared to an uneven distribution. According to 
L. Boltzmann, spontaneous processes occur when 
the final state is more probable than the initial 
one, in other words, when the final macrostate can 
be achieved with a larger number of microstates. 
Let us remember that a spontaneous process in 
an isolated system is characterised by increased 
entropy dS > 0.

Thermodynamic probability w is associated 
with entropy S in the following ratio (7):

S k w= ln ,		  (7)

where k is the Boltzmann constant. Thus, we have 
explained the physical sense of entropy. Similar 
to thermodynamic probability, it is a measure of 
the system’s tendency towards equilibrium. In-
creased entropy corresponds to the system’s 
transformation into the most probable state.

As opposed to internal energy U, we can find 
an absolute value for entropy. It becomes possible 
when we use the third law of thermodynamics, 
which is formulated as follows: at 0 K the entropy 
of an ideal crystal (the one without any structural 
violations or defects) is zero.

To construct a mathematical model that allows 
solving the main problems of thermodynamics, 
we need to choose the state function and the 
arguments that determine it, for example, 
G = f(T, p, composition). Then, we must analyse 
its form and determine its extremum coordinates 
(minimum and maximum values), and thus solve 
the specified problems. To choose the required 
function, we combined equations (J. Gibbs) (2), 
(4), and (5), representing the first and the second 
laws, into one fundamental equation (8).

dU TdS pdV dni i= - + Âm �. 	 (8)

Equation (8) has two important features.
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1. Energy change dU is expressed through 
the sum of uniformly constructed products of 
forces F, represented by T, р, mi, by the changes 
of coordinates dS, dV, and dni. Each product 
represents work: the product of TdS  =  Wheat 
represents heat work, the product of pdV = Wmech 
represents mechanical work, and the product of 
Smidni = Wchem represents “chemical” work. Thus, 
the first law of thermodynamics as the law 
of conservation of energy can be formulated 
as follows: internal energy U of the system 
is constant and it can be transformed into 
thermal, mechanical, chemical, and other types 
of work:

U = SWi.		  (3)

2. In equation (8) internal energy U acts 
as the function of arguments, such as entropy 
S, volume V, and number ni of moles of the 
components. However, some of the arguments 
are not convenient to work with in practice. 
For example, it is impossible to measure and 
control entropy S, therefore, in order to use the 
arguments that can be measured and recorded 
as well as to solve practical problems, we 
introduced new functions that are related to 
internal energy: 

enthalpy H = U + pV,		  (9)
Helmholtz energy F = U – TS,	 (10) 
and Gibbs energy G = H – TS.	 (11). 

Once the equations (9)–(11) were differentia
ted and dU changed with the expression (8) in the 
obtained ratios, we obtained new state functions 
H = f (S, p, ni), F = f(T, V, ni), and G = f(T, p, ni):

dH TdS Vdp dni i= + + Âm , 	 (12)

dF SdT pdV dni i= - - + Âm , 	 (13)

dG SdT Vdp dni i= - + + Âm .	 (14)

The Gibbs energy function G = f(T, p, ni) 
is important for practical thermodynamic 
calculations, as its arguments, or natural 
variables, T, p, ni in equation (14) can be measured 
and recorded in order to control chemical 
transformations.

Next, we will consider the application of 
equations (11)–(14) in the solution of three main 
problems of thermodynamics. Let us start with 
the first problem.

8. Possibility of spontaneous process flow 
(without consumption of any external 
energy) 

If we change equation (8) so that entropy S 
becomes a state function and internal energy 
U, volume V, and the amount of moles of ni 
components become arguments, that is, if 
S = f(U, V, ni), then the first sufficient condition for 
the spontaneous flow of the process is formulated 
as follows: if the entropy of an isolated system 
increases (dS)U,V,ni

 > 0, the process may occur 
spontaneously. In the state of equilibrium this 
function reaches its maximum and remains 
constant (dS)U,V,ni

 = 0.
The Gibbs energy function G = f(T, p, ni) can be 

used to evaluate the probability of a spontaneous 
process, as its arguments (or natural variables), 
such as temperature T, pressure p, and the 
amount of moles ni, can be measured and recorded 
in order to control chemical transformations. 
Why does it happen? It happens due to the fact 
that spontaneous processes are those that can 
perform work W. If it is impossible, equilibrium 
DG = 0 occurs. But when DG < 0 with constant 
Т, p, ni, the system may perform “chemical” 
work of transformation of n1 moles of initial 
substances into n2 moles of final substances: 
(DG)p,T = (Wchem)p,T

max = Smidni, and the process 
occurs spontaneously, dn2 > 0. As the process 
occurs and the system reaches the equilibrium, 
its “performance” decreases.

9. Thermal effect of a chemical reaction. 
Thermochemistry

Since internal energies of products and 
initial substances are different, changes in 
energy occur during chemical transformations 
(chemical reactions). It may happen as a release 
or absorption of heat dQ and the performance 
of heat work. There is considerable heat in the 
reaction (see article 6), so it can be measured. 
Thermochemistry deals with the study of 
the heat of chemical reactions. The issues of 
thermochemistry are considered in detail in [3–5].

10. Calculation of equilibrium composition 
of the reaction medium. Chemical 
equilibrium

The most important task in chemistry is to 
determine the composition of an equilibrium 
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mixture during the transformation of one 
substance into another. We will consider its 
solution at a constant temperature Т = const 
based on the example of the interaction of ideal 
gases (reaction (15))*:

aA bB cC dD.+ = + 	 	 (15)

To solve this problem, let us assess the 
dependence of the change of Gibbs energy DrG of 
reaction (15) on real conditions, including partial 
pressures pi

* (composition), general pressure р, 
and temperature Т. With the assumptions made, 
the chemical potential of each participant of 
reaction (15) can be expressed by equation (16):

m mi i ip T T RT p, ln *( ) = ( ) +0 ,	 (16)

where pi
*  is the specified pressure: p

p
pi
i* = 0 , where 

p0  is 1 bar. Then the change of Gibbs energy DrG 
of process (15) will be expressed as follows (17):

DrG

RT
p p
p p

= + - - =

= + - - + =

c d a b

c d a b ln

C D A B

C D A B
C
c

D
d

A
a

B
b

m m m m

m m m m0 0 0 0

== +D rG RT
p p
p p

0 ln .C
c

D
d

A
a

B
b

 	 (17)

Expression (17) is called an isotherm 
reaction equation. The term isotherm stands 
for the equality of the temperatures during the 
initial and final states of the process. However, 
the temperature may change when the system 
transits from one state to another. The first 
summand in equation (17) is the change of 
standard Gibbs energy of reaction (15). With 
equilibrium DrG = 0, we determine that:

DrG RT
p p
p p

0 = - ln C
c

D
d

A
a

B
b  .	 	 (18)

The symbol of the logarithm in the last 
expression is the ratio of the products of the 
equilibrium partial pressures of final and initial 
substances in reaction (15). This value is called 
the equilibrium constant of a reaction in the 
gaseous phase. It describes the depth of the 
process flow. If КР > 1, then equilibrium (15) is 
shifted towards the products of the reaction 

* Due to the amounts of substances A, B, C, and D, the decrease 
and the formation of different substances do not change the 
composition and the conditions of the system’s existence.

and, vice versa, if КР < 1, it is shifted towards the 
initial substances. The introduction of the КР 
equilibrium constant allows changing equations 
(18) and (17) as follows:

Dr PG RT K0 = - ln ,		  (19)

Dr PG RT K RT
p p
p p

= - +ln ln C
c

D
d

A
a

B
b .	 (20)

The specified ratios are important for the 
solution of practical problems of thermodynamics, 
such as:

(1 )  Assess ing  the  d i rect ion  of  the 
transformation process.

(2) Determining the equilibrium composition.
(3) Changing the composition of the 

equilibrium reaction mixture with variations 
in external conditions, including temperature, 
pressure, and the ratio of interacting substances.

These problems are solved in the following 
way:

1. The direction of the process can be assessed 
by the sign of DrG, if we know the equilibrium 
constant (or the standard thermodynamic 
properties of the process participants) and the 
partial pressures of the initial substances upon 
their mixing.

2. Without an experiment, we can determine 
the equilibrium composition of the mixture if 
there are reference thermodynamic data for the 
calculation of DrG.

3. The sign of the logarithm in expressions 
(17) and (20) stands for the ratio of the products 
of the current partial pressures that are recorded 
and controlled by the experimenter. Taking this 
into account as well as the known temperature 
and baric dependences of the equilibrium 
constants, it should be noted that equation (20) 
allows controlling the composition of the reaction 
mixture using external conditions.

Equation (20) has two important features:
а) If we change the ratio of the current partial 

pressures, we can evaluate the temperature when 
the sign changes from DrG > 0 to the condition of 
DrG < 0, i. e., when a non-spontaneous process 
becomes a spontaneous one.

b) The difference between the summands in 
equations (17) and (20) shows that the system 
deviates from equilibrium and it can be considered 
as supersaturation. It is a very important 
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feature, since a connection is established between 
thermodynamics and kinetics. For example, 
supersaturation values can help in assessing 
the rate of formation and growth of nuclei of a 
new phase, which is required for the synthesis 
of materials with the specified composition and 
properties.

Depending on the conditions of the process, 
the equilibrium constant can be expressed not 
only through partial pressures (activities) but also 
through other variables, for instance, through the 
mole fraction or molarity, which is studied in [3].

As it was mentioned before, the equilibrium 
of the process of substance transformation 
corresponds to the minimum of the Gibbs energy 
of the system, which corresponds to the condition 
of DrG = 0. Modern computational programs 
allow finding the minimum of the Gibbs energy 
of the system and, correspondingly, assessing 
the composition of the equilibrium reaction 
mixture for a large number of variables. This 
allows calculating chemical equilibria in general. 
To do this, we only need to specify the elemental 
composition of the system and indicate all 
possible substances that can be formed from the 
specified elements [3].
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1. Introduction
Electrochemical copper and tin alloys are 

characterised by high hardness, wear resistance, 
and corrosion resistance [1, 2]. Alloys containing 
up to 20 wt% of Sn (yellow bronzes) are used as 
protective and decorative coatings, as well as a 
sublayer before chrome plating [3, 4]. Recently, 
these alloys have attracted a wide attention due 
to their antibacterial activity against many Gram 
positive and Gram negative bacteria [5–8]. Unlike 
copper coatings, which are characterised by low 
wear resistance, fade quickly in the air, and lose 
their decorative appearance, copper-tin alloys 
are less susceptible to wear and corrosion [9, 10].

Sulphuric acid electrolytes can be used for 
electrochemical production of yellow bronzes 
[11–13]. This type of electrolyte is characterised 
by low toxicity. What is more, wastewater 
generated as a result of their application is easily 
regenerated and disposed. In sulphuric acid 
electrolytes, the process of alloy formation can 
occur at potentials with higher positive values 
than those of the standard electrode potential of 
the Sn2+|Sn0 system (–0.136 V) [13, 14]. In order to 
obtain homogeneous and fine-grained coatings, 
special organic additives are added to sulphuric 
acid electrolytes: thiourea [14], quaternary 
ammonium salts [15], gelatin [16], synthanol, 
etc. [17]. Among the disadvantages of sulphuric 
acid electrolytes used for the deposition of Cu-
Sn alloys are their low covering and scattering 
power, as well as narrow intervals of cathodic 
current densities providing for homogeneous 
and shiny coatings [15]. In [15], it was found 
that pulsed electrolysis with a relative current 
pulse duration of 1.5 and a frequency of 66.7 Hz 
allows expanding the working range of cathodic 
current densities, at which semi-shiny yellow 
bronze coatings are formed, almost by four 
times. The formation of copper and tin alloys in 
sulphuric acid electrolytes occurs if the duration 
of the cathodic current pulse exceeds the value 
of the transition time of the discharge process 
of copper(II) ions. The modification of the Cu-
Sn matrix by TiO2 nanoparticles hardens it and 
improves the antibacterial properties of coatings 
[18]. In [19] it was shown that the introduction of 
TiO2 nanoparticles in the amount of 1 to 10 g/dm3 
into the sulphuric acid electrolyte at a deposition 
potential of –0.05 V leads to the production 

of composite electrochemical coatings (CECs) 
containing between 0.17 and 1.72 wt% of 
TiO2. The potentiostatic electrolysis ensures 
the formation of coatings with homogeneous 
distribution of the alloy components. In industry, 
galvanostatic electrolysis is mainly used for 
electrochemical deposition of metals and alloys 
since using potentiostatic modes on an industrial 
scale is difficult. In the case of galvanostatic 
electrolysis, electrolyte stirring significantly 
influences cathodic polarisation, which, in turn, 
can affect the quantitative composition of the 
formed Cu-Sn alloy.

The aim of the work was to determine the 
peculiarities of the electrochemical production of 
Cu-Sn-TiO2 composite coatings in sulphuric acid 
electrolytes with intermittent agitation under 
the stationary and pulsed modes of electrolysis.

2. Experimental
An electrolyte of the following composition 

was used for the electrochemical deposition of 
Cu-Sn coatings, g/dm3: CuSO4·5H2O – 40; SnSO4 – 
40; CS(NH2)2 (thiourea) – 0.005; H2SO4 – 100. The 
electrolysis was carried out without agitation of 
the electrolyte at a cathodic current density of 
0.013 A/cm2. When obtaining the Cu–Sn–TiO2 
CEC, TiO2 nanoparticles (Degussa aeroxide P25) 
in the amount of 5 g/dm3 were introduced into 
the basic composition. In order to deagglomerate 
the particles in the electrolyte for the CEC 
application, it was sonicated for 20 min using a 
UP 200 Ht homogenizer (Hielscher Ultrasonics 
GmbH, Teltow, Germany). To maintain the TiO2 
particles in suspension, during the precipitation 
process of the CEC the electrolyte was agitated 
intermittently with a magnetic stirrer every 5 min 
for 10 s (stirring rate of 400 rpm). The electrolysis 
was carried out using both stationary and pulsed 
modes. When using stationary electrolysis, the 
cathodic current density was 0.013 A/cm2. The 
parameters of pulsed electrolysis: relative pulse 
duration – 1.5; pulse frequency – 66.7 Hz; cathodic 
density of the pulse current – 0.0225 A/cm2. The 
parameters of stationary and pulsed modes 
of electrolysis used in the work were selected 
based on the results of previous studies [15] and 
provided high-quality and homogeneous yellow 
bronze coatings. The cathodes were pieces of 
copper-foiled dielectric. M0 copper was used for 
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the anodes. The dimension of the working surface 
of the electrodes was 6 cm2.

Cathodic polarisation curves and chrono
potentiograms of copper electrode in electrolytes 
used for the application of the Cu-Sn alloy and 
CECs based on it were taken in a standard three-
electrode cell using an Elins P40X potentiostat/
galvanostat (Electrochemical Instruments, 
Russia). The polarisation curves of the copper 
electrode were taken at a linear potential 
sweep rate of 1 mV/s. A saturated silver/silver 
chloride electrode was used as the reference 
and a M0 copper plate was used as the counter 
electrode. The values of electrode potentials 
were recalculated in the scale of the standard 
hydrogen electrode. To obtain reliable results, 
all electrochemical studies were carried out at 
least three times.

The morphology,qualitative, and quantitative 
compositions of the formed coatings were 
studied using a JSM-5610 LV scanning electron 
microscope (Jeol Ltd.) equipped with a JED-2201 
energy dispersion X-ray (EDX) analyser. The 
accelerating voltage for surface imaging and 
elemental analysis was 20 kV.

3. Results and Discussion
To assess the effect of electrolyte mixing on the 

kinetic features of electrodeposition of coatings, 
polarisation curves of the copper electrode in 
electrolytes used for the application of Cu-Sn 
(Fig. 1, curve 1) and Cu-Sn-TiO2 (Fig. 1, curves 
2, 3) were obtained. In the used electrolytes, the 
process of copper and tin codeposition could 
occur in the range of cathodic potentials from 
0.0 to –0.136 V, i.e., at potentials corresponding 
to the process of underpotential deposition of Sn 
[14]. When 5 g/dm3 of TiO2 was introduced into the 
studied electrolyte within the potential range of 
–0.01–(–0.06) V, the cathodic polarisation curves 
of the copper electrode shifted towards negative 
values and the cathodic current density decreased 
and reached 4±1.5 mA/cm2 at a potential of 
–0.04 V, which indicated the inhibition of the 
process of the reduction of copper(II) ions. The 
agitation of the electrolyte used to deposit Cu-
Sn-TiO2 had a depolarising effect (Fig. 1, curve 3) 
due to a decrease in the diffusion limitations for 
the discharge of copper(II) ions. Codeposition of 
tin and copper was possible when the discharge of 

copper(II) ions occurred at the limiting diffusion 
current [14]. Mechanical mixing of the electrolyte 
helped to remove the diffusion limitations for the 
discharge of copper(II) ions, however, it did not 
provide a uniform mass transfer over the volume 
of the cell and the area of the cathode [19]. This, 
in turn, led to the formation of either copper 
coatings or Cu-Sn coatings with a low tin content. 
Thus, constant agitation of electrolyte prevented 
the formation of Cu-Sn coatings corresponding 
to the composition of yellow bronze. Therefore, 
the electrolyte should be agitated intermittently 
to obtain Cu-Sn-TiO2 CECs. 

Fig. 2 shows the chronopotentiograms of 
the copper electrode during the deposition of 
the Cu–Sn alloy (Fig. 2a, curve 1) and the Сu-
Sn-TiO2 CEC (Fig. 2a, curve 2). The introduction 
of TiO2 particles of the modifying phase into 
the electrolyte led to a slight shift of the E-t-
dependency towards the electronegative values. 
The authors of [19] suggested that the increase 
in electrode polarisation during the deposition 
of the Cu–Sn–TiO2 CEC may be due to the 
adsorption of the modifying phase particles on 
the surface of the growing precipitate, which, 
in turn, may reduce the active area of electrode 
involved in the electrochemical reaction. When 
the agitation of the electrolyte was switched on 
(t = 300 s), the cathodic potential shifted towards 
positive values from –0.07 to 0.07–0.10 V. After 
the magnetic stirrer was turned off (t = 310 s), 

Fig. 1. Cathodic polarisation curves of the copper 
electrode in electrolytes used for the application of 
Cu–Sn (curve 1) and Сu-Sn-TiO2 (curve 2, 3); 1, 2 – 
without stirring the electrolyte; 3 – mechanical stirring 

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2022;24(2): 220–226

A. A. Kasach et al.	 Electrocrystallisation of Cu-Sn-TiO2 composite coatings in sulphuric acid electrolytes



223

there was a gradual increase in the cathodic 
polarisation of the electrode, which was due to 
the contribution of the diffusion overvoltage. The 
value of the cathodic potential corresponding to 
the formation of the Cu-Sn alloy was reached 
60 seconds after the magnetic stirrer was turned 
off. When using pulsed electrolysis (Fig. 2b), it 
took longer for the constant value of the cathodic 
potential to be reached (70–80 s) after mixing was 
switched off, which was due to the relaxational 
effect of the pause. 

Fig. 3 shows micrographs of the obtained Cu-
Sn and Cu-Sn-TiO2 coatings. Under stationary 
conditions, at a cathodic current density 
of 0.013  A/cm2 (Fig. 3a), fine-grained and 
homogeneous Cu-Sn coatings were formed. 
The introduction of TiO2 nanoparticles into the 
electrolyte led to the formation of rough and less 
uniform coatings (Fig. 3b, c). The surface of the 
Cu-Sn-TiO2 CEC included globules whose size 

varied between 5 and 20 μm. Coatings obtained 
by pulsed electrolysis (Fig. 3c) were characterised 
by a more uniform and smoother structure.

The table presents data on the elemental 
composition of the obtained coatings. The 
cathodic current density of 0.013 A/cm2 and 
stationary conditions resulted in the formation 
of Cu–Sn coatings containing up to 10.9 wt% of 
Sn. The introduction of TiO2 nanoparticles in 
the amount of 5 g/dm3 in the composition of the 
electrolyte led to an increase in the content of 
tin in the coating to 12.6 wt%, which was due 
to an increase in cathodic polarisation during 
the formation of the alloy (Fig. 1, curve 2). The 
obtained coating contained 0.8 wt% of Ti which 
was present due to the integration of TiO2 
nanoparticles into the metal Cu-Sn matrix.

The pulsed mode of electrolysis allowed 
obtaining coatings of the following composition, 
wt.%: Сu – 87.2; Sn – 12.1; Ti – 0.7. It should be 

Fig. 2. Chronopotentiograms of the copper electrode in electrolytes used for the application of Cu–Sn (a, 
curve 1) and Сu–Sn–TiO2 (a, curve 2; b). Electrolysis mode: a – stationary; b – pulsed

Fig. 3. Micrographs of the surface of Сu–Sn (a) and Сu–Sn–TiO2 (b, c) coatings. Electrolysis mode: a, b – sta-
tionary; c – pulsed
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noted that the change in the electrolysis mode did 
not significantly affect the quantitative content 
of the TiO2 particles in the alloy.

Fig. 4 shows crosscut SEM images of  Cu–Sn 
(Fig. 4a) and Cu–Sn–TiO2 coatings (Fig. 4b, c). The 
obtained coatings had a clear boundary with the 
substrate metal and were characterised by high 
adhesive power. The crosscut of the Cu–Sn–TiO2 
coating obtained by stationary electrolysis had 
defects in the form of globules and microcracks. 
The crosscuts of CuSn–TiO2 CECs deposited 
by means of the pulsed electrolysis had no 
pronounced defects, which is probably due to the 
uniform microdistribution of current over the 
surface of the growing precipitate.

Over the entire thickness of the Cu–Sn–TiO2 
CEC, there were areas (layers) with different 
image contrasts, which were evenly distributed 
over the entire thickness of the coatings. The 
thickness of light sections varied from 3 to 
5 µm, while that of dark sections was less than 
1 µm. When using the backscattered electrons, 
this contrast distribution indicated a different 
elemental composition of these coating regions.

In order to establish the elemental composition 
and nature of areas of different contrasts, their 
EDX point analysis was carried out (Fig. 5).

According to the obtained data, dark areas 
of the coatings were characterised by a lower 

content of tin. The ratio of the mass content of 
tin in the alloy between the light and dark areas 
was approximately 4 : 1. Stirring of the electrolyte 
led to depolarisation of the electrode and removal 
of diffusion limitations for the discharge of 
copper(II) ions, which made the underpotential 
deposition of tin impossible to achieve. Thus, 
when the agitation of the electrolyte was 
switched on, in order to maintain TiO2 particles 
in suspension, ordered alloy layers enriched in 
copper were formed. Codeposition of copper and 
tin was observed when agitation was switched off 
and when the transition time of the discharge of 
copper(II) ions was reached.

4. Conclusions
In sulphuric acid electrolytes used for the 

application of the Cu-Sn alloy and the Cu-
Sn-TiO2 composite coatings in the absence of 
agitation, copper and tin codeposition takes place 
at potentials corresponding to the process of 
underpotential deposition of Sn. Introduction of 
TiO2 nanoparticles in the amount of 5 g/dm3 into 
the composition of the electrolyte helps to inhibit 
the reduction of copper(II) ions and reduces its 
content in the coating by ≈3 wt%. Application 
of pulsed electrolysis at a relative current 
pulse duration of 1.5, a frequency of 66.7  Hz, 
and cathodic current density of 0.0225 A/cm2 

Fig. 4. Micrographs of sections of Сu–Sn (a) and Сu–Sn–TiO2 (b, c) coatings. Electrolysis mode: a, b – statio
nary; c – pulsed

Table. Elemental composition of the surface of Сu-Sn and Cu-Sn-TiO2  coatings (scanning area of 
50×50 μm)

Coating Current density,  
А/cm2 Pulse frequency, Hz

Content in the alloy, wt%
Сu Sn Ti

Сu–Sn 0.013 – 89.1 10.9 –
Сu–Sn–TiO2 0.013 – 86.6 12.6 0.8
Сu–Sn–TiO2 0.0225 66.7 87.2 12.1 0.7
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allows obtaining Сu–Sn–TiO2 CECs of similar 
composition (≈0.7–0.8 wt% of titanium, 12.1–
12.6 wt% tin) but more homogeneous and uniform 
than those formed by the stationary mode at a 
cathodic current density of 0.013 A/cm2.

Intermittent agitation of the sulphuric acid 
electrolytes leads to the formation of ordered 
multilayer structures consisting of microlayers 
of the Cu–Sn and copper alloy due to the 
intermittent elimination of diffusion limitations 
for the discharge of copper(II) ions when agitation 
is switched on, which results in suppression of the 
process of the underpotential deposition of tin. 
When agitation is switched off, the value of the 
cathodic potential at which the alloy of copper 
and tin forms at a cathodic current density of 
–0.013 A/cm2 is reached within 70 s and when 
using pulsed electrolysis, it is reached within 80 s.
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Abstract 
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occur absorption which is around between 1650 cm-1 and 3200 cm-1 by using five basis sets. The UV-Vis spectroscopy was 
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1. Introduction 
Organic semiconductors (OS) have been 

investigated as different to conventional 
inorganic semiconductors by their low cost and 
ease of manufacture. Applications envisioned 
for OS include thin film (TF) transistors, light-
emitting diodes (LED), solar cells (SC), and 
photo-refractive devices. Small molecular of 
the weight solution-processable materials that 
can be cast into high-performance conductive 
that TF has special technical significance [1–
6]. Organic TF transistors formed on pentacene 
or oligothiophenes have reached device 
performance with mobilities in the range of 0.1–
1 cm2 V–1 s–1 with large on/ off current ratios [1]. 
The most important material properties for the 
semiconductors to create thin film (TF) are high 
mobility, low “off” conductivity, stability and 
processability [7, 8].

Anthradithiophene (ADTs) showed better 
stability than pentacene and was lower than 
the experimental value by nearly 0.6 eV. The IP 
of ADT is calculated to be 6.15 eV and the ADT 
has small reorganization energy of 0.094 eV is 
equivalent to pentacene [9-17]. Slight chemical 
modifications of the side groups of both ADT and 
pentacene derivatives bring about considerable 
variations in molecular packing which affects 
electronic and optical properties (OP) of TF [1] . 
Its single crystal, alerted by H. Katz et al., which 
have become a common core in both small-
molecule semiconductor and polymeric systems 
[7]. ADTs have produced materials with hole-
mobility extracted from field-effect transistor 
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(FET) devices on the order of 0.1 cm2 V–1 s–1 [12, 
13], but EFT exposed differences mobilities of 
0.12 cm2 V–1 s–1 for anti-ADT [8]. The hole mobility 
in ADT single crystals nearly increases with 
decreasing temperature following a power law 
(µµT–n) [13, 14].

O. Kwon et al. have studied ADT, the intrinsic 
electronic structure, the relevant intermolecular 
interaction, and the intramolecular vibrational 
modes which are very comparable to those in 
pentacene [15]. Also, they indicated that the first 
ionization of Anthra [2, 3-b: 6, 7-b’] dithiophene 
has an energy of vertical is around 6.6996 eV and 
the anti-ADT is more stable than the syn-ADT by 
nearly 0.02 kcal/mole. The angular ADT molecules 
have the low-lying HOMO level (–4.81 eV), also 
LUMO level is calculated to be –2.02 eV, the band-
gap energy is estimated to be 2.79 eV. The ADT 
indicates great oxidation stability in organic field-
effect transistors (OFET) devices due to the low-
lying HOMO level and the implementations of 
OFETs [16]. 

Some researchers used the ADT-donor unit 
and aforesaid acceptor units to synthesize 
corresponding copolymers to explore their 
photovoltaic performance. ADT was manufactured 
as reported earlier. Thin (ten micrometres) sized 
platelets of ADT single crystals were grown from 
the vapour phase in a stream of gas [7]. J. Schön 
et al. [15] have been reported that the properties 
of the ADT is a small organic molecule and charge 
transport dependence of temperature, in the 
layered p-type, the mobility for in-plane transport 
displays an inverse power law temperature. The 
ADT was initially synthesized as a mixture of anti-
isomer and syn-isomer due to complications with 
isomer departure [13]. 

This paper investigates optoelectronic 
properties in high-quality Anthradithiophene 
organic material, the chemical structure shown 
in Fig. 1. Moreover, the influence of molecular 
structure and energy reflectivity, dielectric 
constant and bandgap are important for this 
study.

2. Computational procedures 
In performing the theoretical calculations, 

Gaussian 09 program was used [19]. In the 
investigation of molecule structure and quantum 
chemical computational calculations, many 

Fig. 1. Chemical structure of ADT organic semicon-
ductor

Fig. 2. Optimized ADT organic semiconductor
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software is possible in the literature depending on 
the purpose  of the work, the optimized molecule 
structure is shown in Fig. 2. In this study, to explain 
the theoretical optical properties and structure of 
the molecule, the electrostatic potential map 
and UV-visible was used. The first optimized the 
molecule structure in the various basis set for 
comparison between them. Based on DFT, the 
HOMO has the highest occupied molecular orbital 
and LUMO has the lowest unoccupied molecular 
orbital which is calculated in various basis sets. 
According to bandgap energy, the comparison 
between theoretical and experimental results 
was performed. The UV-visible spectroscopy, 
HOMO and LUMO and electrostatic potential 
map calculations associated with Hartree-Fock 
and density functional theory were performed to 
compare the results, according to various basis 
sets such as Split-Valence Basis Sets (SVBSs) 
6-31G and 6-311G. In addition, the single first 
polarization function is 6-311++ (d,p), the 
basis set 3-21G has polarization functions on 
second-row atoms only, and LANL2DZ (Los 
Alamos National Laboratory 2 double x) basis set 
represents the transition metals electrons. 

2.1. Theoretical calculation  
of ADT molecule properties 

This study obtained several properties of 
the ADT molecule based on the DFT and HF 
approximations of different basis sets. There 
are two important parameters which are HOMO 
and LUMO energy. HOMO is the highest energy-
filled molecular orbital, but LUMO is the lowest 
energy empty molecular orbital. The tendency 
of molecules to give electrons or to receive 
electrons can be decided based on Lewis bases. 
For instance, HOMO means a high-energy 
molecule in water that has a high tendency to 
give out electrons, and LUMO means a high-
energy molecule in water that has a high 
tendency to receive electrons [20]. 

The ionization energy can calculate based 
on HOMO energy. Thus, the energy was required 
to break an electron out of a chemical species in 
the gas phase or the isolated state. Theoretically, 
using Kopman’s theorem, can interpret and 
estimate the ionization energies of the chemical 
species which are the energy required to break an 
electron from HOMO [21, 22]:

I E= - HOMO.		  (1)

In the gas phase or isolated state, the energy 
change in an electron uptake reaction of a 
chemical species indicates the electron affinity. 
The LUMO energy is related to electron affinity 
considering the electron to be received which will 
enter the lowest-energy free orbital in a basic 
type. According to Koopmans theory can calculate 
the electron affinity A, as the following equation:

A E= - LUMO.		  (2)

The difference between the HOMO and 
LUMO indicates the bandgap energy and can be 
expressed as the following:

DE E E= -LUMO HOMO .		  (3)

The HOMO and LUMO of molecules describe 
the strong ionic and covalent interaction. A 
strong covalent chemical interaction is expected 
between molecules which energy gap is close 
to each other. Based on the energy gap, some 
physical and chemical properties of the particles 
can be determined such as the nonlinear 
properties and spaced low energy particles which 
predict to exhibit nonlinear optical properties and 
exhibit photoconductivity.

Electronegativity, hardness and softness are 
very significant parameters to investigate the 
electronic properties of molecular, finite study 
have been performed on corrosion inhibition 
efficiency based on these parameters. A soft 
molecule refers to large and high polarized 
chemical species, but a hard molecule refers to 
small and low polarized species:

h = -I A
2

,		  (4)

s
h

= 1
,		  (5)

where h is the hardness and s is the softness. 
Based on DFT, the relationships between ioniza-
tion energy and electron affinity can calculate the 
absolute electronegativity or Mulliken electro-
negativity which is the arithmetic mean of the 
ionization energy and electron affinity of the 
species. The power of a molecule to accept and 
donate the electron depend on the electronega-
tivity of the molecule. More powerful electron 
acceptors or electrophiles indicates the molecule 
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which has a high electronegativity. Lower elec-
tronegativity indicates the power of the molecule 
to electron donors or nucleophiles:

c = +A I
2

.		  (6)

Molar Gibbs free energy and Gibbs free energy 
for a pure substance can be described by chemical 
potential. When the Gibbs free energy is low, 
the activity of the substance will be small. The 
following expression can calculate the chemical 
potential:

CP = -c .		  (7)

Electrophilicity index w is another significant 
molecule property and is a measure of energy 
reduction due to the maximum electron flow 
between the transceiver, based on the following 
equation:

w
h

=
( )CP

2

2
.		  (8)

Electrophilicity index affects the amount 
of electron flux which species with a high 
electrophilicity index. According to the definition 
of the electrophilicity index, species with a high 
electrophilicity index have more electron flux if 
they are involved in a transponder interaction 
and lower the energy more because of this 

electron flux. The results of the HF approximation 
calculations have no similarity or approximation 
with experimental results associated with 
different solvents as shown in Table 1. The DFT 
results are close agreement with experimental 
results as shown in Table 2. The results of the 
DFT can rely on explanation and investigation of 
the chemical property of ADT molecules because 
the bandgap energy difference between them is 
no more than 1.3 eV, especially in CHF solvent. 
Both HF and DFT methods are used to solve the 
quantum states of multi-electron systems such as 
molecules and crystals, each of them based on the 
Born–Oppenheimer approximation. The lack of 
the results of ADT molecule calculations in these 
basis sets because of the Hartree-Fock method 
assumes that the many-electron wave function 
takes the form of a determinant of single-
electron wave functions which is called a Slater 
determinant. The problem with this assumption 
has a problem to express a single determinant 
and is that a general many-electron wavefunction 
cannot be expressed as a single determinant. 
According to HF approximation, the resulting 
energies as calculated tend to be too high, and 
the disadvantaged in Hartree-Fock methods do 
not fully incorporate electronic correlation. The 
configuration reaction in this method requires 
finding a complete basis for the single-electron 

Table. 1. Quantum chemical calculation of several properties in different basis sets for ADT molecule 
according to HF

Basis set HOMO LUMO I А DE h s c CP W m
6-21G –6.85 1.16 6.85 –1.16 8.01 4.005 0.249 2.845 –2.84 1.01 0.989
6-31G –6.697 1.184 6.697 –1.18 7.881 3.94 0.253 2.756 –2.75 0.96 1.03
6-31G (d, p) –6.503 1.33 6.503 –1.33 7.833 3.91 0.255 2.586 –2.58 0.85 1.17
6-311G –6.825 1.015 6.825 –1.01 7.84 3.92 0.255 2.905 –2.90 1.07 0.92
LanL2DZ –6.827 0.893 6.827 –0.89 7.72 3.86 0.259 2.967 –2.96 1.14 0.87
SDD –6.817 0.915 6.817 –0.91 7.73 3.86 0.25 2.95 –2.95 1.12 0.88

Table. 2. Quantum chemical calculation of several properties in different basis sets for ADT molecule 
according to DFT

Basis set HOMO LUMO I А DE h s c CP W m
6-21G –2.103 –0.672 2.10 0.67 1.43 0.71 1.39 1.38 –1.38 1.345 0.743
6-31G –4.969 –2.067 4.96 2.06 2.90 1.45 0.68 3.51 –3.51 4.264 0.234
6-31G (d, p) –4.809 –2.024 4.80 2.02 2.78 1.39 0.71 3.41 –3.41 4.191 0.238
6-311G –5.189 –2.299 5.18 2.29 2.89 1.44 0.69 3.74 –3.74 4.85 0.206
LanL2DZ –5.113 –2.284 5.11 2.28 2.829 1.414 0.70 3.69 –3.69 4.835 0.206
SDD –5.095 –2.271 5.09 2.27 2.824 1.412 0.708 3.68 –3.68 4.803 0.208
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wave functions. Then for these wave functions, 
the exact wave function of many electrons 
can be expressed as a linear set of all possible 
determinants. In the density functional theory 
(DFT), the wave function of many electrons is 
passed exactly in favour of the electron density 
associated with the Hohenberg-Kohn Theorems 
[21, 22]. The DFT mechanism for the total energy 
related to the ground state energy of the system 
is uniquely dependent on the electron density 
and total energy being a function of the electron 
density. Thus, regarding the electron density, 
to minimize energy, one can implement the 
anisotropy principle. It can not know what the 
energy function is, which is the problem of the 
DFT method. Keeping track of the spatial and 
spin coordinates of all N electrons requires in HF 
calculations. But according to DFT calculations, 
DFT offers the potential advantage of trading 
with only a single function of a single spatial 
coordinate. During this purpose, the applicant 
of DFT has been regularly growing in prevalence. 
Fig. 3 shows the visualization of HUMO and LUMO 
for ADT C18H10S2.

3. The FTIR studies of the ADT organic 
semiconductor for different solvents 

The harmonic vibrational frequency of the 
ADT semiconductor for different basis sets have 
been calculated based on the HF and DFT. In this 
study to investigate in depth the functional groups 
of the molecule, vibrational band assignments 
were generated using Gauss-View molecular 
visualization software and compared with the 
experimental results. Fig. 4 a and b show the 
correspondence between the theoretical and 
experimental calculations. The chemical structure 
of ADT is anthracene which is isoelectronic to 
pentacene, with five linearly-bonded aromatic 
rings from C = C-C in benzene rings and C-H 
ring which is related to vibrations. The presence 
of one or more aromatic rings in a structure is 
usually readily determined. The ADT molecular 
has four bounds as carbon-carbon single bond 
(C-C), carbon-carbon double bond (C=C), carbon-
hydrogen bond (C-H) and carbon-sulfur single 
bond (C-S) as shown in Table 3. The advantage 
domain in infrared absorption is to determine the 
functional groups. There are two types, in which 
vibrations can take place, for example, bending 
and stretching. The bending is much lesser for the 
same bond since there is less resistance.

Fig. 4 b shows the FT-IR spectra of the ADT 
molecule for dichloromethane (DCM), chloroform 
(CHF) and Dimethylacetamide (DMAC) solvents. 
The FT-IR spectrum of the bands at about 
2355 cm–1 for these solvents gives a strong peak 

Fig. 4. FTIR absorbance spectra of the ADT organic semiconductor for CHF, DCM and DMAC solvent: (a) The-
oretical, (b) Experimental
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which shows the strong C-H stretching. The IR 
spectrum band at 1693 cm–1 for DMAC solvent 
corresponds to hydrogen bonding. The IR 
spectrum band at 1402 cm–1 for DMAC solvent 
shows the dC‑H3. The IR spectrum band at 
1219 cm–1 for CHF solvent indicates the CH2 and 
CH3 groups. The IR spectrum band at 772 cm–1 for 
CHF solvent indicates the strong C-C stretching. 
The IR spectrum band at about 750 cm–1 for CHF 
and DCM solvents shows the C-H bending. The 
IR spectrum band at about 668 cm–1 for CHF and 
DCM solvents shows the C-S stretching.

3.1. UV-visible spectra 
Organic semiconductor materials have a wide 

range of applications and owe their semiconducting 
properties to the presence of conjugated 
double bonds in their molecular structure. The 
hybridization of carbon atoms is sp2 of conjugated 
double bonds and causes a rise in p and s bonds. 
The energy levels consist of two split regions which 
have the lower energy level as the highest occupied 
molecular orbital (HOMO) and the higher energy 
level as the lowest unoccupied molecular orbital 
(LUMO) [25–27]. Because of some significant 
properties, the organic dyes have attracted 
attention as novel materials in high-density 
optical data recording media due to their low heat 
conduction, diversity of optical characteristics and 
chemical stability. The broad and narrow bandgap 
energy of the semiconductor are a significant 
characteristic of fabrication devices. Controlling 
the particle size and the overall photoactivity can 
greatly expand the hybrid semiconductor system 
causing the optical absorbance of narrow-band 
semiconductors which can incrementally tun to 
the absorption in the visible region [28]. 

The bandgap energy of Anthra [2, 3-b: 6, 
7-b’] Dithiophene (ADT) molecule calculated 
is associated with the UV-visible spectrum as 

shown in Fig. 5a and b for DCM, CHF and DMAC 
solvents.   They investigate the UV-Vis spectra 
of the ADT molecule for the solvents of DCM, 
CHF, and DMAC. Absorbance is important for 
optoelectronic applications. The ADT molecule 
exhibits the maximum peaks at 296, 297 and 
295 nm, respectively. As can be seen from the 
relevant curves, the ADT molecule dissolved in 
the DCM solution shows the largest and most 
stable spectrum. The ADT molecule is much 
more dominant in the near-ultraviolet region. 
The bandgap energy of the ADT molecule for CHF 
solvent is 4.92, 4.17 eV, whereas it is observed 4.9 
and 4.18 eV for DCM, and DMAC is 4.2 and 4.59 eV. 
In the calculation concerning each maximum 
absorption, the bandgap energies are very close.

The crucial properties of semiconductor mate-
rial are the absorption of light. There are two terms 
of absorption coefficient a and hn exhibits light ab-
sorption. From the following expression can calcu-
late the forbidden bandwidth of optical transitions 
or optical bandgap of semiconductors Eg [27]:

a = ◊2 303A
L

.		  (9)

k = al
p4

.		  (10)

Where a is absorption coefficient, A is 
absorbance, L is thickness (1 cm in my case).

ahv A hv Eg
m( ) = -( )* .		  (11)

Here, A*  is a constant and m is the parameter 
related to the measuring type of band gaps. The 
crystal momentum conservation and energy 
conservation for any transition to take place have 
to be satisfied. The bandgap of a semiconductor 
includes two types which direct and indirect 
bandgap in semiconductor physics. In the 
valence band maximal-energy state and the 

Table. 3. Characteristic IR absorption frequencies of organic functional groups

Groups Absorption (cm–1) Groups Absorption (cm–1)

C=C Bending 1700–1500 C-H Bending 1650–2000

C=C Stretched 1400–1600 C-S Stretch 690–685

C-C Stretch in ring 1585–1600 C-H Bending out of the plane 900–675

C-H Stretch 3000–3300 C-H Bending weak overtone 1650–2000
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conduction band, the minimal energy state in 
the Brillouin zone is characteristically identified 
by a certain crystal momentum. If the crystal 
momentum of electrons and holes are different 
in both the conduction band and the valence 
band which are called the indirect bandgap. The 
electron momentum of the top of the valence 
band and the bottom of the conduction band 
is not always the same. The top of the valence 
band and the bottom of the bandgap in a 
direct bandgap semiconductor have the same 
momentum value. By the comparison between 
the UV‑visible bandgap energy and the Tauc plot, 
the method obtained the type of bandgap energy 
of ADT compound is indirect. The value of m is 
dependent on the type of semiconductor bandgap 
energy and include four various value which is 3/2 
for forbidden transition, 3 for forbidden indirect 
transition, 2 for allowing indirect transition.

Fig. 6 shows Tauc plot of ADT molecule for 
three different solvents. The allowed direct 
bandgap was obtained from the linear region. The 
optical band gap Eg value for all solvents is 4.058 

and 4.07 eV. For CHF solvent, Eg has the same value, 
but for DAMC  g is 4.07 eV. The Eg of semiconductor 
material is significant to operate the solar cells at 
this range because the devices can operate at high 
voltage and temperature. The change of solvents 
from DAMC to ADT as illustrated in Figures 5 and 
6, enables more electrons to enter the conduction 
band by longer photon wavelengths. When the 
absorbance increased, the allows more electrons 
to be conduction band consequently increasing 
the efficiency of devices. 

3.2. Refractive index
In recent decades, the application of semi-

conductor materials has been attracted to opti-
cal designers due to their use in the fabrication 
of electronic, optoelectronic and optoelectronic 
properties such as photodetectors (PD), hetero-
geneous lasers, light-emitting diodes (LEDs), and 
photonic modulators that operate in regions of 
Mid-infrared (2–5 µm) and integrated circuits. 
The refractive index and bandgap energy are two 
main important properties of semiconductor ma-

Table 4. Maximum absorption and bandgap energy of ADT in various solvents with the comparison 
between experimental and theoretical

Experimental DCM CHF DMAC
lmax, nm 253 296 252 297 265 295
Eg, eV) 4.92 4.17 4.9 4.18 4.2 4.59

Theoretical 631G (d. P) 6311G LanL2DZ SDD
lmax, nm 228 284 226.5 280 226 277 228 277.6
Eg, eV) 5.44 4.37 5.48 4.43 5.49 4.49 4.30 4.47

Fig. 5. UV-visible spectra of ADT molecule: (a) Theoretical in the various basis set and (b) experimental in 
different solvent
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terials, and the fundamental properties can de-
cide on these two properties [30, 31]. The refrac-
tive index is related to the structure of materials 
and is a measure of transparency to the incident 
photon. The threshold of photon absorption of a 
semiconductor determines the energy gap.

The following equation can calculate the 
refractive index. Fig. 7 shows that the refractive 
index decreased with increased bandgap energy.  
The refractive index of ADT molecule in DMAC 
solvent has the highest value at the lowest 
Eg after 2.55 eV decreased up to 2.67 eV and 
interpreted the ADT solvent line of refractive 
index. Fig. 8 illustrates the effect of solvent in 
the refractive index of the ADT material. The 
refractive index of ADT for DMAC solvent at low 
Eg differs from other solvents, but after 2.67 eV 
is similar to another solvent:

n
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The refractive index of semiconductor 
material can determine by using many relations 
such as Ravindra, Moss, Kumar and Singh, Herve 
and Vandame. These relations depend on bandgap 
energy, and these relations are extensively used 
to determine the n of semiconductors [32]:

Reddy relation:

n Eg
4 0 365 154� . .-( ) = 		  (13)

Moss relationship:

n Eg
4 95= eV .		  (14)

Kumar and Singh relation:

n KEg
c= . 		  (15)

Where K and C are constants and K is 3.3668 
and C is −0.32234.

Herve-Vandamme relationship:

n
A

E Bg

2 21= +
+

Ê

Ë
Á

ˆ

¯
˜ . 		  (16)

Ravindra relationship:

n Eg= -4 084 0 62. . . 	 (17)

3.3. Transmittance
The optical transmission spectra for ADT 

of different solvents are shown in Fig. 9. The 
transmission spectra at low Eg is high and 
depends on the type of solvent. The solvent DCM 
and DMAC at the lowest level have the highest 
transmission. But for the CHF solvent, the light 
transmission in the UV visible range is low, 
compared to other solvents. 

The transparent material has poor electrical 
conductivity and high reflectivity. The ADT 
molecule at the 3.75 eV for all solvents exhibits 
the lowest transparency and highest reflectivity. 
Generally, the transmittance gradually decreases 
by increasing bandgap energy.

3.4. Normal dispersion region 
For investigating the physical properties 

of materials such as light bending and how 
light bends at each specific wavelength, should 
consider the dispersion parameter. Designers 

Fig. 6. Tauc plot of ADT molecule for various solvent Fig. 7. Refractive index against energy bandgap of ADT 
molecule in various solvent
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make materials into optical pigments, and the 
scattering area is an important property. The 
scattering area depends on the refractive index 
of the material. When the angular frequency 
increases, the refractive index can fluctuate and 
then increase the scattering area.

In the construction of optical instruments, 
material dispersion can be a desirable or 
undesirable effect in optical applications. 
Allowing more accurate discrimination of 
wavelengths when using light scattering by 
glass prisms to create spectroradiometers, 
spectrometers and stereo grids. The frequency 
change with the refractive index is called 
dispersion. The refractive of light decreases at 
a lower frequency. The angular frequency band 
of ADT in the CHF solvent has the highest band, 
and the normal scattering area is 5.6 PHz. In the 
DMAC solvent, the frequency range is the lowest, 
and the scattering region is 4.51 PHz. The normal 
scattering region is 5.4 PHz for ADT molecule in 
DMAC solvent as shown in Fig. 10.

3.5. Reflectivity and reflection loss
The optical response of the surface of a 

material can be estimated using the reflectivity 
coefficient.  Reflectivity coefficient is the ratio of 
the reflected power to the incident power which is 
important for the optical properties of materials. 
The relation between the extinction coefficient 
and refractive index can calculate the reflectivity 
as the following expression [33, 34].

R
n k

n k
=

-( ) +

+( ) +

1

1

2 2

2 2
,		  (18)

where k is the frequency-dependent extinction 
coefficient calculated from equation (10), for a 
weak absorber k can be considered too small and 
at the high frequency it vanishes. The following 
expression can calculate the reflectivity at a 
higher frequency:

R
n
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2

,		  (19)

where n is a refractive index, obtained in equation 
(12).

The relation between ref lectivity and 
reflection coefficient can determine the reflection 
coefficient according to the following equation:

r R= .		  (20)

The absorption technique is a significant 
property, because of the relation between electrical 
and optical properties through the conductivity 
tensor. Good electrical conductor material indicates 
a high reflection, but the transparent materials are 
expected reasonably poor electrical conductivity. 
The reflectivity of the ADT molecule associated 
with the UV visible spectra is well-matched with 
each other, since the reflectivity ratio depends on 
the bandgap energy, a large bandgap indicates low 
reflectance, while a small bandgap indicates high 
reflectivity as shown in Fig. 11.

Fig. 8. The refractive index plots of the ADT semicon-
ductor for the various solvents 

Fig. 9. Eg against transmittance of ADT semiconduc-
tor for various solvents
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3.6. Reflection loss and transmission coefficient
The ref lection loss and transmission 

coefficient in telecommunication are the 
principal characteristics. From the following 
equations can calculate each of them and the 
express presents the correlation between the 
reflection loss and transmission coefficient 
as shown in Fig. 12. It can be shown that a 
partial inverse proportionality between the two 
quantities [34, 35]: 

R
n
nL = -

+
È
ÎÍ
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2

. 		  (21)

T
n

n
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+
2
12 .		  (22)

F o r  e s t i m a t e s  o f  h ow  m u c h  o f  a n 
electromagnetic wave (light) passes through 

a surface or an optical element can use the 
transmission coefficient in the optics field. Using 
the transmission coefficient, the amplitude and 
intensity of the wave can be measured. The 
chemistry field can describe the transmission 
coefficient to a chemical reaction overcoming a 
potential barrier [36].

4. Electrical and optical conductivity 
There are two important parameters to decide 

on electrical and optical behaviour which are 
electrical and optical conductivity based on the 
following parameters [36]. 

s a
popt = nc
4

.	 (23)

s
ls
aele
opt=

2
.	 (24)

Fig. 10. Normal dispersion region calculation and plot the angular frequency against refractive index of ADT 
molecule
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By considering the electronic structure of 
materials, due to free electrons in the conduction 
band, the electrical conductivity of materials 
and semiconductor optical conductivity are the 
change in conductivity induced by illumination, 
both a decrease or an increase.

The Drude model explained the electrical 
conductivity of materials, and the band theory 
plays a significant role in explaining the concept of 
conductivity. The conduction band get more free 
electrons when the valence band and conduction 
band overlapped. The resistivity possesses in 
the material, and the scattering mechanism 
describes the process, and the excited electrons 
from the valence band to the conduction band 
are responsible for conduction. The dielectric 
constant of a material is related in this process to 
allowing light to propagate through the material. 
In the case of optical propagation, the relaxation 
time and plasma frequency are important [37]. 
Two physical quantities are playing an important 
role because when light energy as a photon hits 
the surface of the material, it drives the electron. 
If there is no scattering, the light gets reflected 
totally, and hence metals are shiny. This part is 
associated with the material colour.

The electrical conductance of the ADT 
molecule differs in various solvents. The electrical 
conductivity in the range 2.87 to 3.4 eV have the 
highest value which indicates the ADT molecule 
easily  allows electric current to flow through 
it for DMAC solvent, and  inversely. Electrical 
resistivity measures how strongly a material 

resists the flow of electric current. In the CHF 
solvent, the electrical conductivity is the lowest 
at 3.78 V and then has risen slightly. At the small 
bandgap energy, the ADT molecule in CHF solvent 
is not allowed the electric current to through it. 
Generally, the electrical conductance for each 
solvent rises after 3.6 eV which indicates the 
ADT molecule and has a wide range of bandgap 
energy. The type of solvent is very significant 
to the optoelectronic and electrical properties 
of molecules. The optical conductance has 
lower than the electrical conductance of the 
ADT molecule, as shown in figure 13b. The 
electrical and optical conductance have more 
similarity based on Figures 13 a and b. It can 
be clearly seen that energy increases and then 
decreases, after that both are the same according 
to the bandgap energy of various solvents. The 

Fig. 11. Reflectivity relation of ADT molecule with 
energy gap in various solvent

Fig. 12. Transmission coefficients against reflection 
loss of ADT molecule for different solvents
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optical conductivity at the high energy gap has 
a high value, and the lines are more increased 
compared with electrical conductance. The wide 
bandgap and increasing optical conductance at 
3.6 eV indicates the ADT molecule which has a 
wide bandgap and is very useful to fabrication 
for materials operating at high voltage and 
temperature such as solar cells. The increase of 
sreal  and soptical  can be attributed to an increase 
in the absorption coefficient in this region. 
Whereas, a decrease of sreal  value after the 
second peak can be attributed to a decrease in the 
absorption coefficient within this energy region. 
These two peaks of the ADT molecule in DMAC 
in the sreal  show areas of deeper penetration for 
electromagnetic waves, and they also show high 
conductivity.  When the photons are at these 
peak energy values, the high conductivity can be 
optimized. 

4.1. Dielectric constant 
For investigation about the conduction 

properties of materials, the dielectric constant 
is a significant parameter. The usage of the film 
for photovoltaic applications depends on the 
electrical properties of the materials which are 
a great importance in determining the usage.  
The various growth parameters related to the 
electrical properties such as rate of deposition and 
substrate temperature [38]. The two parameters 

¢e  and ¢¢e  represent the real part dielectric 
constant and imaginary part (dielectric loss), 
respectively. The complex dielectric constant can 
calculate from the following expression:

e e e* = ¢ + ¢¢j ,		  (25)

where ¢e  is represent the real part of dielectric 
constant, ¢¢e  is represent the dielectric loss and 
the complex dielectric constant is e* . The dielec-
tric spectroscopy of materials is very important 
because it is related to many parameters such as 
grain boundary, grain and insights into the struc-
ture of compounds, transport properties and 
charge storage capabilities of dielectric material. 
At the grain boundaries, potential barrier gene
rates in the thin films or solids which cause the 
increase of dielectric constant with increasing 
frequency and is related to the presence of space 
charge polarization [39, 40].

The polarization concepts of ADT molecules in 
various solvents can rely on the relation between 
the dielectric loss and permittivity modalities 
because polarization depends on the electric field 
under the condition. If the relaxation time of the 
electric field applied and frequency is the same 
which indicates the occurring phase lag. On the 
other hand, when the frequency is slower than 
the relaxation of the electric field, polarization 
occurs. Depolarization does not occur when the 
relaxation time is lower than the frequency of 
the electric field. Fig. 14 shows the frequency 
variation with the real and imaginary part of the 
dielectric constant of ADT for different solvents.

4.2. Electrostatic potential map
This section describes a map that is called 

an electrostatic potential map (often called a 
potential map).  It explains information about 
atomic charges which can suggest advantages 
of EPM [41]. The first is used for specifying the 
polar and nonpolar on the parts of the molecule. 
The second advantage can be used to compare 

Fig. 13. Variation of optical (a) and electrical (b) conductivity of ADT molecule
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the charges between one molecule with another 
to obtain information about the product of a 
chemical reaction. The third factor investigates 
the shape of the electron cloud of atoms and 
reveals an irregularity used to tell which region 
has the highest electron density or concentration 
and which area has the lowest electron density or 
depletion. The final advantage, according to this 
study is to determine which charge atoms repel or 
attract to the molecules. The interaction between 
molecules is similar to why molecules assemble 
and how polymer complexes are formed. These 
reactions are also related to a chemical reaction. 
The electrostatic potential map is the actual 
valuable three-dimensional chart of molecules. 
It is useful for explaining the charge distribution 
of charges on the surface of the molecule and 
investigating the properties of molecules. They 
permit the researcher to imagine the form and 
size of the molecule [42]. The electrostatic 
potential has very powerful for predicting the 
behaviour of complex molecules. Colour codes 
to identify charge distribution [43]. The default 
colour scale starts from the red area to the darker 
blue. The red colour tells us that the region has 
a higher electron density, which means that the 
electrostatic potential has decreased and is at its 
lowest. This means that the red area in Fig. 15 
indicates the largest region of electronegativity. 
Moreover, the blue colour represents a small 
electronegativity. Associate with yellow and 
green, they have more electronegativity than blue, 
less than red.  Yellow is more electronegative than 

green. Recall that the area of lowest electrostatic 
potential corresponds to the region of greatest 
electron concentration. Around sulfur have more 
electronegativity comparing with another area. 
As well as, around of all hydrogens have less 
electronegativity compared with other regions. 
The sulfurs have the highest electronegativity 
value, and the hydrogens have the smallest 
electronegativity value. On the other hand, the 
sulfur would be affiliated with the red region of 
the EPM, and the hydrogen would be affiliated 
with the blue area. The sulfur has 6 valence 
electrons and is involved in forming chemical 
bonds with other elements, and hydrogen has 
one valence electron.

5. Conclusion
In this investigation, the optical and electrical 

properties of ADT molecule organic semiconductors 
for different solvents with theoretical and 
experimental methods were compared in detail. 
From the UV-visible spectroscopy calculated 
the optoelectronic properties such as bandgap 
energy, allowing indirect transition, refractive 
index, angular dispersion region, electrical and 
optical conductivity and dielectric properties 
in various solvents. The bandgap energy is 
condensed and determined in many ways to 
explain the optoelectronic properties. The 
experimental results in the various basis set are a 
good agreement with theoretical results.  DFT and 
HF approximation are two significant theoretical 
methods. The calculations based on them were 

Fig. 14. Relation between the real and imaginary part of the dielectric constant of ADT molecule in three dif-
ferent solvents
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performed and compared the results for the ADT 
molecule. The average band-gap energy between 
the HOMO and LUMO was found to be 2.84 eV by 
using five basis sets. As a result, based on DFT 
techniques along with B3LYP, some basis sets 
were utilized for optimizing the ADT. The result 
was shown that the electrostatic potential map 
(EPM) of ADT in the sulfurs have the highest 
electronegativity value and the hydrogens 
have the lowest electronegativity value. In 
this study, the advantages of ADT investigated 
optoelectronic characteristics of the ADT for 
various methods and conditions will provide to 
optoelectronic technologies due to interesting 
and significant results. 

Author contributions
All authors made an equivalent contribution 

to the preparation of the publication.

Conflicts of interest: 
The authors state that there is no conflict of 

interest in the printing of this manuscript.

References 
1. Platt A. D., Day J., Subramanian S., Anthony J. E., 

Ostroverkhova O. ‘Optical, fluorescent, and (photo) 
conductive properties of high-performance function-
alized pentacene and anthradithiophene derivatives. 
The Journal of Physical Chemistry C. 2009;113(31): 
14006–14014. https://doi.org/10.1021/jp904021p  

2. Sekar A., Sivula K. Organic semiconductors as 
photoanodes for solar-driven photoelectrochemical 
fuel production.CHIMIA International Journal for 
Chemistry. 2021;75(3): 169–179. https://doi.
org/10.2533/chimia.2021.169

3. Li H., Brédas J.-L. Developing molecular-level 
models for organic field-effect transistors. National 
Science Review. 2021;8(4): nwaa167. https://doi.
org/10.1093/nsr/nwaa167

4. Rojas H. C., Bellani S., Fumagalli F., Tullii G., 
Leonardi S., Mayer M. T., Schreier M., Grätzel M., 
Lanzani G., Di Fonzo F. Polymer-based photocathodes 
with a solution-processable cuprous iodide anode 
layer and a polyethyleneimine protective coating. 

Energy & Environmental Science. 2016;9(12): 3710–
3723. https://doi.org/10.1039/c6ee01655c  

5. Qadr H. M. A molecular dynamics calculation to 
cascade damage processes. The Annals of “Dunarea de 
Jos” University of Galati. Fascicle IX, Metallurgy and 
Materials Science. 2020;43(4): 13–16. https://doi.
org/10.35219/mms.2020.4.02

6. Qadr H. M. A molecular dynamics study of tem-
perature dependence of the primary state of cascade 
damage processes. Russian Journal of Non-Ferrous 
Metals. 2021;62(5): 561–567. https://doi.org/10.3103/
s1067821221050096

7. Laquindanum J. G., Katz H. E., Lovinger A. J. 
Synthesis, morphology, and field-effect mobility of 
anthradithiophenes. Journal of the American Chemical 
Society. 1998;120(4): 664–672. https://doi.org/10.1021/
ja9728381  

8. Zhu G., Sun Y., Li M., Tao C., Zhang X., Yang H., 
Guo L., Lin. Ionic crosslinked polymer as protective 
layer in electrochromic supercapacitors for improved 
electrochemical stability and ion transmission perfor-
mance. Electrochimica Acta. 2021;365: 137373. https://
doi.org/10.1016/j.electacta.2020.137373

9. Qadr H. M. Effect of ion irradiation on the me-
chanical properties of high and low copper. Atom In-
donesia. 2020;46(1): 47–51. https://doi.org/10.17146/
aij.2020.923

10. Mamada M., Minamiki T., Katagiri H., Tokito 
S. Synthesis, physical properties, and field-effect mo-
bility of isomerically pure syn-/anti-anthradithio-
phene derivatives. Organic Letters. 2012;14(16): 
4062–4065. https://doi.org/10.1021/ol301626u

11. Miao Q. (Ed.). Polycyclic arenes and heteroarenes: 
synthesis, properties, and applications. John Wiley & 
Sons; 2015. https://doi.org/10.1002/9783527689545

12. Brédas J.-L., Calbert J. P., da Silva Filho D. A, 
Cornil J. Organic semiconductors: A theoretical char-
acterization of the basic parameters governing charge 
transport. Proceedings of the National Academy of Sci-
ences. 2002;99(9): 5804–5809. https://doi.org/10.1073/
pnas.092143399

13. Hallani R. K., Thorley K. J., Mei Y., Parkin S. R., 
Jurchescu O. D., Anthony J. E. Structural and electron-
ic properties of crystalline, isomerically pure anthra-
dithiophene derivatives. Advanced Functional Materi-
als. 2016;26(14): 2341–2348. https://doi.org/10.1002/
adfm.201502440

14. Mamada M., Katagiri H., Mizukami M., Hon-
da K., Minamiki T., Teraoka R., Uemura T., Tokito S. 
Syn-/anti-anthradithiophene derivative isomer effects 
on semiconducting properties. ACS Applied Materials 
& Interfaces. 2013;5(19): 9670–9677. https://doi.
org/10.1021/am4027136

15. Schön J., Kloc C., Siegrist T., Laquindanum J., 
Katz H. Charge transport in anthradithiophene single 

Fig. 15. The Potential Energy Surfaces (PES) of ADT 
molecule

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2022;24(2): 227–242

D. M. Mamand et al.	 Theoretical and experimental investigation on ADT organic semiconductor...



241

crystals. Organic Electronics. 2001;2: 165–169. https://
doi.org/10.1016/s1566-1199(01)00022-2

16. Qadr H. M. ‘Pressure effects on stopping power 
of alpha particles in argon gas. Physics of Particles and 
Nuclei Letters. 2021;18(2): 185–189. https://doi.
org/10.1134/s1547477121020151

17. Kwon O., Coropceanu V., Gruhn N., Durivage J., 
Laquindanum J., Katz H., Cornil J., Brédas J.-L. Cha
racterization of the molecular parameters determining 
charge transport in anthradithiophene. The Journal of 
Chemical Physics. 2004;120(17): 8186–8194. https://
doi.org/10.1063/1.1689636

18. Yang H., Locklin J., Singh B., Bao Z. Organic 
field-effect transistors with solution-processible thio-
phene/phenylene based-oligomer derivative films. 
Organic Field-Effect Transistors VI, International Society 
for Optics and Photonics. 2007: 66581A. https://doi.
org/10.1117/12.733953

19. Caricato M., Frisch M .J., Hiscocks J., Frisch M. J. 
Gaussian 09: IOps Reference, Citeseer. 2009.

20. Qadr H. M., Mamand D. M. Molecular structure 
and density functional theory investigation corrosion 
inhibitors of some oxadiazoles. Journal of Bio-and 
Tribo-Corrosion. 2021;7(4): 1–8. https://doi.
org/10.1007/s40735-021-00566-9

21. Mamand D. Determination the band gap ener-
gy of poly benzimidazobenzophenanthroline and 
comparison between HF and DFT for three different 
basis sets. Journal of Physical Chemistry and Functional 
Materials. 2019;2(1): 32–36. Режим доступа: https://
dergipark.org.tr/en/pub/jphcfum/issue/45047/589803

22. Mamand D. M., Qadr H. M. Comprehensive 
spectroscopic and optoelectronic properties of BBL 
organic semiconductor. Protection of Metals and Phys-
ical Chemistry of Surfaces. 2021;57(5): 943–953. https://
doi.org/10.1134/s207020512105018x

23. Görling A. Density-functional theory beyond 
the Hohenberg-Kohn theorem. Physical Review A. 
1999;59(5): 3359. https://doi.org/10.1103/physre-
va.59.3359

24. Gilbert T. L. Hohenberg-Kohn theorem for 
nonlocal external potentials. Physical Review B. 
1975;12(6):  2111. https://doi .org/10.1103/
physrevb.12.2111

25. Mamand D. Theoretical calculations and spect
roscopic analysis of gaussian computational examina-
tion-NMR, FTIR, UV-Visible, MEP on 2, 4, 6-Nitrophe-
nol. Journal of Physical Chemistry and Functional Ma-
terials. 2019;2(2): 77–86. Режим доступа: https://
dergipark.org.tr/en/pub/jphcfum/issue/50562/645745

26. Iliev V., Tomova D., Rakovsky S., Eliyas A., 
Puma G. L. Enhancement of photocatalytic oxidation 
of oxalic acid by gold modified WO3/TiO2 photocata-
lysts under UV and visible light irradiation. Journal of 
Molecular Catalysis A: Chemical. 2010;327(1-2): 51–57. 
https://doi.org/10.1016/j.molcata.2010.05.012

27. Aceto M., Agostino A., Fenoglio G., Idone A., 
Gulmini M., Picollo M., Ricciardi P., Delaney J. K. Cha
racterisation of colourants on illuminated manuscripts 
by portable fibre optic UV-visible-NIR reflectance 
spectrophotometry. Analytical Methods. 2014;6(5): 
1488–1500. https://doi.org/10.1039/c3ay41904e

28. Wu J., Walukiewicz W., Shan W., Yu K., 
Ager W. J., Haller E.E., Lu H., Schaff W. J. Effects of the 
narrow band gap on the properties of InN. Physical 
Review B. 2002;66(20): 201403. https://doi.org/10.1103/
physrevb.66.201403

29. Orek C., Gündüz B., Kaygili O., Bulut N. Elec-
tronic, optical, and spectroscopic analysis of TBADN 
organic semiconductor: Experiment and theory. Chem-
ical Physics Letters. 2017;678: 130–138. https://doi.
org/10.1016/j.cplett.2017.04.050

30. Herve P., Vandamme L. K. J. General relation 
between refractive index and energy gap in semicon-
ductors. Infrared physics & technology. 1994;35(4): 
6 0 9 – 6 1 5 .  h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / 1 3 5 0 -
4495(94)90026-4

31. Hader J., Moloney J., Koch S. Microscopic theo
ry of gain, absorption, and refractive index in semi-
conductor laser materials-influence of conduc-
tion-band nonparabolicity and coulomb-induced in-
tersubband coupling. IEEE Journal of Quantum Elec-
tronics. 1999;35(12): 1878–1886. https://doi.
org/10.1109/3.806602

32. Ravindra N., Ganapathy P., Choi J. Energy gap–
refractive index relations in semiconductors–An 
overview. Infrared Physics & Technology. 2007;50(1): 
21–29. https://doi.org/10.1016/j.infrared.2006.04.001

33. Linda D., Duclère J.-R., Hayakawa T., 
Dutreilh-Colas M., Cardinal T., Mirgorodsky A., Kaba-
dou A., Thomas P. Optical properties of tellurite glass-
es elaborated within the TeO2–Tl2O–Ag2O and TeO2–
ZnO–Ag2O ternary systems. Journal of Alloys and 
Compounds . 2013;561: 151–160. https://doi.
org/10.1016/j.jallcom.2013.01.172

34. Umar S., Halimah M., Chan K., Latif A. Polar-
izability, optical basicity and electric susceptibility of 
Er3+ doped silicate borotellurite glasses. Journal of 
Non-Crystalline Solids. 2017;471: 101–109. https://doi.
org/10.1016/j.jnoncrysol.2017.05.018

35. Maheshvaran K., Linganna K., Marimuthu K. 
Composition dependent structural and optical prop-
erties of Sm3+ doped boro-tellurite glasses. Journal of 
Luminescence. 2011;131(12): 2746–2753. https://doi.
org/10.1016/j.jlumin.2011.06.047

36. Yoshino K., Oyama S., Yoneta M. Structural, 
optical and electrical characterization of undoped 
ZnMgO film grown by spray pyrolysis method. Journal 
of Materials Science: Materials in Electronics. 2008;19(2): 
203–209. https://doi.org/10.1007/s10854-007-9333-2

37. Jiménez-González A. E, Soto Urueta J. A., 
Suárez-Parra R. Optical and electrical characteristics 

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2022;24(2): 227–242

D. M. Mamand et al.	 Theoretical and experimental investigation on ADT organic semiconductor...



242

of aluminum-doped ZnO thin films prepared by solgel 
technique. Journal of Crystal Growth. 1998;192(3-4): 
4 3 0 – 4 3 8 . h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / s 0 0 2 2 -
0248(98)00422-9

38. Sassi M., Oueslati A., Moutia N., Khirouni K., 
Gargouri M. A study of optical absorption and dielec-
tric properties in lithium chromium diphosphate 
compound. Ionics. 2017;2394): 847–855. https://doi.
org/10.1007/s11581-016-1903-y

39. Xie P., Wang Z., Zhang Z., Fan R., Cheng C., 
Liu H., Liu Y., Li T., Yan C., Wang N. Silica microsphere 
templated self-assembly of a three-dimensional car-
bon network with stable radio-frequency negative 
permittivity and low dielectric loss. Journal of Materi-
als Chemistry C. 2018;6(19): 5239–5249. https://doi.
org/10.1039/c7tc05911f

40. Yang K., Huang X., Huang Y., Xie L., Jiang P. 
Fluoro-polymer@ BaTiO3 hybrid nanoparticles pre-
pared via RAFT polymerization: toward ferroelectric 
polymer nanocomposites with high dielectric constant 
and low dielectric loss for energy storage application. 
Chemistry of Materials. 2013;25(11): 2327–2338. 
https://doi.org/10.1021/cm4010486

41. Leboeuf M., Köster A., Salahub D. Approxima-
tion of the molecular electrostatic potential in a 
gaussian density functional method. Theoretical Chem-
istry Accounts. 1997;96(1): 23–30. https://doi.
org/10.1007/s002140050199

42. Ramalingam S., Babu P. D. S., Periandy S., Fe-
reyduni E. Vibrational investigation, molecular orbit-
al studies and molecular electrostatic potential map 

analysis on 3-chlorobenzoic acid using hybrid com-
putational calculations. Spectrochimica Acta Part A: 
Molecular and Biomolecular Spectroscopy. 2011;84(1): 
210–220. https://doi.org/10.1016/j.saa.2011.09.030

43. Ramalingam S., Karabacak M., Periandy S., 
Puviarasan N., Tanuja D. Spectroscopic (infrared, Ra-
man, UV and NMR) analysis, Gaussian hybrid compu-
tational investigation (MEP maps/HOMO and LUMO) 
on cyclohexanone oxime. Spectrochimica Acta Part A: 
Molecular and Biomolecular Spectroscopy. 2012;96: 
207–220. https://doi.org/10.1016/j.saa.2012.03.090

Information about authors
Dyari Mustafa Mamand, MSc in Atomic and 

Molecular Physics, Department of Physics, University 
of Raparin, (Sulaymaniyah, Iraq).

https://orcid.org/0000-0002-1215-7094    
dyari.mustafa@uor.edu.krd 
 Hazhar Hamad Rasul, MSc in Atomic and Molecular 

Physics, Department of Physics, University of Raparin, 
(Sulaymaniyah, Iraq).

hazharhrm@uor.edu.krd 
Peshang Khdir Omer, MSc in Chemistry, Department 

of Chemistry, University of Raparin, (Sulaymaniyah, 
Iraq).

peshang.khdir@uor.edu.krd 
Hiwa Mohammad Qadr, MSc in Physics, Lecture of 

the Department of Physics, University of Raparin, 
(Sulaymaniyah, Iraq).

https://orcid.org/0000-0001-5585-3260 
hiwa.physics@uor.edu.krd
Received 10.01.2022; approved after reviewing 

30.03.2022; accepted 15.05.2022; published online 
25.06.2022.

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2022;24(2): 227–242

D. M. Mamand et al.	 Theoretical and experimental investigation on ADT organic semiconductor...



243

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.2022.24/9264

Preparation and characterization of Ge-Ni-Te nanocomposite
Iman A. Mahdy1 , S. M. El Sheikh2, Hosny A. Omar2, P. V. Seredin3, Manal A. Mahdy4   *

1Al-Azhar University, Physics Department, Faculty of Science (Girls),  
Nasr City 11753, Cairo, Egypt
2School of Sciences and Engineering, Physics Department, American University in Cairo,  
New Cairo 11835, Cairo, Egypt
3Voronezh State University, Physics Faculty,  
1 Universitetskaya pl., Voronezh 394018, Russian Federation 
4National Research Centre, Solid State Physics Department,  
Dokki 12622, Giza, Egypt

Abstract 
NixGe50–xTe50 with x = 2, 4, 6, 8, 10, 15 and 20 at% ternary nanocomposite prepared using multistage solid-state direct 
reaction. Nanocrystalline nature was studied by X-ray powder diffraction, results reviled that, the main phase is rhombohedral 
GeTe polymorph, and the second major phase is hexagonal Ni3GeTe2. The calculated average crystallite size of the whole 
constituents in prepared samples is within the range of 47.3-83.8 nm. Optical properties evaluated from diffuse reflection 
measurements and the calculated bandgap of all samples are nonmonotonically changes with Ni content from 1.45 to 1.62 
eV with the direct allowed transition. 
Keywords: Ni-Ge-Te, Nanocomposite, Structural and optical properties, Diamagnetic
Funding: This work was supported by the American University in Cairo (AUC) project № SSE-PHYS-S.E.- F.Y17- F.Y18- 
F.Y19-RG(2)-2016-Feb-10-08+45-59 & project № SSE-PHYS-H.O- F.Y20- RG(2-19)-2018-Dec-08-03-06-32-.FZGU-2020-
0036. As well as technical support from Nanomaterials Laboratory at Physics Department, Faculty of Science, Al-Azhar 
University (Girls Branch) and National Research Centre (Cairo, Egypt).
For citation: Mahdy I. A., El Sheikh S. M., Omar H. A., Seredin P. V., Mahdy M. A. Preparation and characterization of Ge-Ni-
Te nanocomposite. Condensed Matter and Interphases. 2022;24(2): 243–249. https://doi.org/10.17308/kcmf.2022.24/9264
Для цитирования: Махди И. A., Эль Шейх С. М., Омар Х. А., Середин П. В., Махди М. A. Получение и исследования 
нанокомпозитов Ge-Ni-Te. Конденсированные среды и межфазные границы. 2022;24(2): 243–249. https://doi.org/10.17308/
kcmf.2022.24/9264

  Иман A. Махди, e-mail: imanmahdy@azhar.edu.eg 
© Махди И. A., Эль Шейх С. М., Омар Х. А., Середин П. В., Махди М. A., 2022

The content is available under Creative Commons Attribution 4.0 License. 

Condensed Matter and Interphases. 2022;24(2): 243–249



244

1. Introduction 
Diluted magnetic semiconductors (DMS) are 

the focus of great interest due to their exceptional 
potential for implementation in the spintronic 
industry. Their importance lies in the fact that 
it provides scientific information and potential 
technological applications of semiconductors [1–
4] for tunable ferromagnetic devices [5]. Among 
the IV–VI semi-magnetic semiconductors, only 
a few compounds (PbSnMnTe, SnMnTe, GeCrTe, 
and GeMnTe) show the ferromagnetic (FM) 
ordering [6]. The interaction between magnetic 
Mn ions doped GeTe films is ferromagnetic 
although Ni-doped GeTe films are paramagnetic 
[7] and Ni5.42GeTe2, crystallized in the tetragonal 
system [8]. Both crystallization speed and thermal 
stability of GeTe are significantly increased by Ni 
doping. The carrier concentration in multiferroic 
diluted magnetic semiconductors can control 
its magnetic properties; which may provide 
some new opportunities for novel spintronic 
and magnetoelectronic materials and devices. 
The magnetic, magneto-optical, and transport 
properties of the DMS materials, which are 
recently treated as spintronic model materials, 
are controlled via three coupled subsystems: 
free carriers, lattice excitations (phonons), and 
magnetic ions [9]. The spin and energy transfer 
between these coupled systems controls spin 
dynamics in DMS, where the magnetic ions and free 
carriers (electrons and holes) have non-vanishing 
spins [10]. Cao L. et al., [11, 12] studied the effect 
of Ni-doped GeTe thin films and demonstrated 
the possibility of using it in high-temperature 
phase-change memory (PCM) applications. 
This is due to the distinctive characteristics of 
its ability to low power consumption, retain 
data for a long time (10- years), and consider an 
excellent electric switching speed of 6 ns. Due 
to its high crystallization temperature and good 
data retention ability, a short electrical pulse of 
up to 6 ns can achieve a reverse switch between 
the SET and RESET states.

The major goal of this research is to study the 
effect of replacing Ge with Ni in a GeTe system 
with various Ni concentrations (2-20%) on the 
structural and optical properties of GeTe, as 
well as their magnetic response as the Ni ratio 
changes.

2. Methods of production and studying 
of  the samples 

In the present work the NixGe50–xTe50 with x = 2, 
4, 6, 8, 10, 15 and 20 at% ternary compound has 
been prepared in an evacuated quartz ampoule 
with 14 mm diameter by the conventional solid-
state direct reaction by multistage preparation 
from high purity crystalline Ge 99.999% Ge, Ni 
99.999%, and Te 99.999% grade Sigma Aldrich. 
Starting Ge, Te and Ni were mixed in sealed 
quartzes ampoule evacuated under argon 
atmosphere for preventing oxidation, and then 
prepared with their direct reaction at 1000±1 oC 
for 24 hr and then cooled at a cooling rate 
2 oC/min to obtain the initial ingot. In the second 
stage, the obtained ingots were ground in an 
agate mortar and then loaded in a pressing die 
with 13 mm diameter at a pressure of 5 tons for 
5 min, pellet samples were sealed and evacuated 
again. Samples were heated in a vertical furnace 
to reduce the temperature gradient and then 
thermally treated at 700 ± 1 oC for 10 days without 
breaking, and then cooled with a cooling rate of 
2 oC/min to reach room temperature. finally, the 
second stage was repeated once at 1000±1 oC for 
150 hr. The crystalline nature of all compounds is 
investigated using [Bruker X-Ray Diffractometer 
D8] with (CuKa) radiation over [4: 90°] angular 
range with a normal scan, step size 0.03 and 
wavelength ~ 1.54061 Å. Diffuse reflection of all 
compounds was measured using a (Jasco V-570) 
spectrophotometer. The magnetic properties of 
all samples were investigated using a vibrating 
sample magnetometer (Lakeshore 7410).

3. Results and their discussion
3.1. Structural properties of Ni-Ge -Te

Structural properties of the prepared samples 
are investigated using XRD, Results of the X-ray 
diffraction pattern depicted in Fig. 1. phase 
analysis shows that the NxGe1–xTe has a multi-
phase nanocrystalline structure. The main 
phase of all compositions is rhombohedral 
GeTe modification identified by the ICDD card 
(No  47‑1079) GeTe. The second phase which 
appeared in the composite is the ternary phase 
that was identified as a Ni3GeTe2 hexagonal 
crystal with lattice parameters: a = 3.911 Å, 
c = 16.022 Å – which was identified by ICDD card 
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No (01-075-5621). The additional secondary 
phases are identified as a NiTe2 hexagonal system 
of lattice parameters: a = 3.854 Å, c = 5.2604 Å – 
which was identified by ICDD card No (88-2278). 
But at low values of Ni content x = 2 at%, there is 
some precipitation of Te which indicated by the 
diffraction lines at 2q = 22.97, 27.50, and 40.34 
diffraction lines, all Te peaks are disappeared at 
different concentrations from x = 4 to x = 20 at% 
as depicted in Fig. 1. The highly intensive 
diffraction peak of the main GeTe phase was used 
to determine crystallite size D using Scherrer’s 
equation [13, 14]:

D
k= l

b q�cos( )
,		  (1)

where the shape factor k ≈ 0.9, and b: full width 
at half maximum (FWHM) of the diffraction peak 
(radians), l = 1.5405 Å represents the wavelength 
of (CuKa) radiation, q is the Bragg angle of the 
XRD peaks. Moreover, the average crystallite size 
overall the different phases that appeared in the 
composite and strain e established in the prepa-
ration process were evaluated using the William-

son–Hall, W–H, plot as shown in Fig. 2 using the 
following equation [15, 16]:

b q l e qcos � � sin= +k
D

4 .	 (2)

The calculated crystallite size from both 
Scherrer’s and W–H, plot confirms the nanocrystal
line nature of the prepared composite. The obtained 
result of crystallite size and strain e formed in 
nanocomposite with different compositions during 
the preparation process indexed in Tabl. 1.

3.2 Optical band gap calculations using Diffuse 
reflection

Diffuse reflection is one of the employed 
methods for optical characterization. The electronic 
transitions of solid materials can be described by 
using the technique of optical diffuse reflection 
[17]. Diffuse reflection spectra of Ge‑Ni‑Te samples 
were measured in the spectral range from 190 to 
2500 nm and represented in Fig. 3. The absorption 
spectra can be obtained by using the following 
relation of Kubelka–Munk [17, 18]:

F R R R( ) = -( )1 2
2
/ ,		  (3)

Fig. 1. X-ray difrractogram of NixGe50-xTe50 nanocomposite with different concentrations
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where F(R) is the Kubelka–Munk function and R 
represents the measured diffuse reflection. Fig. 3 
represents the plot of (F(R)*E)2 as a function of 
photon energy E [19]. The optical band gap for 
each composite was determined from the inter-
cept of the linear part with the energy axis as seen 
in Fig. 1, the energy gap evaluated is listed in 
Tabl.  1. The optical band gap of all examined 
samples is greater than those of GeTe in micro-
crystal ~0.73–0.95 eV [20]. The redshift that ap-
peared in the bandgap of nanocomposite can be 
attributed to the particle size of the prepared 
nanocomposite.

3.3. Magnetic properties of Ni-Ge-Te.
Magnetic  properties  of  Ni xGe 50–xTe 50 

nanocomposite system were measured at room 
temperature. The resultant data of magnetic 
moment as a function of the applied magnetic field 
is depicted in Fig. 4 for different compositions. 
All results show that all samples have the 
predominant diamagnetic effect despite the 
presence of the paramagnetic phase Ni3GeTe2 
[21, 22] as a secondary phase as mentioned above. 
That diamagnetic behavior can be attributed to 
the main GeTe phase which is characterized as a 
diamagnetic material [23].

Fig. 2. Williamson–Hall plot of NixGe50–xTe50 nanocomposite with different concentrations
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Table 1. The evaluated crystallite size and optical gap of nanocomposite samples with different 
compositions

Ni at% D nm, Scherrer D nm, W-H plot Strain e % ×10–4 Eg (eV)

2 55.4 32.7 3.9 1.54
4 55.4 49.1 3.49 1.51
6 47.8 51.38 1.3 1.62
8 49.4 48.36 0.9 1.57

10 64.2 54.8 3.9 1.45
15 52.4 51.3 2.8 1.54
20 83.3 54.8 5.1 1.45
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Fig. 4. Results of the magnetic moment as a function of the applied magnetic field of NixGe50-xTe50  nanocom-
posite with different concentrations

Fig. 3. Representation of (F(R)*E)2 as a function of photon energy E in eV of NixGe50-xTe50 nanocomposite with 
different concentrations
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4. Conclusions 
The prepared NixGe50–xTe50 alloy, x = 2, 4, 6, 8, 

10, 15, 20 at% identified as a nanocomposite form 
with a multiphase structure of average crystallite 
size 47.8–83.8 nm. Optical properties of such 
nanocomposites show a direct allowed electronic 
transition with optical gap changes in the range 
of 1.45 to 1.62 eV with irregular change which 
can be attributed to the multiphase structure. 
Magnetic measurements confirm the diamagnetic 
behavior of all nanocomposite samples, which 
can be attributed to the predominant GeTe 
rhombohedral crystalline modifications.
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1. Introduction
Infrared (IR) light-emitting diode (LED) and 

short wavelength IR detector (SWIR, 1.7–3 µm) are 
useful for various infrared applications (academia, 
industry, military, especially, atmospheric remote 
sensing, and gas detection) [1–7]. The antimony 
(Sb) material based III–V semiconductor 
compound is a promising candidate for the 
development of IR-detectors and -LED devices 
in short and mid wavelength IR range. Especially, 
the quaternary InGaAsSb compound has been 
interesting for the IR optoelectronic devices [8, 
9]. The InGaAsSb based LED and photodetectors 
might be used for optical sensing (CO, CO2, and 
CH4 gas detections) due to lower noise, high 
sensitive, and high output power issues [3, 10]. 
The InGaAsSb compounds have been grown by 
many epitaxial systems such as metalorganic 
vapour phase epitaxy (MOVPE), [11] liquid phase 
epitaxy (LPE) [12] and molecular beam epitaxy 
(MBE) [13]. Among them, the MBE has several 
advantages such as lower growth temperature 
and precise control of the epi-thickness and 
composition. Therefore, in this study, we report 
on growth InGaAsSb/GaSb compound for IR 
detector and LED devices using MBE growth 
approach. The crystalline, morphological and 
optical properties of epi-layers (InGaAsSb 
and Al(Ga)AsSb) were investigated. Based on 
this result, we fabricated the full structure 
of photodetector and LED. Characterizations 
(spectral response, current–voltage and spectral 

electroluminescence) of InGaAsSb devices are 
studied at room temperature.

2. Experimental
2.1. Growth of infrared photodetector

Fig. 1(a) shows the schematic of InGaAsSb 
photodetector with the n type-barrier-n type 
layer (nBn) structure design. This InGaAsSb 
composition layer was proposed to control 
lattice-matched on the n+-GaSb (100) substrate. 
Layers were grown by the molecular beam 
epitaxy (MBE) system (RIBER 32P) using As2 
and Sb2 cracker sources. The stack of layers 
consisted of a bottom contact, n+-InxGa1–xAsySb1–y 
(2·1018 cm–3) with thickness of 300 nm, a 300 nm 
thick n+‑GaSb (2·1018 cm–3) buffer, and a top 
contact of n+‑GaSb (2·1018 cm–3), which was 
200 nm thick. A 2  µm thick n-InxGa1–xAsySb1–y 
(2·1016 cm–3) active sandwich structure (nBn) 
between the top and bottom contacts consisted 
of InGaAsSb where the composition of indium 
was 17%, while composition of As was 15%, a 
2 µm thick n-InxGa1–xAsySb1–y (2·1016 cm–3). An 
unipolar barrier of Al0.3Ga0.7Sb with 60 nm thick 
was grown on the active layer. The InGaAsSb 
layer was characterized by high resolution X-ray 
diffractometer (XRD). The XRD results indicated 
that the InGaAsSb layer was lattice matched to 
the GaSb substrate, as shown in Fig. 2(a) [14].

2.2. Growth of infrared light emitting diode
Fig. 1. (b) shows a detailed schematic of 

LED structure, which consists of three 

Fig. 1. (Color online) (a) Layer structure of IR–photodetector (b) Layer structure of IR–LED
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In0.35Ga0.65As0.15Sb0.85/Al0.35Ga0.65As0.03Sb0.97 quantum 
wells with an 8 nm/200 nm thick, respectively. 
Following the In0.35Ga0.65As0.15Sb0.85 active layer is 
a 2 µm thick n(p)–Al0.9Ga0.1As0.08Sb0.92 (1·1018 cm–

3) cladding and capping layers. A 500 nm thick 
p+-GaSb (1·1018 cm–3) was grown for top contact. 
The substrate temperature for growth InGaAsSb 
layer was at temperature of 460 °C, while that of 
the other layers (AlGaAsSb cladding, and barrier) 
was grown at temperature of 480 °C [14, 15].

2.3. Device fabrication
The photodetector device with a mesa 

size of 400×400 µm was processed using 
photolithography and inductively coupled plasma 
etching. The ohmic contact metals with Ge/Au/
Ni/Au layers were deposited by the electron beam 
evaporation (EBV) on the contact layer. The 
contacts were annealed at temperature of 200 °C 
using rapid thermal annealing. The detector had 
a circular aperture of 300 µm in each mesa, as 
shown in Fig. 3(a). The device was mounted on a 
leadless chip carrier for characteristics. Besides, 
the contact metals of Ti/Pt/Au were also deposited 
by the EBV on the p-GaSb contact for LED device. 
The GaSb substrate was lapped and polished 
down to about 200 µm thick with a roughness of 
12 nm. The LED die with a 400×400 µm size was 
fabricated using photolithography, as shown in 
Fig. 3 (b). The top contact metals of Ge/Au/Ni/Au 
were deposited. After the device process, the 

sample was mounted and wire-bonded onto 
a standard TO-18 package and a leadless chip 
carrier, as shown in Fig. 3 (c) [14].

3. Results and discussion
3.1. Characterizations of IR detector
In Fig. 4(a), the dark current density of 

detector measured at different temperatures 
using a Keithley 236. At the temperature range 
of 200–300 K, voltage–current curves exhibit 
an asymmetric shape that is attributed to the 
effect of a unipolar barrier (Al0.3Ga0.7Sb) [6]. Fig. 
4 (b) shows the spectral response of a detector, 
which was measured by the Fourier transform 
infrared (FTIR-Nicholet 5700), using a white 
source and KBr window. The device exhibited 
the redshift of spectral when we carried out the 
increasing temperature from 100–300 K with 
a 90% cutoff wavelength from 1.95 to 2.38 µm. 
The cutoff wavelength of the device matches our 
calculation of In0.17Ga0.83As0.15Sb0.85 compound at 
300 K. In order to match this cutoff wavelength, 
the composition of an InGaAsSb could be 
controlled due to both In and As concentrations 
[16, 17]. Also, the spectral response of the detector 
indicates an increasing intensity and low noise 
when the temperature is high. This phenomenon 
is attribut ed to the carrier blocking the effect of 
the AlGaSb barrier layer and re-align the band 
offset of the valance region. Thus, this mechanism 

Fig. 2. (Color online) (a) X–ray diffraction rocking curve (004) planes of an In0.17Ga0.83A0.15Sb0.85 alloy for detec-
tor (b) optimization of In0.35Ga0.65A0.15Sb0.85 alloy for LED
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needs to detail the study by simulation approach.

3.2. Characterizations of light emitting diode
Fig. 5(a) is a current–voltage (I-V) of the LED 

at room temperature that shows a clear rectifying 
behavior with a turn–on voltage of  about 0.35 V 
and an exponential increase in the forward 
current with increasing forward bias voltage. Due 
to this turn on voltage, we only supply a small 
potential that the photon easily emits from the 
active layer under suitable injection current (Jic) 
condition. The series resistance, Rs, is 12.3 Ω, 
which was evaluated from the slope of I-V curve 
of LED device at room temperature. The small Rs 
value implies a well ohmic contact between GaSb 

and metal layers. However, this value is still high 
compared to a commercial LED device (~3–5 Ω) 
that is the effect of the injection current on out 
power efficiency of the LED device.

In Fig. 5(b), the electroluminescence 
(EL) characteristic of IR–LED shows at room 
temperature. The peak of spectral EL is at 2.25 µm 
with 161 nm of full width haft maximum (FWHM) 
under injection current of 500 mA. The spectral 
EL is a recombination of electron–hole pairs 
of the first quantized level when the transmit 
from the conduction band to the valence band 
of a quantum well, as seen inserted picture in 
Fig. 5(b). There are two shoulder peaks at 1.96 µm 

Fig. 3. (Color online) (a) Schematic view of single photodiode, (b) light emitting diode device and (c) mounted 
in standard TO–18 package and leadless chip carrier

Fig. 4 (Color online) (a) The temperature depends on the dark current density of photodetector (b) Spectral 
response of the 90% cutoff wavelength shifts from 1.95 to 2.38 µm at temperature of 100–300 K
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and 2.45 µm, which is attributed to the effect of 
a thermal generation when LED die undergone a 
high injection current (Jic = 500 mA). As mention 
in above paragraph, the injection current is higher 
than the commercial LED (50 mA) due to the 
larger series resistance. This parameter should 
be optimized by the treatment of GaSb surface, 
optimized RTA condition, and change the metal 
contacts for improving output power efficiency.

4. Conclusions
We grew InGaAsSb epi-layer lattice matched to 

GaSb for infrared photodetector and light emitting 
diode, LED. By using the MBE approach, structural 
devices (nBn for photodetector and quantum well 
for LED) were synthesized. The photodetector 
obtained the spectral response at 2.38 µm, under 
the applied bias of -0.1 V, while LED shows spectral 
emission peak of 2.25 µm (FWHM = 161 nm) with 
injection current of 500 mA at room temperature. 
Based on those results, those optoelectronic 
devices might be served for spectrometers and with 
nondispersive infrared, NDIR, sensor.

Acknowledgements
This work was supported by the Korea 

Evaluation Institute of Industrial Technology 

(KEIT) grant 10052824 funded by the Korea 
government (MOTIE) and the Institute of 
Theoretical and Applied Research (ITAR), Duy 
Tan University.

Conflict of interest
The authors declare that they have no 

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

References
1. Benoit J., Boulou M., Soulage G., Joullie A., 

Mani  H. Performance evaluation of GaAlAsSb/ 
GaInAsSb SAM-APDs for high bit rate transmissions 
in the 2.5 μm wavelength region. Journal of Optical 
Communications.  1988;9(2): 55. https://doi.
org/10.1515/joc.1988.9.2.55

2. Carter B. L., Shaw E., Olesberg J. T., Chan W. K., 
Hasenberg T. C., Flatte M. E. High detectivity GaInAsSb 
pin infrared photodetector for blood glucose sensing. 
Electronics Letters. 2000;36(15): 1301–1303. https://
doi.org/10.1049/el:20000956

3. Suchalkin S., Jung S., Kipshidze G., Shterengas L., 
Hosoda T., Westerfeld D., Snyder D., Belenky G. GaSb 
based light emitting diodes with strained InGaAsSb 
type I quantum well active regions. Applied Physics 
L e t t e r s .  2 0 0 8 ; 9 3 ( 8 ) :  0 8 1 1 0 7. h t t p s : / / d o i .
org/10.1063/1.2974795

Fig. 5. (Color online) (a) Current–voltage, (b) Spectral electroluminescence characterizations of the IR light 
emitting diode measured at temperature of 300 K

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2022;24(2): 250–255

Tien Dai Nguyen et al.	 Growth of InGaAsSb/GaSb compound for infrared optoelectronic devices



255

4. Gibson D., MacGregor C. A novel solid state 
non-dispersive infrared CO2 gas sensor compatible 
with wireless and portable deployment. Sensors. 
2013;13(6): 7079–7103. https://doi.org/10.3390/
s130607079

5. Craig A. P., Jain M., Wicks G., Golding T., Hos
sain K., McEwan K., Howle C., Percy B., Marshall A. R. J. 
Short-wave infrared barriode detectors using InGaAsSb 
absorption material lattice matched to GaSb. Applied 
Physics Letters. 2015;106(20): 201103. https://doi.
org/10.1063/1.4921468

6. Martyniuk P., Kopytko M., Rogalski A. Barrier 
infrared detectors. Opto-Electronics Review. 2014;22(2): 
127–146. https://doi.org/10.2478/s11772-014-0187-x

7. Hoang A. M., Dehzangi A., Adhikary S., Razeghi M. 
High performance bias-selectable three-color short-
wave/mid-wave/long-wave infrared photodetectors 
based on type-II InAs/GaSb/AlSb superlattices. 
Scientific Reports. 2016;6(1): 24144. https://doi.
org/10.1038/srep24144

8. Scholz L., Perez A. O., Knobelspies S., Wöllen
stein  J., Palzer S. MID-IR LED-based, photoacoustic 
CO2 sensor. Procedia Engineering. 2015;120: 1233–
1236. https://doi.org/10.1016/j.proeng.2015.08.837

9. Refaat T. F., Abedin M. N., Koch G. J., Singh U. 
N. InGaAsSb detectors’ characterization for CO2 Lidar/
DIAL applications. NASA Langley Research Center; 
Hampton, VA, 23681-2199. United States: 2003. p. 32.

10. Joullié A., Christol P. GaSb-based mid-infrared 
2–5 µm laser diodes. Comptes Rendus Physique. 
2003;4(6): 621–637. https://doi.org/10.1016/s1631-
0705(03)00098-7

11. Cherng M. J., Jen H. R., Larsen C. A., Strigfel
low  G.  B., Lundt H., Taylor P. C. MOVPE growth of 
GaInAsSb. Journal of Crystal Growth. 1986;77(1-3): 
4 0 8 – 4 1 7.  h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / 0 0 2 2 -
0248(86)90331-3

12. Gong X., Yang B., Ma Y., Gao F., Yu Y., Han W., 
Lui X., Xi J., Wang Z., Lin L. Liquid phase epitaxy 
growth and properties of GaInAsSb/AlGaAsSb/GaSb 
heterostructures. Japanese Journal of Applied Physics. 
1991;30(7R): 1343–1347. https://doi.org/10.1143/
jjap.30.1343

13. Reddy M. H. M., Olesberg J. T., Cao C., Pri
neas J. P. MBE-grown high-efficiency GaInAsSb mid-
infrared detectors operating under back illumination. 
Semiconductor Science and Technology. 2006;21(3): 
267–272. https://doi.org/10.1088/0268-1242/21/3/009

14. Kim J. O., Nguyen T. D., Ku Z., Urbas A., 
Kang  S.‑W., Lee S. J. Short wavelength infrared 
photodetector and light emitting diode based on 
InGaAsSb. Infrared Technology and Applications XLIII. 
2017. https://doi.org/10.1117/12.2264969

15. Nguyen T. D., Hwang J., Kim Y., Kim E.-T., 
Kim  J.  O., Lee S. J. Dual-wavelength InGaAsSb/
AlGaAsSb quantum-well light-emitting diodes. Journal 
of the Korean Physical Society. 2018;72(10): 1249–1253. 
https://doi.org/10.3938/jkps.72.1249

16. Nguyen T. D., Kim J. O., Kim Y. H., Kim E. T., 
Nguyen Q. L., Lee S. J. Dual-color short-wavelength 
infrared photodetector based on InGaAsSb/GaSb 
heterostructure. AIP Advances. 2018;8(2): 025015. 
https://doi.org/10.1063/1.5020532

17. Reddy M. H. M., Olesberg J. T., Cao C., Pri
neas J. P. MBE-grown high-efficiency GaInAsSb mid-
infrared detectors operating under back illumination. 
Semiconductor Science and Technology. 2006;21(3): 
267–272. https://doi.org/10.1088/0268-1242/21/3/009

Information about the authors
Tien Dai Nguyen, PhD in Advanced Materials 

Science and Engineering, Lecturer/ Research at 
Institute of Theoretical and Applied Research (ITAR), 
Duy Tan University (DTU) (Hanoi, Vietnam).

https://orcid.org/0000-0002-9420-210X
nguyentiendai@duytan.edu.vn
J. O. Kim, PhD in Physics; Senior Researcher, 

Advanced Instrumentation Institute, Korea Research 
Institute of Standards and Science (Yuseong-gu, 
Daejeon, South Korea).

jokim@kriss.re.kr 
S. J. Lee, PhD in Physics, Principal Research 

Scientist, Korea Research Institute Standards and 
Science (KRISS) Associate Professor at University of 
Science and Technology (UST) (Yuseong-gu, Daejeon, 
South Korea).

sjlee@kriss.re.kr 
Received 24.01.2022; approved after reviewing 

04.03.2022; accepted 15.03.2022; published online 
25.06.2022.

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2022;24(2): 250–255

Tien Dai Nguyen et al.	 Growth of InGaAsSb/GaSb compound for infrared optoelectronic devices



256

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.2022.24/9266

Kinetics of the cathodic evolution of hydrogen on alloys  
of the MoxW1–xSi2 system in an alkaline electrolyte
V. V. Panteleeva1, G. A. Simonov1, A. B. Shein1, P. A. Miloserdov2, V. A. Gorshkov2   *

1Perm State University,  
15 Bukirev str., Perm 614990, Russian Federation
2Merzhanov Institute of Structural Macrokinetics and Materials Science, Russian Academy of Sciences,  
8 Academician Osipyan str., Chernogolovka 142432, Russian Federation

Abstract 
The kinetics and mechanism of the hydrogen evolution reaction on alloys of the MoxW1-xSi2 system (x = 1.0; 0.68; 0.41; 0) 
in a 1.0 M NaOH solution have been studied by the methods of polarization and impedance measurements. The cathodic 
polarization curves of silicides were characterized by the Tafel plots with constants a and b, equal to 0.47–0.49 and 0.068–
0.076 V, respectively. The impedance spectra of MoxW1-xSi2 electrodes in the Tafel region are a combination of a capacitive 
semicircle with a displaced centre at high frequencies and an inductive arc at low frequencies. In the region of the highest 
frequencies on the impedance plots a straight-line section with a slope slightly higher than 45º was recorded, indicating 
the presence of pores in the surface layer of the electrodes. 
To describe the hydrogen evolution reaction on silicides an equivalent electrical circuit was used, the Faraday impedance 
of which consisted of series-connected charge transfer resistance R1 and a parallel R2C2-chain (at R2 < 0, C2 < 0), which 
corresponded to the atomic hydrogen adsorption on the electrode surface. The impedance of the double layer capacitance 
was modelled by the constant phase element CPE1.
The results of polarization and impedance measurements for the investigated silicides were in satisfactory agreement with 
the discharge – electrochemical desorption mechanism, in which both stages are irreversible and have unequal transfer 
coefficients. The limiting stage is the electrochemical desorption. The Langmuir isotherm for adsorbed atomic hydrogen 
was fulfilled. It was concluded that MoxW1-xSi2 alloys in an alkaline electrolyte are promising electrode materials that are 
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1. Introduction
Among the priority areas for the development 

of research in the hydrogen energetics, the search 
for efficient and inexpensive electrode materials 
for the electrolytic production of hydrogen 
occupies a leading position. In this regard, metals, 
alloys, intermetallic and metal-like compounds, 
and composite materials have been studied as 
catalysts for the hydrogen evolution reaction 
of (HER) [1–9]. The study of HER on transition 
metal silicides showed [1–3, 5–7, 10–14] that 
the electrocatalytic activity of these materials 
in the cathodic process depends significantly 
on the nature and concentration of the metal 
in the compound, the structure of the material, 
the pH, and the composition of the medium. A 
number of authors [2, 5, 11, 14] noted the high 
electrochemical activity of silicides in HER and 
the corrosion resistance of these compounds.

Transition metal silicides can be obtained by 
various methods (direct synthesis from elements, 
electrolysis of melts, thermal reduction of metal 
oxides, gas-phase synthesis, etc. [15]). One of 
the most high-performance and low-power-
consuming methods for obtaining silicides and 
composite materials based on them is self-
propagating high-temperature synthesis (SHS) 
[16]. The use of this method allows controlling 
the chemical and phase composition, the 
microstructure of the resulting material by 
changing the composition of the initial mixture 
and synthesis parameters.

The aim of this study was to establish the 
kinetics and mechanism of the reaction of 
hydrogen evolution on MoxW1-xSi2 silicides (x = 1.0; 
0.68; 0.41; 0) synthesized by the SHS method in 
an alkaline electrolyte and the determination of 
the electrochemical activity of MoxW1–xSi2 in HER.

2. Experimental
MoxW1–xSi2 silicides (x = 1.0; 0.68; 0.41; 0), 

obtained by the SHS method from powder oxides 
of molybdenum and tungsten (analytical grade) 
and silicon KR-0 mixed with aluminium in an 
argon atmosphere under a gas pressure of 5 MPa. 
The synthesis technique and research materials 
are described in detail in [17].

For  electrochemical  measurements, 
the samples were placed in specially made 
fluoroplastic holders and filled with polymerised 

epoxy resin, leaving only the working surface 
of the electrodes uninsulated, which was 0.8–
1.4 cm2. All the specific values provided in the 
study are presented per unit of the geometric area 
of the electrode surface. Before measurements, 
the electrode surface was polished with abrasive 
papers with a successive decrease in grain size, 
degreased with ethyl alcohol, and rinsed with a 
working solution. 

Electrochemical measurements were carried 
out at a temperature of 25 °С under natural 
aeration conditions in an unstirred 1.0 M NaOH 
solution. The solution was prepared using 
deionized water (water resistivity, 18.2 MΩ cm, 
organic carbon content, 4 μg/L), obtained using a 
Milli-Q water purification system from Millipore 
(France), and NaOH (chemically pure). 

The measurements were carried out using a 
potentiostat-galvanostat with a built-in Solartron 
1280C frequency analyser (Solartron Analytical, 
Great Britain) in an YASE-2 electrochemical 
cell with cathode and anode sections separated 
by a porous glass diaphragm. 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 
study are presented relative to the standard 
hydrogen electrode. 

Once the electrode was immersed in the 
solution, it was subjected to cathodic polarisation 
with a current density of 0.5 mA/cm2 within 10 
min; then held with an open circuit potential 
until a stable potential was established, which was 
–0.63±0.02, –0.66±0.02, –0.69±0.03 and –0.80±0.02 
V for MoSi2-, Mo0.68W0.32Si2-, Mo0.41W0.59Si2-, and 
WSi2 electrodes, respectively; then the impedance 
spectra were recorded. Before the measurement of 
the impedance spectra, potentiostatic polarisation 
of the electrode was conducted at each potential 
until an almost constant current value was 
established. After that, the impedance was 
measured at this value of Е and lower potentials, 
and the potential was changed with a fixed step. 
Cathodic potentiostatic curves were plotted 
based on the obtained values of i values for a 
given value of E. The range of frequencies used 
for impedance measurements f(w/2p) was from 
20 kHz to 0.01 Hz (10 points per decade with a 
uniform distribution on a logarithmic scale), the 
amplitude of the alternating signal was 5–10 mV. 
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The value of hydrogen evolution overvoltage was 
determined relative to the equilibrium potential of 
the hydrogen electrode in a 1.0 M NaOH solution 
(–0.818 V).

The data were measured and processed using 
the programs CorrWare2, ZPlot2, and ZView2 
(Scribner Associates, Inc.). Confidence intervals 
were calculated at a significance level of 0.05.

3. Results and discussion
The cathodic polarization curves of MoSi2-, 

Mo0.68W0.32Si2-, Mo0.41W0.59Si2-, and WSi2 electrodes 
corrected for the Ohmic drop [18] in a 1.0 M NaOH 
solution are shown in Fig. 1. 

The cathodic curves of MoSi2, Mo0.68W0.32Si2, 
and Mo0.41W0.59Si2 silicides had the same type and 
were characterized by the presence of a Tafel 
region in the potential range from –1.04 to –1.13 V 
with a slope b ≈ 0.068–0.074 V and constant a 
equal to ~0.47–0.49 V (Table 1). The polarisation 
curve of the WSi2 electrode had a linear section 
in the potential range from –1.0 to –1.1 V with a 
slope of ~0.076 V and a ≈ 0.48 V (Table 1). Based 
on the constant values a and b in accordance with 
[19], it was concluded that the studied silicides in 
an alkaline electrolyte are materials with a low 
overvoltage for hydrogen evolution.

The theoretical value of the Tafel slope was 
~0.06 V (with transfer the coefficients of a ≈ 0.5 
for charge transfer stages), the values of b were 

closest when reordered for MoxW1–xSi2 electrodes 
(Table 1) may have several explanations. Tafel 
slope ~0.06 V can be observed in the case 
of following mechanisms, assuming that the 
Langmuir adsorption isotherm for adsorbed atomic 
hydrogen Hads was fulfilled: 1) delayed barrier-free 
discharge or delayed barrier-free electrochemical 
desorption [20]; 2) delayed surface diffusion of 
atomic hydrogen (for this mechanism, the Tafel 
slope is ~0.06 V [21] or ~0.079 V [22]). 

The value of b of ~0.06 V when the logarithmic 
Temkin adsorption isotherm for Hads was fulfilled, 
can be explained in the case of following 
mechanisms [23]: 1) discharge – recombination 
with a quasi-equilibrium discharge stage with 
non-activated hydrogen adsorption; 2) dischar
ge – electrochemical desorption with a quasi-
equilibrium discharge stage. 

The observed relatively small deviations of 
the Tafel slope for MoxW1-xSi2 from the theoretical 
~0.06 V can be associated with specific values of 
the transfer coefficients of HER stages and other 
factors [24]. 

For the clarification of the mechanism 
and kinetic regularities of HER on silicides, 
the frequency dependences of the impedance 
components were measured.

The impedance spectra of MoxW1-xSi2 silicides 
for all studied values of E were a combination of 
a capacitive semicircle with a centre below the 
axis of the real component of the impedance Z¢ at 
high frequencies (HF) and the inductive arc at low 
frequencies (Fig. 2). On the impedance graphs in 
the region of the highest frequencies, deviations 
from the semicircle were recorded. These 
deviations had the form of almost rectilinear 
segments with an inclination somewhat higher 
than 45° and, probably, indicate the presence 
of pores, approximately corresponding to the 
model of cylindrical pores in the surface layer of 

Table 1. Kinetic parameters of the hydrogen 
evolution reaction on the alloys of the MoxW1–xSi2 
system in 1.0 M NaOH

Electrode –b, V –a, V
MoSi2 0.068±0.001 0.47±0.01

Mo0.68W0.32Si2 0.071±0.001 0.48±0.01
Mo0.41W0.59Si2 0.074±0.002 0.49±0.02

WSi2 0.076±0.001 0.48±0.02
Fig. 1. Cathodic polarization curves in 1.0 M NaOH: 
1 – MoSi2; 2 – Mo0.68W0.32Si2; 3 – Mo0.41W0.59Si2; 4 – WSi2
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the electrodes [25]. The slope angle higher than 
45° can be explained by the significant influence 
of the “flat” electrode surface around the pores 
[26], for which the slope Z≤,Z¢‑dependences 
in the high frequency region was lower than 
90°, but significantly higher than 45° (see 
below the data for the CPE constant phase 
element). Resistance RW, equal to the distance 
between the point obtained by extrapolation 
of the rectilinear section to the region of high 
frequencies to the intersection with the axis 
Z¢, and the point obtained by extrapolating the 
capacitive semicircle into the HF-region to the 
intersection with the axis Z¢, was 0.44±0.02, 
0.46±0.02, 0.41±0.03, and 0.47±0.02 Ω×cm2 for 
MoSi2-, Mo0.68W0.32Si2-, Mo0.41W0.59Si2-, and WSi2 
electrodes, respectively. The low value of RW 
indicated that the pores were not deep.

According to the theory of porous electrodes 
for the model of cylindrical pores [27]:

R
L

n rW = r
p3 2 ,

where r is the resistivity of the electrolyte solu-
tion, r and L are the pore radius and length, re-
spectively, n is the number of pores per 1 cm2 of 
the electrode surface; S = npr2 is the total cross 
section of pores per 1 cm2 of the surfaces. The 
ratio for RΩ does not allow to determine r and L 
separately; only L/r2 or L/S ratios can be deter-
mined. For 1.0 M NaOH, r = 6.05 Ω· cm [28], and, 
for example, for the MoSi2 electrode the L/S ratio 

was 0.22 cm–1; based on the assumption that 
S = 0.01 cm2 we get L = 22 µm.

Let f0 denote the frequency corresponding to 
the transition point from a rectilinear HF section 
to a capacitive semicircle. At the frequency f0 the 
alternating current passes through the entire 
length of the pores, and at f < f0 the electrode 
with pores behaves like a smooth electrode with 
a surface area equal to the total surface of the 
electrode, including the inner surface of the pores 
[26]. For the processing of the impedance spectra 
for the study of the kinetics and mechanism of 
HER, points at f < f0 were selected. This allows 
the use of equivalent circuits normally used for 
smooth electrodes.

The impedance graphs of MoxW1–xSi2 electrodes 
indicate the staged nature of HER. At least two time 
constants were required for the description. The 
registration of the inductive impedance in the low-
frequency region indicates that HER proceeded 
according to the discharge-electrochemical 
desorption path. According to [29], the inductive 
impedance can appear only when Hads is removed 
via the electrochemical desorption stage and 
cannot appear in the case of the discharge-
recombination mechanism. Thus, based on 
the frequency dependences of the impedance 
components, it can be concluded that in the 
studied range of potentials for the description of 
hydrogen evolution on the MoxW1–xSi2 silicides 
discharge - recombination path can be rejected.

The equivalent electrical circuits shown in 
Fig.  3 were used for the modelling of HER on 
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Fig. 2. Impedance spectra of MoSi2 in 1.0 M NaOH at 
E, V: 1 – –1.04; 2 – –1.06; 3 – –1.08; 4 – –1.10; 5 – 
–1.12; 6 – –1.14

Fig. 3. Equivalent electrical circuits for the alloys of 
the MoxW1–xSi2 system in 1.0 M NaOH in the range of 
potentials of hydrogen evolution

a

b
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MoxW1–xSi2 silicides. In the diagram shown in 
Fig. 3a: Rs is the electrolyte resistance, R1 is 
the polarization resistance, resistance R2 and 
inductance L1 describe the atomic hydrogen 
adsorption (filling relaxation of Hads when an 
alternating signal is applied) on the electrode 
surface, the CPE1 element simulates double layer 
capacitance on the inhomogeneous surface of the 
solid electrode. 

The impedance of the constant phase element 
is:

ZCPE = Q–1(jw)–p.

In this ratio, with p = 1 – g the constant phase 
element is non-ideal capacitance; g is the value 
significantly less than 1 (typically g < 0.2) [18].

The equivalent circuit in Fig. 3b is identical to 
the circuit in Fig. 3a (in the scheme in Fig. 3b: R1 is 
the charge transfer resistance, and the adsorption 
of atomic hydrogen on the electrode surface is 
modelled using the R2C2-chain). According to [30], 
to describe HER on electrodes that correspond 
to impedance spectra with inductance in the 
low-frequency region, it is advisable to use the 
equivalent circuit in Fig. 3b with negative R2 and 
C2. In this case, absolute values of |R2| and |C2| are 
used as diagnostic criteria for HER mechanisms 
based on the analysis of the dependence of the 
Faraday impedance parameters on the potential.

Experimental impedance spectra of silicides 
at the studied values of E were satisfactorily 
described by the diagram in Fig. 3b with negative 
values of R2 and C2. The criterion c2 calculated 
by ZView2 (using statistical weights expressed 
via the reciprocal of the impedance module) was 
(1.1–2.3) 10–4; the sum of square deviations was 
(1.0–2.1) 10–2; the error in determining the values 
Rs, R1, and CPE1 did not exceed 1–3%, and reached 
8–10% for the parameters R2 and C2. Parameter 

values of the equivalent circuit for the MoSi2 
electrode are shown in Table 2.

The results of the determination of the 
numerical values of X = R1, |R2|, |C2| parameters 
of the equivalent circuit in Fig. 3b for 
MoxW1–xSi2 electrodes were analysed depending 
on the potential in semilogarithmic coordinates. 
lgX,E dependencies for the MoSi2 electrode, 
corrected for the ohmic potential drop are shown 
in Fig. 4. The slopes ( lg / )∂ ∂X E cNaOH

for MoxW1-xSi2 
are shown in Table 3. For all the studied silicides 
at the potentials of the Tafel region, a linear 
decrease in the values of lgR1 and lg|R2| and a 
weak increase in lg|C2| with increasing cathodic 
polarization were revealed.

Based on the polarization measurements, for 
HER on silicides was considered the mechanism 
of discharge-electrochemical desorption with a 
quasi-equilibrium stage of the discharge when 
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Table 2. The values of the equivalent electrical circuit (Fig. 3b) parameters for MoSi2 in 1.0 M NaOH 

–Е, V R1, Ω· cm2 R2, Ω· cm2 –C2, F· cm–2 Q1·104, 1( 1)2F cm s p --◊ ◊ p1

1.04 184.9 15.8 0.104 4.69 0.827
1.06 95.8 10.0 0.105 4.82 0.831
1.08 51.2 6.1 0.120 4.89 0.834
1.10 29.0 3.5 0.138 4.89 0.842
1.12 17.6 2.0 0.161 4.74 0.858
1.14 11.6 1.2 0.179 5.19 0.852

Fig. 4. Dependences of logX (X: 1 – R1, 2 – |R2|, 3 – |C2|) 
on the potential of MoSi2 in 1.0 M NaOH. Values of R1 
and R2 are in W· cm2, C2 in F· cm–2
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the logarithmic adsorption isotherm for Hads 
was fulfilled. However, for this mechanism, in 
accordance with [30] the independence of R1 and 
С2 from the potential was noted. The significant 
decrease in R1 and the small increase in |C2| with 
the potential (Table 2) experimentally registered 
for MoxW1-xSi2 silicides did not correspond to 
the theoretical ones for the considered HER 
mechanism.

The mechanism of slow surface diffusion 
of atomic hydrogen during hydrogen evolution 
on MoxW1–xSi2 silicides can be considered 
probable, since different atoms are present in 
the studied materials, and, consequently, the 
formation of adsorbed hydrogen atoms during 
the transfer of an electron to a water molecule 
and electrochemical desorption Hads can occur 
on different parts of the surface (active centres) 
of the electrodes. The use of an equivalent 
circuit corresponding to this mechanism [31] 
for modelling the impedance spectra of silicides 
leads to high errors in determining the diffusion 
impedance parameters and capacitance values 
for Hads on active sites to which surface diffusion 
occurs. Probably, the mechanism of delayed 
surface diffusion can also be rejected.

Parallel lg R1,E- and lg  |R2|,E-dependencies 
and a slight change in lg  |C2| with decreasing 
potential are characteristic of the discharge – 
electrochemical desorption mechanism, in which 
both stages are irreversible and the transfer 
coefficients of the stages are not equal [30]. The 
impedance measurements were carried out at 
an overvoltage higher than 0.18 V, which are 
sufficiently high for the stages to be irreversible. 
According to [30], in this mechanism, with a 
logarithmic adsorption isotherm for Hads there 
is no inductance on the impedance spectra. In 
the case of the Langmuir isotherm, inductance 

can appear both in the case of a slow stage of 
the discharge and in the case of a slow stage of 
electrochemical desorption. Thus, based on the 
obtained dependences of the elements of the 
Faraday impedance of MoxW1–xSi2 electrodes from 
E it can be assumed that HER on silicides in the 
studied potential range proceeds according to 
the discharge - electrochemical desorption path, 
e.g. it is described by the sequence of reactions:

Н2О + е– = Нads + ОН–,
Нads + Н2О + е– = Н2 + ОН–,
with the Langmuir adsorption isotherm for 

Hads. Additional criteria for HER mechanisms 
based on dependency analysis of iR1, i|R2|, and R2C2 
on the electrode potential [32], also indicate the 
implementation of this mechanism on silicides. 
For MoSi2 the electrode slopes ( lg / )∂ ∂Y E cNaOH
for Y = iR1, i|R2|, R2C2 were –1.3±0.2, –1.1±0.4, and 
9.8±0.4 V–1 respectively. 

With irreversible stages of HER there are two 
possible explanations for the results obtained: 
a) the limiting stage is the formation of Hads with 
the transfer of an electron to a Н2О molecule 
a1 > a2; b) the limiting step is electrochemical 
desorption, a1 < a2. Here a1 and a2 are the transfer 
coefficients of the discharge and electrochemical 
desorption stages, respectively. Molybdenum 
and tungsten are metals with a very high binding 
energy with hydrogen ЕМ-Н [20]. In this case, EW-H 
was about 12  kJ/mol higher than EMo-H during 
adsorption from the gas phase, and estimates 
for aqueous solutions provide close EM-N values 
for these metals. Due to the high strength of the 
metal-hydrogen bond, the probable mechanism 
of HER for Mo and W in acidic solutions is 
delayed electrochemical desorption (barrier-free 
at relatively low h and ordinary at higher h) [20]. 
Probably, EM-N on molybdenum and tungsten 
silicides is somewhat different from EM-N for pure 

Table 3. The values of ( lg / )∂ ∂X E cNaOH
 (X = R1, |R2|, |C2|) slopes and transfer coefficients a1 and a2 for 

the alloys of the MoxW1–xSi2 system in 1.0 M NaOH

Electrode
∂

∂
Ê
ËÁ

ˆ
¯̃

log
,

R
E c

1

NaOH

 V–1 ∂
∂

Ê
ËÁ

ˆ
¯̃

log | |
,

R
E c

2

NaOH

 V–1 ∂
∂

Ê
ËÁ

ˆ
¯̃

log | |
,

C
E c

2

NaOH

 V–1 α1 α2

MoSi2 13.3±0.2 13.1±0.4 -3.3±0.4 0.59±0.04 0.78±0.02
Mo0.68W0.32Si2 12.9±0.3 12.6±0.3 -3.6±0.2 0.55±0.02 0.76±0.03
Mo0.41W0.59Si2 12.1±0.4 12.3±0.5 -3.8±0.4 0.49±0.04 0.72±0.04

WSi2 10.5±0.2 10.3±0.3 -4.8±0.3 0.34±0.03 0.62±0.02
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metals. At the same time, it was shown that the 
electrocatalytic activity of silicides correlates 
with the activity of the corresponding metals, 
and the highest current densities were observed 
on platinum silicide [3]. It can be assumed that on 
molybdenum and tungsten silicides, as well as on 
Mo and W, the hydrogen adsorption energy is high. 
Therefore, out of the two described above variants, 
variant (b), which is delayed electrochemical 
desorption, seems to be more probable. At the 
same time, this stage is probably in the transition 
state from ordinary electrochemical desorption 
to barrier-free desorption, which is expressed 
as higher a2 values (Table 3). The HER stage 
transfer coefficients on MoxW1–xSi2 were calculated 
based on the ratios provided in [30]: the transfer 
coefficient a2 of the limiting stage was determined 
based on the slope of lg R1,E-dependencies, and 
the difference (a2 – a1) was determined based on 
the slope of lg|C2|,E‑dependencies.

4. Conclusions
Based on polarization and impedance 

measurements, it was shown that the reaction of 
hydrogen evolution on alloys of MoxW1–xSi2 system 
in an alkaline electrolyte proceeds according to 
the discharge – electrochemical desorption 
path with a delayed stage of electrochemical 
desorption, both stages were irreversible, and 
the transfer coefficients of the stages were not 
equal. The Langmuir isotherm for adsorbed 
atomic hydrogen was fulfilled. It was found that 
alloys of the MoxW1–xSi2 system in an alkaline 
electrolyte are characterized by a low overvoltage 
of hydrogen evolution and, thus, represent 
promising electrode materials for the electrolytic 
production of hydrogen.
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Abstract 
The work is related to the research of a biohybrid nanomaterial formed on the basis of protein molecules of bacterial origin 
recombinant ferritin Dps. 
To obtain recombinant protein, Escherichia coli cells were used as producers, and purification was carried out 
chromatographically. The source of iron atoms for the formation of the biohybrid nanomaterial was the Mohr salt. The 
possibility of the hybrid particles formation, the shape and size of their inorganic core were studied experimentally by 
high-resolution transmission electron microscopy. The composition and specificity of hybrid particles inorganic core 
physico–chemical state were studied by X-ray photoelectron spectroscopy, including the use of focused ion etching.
It is shown that using the chosen method of nanomaterial formation, the internal cavities of protein molecules deposited 
inorganic nanoparticles. The sizes of these nanoparticles formed in hollow protein molecules averaged 2 nm. A complex 
composition of particles has been established, mainly including oxides of the iron-oxygen system. Inclusions of metallic 
iron are also possible.
The results obtained show the possibility of smooth properties control of the biohybrid nanomaterial through their 
composition. This makes it extremely attractive for the implementation of modern technologies tasks such as spintronics 
or targeted delivery of functional nanoparticles.
Keywords: Nanostructures, Biomolecules, Hybrid materials, Developed surface, Recombinant ferritin-like Dps protein, 
Transmission electron microscopy, Combination, X-ray photoelectron spectroscopy
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1. Introduction 
Synthesis and research of new functional 

materials is an extremely popular task in 
science, engineering and technology. Nature-
like technologies for the formation of functional 
nanomaterials attract great scientific and 
practical interest. This is due to such promising 
directions as high efficiency and reproducibility 
in combination with insignificant economic costs 
when introducing these technologies based on 
biosynthesis into production, compared with 
physical or chemical methods of nanomaterials 
synthesis [1–2]. A great example of such a nature-
like formation technology of the functional 
nanomaterials can be the synthesis of inorganic 
nanoparticles inside a natural protein molecule. 
Ferritins are natural complex structures consisting 
of a protein shell and an inorganic (metal-oxide) 
core, about ten nm in size [3–4].

Ferritin-like protein Dps (DNA-binding 
Protein from Starved cells) has a unique set 
of properties, including affinity for iron, small 
size and the ability to form strong complexes 
with DNA [5–7]. The composition and structure 
of the Dps core is strictly dependent on the 
method of its isolation and purification, storage 
conditions, as well as methods of further 
modification and use [8–9]. Previously, we have 
shown the possibility of forming two-dimensional 
structures by Dps ferritin molecules [10], but 
there is no clear understanding about the Dps 
inorganic core structure specificity yet. In this 
work, a combination of Transmission Electron 
Microscopy (TEM) and X-ray Photoelectron 
Spectroscopy (XPS) methods was used, which 
provides information about the composition, 
morphology and physico-chemical state of the 
object under study.

Thus, it is actual to study the formation of hybrid 
nanostructures with inorganic nanoparticles – 
cores of ferritin Dps protein molecules. This 
work is devoted to the study of inorganic cores 
in the structure of a hybrid material based on 
ferritin Dps, including the analysis of their sizes 
and composition under conditions of equilibrium 

formation of nanoparticles and stimulated one by 
the additional introduction of iron ions.

2. Experimental
Recombinant Dps protein was obtained using 

Escherichia coli BL21*(DE3) cells as producers. 
E.coli cells were transformed by the pGEM_
dps plasmid. In [11], detailed information is 
provided on the preparation of recombinant 
protein purified from inorganic components 
by step hydrolysis and dialysis, its subsequent 
isolation and purification. The protein solution 
had a concentration of 1.2 mg/ml in a buffer 
containing 10 mM NaCl, 50mM tris-HCl (pH 7.0) 
and 0.1 mM EDTA. A freshly prepared solution 
of Mohr salt Fe(NH4)2(SO4)2·6H2O was used as a 
source of iron, which was added to the protein 
solution until an iron ion concentration of 0.25 
mM was reached and incubated for 15 minutes, 
after which the same portion of Mohr salt was 
added and incubation was repeated, the resulting 
sample was used in studies.

The sizes of protein molecules were controlled 
by Dynamic Light Scattering according to 
the technique described in [12]. For the TEM 
experiments, prepared thin carbon replicas 
~ 15 nm thick were used, on which a molecular 
culture was placed by immersion in a solution and 
subsequent evacuation in the loading chamber 
of a Zeiss LIBRA 120 microscope. The Image 
J software package was used to estimate the 
number and size of nanoparticles.

For XPS experiments, protein molecules 
were deposited on the surface of formed and 
pre-purified silicon substrates by layering 10 µl 
of solution. After that, the resulting structure 
was dried in laboratory conditions, washed with 
deionized water (by pulling) in order to remove 
residual salts and dried again under the same 
conditions.

XPS studies was carried out on the NANOFES 
beamline ESCA module of the Kurchatov 
synchrotron ultrahigh vacuum experimental 
end-station (National Research Center Kurchatov 
Institute, Moscow), equipped with an electron 
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energy analyzer SPECS Phoibos 150 [13]. 
Monochromatized Al Ka radiation of an X-ray 
tube (1486.61 eV) was used, the depth of the 
informative layer was ~ 2-3 nm [14]. Survey spectra 
in the binding energy range of 0-800 eV and data 
of Fe 2p states were recorded, for the measured 
data interpretation reference structures were 
used: iron foil covered by natural oxide, as well 
as commercially available powders of Fe2O3, Fe3O4 
and FeO(OH) compounds produced by AlfaAesar. 
A standard approach to data normalization and 
calibration based on independent recording of the 
pure gold foil (Au 4f) signal was used. To register 
the spectral data of reference iron compounds, 
C1s calibration of the hydrocarbon contamination 
line was used [14]. To compare and analyze the 
main features of Fe 2p XPS spectra, well-known 
databases were used, from which the actual and 
most accurate (monochromatic) spectra were 
selected [14–16]. A focused source of surface 
etching with argon ions at an accelerating voltage 
of 1 kV with an etching duration of 30 minutes 
was used. The area of the etching site was selected 
with an excess of the surface area from which the 
XPS data were recorded.

3. Results and discussion
Fig. 1 presents high-resolution TEM data for 

a bio-nanohybrid material based on bacterial 
ferritin-like protein Dps and an estimate of 
the average sizes distribution of inorganic 
nanoparticles that make up the “core” of molecules 
and their number.

The data obtained by the Dynamic Light 
Scattering on the molecules sizes distribution 
coincide with the results [12], which indicates 
the successful formation of the molecular culture. 
The TEM data confirm the deposition of inorganic 
nanoparticles in the internal cavities of molecules 
as a result of the Mohr salt introduction into 
the protein culture solution. Inorganic particles 
have an almost identical shape, agglomeration is 
not observed, most likely due to the presence of 
protein walls of individual molecules that prevent 
them from sticking together. At the same time, 
the average particle size was about 2 nm, which 
is almost two times less than the data [11]. This 
effect can be observed for several reasons: due to 
the lack of iron ions in the solution to completely 
fill the molecules, insufficient incubation 

time, the use of stepwise saturation of protein 
molecules. According to the evaluation results, 
the number of particles in the field of view was 
~ 280.

Fig. 2 shows the X-ray photoelectron spectra 
surveys for the initial surface of the prepared 
sample and after half an hour etching with argon 
ions at an accelerating voltage of 1 kV. Note that 
this value referred to the “softest” effect on the 
surface, with an estimated removal of 1.5 A per 
minute obtained for the silicon substrate.

According to the data of the initial sample 
photoelectron survey spectra, the main line is 
carbon, that is, a hybrid material. The presence 

Fig. 1. TEM data of bio-nanohybrid material based on 
bacterial ferritin-like protein Dps (a). Estimation of 
inorganic nanoparticles average sizes distribution and 
their number (b)
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of oxygen and nitrogen 1s lines noticeable in 
intensity confirms the enough amount of the 
sample itself. A relatively small amount of hybrid 
material makes it possible to reliably register a 
signal from a silicon substrate. Traces of salt of 
the buffer solution (lines of sodium and chlorine) 
are also noticeable. However, their intensity 
is noticeably low, which indicates a sufficient 
degree of the sample washing after layering. 
The presence of salt in the surface layers and 
the organic material of the sample as a whole did 
not lead to a variation of lines positions for the 
observed core levels associated with the charging 
of the sample surface. Finally, for the initial 
sample, the fact of deposited iron nanoparticles 
signal observation on the survey spectrum is not 
obvious. Nevertheless, in order to register the 
iron 2p core level data with a high resolution, we 
performed a long signal collection, which will be 
discussed below.

The situation changes slightly after half an 
hour surface treatment (etching) with argon ions. 
After prolonged etching, the position and relative 

intensity of the carbon line practically did not 
change, which indicates a sufficient amount of 
the biohybrid sample remaining after removal. 
The silicon substrate lines (approximately 100 and 
150 eV) began to be observed more intensively, 
confirming the fact of ion beam exposure and 
partial removal of the etched sample. At the same 
time, an argon line is observed, which confirms the 
assumption that the bio-coating of the substrates 
is saturated with ions during processing and is 
characteristic of this class of materials.

The fact that there are no core level lines of 
the sulfur on the survey spectra (Fig. 2) (S 2p and 
S 2s states at ~ 163 eV and ~ 228 eV respectively) 
allows us to conclude that there are no residual 
traces of Mohr salt. Thus, the source of iron 
atoms was completely used up for the molecular 
culture deposition. The effect of washing can be 
excluded, since after ion etching (in the deep part 
of the bio-coating), no signal from sulfur atoms 
was observed.

Finally, in the region of iron atoms binding 
energy (about 710 eV), a low-intensity feature 

Fig. 2. XPS survey spectra of a bio-nanohybrid material sample based on bacterial ferritin-like protein Dps: 
the initial state of the surface (initial) and after half an hour etching with an ion beam (Ar+ 1 kV 30 min). The 
elements that make up the studied surface of the sample are designated

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2022;24(2): 265–272

E. V. Parinova et al.	 TEM and XPS studies of bio-nanohybrid material based on bacterial ferritin-like protein Dps



269

is observed. This fact confirmed the need for an 
increased collection time to record a signal from 
iron atoms, which we used for the initial sample.

Fig. 3 shows the Fe 2p  data of X-ray 
photoelectron spectra from the prepared 
and processed sample together with the data 
of reference samples registered under the 
same methodological conditions (only with a 
significantly smaller, no more than 20, spectra 
scans collection number). The binding energy 
values for the reference structures are in full 
agreement with the known literature data [14-16]. 
The most significant uncertainty is observed in 
these data for FeO oxide unstable under normal 
conditions, for which Fig. 3 shows the range of 
values of the Fe 2p binding energy level according 
to the data of the sources used [14–16]. Thus, 
we emphasized the range of binding energies in 
which it is possible to observe this compound 
in the composition of the experimental sample 
surface. Earlier [12] we obtained data by the 
synchrotron XANES technique (X-ray Absorption 
Near Edge Structure), which showed the expected 
complex structure and composition of inorganic 
nanoparticles of bio-nanohybrid material.

For this reason and due to the close values 
of the observed components binding energies 
with a generally high amount of signal collection 
time (several hours), we carried out a qualitative 
assessment of the prepared sample studied 
surface composition. For this purpose, the fine 
structure of the Fe 2p spectra (Fig. 3) and the 
energy position of its features were considered.

Analysis of the XPS Fe 2p spectra fine 
structure for reference samples when compared 
with the data of a hybrid nano-biomaterial made 
it possible to carry out a qualitative assessment of 
inorganic nanoparticles cores composition. The 
position of the XPS Fe 2p spectra main maximum 
of the studied sample is almost unchanged after 
ion etching. Thus, we received a signal from 
inorganic nanoparticles of the iron-oxygen 
system, including from the “bulk” part of the 
sample (after ion etching). This signal is less noisy. 
In our opinion, this is due to significantly different 
rates of ion etching of the bio-environment 
and the inorganic nanoparticles themselves. 
It means that the increase of the etching time 
leads to an increase in the number of particles 
available for probing by the XPS technique. The 

most interesting is the observation of a binding 
energies feature of ~ 706.7 eV corresponding 
to metallic iron (Fig. 3). There are two possible 
reasons for such an observation. Firstly, the 
“bulk” part of the nanoparticles may contain iron 
atoms unbound with oxygen. However, the weak 
signal of the initial spectrum at binding energies 
of ~ 706.7 eV does not allow us to confirm or deny 
this statement. Secondly, partial reduction of iron 
can occur as a result of prolonged exposure to 
argon ions. Stability of the survey spectra data 
(see Fig. 2) does not confirm such an assumption. 
We plan to further investigate this issue in further 

Fig. 3. Fe 2p high-resolution XPS spectra of a 
bio-nanohybrid material prepared sample based on 
bacterial ferritin-like protein Dps: the initial state of 
the surface (initial) and after half an hour etching with 
an ion beam (Ar+ 1 kV 30 min). The data of reference 
structures are given: iron foil covered with natural 
oxide (Fe foil), as well as Fe2O3, Fe3O4 and FeO(OH) 
powders. The positions of the observed spectral curves 
main maxima are indicated. The range of binding 
energies for FeO and the metallic iron line are indi-
cated as well
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experiments, while effectively using a stepwise 
general etching mode.

Of all the analyzed binding energies values 
[14–16] for reference objects, the closest values 
of the main maximum position for studied 
hybrid nano- biomaterial sample relate to Fe3O4, 
confirming the conclusions made earlier [12]. At 
the same time, the observed signal in the region 
of binding energies ~ 709–710 eV indicates the 
possible presence of FeO in the composition of 
nanoparticles, which is also in agreement with 
[12]. Nevertheless, since the XPS has a greater 
sensitivity to the surface (compared to XANES), the 
observation of a sufficiently wide main maximum 
of the initial experimental sample and one after 
ion etching does not exclude the presence of Fe2O3 
and FeO(OH) in the nanoparticles composition. 
This indicates a complex, composition of 
iron-oxygen system inorganic particles in the 
composition of a bio-nanohybrid material based 
on bacterial ferritin-like protein Dps. The studied 
sample was reproduced by a series of control 
samples, all data were obtained at the same time 
and under identical conditions, including about 
three weeks of laboratory conditions storage 
before the XPS measurements. At the same time, 
a signal different from the expected Fe2O3 oxide 
(the uppermost layers of the surface, within the 
method probing depth) is reliably detected, which 
is in good agreement with synchrotron data [12] 
and confirms the complex, composite nature of 
inorganic nanoparticles of the hybrid material.

Finally, the above results of high-resolution 
TEM and XPS data analysis allow us to state 
that by variation of the samples incubation time 
and the concentration of iron source salts, it 
is possible to control the size and composition 
of inorganic nanoparticles of the studied bio-
nanohybrid material based on bacterial ferritin-
like protein Dps. 

4. Conclusions
For the first time, a joint study of a bio-

nanohybrid material based on bacterial ferritin-
like protein Dps was carried out using TEM 
and XPS techniques. In molecular culture, the 
possibility of small inorganic particles formation 
of identical shape and an average size of about 
2 nm has been shown. Agglomeration is not 
observed. The results obtained demonstrate 

a complex composite nature of inorganic 
particles, including Fe2+ and Fe3+ oxides of the 
iron-oxygen system, mainly close to Fe3O4. 
Inclusions of metallic iron have been established. 
Thus, it is possible to adjust the properties of 
nanomaterials by varying the composition and 
modes of formation. This makes it promising to 
use bio-nanohybrid structures based on bacterial 
ferritin-like protein Dps for targeted delivery of 
nanoparticles, as well as in modern technologies 
for surface functionalization, for example, in 
spintronics.
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Abstract 
The production of n-alcohols and ethanoic acid esters involves solving problems regarding the rectification of solutions 
of multicomponent systems. The main achievements related to the methods of calculating the phase equilibria in 
multicomponent systems have been associated with the development of equations based on local compositions. Equilibrium 
in multicomponent systems is predicted using data about the binary components of these systems. The most common local 
composition models are the Wilson and NRTL equations. Liquid-vapour equilibria of binary systems formed by aliphatic 
alcohols and esters of organic acids have been already studied. Liquid-vapour equilibria of the studied binary systems have 
been described by the Wilson and NRTL equations.
Boiling points (the pressure of saturated vapour) of solutions of three-component systems formed by n-propanol, n-butanol, 
n-propylethanoate, and n-butylethanoate were measured under various pressure values using the ebuliometric method. 
The activity coefficients of the solution components of the three-component systems were calculated using the Wilson 
and NRTL equations. The parameter values in the Wilson and NRTL equations for the binary systems were calculated by 
nonlinear regression methods. The results of the calculations were verified experimentally.
It was found that the values of the activity coefficient of n-propanol and n-butanol increase with a decrease in their 
concentrations in the solutions of the systems. Similar changes in the values of the activity coefficients of the components 
in the solutions of the systems were observed for the molecules of n-propylethanoate and n-butylethanoate. In the case 
of solutions of the n-butanol – n-propylethanoate – n-butylethanoate system, there is a predominance of the values of the 
n-propylethanoate activity coefficient. With an increase in the molar mass (molecular sizes) of n-alcohol, the values of its 
activity coefficient in solutions of the systems decrease. The Wilson model more accurately describes the vapour-liquid 
equilibrium of the solutions of the studied three-component systems. The obtained data are necessary for technological 
calculations and can be used to further improve the methods for calculating the liquid-vapour equilibrium of multicomponent 
systems.
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1. Introduction
Data on liquid-vapour phase equilibria are 

necessary to calculate indicators that determine 
the direction and speed of technological processes 
[1]. Solutions of three-component n-propanol–
n-propylethanoate–n-butylethanoate and 
n-butanol–n-propylethanoate–n-butylethanoate 
systems are often used in the production of 
n-alcohols and ethanoic acid esters [2]. The studies 
of the phase equilibria of these systems have 
been fragmentary since they have been carried 
out solely for technological purposes [3]. As the 
number of components increases, the volume and 
complexity of liquid-vapour equilibrium studies 
increase dramatically. This fact stimulated the 
development of methods for the calculation of 
phase equilibria in multicomponent systems based 
on binary system data. The main achievements in 
the methods of calculating the phase equilibria 
have been associated with the development of 
equations based on local compositions. These 
equations are based on molecular models of 
solutions, which provides them with advantages 
over the polynomial Margules, Redlich–Kister, 
Van Laar, and Wohl equations. The advantages of 
the models of local composition are most clearly 
manifested when predicting the properties of 
multicomponent systems using the data about 
their binary components. The Wilson (1) and 
NRTL (2) equations (Non Random Two Liquid 
Equation) have been used the most commonly 
to calculate the vapour-liquid equilibrium of 
multicomponent systems [1]:
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w h e r e :  tij ijC RT= / ;  C g gij ij jj= - ;  
Gij ij ij= -exp( );a t  Gii = Gjj = 1; gij = gji; a aji ij=  and 
for all i it is true that aii = tii = Cii = 0; gij are variables 
characterising the energy of interaction of the i–j 
pairs; gjj is the interaction of j–j pairs; aij is a pa-

rameter characterising the degree of ordering of 
the distribution of molecules in the solution. For 
solutions of a multicomponent system, it is only 
necessary to calculate the parameters of pair 
interactions determined by the experimental data 
for binary systems.

2. Experimental
During the study of liquid-vapour phase 

equilibria, water impurities significantly affected 
the results of the experiment by several hundredths 
of a percent. Alcohols and esters of chemically 
pure organic acids were dehydrated using 
methods [4] and distilled air-free in a laboratory 
rectifying column. Water in purified reagents 
was monitored by potentiometric titration using 
the Fisher reagent [5]. The water content in the 
reagents did not exceed 0.1%. The criteria for the 
purity of the purified substances were the boiling 
point, density, and refractive index. The boiling 
point of the purified substances was measured in 
Swietoslawski ebulliometers [1] with an accuracy 
of ±0.05 K. The density of the substances was 
determined by Ostwald pycnometers with an 
accuracy of ±0.1 kg/m3, and the refractive index 
nD was measured by an IRF-25 refractometer with 
an accuracy of ± 0.0001. The constants of purified 
substances corresponded with the data in [6]. They 
are given in Table 1. The pressure of saturated 
vapour and the boiling point of solutions are 
the most sensitive criteria for the accuracy of 
calculations of the vapour-liquid equilibrium of 
systems [1]. The boiling points of the solutions 
(T) at different pressure values (P) were measured 
with a platinum resistance thermometer using the 
eubuliometric method with an accuracy of ±0.05 K. 
The pressure of saturated vapour of the solutions 
was measured with a mercury manometer 
using a V-630 cathetometer, with an accuracy 
of ±6.66 Pa. Constant pressure in ebulliometers 
was maintained by an isodromic regulator with 
negative feedback with an accuracy of ±6.66 Pa 
[7]. The obtained experimental data are shown in 
Tables 3 and 4. Liquid-vapour equilibria of binary 
systems formed by aliphatic alcohols and esters 
of organic acids had already been studied [8- 24]. 
The parameter values in the Wilson and NRTL 
equations for the binary systems were calculated 
by the method of nonlinear regression [25]. They 
are presented in Table 2.
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Table 1. Properties of purified substances

Experimental data Literature data
Substance r4

20 T, K nD
20 r4

20 T, K nD
20

n-propanol 0.8044 370.3 1.3854 0.8044 370.30 1.3854
n-butanol 0.8098 391.1 1.3993 0.8098 390.69 1.3993
n-propylethanoate 0.8870 374.7 1.3842 0.8870 374.75 1.3844
n-butylethanoate 0.8825 399.6 1.3940 0.8825 399.65 1.3941

Note: r is the density at 293.15 К; T is the boiling point at standard pressure, nD is the refractive index at 298.15 K

Table 2. Coefficients of binary interaction in the Wilson and NRTL equations, calculated using data 
about liquid–vapour equilibria, T = 333 K

No System name
Wilson NRTL

l12 l21 t12 t21 t12

1 n-propanol - n-propylethanoate 0.8129 0.7116 0.2811 0.3162 0.3236
2 n-propanol-n-butylethanoate 0.554 0.6619 0.6309 0.2099 0.1843
3 n-butanol-n-propylethanoate 0.3838 1.0749 0.0313 0.5025 1.0399
4 n-butanol-n-butylethanoate 0.8417 0.7853 1.2273 0.0995 0.6437
5 n-propanol-n-butanol 1.1432 0.5018 0.2366 –0.5554 0.3835
6 n-propylethanoate- n-butylethanoate 2.3212 0.1319 –1.6022 1.5306 0.9113

The coefficients are oriented towards the first component of the binary system.

Table 3. Activity coefficients and the pressure of saturated vapour of the n-propanol (I)–n-
propylethanoate (II)–n-butylethanoate (III) solutions calculated using the Wilson (1) and NRTL (2) 
model; T = 333 K

№
х, mole fractions g Р, mm Hg, 

Experiment
Р, mm Hg ,
 Calculated

Equation
I II III I II III

1 0.9045 0.0473 0.0482 1.0073 1.4810 2.0110 165.2 157.2 (1)
  0.9973 0.8845 1.1877 148.2 (2)
2 0.8041 0.1025 0.0934 1.0284 1.3292 1.7512 156.7 160.3 (1)
  1.0159 0.7511 1.1955 145.1 (2)
3 0.7034 0.1266 0.1700 1.0650 1.2035 1.5625 153.4 158.4 (1)
  1.0586 0.5662 1.2068 139.7 (2)
4 0.6054 0.0795 0.3151 1.1268 1.0828 1.4053 150.8 149.2 (1)
  1.1315 0.2153 1.1618 132.5 (2)
5 0.5104 0.2506 0.2390 1.1638 1.0919 1.3110 156.4 158.9 (1)
  1.1125 0.6323 1.2880 134.8 (2)
6 0.4072 0.3122 0.2806 1.2370 1.0588 1.2170 159.8 156.8 (1)
  1.1467 0.6452 1.3349 131.4 (2)
7 0.3075 0.1100 0.5825 1.4529 0.9723 1.1121 133.3 131.2 (1)
  1.3723 0.1044 1.2964 118.6 (2)
8 0.1830 0.4115 0.4055 1.4801 1.0366 1.0665 146.2 144.2 (1)
  1.2569 0.6164 1.4738 119.9 (2)
9 0.1027 0.1857 0.7116 1.8600 1.0099 1.0198 114.1 111.5 (1)
  1.4795 0.1560 1.5346 108.9 (2)

10 0.1092 0.7231 0.1677 1.3969 1.0409 1.1113 163.7 164.9 (1)
  1.2156 0.8927 1.4363 147.4 (2)

x is the composition of the solution, g is the activity coefficient; P is the pressure of the saturated vapour of the liquid. See the 
remaining designations in Table 2.
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3. Results and Discussion
The data in Table 2 and equations (1 and 2) 

were used to calculate the activity coefficients 
of the components in the solutions of the 
systems: n-propanol–n-propylethanoate–n-bu
tylethanoate and n-butanol–n-propylethanoate–
n-butylethanoate (Tables 3 and 4). The solutions 
of these systems are often used in the production 
of alcohols and esters of organic acids. The results 
of the calculations were verified experimentally. 
They are given in Tables 3 and 4. The analysis 
of the data in Tables 3 and 4 established 
that the Wilson equation more accurately 
describes the vapour-liquid equilibrium of 
three-component solutions of the systems. 
The deviation of the calculated values of the 
pressure of saturated vapour (Pcalc) from the 
corresponding experimental values (Pexper) for 
the three-component systems was: using the 
Wilson equation ≈1.8%; using the NRTL equation 
≈12%. The values of the activity coefficient for 
n-propanol and n-butanol calculated using the 
Wilson (1) and NRTL (2) models increased with a 

decrease in their concentrations in the solutions 
of the systems. For example, 

1) for the solutions of the n-propanol (I)–
n-propylethanoate (II)–n-butylethanoate (III) 
system calculated using the Wilson equation (1), 
we had: at x1 = 0.9045, g1 = 1.0073, it increased to 
g1 = 1.8600 at x1 =0.1027;

2) for the solutions of the same system 
calculated using the NRTL equation (2), we had: at 
x1 = 0.9045, g1 = 0.9973, it increased to g1 = 1.4795 
at x1= 0.1027;

3) for the solutions of the n-butanol (I)–n-
propylethanoate (II)–n-butylethanoate (III) 
system calculated using the Wilson equation (1), 
we had: at x1 = 0.9079, g1 = 1.0037, it increased to 
g1 = 1.3808 at x1 = 0.1106;

2) for the solutions of the same system 
calculated using the NRTL equation (2), we had: at 
x1 = 0.9079, g1 = 1.0126, it increased to g1 = 1.3244 
at x1= 0.1106.

Similar changes in the values of the activity 
coefficients of the components in the solutions of 
the systems were observed for n-propylethanoate 

Table 4. Activity coefficients and the pressure of saturated vapour of solutions of the n-butanol (I) – 
n-propylethanoate (II) – n-butylethanoate (III) system calculated using the Wilson (1) and NRTL (2) 
model; T = 333 K

No
х, mole fractions g Р, mm Hg,

Experi
ment

Р, mm Hg ,
Calculated Equation

I II III I II III

1 0.9079 0.0454 0.0467 1.0037 1.5977 1.3779 73.8 70.5 (1)
      1.0126 0.7270 1.0698 63.2 (2)
2 0.8076 0.1080 0.0844 1.0162 1.4875 1.2750 84.9 83.3 (1)
      1.0258 0.7533 1.1259 69.3 (2)
3 0.6929 0.1321 0.1750 1.0414 1.3743 1.1907 90.7 88.0 (1)
      1.0772 0.5440 1.1795 70.5 (2)
4 0.5934 0.0759 0.3307 1.0711 1.2826 1.1405 82.5 80.3 (1)
      1.1981 0.1358 1.1433 69.9 (2)
5 0.5021 0.2547 0.2432 1.1133 1.2443 1.0791 104.3 105.4 (1)
      1.0590 0.7037 1.2835 83.6 (2)
6 0.4003 0.3138 0.2859 1.1704 1.1907 1.0389 113.8 112.1 (1)
      1.0499 0.7227 1.3340 90.1 (2)
7 0.3081 0.1047 0.5872 1.2166 1.1302 1.0318 84.6 84.4 (1)
      1.3229 0.0876 1.3330 79.9 (2)
8 0.2112 0.4115 0.3773 1.3235 1.1185 0.994 124.2 121.3 (1)
      1.0350 0.6998 1.4478 100.1 (2)
9 0.1106 0.1114 0.7780 1.3808 1.0672 1.0016 82.3 83.5 (1)
      1.3244 0.0557 1.4530 88.2 (2)

10 0.1025 0.7571 0.1404 1.5599 1.0557 1.0594 155.4 156.5 (1)
        0.9721 0.9434 1.3978 141.7 (2)

x is the composition of the solution, g is the activity coefficient; P is the pressure of the saturated vapour of the liquid. See the 
remaining designations in Table 2.
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and n-butylethanoate. When the concentration of 
ester in the solutions of the systems decreased, 
the values of their activity coefficients increased 
(Tables 3 and 4). It should be noted that for 
n-propanol (I) – n-propylethanoate (II) – 
n-butylethanoate (III) solutions containing 
n-propylethanoate (II) and n-butylethanoate 
(III) in close concentrations the values of the 
activity coefficient of n-butylethanoate prevailed 
(Table 3). In the case of solutions of the n-butanol – 
n-propylethanoate – n-butylethanoate system, 
there was a predominance of the values of the 
n-propylethanoate activity coefficient (Table 4). 
With an increase in the molar mass (molecular 
sizes) of n-alcohol, the values of its activity 
coefficient in solutions of the systems decreased:

1) for the n-propanol (I) – n-propylethanoate 
(II) – n-butylethanoate (III) system at x1 = 0.5104, 
g1 = 1.1638;

2) for the n-butanol (I)–n-butylethanoate 
(II)–n-pentylethanoate (III) system at x1 = 0.5021, 
g1 = 1.1133. 

Spectral and radiographic studies established 
the presence of hydrogen bonds in n-alcohol 
molecules with an energy of ≈30 kJ/mol [26]. 
The introduction of ester molecules into 
n-propanol and n-butanol led to the destruction 
of the hydrogen bonded structure of the alcohol. 
For obvious reasons, the disordering effect 
increased with the increase in the size of ester 
molecules, which was associated with a decrease 
in the contribution of n-alcohol molecules to the 
structuring of the solutions of the systems.

4. Conclusions
The Wilson model more accurately describes 

the vapour-liquid equilibrium of the three-
component solutions of the systems. The values 
of the activity coefficient for n-propanol and 
n-butanol calculated using the Wilson and 
NRTL models increase with a decrease in their 
concentrations in the system solutions. Similar 
changes in the values of the activity coefficients 
of the components in the solutions of the 
systems were observed for n-propylethanoate 
and n-butylethanoate. With an increase in the 
molar mass (molecular sizes) of n-alcohol, the 
values of its activity coefficient in the solutions 
of the systems decrease. The obtained data 
are necessary for technological calculations of 
rectification processes and can be used to further 

improve the methods for calculating the liquid-
vapour equilibrium of multicomponent systems.
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