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Preface 

This book highlights some of the latest advances in nanotechnology and nanoma-
terials contributed by leading researchers from Ukraine, Europe, and beyond. It 
features papers from participants of the 12th International Conference on Nanotech-
nology and Nanomaterials (NANO-2024), which took place in Uzhhorod, Ukraine, 
on August 21–24, 2024. The conference was organized by the Institute of Physics 
of the National Academy of Sciences of Ukraine, Uzhhorod National University, 
University of Tartu (Estonia), University of Turin (Italy), and Pierre and Marie Curie 
University (France). 

Internationally recognized experts from a wide range of universities and research 
institutes shared their knowledge and key results in the areas of nanocomposites and 
nanomaterials, nanostructured surfaces, microscopy of nano-objects, nanophotonics, 
nanoplasmonics, nanochemistry, and nanocatalysis. 

A special emphasis of this book is placed on functional nanomaterials, namely on 
materials deliberately engineered to exhibit tailored properties and multifunction-
ality. These include nanostructures with enhanced catalytic, electronic, magnetic, 
optical, or biochemical performance, which open up opportunities for applications 
in smart sensors, targeted drug delivery, energy storage and conversion, and environ-
mental remediation. By combining novel synthesis strategies with state-of-the-art 
characterization methods, researchers are now able not only to create nanomaterials 
with unique physical and chemical properties but also to fine-tune their functionality 
for real-world applications. 

Today, nanotechnology remains one of the fastest-developing and most promising 
fields of science. Numerous studies are already producing practical outcomes that 
can be applied across diverse domains of human activity, from advanced technologies 
and engineering to medicine and pharmacology. The aim of this book is to present 
recent achievements in various areas of nanoscience and to stimulate new interest in 
such important topics as nanomaterials, nanocomposites, nanostructured surfaces, 
and their wide-ranging applications.
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vi Preface

The book is divided into two Volumes. The topics covering advanced nano-
materials, nanocatalysis, sensors, nanochemistry, environmental and biochemical 
nanotechnologies can be found in Volume II: Nanoengineering, Nanobiotechnology, 
Nanochemistry, and Their Applications. 

The contributions published in this volume fall under the broad categories of nano-
material preparation and characterization, functional nanomaterials, nanodevices and 
quantum structures, spectroscopy, and nanocatalysis. We hope that this collection will 
be equally useful and inspiring for young researchers and PhD students as well as 
for established scientists. 

Kiev, Ukraine Olena Fesenko 
Leonid Yatsenko
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Chapter 1 
Intergranular Changes 
in the Microstructure of Ceramics Based 
on Transition Metal Oxides 

H. Klym and Yu. Kostiv 

Abstract The transformation of defects and pores within spinel-type ceramics is a 
multifaceted process influenced by the incorporation of supplementary phases. This 
transformation follows the dual pathways of a two-component decomposition mech-
anism, where the interplay between structural modifications and defect dynamics 
drives the evolution of the ceramic material. Detailed investigations have demon-
strated that increasing the concentration of supplementary phases within the ceramic 
matrix initiates the gradual fragmentation of voids. These fragmented voids subse-
quently undergo agglomeration, a process propelled by the influence of temporal 
and thermodynamic forces. This agglomeration leads to significant alterations in 
the microstructure, impacting the material’s overall properties. The supplementary 
phases, particularly those extracted in close proximity to intergranular boundaries, 
play a critical role in defining the ceramic’s characteristics. These extracted phases 
serve as active sites for the emergence of unique regions within the material. These 
regions exhibit a remarkable ability to trap and confine positrons, forming highly 
localized positron trapping centers. The presence of such centers is crucial for under-
standing the internal nanostructure of the ceramics, as they provide valuable informa-
tion about the defect landscape and phase interactions at an atomic level. The creation 
of these positron trapping sites is facilitated by the supplementary phases’ ability to 
segregate at grain boundaries, where they influence the local microenvironment. 
These emergent sites are particularly effective in capturing positrons, highlighting 
their significance in the material’s behavior. The intricate balance between void 
fragmentation, agglomeration, and the formation of trapping centers underscores the 
complex interplay of compositional and structural factors in spinel-type ceramics. 
This process not only enhances the functional properties of the material but also 
provides a deeper understanding of the role of supplementary phases in modifying 
ceramic microstructures. The findings highlight the importance of controlling the 
concentration and distribution of these phases to optimize the material for advanced 
applications, where defect control and nanostructuring are critical for performance.
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1.1 Introduction 

Materials with diverse functional applications, such as crystals, nanostructures, and 
nanofilms, have gained considerable attention due to their potential to transform 
various technological domains [1–5]. Among these, ceramic materials with a spinel 
structure are particularly promising. Spinel-type ceramics have become a focal point 
of scientific research owing to their exceptional properties and wide-ranging appli-
cability in different fields [6–10]. Notably, temperature-sensitive ceramics of the 
composition Cu0.1Ni0.8Co0.2Mn1.9O4, which belong to this class, find applications in 
devices such as negative temperature coefficient (NTC) thermistors, precise temper-
ature sensors, and in-rush current limiters, among others [11–13]. Their multifunc-
tional capabilities have positioned these ceramics as a subject of extensive study, 
with researchers striving to optimize their properties and expand their potential 
applications. 

A critical aspect influencing the performance and reliability of these ceramics is 
the temperature–time sintering process, which governs the formation and distribution 
of secondary phases within the bulk and surface of ceramic samples [14–16]. Earlier 
studies have highlighted the significant impact of this process on the structural and 
functional properties of spinel ceramics [17, 18]. One particularly intriguing finding 
emerged when the NiO phase content in these ceramics was reduced, leading to a 
notable decrease in thermal aging effects [17]. Specifically, the relative resistance 
changes were limited to less than 3%, underscoring the complexity of these materials 
and the potential to tailor their properties through precise compositional adjustments. 

To address the challenges associated with degradation in ceramics, researchers 
often employ chemical modification strategies. These involve the introduction of 
metallic additives during the preparation stage, strategically targeting intergran-
ular regions near grain boundaries [19, 20]. Such modifications play a vital role in 
suppressing thermally-induced aging phenomena by stabilizing the cationic distribu-
tion within ceramic grains. As a result, chemically modified ceramics exhibit superior 
stability compared to their unmodified counterparts, showcasing the importance of 
understanding the intricate interplay of chemistry and material science in enhancing 
the durability and performance of these materials. 

Despite these advancements, the structural complexity of spinel-type ceramics, 
encompassing grains, intergranular boundaries, and pores, continues to pose signif-
icant challenges for researchers [21, 22]. To overcome these obstacles, the develop-
ment and application of advanced characterization techniques are essential. Positron 
annihilation lifetime (PAL) spectroscopy, a relatively novel method for studying 
fine-grained functional materials, has emerged as a valuable tool in this regard [23– 
25]. This technique is highly sensitive to regions of low electron density, enabling 
the detection of void species within the structural framework of ceramics [26–29]. 
However, interpreting PAL spectroscopy results in the context of ceramics remains 
a challenging task due to the intricate influence of crystallographic characteristics of 
individual grains and structural irregularities at intergranular contacts [21, 26].
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The present study aims to explore the structural intricacies of high-reliability 
transition-metal manganite ceramics with the composition Cu0.1Ni0.8Co0.2Mn1.9O4, 
focusing specifically on the interactions between grains and pores. A comprehensive 
approach combining PAL spectroscopy with traditional structural characterization 
methods will be employed to achieve this goal. By unraveling the structural and 
functional mechanisms underlying these ceramics, this study seeks to enhance our 
understanding of their performance and stability, paving the way for their integration 
into a broad spectrum of technological innovations. 

1.2 Experimental 

High-purity carbonate salts were precisely measured and subjected to thorough 
quality control before being processed. The salts were meticulously wet-mixed to 
ensure homogeneity and then thermally decomposed under ambient air conditions at a 
temperature of 700 °C for 4 h [17, 18]. The resulting decomposed powders underwent 
milling to achieve uniform particle sizes, followed by blending with an organic binder. 
These prepared powders were then carefully pressed into disks, each approximately 
10 mm in diameter and 1 mm thick. The blanks were divided into four distinct batches, 
with each batch sintered following specific time–temperature profiles described in 
[17], which outlines the sintering processes for Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics. 

The sintering process was strategically designed to create optimal conditions that 
minimize degradation and stabilize the ceramic structure [11]. A notable aspect of 
this process was the formation of an additional NiO phase with a NaCl-type struc-
ture, which significantly influenced the final microstructure of the ceramics. These 
ceramics were identified as Ni-deficient compared to the stoichiometric baseline 
composition of Cu0.1Ni0.8Co0.2Mn1.9O4, used as the reference in disproportionality 
calculations. 

The four batches of ceramics prepared contained varying NiO phase proportions, 
ranging from 1 to 12%. The differences in NiO content were directly linked to the 
thermal energy absorbed during the sintering process. Specifically, the batches were 
characterized as follows: sample No. 1 contained 1% NiO, sample No. 2 had 8% 
NiO, sample No. 3 included 10% NiO, and sample No. 4 contained 12% NiO. The 
amount of energy transferred during sintering was calculated numerically as the area 
above the baseline temperature of 920 °C (the temperature at which single-phase 
Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics are formed) on the temperature–time curve [17]. 

Microstructural characterization via X-ray diffractometry revealed slight 
increases in the lattice constant of the primary spinel phase, which ranged from 
8.38Å to 8.41 Å. Meanwhile, the NiO phase lattice parameter remained consistent 
at approximately 4.18 Å, regardless of the variation in NiO content (1%, 8%, 10%, 
and 12%). 

To further investigate the microstructural properties of the sintered ceramics, elec-
tron microscopy was performed using a JSM-6700F scanning electron microscope. 
Cross-sectional morphological analyses were conducted on samples extracted from
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both the surface and central regions of the ceramic disks, providing a comprehensive 
view of their structural uniformity and grain distribution [17]. 

Additionally, positron annihilation lifetime (PAL) spectroscopy was employed to 
analyze the defects within the ceramic microstructure. Measurements were conducted 
using an ORTEC spectrometer with a 22Na positron source sandwiched between two 
ceramic samples [17, 26]. The obtained data were analyzed using the LT software 
package [30, 31], applying a two-component fitting method to achieve precise param-
eter estimation. Key trapping parameters, such as the positron lifetime in defect-free 
bulk material (τb), average positron lifetime (τav.), and defect trapping rate (κd), were 
calculated from the short and long positron lifetimes (τ1 and τ2) and their respective 
intensities (I1 and I2, where I1 + I2 = 1) [32, 33]. 

Furthermore, the difference between the long positron lifetime (τ2) and bulk life-
time (τb) served as a quantitative measure of the size of extended defects where 
positrons were trapped [17]. Through this detailed analysis, the study offers a deeper 
understanding of the influence of sintering conditions and NiO phase variation on 
the microstructure and defect characteristics of Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics. 

1.3 Results and Discussion 

To provide a comprehensive understanding of the phenomena under investigation, a 
detailed microstructural analysis of the prepared ceramic samples was carried out. As 
shown in Fig. 1.1, the microstructural features of the ceramic samples reveal signif-
icant variations in their grain-pore structures, which can be attributed to differences 
in fabrication conditions and material properties [17].

Sample 1 exhibits a microstructure characterized by fine grains with an average 
size of approximately 2 μm. Numerous intergranular pores are distributed throughout 
the sample, with dimensions generally not exceeding 2 μm. These pores are irreg-
ularly shaped and appear interconnected to some extent. Additionally, scattered 
patches of a white film, identified as an additional phase of NiO, are prominently 
observed. This NiO phase is mainly localized near the intergranular boundaries and, 
in some cases, partially fills the pores. The presence of this phase suggests incom-
plete sintering or chemical reactions leading to the segregation of NiO during the 
processing stage. 

Sample 2 shows a marked increase in grain size compared to Sample 1. The grains 
in this sample typically range between 6 μm and 9–10 μm. The microstructure indi-
cates a transition towards more compact grain arrangements, with reduced porosity 
compared to Sample 1. The NiO phase is again observed as a white film, although 
it is primarily concentrated near the grain boundaries. This selective localization 
of the NiO film may indicate its role in influencing grain boundary properties and 
potentially contributing to the overall ceramic performance. 

In Sample 3, the microstructure demonstrates a further evolution, with a noticeable 
transformation in the grain arrangement. The grains appear more interconnected, 
giving the material a monolithic appearance. The porosity is significantly reduced,
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Fig. 1.1 Microstructure of the Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics

with only isolated pores observed, typically around 2 μm in size. A distinguishing 
feature of this sample is the formation of a bright, continuous NiO layer measuring 
approximately 10–11 μm in thickness. This layer uniformly coats the grain surfaces, 
indicating enhanced phase separation and a possible redistribution of NiO during the 
sintering process. 

Sample 4 represents the culmination of the structural transformations, displaying 
a fully merged grain structure. The grains are densely packed, with minimal porosity. 
The few remaining pores are larger, measuring around 4 μm in diameter. The NiO 
phase forms a uniform and continuous layer over the entire ceramic surface. Interest-
ingly, the distribution of the NiO phase is non-uniform within the bulk of the material, 
with a higher concentration near intergranular boundaries. This non-uniform distribu-
tion suggests that the NiO phase acts as a trapping site for positrons migrating through 
the ceramic matrix, which may have implications for the material’s electronic and 
mechanical properties. 

Overall, the progressive changes in grain size, porosity, and the distribution of the 
NiO phase across the four samples highlight the impact of processing conditions on 
the microstructural and functional characteristics of the ceramics. These variations 
underscore the importance of optimizing sintering parameters to achieve desired 
material properties for specific applications [17].
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By employing a two-state model for positron trapping [22, 34–36], the analysis 
provides insights into the interactions of positrons within the ceramic structure. In 
this model, the first spectral component corresponds to the primary spinel structure 
of the material, while the second spectral component is associated with extended 
free-volume defects located near intergranular boundaries, in close proximity to 
the additional NiO phases. The intensities of these components, I1 and I2, serve as 
indicators of the material’s composition: I1 reflects the relative abundance of the 
primary spinel phase, while I2 correlates with the presence of the NiO phase near 
grain boundaries. 

For Sample 1, the observed positron lifetimes, τ1 and τ2, are characteristic of 
manganite ceramics with the composition Cu0.1Ni0.8Co0.2Mn1.9O4. The measured 
lifetimes are 0.19 ns for τ1 and 0.38 ns for τ2, as depicted in Fig. 1.2. These values 
provide critical information about the trapping sites within the ceramic. The influence 
of the additional NiO phase, constituting 1% of the material, on positron trapping is 
evident in the positron capture rate (κd), which is calculated to be 0.48 ns−1 (Fig. 1.3). 
This parameter quantifies the efficiency of positron trapping at defects, demonstrating 
the role of NiO in modifying the material’s microstructure and defect characteristics.

In Sample 2, a distinct processing approach involving prolonged annealing is 
employed. The ceramics undergo an 8-h annealing process at a sintering tempera-
ture of 920 °C, significantly lower than the sintering temperature for monophasic 
ceramics (1200 °C). The reduced temperature, achieved by a controlled cooling rate 
of 100 °C per hour during the final synthesis stage, facilitates the formation of an addi-
tional phase containing 8% NiO. This phase is predominantly concentrated along the 
grain boundaries. The reduction in sintering temperature alters the positron trapping 
dynamics, as evidenced by changes in the fitting parameters. 

For this sample, the lifetime of the first spectral component, τ1, decreases slightly 
to 0.17 ns, reflecting modifications in the primary spinel structure. Concurrently, 
the intensity of the second component, I2, increases slightly, accompanied by an 
elongation of the second lifetime, τ2. These changes suggest a growing influence 
of the NiO phase and its associated defects on the positron trapping process. Most 
notably, the positron capture rate κd rises significantly to 0.62 ns−1, representing an 
increase of nearly 30% compared to Sample 1. 

The adjustments in the second spectral component’s parameters, particularly 
the increase in τ2 and I2, provide further evidence of microstructural changes. 
These observations indicate the initial fragmentation of voids within the ceramic 
matrix, followed by their subsequent agglomeration as the concentration of the NiO 
phase increases. This behavior highlights the critical role of the additional phase in 
modifying defect structures and influencing positron behavior. 

These findings underscore the strong correlation between processing parame-
ters, microstructural evolution, and positron trapping characteristics in ceramics. The 
deliberate adjustment of synthesis conditions, such as sintering temperature and NiO 
content, provides a valuable pathway for tailoring the properties of these materials 
for specific applications. 

In Sample 3, the concentration of the additional NiO phase increases significantly, 
reaching 10%. This notable rise in NiO content exerts a pronounced influence on
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Fig. 1.2 Lifetimes and intensities of the first and the second PAL components
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Fig. 1.3 Positron trapping modes for Cu0.1Ni0.8Co0.2Mn1.9O4 ceramic



1 Intergranular Changes in the Microstructure of Ceramics Based … 9

the ceramic’s microstructure and its positron trapping characteristics. The elevated 
presence of NiO disrupts the structural integrity of the spinel phase, as evidenced 
by an increase in the lifetime parameter τ1, which rises to 0.20 ns. This increase 
indicates a higher degree of free-volume defects within the primary spinel matrix. At 
the same time, the positron capture rate experiences a decline, dropping to 0.34 ns−1. 
This reduction in κd suggests a diminished efficiency in positron trapping by defects, 
possibly due to alterations in the defect density or changes in the defect environment 
caused by the additional phase. 

As the NiO content is further increased from 10 to 12%, more pronounced merging 
phenomena are observed within the ceramic structure. This intensified merging can 
be attributed to the higher NiO concentration, which enhances phase segregation and 
facilitates a closer packing of the grains. Interestingly, despite this structural evolu-
tion, the key parameters, τ1 and κd, remain relatively stable, showing no significant 
changes beyond the 10% threshold. This stability highlights the saturation effect, 
where further increases in NiO content beyond a certain point no longer substantially 
influence the positron trapping characteristics. 

The structural and trapping behavior is also influenced by the thermal energy 
imparted to the ceramic during the sintering process. As the sintering temperature 
is raised from 1200 to 1300 °C, the thermal energy transferred to the ceramic inten-
sifies, leading to further changes in the spinel structure. This increase in sintering 
temperature amplifies the overbaking effect, resulting in a slight degradation of the 
spinel’s perfection. Consequently, the lifetime parameter τ1 increases slightly from 
0.20 to 0.21 ns, reflecting additional structural distortions. 

Interestingly, despite the changes in τ1, the positron trapping behavior associated 
with bulk defects remains largely unaffected. The second lifetime component τ2, and 
the positron capture rate κd show minimal variation. Similarly, average lifetime τav 
and the difference (τ2 − τb) do not exhibit substantial changes, further emphasizing 
the relative stability of these parameters under the given conditions (Fig. 1.3). 

The increase in NiO content and the elevation of sintering temperature have 
a complex impact on the ceramics. While the higher NiO concentration triggers 
enhanced merging of the ceramic grains and disrupts the spinel structure, the positron 
trapping characteristics reach a point of stability beyond the 10% NiO threshold. 
The interplay between material composition, thermal energy, and structural integrity 
underscores the delicate balance required to optimize ceramics for desired properties. 
These findings provide valuable insights into the design and processing of ceramics 
with tailored microstructures and functional attributes. 

A notable aspect of the ceramic microstructural evolution is the shift in the type 
of positron capture centers during the monolithization process, particularly when 
transitioning from Sample 2 to Sample 3 and from Sample 2 to Sample 4. This 
transformation is clearly evidenced by a sharp reduction in the parameter κd, which 
decreases from 1.9 to 1.7—a 10% decline. Despite this change, the fundamental 
nature of positron capture by defects remains consistent across all samples. The size 
of bulk defects near the grain boundaries, derived from the difference (τ2 − τb), is 
estimated to correspond to one or two atomic vacancies [17].
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The internal nanostructuring of Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics evolves in 
response to the content of the additional NiO phase and its distribution at grain 
boundaries. When the NiO content along grain boundaries is elevated to 8%, there 
is a notable increase in the number of defects or voids that act as positron capture 
centers. However, these defects undergo a reduction in size, resulting in void frag-
mentation. This fragmentation process significantly enhances the positron capture 
rate κd, as more efficient trapping sites are created within the ceramic microstructure. 

When the NiO content is further increased to 10%, the behavior of the material 
changes significantly. The number of positron trapping centers and the parameter κd 
experience a marked decline. This reduction can be attributed to the redistribution 
of the additional NiO phase. At this concentration, a substantial portion of NiO 
is no longer confined to the grain boundaries but instead migrates to the ceramic 
surface. This redistribution correlates with the expansion of the ceramic grains and 
the formation of a monolithic structure. As the grains merge, the number of grain 
boundaries decreases, reducing the regions where NiO was initially segregated and, 
consequently, the number of positron trapping centers. 

Increasing the NiO content to 12% signals the saturation of the defect forma-
tion process. At this stage, positron capture parameters such as κd exhibit minimal 
changes, indicating that the system has reached a stable state regarding defect and 
void formation. 

The evolution of the internal volumetric nanostructure of the 
Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics, particularly with respect to defect and void 
formation, suggests that the optimal NiO phase content is 10%. This concentration 
achieves a balance between defect generation and structural integrity, supporting 
efficient positron trapping without significant degradation of the spinel matrix. 
Changes in the positron capture rate κd serve as a sensitive metric for understanding 
the ceramic structure’s progression during sintering. 

In Sample 2, the greater presence of grain boundaries and pores results in intensi-
fied positron trapping. This is evidenced by a higher positron capture rate due to the 
increased density of defects in the ceramic matrix. The reduction in thermal energy 
transfer during the sintering process plays a role in sustaining these defects and influ-
encing the trapping behavior. Conversely, as the sintering temperature increases and 
the NiO phase segregates more prominently to the grain boundaries and surfaces, the 
ceramic structure undergoes significant changes, leading to variations in κd and the 
monolithization of the material. 

The relationship between thermal energy transfer during sintering, defect forma-
tion, and nanostructuring is further illustrated in Fig. 1.4, which provides a break-
down of the component contributions to the positron trapping process. These findings 
highlight the intricate interplay between material composition, defect dynamics, and 
structural evolution in determining the functional properties of ceramics.
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Fig. 1.4 Inputs of the first and the second components 

1.4 Conclusions 

In conclusion, the results derived from positron annihilation lifetime measure-
ments provide compelling evidence for the occurrence of interphase processes 
within the mixed transition-metal manganite Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics. 
These processes are closely linked to the structural transformations induced by the 
merging phenomena observed during technological modifications, as well as the 
influence of an optimal concentration of the additional NiO phase. 

The PAL findings reveal how changes in NiO content and sintering conditions 
impact the ceramic’s nanostructure, particularly in terms of defect formation, void 
fragmentation, and grain merging. These transformations highlight the delicate inter-
play between material composition, defect distribution, and structural integrity, 
providing a detailed understanding of the mechanisms underlying the observed 
changes. 

Notably, the PAL results align closely with the insights obtained through comple-
mentary microstructural characterization techniques such as X-ray diffractometry 
and electron microscopy. These methods confirm the structural alterations identified 
in the PAL measurements, further demonstrating that the observed changes in the 
ceramics are a direct consequence of the technological modification process. The 
consistency across these techniques underscores the reliability of the findings and 
emphasizes the importance of a multi-faceted analytical approach.



12 H. Klym and Yu. Kostiv

By integrating evidence from PAL measurements, X-ray diffractometry, and 
electron microscopy, this study provides a comprehensive picture of the intri-
cate relationship between microstructural evolution and processing interventions in 
Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics. This combined methodology not only validates 
the observed phenomena but also offers valuable insights into the underlying mech-
anisms driving these transformations. Such an approach is critical for optimizing 
the design and processing of advanced ceramics with tailored microstructures and 
functional properties, contributing to the development of materials for specialized 
technological applications. 
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Chapter 2 
Hydrogen Evolution on Nanoscale 
Ni–Zn–Cu Alloy Films 

Antonina Maizelis 

Abstract The study is devoted to comparing the properties of nanosized Ni–Zn– 
Cu alloy films, which (Ni–Zn–Cu)/(M–M(OH)2)]n multilayer coating consists of, in 
hydrogen evolution reaction. It is shown that the voltammograms of dissolution of 
the ternary alloy films contain oxidation peaks of the β-phase of the Zn–Ni alloy, the 
α-phase of the Cu–Zn alloy, and the alloys of “solid solutions” of Ni in Cu and Cu 
and Zn in Ni. The advantage of the bilayer deposited in the two-pulse potentiostatic 
mode over the single-layer film deposited at a potential that is average between the 
deposition potentials of the bilayer layers is revealed: after additional treatment, the 
kinetics parameters of the hydrogen evolution reaction in an alkaline medium on its 
surface are significantly better compared to those on a single-layer film. 

2.1 Introduction 

Nanostructured coatings are of increasing interest in many types of human activity. 
Alkaline water electrolysis is no exception. In alkaline media, unlike acidic media, 
the use of a wide range of electrode materials is allowed due to corrosion resistance in 
this media. The synthesis of nickel-based electrocatalysts is one of the main areas of 
research in the field of “green” energy [1]. To increase the efficiency of electrolysis, 
it is necessary to reduce the overvoltage of the hydrogen evolution reaction (HER) 
[2]. The main strategy for reducing the HER overvoltage is to increase (a) catalytic 
activity of electrode materials, (b) active surface area, (c) electrical conductivity, and 
(d) transport of gas bubbles. An increase in these characteristics is observed, e.g., on 
nanoporous hydrophilic surfaces [3]. To increase the surface area of the electrode, 
various variants of Raney nickel are used, and electrochemical methods for obtaining 
3D structures, including multilayer coatings, are increasingly being used [4]. 

Among non-platinum metals Ni has a hydrogen atom adsorption energy close 
to it, which determines its high activity in HER [5]. However, Ni does not show
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sufficiently high activity in alkaline environments [6]. That is why its alloying is used, 
oxidation to NiO or Ni(OH)2, increasing active surface [7–9]. Copper-containing 
materials are used in water splitting [10] due to their high electrical conductivity 
and excellent catalytic activity [11]. As electrode materials alloys of Ni–Zn–Cu 
system are considered: Cu-Ni [12, 13], Cu–Zn [14], Ni–Zn [15–17], Zn–Ni–Cu 
[18] both in initial state, and as material for further obtaining materials of Ni-Renai 
type. E.g. current exchange of HER in 1 mol L−1 KOH on steel electrode with Ni/ 
NiZn two-layer coating after leaching in alkaline solution increases as compared 
to Ni from 0.58 mA cm−2 to 6.38 mA cm−2, but when it is Pt-modified ((MS)/Ni/ 
NiZn-Pt electrode)—up to 19.86 mA cm−2 [19]. Decreasing of HER overvoltage 
and when Zn in dealoyed from CuZn on graphite [20]. In [21] the conclusion about 
decreasing HER overvoltage due to increasing hydrogen adsorbtion on surface of 
ɛ-phase which is CuZn5 intermetallide, that can be electrochemically abtained under 
lower Zn content, than stoichiometric. 

The Zn-Ni-Cu ternary alloy is used as a material for further selective leaching of 
the less stable component, zinc, to obtain a porous material [22]. The resulting porous 
matrix has a more positive potential. Alkaline leaching is used for electrode material 
for alkaline water electrolysis [23]. Ni-enriched Zn-Ni-Cu coating are obtained by 
chemical and electrochemical deposition for formation of electrode materials [24]. 
Porous coatings are also obtained by galvanic substitution, when the more active 
component of the coating dissolves, and ions of the more electropositive metal present 
in the solution are deposited on the electrode surface [25]. 

Activity of electrodes can be increased by hybride materials, e.g. by modifica-
tion of Ni(OH)2 [26–29]. E.g. the porous Ni(OH)2/NiCu electrode is proposed, that 
is obtained by brush plating, cyclic voltammetry (CV) treatment, electrochemical 
dealloying and hydrolysis [30]. 

Therefore, research of new cheap materials with increased catalytic activity for 
use as cathodes in the hydrogen evolution reaction during water electrolysis in an 
alkaline environment, including multilayer coatings in which nano- and micro-sized 
layers of alloys of the Zn–Ni–Cu system and mixtures of metals with hydroxides 
alternate, is relevant and promising [31]. 

2.2 Experimental 

Coatings were deposited from ammonia-glycinate electrolytes (Table 2.1), made 
using distilled water and chemicals of purified grade. pH 8.5 of solutions was 
monitored using a CT-6020A pH-meter.

Phase composition was determined by stripping voltammetry (ALSV). Solutions 
for ALSV contained either 0.5 mol L−1 Gly, 0.5 mol L−1 NH4Cl, pH 10.5, either 
0.5 mol L−1 Na2SO4. 

Three-electrode was used for electrochemical study. The working electrode was 
made of platinum (surface area was 1 cm2). Before each experiment, the platinum 
electrode was anodically treated in sulfuric acid and cathodically treated in a sodium
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Table 2.1 Electrolyte composition 

Component Content in solution, mol L−1 

“CuZnNi” “CuZn” “ZnNi” “CuNi” 

Zn2+ 0.015 0.024 0.024 – 

Ni2+ 0.225 – 0.240 0.240 

Cu2+ 0.001 0.002 – 0.002 

NH4 
+ 1.550 0.278 1.702 1.570 

Gly− 0.425 0.047 0.470 0.435

sulfate solution. The counter electrode was also made of platinum plate. An Ag/AgCl 
reference electrode with saturated KCl solution was used (all the potentials are vs 
Ag/AgCl). The cell with electrolyte and a beaker with saturated KCl solution and 
reference electrode were connected by a salt bridge. 

All the electrochemical studies were carried out using MTech SPG-500L 
potentiostat. 

Exchange current density was calculated out of Tafel equation. Corrosion current 
was calculated out of extrapolation of linearized cathodic branch to the corrosion 
potential. The aim of the study is to compare the kinetic parameters of the hydrogen 
evolution reaction on nanosized Ni-Zn-Cu alloy films that alternate in a 3D-structured 
[(Ni-Zn-Cu)/(M-M(OH)2)]n multilayer coating. 

2.3 Experimental Results and Discussion 

For Ni–Zn–Cu alloy films deposition, which form a multilayer metal hydroxide 
coating [(Ni–Zn–Cu)/(M–M(OH)2)]n, a weakly alkaline ammonia-glycinate elec-
trolyte is used. The first cathodic wave on the cyclic voltammogram (CVA) (Fig. 2.1) 
in this electrolyte (at a potential of approximately – 0.2 V) belongs the process of 
reduction of oxygen dissolved in the electrolyte. At a potential of – 0.3 V, metals 
begin to be sequentially deposit. First copper deposits and with further polarization 
nickel is gradually added to its deposition at the limiting current with the formation of 
a “solid solution” type alloy. Starting from a potential of – 1 V, due to depolarization 
during alloy formation with Cu and Ni, Zn also appears in the cathodic deposit. The 
presence of a crossover (see inset) on the cathode branch of the CVA indicates the 
presence of a nucleation overvoltage during the formation of a new alloy phase at a 
potential of − 1 V. The current growth begins with a fairly wide, from a potential 
of − 1.15 V to a potential of − 1.25 V, area of the limiting current of 50 mA cm−2. 
The last section of the cathode course of the CVA belongs to the process of alloy 
deposition simultaneously with intensive hydrogen evolution.

The complex shape of the anode branch of the CVA indicates the oxidation of the 
multiphase alloy deposit accumulated during the production of the cathode part of the 
CVA. More electronegative phases are oxidized the first (at more negative potentials).
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Fig. 2.1 Cyclic voltammogram (main panel) showing the change in current density ( j,  mA  cm-2 

) during a linear potential scan (E, V) at a rate of 10 mV s-1. The scan starts from open circuit 
potential (approximately 0 V) in the cathodic direction (downward arrow along the lower brunch of 
the curve). After that the potential is scanned in the anodic direction (upward arrow on the upper, 
cathodic, brunch which further becomes anodic branch). The CVA was obtained on Pt in ammonia-
glycinate electrolyte for Ni-Zn-Cu alloy deposition (see the composition in Table 2.1). The CVA 
region indicated by the red dotted line is shown in the inset at an enlarged scale

Thus, the first double anode peak belongs to the oxidation of Zn-enriched phases. 
Then, in the peak at a potential of − 0.2 V, Cu-enriched phases are oxidized. The last 
anode peaks belong in an alkaline medium to the oxidation of Ni-enriched phases.

The chronoamperograms of potentiostatic deposition of alloy films at the values 
of the potentials of the beginning of the main wave (− 1.1 V) on the cathode branch 
of the CVA (the “− 1.1” coating), the beginning of the limiting current (− 1.15 V), 
the film “− 1.15”, and its middle (− 1.2  V),  the  film  “− 1.2”, until the charge of 0.6 
C  cm−2 for deposition of films with a thickness of around 100 nm is reached, are 
shown in the inset of the Fig. 2.2a. All dependences have peaks of nucleation (at 28 s, 
12 s and 3 s, respectively). In the chronoamperogram of deposition at a potential of 
− 1.2 V after secondary nucleation, the beginning of self-oscillations characteristic 
of metal deposition at the limiting current is observed (curve 3).

The identification of peaks on the CVA is complicated by the multicomponent 
nature of the deposit obtained during the cathodic period, the possibility of contact 
exchange reactions in the electrolyte containing ions of 3 metals, and the incomplete 
dissolution of the Ni-containing deposit in a weakly alkaline environment. There-
fore, the composition of Ni–Zn–Cu films, deposited potentiostatically, was estimated 
based on the analysis of the anodic voltammograms of their dissolution in a more 
alkaline ammonium-glycinate electrolyte that does not contain metal ions. 

To compare films composition, the voltammograms of their dissolution were 
reduced to the same charge of 0.3 C cm−2 (Fig. 2.2(b)), using coefficients to the 
current values (Fig. 2.2, panel (b)). Unlike the anodic branch of the CVA (Fig. 2.1), 
the voltammograms have fewer peaks, and they are more selective. Additionally, the
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Fig. 2.2 Normalized anodic voltammograms (dependences of j, mA cm-2 on E, V) of dissolution 
of Ni-Zn-Cu alloy films in alkaline ammonium-glycinate electrolyte. These films were deposited 
in potentiostatic mode at different potential values: red line − 1.1 V (1), orange line − 1.15 V (2) 
and green line − 1.2 V (3). Сhronoamperograms showing the change in current density j with time 
t during deposition are shown in the figure in inset a. The diagram in inset b shows the values of 
cathodic current efficiency (CE, % ) during deposition of the films

deposits dissolve in this solution completely. The current efficiency of films deposi-
tion (inset (b) to Fig. 2.2) indicates a significant contribution of side reactions during 
their deposition: at lower polarization, this is Zn dissolution, at higher polarization, 
this is hydrogen evolution. 

To identify the peaks in the anodic voltammograms of the Cu–Ni–Zn alloy disso-
lution, we compare the voltammograms of its dissolution (Fig. 2.3, panel (a)) in 
two electrolytes: in alkaline ammonium-glycinate, in which peaks of binary alloys 
of the Cu–Ni–Zn system [32–36] were identified, and in Na2SO4 solution, in which 
peaks of the dissolution of the Cu–Zn alloy [37] were identified. If the voltammo-
gram of dissolution in ammonium-glycinate solution has 4 peaks, and the largest is 
in the region of the most positive potential values (curve 1), then the voltammogram 
of dissolution of the same film in sodium sulfate solution has only 2 small peaks 
(curve 1 ). That is, we expect that the Ni-enriched phases do not dissolve in the latter 
electrolyte no containing Cl− ions. 

The voltammogram of the Cu–Zn–Ni alloy dissolution in Na2SO4 sodium is 
compared with the voltammograms of the dissolution of binary alloys deposited at 
a potential of − 1.15 V from ammonium-glycinate electrolytes containing ions of 
the corresponding metal pairs (Fig. 2.3 panel (b)). We see that the potential region 
of the first peak of the voltammogram (curve 1 ) matches the potential region of the 
peaks of oxidation of the β-phase of the Zn–Ni alloy (curve 2 ), the β-phase of the 
Cu–Zn alloy (curve 3 ) and the “solid solution” alloy of Ni in Cu (curve 4 ). The right 
shoulder of the first peak may contain the peak of oxidation of the α-phase of the
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Fig. 2.3 Normalized anodic voltammograms of dissolution of ternary and binary alloys. Panel 
(a) shows the curves for Ni–Zn–Cu alloy in different electrolytes: ammonia-glycinate (green line 
1) and sulphate 0.5 mol L NaSO4 (violet line 1 ). Panel (b) compares the same curve 1 (shown 
in larger scale) with curves for binary alloys in the same sulphate 0.5 mol L NaSO4: Zn–Ni (gray 
line 2 ), Cu-Zn (red line 3 ) and Cu-Ni (blue line 4 ). Panel (c) compares the curve 1 from panel 
(a) with the curves for the same binary alloys (shown by the same colors as in panel (b)  and  marked  
by the same number without primes) in ammonia-glycinate electrolyte. The inscriptions above the 
peaks of the voltammograms show which phases of the alloys dissolve are oxidized in this potential 
region in the corresponding electrolytes. The composition of electrolytes for alloys deposition is 
given in Table 2.1 

Cu–Zn alloy. The potential region of the second peak of the voltammogram (curve 
1 ) matches the potential region of the further oxidation of the Zn–Ni alloy deposit 
(curve 2 ), copper (curve 3 ) and the alloy of “solid solution” of Cu in Ni (curve 4 ). 
That is, the Na2SO4 solution does not allow the phases of the ternary alloy to be 
dissolved selectively. 

We will also compare the voltammogram of Cu–Ni–Zn alloy dissolution in the 
alkaline ammonium-glycinate electrolyte with the voltammograms of the dissolution 
of binary alloys in it (Fig. 2.3 panel (c)). 

The potential region of the first peak of the voltammogram (curve 1) matches 
potential region of the peaks of β–Zn–Ni phase oxidation (curve 2), the potential 
region of the second peak (curve 1) matches the potential region of the peaks of α– 
Cu–Zn phase oxidation (curve 3), the potential region of the third and fourth peaks 
(curve 1) matches the potential region of the peaks of oxidation of the alloys “solid 
solution” of Ni in Cu and “solid solution” of Cu in Ni, respectively (curve 4). Thus, the 
analysis of more selective dissolution of alloy films in an ammonia-glycinate solution 
with confirmation of the dissolution of some phases in a sulfate solution revealed 
that the anodic voltammogram of the dissolution of Cu–Zn–Ni alloy contains peaks 
of oxidation of the following binary alloy phases: β-phases of the Zn–Ni alloy, α-
phases of the Cu–Zn alloy, and Cu-Ni alloys, which form a continuous series of 
“solid solutions”. These phases are not necessarily present in the initial films, they 
can also be formed as residues during the anodic oxidation of more negative phases 
in the previous peaks. 

Figure 2.4 panel (a) compares the voltammograms of dissolution of single-layer 
films “− 1.1” and “− 1.2” of the Ni–Zn–Cu alloy deposited at a potential of − 1.1 V 
(curve 1) and − 1.2 V (curve 3), with the voltammogram of dissolution of the “− 
1.1/− 1.2” bilayer (curve 2), which is a part of multilayer coatings [(Ni–Zn–Cu)/ 
(M–M(OH)2)]n. At a potential of − 1.1 V, the alloy is deposited at the limiting current 
of Cu deposition. At a potential of − 1.2 V, the hydroxo compounds of these metals 
are included to a greater extent in the deposit at the limiting current of all metals.
The bilayer deposition chronoamperogram (Fig. 2.4, inset in panel (a)) shows that 
the deposition current of the second layer of such a bilayer, at a potential of − 1.2 V, 
is greater than the deposition current of “− 1.2” single-layer film (curve 3, Fig. 2.2, 
inset (a)) due to the development of the surface of the first layer, at a potential of − 
1.1 V. The voltammogram of bilayer dissolution (curve 2) has a significantly smaller 
oxidation peak of the phase of “solid solution” of Ni in Cu and the peak of oxidation
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of the phase of “solid solution” Cu in Ni, which is located at less positive potential 
values. Considering that the multilayer coating, which consists of 50 such bilayers, 
has an elemental composition of 55 wt.% Ni, 39.8 wt. % Zn and 5.2 wt. % Cu, i.e. 
contains a fraction of Zn that exceeds the contribution of the first two Zn-containing 
peaks to the voltammogram of dissolution of Cu–Zn–Ni alloy, it should be concluded 
that the last peak, enriched in nickel, is a “solid solution” alloy in Ni not only Cu, but 
also more negative Zn with a Zn content not higher than its content in the equilibrium 
α-phase of the Zn–Ni alloy (which contains 30 wt. % zinc), the oxidation peak of 
which in the ammonia-glycinate electrolyte is at more negative potential values than 
the oxidation peak of the β-phase of the Zn–Ni alloy [33].

Compared to voltammogram for single layer deposited at potential (Fig. 2.4, panel 
b), e.g. at a potential of − 1.15 V (curve 4), which is the average value between the 
deposition potentials of the bilayer layers,− 1.1 V and− 1.2 V, the bilayer dissolution 
voltammogram (curve 2) also differs in the dissolution peak of a more homogeneous 
deposit of the “solid solution” of Cu and Zn in Ni, in contrast to the 2 peaks in the 
film “− 1.15” dissolution voltammogram.

In  1  mol  L−1 NaOH solution, which is used in alkaline water electrolysis with 
the hydrogen evolution (Fig. 2.5, panel a), these films also dissolve differently: the 
“− 1.15” single-layer film (curve 2) has a larger second peak than that of the bilayer 
(curve 1). Their corrosion diagrams (Fig. 2.5, panel b), obtained after exposure to an 
alkaline solution at open circuit potential for 30 min, indicate approximately the same 
corrosion rate in an alkaline solution (curves 1, 2; 50.1 μA  cm−2 and 47.7 mA cm−2, 
respectively) and a more positive corrosion potential than the beginning of the anodic 
dependences in Fig. 2.5 panel a.

After additional treatment (AT) by holding the samples at a potential of -0.7 V, to 
increase the corrosion resistance by removing electronegative phases from the films, 
the corrosion potential of “− 1.1/− 1.2-AT” bilayer significantly shifted towards 
positive potential values (curve 1 ), the corrosion potential of “− 1.15-AT” single-
layer film (curve 2 ) shifted slightly (the phase that is oxidized in the second peak 
of curve 2, Fig. 2.5a, remained). The corrosion current becomes the same for both 
films after treatment, 40.7 μA  cm−2 .

Cathodic polarization dependences of hydrogen evolution on these Ni–Zn–Cu 
alloy films are shown in Fig. 2.6a. It is interesting to note that hydrogen evolution 
on the bilayer film (curve 2) is more difficult than on the single-layer film (curve 1), 
however, after additional processing, the advantage of the bilayer (curves 1 and 2 ) 
was revealed. In Tafel coordinates, taking into account ohmic losses (Fig. 2.6b), this 
difference is even more obvious.

The kinetic parameters of the hydrogen evolution reaction (HER) on the alloy 
films are given in Table 2.2. The Tafel coefficients a and b and the exchange current 
density i0 of HER on both initial films are close. However, after additional treatment, 
all parameters of the single-layer film become worse, and those of the bilayer improve. 
The deterioration of all HER parameters on the single-layer film is probably due to 
the negative influence of the residue from the dissolution of the negative phase on 
the surface of the deposit after treatment. Since the coefficient b for the HER on the 
bilayer after processing decreased slightly, it is possible to assume that the roughness
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Fig. 2.4 Normalized anodic voltammogram of dissolution of the bilayer film in comparison with 
the curves for single-layer films in ammonia-glycinate electrolyte. Panel (a) compares the curve 
for bilayer (blue line 2) with the curves for single-layer films, deposited at potentials: -1.1 V (red 
line 1) and − 1.2 V (green line 3), which are the sublayers of the bilayer. Inset in panel b shows 
chronoamperogram j-E of bilayer deposition. Panel (b) compares the curve for the bilayer with 
curve for single-layer film deposited at − 1.15 V (orange line 4), which is between the potentials 
for the sublayers. The inscriptions above the peaks of the voltammograms show which phases of 
the alloys are oxidized in this potential region in the corresponding electrolytes. The composition 
of electrolytes for alloys deposition is given in Table 2.1
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Fig. 2.5 Anodiс polarization j-E curves (panel a) and corrosion diagrams lg j-lgE (panel b)  of  the  
bilayer (lines 1 and 1’) and single-layer films (lines 2 and 2’) films in 1 mol L NaOH solution. Curves 
1 and 2 were obtained for the initial films while curves 1’ and 2’ were obtained after additional 
treating of the films in 1 mol L NaOH

Fig. 2.6 Cathodic polarization j-E curves without iR correction (panel a) and semi-logarithmic lg 
j-E Tafel plots with iR correction (panel b) in 1 mol L NaOH. Dependences 1 and 2 were obtained on 
the initial bilayer film (blue line 2) and single-layer film deposited at the potential -1.15 V (orange 
line 1). Dependences 1’ and 2’ were obtained on the films after their additional treatment. Potential 
scan rate is 1 mV s-1

factor of the bilayer surface increased due to the dissolution of the negative phase 
during treatment.
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Table 2.2 Tafel parameters of hydrogen evolution reaction 

Kinetic parameter Initial After treatment 

«− 1.15» «− 1.1/− 1.2» «− 1.15» «− 1.1/− 1.2»
а,  mV − 374 − 369 − 413 − 323 
b,  mV 83 82 94 83 

iо, μА cm−2 31 33 39 128 

2.4 Conclusions 

The properties of nanoscale Ni–Zn–Cu alloy films, which are multilayer coating Ni– 
Zn–Cu)/(M–M(OH)2)]n consist of, were compared. The alloy films were deposited 
from a weakly alkaline ammonia-glycinate electrolyte at the potentials of the begin-
ning of the main wave (–1.1 V) on the cathode branch of the CVA (film “– 1.1”), the 
beginning of the limiting current (– 1.15 V), “– 1.15” film, and its middle (– 1.2 V), 
“– 1.2” film, with “– 1.1/– 1.2” bilayer. 

It was shown that the dissolution voltammograms of the ternary alloy films contain 
oxidation peaks of the β-phase of the Zn–Ni alloy, the α-phase of the Cu–Zn alloy 
and the alloys of “solid solutions” of Ni in Cu and Cu and Zn in Ni. 

Comparison of the properties of the bilayer and the single-layer film “− 1.2”, 
deposited at a potential of − 1.2 V, the average potential between the potential values 
of the bilayer layers “− 1.1/− 1.2”, in the hydrogen evolution reaction showed that 
they have approximately the same corrosion rate in alkaline solution, 50.1 μA  cm−2 

and 47.7 μA  cm−2, respectively. After additional treatment by holding the samples at 
a potential of − 0.7 V, the corrosion current of the films becomes the same, 40.7 μA 
cm−2. The kinetic parameters of the HER on both initial films are close. However, 
after additional treatment, the advantage of the bilayer was revealed, the exchange 
current density of HER on the surface of which increases by 3.9 times. Taking into 
account the insignificant change in the Tafel coefficient, it is assumed that during 
additional treatment the roughness factor of the bilayer surface increases due to the 
dissolution of the most negative phase.
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Chapter 3 
Injection Currents in р-MnCo2O4/ 
n-CdTe Anisotypic Heterojunctions 

I. G. Orletskyi, M. I. Ilashchuk, I. P. Koziarskyi, E. V. Maistruk, 
D. P. Koziarskyi, and S. V. Nichyi 

Abstract Anisotype р-MnCo2O4/n-CdTe heterojunctions with rectifying proper-
ties were fabricated by spray-pyrolysis of a mixture of 0.1 M aqueous solutions of 
MnCl2·4H2O and СоCl2·6H2O salts onto n-CdTe crystalline substrates. The temper-
ature dependences of the I-V-characteristics (T = 295–346 K) were analyzed and it 
was found that at forward and reverse (V ≥  −  0.5 V) biases, the current flow through 
the heterojunction is determined by the processes of injection of the main charge 
carriers into the high-resistance n-CdTe contact region, which is formed during the 
manufacture of the structures. Based on the theory of space charge-limited currents, 
the main electrical parameters of the high-resistance part of the base are determined. 
The features of the C-V-characteristics in the range f = 1.0–100 kHz are explained 
based on the equivalent electrical circuit of the structure with a high-resistance layer 
in the base, taking into account its capacitance. The light I-V-characteristics indicate 
the possibility of practical use of the fabricated р-MnCo2O4/n-CdTe heterojunctions 
as visible radiation photodetectors.

3.1 Introduction 

Manganese cobaltite nanomaterials MnСо2O4 and solid solutions based on them are 
the object of intensive research aimed at studying their electrical, magnetic, optical, 
dielectric and catalytic properties, which determine their practical use in devices for 
various purposes. The study of the electrochemical properties of manganese cobaltite 
spinel MnСо2O4 led to the use of this material in lithium-ion batteries to obtain a 
carbon-free anode, and later to manufacture a cathode [1, 2]. Many scientific articles 
have investigated the use of MnCo2O4 in supercapacitors [3, 4]. Supercapacitors 
obtained on the basis of nanostructured films of manganese cobaltite heterostructure
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MnCo2O4/PPy (Polypyrrole), in which these composites are used for the manufacture 
of both positive and negative electrodes, showed high energy density (78.5 W h kg−1 

at 1121 W kg−1) and high stability (94.3% capacitance retention after 5000 cycles 
at 20 A g−1)  [5]. The optical properties of MnCo2O4 have shown that they can be 
used as photocatalysts for hydrogen production and in optical gas sensors for ethanol 
and acetone [6–8]. As part of the MnCo2O4@NiCo2O4 heterostructure, manganese 
cobaltite is used in dye-sensitized solar cells (DSSCs) as their main component—the 
counter electrode (CE) with excellent electrochemical properties, providing a high 
photoelectric conversion efficiency of 9.58%, which is much higher than traditional 
Pt FTO CE (8.0%) [9]. 

Thin films of manganese cobaltite MnСо2O4 belong to direct-gap semiconductor 
materials with an optical band gap Eg = 1.3–1.5 eV [6, 8, 10, 11], which is in the 
optimal energy range (1.1 eV < Еg < 1.6 eV) for photovoltaic energy conversion 
[12]. 

In scientific works that investigate the electrical properties of both MnСо2O4 

nanocomposites [8, 13, 14] and Mn3-хСохO4 solid solutions [13, 15], it is reported 
that these semiconductors, as a rule, exhibit p-type conductivity with low resistivity. 
The value of the resistivity ρ of the specified materials slightly depends on the method 
of manufacturing thin films: spray pyrolysis method—ρ = 530 Ω cm [8], sintered 
classically ρ= 387 Ω cm and by spark plasma sintering ρ= 387Ω cm [15] (the values 
of ρ are given at room temperature). The conductivity activation energy determined 
from the temperature dependences ρ = ρ0exp(Ea/kT )  was  Ea = 0.31–0.36 eV for 
MnCo2O4 films and solid solutions based on them, obtained by various methods [8, 
13, 16]. The conductivity mechanism of spinel oxides was explained by the presence 
of manganese atoms with different valences Mn3+ and Mn4+ in the octahedral lattice 
sites. Conductivity has a jump-like character and is caused by the transitions of 
charge carriers between neighboring ions, which thus change their valence [13–15]. 
According to [8], thin films of MnСо2O4 exhibit thermal stability in the temperature 
range of electrical characteristics measurement 293 K < T < 383 K. 

Thin films of cobaltite exhibit strong absorption of solar radiation [11, 13]. The 
absorption spectrum of Mn3–хСохO4 (0 ≤ x < 3) nanocomposites, obtained in the 
wavelength range λ = 300–1100 nm, is characterized by high absorption in the UV 
region and some linear decrease in the visible and in the specified IR range [11]. 
Thin films of МхMnСо2–хO4 (М = Ni, Cu, Zn; x = 0, 0.15, 0.30, 0.60) showed 
an absorption value exceeding 90% in the entire range of UV and visible radiation, 
which practically covers the main part of the solar spectrum [13]. 

Cadmium telluride is one of the most promising semiconductors that is effectively 
used in solar energy as a material that actively absorbs solar radiation (absorption 
coefficient in the visible region of the spectrum α ≈ 10 5см−1). In addition, its band 
gap Eg ≈ 1.5  eV,  similar  to  MnСо2O4, is in the energy range 1.1 eV < Eg <  1.  6 eV,
which corresponds [12] to the optimal photovoltaic conversion of solar energy. 

Due to the above-mentioned electrical and optical properties, as well as the value of 
the band gap, manganese cobaltite MnСо2O4 can be used as an alternative to p-CdTe 
in homogeneous semiconductor p-n-junctions based on cadmium telluride, which can 
have practical use as photoconverters and photodetectors of optical radiation. The
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advantages of this use are due to the reduction in the band gap width of MnСо2O4 

thin films obtained by spray pyrolysis (Eg = 1.3 eV) [8], compared to CdTe, and 
a rather high absorption in the near-IR region [11], which significantly expands the 
spectral range of solar radiation absorption. In addition, it is possible to avoid the 
complexity of obtaining ohmic contacts to p-CdTe, which requires additional techno-
logical operations [17, 18]. It is known that low-resistance p-CdTe, unlike MnСо2O4, 
exhibits instability of electrical parameters in the temperature range quite close to 
room temperature (Т > 325 K) [19]. The use of manganese cobaltite MnСо2O4 in 
the above barrier structures will reduce toxic cadmium, which will increase their 
environmental friendliness. 

The paper presents studies of the electrical and photoelectric properties of aniso-
type heterojunctions р-MnСо2O4/n-CdTe, fabricated by depositing thin films of 
MnСо2O4 on single-crystal cadmium telluride substrates by spray pyrolysis. 

3.2 Experiment Details 

To produce thin MnCo2O4 films by spray pyrolysis, mixtures of aqueous solutions 
of cobalt(II) chloride hexahydrate CoCl2 ·6H2O and manganese(II) chloride tetrahy-
drate MnCl2 · 4H2O salts with a concentration of 0.1 M at a component ratio of 
Co/Mn = 2 were used. The pyrolysis temperature was TS = 390 °C. The thickness 
of the films, measured by a Linnik MII-4 micro-interferometer, was ~ 0.3 μm. The 
resistivity of MnCo2O4 films was measured by the four-probe method. Its value at 
room temperature T = 293 K was ρ ≈ 530 Ω cm. The type of charge carriers in the 
film was determined by the polarity of the thermo emf. According to research data, 
MnCo2O4 films had p-type conductivity.

CdTe crystals were grown by the vertical Bridgman method under low Cd vapor 
pressure. The electronic conductivity of the crystals is due to the doping of CdTe with 
a Cl impurity during the growth process, the concentration of which in the melt was 
N 0 Cl = 5·1018 cm−3. Kinetic parameters of the crystals: specific electrical conductivity 
σ = 5.6 Ω−1 cm−1, electron concentration and their Hall mobility n = 3.6·1016 cm− 3

and μН = 980 cm2 V−1 s−1, respectiv ely.
The external contacts of the anisotype heterojunctions р-MnСо2O4/n-CdTe were 

made on the side of the low-resistance film using a conductive paste based on silver, 
and on the side of the n-type CdTe substrates by fusion of indium. 

The I-V-characteristics of the studied р-MnСо2O4/n-CdTe heterojunctions were 
measured using a hardware-software complex implemented on the basis of the 
Arduino platform, an Agilent 34410A digital multimeter, and a Siglent SPD3303X 
programmable power supply, which were controlled by a personal computer using 
software created by the authors in the LabView environment. The measurements of 
capacitance–voltage (C-V ) characteristics of structures in a wide frequency range of 
the alternating signal under investigation were carried out by a LCR Meter BR2876. 
The light-voltage characteristics were measured under illumination with integral 
light using the “FIBEROPTIC HEIM” device.
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3.3 Results and Discussion 

The current–voltage (I-V ) characteristics of anisotype heterojunctions р-MnCo2O4/ 
n-CdTe, measured at forward and reverse voltages in a wide temperature range T = 
295–346 K (Fig. 3.1), indicate their diode properties. The rectification ratio of the 
studied structures at T = 295 K and V = 1.5 V is ≈10 2.

A feature of the I-V-characteristics of р-MnCo2O4/n-CdTe heterostructures was 
the small values of direct currents, which were measured in microamperes even at 
fairly high voltages (for example, I = 11.6 μA  at  V = 2 V). It can be assumed 
that this property of the heterojunctions under study is due to the presence of a 
high-resistance layer in their base region, which is formed during the manufacturing 
process of the structure. To establish the structural features of the obtained hetero-
junctions and clarify the main mechanisms of current transfer through the potential 
barrier in the region of forward biases, an analysis of the I = f (V ) dependences plotted 
in different coordinates was performed. It was established that the linearization of 
the I-V-characteristics of the structures is observed in the coordinates lnI = f (lnV ), 
with a different angle of inclination to the voltage axis in d ifferent measurement
ranges (Fig. 3.2). Therefore, in the region of forward biases, the I-V-dependences of 
р-MnCo2O4/n-CdTe heterojunctions are described by the power law I ~ Vm, charac-
teristic of space charge limited currents (SCLC) [20]. Such currents typically occur 
in high-resistance semiconductors and dielectrics and are caused by the injection of 
main charge carriers. In this case, the SCLC arise due to the injection of electrons 
from the low-resistance part of the base into the high-resistance part, which is formed 
in the surface region of CdTe during the technological operations of manufacturing 
the structure.

Indeed, as was established in many works [21, 22], when a CdTe substrate is heated 
to low temperatures (Т s = 250–300 οС) in the surface layer, due to the sublimation 
of mainly cadmium atoms, intrinsic point defects of the acceptor type of cadmium

Fig. 3.1 I-V-characteristics 
of anisotype heterojunctions 
р-MnCo2O4/n-CdTe at 
forward and reverse biases 



3 Injection Currents in р-MnCo2O4/n-CdTe Anisotypic Heterojunctions 33

Fig. 3.2 I-V-characteristics of anisotypic heterostructures р-MnCo2O4/n-CdTe at positive biases, 
plotted on a logarithmic scale. The inset shows the temperature dependence of the resistance of the 
high-resistance base layer

vacancy—V − 
Cd , V 

−2 
Cd are formed. Since the main point defects that determine the 

electronic conductivity of the base material are Cl+ 
Te, when V 

− 
Cd , V 

−2 
Cd appear, their 

interaction will occur with the formation of electrically active and neutral complexes 
V −2 
Cd Cl

+ 
Te 

−, (V −2 
Cd 2Cl

+ 
Te ), V − 

Cd Cl
+ 
Te 

0
. Such processes lead to the formation of a 

compensating material with high resistance [23]. 
The study of injection currents makes it possible to detect the presence of both 

shallow and deep local states in the material used, which can trap free charge carriers, 
and to determine some of their parameters. In addition, from the analysis of the 
SCLC, information can be obtained about the properties of the semiconductor itself. 
That is why, in the work, a detailed analysis of the I-V-characteristics of the studied 
р-MnCo2O4/n-CdTe structures was carried out. 

As can be seen from Fig. 3.3,  the  I-V-characteristics of р-MnCo2O4/n-CdTe struc-
tures are characterized by the presence of three sections, which are in good agreement 
with the theory of the SCLC [20]. The linear section of the I-V-characteristic in the 
region of small voltages V = VTFL ≤ 0.15 V is characterized by the power index 
m = 1. That is, the dependence I = f (V ) at small values of the applied voltage is 
described by Ohm’s law, which is due to the presence of thermally generated charge 
carriers n0 in the semiconductor, if their concentration exceeds the concentration of 
the injected ones. The presence of a linear section m = 1 on the dependences lnI = 
f (lnV ) in the temperature range T = 295–346 K (Fig. 3.2) makes it possible to deter-
mine the resistance value of the high-resistance layer at different temperatures and 
to construct its temperature dependence (Fig. 3.2, inset). The calculated value of the 
resistance Rb at T = 295 K was 1.7 · 107 . The determined depth of the energy level
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Fig. 3.3 I-V-characteristic 
of the р-MnCo2O4/n-CdTe 
heterostructure at positive 
biases, plotted on a 
logarithmic scale at T = 
295 K

E, which determines the equilibrium conductivity of the high-resistance part of the 
base, is E = 0.52 eV, which, as a rule, manifests itself in semi-insulating CdTe:Cl 
crystals and corresponds to complexes with the participation of intrinsic defects 
and uncontrolled impurities [23]. Taking into account the geometric dimensions of 
the substrate and the thickness of the high-resistance layer, which was determined 
from the analysis of the C-V-characteristics and was d = 65 μm, we calculated its 
resistivity ρ = 5.15 · 108 cm. 

According to the SCLC theory, the presence of a linear region with m = 1  at  low  
voltages is characteristic of semiconductors that contain deep traps, the energy levels 
of which are located below the Fermi level. In the region of the specified voltages, 
the injected charge carriers are captured by traps, forming a stationary space charge 
and do not participate in the transfer of current through the sample. The voltage 
VTFL corresponds to the voltage of complete filling of the traps. As the voltage V 
˃ VTFL increases, the current begins to increase sharply, as the number of injected 
electrons increases, which are no longer captured by traps. The change in the slope 
of the dependences lnI = f (lnV ), observed after a significant increase in current (V 
˃ 0.53 V), according to the theory of the I-V-characteristic of the SCLC, is explained 
by the transition to a trap-free quadratic law, since all local states are already filled
with electrons [20]. Indeed, the value of the power exponent m = 2 is determined in 
the specified voltage interval (Fig. 3.3). 

If the monoenergetic traps contained in the semiconductor are deep, the expression 
for the voltage of their complete filling will be: 

VTFL = 
q(Nt − nt0) L2

2εε0 
, (3.1)
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where: q is the electron charge; Nt is the trap concentration; nt0 is the concentra-
tion of traps filled with electrons; L is the thickness of the semiconductor; ε is the 
relative permittivity of the semiconductor; ε0 = 8.85 · 10−12 F  m−1 is the electric 
constant. The calculated value of Nt − nt0, which determines the concentration of 
unfilled electron traps, was equal to Nt − nt0 = 4.2 ·1010 cm −3. The concentration of 
equilibrium electrons in the high-resistance part of the base was determined based 
on the ratio [20]: 

I(2VTFL)/I (VTFL) = Nt − nt0/n 0. (3.2)

The calculated value of the equilibrium electron concentration in the high-
resistance part of the base n0 was n0 = 3.5 · 109 cm −3. Taking into account the 
obtained value of n0 and the value of the resistivity calculated above, the determined 
effective electron mobility was equal to μn = 5.6 cm2 V−1 s−1, which is practically 
two orders of magnitude less than in n-type CdTe crystals. The underestimated value 
of the charge carrier mobility is explained by the presence of an uncompensated 
negative charge of electrons concentrated on the traps, the electric field of which 
opposes their further injection.

The reverse branches of the I-V-characteristic in the region of small biases (V ≤ 
0.4 V at T = 295 K) are well described by the power law I ~ Vm with the exponent 
m = 1 (Fig. 3.4). That is, the I-V-characteristic in this case, similarly to forward 
biases, obeys Ohm’s law and can be explained within the framework of the model of 
currents limited by space charge. The injection of electrons into the high-resistance 
part of the base occurs from the conduction band of the film, where these carriers 
are minority.

The resistance values of the high-resistance layer, determined at the same voltage 
value for different temperatures according to Ohm’s law, correlate well with those 
determined from the analysis of the forward branches of the I-V-characteristic. For 
example, at T = 295 K, the calculated value of the resistance Rb at reverse and 
forward biases was 1.8 · 107 and1.7 · 107 , respectively. In addition, the depth 
of the energy level determined from the temperature dependence of Rb (Fig. 3.4, 
inset)—equal to Е = 0.54 eV—coincides with the corresponding value calculated 
when analyzing the forward branches of the I-V-characteristic.

With increasing reverse bias voltage in the studied р-MnCo2O4/n-CdTe hetero-
junctions, the current transfer mechanism changes. The voltage value at which the 
specified change occurs decreases with increasing temperature (Fig. 3.4). The I-V-
characteristics in this case are well described by the formula for the tunnel current 
[24]: 

I = a0 exp −b0(φk − V )−1/2 (3.3)

where a0 is a parameter whose value depends on the probability of filling energy levels 
with electrons participating in the tunneling process, b0 is a parameter determined by 
the rate of change of current from voltage. The linearity of the I-V-characteristic of 
the studied heterojunctions in the coordinates lnIt = f ((φк –V )−1/2) (Fig. 3.5) agrees
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Fig. 3.4 Reverse branches of the I-V-characteristic of р-MnCo2O4/n-CdTe heterojunctions on a 
logarithmic scale in the temperature range T = 295–346 K. The inset shows the temperature 
dependence of the high-resistance part of the base

well with expression (3.3). The value of the contact potential difference φк at T = 
295 K is determined from the C-V-characteristics φк ≈ 0.8 V. The coefficient of 
temperature change of the potential barrier height, for determining the dependence 
φк = f (T ), is taken from work [25], which investigated the electrical properties of 
barrier structures based on n-CdTe d(qφк/dT )=  −2.8 · 10−3 eV K−1.

The constructed temperature dependence of the parameter a0 in the coordinates 
lna0 = f (103/T ) for the studied heterojunctions р-MnCo2O4/n-CdTe is well approx-
imated by a straight line (Fig. 3.5, inset). The value of lna0 was determined by 
approximating the linear sections of the dependences lnIt = f ((φк –V )−1/2)  to  the  
current axis. Therefore, the probability of filling energy levels with electrons from 
which they tunnel is determined by Fermi–Dirac statistics. Given the polarity of the 
external bias, it can be assumed that these levels are located in the band gap of the 
MnCo2O4 film, and the reverse current is formed due to the tunneling of electrons 
from them into the conduction band of CdTe. The energy distribution of the indicated 
energy levels in the band gap of manganese cobaltite, determined from the depen-
dences lna0 = f (103/T ), was 0.23 eV. The manifestation of tunnel current at higher 
voltages is due to its exponential dependence on the voltage value, in contrast to the 
power-law dependence of the current limited b y space charge.

Measurements of the C-V-characteristics of the studied MnCo2O4/n-CdTe 
heterostructures were carried out in a wide frequency range f = 1.0–100 kHz 
(Fig. 3.6).

Characteristic for the C-V-characteristics of the obtained heterojunctions is their 
frequency dependence in the low frequency range ( f = 1–60 kHz) and its absence at f
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Fig. 3.5 Linear dependence of the reverse I-V-characteristics of р-MnCo2O4/n-CdTe heterojunc-
tions for tunnel current. Inset—temperature dependence of the parameter а0

Fig. 3.6 C-V-characteristics of the MnCo2O4/n-CdTe structure in the frequency range f = 1– 
10 kHz. The inset shows the frequency dependence of the measured capacitance of the structure in 
the range f = 1–100 kHz (the given values of the quantity C correspond to V = 0 V)
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˃ 60 kHz in the range of reverse and small forward voltages. For the studied structures, 
in the range of no dependence of the measured capacitance on frequency, its value 
reached a minimum value and was C ≈ 35 pF. In addition, there is also a practical 
independence of the measured capacitance value at reverse voltages and its rather 
sharp increase when the polarity of the external bias changes. The absence of the 
dependence C = f (V ) in the reverse bias region is inconsistent with the dependence
С ~

√
φk − qV characteristic of sharp barrier structures, which is observed when the 

capacitance changes with voltage due to a change in the width of the space charge 
region [26]. 

Taking into account the presence of a high-resistance layer in the base region of 
the structure, established from the analysis of the I-V-characteristics of the studied p-
MnCo2O4/n-CdTe structures, which determines the injection currents during forward 
biases, the established features of the C-V-characteristics can be explained on the 
basis of a model of a structure with a series resistance in the base, the value of which 
Rb changes at the forward bias [27]. 

For this type of structure, the analysis of C-V-characteristics must be carried out 
using an equivalent circuit, which, in addition to the base resistance, also takes into 
account its capacitance (Fig. 3.7). 

In the case when the value of the series resistance Rb is quite significant, the 
equivalent circuit of the structure is usually represented as a parallel RC circuit with 
a series-connected resistance. Then the measured capacitance is determined through 
the parameters of the equivalent circuit by the following ratio 

CM = Cd 

(1 + Rb/Rd ) + ω2R2 
bC

2 
d

, (3.4)

where: CM is the measured capacitance of the system; Cd and Rd are the capaci-
tance and resistance of the space charge region; Rb is the series resistance of the 
structure; ɷ = 2πf is the cyclic frequency of the alternating signal when measuring 
the capacitance. Correct measurements are possible in the range of frequencies and 
series resistances when the ratio holds

Fig. 3.7 Equivalent diagram 
of the structure taking into 
account the presence of a 
thin high-resistance layer 
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(ωRbCd )
2 << 1. (3.5)

As shown in works [27, 28], a characteristic sign of non-fulfillment of condition 
(3.5) is the appearance of a dependence of the measured capacitance on frequency, 
which leads to a parallel shift of the dependences C−2 

M = f (V ) and an increase 
in the cutoff value on the voltage axis. However, the dependence of the measured 
capacitance on the external bias С ~

√
φk - qV  remains. 

It is usually assumed that Rb <  <  Rd , therefore, in the case when (ɷRbCd)2 ˃ 1, 
expression (3.4) takes the form 

CM ≈ Cd /(ωRbCd )
2 . (3.6)

Analysis of expression (3.6) shows that with increasing measurement frequency, 
the capacitance of the СМ should approach zero proportional to ɷ−2. However, for the 
studied p-MnCo2O4/n-CdTe structures, the minimum capacitance value is С≈ 35 pF 
and the dependence of the CM value in the region of reverse and small forward biases 
at f ˃ 60 kHz was absent (Fig. 3.6). This indicates that in this case it is necessary 
to use a more complex equivalent scheme of the structure, which would allow for a 
more accurate explanation of the experimental C-V-characteristics. For this, in the 
case of a large base resistance, an equivalent circuit is used that takes into account 
the base capacitance (Fig. 3.7). 

Assuming that at reverse and small forward voltages the resistances of the high-
resistance layer Rb and the depleted region of the structure Rd are approximately 
equal to each other Rb 

∼= Rd , taking into account that (ɷRbCd)2 ˃˃ 1 for the total 
capacitance of the system, the authors [26] obtained the expression: 

CM 
∼= Cd Cb 

Cd + Cb 
, (3.7)

that is, the total capacitance of the system consists of the series-connected capac-
itances of the high-resistance layer Cb and the space charge of the heterojunction 
Cd . 

Since at V < 0 a high barrier capacitance of the electrical junction Cd >  >  Cb 

is observed, expression (3.7) takes the form CM 
∼= Cb, i.e. the absolute value of 

the quantity CM approaches the capacitance of the high-resistance layer Cb, i.e. 
the capacitance equal to С ≈ 35 pF. In this case, the frequency dependence of the 
capacitance is not observed.

In the case of forward biases, a significant increase in the CM value is observed 
with increasing voltage, which is explained by a sharp decrease in the resistance of 
the high-resistance base layer due to the injection of charge carriers. The significant 
increase in current observed on the forward branches of the I-V- characteristics even 
at low voltages (V ≈ 0.15 V) (Fig. 3.3) confirms the modulation of the high-resistance 
part of the base by injected charge carriers. In this case, Rb < Rd , and to describe the 
dependence CМ = f (V ), we can use the expression for the equivalent circuit of the 
structure in the form of a parallel RC chain with a series-connected resistance [29].
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CM = Cd 

1 + ω2[Rb(V )]2C2 
d 

. (3.8)

It is believed that each voltage value will correspond to its own Rb value. Another 
reason for the sharp increase in capacitance is the narrowing of the space charge 
region of the heterojunction. 

A sharp decrease in the value of Rb will lead to the fact that the measured capaci-
tance of the CM structure in a certain range of forward biases will change from Cb to 
Cd , which is confirmed by the presence of straight-line sections on the dependences 
C−2 
M = f (V ) (Fig. 3.8). It can be assumed that when V → VC , where VC is the cutoff 

voltage determined by extrapolation of the straight-line sections of the C−2 
M = f (V )

characteristics to the abscissa axis, then CМ → Cd .  The  value  of  VC is 0.8 V, which 
is quite realistic for this type of barrier structures based on CdTe.

The increase in capacitance in the positive bias region depends on the ability 
of the injected charge carriers to keep up with the change in the signal on which 
the measurements are made. If this condition is not met, which may occur in the 
high-frequency region, an increase in capacitance at V > 0 may not be observed [26]. 

Since the value of the measured capacitance СМ ≈ 35 pF of the studied p-
MnCo2O4/n-CdTe structures is interpreted as the capacitance of the high-resistance 
base layer, its thickness was estimated using the formula for a flat capacitor:

C = 
ε0ε S
d 

, (3.9)

Fig. 3.8 C-V-characteristics of the MnCo2O4/n-CdTe heterojunction, plotted in the coordinates 
C−2 
M = f (V )
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Fig. 3.9 I-V-characteristics 
of the р-MnCo2O4/n-CdTe 
heterostructure, 
unilluminated (curve 1) and 
illuminated at 
photoexcitation intensities of 
25,000 lx (curve 2) and 
40,000 lx (curve 3) 

where S is the area of the heterojunction, d is the width of the space charge region, ε0 
= 8.85·10–12 F  m−1 is the electric constant; ε = 10.6 is the relative dielectric constant 
of CdTe. The calculated value was d = 65 μm.

The photovoltaic properties of the obtained р-MnCo2O4/n-CdTe heterojunctions 
were studied. It was found that when illuminated from the side of the manganese 
cobaltite film with integral light, the structures exhibited fairly good photosensitivity 
in the region of reverse voltages (Fig. 3.9). Practical independence of the photocurrent 
from the applied voltage was observed. 

3.4 Conclusions 

Anisotype heterojunctions р-MnCo2O4/n-CdTe with diode properties were obtained 
by spray-pyrolysis of thin films of manganese cobaltite MnCo2O4 on the surface of 
crystalline n-CdTe at a substrate temperature of TS = 390 °C.

The features of the electrical properties of the studied structures are determined 
by the presence of a high-resistance layer, which is formed in the contact area of 
the base during their manufacture. The emergence of the high-resistance region is 
explained by the processes of compensation of the main impurity defects of the base 
material Cl+ 

Te by electrically active intrinsic defects of the acceptor type cadmium 
vacancies V − 

Cd , V 
−2 
Cd due to the formation of electrically active and neutral complexes 

V −2 
Cd Cl

+ 
Te

−
, (V −2 

Cd 2Cl
+ 
Te ), V 

− 
Cd Cl

+ 
Te 

0
. The increase in the concentration of V − 

Cd , V 
−2 
Cd 

in the near-surface region of CdTe occurs due to the sublimation of its surface upon 
heating.
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The I-V-characteristics of the fabricated anisotype heterojunctions р-MnCo2O4/ 
n-CdTe at forward and small reverse (V&#x00B3; 0.5 V) biases are determined by 
the processes of electron injection into the high-resistance near-contact part of n-
CdTe, from the low-resistance region of the base and the MnCo2O4 film at forward 
and reverse voltages, respectively. Based on the theory of space charge-limited 
currents, which well describes the I-V-characteristics, the presence of deep traps 
in the high-resistance region that capture injected charge carriers was established, 
and its main electrical parameters were calculated: resistivity ρ = 5.15 · 108 cm; 
equilibrium charge carrier concentrationn0 = 3.5 · 109 cm −3, their effective Hall 
mobility &#x006D;n = 5.6 cm2 V−1 s−1, and a deep energy level that determines 
the equilibrium conductivity— Е = 0.52 eV. The C-V-characteristics of the studied 
heterojunctions are in good agreement with the model of surface-barrier structures 
with a high-resistance layer, the resistance of which decreases under forward biases 
due to the injection of majority charge carriers. The height of the potential barrier, 
which determines the rectifying properties of the structure, qφk ≈ 0.8 eV and the 
thickness of the high-resistance region d = 65 μm were determined.

The photosensitivity of р-MnCo2O4/n-CdTe heterojunctions in the negative bias 
region and the practical independence of the reverse current from the voltage 
determine their practical use as visible radiation photodetectors. 
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Chapter 4 
Geomechanical and Physicochemical 
Influences on the Movement 
of Iron-Aluminosilicate Marine 
Sediments in the Ocean Depths 

I. G. Kovzun, A. V. Panko, V. A. Prokopenko, O. Yu Voitenko, 
and O. M. Nikipelova 

Abstract Transformations and interfacial interactions in dissipative natural 
marine geoecological systems (MGES) of sediments consisting of various iron-
aluminosilicates play a significant role in the geoecological behavior of the resulting 
ocean suspensions, which significantly affects the life of mankind. This impact has 
recently increased many times over due to the growing pollution of the oceans by 
more than 350 thousand species of surfactants. The study of environmental behavior 
under the influence of geomechanical, physicochemical, and other factors has just 
begun. The simplified scheme of the impact of various factors on MGES and prelim-
inary verification of the information already obtained indicate the growing role of 
geomechanical and physicochemical processes in open MGES, which allowed us 
to draw several significant conclusions. For example, the acceleration of sediment 
bottom layers movement due to the reduction of suspension viscosity by the resulting 
alkaline solutions of various sodium silicates and the increased role of information 
exchange of contacting dissipation compounds in the MGES are noteworthy. Simpli-
fied scheme of influence on the MGES: Entry into the MGES system: Flows of
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information, energy, and substances entering the system → Accumulation of infor-
mation, energy, and substances in the new system → Export of excess accumulated 
information, energy, and new substances from the system.

4.1 Introduction 

Recently, considerable attention of scientists has been drawn to studies related to the 
geoecology of the World Ocean (hereinafter referred to as the Ocean), inorganic and 
biocolloidal transformations of materials of the oceanic and partially coastal conti-
nental zones and underwater deposits of ores and dispersed sediments, as well as 
other related problems [1–26], Figs. 4.1, 4.2, and 4.3. Such research is carried out to 
obtain fundamental knowledge to reveal the complex processes of sustainable use of 
various resources of the Ocean, provided that the ecological and biocolloidal balance 
is maintained in it and the Earthx’s biosphere as a whole. This is primarily due to 
the predominant role of the Ocean in global biosphere processes that maintain the 
ecological balance between all living organisms and the Ocean as their main habitat 
on the planet [1–12]. Indeed, the Ocean occupies 70.8% of the Earth’s surface area; 
its maximum depth is 11028 m, and the average depth is about 3800 m. The totality of 
living organisms inhabiting the world’s oceans at all depths has a significant impact, 
exceeding 80% of the total, on environmental phenomena in the hydrosphere and in 
the sedimentary shell of the ocean floor, as well as in the Earth’s atmosphere. They 
are governed by complex equilibrium processes, which are studied by marine geoe-
cology, ocean chemistry, biocolloidal chemistry, and physicochemical geomechanics 
[1, 2]. Compared to such processes, similar processes on the solid surface of the Earth 
have a much smaller impact, not exceeding 18–20%. However, during the twentieth 
century, the negative impact of the anthropogenic technological factor on the equi-
librium processes in the biosphere has grown exponentially and continues to grow. 
Thus, in 1900, the world’s population was 1.6 billion, in 1988 it was about 3 billion, 
and by 2021 it reached 8 billion people, which had a corresponding impact on envi-
ronmental pollution. Therefore, at the current stage of scientific and technological 
progress, it is clear that to solve such problems, it is necessary to rapidly improve the 
system of knowledge about the biosphere, taking into account the achievements of 
various geological, chemical, colloid-chemical, biocolloidal and related disciplines.

In the 70 s of the twentieth century, a new scientific field, marine engineering 
geology, emerged to study and solve problems caused by anthropogenic activities, 
including technogenic impact on the bottom sediments of the seas and oceans [9]. This 
area developed in parallel with physicochemical geomechanics [10] and mechanics 
[11] as branches of colloidal chemistry, as well as with soil mechanics [1, 2] and 
engineering geology [9]. At the same time, insufficient attention has been paid to the 
problems associated with the impact of microbial metabolism in soils, sediments, 
and bottom sediments in the offshore zone, on coastal and underwater slopes, and 
even more so on the beds and dips of the abyssal plains of the seas and oceans. 
The processes themselves in such systems have not been considered in terms of
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Fig. 4.1 Cross-sectional structure of the Earth 

Fig. 4.2 Scheme of oceanic and coastal continental zones and submarine volcanic activity 

Fig. 4.3 Cross-sectional 
diagram of continental and 
oceanic zones and the 
distribution of coastal and 
deep-sea sediments and ore 
deposits
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their impact on the preservation of the environment and marine resources, as well as 
the impact on ecological balance [8]. Recent interdisciplinary research in the fields 
of nanochemistry, biocolloidal chemistry, and physicochemical geomechanics has 
allowed us to obtain new data, develop new concepts and views on the problems of 
ecology, development, and changes in the Ocean resource base [1, 2], which corre-
late with the views of various branches of geological sciences (Earth physics, marine 
chemistry, marine geology, biology, and hydraulic engineering, oceanography, and 
others) [1]. The deterioration in the quality of the natural environment has neces-
sitated the development of environmental problems related to traditional geolog-
ical and related sciences (colloidal and biocolloidal chemistry, physicochemical 
mechanics and geomechanics, nanoscience in general, and its sections—nanochem-
istry, nanophysics, biocolloidal and colloidal nanoscience). As a result, new areas 
in chemical and geological sciences (marine biocolloidal geoecology and physico-
chemical geomechanics) emerged and began to develop. The evolution of traditional 
areas in geology, chemistry, and physics has led to the emergence of new and interdis-
ciplinary concepts and concepts that are also beginning to develop rapidly. Thus, the 
part of the lithosphere whose surface is covered by the Ocean waters has been consid-
ered as one of the main abiotic and biotic structures of the biosphere ecological system 
(biocenoses, biogeocenoses). At the same time, the theoretical and methodological 
basis for studying and solving many problems caused by anthropogenic activities that 
affect the multifunctional properties and characteristics of the Ocean is formed by 
the biosphere-ecological concept, ecosystem, and model-target approaches to solving 
problems of marine geoecology, physicochemical geomechanics, and biocolloidal 
chemistry [1–26]. 

4.1.1 Theoretical Concepts of the MGES 

The fundamental and practical conclusions and analytical findings have shown that 
without solving terminological, methodological and conceptual issues of general 
importance, it is difficult to effectively develop many specific geological, colloidal, 
biocolloidal, engineering and environmental problems of regulating the Ocean 
resource base. Moreover, it is challenging to establish new economic complexes 
in marine, coastal, and nearshore areas, as well as at great depths. 

The growing global scale of marine and oceanic pollution by human waste is 
a matter of concern to the scientific community at the interdisciplinary level. The 
reason for this is a decrease in the bioproductivity and quality of products and ore 
deposits extracted from the sea depths, suitable for food and use in industrial produc-
tion. The quality of mineral resources is also deteriorating, while their extraction in 
coastal and deep-sea areas of the seas and oceans continues to increase, further 
disrupting the dynamic ecological and industrial balance of the Ocean, which has 
been forming over hundreds of millions of years. Therefore, there is a need to accel-
erate the study of the complex nature of the phenomena that regulate the balance of 
water areas at all levels, from the shelf zone, sloping and steep slopes to the deep
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abyssal plains of the oceans and abysses up to 11,000 m. This can be based on the 
theoretical and practical knowledge accumulated in previous research in the fields 
of marine chemistry, biochemistry, colloidal and biocolloidal chemistry, nanochem-
istry and physicochemical geomechanics on the one hand, and on the other hand in 
the fields of geology, oceanology, biology, ecology, hydraulic engineering, and other 
scientific and technical fields. In this sense, the further accelerated development of 
such new complex scientific areas as the basics of marine geoecology [1], as well as 
aspects of marine biocolloidal geoecology and physicochemical geomechanics [2] 
is undoubtedly timely and highly necessary. 

Thus, the monograph [1] highlights the development of the theoretical and 
methodological foundations of a new synthetic scientific field—marine geoecology 
(MG). The conceptual approaches to the study of bottom sediments of the seas and 
oceans as marine geological ecosystems (MGES) are considered. New concepts have 
been proposed and substantiated that cover not only the ideology and direction of 
marine geoecological research but also the material component of their object. In 
the example of the study of the Black Sea and the Guinea sector of the Tropical 
Atlantic, it is shown that the theoretical and methodological basis of marine geoe-
cology is the doctrine of the place of the MGES in the structure of the biosphere 
and ecosphere. Even though MG is at the initial stage of its formation as a branch 
of Earth and environmental science, it is focused on the study of bottom sediments 
and their components, including living organisms as components of the MGES, their 
component composition, properties, functions, as well as the development of their 
resources. All of this is interesting for humanity not only in terms of acquiring new 
knowledge but also in connection with the need to survive in the unstable condi-
tions of the ecosphere, the balance of which is disturbed primarily by the negative 
anthropogenic impact on it. Therefore, a fundamentally new approach to the study 
of the Ocean bottom sediments is being developed, which has not been used by other 
sciences before [1]. The bottom sediments are considered as a subsystem ecosphere, 
i.e., the MGES. At the same time, it is assumed that both the MGES and the ecosphere 
are phenomena of a geological nature. The principles of classification of MGES and 
factors of disturbance of sediment geoecosystems are also presented. The Black Sea 
sediments were zoned using appropriate criteria and recommendations for the preser-
vation of the geoecosystem of such sediments were developed and partially imple-
mented in the substantiation of local hydrotechnical practical solutions, as well as in 
the preparation of a diagnosis and forecast of the ecological state of the Burgas Bay. 
In general, the theoretical and methodological knowledge and practical experience in 
marine geoecology indicate a significant development of this new scientific field, as 
well as the need to develop knowledge about the mechanisms of complex processes 
in MGES and, first of all, about the mechanisms of creation, movement and subse-
quent transformation of an important component of such systems—disperse bottom 
turbidite-pelagic sediments, considered in the monograph [2] and in many scientific 
publications of recent decades [1, 2, 13–18, 20, 21, 23]. They indicate the beginning 
of the formation of another modern scientific direction—the basics of biocolloidal 
marine geoecology and physicochemical geomechanics (BG and PCGM). This area 
not only complements the concepts of marine geoecology in the traditional sense [1]
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but also significantly expands them. Thus, by now, according to the achievements 
of BG and PCGM [2], the concepts of polymineral, nano- and microdisperse iron-
aluminosilicate systems and materials (IAS) widespread in the Earth’s crust have 
been developed. Colloid-chemical studies of such systems and materials based on 
iron ores, soils, clays, marine and coastal lake sediments (muds), and sands of various 
origins have always received great attention [1, 2, 13–23]. In the last decade, they have 
been increasingly studied not only in terms of the influence of the laws of colloidal 
chemistry, nanochemistry, and physicochemical geomechanics on their properties [2, 
13–18, 20, 21], but also to elucidate the mechanisms of complex biocolloidal inter-
actions, which can be considered as interfacial colloid-chemical and nanochemical 
transformations of IAS and similar disperse systems under the influence of micro-
bial metabolic products [1, 2, 8, 13–18, 20, 21]. However, the determination of such 
impacts on polymineral IAS due to the complexity of multifaceted physicochemical, 
geomechanical, colloid-chemical, and biocolloidal methods of their study and the 
ambiguity of the relevant conclusions, in many specific cases remains either unclear 
or not yet completed. 

To date, it is generally known that physicomechanical, colloid-chemical, 
nanochemical transformations and contact interfacial interactions in IAS and clay-
containing pelagic sediments (PS) with the participation of microbiological processes 
in biogeocenoses lead to the emergence of new disperse polymineral nanostruc-
tured materials with new properties. The composition of materials such as IAS and 
PS consists mainly of iron, aluminum and silicon oxides, as well as many other 
inorganic and organic components in smaller quantities, the role of which in many 
cases has not yet been fully clarified. These disperse systems and materials, which 
are widely used in scientific research and practice, include sedimentary iron oxide-
aluminosilicate ores, iron-bearing clays, pelitic sea and lake sediments, coastal and 
shelf sands, other sedimentary and solid nano- and microstructured ore deposits, 
as well as soils of various origins. Many of them have been transformed in the 
course of their geological history under the influence of primary physicomechan-
ical, microbiological, and mechanochemical processes of dispersion of dense rocks 
and secondary colloidal, nanochemical, and tectonic processes of further dispersion 
or compaction of dispersed materials with the transition to sedimentary rocks. For 
example, it has recently been established that solid microcrystalline iron quartzites 
(jaspelites), which are the basis of the main iron ore deposits, began to form 2 billion 
years ago, initially with the formation of finely dispersed polymineral compositions, 
their enrichment due to the activity of microorganisms, followed by the compaction 
of the resulting enriched iron-iron-aluminosilicate disperse formations [2]. 

As the practical significance of both IAS and PS and the nanostructured materials 
extracted from them is constantly growing, so is the attention of both technologists 
and researchers studying the fundamental mechanisms of transformation of IAS and 
other relevant materials. Therefore, such studies of problematic issues are relevant. 
They can be formulated as follows:
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• The understanding of the role of physicochemical mechanics and geomechanics, 
as a section of colloidal and biocolloidal chemistry, in the dispersion, trans-
formation, and subsequent secondary contact interfacial nanostructuring and 
subsequent compaction of sedimentary deposits of iron-aluminosilicate and iron 
oxide-hydroxide materials is not sufficiently developed. 

• The mechanisms of secondary contact compaction of IAS and the coagulation-
crystallization processes of their further transformation are not sufficiently 
studied. 

• The influence of microbiological processes on the above-mentioned mechanisms 
of dispersion and subsequent restructuring and transformation of IAS and their 
constituent minerals is known only in general terms; therefore, such processes 
require further research. 

• The nanochemical, mechanochemical, and nanostructural transformations of the 
components of the IAS, primarily iron oxides and hydroxides, as well as silicate 
minerals and quartz, have been studied rather superficially; these transformations 
of the IAS in individual inorganic iron oxide-hydroxide-aluminosilicate systems 
and in the composition of biogenic-abiotic materials are still being studied both 
from the point of view of theoretical consideration of the relevant processes and 
their experimental confirmation. 

• The development of ideas about the corresponding complex mechanisms of trans-
formation of the IAS and PS as subsystems of the MGES also requires the 
creation of new colloid-chemical, biocolloidal, and physico-geomechanical views 
on stress (phenomenal) and volcanic phenomena in the coastal crust and in marine 
sediments of different depths. 

• Recommendations for the creation of scientifically based effective ecogeotech-
nological solutions for the practical use of IAS and PS and the prevention of 
phenomenal processes occurring on marine slopes and in natural and technogenic 
barriers and dams involving highly disperse iron-aluminosilicate nanostructured 
complex mineral sediments need further generalization. 

Thus, the above considerations indicate the considerable urgency of the prob-
lematic issues and the need to address them by conducting appropriate long-term 
systematic experimental and theoretical studies of iron-aluminosilicate systems and 
materials to generalize them and form stable views on biocolloidal, colloid-chemical, 
nanochemical, mechanical and geomechanical transformations in them with the 
participation of nano-, ultra- and microdisperse particles and nanostructures.
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4.2 Results and Discussion 

4.2.1 Analysis of Interfacial Interactions in IAS 

Many processes in the IAS are explained by the manifestations of non-standard ultra-
anomalous flow of concentrated sediments with a moisture content of 60–34% located 
on slopes and in deep abyssal plains and dips of seas and oceans. Additional study of 
these issues will improve the views on the features of ultra-anomalous flow since the 
movement of iron-aluminosilicate sediments and suspensions on the slopes of the 
Ocean and in its large abyssal plains and deep dips is explained by a non-standard 
anomaly (ultra-anomaly) of viscosity (Fig. 4.4), which is associated with the contact 
effect on the rheological processes in the IAS of micro- and nanoparticles in the zones 
of mechanochemical and nanochemical transformation of coagulation-condensation 
contacts [2–10, 12–23]. Rheological data (Fig. 4.4) and the diffractogram of the 
model sample (Fig. 4.5) indicate an amorphous, highly dispersed structure of the 
sediments. They include goethite, saponite, quartz, sulfides, nanodispersed impurities 
of phosphates, and arsenates of aluminum and iron, which are of microbiological 
origin (Table 4.1). 

Sorption isotherms indicate similarities in the mineralogical composition and 
dispersion of both shallow and deep marine sediments and suspensions (Table 4.1, 
Figs. 4.4, 4.5 and 4.6). The most developed pores are in the 2 nm range. Thus, 
the millennia-long deposition of sediments leads to a reduction in pore size and 
a 9–tenfold increase in their specific surface area, from 60–70 m2/g to 580–600

Fig. 4.4 Dependence of viscosity (ƞ) on shear stress (P) of the Black Sea sediment of biocolloidal 
origin. The moisture content of the suspension is 46%. (●)—“forward” and (◯)—“reverse” curves
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Fig. 4.5 XRD of the Black Sea sediment of biocolloidal origin 

Table 4.1 Minerals of the Black Sea (1), Kuyalnik (2), and Azov Sea (3) pelagic sediments 

Pelagic sediment sample, No. Mineral composition 

1 Quartz, mica, glauconite, chlorite, kaolinite, feldspar, 
montmorillonite and other 

2 Quartz, mica, glauconite, chlorite, kaolinite, feldspar, 
montmorillonite and other 

3 Quartz, mica, glauconite, chlorite, kaolinite, feldspar, 
montmorillonite and other

m2/g, resulting in a corresponding increase in their adsorption-contact capacity for 
toxic substances entering the Ocean from industrial zones of the Earth, which are 
consequently caused by anthropogenic activities [24–26].

It was also shown, using the achievements of physicochemical geomechanics, 
and experimentally confirmed, using XRD, SEM, rheological and chemical methods, 
laser correlation spectroscopy and biomedical testing methods, concepts of the role 
of chemical transport of carbonates in the contact zones of mineral particles of 
dispersed carbonate-iron oxide-aluminosilicate systems (IAS), which is accompa-
nied by accelerated isothermal distillation of ultrafine carbonates in the conditions 
of their interaction with carbonic acid in the presence of sodium chloride solution 
and laminar flow. Or, in the conditions of mineral separation, chemical transport 
of colloidal carbonate microparticles in contact zones in the dispersion medium in 
the form of ultrafine particles under conditions of the intense (turbulent) flow of the 
IAS and in the presence of air carbon dioxide and sodium chloride dissolved in the 
dispersion medium, according to the scheme (Fig. 4.7).
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Fig. 4.6 Nitrogen sorption isotherms (a − p/p0) and pore size dependence (V – r, dV(logr) – r) for 
two samples of Black Sea pelagic sediments (a and b) collected at different remote sites

Fig. 4.7 Scheme of interfacial transformations in mixtures of iron-aluminosilicate minerals in IAS: 
(→)—the direction of enhanced formation, due to chemical transport, of ultrafine particles in the 
conditions of intensified state of intense (turbulent) flow of IAS; (←)—the direction of enhanced 
formation, due to isothermal distillation, of colloidal microparticles in the conditions of enhanced 
state of rest or laminar flow of IAS 

Thus, the analysis of the literature data from the studies of other authors and 
additional analysis of the published experimental and theoretical results of the co-
authors of this work, as well as the latest experimental results and new models 
of processes, allowed us to draw clarifying conclusions about the mechanisms of 
processes and their conditions (Fig. 4.7). It has been shown that the strength of 
contact interfacial interactions between nano-, micro-, and colloidal particles and
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aggregates in dispersions and suspensions of clayey iron-aluminosilicate materials 
is primarily due to nanophase nanostructural bonds between clay minerals and iron 
oxide-hydroxide compounds. The siloxane or siloxane-carbonate bonds of Ca or Mg 
ions in these interactions are of secondary importance and are more characteristic of 
composite materials with an additional aluminosilicate-carbonate mineral composi-
tion. In general, all three types of interfacial bonds are caused at the final stages of their 
formation by biocolloidal processes that affect the change in the rheological prop-
erties of dispersions and suspensions of clay-containing iron-aluminosilicates. Such 
processes and phenomena are activated by mechanical (gravitational) flow, which 
begins with laminar elastic–plastic deformation of the dispersion and deposits of clay-
containing iron-aluminosilicate muds (oozes) and soils. Under various mechanical 
factors (gravity, earthquakes, tsunamis, etc.), the initial elastic deformation under 
laminar conditions is transformed by the dilution of the suspension with water, 
first into an ultra-fast and then into an ultra-anomalous flow at the beginning of 
the suspension settling. Over time, the flow rate under the influence of mechan-
ical stresses increases due to a decrease in concentration with a simultaneous rapid 
increase in the viscosity of the mud (ooze) material, and the flow transforms from 
laminar to turbulent, passing through the dilatant, rheopex and thixotropic stages 
of non-Newtonian flow, gradually dampening. Thus, gigantic masses of sediments 
and soils move, creating avalanche-like underwater flows that quickly reach deep 
oceanic abyssal plains and dips where they eventually create sedimentary deposits 
that gradually separate (Fig. 4.8). Avalanche-like flows are controlled by nanocon-
tact nanostructured interfacial interactions in dispersions caused not only by colloidal 
nanochemical and geomechanical processes but also, to a large extent, at the final 
stage, by biocolloidal biotic phenomena caused by bacterial and biochemical reac-
tions that form amphiphilic peptide-type surfactants [2]. Such surfactants are involved 
in the accelerated dispersion of sediments to micro-nanoscale and in increasing their 
sorption volume. 

Chemical models of the main processes in Figs. 4.8 and 4.9:

1. Contact interactions under conditions of ultra-anomalous viscosity effect:

Fig. 4.8 SEM images of the products of hydrochemical autodispersion and separation of IAS 
minerals in the presence of surfactants of biocolloidal origin 
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Fig. 4.9 Model of geomechanical, colloid-chemical and biocolloidal factors influence on the 
separation of IAS on slopes and intensification of volcanic phenomena in the Ocean bed

(4.1) 

2. Biocolloidal reduction–oxidation of iron compounds in IAS: 

(4.2) 

where GR—Green Rust, LDH—layered structures with iron. 

3. Thermomechanical effect of Fe and Fe3O4 separation from aluminosilicates: 

(4.3) 

Thus, for the first time, it was established that in the processes of additional 
biocolloidal transformation of IAS with the participation of surface-active peptide 
products of microorganisms’ metabolism, the processes of hydration and thermal 
autodispersion of ASW minerals with the formation of nanostructured high-viscosity 
elastic–plastic compositions are accelerated by orders of magnitude [Figs. 4.7, 4.8 
and 4.9, schemes (4.1)–(4.3)], which, using model representations (Fig. 4.9) and 
experimental data, demonstrate that geomechanochemical, colloid-chemical, and
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biocolloidal factors significantly affect the production, transformation, purification, 
and separation of nanostructured phases and compositions of iron oxide-hydroxide-
aluminosilicate or polymetallic carbide containing iron and other dispersed systems 
(IAS) (Figs. 4.7, 4.8 and 4.9). 

Preliminary ideas are given (Fig. 4.9) about phenomenal processes on the slopes 
of the coastline of seas and oceans (under conditions of gravitational laminar-
turbulent movement of pelitic sediments according to the laws of physicochemical 
geomechanics and laws of elastic–plastic viscosity changes). The colloidal-chemical, 
nanochemical, biocolloidal, and geomechanical concepts of the mechanisms of non-
standard phenomena in the Ocean are developed and it is shown that the processes in 
iron-aluminosilicate clayey minerals are carried out by the mechanism of their auto-
hydration dispersion in saline seawater. Under certain conditions, biotic processes 
controlled by complexes of microorganisms in the biogeocenosis, which also contain 
autochthonous bacteria, are even faster than with individual types of bacteria. Such 
processes should be taken into account in complex studies of the movement of clayey 
iron-aluminosilicates and soils under various conditions, including elevated tempera-
tures and at great depths with a significant increase in the size of the specific surface, 
which can increase from 70 to 580–600 m2/g, which requires additional special 
studies beyond the scope of this work. 

4.3 Conclusions 

A generalizing model of mechanochemical and hydrochemical dispersion and trans-
formation phenomena in polymineral iron-aluminosilicate ore materials (IAS) is 
proposed and it is shown that nanochemical transformations in the processes of 
mechanical and magnetic effects on iron-aluminosilicate structures occur with the 
participation of polysilicate nanoclusters of alkali metals. It has been shown that 
the chemical and mineralogical composition of IAS, the composition of alkaline 
impurities, the pH of the medium, and the conditions of their heat treatment signif-
icantly affect the processes of dispersion, movement, and separation of micro- and 
nanoparticles forming under the simultaneous action of chemical and mechanical 
forces. It has been established that heat treatment of IAS at temperatures close 
to 1000–1200°C under reducing conditions (model of underwater deep volcanic 
phenomena) leads to the formation of mineral micro-layers in which nanoparti-
cles of silicate, phosphate, arsenate, sulfur, and other impurities are located, which 
allowed to effectively separate nanoparticles during their mechanical processing in 
bench conditions, modeling green chemistry processes near underwater volcanoes. 
The processes of mechanochemical separation of melts in a liquid medium have been 
improved by preliminary thermo-mechanochemical dispersion of IAS at tempera-
tures up to 1000 °C. The scientific basis of nanotechnologies for the extraction of 
cast iron or steel-based composites from polymineral thermally reduced structures 
of ZAS with their simultaneous purification from impurities of silicates, phosphates,
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arsenates, sulfur compounds, and excess carbon in the form of nanoporous carbon-
silicate sorbents and activating additives to binders have been developed. Using 
elements of nanotechnology. They are protected by patents in Ukraine, Australia, and 
China. Methods for producing magnetite concentrates and high-purity iron powders 
have been developed. Based on the results of iron ore reduction with nanocarbon 
to produce sponge iron and subsequent alkaline iron purification, it was concluded 
that such purification is the most effective way to separate non-metallic impurities 
from the metal. The paper shows the importance of nanochemical reactions accom-
panying the purification process in substantiating the optimal method of grinding 
metal-containing impurities of nanoparticles of wustite (FeO), carbon, cementite 
(Fe3C), as well as microparticles of silicates, phosphates, arsenates, sulfides, etc. 
using natural ‘green chemistry’. 
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Chapter 5 
Evolution of the Phase Composition 
and Microstructure of Fine-Grained 
Si3N4–Y2O3 Ceramics Due to Changes 
in the Sintering Mode 

B. D. Vasyliv, V. V. Kulyk, P. Y. Lyutyy, V. V. Vira, P. F. Kholod, 
T. M. Kovbasiuk, V. M. Palyukh, V. I. Vavrukh, and M. V. Danylchuk 

Abstract Silicon nitride based ceramics are widely used in the chemical industry and 
high-temperature applications due to their chemical inertness under specific harsh 
conditions. Their mechanical properties, meanwhile, remain almost unchanged. This 
work aimed to study the effects of the sintering mode, namely, the sintering temper-
ature and isothermal holding time on the evolution of the phase composition and 
formation of fine-grained microstructure of Si3N4–Y2O3 ceramics. The initial Si3N4 

and Y2O3 powders were used to fabricate ceramic samples. The percentage of Y2O3 

powder was chosen to be 10 wt% for all the studied modes. The samples were under-
gone conventional sintering in a nitrogen atmosphere. The sintering temperatures 
were set as 1650, 1700, and 1750 °C, whereas values of the isothermal holding time 
for the sintering temperature of 1700 °C were set as 2 and 5 h. The sintered samples 
possessed different densities and porosities. Accordingly, their phase compositions 
changed significantly with the sintering temperature and isothermal holding time 
changes. This, in turn, affected the mechanical behavior of the materials. In partic-
ular, the optimum combination of hardness, fracture toughness, and strength was 
found for the Si3N4–Y2O3 ceramic samples sintered at 1700 °C for 5 h. Based on
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the results of this study, prerequisites for the formation of fine-grained Si3N4–Y2O3 

ceramic microstructure with improved mechanical characteristics were substantiated. 

5.1 Introduction 

Silicon nitride based ceramics are widely used as material for critical parts in many 
industry branches, in particular, for high-temperature and chemical equipment, as 
they exhibit high chemical inertness and stability of mechanical properties under 
specific harsh conditions. However, these high-temperature properties can be dete-
riorated due to an intergranular glass phase present in the sintered ceramics. The 
devitrification of the glass during heat treatments results in silicon nitride based 
composite microstructures comprising chemically compatible crystalline phases [1]. 

Silicon oxynitride (Si2N2O) with a needle- or plate-like grain morphology is a 
particular example of such secondary phase [2, 3]. Such morphology can provide 
the mechanism of crack wake bridging for toughening silicon nitride based ceramics 
[4]. 

Duan et al. [5] studied the in situ formed Si3N4–Si2N2O–TiN composites by hot-
pressing the mixtures of Si3N4,  TiO2, and TiN powders at 1650 °C. Composites 
containing various Si3N4-, Si2N2O-, and TiN volume fractions were obtained and 
the effect of elevated temperatures (up to 1400 °C) on the composite microstructure 
was investigated. The intergranular glass phases and the main crystalline phase were 
stable up to 1400 °C. In the reducing atmosphere (N2 or vacuum), the silicon oxyni-
tride phase and amorphous intergranular phase were formed in the sample surface 
layer. Material with such phase composition is not usable, as the silicon oxynitride 
phase is non-stable at temperatures above 1300 °C in the presence of a substantial 
amount of amorphous intergranular phase. The authors performed hardness and frac-
ture toughness tests using the indentation method [6–16] to select a composite for 
further development. They showed that a high-Si2N2O/high-TiN/β-Si3N4 composite 
can be considered the most promising. 

Yan et al. [17] analyzed the sintered silicon nitride ceramics that underwent the 
grinding experiment and determined corresponding parameters. They also explored 
various methods for mechanical testing of ceramics [18–30] and revealed the pecu-
liarities of changes in longitudinal crack propagation depth and surface residual 
stress. 

Duan et al. [31] investigated silicon nitride based composites. During hot pressing 
of mixtures of Si3N4,  6  wt%  Y2O3, and up to 63 wt% TiO2 powders under vacuum 
(0.1 Pa) at 1650 °C for 1 h under a mechanical pressure of 28 MPa, TiO2 was 
converted to TiN and Si2N2O was formed. TiO2 was found to promote the α to β-
Si3N4 conversion in the sintering process. It was revealed that thermal expansion 
of the unit cell parameters a and c of the β-Si3N4 phase decreased with increasing 
amounts of TiO2. The conclusion was drawn that the formed microstructure and 
resulting mechanical properties of the ceramics are strongly related to the TiO2
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content. Similar peculiarities were found by other authors for various types of ceramic 
materials [32–44]. 

Zalite et al. [45] fabricated ceramic materials based on fine Si3N4 powders. They 
showed a strong relation between sintering modes and formed microstructure of the 
materials. 

Duan et al. [46] studied the effect of TiC, TiN, and TiO2 additives on microstruc-
ture of Si3N4-based ceramics. They showed that such compounds do not promote 
the formation of intergranular glass pockets but have different effects on the change 
in the internal friction with temperature. The TiO2 and TiN additives promote the 
α to β-silicon nitride transformation [45, 47–56] and, as a result, cause changes in 
mechanical properties of the ceramics. 

He et al. [56] used three homologous binary sintering aids, namely, Y2O3-Al2O3, 
Y2Si2O7, and Y2Si2O7-Al6Si2O13, where the content of Y2Si2O7 compound varied 
from 5 to 20 wt%, to manufacture various Si3N4-based ceramics. They thoroughly 
investigated the impact of the liquid phase formation temperature and content of the 
sintering aid on the shrinkage, density, phase balance, and microstructure of Si3N4 

ceramics. 
Several researchers have developed novel toughening methods to improve fracture 

toughness and wear resistance of Si3N4 ceramics [57–61]. 
In terms of mechanical behavior, flexural strength, hardness, and fracture tough-

ness may be considered as the most appropriate characteristics of the ceramics under 
study. For this purpose, various ceramic microstructures should be examined and 
various test methods can be applied [62–73]. 

This work aims to study the effects of the sintering temperature and isothermal 
holding time on the evolution of the phase composition and formation of the fine-
grained microstructure of Si3N4–Y2O3 ceramics, which resulted in high hardness, 
flexural strength, and fracture toughness. 

5.2 Materials and Methods 

A mixture of Si3N4 and Y2O3 ceramic powders in Si3N4–10 wt% Y2O3 composition 
(Table 5.1) was prepared by plasma-chemical method [45, 74] due to adding yttria 
powder during the synthesis of silicon nitride powder. The initial Y2O3 and Si3N4 

powders exhibited specific surfaces of 20–24 m2/g and 40–46 m2/g, respectively. 
Beam samples 4.5 × 3.5 × 36 mm3 in size were fabricated by conventional sintering 
in an argon atmosphere according to the specified modes (Table 5.1).

A series of sintered samples were ground and polished using a polishing machine 
to prepare metallographic surfaces. According to the requirements of the corre-
sponding ISO standard [75], the final cross-sectional dimensions of samples were 
set as follows: the thickness was b = (3.0 ± 0.2) mm and the width was w = (4.0 ± 
0.2) mm. Samples for metallographic studies were etched in 40% hydrofluoric acid 
for 30 min as recommended in the work [76].



64 B. D. Vasyliv et al.

Table 5.1 Sintering modes, physical, and mechanical properties of the studied materials 

Variant Sintering mode Density, g/ 
cm3 

Porosity, % Hardness 
HV20,  GP  a

σf, 
MPa 

K Ic, 
MPa 
m1/2Temperature, 

°C 
Time, h 

1 1650 2 3.14 8.99 15.7 211 3.4 

2 1700 2 3.33 3.48 18.1 250 3.1 

3 1700 5 3.39 1.74 18.7 276 4.1 

4 1750 2 3.41 1.16 18.7 219 4.4 

Note Average values of density, porosity, hardness HV20, flexural strength σf, and fracture toughness 
KIc are given

Hardness of the polished samples was determined on a NOVOTEST TC-ƂPB 
hardness tester by the standards [77, 78]. The indentation load was 20 kg. The Vickers 
hardness (HV 20) values were calculated using the equation [78]: 

H = 0.0018544 P 

d2 
(5.1) 

where P is the indentation load (N) and d is the average length of the imprint diagonals 
(mm). 

The geometry of imprints was determined with an optical microscope Neophot-
21. Five indentations were made on the surface of each sample, and the average HV 20 

value for each material was calculated. 
Fracture toughness and flexural strength of the ceramic samples were estimated 

on a testing machine UIT STM 050 under three-point bending. 
The above-mentioned beam samples were used for both tests. Using the fracture 

load and geometry parameters of a sample and the support, flexural strength (σf )  was  
calculated by the following equation as recommended in the works [75, 79, 80]: 

σf = 1.5 · P · l 
w · b2 (5.2) 

where P is the fracture load (N), l is the span between the supporting rollers (30 mm), 
and b and w are the thickness and width (mm) of the beam sample, respectively. 

Five samples of each variant were tested and the average σf value for each material 
was determined. 

In fracture mechanics, there are well-known methods for estimating fracture 
toughness of materials [81–93]. The critical stress intensity factor (SIF) K Ic [94–105] 
as a measure of fracture toughness can be calculated using the equations presented 
in some articles and standards [106–117]. In several articles, equations for calcu-
lating K Ic values are given, which incorporate data from the Vickers indentation test 
method [118–127]. 

In this work, the critical SIF of material was determined according to [75] based on 
the single-edge notch beam (SENB) samples of cross-section geometry mentioned
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above. In such a sample, a 0.1 mm wide notch was cut with a thin diamond saw. 
The notch front was oriented along the sample thickness dimension. The samples 
were tested under three-point bending. The span between the supporting rollers was 
30 mm. Five samples of each variant were examined and the average K Ic value for 
each material was calculated. 

Mechanical testing of the materials under study was performed at 20 °C in air. 
An X-ray diffractometer (Malvern Panalytical) in Cu Kα radiation mode was used 

for X-ray diffraction (XRD) analysis.
Microstructure and fracture surfaces of the material samples were analyzed with 

a scanning electron microscope (SEM) Carl Zeiss EVO-40XVP. The back-scattered 
diffraction (BSD) imaging mode was used for microstructure images, whereas 
the secondary electron (SE) imaging mode was utilized for the fracture surface 
images. An energy-dispersive X-ray (ЕDX) microanalysis of the studied ceramics 
was performed using an INCA Energy 350 system. 

5.3 Results and Discussion 

The evolution of phase compositions and microstructure of the Si3N4–Y2O3 ceramics 
sintered in various modes were analyzed for their flexural strength, hardness, and 
fracture toughness. 

5.3.1 Phase Balance in the Si3N4–Y2O3 Ceramics 

Based on the XRD patterns, the following phases were revealed in the studied Si3N4– 
Y2O3 ceramics: β-Si3N4,  SiO2,  Ca3Y2(Si3O9)2,  Y3Ca2(SiO4)3(OH), YSiNO2, and 
Y2Si3N4O3 (Fig. 5.1). A clear difference between phase compositions of variants of 
the ceramics is observed (Table 5.2).

The phase fractions for variant 1 were estimated as follows (Table 5.2): β-Si3N4 

phase (56.03 wt%), SiO2 phase (2.89 wt%), and Ca3Y2(Si3O9)2 phase (41.08 wt%). 
Phase compositions of the ceramics of variants 3 and 4 are quite similar to variant 1. 
Namely, the ceramic of variant 3 exhibited the following phase fractions (Table 5.2): 
β-Si3N4 phase (66.24 wt%), Ca3Y2(Si3O9)2 phase (23.18 wt%), and YSiNO2 phase 
(10.58 wt%). The phase fractions for variant 4 were estimated as follows (Table 5.2): 
β-Si3N4 phase (59.12 wt%), Ca3Y2(Si3O9)2 phase (15.8 wt%), and Y2Si3N4O3 phase 
(25.08 wt%). Specifically, the Y3Ca2(SiO4)3(OH) phase (35.44 wt%) was detected in 
the ceramic of variant 2, in addition to the β-Si3N4 phase (64.56 wt%). The formation 
of the Y3Ca2(SiO4)3(OH) phase is probably related to the plasticizer content, which 
in the ceramic of variant 2 was two times higher as compared to that in all other 
compositions (10 wt% versus 5 wt%). Besides, only the ceramic of variant 1 contained 
the SiO2 phase.
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Fig. 5.1 XRD patterns of Si3N4–Y2O3 ceramics in a series 1, b 2, c 3, and d 4  (Tabl  e 5.1). The 
arrows indicate a the β-Si3N4,  Ca3Y2(Si3O9)2,  SiO2, b β-Si3N4,  Y3Ca2(SiO4)3(OH), c β-Si3N4, 
Ca3Y2(Si3O9)2,  YSiNO2,  and  d β-Si3N4,  Y2Si3N4O3,  Ca3Y2(Si3O 9)2 phases, respectively

Table 5.2 Phase composition of the studied materials 

Phase Phase fractions for series 

1 2 3 4 

β-Si3N4 56.03 64.56 66.24 59.12 

SiO2 2.89 – – – 

Ca3Y2(Si3O9)2 41.08 – 23.18 15.80 

Y3Ca2(SiO4)3(OH) – 35.44 – – 

YSiNO2 – – 10.58 – 

Y2Si3N4O3 – – – 25.08 

Note Values of phase fractions are given in wt%

5.3.2 Microstructure, Physical, and Mechanical Properties 
of the Si3N4–Y2O3 Ceramics 

The low density of the ceramic of variant 1 (Table 5.1) and, as a consequence, its 
high porosity (about 9%) are related to low sintering temperature not providing a 
perfect densification of the material. SEM microstructure images of this ceramic 
(Fig. 5.2a, b) show separate pores 2–5 µm in size and multiple nano-sized pores. 
Besides, incomplete recrystallization of the initial powder is proved by its separate 
clusters (light-color areas of the irregular shape, 1–3 µm in size). The β-Si3N4 phase
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nanograins (particles of light color observed in Fig. 5.2b) are nucleated, but their 
growth is confined. The same concerns the dark-gray grains of the Ca3Y2(Si3O9)2 
phase formed in this sintering mode. The SiO2 phase (nanoareas of dark color), 
given its small amount in the material, is distributed more or less uniformly at the 
interface of microstructural components of both these phases. Such morphology of 
the components does not provide a sufficient structural integrity of the material. 
Therefore, its hardness is about 15% lower on average than that of other variants of 
ceramics (Table 5.1). Flexural strength of this material is about 210 MPa, whereas 
fracture toughness is 3.4 MPa·m1/2 (Table 5.1). Quite low levels of these character-
istics can be related to the fracture surface of the ceramic sample tested for fracture 
toughness. Intergranular fracture along the boundaries of fine grains of the β-Si3N4 

and Ca3Y2(Si3O9)2 phases is peculiar to this material evidencing thus a low cohesion 
strength between grains of these phases (Fig. 5.3a, b).

The higher density (by 6%) of the ceramic of variant 2 compared to that of variant 
1 (Table 5.1) and its comparatively low porosity (about 3.5%) prove better densifica-
tion of the ceramic. Microstructure images of this material (Fig. 5.2c, d) exhibit the 
β-Si3N4 matrix phase (64.56 wt%, see Table 5.2). Besides, the Y3Ca2(SiO4)3(OH) 
phase detected by XRD-analysis is probably present in crystals about 0.3–1.2 µm  in  
size and tiny 100–300 nm light-colored particles observed in the images. Due to the 
presence of hard and brittle Y3Ca2(SiO4)3(OH) phase colonies, which surround the 
β-Si3N4 phase grains, the ceramic possesses high hardness but low fracture toughness 
(Table 5.1). Flexural strength of this ceramic is about 250 MPa. Although this level of 
strength is moderate compared to those of other ceramics, the fracture toughness test 
showed the domination of brittle cleavage of the Y3Ca2(SiO4)3(OH) phase, as well 
as delamination along the boundaries between the β-Si3N4 and Y3Ca2(SiO4)3(OH) 
phase grains (Fig. 5.3c, d). This confirms the implementation of a low energy-
consuming fracture micromechanism in this ceramic. The unsatisfactory fracture 
toughness of the ceramic creates a limitation for the further implementation of this 
production mode. 

Quite high density (3.39 g/cm3) and low porosity (1.74%) of the ceramic of 
variant 3 compared to those characteristics of two previous variants resulted in a fine 
microstructure of this material (Fig. 5.2e, f). In the SEM images, the dominance of 
dark-gray β-Si3N4 phase grains 1–3 µm in size can be noted. Nano-grains of the 
Ca3Y2(Si3O9)2 phase 200–300 nm in size (light-gray particles embedded in the β-
Si3N4 phase matrix) and the YSiNO2 phase 50–100 nm in size (separated light-gray 
particles) can also be observed. Grain aggregates about 10–20 µm in size comprising 
all the detected phases, which were formed in this sintering mode due to the prolonged 
sintering time of 5 h, provided comparatively high fracture toughness (4.1 MPa·m1/2, 
see Table 5.1) and the highest flexural strength of the material (276 MPa). Therefore, 
such microstructure of uniformly distributed the Ca3Y2(Si3O9)2 and YSiNO2 phases 
in the β-Si3N4 phase matrix has provided high cohesive strength between adjoining 
grains and, as a result, the best strength of the ceramic. This also allowed reaching the 
highest hardness of 18.7 GPa. In the SEM image of sample fracture surface taken at 
low magnification (Fig. 5.3e), crack growth along the boundaries of grain aggregates 
can be observed, whereas the SEM image taken at high magnification shows the
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Fig. 5.2 SEM microstructures in BSD mode of Si3N4–Y2O3 ceramics of a, b variant 1, c, d 2, e, 
f 3, and g, h 4  (Tabl  e 5.1) taken at a, c, e, g low and b, d, f, h high magnification

intergranular fracture along the elongated β-Si3N4 grains about 3–6 µm  in  size  and  
round-shaped Ca3Y2(Si3O9)2 and YSiNO2 grains of several hundred nanometers i n
size (Fig. 5.3f). This confirms the domination of a high energy-consuming fracture 
micromechanism in this ceramic. As a result, the high fracture toughness of the 
material was reached.
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Fig. 5.3 SEM fractography in SE mode of Si3N4–Y2O3 ceramics samples of a, b variant 1, c, d 
2, e, f 3, and g, h 4  (Tabl  e 5.1) taken at a, c, e, g low and b, d, f, h high magnification

It is worth mentioning that an increase in the sintering temperature to 1750 °C did 
not cause a significant difference in both the density and porosity of the ceramic of 
variant 4 compared to those of variant 3 (Table 5.1). The maximum hardness revealed 
for variant 4, i.e. the same as for variant 3 (Table 5.1), also evidences slight changes in 
densification of the material. Such dense microstructure was formed due to the intense
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grain growth at 1750 °C. It should be mention the well-observed inverse relationship 
between the Ca3Y2(Si3O9)2 phase fraction and fracture toughness of the materials of 
variants 1, 3, and 4 (Table 5.1). However, the presence of about 25 wt% Y2Si3N4O3 

phase affected negatively the structural integrity of the material and, as a result, its 
flexural strength. It is supposed that 200–400 nm aggregates of particles of light color 
observed in the SEM images (Fig. 5.2g, h) correspond to this phase. Therefore, the 
Y2Si3N4O3 phase caused a decrease in flexural strength of the ceramic of variant 4 due 
to the formation of aggregates of grains. However, this material exhibited the highest 
fracture toughness (Table 5.1). The reason for this is, at first, the lower fraction of 
the Ca3Y2(Si3O9)2 phase and, secondly, the complete recrystallization of the initial 
powders and formation of the perfect elongated β-Si3N4 grains about 1–3 µm  in  size  
visible in fracture surface images (Fig. 5.3g, h). The uniform distribution of these 
grains among the grains of other phases made it possible to implement a whisker 
toughening micromechanism during crack initiation and growth [4]. Therefore, this 
material presents a microstructure-related balance between strength at a mesolevel 
and fracture toughness at a microlevel. 

In general, the materials of variants 3 and 4 may be considered for applications 
in structural components of critical equipment for various industry branches. 

5.4 Conclusions 

1. The Si3N4–10 wt% Y2O3 ceramics that underwent different sintering modes 
contained mainly the β-Si3N4 matrix phase and variety of other phases: SiO2, 
Ca3Y2(Si3O9)2,  Y3Ca2(SiO4)3(OH), YSiNO2, and Y2Si3N4O3. The ceramic 
containing the Y3Ca2(SiO4)3(OH) phase situated on the boundaries of the β-
Si3N4 matrix phase grains exhibited low fracture toughness, which can be 
explained by the excessive brittleness of the first one. In contrast, the low fraction 
of the Ca3Y2(Si3O9)2 phase in combination with complete recrystallization of the 
initial powders with the formation of elongated β-Si3N4 grains had a strong posi-
tive effect on crack growth resistance providing a high level of fracture toughness 
in the ceramic sintered at 1750 °C for 2 h.

2. The Si3N4–Y2O3 ceramic sintered at 1700 °C for 5 h is characterized by 
fine-grained microstructure. The phase balance of this ceramic, namely, the β-
Si3N4,  Ca3Y2(Si3O9)2, and YSiNO2 phases in relation of 66.24:23.18:10.58 wt% 
provided the optimum combination of hardness (18.7 GPa), flexural strength 
(276 MPa), and fracture toughness (4.1 MPa·m1/2) of the material.
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Chapter 6 
Substantiation of the Effect 
of Fine-Grained Microstructure 
of Silicon Nitride Based Ceramics 
on the Protective Properties 
of Metal-Ceramic Macrocomposite Plates 

B. D. Vasyliv, V. V. Kulyk, V. V. Vira, P. Y. Lyutyy, P. F. Kholod, 
A. M. Trostianchyn, and V. M. Palyukh 

Abstract Silicon nitride (Si3N4) based ceramics attract the attention of manu-
facturers and researchers due to their high strength to weight, fracture toughness 
to weight, and hardness to weight ratios enabling them as promising sources for 
the creation of state-of-the-art macrocomposite protective plates used in the arms 
industry. In this work, sintering mode-related physical and mechanical properties 
of fine-grained Si3N4–10 wt%Y2O3 ceramics were studied to reveal an optimum 
combination of strength, fracture toughness, and hardness. Initial Si3N4 and Y2O3 

powders with high specific surface areas were synthesized by the plasma-chemical 
method. In the process of synthesis of Si3N4 powder, Y2O3 powder was introduced 
into the plasma jet forming thus a powder mixture. The content of Y2O3 powder in 
all the studied compositions was 10 wt% which provided the preparation of rela-
tively dense materials by conventional sintering at the set temperatures in a nitrogen 
atmosphere. Based on the results of mechanical tests and fracture surface analysis, 
the effect of fine-grained microstructure of Si3N4–Y2O3 ceramics on the protective 
properties of metal-ceramic macrocomposite plates was substantiated. The ceramic 
material sintered at 1700 °C for 5 h exhibited an optimal combination of porosity,
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hardness, strength, and fracture toughness. However, the highest strength and frac-
ture toughness were found in the ceramic sintered at 1700 °C for 2 h, in which 
the plasticizer content was 2 wt%. Peculiarities of fracture surface morphology of 
Si3N4–Y2O3 ceramics were also studied. It was shown that nanometric silicon nitride 
particles are mostly agglomerated in the ceramic materials sintered at 1700 °C for 
2 h and 5 h ensuring thus the high-energy consuming fracture micromechanism in 
the fracture toughness test. Such mechanical behavior evidences that Si3N4–Y2O3 

ceramic material sintered in the appropriate mode is promising for application in 
protective metal-ceramic macrocomposite layers. 

6.1 Introduction 

Among ceramics for high-temperature and chemical industry branches, silicon nitride 
based ceramics have advantages in high mechanical stability under harsh conditions 
and high chemical inertness. However, it is known that the intergranular glass phase 
available in these ceramics causes deterioration of their high-temperature mechanical 
stability. To solve this issue, silicon nitride based ceramics can be heat-treated after 
sintering. As a result, chemically compatible crystalline phases are formed in the 
Si3N4-based ceramics [1, 2]. 

The Si2N2O compound known as silicon oxynitride can be formed in silicon 
nitride based ceramics as the secondary phase when the appropriate composition of 
initial powders in the powder mixture is provided [3]. This phase is characterized 
by a needle or plate-like grain morphology. Due to such morphology, significant 
toughening of silicon nitride based ceramics can be achieved by implementing the 
crack bridging mechanism [4]. 

In  the  work [5], mixtures of silicon nitride powder with up to 63 wt% TiO2 and 
6  wt%  Y2O3 powders were hot pressed under 28 MPa in vacuum at 1650 °C for 1 
h to obtain silicon nitride based composites. In the presence of the TiO2 compound, 
TiN and Si2N2O were formed, and α to β-Si3N4 conversion was improved. It should 
be noted that other types of ceramic materials [6–17] exhibited similar relationships 
between their microstructure and mechanical behavior. 

The authors of the study [18] developed silicon nitride based ceramics manufac-
tured with adding Y2Si2O7,  Y2O3–Al2O3, and Y2Si2O7–Al6Si2O13 binary sintering 
aids. In these ceramic compositions, the Y2Si2O7 percentage varied in the range of 
5–20 wt%. Physical properties of Si3N4 ceramics such as density, shrinkage, phase 
composition, and microstructure were thoroughly studied about the sintering aid 
content and peculiarities of the liquid phase f ormation.

The in situ formed Si3N4–Si2N2O–TiN composites studied in the work [19]  were  
hot pressed at 1650 °C from mixtures of silicon nitride powder with TiN and TiO2 

powders. Various, TiN and Si2N2O volume fractions were achieved in the sintered 
Si3N4-based composites. It was found that the main crystalline phase and the inter-
granular glass phases were stable at temperatures up to 1400 °C. While holding 
samples in the nitrogen atmosphere or vacuum, the microstructure of the sample
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surface layer changed forming the silicon oxynitride phase and amorphous intergran-
ular phase. This deteriorated mechanical properties and high-temperature stability of 
material containing the silicon oxynitride phase and amorphous intergranular phase. 
A high-Si2N2O/high-TiN/β-Si3N4 composite was proposed as the most promising 
for further development based on the hardness and fracture toughness tests by the 
indentation method [20–31]. 

In  the  work [32], ceramic materials based on fine silicon nitride powder were 
sintered and their physical properties were thoroughly studied. The authors related 
peculiarities of material microstructure to corresponding sintering modes. 

The work [33] studied the effects of various additives (TiN, TiO2, and TiC) on 
the intergranular glass phase formation in silicon nitride based ceramic materials. 
The authors revealed the change in the internal friction with the temperature of 
the ceramics related to the additive fractions. They found that the TiN and TiO2 

compounds promoted the α to β-silicon nitride transformation [32, 34–43]. Such an 
increased amount of the needle-shaped β-Si3N4 phase grains resulted in significant 
improvement of crack growth resistance of the ceramics [44–54]. 

In the study [55], longitudinal crack propagation depth and surface residual stress 
were chosen as the main parameters to analyze the behavior of sintered silicon nitride 
ceramics in the grinding process. Different mechanical testing methods [56–67]  were  
utilized to assess the applicability of the studied ceramics in various industry a reas.

The mechanical reliability of ceramic products is estimated based on the main 
mechanical properties of the materials, such as hardness, flexural strength, and frac-
ture toughness. For this reason, the mentioned properties of the ceramics under study 
were chosen as the most appropriate. Besides, according to several works [68–72], 
novel toughening methods may be implemented to improve wear resistance and 
fracture toughness of silicon nitride ceramics. 

This work aims to study the effect of the microstructure of silicon nitride based 
ceramics on their mechanical behaviors, for possible application of the materials in 
metal-ceramic macrocomposite plates. 

6.2 Materials and Methods 

A powder mixture of Si3N4–Y2O3 ceramic composition [32, 73] was prepared by 
introducing Y2O3 powder in plasma jets in the process of synthesis of Si3N4 powder. 
The fraction of Y2O3 was set as 10 wt% (Table 6.1). The specific surfaces of Si3N4 and 
Y2O3 initial powders were measured as 42–46 m2/g and 22–24 m2/g, respectively. Bar 
specimens approximately 4.5 × 3.5 × 42 mm3 in size were produced by conventional 
sintering according to the set modes (Table 6.1) and then ground and polished to use 
for microstructural and mechanical testing. The width of the prepared specimens was 
w = (4.0 ± 0.2) mm and their thickness was b = (3.0 ± 0.2) mm satisfying thus 
the requirements of the corresponding ISO standard [74]. Cross-sectional surfaces 
of specimens prepared for metallographic studies were etched in 40% hydrofluoric 
acid (HF) for 30 min according to the proposed technique [75].
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Table 6.1 Sintering modes, physical, and mechanical properties of the investigated Si3N4–Y2O3 
ceramics 

Series Sintering mode Density, 
g/cm3 

Porosity, 
% 

Hardness 
HV20, 
GPa 

σf, 
MPa 

K Ic, 
MPa·m1/2 

Temperature, 
°C 

Time, 
h 

Cp, 
wt% 

1 1700 0.5 5 2.91 15.65 14.1 178 3.75 

2 1700 2 2 3.31 4.35 17.8 285 5.12 

3 1700 2 10 3.32 3.46 18.1 252 3.07 

4 1700 5 5 3.38 1.73 18.6 275 4.14 

Note Average values of density, porosity, hardness HV20, flexural strength σf, and fracture toughness 
KIc are given. Cp is the content of plasticizer 

All mechanical tests were carried out in air at 20 °C. 
The hardness measurements were performed according to the relevant standards 

[76, 77] under the indentation load of 20 kg using a NOVOTEST TC-ƂPB hardness 
tester. The values of Vickers hardness (HV 20) were calculated by the formula [77]: 

H = 0.0018544 P 

d2 
(6.1) 

where P is the indentation load (N) and d is the average length of the imprint diagonals 
(mm). 

The imprint sizes were measured with a Neophot-21 optical microscope. The 
hardness values of the studied ceramics were calculated using the results of five 
indentations. 

For estimating both the flexural strength and fracture toughness of the studied 
ceramics, a UIT STM 050 testing machine with a loading unit for three-point test at 
a cross-head speed of 10−2 mm/s was used. 

To determine the material strength in flexure, bar specimens of the above-
mentioned geometry were used. The values of flexural strength (σf ) were calculated 
by the equation presented in the works [74, 78, 79] using the “load–flexure” test data: 

σf = 1.5 · P · l 
w · b2 (6.2) 

where P is the fracture load (N), l is the span between the supporting rollers (mm), 
and w and b are the width and thickness (mm) of the bar specimen, respectively. The 
span between the supporting rollers was set to 30 mm. 

The average flexural strength value for each material series was calculated based 
on the data from five specimens. 

To estimate fracture toughness of materials, various methods of fracture 
mechanics can be used [80–93]. In this work, the main parameter for measuring 
fracture toughness known as the critical stress intensity factor (SIF) K Ic [94–104]
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was estimated. Corresponding formulas for the critical SIF determination in mate-
rials can be found in the standards and articles [105–116]. In some of them, the 
parameters measured by the Vickers indentation test method were used [117–127]. 
In our work, single-edge notch beam (SENB) specimens of the same cross-section 
geometry as for the flexural test were used. A straight notch 0.1 mm in width with its 
front along the specimen thickness dimension was made by a 0.08 mm thick diamond 
wheel. The specimens were tested under three-point bending with the span between 
the supporting rollers of 30 mm, and values of K Ic were calculated according to [74] 
based on the specimen geometry and the “load–flexure” test data. For each material 
series, the average K Ic value of five specimens was calculated. 

To prepare X-ray diffraction (XRD) patterns, a Malvern Panalytical X-ray 
diffractometer operated in Cu Kα radiation mode was u tilized.

A scanning electron microscope (SEM) Carl Zeiss EVO-40XVP was used for 
analyses of microstructure and fracture surfaces of the studied specimens. SEM 
microstructure images were prepared in the back-scattered diffraction (BSD) imaging 
mode, whereas SEM images of specimen fracture surfaces were made in the 
secondary electron (SE) imaging mode. An INCA Energy 350 system was utilized 
for an energy-dispersive X-ray (EDX) microanalysis of the studied materials. 

6.3 Results and Discussion 

The phase compositions and microstructure of the Si3N4–Y2O3 ceramic series were 
analyzed and their hardness, flexural strength, and fracture toughness were examined. 

6.3.1 Evaluation of Phase Compositions of the Si3N4–Y2O3 
Ceramic Series 

According to the XRD patterns of the Si3N4–Y2O3 ceramics, six different phases 
were detected in these materials: β-Si3N4,  SiO2,  Y3Ca2(SiO4)3(OH), Ca3Y2(Si3O9)2, 
Si2N2O, and YSiNO2 (Fig. 6.1).

Series 1 ceramic exhibited the following phase fractions (Table 6.2): β-Si3N4 

phase (82 wt%), SiO2 phase (2.5 wt%), and Y3Ca2(SiO4)3(OH) phase (15.5 wt%). 
The phase fractions for series 2 ceramic were estimated as follows (Table 6.2): 
β-Si3N4 phase (50.3 wt%), Ca3Y2(Si3O9)2 phase (34.6 wt%), and Si2N2O phase 
(15.1 wt%). Similarly to series 1, series 3 ceramic exhibited the phase fractions 
as follows (Table 6.2): β-Si3N4 phase (64.6 wt%) and Y3Ca2(SiO4)3(OH) phase 
(35.4 wt%). However, in the latter, no signs of the SiO2 phase were detected. Series 
4 ceramic exhibited the following phase balance (Table 6.2): β-Si3N4 phase (66.2 
wt%), Ca3Y2(Si3O9)2 phase (23.2 wt%), and YSiNO2 phase (10.6 wt%). Thus, all 
the ceramics contain more than 50 wt% β-Si3N4. Series 2 ceramic shows the lowest
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Fig. 6.1 XRD patterns of Si3N4–Y2O3 ceramics in a series 1, b 2, c 3, and d 4  (Tabl  e 6.1). The 
arrows indicate a the β-Si3N4,  Y3Ca2(SiO4)3(OH), SiO2, b β-Si3N4,  Ca3Y2(Si3O9)2,  Si2N2O, 
c β-Si3N4,  Y3Ca2(SiO4)3(OH), and d β-Si3N4,  Ca3Y2(Si3O9)2,  YSiNO2 phases, respectively

percentage of this phase. Both series 1 and 3 contain the Y3Ca2(SiO4)3(OH) phase. 
The formation of this phase is probably related to the sintering mode and the plasti-
cizer content. Series 1 ceramic was sintered for 0.5 h, and this sintering time is quite 
short. Series 3 ceramic was prepared using a five times higher plasticizer percentage 
(10 wt%) than that added to series 2 ceramic (Table 6.1). 

Table 6.2 Phase composition of the investigated materials 

Phase Phase fractions for series 

1 2 3 4 

β-Si3N4 82.0 50.3 64.6 66.2 

SiO2 2.5 – – – 

Y3Ca2(SiO4)3(OH) 15.5 – 35.4 – 

Ca3Y2(Si3O9)2 – 34.6 – 23.2 

Si2N2O – 15.1 – – 

YSiNO2 – – – 10.6 

Note Values of phase fractions are given in wt%



6 Substantiation of the Effect of Fine-Grained Microstructure of Silicon … 85

6.3.2 Microstructural Features of the Si3N4–Y2O3 Ceramics 

According to a SEM microstructure image of series 1 ceramic (Fig. 6.2a), this material 
contains nano-sized particles of light color of two size ranges: (1) 20–100 nm; (2) 
200–800 nm. Based on the above XRD analysis, it can be assumed that the particles 
in the second range belong to the β-Si3N4 phase, which dominates in the material 
(the phase fraction is 82 wt%). Foggy areas of dark-gray color surrounding these 
particles probably belong to the Y3Ca2(SiO4)3(OH) and SiO2 phases. These phases 
were formed due to inappropriate sintering conditions (i.e., the sintering time and the 
plasticizer content). Against the background of these phases, nuclei of the β-Si3N4 

phase are seen, which belong to the first size range.
SEM microstructure image of series 2 ceramic (Fig. 6.2c) shows the dark-gray 

matrix probably consisting of the β-Si3N4 phase as the dominant one (50.3 wt%, 
see Table 6.2). On the boundaries of grains of this phase about 1.0–1.5 µm in size, 
particles of light color appear, which probably belong to both the Ca3Y2(Si3O9)2 and 
Si2N2O phases. The size of these particles ranges from 20 to 600 nm. 

The microstructure image of series 3 ceramic (Fig. 6.2e) probably exhibits the 
β-Si3N4 phase matrix, as the fraction of this phase is comparatively high (64.6 wt%, 
see Table 6.2). In the image, colonies of crystals about 0.2–1.0 µm in size probably 
belonging to the Y3Ca2(SiO4)3(OH) phase can be observed. In this material, the SiO2 

phase was not detected. Therefore, small particles of light color 200–300 nm in size 
distributed uniformly in the matrix also belong to the Y3Ca2(SiO4)3(OH) phase. 

SEM microstructure image of series 4 ceramic (Fig. 6.2g) shows the dark-gray 
matrix probably consisting of the β-Si3N4 phase, as the fraction of this phase is 
comparatively high (66.2 wt%). It is supposed that the particles of light-gray color 
100–400 nm in size segregated on the boundaries of the β-Si3N4 phase grains belong 
to the Ca3Y2(Si3O9)2 and YSiNO2 phases. 

6.3.3 Physical and Mechanical Properties of the Si3N4–Y2O3 
Ceramics 

The studied Si3N4–Y2O3 ceramics exhibited a gradual increase in density and a steep 
decrease in porosity while increasing the sintering time from 0.5 to  2  h  (Table 6.1). 
With a further increase in the sintering time to 5 h, a slight increase in density but 
still a significant decrease in porosity of the ceramics was revealed. 

Sintering modes significantly affected the mechanical behavior of the Si3N4–Y2O3 

ceramics. Fracture toughness (the average K Ic value) of 3.75 MPa·m1/2 estimated for 
series 1 ceramic (Table 6.1) presents a moderate level characteristic of silicon nitride 
based ceramics. Flexural strength of this ceramic is 178 MPa and its hardness is 
14.1 GPa, which presents quite low levels of strength and hardness for such material. 
The fracture surface of a specimen of this ceramic examined for fracture toughness 
exhibits a complicated pattern (Fig. 6.2b). Grains of light-gray color of various shapes
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Fig. 6.2 SEM microstructures a, c, e, g in BSD mode and fractography b, d, f, h in SE mode of 
specimen series of Si3N4–Y2O3 ceramics (Table 6.1)

and sizes, with blurred contours surrounded with a substance of dark-gray color, are 
observed in the image. Some elongated grains are probably recrystallized β-Si3N4 

phase grains, whereas others are smaller rounded β-Si3N4 phase grains formed in 
this sintering mode due to quite short holding time (0.5 h). The mentioned substance 
is probably a mixture of the Y3Ca2(SiO4)3(OH) and SiO2 phases. During the fracture
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toughness test, a crack advanced along the boundaries of the β-Si3N4 phase grains 
fracturing areas of the Y3Ca2(SiO4)3(OH) and SiO2 phases. In such a way, a low 
energy-consuming fracture micromechanism was implemented in this ceramic. 

It should be noted that flexural strength of 252 MPa of series 3 ceramic is higher 
by 41.6% and hardness is higher by 28.4% than those estimated for series 1 ceramic 
(Table 6.1). However, series 3 ceramic exhibited lower by 18.1% fracture tough-
ness (3.07 MPa·m1/2, see Table 6.1). The reason for fracture toughness reduction 
is probably too high a percentage of plasticizer (10 wt%) added in the prepara-
tion process, which promoted the formation of brittle Y3Ca2(SiO4)3(OH) phase 
colonies (Fig. 6.2f) surrounding the β-Si3N4 phase grains. The signs of delamination 
of the Y3Ca2(SiO4)3(OH) phase along the boundaries of β-Si3N4 grains and brittle 
cleavage areas of this phase both confirm a brittle low energy-consuming fracture 
micromechanism implemented in this ceramic. 

Series 4 ceramic sintered for 5 h exhibited the highest hardness of 18.6 GPa and 
increases in flexural strength by 54.5% and fracture toughness by 10.4% compared 
to series 1 ceramic sintered for 0.5 h (Table 6.1). These results proved a positive 
effect of prolonged holding time on the quality of sintered Si3N4–Y2O3 ceramics. A 
specific fracture surface pattern was observed in a specimen of series 4 ceramic. Here, 
high energy-consuming fracture along the boundaries of elongated β-Si3N4 grains 
neighboring the rectangle particles of the unidirectional solidified Ca3Y2(Si3O9)2 
phase dominates (Fig. 6.2h), as no signs of transgranular fracture are observed. In 
contrast, the YSiNO2 phase available in this ceramic, which has an orthorhombic 
structure, probably weakens the bond strength between the grains of the β-Si3N4 and 
Ca3Y2(Si3O9)2 phases due to multiple cleavage planes promoting the nucleation of 
microcracks. 

Special attention should be paid to series 2 ceramic prepared by adding only 2 wt% 
plasticizer and sintered for 2 h. Although this ceramic contains the lowest percentage 
of the β-Si3N4 phase (50.3 wt%) compared to other studied series, high percentages 
of the Ca3Y2(Si3O9)2 and Si2N2O phases (34.6 wt% and 15.1 wt%, respectively) 
provided its best mechanical characteristics, namely, the average K Ic value of 5.12 
MPa·m1/2 and flexural strength of 285 MPa, along with moderate hardness of 17.8 
GPa (Table 6.1). The fracture surface of a specimen of this ceramic exhibits needle-
shaped β-Si3N4 phase grains about 1.0–1.5 µm  in  size  (Fig. 6.2d). Round-shaped 
fine particles of both the Ca3Y2(Si3O9)2 and Si2N2O phases 20–600 nm in size 
are situated on the boundaries of grains of the β-Si3N4 phase. A limited number 
of cleavage facets are observed, whereas fracture along interfaces of β-Si3N4 phase 
grains dominates. Such a high energy-consuming fracture micromechanism provided 
the highest level of fracture toughness of this ceramic. 

The sintered in the appropriate mode Si3N4–Y2O3 ceramic is promising in terms 
of the mechanical behavior, microstructure, and peculiarities of crack growth for 
various applications, in particular, in metal-ceramic macrocomposite layers of armor 
for protecting the body.
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6.4 Conclusions 

1. The studied Si3N4–10 wt% Y2O3 ceramics exhibited different phase composi-
tions depending on the sintering mode. Six different phases were detected in 
these materials: β-Si3N4,  SiO2,  Y3Ca2(SiO4)3(OH), Ca3Y2(Si3O9)2,  Si2N2O, 
and YSiNO2.  The  Y3Ca2(SiO4)3(OH) phase deteriorated the microstructure 
and mechanical properties of the ceramics, whereas the Ca3Y2(Si3O9)2 phase 
exhibited a strong positive effect on these properties.

2. The studied ceramics showed a gradual increase in density and a steep decrease 
in porosity while increasing the sintering time from 0.5 to 2 h. 

3. The ceramic of Si3N4–10 wt% Y2O3 composition with adding 2 wt% plasti-
cizer, which was sintered at 1700 °C for 2 h, exhibited high percentages of the 
Ca3Y2(Si3O9)2 and Si2N2O phases (34.6 wt% and 15.1 wt%, respectively). Even 
though this ceramic contains the lowest percentage of the β-Si3N4 phase (50.3 
wt%) compared to other studied series, such a phase balance provided its best 
mechanical characteristics, namely, the average K Ic value of 5.12 MPa·m1/2 and 
flexural strength of 285 MPa, along with moderate hardness of 17.8 GPa. The 
highest level of fracture toughness was provided due to the implementation of 
a high energy-consuming fracture micromechanism, namely, the fracture along 
interfaces of β-Si3N4 phase grains. 

4. The Si3N4–Y2O3 ceramic sintered in such an appropriate mode can be success-
fully used in metal-ceramic macrocomposite layers of armor. 
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Chapter 7 
Application of “Nano + Micro”-Grained 
Alumina Based Ceramics for Improving 
the Functionality of the State-of-the-Art 
Protective Macrocomposite Plates 

B. D. Vasyliv, V. V. Kulyk, P. Y. Lyutyy, V. V. Vira, A. I. Kuntii, 
and V. M. Korendiy 

Abstract Alumina (Al2O3) based ceramics have great potential in attaining 
outstanding mechanical properties due to the superior hardness of this kind of 
ceramics. With the setting of appropriate sintering modes and doping aids, the frac-
ture toughness and flexural strength of alumina can be greatly improved. There-
fore, alumina based ceramic material sintered in the proper mode can be consid-
ered promising for application in protective metal-ceramic macrocomposite layers. 
A model of a macrocomposite protective plate was considered in this work. The 
dynamics of a body moving through the plate were assessed. A change in the velocity 
of the body was calculated using the energy spent to fracture ceramic inserts as a 
part of the total energy dissipated by the protective macrocomposite plate. Based on 
the calculation data and results of mechanical tests and fracture surface analysis, it 
was revealed that flexural strength, hardness, and fracture toughness are crucial for 
attaining high energy dissipation values in ceramics. Revealing the optimum combi-
nation of these mechanical properties enabled us to develop an improved geom-
etry of ceramic inserts forming a layer of the protective metal-ceramic macrocom-
posite. A concept of “nano + micro”-grained alumina based ceramics for improving
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the functionality of the state-of-the-art protective macrocomposite plates was also 
developed. 

7.1 Introduction 

In fabricating armor for protecting the body (individual protection), ceramic mate-
rials, along with conventional metallic materials and polymers, are widely used. 
Alumina based ceramics can be considered promising for their application in protec-
tive metal-ceramic macrocomposite layers [1–5]. To improve the reliability and 
extend the lifetime of the individual components of protective macrocomposites, it is 
important to know the mechanical characteristics of the corresponding ceramic mate-
rial. Among these, flexural strength [6–15], hardness [16–26], and fracture toughness 
[27–35] may be chosen as the most important characteristics of the ceramics. For 
the examination, various alumina based ceramics should be considered. 

To reach a positive effect of changes in chemical composition and sintering 
technique of ceramics on their hardness, strength, and fracture toughness, various 
ceramics have been explored by many research institutions. Shearer A. et al. 
[36] performed a thorough review of ZrO2-containing glass–ceramics and rele-
vant glass–ceramic matrix composites. They exhibited main toughening mechanisms 
(the transformation toughening and others [37–48]) implemented in such materials 
for reaching high fracture toughness. They also showed that ZrO2 contributes to 
improved stability and mechanical properties of sintered and glass–ceramic matrix 
composites. 

Uasuwan et al. [49] fabricated novel glass-infiltrated monolayer and multilayer 5 
mol% yttria-partially stabilized zirconia (5Y-PSZ) and studied their flexural strength 
related to cooling rates in the sintering process. They showed that glass infiltration 
significantly enhanced strength through elastic gradience. Fast cooling reduced grain 
size, impaired grain boundary integration, and increased the tetragonal to mono-
clinic phase transition [50–54]. In the case of traditional sintering [55–59], this is 
followed by a significant decrease in flexural strength of 5Y-PSZ ceramic. In the 
case of glass-infiltrated 5Y-PSZ, reduced processing time followed by fast cooling 
was recommended, as this mode enhanced strength [60]. In the work [61], flexural 
strength of high yttria-doped monolayer and multilayered fully stabilized zirconia 
upon various sintered cooling rates was estimated. The authors showed that slow 
and normal cooling provided significantly higher flexural strength than fast cooling. 
The first two sintering modes were recommended to achieve the optimum strength 
for 5Y-PSZ. An increase in the cooling rate during the sintering of 5Y-PSZ ceramic 
is followed by the smaller grain size, which, along with weaker grain boundary 
integration [62–72] and more intensive t-m transformation [73–82],  led  to  lowe  r
strength.

Winczewski et al. [83] introduced additive manufacturing of 3D yttria-stabilized 
zirconia microarchitectures. After printing, thermal processing of microarchitecture 
samples at 600–1200 °C for 1 and 2 h in air was carried out to reach the crystallization
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of the YSZ phase. The authors revealed yellowish-green emission upon UV exci-
tation related to defects of YSZ microarchitectures, namely, intrinsic and extrinsic 
centers. This was found to correlate with the charge compensation due to Y3+ doping. 
The authors also observed the highest strength under compression for micropillars 
processed at 600 °C, and their strength lowered with an increase in the treatment 
temperature. The Hall–Petch strengthening mechanism [84–89] responsible for the 
gradual change from ductile to brittle-like fracture behavior was recognized during 
micropillar deformation. 

Vaishnavi Krupa et al. [90] investigated the reverse transition of ball milling-
induced m-Y2O3 nano-crystallites during in-situ annealing. The m-Y2O3 has been 
prepared by high-energy ball milling of the c-Y2O3. The authors performed a detailed 
crystallite size analysis of monoclinic to cubic (m → c) phase transition [91–98], 
compared the data with those reported earlier for the milling-induced c → m transi-
tion, and found that during annealing, the m- and c-phases of Y2O3 coexist up to ~ 
850 °C. At 1000 °C, the phase is completely c-Y2O3 .

Golota et al. [99] explored the possibility of using diamonds to fabricate micro-
rotors. They assessed the resistance to fracture of diamond rotors by comparing it 
with various materials, including YSZ ceramics. They also showed that diamond 
offers the advantage of improved fracture toughness and reduced density relative to 
YSZ. Fracture toughness of YSZ varies in a range of 3–8 MPa•m1/2 as a function of 
yttria content. Although natural diamond has a comparatively low fracture toughness 
of 4–5 MPa•m1/2, some types of Ib diamond have fracture toughness in the range 
of 10 ± 2  MPa•m1/2, while CVD diamond doped with nitrogen or boron reaches 
fracture toughness of about 34 MPa•m1/2 [100–107]. 

Jeevankumar et al. [108] reported the net-shaping of advanced ceramic compos-
ites by gelcasting into precision molds made by rapid prototyping. The process 
was extended to fabricate composites of alumina and YSZ with α-alumina platelet 
particles, which exhibited enhanced fracture toughness. The components have 
shown uniform density across the body of large and complex-shaped parts, uniform 
microstructures, and good mechanical properties. This process also enables uniform 
distribution of second phases. 

Yue et al. [109] reported a new type of polycrystalline cubic boron nitride (PcBN) 
superhard tool prepared by introducing 8YSZ powder under high pressure and 
temperature (5.5 GPa, 1500 °C). The material containing 5 wt% YSZ exhibited 
the maximum values of the flexural strength and fracture toughness of 637.77 MPa 
and 7.18 MPa m1/2, respectively, along with the maximum value of the tool cutting 
life of 2615.81 m. The maximum hardness of 43.62 GPa was reached in the material 
containing 2.5 wt% YSZ. 

Huang et al. [110] studied the microstructure and phase transformation behavior 
of Al2O3–ZrO2 under microwave sintering. They reached the lowering of the phase 
transition temperature using the microwave sintering technique. This promoted the 
transformation between the m-ZrO2 and t-ZrO2, improving the crystallinity and 
microstructural characteristics of the specimens. The particle size of the mate-
rial decreased with the temperature increase. In the studied temperature range of
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800–1200 °C, the optimized sintering effect was revealed at 1000 °C for Al2O3– 
ZrO2 powders. Under the optimized sintering mode, the best grain morphology was 
obtained. 

It was essential to use the above research results on various ceramic microstruc-
tures for improving the mechanical properties of the material of individual macro-
composite components. 

This work aims at studying the mechanical behavior of alumina based ceramics 
with formed nano- and micro-grained microstructures for their application in state-
of-the-art protective macrocomposite plates. 

7.2 Materials and Methods 

Three different chemical compositions of alumina based ceramics containing small 
amounts of MgO, SiO2,  Fe2O3,  Ga2O3,  ZrO2, PdO, and HfO2 were studied
(Table 7.1). 

Ceramic plates of the set chemical compositions were produced by slip casting 
[111]. The cast plates were sintered according to the specified modes (Table 7.1). 
After sintering, they were cut into 3.6 × 4.6 × 38 mm3 samples. Samples were 
prepared for flexural strength and fracture toughness tests by grinding their side 
surfaces. For the microhardness test and microstructure analysis, a few samples of 
each ceramic variant were polished. The final dimensions (thickness × width) of 
processed samples were (3.0 ± 0.2) mm × (4.0 ± 0.2) mm as per the ISO standard
[15]. Etching samples for the microstructure analysis were carried out in 40% HF 
acid for 30 min according to the work [112]. 

All the mechanical tests were carried out in air at 20 °C. The Vickers micro-
hardness (HV 1) of the ceramics was measured with a NOVOTEST TC-MKB1 tester 
under the indentation load of 9.81 N by the standards [18, 19]. A Neophot-21 optical 
microscope was used to measure the dimensions of imprints and cracks. These dimen-
sions, along with the value of the indentation load, were used for calculating the 
values of Vickers microhardness by the equation given in [19]. For each material, 
the microhardness value was calculated as an average of five measurements.

Table 7.1 Sintering modes and physical properties of the studied materials 

Variant Sintering mode Density, 
g/cm3 

Porosity, 
% 

HV1,  GPa σf,  MPa K Ic, 
MPa·m1/2 

Temperature, 
°C 

Time, h 

1 1850 1 3.99 0.05 10.5 ± 2.7 175 ± 5 3.3 ± 0.3 
2 1850 1 3.89 2.36 13.7 ± 1.1 248 ± 15 3.3 ± 0.3 
3 1850 1 3.91 1.91 13.0 ± 0.8 249 ± 9 2.8 ± 0.1 

Note Average values of density and porosity are given 



7 Application of “Nano + Micro”-Grained Alumina Based Ceramics … 101

A UIT STM 050 testing machine was used for fracture toughness and flexural 
strength tests. A loading unit providing a three-point bend scheme of a beam sample 
was installed on the machine. Flexural strength (σf ) of ceramics was estimated based 
on parameters such as the dimensions of a sample, the distance between supporting 
rollers (30 mm), and the fracture load according to the equation given in [15, 113]. The 
flexural strength value for each material was calculated based on the measurements 
of five samples. 

The critical stress intensity factor (SIF) K Ic [114, 115] as a measure of fracture 
toughness is traditionally used to estimate the crack growth resistance of materials. 
In this work, the single-edge notch beam (SENB) method [15] as one of the well-
known methods of fracture mechanics was applied to assess the fracture toughness 
of the studied ceramics. The main advantage of this method over other methods [35, 
89, 114–124] is its simplicity which does not require much time and cost to perform 
the test. Only the method that is as easy as this one is the Vickers indentation method 
widely used for assessing fracture toughness of ceramics [25–27]. 

A series of SENB samples were prepared from those mentioned above, by 
producing a 0.1 mm wide notch along the sample thickness dimension. The loading 
unit with a distance between the supporting rollers of 30 mm was used for the three-
point bending of samples. The average K Ic value for each material was estimated 
based on five measurements. 

A Malvern Panalytical X-ray diffractometer in Cu Kα irradiation mode was used 
for X-ray diffraction (XRD) analysis.

For microstructure and fractography studies, a scanning electron microscope 
(SEM) Carl Zeiss EVO-40XVP was utilized. Images of microstructure in the back-
scattered diffraction (BSD) imaging mode and fractography images in the secondary 
electron (SE) imaging mode were thoroughly analyzed. An INCA Energy 350 system 
was utilized for an energy-dispersive X-ray (ЕDX) microanalysis of the studied 
ceramics. 

7.3 Results and Discussion 

7.3.1 The Modeling of Mechanical Behavior 
of the Macrocomposite Constituents 

The design of the ceramic inserts for protective metal-ceramic macrocomposite plates 
has been developed. These inserts as constituents of the macrocomposite serve as the 
second-level structure for energy dissipation (for safety purposes), whereas metallic 
constituents serve as the front (first-level) structure. To assess the effectiveness of 
the developed protective macrocomposite, a model of a macrocomposite plate was 
considered. The dynamics of a body moving through the plate were analyzed due to 
a change in the body velocity, given the elastic characteristics of the macrocomposite 
constituents, namely, ceramic inserts and stainless steel building platform.
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The velocity was calculated using the energy spent to fracture ceramic inserts as 
a part of the total energy dissipated by the protective macrocomposite plate. 

A linear change in the velocity of the moving body is assumed, as it travels 
a distance of several millimeters in a short time interval (about 0.01 s). The total 
displacement of a layer in the direction of the moving body is assumed to be 4 mm. 

The principle of parallel elastic components was used to solve the task of damping 
the energy of the moving body. For this purpose, the equation of dynamics was 
applied, which describes the total stiffness factor of the components [125]: 

n 

i=1 

ki = 
m ν2 

j−1 − ν2 
j

u2 n 
(7.1) 

where n is the number of parallel elastic components; ki (i = 1 to n) is the stiffness 
of the i-th component; m is the mass of the moving body; vj−1 and vj are velocities 
of the moving body before and after passing through the j-th layer, respectively; un 
is the total displacement in the direction parallel to the body move ment.

For the calculation, the following parameters were used (Table 7.2): mass of 
the moving body m; total displacement un = 4 mm; time interval tj = 0.01 s; 
velocities of the moving body before (vj-1) and after (vj) passing through the j-th layer; 
deceleration of the moving body aj upon passing through the j-th layer; stiffness kj 
of the j-th layer; energy Ej dissipated by the moving body upon passing through the 
j-th layer. The calculation was performed for a tw o-layer macrocomposite.

The total energy of the moving body dissipated in the protective macrocomposite 
plate is 3791 J that is according to the literary data presented for the set dynamic 
conditions [126, 127]. 

In terms of fracture toughness, the reliability can be assessed using a well-known 
equation [128] describing the energy γj spent to form a fracture surface: 

γj = 
K2 
Ic

2E 
(7.2) 

where KIc is the critical SIF of material of the j-th layer component; E is Young’s 
modulus of the material.

Table 7.2 The data of the calculation of damping parameters 

No. Layer m,  kg vj-1, 
m/s 

vj , 
m/s 

aj ,  m/s2 kj , 
kg/ 
µm 

Ej ,  J pj , 
number 

γj ,  J nj , 
number 

1 L1 11.7 × 
10 –3

805 505 3 × 104 29 2299.1 24 54.45 1.76 

2 L2 11.7 × 
10 –3

505 0 5.05 × 
10 4

19 1491.9 24 54.45 1.14 

Total 3791.0 2.90 
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Using the edge flaking approach developed in the study [129] and an average 
crack length formed under a certain indentation load in alumina based ceramics [1, 
58], the parameter pj was calculated (Table 7.2), which is the flaking distance to the 
crack length ratio. For the j-th layer, a parallel elastic components number nj was 
calculated based on the obtained values of energy Ej dissipated by the moving body 
upon passing through the j-th layer and the energy γj spent to form a unit fracture 
surface (Table 7.2). It was found that the total number of parallel elastic components 
should be not less than 2.9. 

Preliminary conclusions can be drawn as follows: 

(1) Impact of flexural strength on energy dissipation. The value n = 200 (number 
of inserts of size 10 × 10 × 20 mm3 in a second-level structure of a single 
macrocomposite block) fits well with the above requirements. This second-
level structure provides the complete damping of the retaining energy of the 
moving body (weight of 11.7 g, initial velocity of 805 m/s) by ceramic inserts 
having a flexural strength of about 240 MPa.

(2) Impact of microhardness, edge flaking, and fracture toughness on energy dissi-
pation. As a result of the above calculations, 3 parallel elastic components, i.e. 
three layers consisting of ceramic inserts of size 10 × 10 × 20 mm3 having flex-
ural strength of about 240 MPa and fracture toughness of about 3.3 MPa·m1/2 

should provide complete dissipation of energy of the moving body.

7.3.2 Phase Balance in the Al2O3-based Ceramics 
as Candidate Materials for the Inserts 

The evolution of phase compositions of three variants of Al2O3-based ceramics has 
been analyzed. In general, the tetragonal (t) and monoclinic (m) phases of t-ZrO2, 
along with the α-Al2O3 phase were detected in these ceramics. The XRD pattern of 
variant 1 exhibited peaks of the α-Al2O3 phase and the t-ZrO2 phase (Fig. 7.1a). For 
variant 2, only peaks of the α-Al2O3 phase were detected (Fig. 7.1b). In contrast, 
for variant 3, peaks of the α-Al2O3,  m-ZrO2, and t-ZrO2 phases were identified 
(Fig. 7.1c). The phase fractions were estimated as follows (Table 7.3): α-Al2O3 

phase (93.57 wt%) and t-ZrO2 phase (6.43 wt%) for variant 1; α-Al2O3 phase (100 
wt%) for variant 2; α-Al2O3 phase (96.80 wt%), m-ZrO2 phase (1.22 wt%), and 
t-ZrO2 phase (1.98 wt%) for variant 3. Small amounts of the t-ZrO2 and m-ZrO2 

phases formed in the ceramics of variants 1 and 3 are related to their initial chemical 
compositions.
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Fig. 7.1 XRD patterns of Al2O3 based ceramics of a variant 1, b 2, and c 3  (Tabl  e 7.1). The arrows 
indicate a the α-Al2O3, t-ZrO2, b α-Al2O3,  and  c α-Al2O3,  m-ZrO2,  t-ZrO2 phases, respectively

Table 7.3 Phase composition 
of the studied materials Phase Phase fractions for series 

1 2 3 

α-Al2O3 93.57 100.00 96.80 

t-ZrO2 6.43 – 1.98 

m-ZrO2 – – 1.22 

NoteValues of phase fractions are given in wt% 

7.3.3 Microstructure, Physical, and Mechanical Properties 
of the Al2O3-based Ceramics 

High sinterability of the ceramic of variant 1 was attained by adding small amounts 
of MgO, SiO2,  Fe2O3, and ZrO2 as sintering aids. As a result, this ceramic showed 
density close to the theoretical one [111] and excellent porosity (Table 7.1). The 
microstructure of the α-Al2O3 matrix phase grains of dark-gray color with more or 
less uniformly distributed round-shaped particles of a second phase of light-gray 
color, 0.5–4.0 µm in size is characteristic of this ceramic (Fig. 7.2a). These round-
shaped particles belong to the t-ZrO2 phase, which was revealed by XRD analysis
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(Table 7.3), as element Zr was detected by EDX analysis only in the mentioned 
particles (Table 7.4). Besides, elements Mg, Si, and Fe were also detected (Table 7.4). 

This ceramic showed quite low levels of microhardness (10.5 ± 2.7 GPa, see 
Fig. 7.3a) and flexural strength (175 ± 5 MPa, see Fig. 7.3b), but comparatively high 
fracture toughness (3.3 ± 0.3 MPa·m1/2, see Fig. 7.3c).

Rare pores of about 0.5–2.0 µm size were observed in an SEM microstructure 
image taken at higher magnification (Fig. 7.4a).

Although flexural strength of this ceramic is comparatively low, its high fracture 
toughness is attained due to the implementation of high-energy fracture micromech-
anism (Figs. 7.2b and 7.4b). The striations on the large cleavage facets behind the 
multiple second-phase microparticles, which are oriented perpendicular to the crack 
growth direction, evidenced quasi-brittle crack relaxation due to its retardation at 
these sites. However, a low level of flexural strength does not provide sufficient 
reliability for this ceramic to be applied as material for inserts.

Fig. 7.2 SEM a, c, e microstructures (BSD images) and b, d, f fractography (SE images) of the 
Al2O3 based ceramic samples of a, b variant 1, c, d 2, and e, f 3  (Tabl  e 7.1) taken at low magnification
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Table 7.4 The data of the EDX spectra for the ceramics of variants 1–3 

Chemical element and X-ray series Variant 

1 2 3 

wt% at% wt% at% wt% at% 

O  K 39.31 52.69 35.24 48.20 32.39 46.77 

Mg K 0.26 0.23 0.34 0.31 0.16 0.15 

Al K 58.19 46.24 63.12 51.21 59.99 51.39 

Si K 0.09 0.07 – – – – 

Fe L 1.77 0.68 – – – – 

Ga L – – 0.09 0.03 – – 

Zr L 0.38 0.09 – – 5.36 1.36 

Pd L – – 1.21 0.25 0.58 0.13 

Hf M – – – – 1.52 0.20

The moderate density of the ceramic of variant 2 (3.89 g/cm3) and corresponding 
porosity of 2.36% (Table 7.1), which are close to those of high-performance alumina 
based ceramics [1, 58], were ensured due to the adding of minor amounts of sintering 
aids such as MgO, Ga2O3, and PdO. Elements Mg, Ga, and Pd were detected by EDX 
analysis (Table 7.4). Here, a concept of the “nano + micro”-grained alumina based 
ceramic has been developed. A microstructure image of this ceramic (Fig. 7.2c) 
showed the uniform α-Al2O3 matrix phase (Table 7.3) with moderate porosity and 
rare oxide conglomerates. Such microstructure provided comparatively high levels 
of microhardness, flexural strength, and fracture toughness (13.7 ± 1.1 GPa, 248 
± 15 MPa, and 3.3 ± 0.3 MPa·m1/2, see Fig. 7.3a–c). In a SEM microstructure 
image taken at higher magnification, oxide conglomerates 0.5–2.0 µm  in  size  were  
observed (Fig. 7.4a). 

The high fracture toughness of the ceramic of variant 2 is likely due to the fine-
grained microstructure without visible defects both at grain boundaries and within 
the grains. As a result, mixed fracture comprising cleavage facets along larger grains 
and crack growth along the boundaries of small grains and their agglomerates occurs 
(Figs. 7.2d and 7.4d) confirming thus the implementation of the above concept of 
the “nano + micro”-grained ceramic. The latter micromechanism as more energy-
consuming was found to be dominant. This has provided the corresponding level 
of fracture toughness of the ceramic and, as a result, its sufficient reliability when 
applied in the ceramic macrolayers of a protective composite.

Density of the ceramic of variant 3 (3.91 g/cm3) is close to that of variant 2 
(Table 7.1). Corresponding porosity of 1.91% is also close to that of high-performance 
alumina based ceramics [1, 58]. This was provided by adding small percentages of 
MgO, ZrO2, PdO, and HfO2. 

Uniform microstructure of grains of the α-Al2O3 matrix phase of dark-gray color 
with randomly distributed both the particles of a second phase of light-gray color and 
rare nanosized pores observed in SEM images (Figs. 7.2e and 7.4e) is characteristic
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Fig. 7.3 Microhardness HV1 a, flexural strength σf b, and fracture toughness K Ic c of the studied 
variants of ceramics (Table 7.1). The numbers inside the bars indicate the average values of the 
corresponding parameters. The red bars show the standard deviation for the corresponding values
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Fig. 7.4 SEM a, c, e microstructures (BSD images) and b, d, f fractography (SE images) of 
the Al2O3 based ceramic samples of a, b variant 1, c, d 2, and e, f 3  (Tabl  e 7.1) taken at high 
magnification

of the ceramic of this variant. The second phase particles 0.2–2.5 µm  in  size  are  
of irregular shape, mostly with sharp corners. Small percentages of the m-ZrO2 

and t-ZrO2 phases were detected in this ceramic by XRD analysis (Table 7.3) and 
element Zr was revealed by EDX analysis only in these particles. However, it was 
impossible to distinguish particles of the separate (t-ZrO2 and m-ZrO2) phases. Such 
microstructure provided moderate microhardness and flexural strength of the ceramic 
(13.0 ± 0.8 GPa and 249 ± 9 MPa, respectively, see Fig. 7.3). However, this material 
having fracture toughness of 2.8± 0.1 MPa·m1/2 is inferior to the ceramics of variants 
1 and 2 (Fig. 7.3c). 

Comparatively low fracture toughness of the ceramic of variant 3 is probably 
a result of the implemented low-energy fracture micromechanism. As can be seen 
in the SEM images of the fracture surface of a tested sample, the second phase 
particles of irregular shape pulled out of the α-Al2O3 phase grains during crack
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growth evidence its low cohesion to the matrix (Figs. 7.2f and 7.4f). Although a 
frequent change in cleavage plane orientation observed in the images argues in favor 
of high-energy fracture micromechanism [37], local weakening around second-phase 
particles contributes to the losses in fracture toughness of this material. 

Given the levels of mechanical characteristics estimated for the ceramic of variant 
2, this material may provide appropriate reliability when applied in protective metal-
ceramic macrocomposites. 

7.4 Conclusions 

1. Based on the calculation data and results of mechanical tests and fracture surface 
analysis, it was revealed that flexural strength, microhardness, edge flaking, and 
fracture toughness are crucial for attaining high energy dissipation values in 
the studied Al2O3-based ceramics. Revealing the optimum combination of these 
mechanical properties enabled us to develop an improved geometry of ceramic 
inserts forming a layer of the protective metal-ceramic macrocomposite. 

2. A concept of “nano + micro”-grained alumina based ceramics for improving 
the functionality of the state-of-the-art protective macrocomposite plates was 
developed. Therefore, alumina based ceramic material sintered in the appropriate 
mode can be considered promising for application in protective metal-ceramic 
macrocomposite layers.
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Chapter 8 
Metamaterials with Structures 
of Nanometre and Submicron Sizes 

Ruslan Politanskyi , Maria Vistak , and Anna Ploshchyk 

Abstract In this paper, the properties of a metasurface formed by magnetic dipoles 
arranged in the form of a periodic structure are investigated. The studies were carried 
out using the method of moments (MoM) and the principle of equivalence of electric 
and magnetic fields. The application of the equivalence principle allows us to reduce 
the complex problem of calculating the properties of a metasurface formed by ordered 
magnetic dipoles to a simpler problem of electric dipoles. The resonant properties 
of the reflection and absorption coefficients of a metasurface formed by magnetic 
dipoles in a given direction (the effect of a phased antenna array) are revealed on 
the basis of the developed model. The revealed properties of the meta-surface can be 
used in modern telecommunication systems that use MIMO technologies. Also, the 
studied effects can be used to design RIS (reconfigurable intelligence surface), which 
makes it possible to overcome the effects of multipath signal propagation, increasing 
the signal-to-noise ratio, reducing the power consumption for transmitting one bit 
of information, which is especially important for Internet of Things technology, 
autonomous cyber-physical systems and unmanned aerial vehicles (UAV). Using the 
method of moments, it was possible to overcome the limitations of antenna system 
modelling programs and study devices with elements of nano- and submicron size 
(meta-atoms).
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8.1 Development of Metamaterial Technologies: From 
Periodic Structures to Meta-Atoms 

At the initial stage of metamaterial development, the basic elements used for their 
fabrication were periodic structures composed of resonant elements in the form of 
circular or rectangular designs [1]. Further studies of the properties and possible 
applications of metamaterials are associated with significant progress in manu-
facturing technologies, in particular additive manufacturing (creating an object by 
building it one layer at a time) [2]: optical 3D printing, advanced lithography tech-
nologies, multi-photon 4D printing, and nano-printing technologies [3, 4]. This has 
significantly expanded the possible areas of their application: from the first appli-
cations in optics to electromagnetic energy harvesting [5], sensor manufacturing, 
biomedical applications, automotive and aerospace industries, and artificial intelli-
gence technologies (speech recognition, signal processing). Modern research shows 
that the functional properties of materials can be a starting point for determining 
their structure. A number of methods are used for this purpose. One of the first was 
a method based on the equivalent representation of metastructure elements by the 
parameters of a certain oscillatory circuit (RLC circuit) [1]. The limitations of the 
macroscopic approach in modeling metamaterial properties are defined by the size 
constraints of periodic inclusions, often referred to as meta-atoms. These inclusions 
must be sufficiently small compared to the wavelength or constitute only a specific 
fraction of the wavelength: 

L λ (8.1) 

where L is the geometric size of the cell, and λ is the length of the electromagnetic 
wave. A model that represents the interface in the form of a plane of metaatoms are 
presented in [6]. 

One of the methods for designing a metasurface is solving the inverse problem 
of determining the boundary conditions for the integral equation of the electric field 
[7]. This equation is obtained by decomposing the equivalent impedance of the meta-
surface (which is unknown a priori) into a series of Fourier–Bessel basis functions. 
Two approaches are used for this purpose. The first approach means that a priori 
the shape of the metasurface impedance has a discrete azimuthal symmetry, and thus 
certain conditions are imposed on the set of solutions, which gives rise to the existence 
of solutions in the form of multiple beams when supplying power in the form of 
sources located along the azimuthal lines. The second approach does not make any a 
priori assumptions about the surface impedance profile, but the systems of equations 
describing each ray are combined and solved simultaneously in the sense of the least-
squares criterion. This approach can also be used to obtain the polarization properties 
of the generated rays. Such a solution can also help determine the design of a beam 
system with continuous scanning properties. This is achieved by generating two sets 
in the azimuthal window with opposite phase tilts, followed by the continuous phase 
shift of two points where power is supplied. The conducted research is relevant for



8 Metamaterials with Structures of Nanometre and Submicron Sizes 119

the design of multi-channel antenna devices that find application in Internet of Things 
(IoT) devices, cyber-physical systems, and unmanned aerial vehicles (UAV) [8–10]. 

8.2 Mathematical Apparatus of the Method of Moments 

The essence of the method of moments is that the current distribution on the antenna 
surface is approximated by a linear combination of known basis functions with 
unknown coefficients: 

J (x, y, z) = 
Nmax 

n 

In · Jn(x, y , z), (8.2)

where Jn(x, y, z )—basis functions in cartesian space, In—unknown coefficients that 
determine a certain distribution of currents on the radiating surface. 

Then the electric field of the resulting wave Es(x, y, z ) is defined as a linear 
combination of electric fields Es 

n(x, y, z ), generated by known base currents: 

Es (x, y, z) = 
Nmax 

n 

In · Es 
n(x, y, z) (8.3)

Next, we assume that the normal component of the electric field on the radiating 
surface is zero, and the problem is reduced to the matrix equation: 

[Z] × [I ] + V ex = [0 ], (8.4)

where the matrix elements are defined as follows: 

Zmn = 
¨ 

Sm 

Es 
n(x, y, z) · Jm(x, y , z)dS, (8.5)

V ex m = 
¨ 

Sm 

Eex (x, y, z) · Jm(x, y , z)dS (8.6)

The method of moments is described in more detail in [7].



120 R. Politanskyi et al.

8.3 Results Obtained 

8.3.1 Application of the Method of Moments to the Problem 
of Electric Dipole Radiation 

In general, the calculation of matrix coefficients is complex, requires the use 
of computational methods, and may be accompanied by the occurrence of non-
convergence points (the so-called singularities). Consider an example of a calculation 
for a thin cylindrical antenna directed along the z-axis (Fig. 8.1). 

As the functions of the basic functions, we choose piecewise constant functions: 

(8.7) 

where m = 1, 2,  .  .  .  ,Nmax. 
Problem (8.5) is transformed from two-dimensional to one-dimensional (8.7) due 

to the presence of symmetry properties of the radiating surface (Fig. 8.1). In this 
case, the problem can be solved analytically: 

F = 1 + 
1

(2π f /c)2 
∂2 

∂z2 
e−j2π f /c· √a2+z2 

4π
√
a2 + z2 

, (8.8)

Fig. 8.1 A cylindrical wire 
antenna of length 2l and 
diameter 2a centered at the 
origin, directed along the 
z-axis 
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Fig. 8.2 Comparison of the 
directivity of a half-wave 
dipole antenna calculated by 
the method of moments (red 
line) and the analytical 
method (blue line) 

where c = 3 · 10 8 м/с—light speed, f —frequency of the wave. 
In order to validate the method, the directional coefficient of radiation formed by 

a single dipole are calculated and compared with the known analytical solution: 

F(θ,  ϕ) = sin 2 θ (8.9)

The comparison results are shown on Fig. 8.2. 
A significant advantage of the method of moments (MoM) is the ability to easily 

find solutions to the problem in the case of multiple (multi-port) signals being fed 
to the radiating device. To do this, it is enough to set non-zero values of the input 
potentials of the vector V ex in the matrix equation ([Z] × [I ] + [V ex] = [ 0],  (8.4). 

8.3.2 Application of the Method of Moments to the Problem 
of Radiation from a Planar Array of Magnetic Dipoles 

The results obtained are applied to flat surfaces on which periodic circular structures 
which conduct currents. The simplest of these is a surface on which currents flow 
along annular tracks, which can be regarded as magnetic dipoles if they have a 
sufficiently small radius (Fig. 8.3). In this case, the dimensions of the plane can 
be commensurate with the dimensions of microwave antennas, and the dimensions 
of the dipoles themselves can be nanometre or submicron scales, depending on the 
design of the antennas.

From the point of view of the equations of electrodynamics, magnetic and electric 
dipoles are interchangeable if magnetic currents and charges are introduced into 
Maxwell’s equations. Therefore, to solve the problem of radiation of a surface with 
magnetic dipoles, the results of the problem of radiation of an electric dipole can be 
used. But in this case, the electric and magnetic fields are reversed, and the sign (phase
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Fig. 8.3 Planar array of 
magnetic dipoles (phased 
array antenna)

change) of the electric field is reversed. Obviously, this does not affect the radiation 
power. In this formulation of the problem, to determine the field, it is necessary to 
specify the distribution of voltages along the antenna axis, which will determine the 
phases and amplitudes of the input signals. Then, using the method of moments, you 
need to determine the distribution of currents on the antenna surface for the given 
input signals. Having the current distribution at the top, it is possible to determine 
the radiation field of the antenna in the far field. 

The radiation of an array of elementary dipoles can be determined by the super-
position principle if the electromagnetic interaction between the dipoles is negligible 
compared to the dipole radiation. If the dipoles have different radiation characteris-
tics and different amplitudes of the received signals, the general radiation pattern of 
the planar array of dipoles (Fig. 8.3) can be in general form [7]: 

S(u, v) = 
K 

k=1 

L 

l=1 

|akl |fkl(u, v)ejk0[(k−1)dx(u−u0)+(l−1)dy(v−v0) ], (8.10)

where fkl(u, v )—radiation characteristic (directivity coefficient) of one dipole, akl— 
dipole emission amplitudes that are directly proportional to the input signal, u, v— 
variables that depend on angular coordinates θ (convergence angle), ϕ—azimuth 
angle in the spherical coordinate system: u = sin θ · cosϕ, v = sin θ · sin ϕ; dx 
and dy—distances between array elements along the x, y coordinates of the cartesian 
coordinate system; u0, v 0—direction of the main beam: u0 = sin θ0 · cosϕ0, v0 = 
sin θ0 · sin ϕ0.
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One of the applications of the results obtained for an electric dipole is the analysis 
of the problem of electronic beam steering, which is solved by means of a planar 
array of magnetic dipoles (Fig. 8.3). To modeling the dynamic change of the beam 
pattern of the entire lattice, which can achieve the effect of electronic beam control, 
you can set different values of the amplitudes of individual elementary radiators. By 
grouping the amplitudes into a matrix, the research is reduced to finding the optimal 
coefficient matrix for a given lattice intensity distribution A = a kl . 

8.3.3 Results of Calculations of a 5 × 5 Array 

To simplify the problem, we consider only binary matrices A: if an element of the 
matrix is equal to «1», then the corresponding emitter is switched on, and if «0», 
then it is not involved, the radiation characteristic of one dipole fkl(u, v ) are chosen 
on the basis of solutions to problem F(θ,  ϕ) = sin2 θ (8.9). Next, let us consider 
the simulation of a rectangular array of magnetic dipoles with dimensions 5 × 5. 
Figure 8.4 shows the results of the radiation simulation when all dipoles are switched 
on (akl ≡ 1 ). Diagrams displayed in polar coordinates of the azimuthal angle θ for 
the following values of the meridional angle φ: 0°, 45° і 90°.

According to results presented on the Fig. 8.4, the main lobe is in the direction 
of the θ = 90 ◦and φ = 0°. The radiation diagrams show that the planar array of 
dipoles forms a set of narrowly directed beams, which make it possible to implement

Fig. 8.4 Radiation patterns of a 5 × 5, magnetic dipole array when all dipoles are included for the 
angles φ = 0° (а), φ = 45° (b), φ = 90° (c)
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antenna devices with spatial channel separation, which is used in systems that use 
MIMO channel formation. In this case, in the direction of the greatest gain at the 
angle φ = 0°, 20 beams with almost the same gain coefficient are formed, which are 
equidistant from each other by an angular distance = 10 ◦, with the exception of 
the main lobe (θ = 90 ◦), which is distant from the others by =  ±20◦. For other 
values φ, there is a significant attenuation of all rays except those directed at angles 
θ = 0◦, 180◦. 

8.4 Discussion of Results and Conclusions 

An algorithm for calculating radiation patterns of a planar array of magnetic dipoles 
is developed in this paper. The algorithm is based on the principle of equivalence of 
magnetic and electric charges, which is often used to solve electrodynamics problems. 
The problem of radiation from a single dipole is solved by the method of moments, 
which makes it easy to find solutions in the case of multi-port signal supply. The 
method of emissivity studies based on the dipole inclusion/exclusion binary matrix is 
proposed. The results for an array of size 5 × 5 demonstrate the possibility of forming 
narrowly directed electron beams, the directions of which depend on the values of 
the elements of the inclusion matrix. The developed method makes it possible to 
implement electron beam control algorithms, which are important in today’s MIMO 
technologies and are being actively developed. Using the method of moments, it 
was possible to overcome the limitations of antenna system modelling programs and 
study devices with elements of nano- and submicron size ( meta-atoms).
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Chapter 9 
Predicting Isomorphous Substitution 
Limits and Thermodynamic Stability 
of Nanoscale Solid Solutions 
of (Y1–xLnx)2SiO5,  Ln  = La–Lu
E. I. Get’man , O. Yu. Mariichak , L. I. Ardanova , and S. V. Radio 

Abstract Within the framework of Urusov’s crystal energy theory of isomor-
phous substitutions, the mixing energies (interaction parameters) in (Y1–xLnx)2SiO5 

systems, where Ln represents rare-earth elements (REEs), have been calculated. It 
has been demonstrated that the mixing energy during the substitution of yttrium by 
REEs from the cerium subgroup is determined mainly by the size differences of 
the substituting structural units. At the same time, the yttrium subgroup is primarily 
influenced by the differences in the degree of ionicity of the chemical bonds of 
the system’s components. The solid solutions’ decomposition (stability) tempera-
tures were calculated, and based on these, thermodynamic stability diagrams for all 
systems and decomposition domes for each system were constructed. These diagrams 
allow for predicting the equilibrium substitution limits (x) as a function of temper-
ature or the decomposition temperature based on specified substitution limits and 
the areas of thermodynamic stability. The results of this work can help choose the 
component ratios in matrices and the amount of activator (dopant) in new lumines-
cent, scintillation, and other materials based on REEs oxyorthosilicate solid solutions 
of the composition (Y1–xLnx)2SiO5 with the space group P21/c. 

9.1 Introduction 

Yttrium oxyorthosilicate, composed of Y2SiO5 and doped with rare-earth elements 
(REEs), can be used as a material for photoluminescence, cathodoluminescence [1], 
scintillation [2], and other applications.
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Yttrium oxyorthosilicate solid solutions doped with praseodymium can be used for 
nitrobenzene photodegradation in wastewater, achieving a degradation rate of 97.14% 
in  6  h  [3]. Currently, there is also intensive research being conducted on the effects of 
composition, structure, and synthesis conditions on the electrophysical, luminescent, 
and other properties of so-called “mixed” oxyorthosilicates, which incorporate other 
REEs into the matrix composition alongside yttrium, such as (Y1−хGdх)2SiО5:Tb3+ 

[4]. 
Since successful synthesis strictly depends on the thermodynamic stability of 

the solid solution, it is crucial to predict the substitution limits and thermodynamic 
stability of such solid solutions across a wide range of compositions and temperatures. 
This capability is critical for determining the practically important properties of the 
materials. 

However, the physicochemical foundations for synthesizing “mixed” REE 
oxyorthosilicate solid solutions—such as phase diagrams and the solubility ranges of 
solid solutions based on REE oxyorthosilicates and their thermodynamic stability— 
remain largely unexplored. As a result, researchers studying the properties of “mixed” 
REE oxyorthosilicates are often compelled to select the composition of matrices 
and activators either by analogy with related systems or through a “trial-and-error” 
approach. 

Moreover, it is not always considered that solid solutions synthesized at high 
temperatures are prone to decomposition during cooling in the region of thermody-
namic instability, leading to changes in phase composition and properties [5, 6]. This 
can result in the degradation of materials based on these solid solutions during prac-
tical applications and in the irreproducibility of their properties. Therefore, before 
synthesizing and studying the properties of such solid solutions, it is advisable to 
evaluate the limits of isomorphous substitutions and the thermodynamic stability 
within the relevant systems under synthesis, operation, and expected storage condi-
tions. The experimental determination of substitution limits and stability regions of 
solid solutions synthesized by the “annealing and hardening” method using X-ray 
phase (diffraction) analysis (XRD) is complicated by the difficulty of achieving equi-
librium at low temperatures due to the slow diffusion rates in the solid phase and the 
possibility of partial decomposition during cooling from high temperatures. 

Moreover, XRD may provide limited information when dealing with isostructural 
components with very similar sizes of substituting structural units, during spinodal 
decomposition of the solid solution [5, 6], or with nanoscale particles of the studied 
samples due to the broadening and overlapping of X-ray reflections. Therefore, it 
is rational to use experimental methods and computational approaches that are free 
from these disadvantages to determine substitution limits and stability regions of 
solid solutions. For example, works [7, 8] employed computational results using the 
mathematical apparatus of the crystal energy theory of isomorphous substitutions for 
the Y1−xScxPO4 system, as described in [9], to select sample synthesis conditions. 

Considering the above, the objective of this study was to predict the substitution 
limits and thermodynamic stability regions of yttrium oxyorthosilicate solid solu-
tions (Y1−xLnx)2SiO5, where Ln = REEs, with the space group P21/c (X1). Since 
substitution limits are predicted based on 1 mol of substituting cation according to [5]
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and considering that the anionic sublattice of oxyorthosilicates contains SiO4 
4− and 

O2− anions not bonded to the Si atom, the composition of yttrium oxyorthosilicate 
in calculations will be represented as a pseudobinary compound Y[(SiO4)0.5O0.5]. 
Solid solutions based on this will be defined as (Y1−xLnx)[(SiO4)0.5O0.5] while main-
taining the traditional formula for yttrium oxyorthosilicate Y2SiO5 in the text of t he
article.

9.2 Calculation Methodology and Initial Data 

In the crystal energy theory of isomorphous miscibility developed by Urusov [5, 
6], the main problem in determining the isomorphous substitution limits is finding 
the mixing energy. Once this energy is known, the substitution limit (x) can be 
calculated for a given decomposition temperature (T d) of the solid solution, or the 
decomposition (stability) temperature can be determined for a specified substitution 
limit. The thermodynamic stability regions can be identified using Becker’s equation 
(Eq. 9.1) in the approximation of regular solid solutions [10]: 

−(1−2x)/ln[x/(1−x)] = RgTd/Q, (9.1)

The critical decomposition (stability) temperatures, Т cr, were calculated using 
Eq. (9.2)  [5]: 

Tcr = Q/2  kN, (9.  2)

where Q is the mixing energy; Rg is the universal gas constant; k is the Boltzmann 
constant; and N is Avogadro’s number. In both cases, the value of Q was expressed 
in calories [5]. 

Becker’s equation can be used if the size parameter does not exceed 0.1 [5, 6]. 
The size parameter was calculated based on the unit cell volumes (Eq. 9.3)  [5]: 

δ = V1/3 
Ln2SiO5−V1/3 

min /V1/3 
min , (9.3)

where Vmin is the volume of the smaller unit cell for each system, and since the 
value of the size parameter was less than 0.054 (see Table 9.1), Becker’s equation 
is appropriate. The calculation using unit cell volumes is due to the lack of inter-
atomic distance data in the available literature on the synthesis and properties of 
Ln2SiO5, such as [11–13]. Additionally, the authors of [11], who described Ln2SiO5 

with the P21/c space group, do not provide unit cell parameters for Lu2SiO5. There-
fore, the volume of the unit cell for the low-temperature modification of Lu2SiO5 

(approximately 384 Å3) was determined by us [14] through the extrapolation of 
the relationship between the unit cell volumes of low-temperature modifications of 
Ln2SiO5 and the ionic radii of REEs according to Shannon [15].
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Table 9.1 Data for calculating the mixing energies of yttrium oxyorthosilicates (Y1–xLnx)2SiO5, 
Ln = La–Lu, of structural type P21/c (X1)
Ln V  (Å3) δ Qδ (kJ/

mol)
χLn ε Δε Qε (kJ/

mol)
Q (kJ/ 
mol) 

La 465.2 0.05390 38.27 1.327 0.724 0.002 0.03 38.30 

Ce* 455.2 0.04629 28.23 1.348 0.720 0.002 0.03 28.26 

Pr 445.1 0.03850 19.53 1.374 0.716 0.006 0.24 19.77 

Nd 439.3 0.03397 15.20 1.382 0.714 0.008 0.43 15.64 

Pm* 431.9 0.02814 10.43 1.391 0.712 0.010 0.68 11.11 

Sm 424.4 0.02215 6.46 1.410 0.708 0.014 1.33 7.79 

Eu 417.9 0.01690 3.76 1.433 0.704 0.018 2.20 5.96 

Gd 414.0 0.013732 2.48 1.386 0.712 0.010 0.68 3.16 

Tb 409.2 0.009800 1.26 1.410 0.708 0.014 1.33 2.596 

Dy 404.0 0.005505 0.3992 1.426 0.706 0.016 1.74 2.14 

Ho 397.5 0.0000838 ≈10−5 1.433 0.704 0.018 2.20 2.20 

Er 395.6 0.001514 0.030 1.438 0.703 0.019 2.45 2.48 

Tm 389.7 0.006542 0.564 1.455 0.700 0.022 3.29 3.85 

Yb 387.0 0.008799 1.02 1.479 0.695 0.027 4.95 5.97 

Lu 384.0 0.011498 1.74 1.431 0.705 0.017 1.96 3.70 

Y 397.4 0.008877 1.340 0.722 

*Note The unit cell volumes of cerium and promethium oxyorthosilicates were determined as the 
arithmetic mean of the unit cell volumes of lanthanum and praseodymium oxyorthosilicates, as well 
as neodymium and samarium oxyorthosilicates, respectively 

Since the components of the systems under consideration are isostructural [11], 
the formula for calculating the mixing energy (Q) consists of two contributions: one 
due to the difference in the sizes of substituting structural units (Qδ) and the other due 
to the difference in the degree of ionicity of the chemical bonds of the components 
(Qε)  [5]. In this case, the mixing energy can be calculated using Eq. (9.4): 

Q = Qδ + Qε = Cmnzmzxδ2 + 1390mzmzxα( )2 /(2R) , kJ/mol. (9.4)

Since at temperatures above 1173–1373 K, both components of the systems under 
consideration are not isostructural (the space group P21/c is characteristic for a series 
of REEs oxyorthosilicates from La to Tb, while the space group B2/b is characteristic 
for a series from Dy to Lu) [11], when calculating the decomposition temperatures in 
the systems with REEs oxyorthosilicates of the Dy–Lu series at T > (1173–1373) K, 
it is necessary to also consider the contributions to the mixing energy due to the 
enthalpy of polymorphic transitions P21/c → B2/b [5], the values of which are 
unknown. 

In Eq. (9.4), the constant C is equal to 112.6 kJ, calculated from the expression 
C = 20(2Δχ + 1) [6], where Δχ is the difference in electronegativities between the
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cations [16] and the anion [17] in the pseudobinary approximation of the structure. 
The choice of the scale [16], as opposed to other authors’ scales, was because the 
values of χ vary with regular periodicity, increasing in the cerium subgroup of REEs 
from La3+ to Eu3+ from 1.327 to 1.433 and in the yttrium subgroup from Gd3+ to 
Yb3+ from 1.386 to 1.479, with a sharp decrease during transitions from Eu3+ to 
Gd3+ (from 1.433 to 1.386) and from Yb3+ to Lu3+ (from 1.479 to 1.431), which is 
attributed to the specific filling of the electron shells of the REEs.

The 4f shell is half-filled (7 electrons) for europium and gadolinium, while it is 
filled (14 electrons) for ytterbium and lutetium. During the transition from europium 
to gadolinium and from ytterbium to lutetium, the first electron appears in the 5d 
sublevel. The value of m is the number of formula units in the pseudobinary approxi-
mation of the structure Ln[(SiO4)0.5O0.5]  [18], calculated per mole of the substituting 
structural unit (1 + 0.5 + 0.5 = 2). The value of n is the coordination number of the 
substituting structural unit in the pseudobinary approximation of the structure: in the 
first cationic position (n = 7), there are 6 SiO4 

4− tetrahedra and one O2− ion, and in 
the second (n = 6), there are 3 SiO4 

4− tetrahedra and three O2− ions [18], giving an 
average of n = 6.5. 

zm and zx are the formal charges of the substituting and common structural units 
in the components: zm = 3, zx = 4 × 0.5 + 2 × 0.5 = 3;
δ is the size parameter, calculated for each system based on the unit cell volumes 

provided in [11, 18]; 
α is the reduced Madelung constant, equal to 1.9, calculated using Hoppe’s formula 

[19]: (α / n)2 + α = 1.81;
ε is the degree of ionicity of the chemical bond, determined by the difference in 

electronegativity (χ) between the anion and the REEs cations, with values provided 
in [16, 17]. The electronegativity (χ) of the SiO4 

4− radical was taken as equal to the 
χ of the oxide anion, 3.7, according to the recommendation in [20]. 

R is the average “cation–anion” interatomic distance in the pseudobinary approx-
imation, calculated for one of the previously studied structures of this structural type, 
Gd[(SiO4)0.5O0.5]  [18]. The distances considered were the “cation-tetrahedral anion” 
distances, which include the sum of the (Gd–O + Si–O) distances, and the “cation-
oxygen” distance (Gd–O) for oxygen not bonded to silicon, for two gadolinium 
positions [18]. For the first position, the cation is surrounded by 6 tetrahedra and 
1 oxygen, with an average distance of [6 × (2.49 + 1.63) + 2.35]/7 = 3.86 Å; for 
the second position, the cation is surrounded by 3 tetrahedra and 3 oxygens, with 
an average distance of [3 × (2.39 + 1.63) + 3 × 2.30)]/6 = 3.15 Å. The average 
distance for the two cation positions is R = 3.5 Å. The error in the calculation of Т cr

was ± 100 K [5].
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9.3 Results of Calculations and Discussion 

9.3.1 Mixing Energies of Solid Solutions 

Some initial data and results of the mixing energy calculations are summarized in 
Table 9.1 and depicted in Fig. 9.1a. As shown, with increasing REEs atomic number, 
the contributions to the total mixing energy due to differences in the sizes of substi-
tuting structural units (Qδ) vary smoothly across the series from (Y1−xLax)2SiO5 to 
(Y1−xHox)2SiO5, significantly decreasing from 38.27 kJ/mol to nearly 0, and then 
slightly increasing to 1.74 kJ/mol in the series of solid solutions from (Y1−xHox)2SiO5 

to (Y1−xLux)2SiO5. 
This variation in the mixing energy Qδ is because in the series of systems with 

La–Ho oxyorthosilicates, the differences between the ionic radii of the rare-earth 
elements (1.300–1.155 Å) and yttrium (1.16 Å) decrease, whereas in the series 
of systems with Ho–Lu oxyorthosilicates (1.155–1.117 Å), they increase. This is 
because the ionic radius of yttrium (1.16 Å) is very close to that of holmium (1.155Å).

Fig. 9.1 Dependences of the calculated contributions to the mixing energies of solid solutions Qδ 
(curve a), Qε (curve b), and Q (curve c) for the systems (Y1−xLnx)2SiO5 on the atomic numbers 
of the REEs
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The crystal ionic radii of the cations were taken from [15] for a coordination number 
of 8. 

The contributions to the mixing energy due to differences in the degree of ionicity 
of the chemical bonds Qε (Table 9.1 and Fig. 9.1b) increase slightly with the atomic 
number of the REEs in each of the REEs subgroup. Two maxima are observed at 
(Y1−xEux)2SiO5 and (Y1−xYbx)SiO5, which are attributed to the aforementioned 
electronic shell structures of the REEs. 

According to [5], generally, if the differences in the degree of ionicity of the 
chemical bonds in the components of the systems are less than 0.05, the value of Qε 
will be insignificant and can be neglected. In this case, these differences range from 
0.002 to 0.027 (Table 9.1), and the values of Qε are significantly smaller (Fig. 9.1b) 
than Qδ for systems with oxyorthosilicates of the cerium s ubgroup.

For the remaining systems (from Dy to Yb), the values of Qε are somewhat larger 
than Qδ. In such cases, considering the magnitude of Qε is necessary, as indicated in
[5]. Therefore, we did not neglect the values of Qε for any of the s ystems.

It should also be noted that when substituting yttrium with REEs from the cerium 
and yttrium subgroups, the total mixing energies Q change differently (Table 9.1, 
Fig. 9.1c). In the case of the cerium subgroup REEs, the mixing energies systemat-
ically decrease in the series from (Y1−xLax)2SiO5 to (Y1−xGdx)2SiO5. In contrast, 
when substituting yttrium cations with REEs cations from the yttrium subgroup, the 
energies increase slightly in the series from (Y1−xDyx)2SiO5, with a peak for the 
system (Y1−xYbx)2SiO5. This change in total mixing energies Q is explained by the 
fact that for systems with cerium subgroup REEs, the values are mainly determined 
by the differences in the sizes of the substituting structural units. In contrast, systems 
with yttrium subgroup REEs are influenced by differences in the degree of ionicity 
of the chemical bonds. The peak value for the system (Gd1−xYbx)2SiO5, as with 
Qε, is due to the specific electronic configuration of ytterbium. In the case of the 
system (Y1−xEux)2SiO5, the analogous maximum in Qε is less pronounced, so this 
maximum in the dependence of Q on the atomic number of the REEs appears as an 
inflection.

9.3.2 Limits of Substitution and Thermodynamic Stability 
Ranges of the Yttrium Oxyorthosilicates 
(Y1−xLnx)2SiO5 

Decomposition (stability) temperatures for limited ranges of solid solutions were 
calculated for the given substitution limits x = 0.01; 0.03; 0.09; 0.20 using Eq. (9.1), 
and for unlimited solid solutions (for x = 0.50) using Eq. (9.2) (see Table 9.2).

Based on the calculated values of the decomposition temperatures, their dependen-
cies on the REEs atomic numbers were plotted (Fig. 9.2). These dependencies allow 
for a graphical determination of the equilibrium substitution limits x for a limited
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Table 9.2 Decomposition temperatures (K) of solid solutions of oxyorthosilicates (Y1−xLnx)2SiO5 
for x = 0.01, 0.03, 0.09, 0.20, and 0.50 (T cr )

Ln Тd (К)  at  the  x valu es
x = 0.01 x = 0.03 x = 0.09 x = 0.20 x = 0.50 (Тcr * )

La 975 1237 1573 1956 2290 

Ce 720 912 1160 1460 1690 

Pr 504 638 837 1022 1180 

Nd 398 505 662 808 930 

Pm 283 359 470 574 660 

Sm 198 252 330 403 470 

Eu 152 193 252 308 360 

Gd 81 102 134 163 190 

Tb 66 84 119 134 160 

Dy 54 69 90 119 130 

Ho 56 71 93 114 130 

Er 63 80 102 128 150 

Tm 98 124 163 199 230 

Yb 152 193 253 309 360 

Lu 94 120 157 191 220 

*Note Critical decomposition temperatures at x = 0.5 are rounded

series of solid solutions at given decomposition temperatures T d or the decompo-
sition temperatures at given substitution limits for yttrium oxyorthosilicate doped 
with REEs from La to Lu [21]. The intersection points of the isotherm, drawn from 
the specified decomposition temperature, with the vertical line drawn from the REE 
atomic number allow for estimating the composition range within which the substi-
tution limit is found. In contrast, interpolating this vertical segment between the two 
nearest curves provides for determining the substitution limit. Solid solutions with 
values of x = 0.01, 0.03, 0.09, 0.20, and 0.50 in the ranges above the curves (a), (b), 
(c), (d), and (e) are thermodynamically stable and unstable below them.

The substitution limit can be refined by plotting, for a specific system, the depen-
dence of the decomposition temperatures calculated using Becker’s equation on the 
given composition (the decomposition dome). 

The critical decomposition temperatures of the unlimited solid solution series for 
the systems under consideration were calculated for x = 0.50 (Table 9.2,  Fig  . 9.2e) 
using Eq. (9.2). These temperatures vary with the atomic numbers of the REEs, 
corresponding to changes in the total mixing energy. They can be used to determine 
the stability range of continuous solid solution series. For instance, at Т > Т cr (curve 
e), the continuous solid solutions are thermodynamically stable for all systems across 
the entire concentration range 0 ≤ х ≤ 1. In the region below curve e,  at  Т < Т cr,  the  
continuous solid solutions become unstable and may decompose into phases with 
limited solubility if the diffusion rate and time are sufficient for their formation [21].
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Fig. 9.2 Dependencies of the calculated decomposition (stability) temperatures of the solid 
solutions (Y1−xLnx)2SiO5 on the REEs atomic numbers (thermodynamic stability diagram) for 
substitution limits x = 0.01 (a), x = 0.03 (b), x = 0.09 (c), x = 0.20 (d), and x = 0.50 (e)

It should be noted that the solid solutions in the (Y1−xLnx)2SiO5 systems have 
very low critical decomposition (stability) temperatures, with 7 out of 15 systems 
showing T cr even below room temperature. Consequently, if low-temperature modi-
fications of solid solutions are stabilized by doping up to high temperatures, they 
may remain stable over a wide temperature range from room temperature up to 
the melting temperatures, 2170–2320 K for the REE oxyorthosilicates [22]. This 
fact may indicate a particular advantage of materials based on the (Y1−xLnx)2SiO5 

oxyorthosilicate solid solutions in terms of stability and reproducibility of properties 
compared to similar materials based on other REE oxyorthosilicate solid solutions, 
such as those mentioned in [23]. 

As the temperature decreases, the mobility of the structural units in a solid solution 
diminishes due to reduced diffusion rates, leading to a narrowing of the solubility 
range [5]. This continues until the diffusion rate becomes so low that the reduction 
in solubility ranges practically stops, resulting in spontaneous quenching and the 
solid solutions becoming metastable. Assuming that the quenching temperature is 
close to the minimum temperature at which component interaction begins in the solid
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phase to form a solid solution, one can estimate the quenching temperature and the 
metastability range in the system [24, 25]. 

Synthesis of REE orthosilicates and their solid solutions using the solid-state 
method is typically carried out over a wide temperature range up to 1773 K, using 
oxides of the corresponding elements as starting materials [26]. However, more accu-
rately determining the temperature at which the interaction of the system components 
begins can be achieved with the sol–gel synthesis method. For example, it is known 
that in [27], amorphous solid samples of Y2SiO5:Eu were synthesized at 1123 K, 
which became crystalline after heating at 1173 K. It can be assumed that upon cooling 
solid solutions below the average temperature of approximately 1148 K, the mobility 
of structural units may be insufficient for thermodynamically unstable solid solutions 
to decompose, meaning they would become metastable. 

Therefore, in the (Y1−xLnx)2SiO5 systems with REEs from La to Pr, solid solutions 
that are thermodynamically stable at temperatures above the critical ones (2290– 
1180 K) become thermodynamically unstable when the temperature decreases to the 
range between the critical temperature and approximately 1148 K. In this range, they 
may decompose if the diffusion rate and time are sufficient to form and grow stable 
nuclei of a new phase. At temperatures lower than approximately 1148 K, the solid 
solutions might not decompose, meaning they could undergo spontaneous quenching 
and become metastable. 

In systems with REEs from Nd to Lu, solid solutions will be thermodynami-
cally stable at temperatures higher than the critical temperatures (in the range of 
930–1300 K). At lower temperatures, they will become metastable and may not 
decompose. 

For all systems (Y1−xLnx)2SiO5, decomposition temperatures were also calculated 
across the entire composition range 1.0 > x > 0 with a step of x = 0.05, and decom-
position domes were plotted (Fig. 9.3a–d). These allow for a more precise graphical 
determination of the thermodynamic stability regions, decomposition temperature 
for a given composition limit of the solid solution, or its equilibrium composition 
limit for a specified decomposition temperature.

9.3.3 Comparison of Calculation Results with Literature 
Data 

The literature lacks data regarding the thermodynamic stability, substitution limits, 
and critical decomposition temperatures of solid solutions in the (Y1−xLnx)2SiO5 

systems. This certainly complicates the assessment of the accuracy of the calcula-
tions performed. However, data are available for the synthesis temperatures of solid 
solutions in several (Y1−xLnx)2SiO5 systems (see Table 9.3).
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Fig. 9.3 Decomposition domes of solid solutions of oxyorthosilicates (Y1–xLnx)2SiO5: a Ln = 
La, Ce, Pr, and Sm; b Ln = Nd, Pm, Tm, and Er; c Ln = Eu, Gd, Tb, and Dy; d Ln = Yb, Lu, and
Ho

9.3.3.1 Thermodynamic Stability Regions of Solid Solutions 

Synthesis of solid solutions in the systems described in [27, 29, 32–38, 40] was carried 
out in the temperature range of 1023–1773 K (Table 9.3), which is significantly higher 
than the critical temperatures (148–1180 K), i.e., in the regions of thermodynamic 
stability. A continuous series of solid solutions may be stable in the indicated systems 
in this temperature range. 

The synthesis of the solid solutions described in [26, 30, 36, 40] was carried out at 
temperatures of 1773, 1273, 1023–1223, and 1473 K, which are significantly lower 
than the critical temperatures of 2287, 1687, 1687, and 2287 K, respectively, but 
still higher than the decomposition dome temperatures for compositions with x < 
0.5, i.e., within the thermodynamically stable regions (see Fig. 9.4). However, in the 
system (CexY1−x)2SiO5 [36], decomposition of the (Ce0.05Y0.95)2SiO5 solid solution 
is possible, as its synthesis temperature does not differ from the decomposition 
temperature within the calculation method error (±100 K).

The solid solutions of the (Y1−xPrx)2SiO5 systems described in [3, 28, 31, 39] 
were synthesized at temperatures of 1223, 1173, 1173, and 1173 K, respectively,
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Table 9.3 Comparison of T cr calculation results for solid solutions of oxyorthosilicates 
(Y1−xLnx)2SiO5 with space group P21/c with literature data 

Composition*,  ref х, unit or 
percentage 

Synthesis 
method, product 
characterization 

T synthesis (K) T cr (K) 

Y2SiO5:Pr3+ [3] 0.47, 0.77, 0.96, 
2.95, and 4.93% 

Sol–gel, 
nanomaterials 

1223 1180 

(Y1–xLax)2SiO5:Ce0.01 [26] <  0.05 Solid phase 1523 2287 

Y2SiO5:Eu [27] 100% (?) Sol–gel and 
solid phase 

1173** 

1773** 
356 

Y2SiO5:Pr3+ [28] 1, 2, 4, 10% Sol–gel, 
nanomaterials 

1173 1180 

Y2SiO5:Sm3+ [29] 1–9% By ultrasonic 
treatment, 
nanophosphorus 

1373–1573 465 

Y2SiO5:Ce [30] 0.25, 0.5, 0.75, 1, 
2, 4, 6, and 8% 

Solution 
combustion 
synthesis (SCS), 
nanoscintillator 

1273 1687 

Y2SiO5:Pr3+ [31] 0.5–2% Sol–gel, 
nanomaterials 

1173 1180 

Y2–xTbxSiO5 [32] 0.02, 0.04, 0.06, 
0.08, 0.10, 0.12, 
0.16, and 0.20 

Sol–gel, 
nanomaterials 

1173 155 

Y2−хTbxSiO5 [33] 5•10−4 –  5•10−1 Solid phase 1573 155 

ErxY2–xSiO5 [34] 0, 0.26, 1,5, 10, 
18 and 25% 

Centrifugation 
of solutions in 
ethanol, 
nanomaterials 

1173 148 

Y1.92−xGdxSiO5:Ce0.08 [35] 0.00, 0.25, 0.50, 
and 0.75 

Solid phase 1373 188 

(EuxY1−x)2SiO5 [36] 0.005, 0.01, 0.02, 
0.03, and 0.05 

Sol–gel, thin 
films 

1023 356 

(TbxY1−x)2SiO5 [36] 0.005, 0.01, 0.02, 
0.03, and 0.05 

Sol–gel, thin 
films 

1023 155 

(CexY1−x)2SiO5 [36] 0.005, 0.01, 0.02, 
0.03, and 0.05 

Sol–gel, thin 
films 

1023 1687 

Eu0.25Y1.75SiO5 [37] 0.25 Metallorganic 
decomposition 
(MOD) 

1323 356 

Tb0.13Y1.87SiO5 [37] 0.13 Metallorganic 
decomposition 
(MOD) 

1323 155 

Sm0.05Y1.95SiO5 [37] 0.05 Metallorganic 
decomposition 
(MOD) 

1323 465

(continued)
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Table 9.3 (continued)

Composition*, ref х, unit or
percentage

Synthesis
method, product
characterization

T synthesis (K) T cr (K)

Y2SiO5:Pr3+ (X1 с примесью 
X2 и Y2Si2O7,  SiO2) [38]*** 

0.1, 1, 2, 3, 4% Electrophoretic 
film deposition 

1473 1180 

Y2SiO5:Pr3+ [39] 0.01, 0.1, 0,5, 1.0, 
2.0, 4.0, 10.0% 

Sol–gel, 
nanomaterials 

1173 1180 

(Y0.995–xGdxCe0.005)2SiO5 [40] 0.05, 0.1, 0.15, 
0.20, 0.25, 0.30, 
0.35, and 0.40 

MS&Sol–gel 
method + 
calcination 

1473 188 

(Y0.995–xLaxCe0.005)2SiO5 [40] 0.01, 0.02, 0.03, 
0.04, and 0.05 

MS&Sol–gel 
method + 
calcination 

1473 2287 

Notes*The composition of the solid solutions is given according to formulae from the original 
articles 
**Nanocrystalline Y2−хEuхSiO5 [27] with a particle size of 50 nm, obtained by the sol–gel method 
at 1173 K, has an extinction concentration of x = 0.6, whereas the solid-state synthesized sample 
at 1773 K with a particle size of 2 µm has an extinction concentration of x = 0.2. Additionally, the 
nanomaterial exhibits higher l uminescence intensity
***As shown in [38], the X1 phase with X2, Y2Si2O7,  and  SiO2 impurities may form in systems 
with REEs from the cerium subgroup at low dopant contents (up to 4%)

Fig. 9.4 Fragment of the decomposition dome (T cr = 1687 K) for the solid solution of the 
(Y1−xCex)2SiO5 system and experimental data for the synthesis temperatures of samples for the 
systems Y2SiO5:Ce at 1273 K [30]  and  (CexY1−x)2SiO5 at 1023 K [36]. For the samples from [36], 
the lower limit of the synthesis temperature range used (1023–1223 K) is shown
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Fig. 9.5 A fragment of the decomposition dome for the solid solution in the (Y1−xPrx)2SiO5 
system (Тcr = 1180 К) and experimental data on the synthesis temperatures of samples at 1223 K 
[3], 1173 K [28, 31, 39] 

which differ from the critical temperature (1180 K) within the calculation method 
error (±100 K). Therefore, it is impossible to assess these solid solutions’ thermo-
dynamic stability based only on the critical temperature. However, considering their 
composition (x ≤ 0.10) and synthesis temperatures (1223 K [3], 1173 K [28, 31, 39]), 
which exceed the corresponding decomposition dome temperatures (≤ 860 K, see 
Fig. 9.5), it can be assumed that they were synthesized in the region of thermodynamic 
stability. 

9.3.3.2 Limits of Isomorphous Substitutions 

To our knowledge, the substitution limit has only been experimentally established 
for the (Y0.995−xLaxCe0.005)2SiO5 system, where at 1473 K, it is equal to х = 0.05 
[40]. This result agrees with our calculated value of x = 0.06 for this temperature 
(Fig. 9.6). The calculated decomposition temperature for the composition of x = 0.05 
is 1398 K, differing by 75 K from the experimental temperature of 1473 K, within 
the calculation error of ± 100 K.

In [26], for nearly the same system, (Y1−xLax)2SiO5:Ce0.01, it was found that the 
possible substitution limit at 1773 K is less than 0.05. The higher temperature in [26] 
and the formation of a non-single-phase sample at x = 0.05 are likely due to using 
the solid-state synthesis method from oxides. In contrast, the study [40] employed
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Fig. 9.6 Fragment of the decomposition dome for the solid solution system (Y1–xLax)2SiO5: calcu-
lated (0.06) and experimentally found (0.05 [40]) limits of isomorphous substitution of yttrium by 
lanthanum at 1473 K.

the MS&Sol–gel method, which achieves a greater degree of chemical equilibrium 
than the solid-state synthesis method from oxides. 

Thus, the calculation results do not contradict the experimental literature data in 
the sense that the synthesis of solid solutions for most Y1−xLnxSiO5 systems, except 
for (Ce3+ xY1−x)2SiO5 (x = 0.05) [36], was carried out within the thermodynamically 
stable regions predicted by us. Moreover, the calculated substitution limit of yttrium 
by lanthanum in the system (Y1–xLax)2SiO5:Ce0.01, equal to 0.06, agrees with the 
limit of 0.05 (Fig. 9.6) found experimentally in the study [40]. 

9.4 Conclusions 

1. The contributions of Qε to the total mixing energy Q, due to differences in the 
ionicity of the chemical bonds of the system components, increase with the REEs 
atomic number increasing in both the cerium and yttrium subgroups similarly and 
reach maxima in the cases of (Y1−xEux)2SiO5 and (Y1−xYbx)2SiO5, respectively, 
and then decrease. The peculiarities of the f-electron orbital filling of the REE 
atoms explain this behavior .

2. The contributions Qδ to the total mixing energy Q, due to the differences 
in the sizes of the substituting structural units, vary across the systems from 
(Y1−xLax)2SiO5 to (Y1−xHox)2SiO5. These contributions decrease significantly
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from 28.23 kJ/mol to nearly zero and then slightly increase to 1.74 kJ/mol in the 
series from (Y1−xHox)2SiO5 to (Y1−xLux)2SiO5. This variation is explained by 
the proximity of the crystal ionic radii of yttrium and holmium. 

3. The total mixing energies and critical decomposition temperatures for substi-
tuting yttrium with REEs from the cerium subgroup are mainly determined by 
the differences in the sizes of the substituting structural units. In contrast, these 
parameters for the yttrium subgroup are determined by the differences in the 
degree of ionicity of the chemical bonds in the system components. 

4. Thermodynamic stability diagrams and decomposition domes for the 
(Y1−xLnx)2SiO5 systems are presented, which allow for the graphical predic-
tion of decomposition temperatures of solid solutions based on given substi-
tution limits, equilibrium substitution limits at a specified temperature and the 
assessment of thermodynamic stability regions. 

5. Most systems with REEs from the yttrium subgroup (except for (Y1−xYbx)2SiO5) 
have critical decomposition temperatures below room temperature. Therefore, 
they exhibit a broad temperature range of thermodynamic stability. Additionally, 
these materials could be preferentially used for nanomaterials production, as 
nanomaterials are typically synthesized at relatively low temperatures. 

6. The results of the calculations are consistent with experimental literature data 
in that the synthesis of solid solutions in the systems (Y1−xLnx)2SiO5 in most 
studies (19 out of 21 cited sources) was carried out within the thermodynamically 
stable regions predicted by us. Additionally, the calculated substitution limit in the 
system (Y1−xLax)2SiO5 at 1473 K (x = 0.06) is almost identical to the previously 
experimentally determined value (x = 0.05).
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Chapter 10 
Influence of γ-Radiation on Optical 
Characteristics Coordination 
Associations of Germanium 

Ya. I. Lepikh 

Abstract The influence of the ionizing agent was studied γ- about radiation on 
optical characteristics and coordination compounds of germanium (ССG).  It  was  
established that for ССG with H4 OEDPH, a complex compound of germanium 
with tartaric acid and zinc, as well as CCG with tartaric acid and sodium under the 
influence of γ-rays for the 450 nm band almost complete transmission of incident light 
is observed for all samples. Absorption stability at a specific wavelength ionizing 
gamma radiation makes it possible to use CСG to build a γ-radiation s ensor.

10.1 Introduction 

A significant improvement in the characteristics of microelectronics devices and 
creation their new classes can be achieved, in particular, by using new functional 
materials [1–3]. In this connection, coordination compounds of germanium attract 
considerable attention [4–8]. A rather urgent issue is the study of the impact of 
ionizing radiation on the change in the physical characteristics of such materials for 
the purpose of further use materials of this new class, in particular, as active elements 
of ionizing radiation sensors or functional elements of devices based on them that 
work under conditions of exposure to radiation. 

When studying radiation effects for semiconductors, the so-called irreversible 
(residual) and reversible (transient) effects are usually distinguished. Reversible 
disturbances are a consequence of the transition of electrons or holes into a non-
equilibrium state, which usually leads to ionization. To irreversible disturbances 
include the rearrangement of atoms in lattices (formation vacancies, internodes in, 
dislocations), that is, the occurrence of so-called radiation defects. The interaction 
of γ-quanta with matter consists of three main processes: the photoeffect, Compton 
scattering, and the formation of electron–positron pairs. In fact, during the primary
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impact of γ- quanta on materials, rapid Compton photoelectrons, which in the future 
cause the atoms of the crystal lattice to shift from their equilibrium positions. 

All changes occurring in semiconductor structures and devices based on them are 
associated with the formation of secondary electrons, lattice defects, and ionization 
of the medium due to the influence of γ-quanta. Analyzing the known materials, it 
is possible to conclude that the increase in radiation resistance is achieved by the 
complication of the atomic composition of substances. In this connection is increasing 
attention allocate complex compounds germanium. 

The paper investigated the effect of γ-irradiation on the optical characteristics of 
coordination compounds of OEDPH with Ge(IV) – Zn and with Na. 

10.2 Film Production Technology 

Hexanuclear cyclic complex anions form the basis of the structure of germanium 
complex compounds Ge6(μ - OH)6(μ - OEDPH)6]6- [5]. Atoms Germanium in 
structures are combined in pairs hydroxyl and oxyethylenediphosphonate bridges. 
Everyone Ge coordinated along the vertices of the octahedron two oxygen atoms 
two hydroxogroup and four oxygen atoms phosphonic groups.

• Films for optical of research complex compounds germanium grown on glass 
linings (subject glass) by the so-called “flowing” method. To receive film was 
used isothermal evaporation (at a temperature of 20–25 °С) of an aqueous solution 
corresponding sample

• Solutions obtained by mixing 1 mol of distilled water from 0.2 g required complex 
compounds. Samples were well dissolved in water, solutions went out are uniform 
and transparent.

• Films obtained by this method were 1 μm thick, did not crack and had smooth the 
surface to increase thickness film throughout the application procedure repeated 
two or three more times.

• Irradiation was carried out with γ-quanta from the Co60 source. Irradiation was 
carried out in two stages: prepared samples from each material were irradiated at 
a dose of 1000 Gy, then measurements of selected parameters were carried out. 
After that, the samples were irradiated a second time at a dose of 50,000 Gy.

• Samples of OEDPH films, OEDPH with tartaric acid and zinc, OEDF with tartaric 
acid and sodium were studied. 

10.3 Research Results and Their Discussion 

Optical density spectra of ССG films before and after irradiation were obtained. The 
results of the measurements are represented by graphical dependences of the optical 
density spectra of each of the samples before and after irradiation (Figs. 10.1, 10.2 
and 10.3).
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Fig. 10.1 Optical density spectrum based on oxyethylenediphosphonategermanic acid: 1—before 
irradiation, 2—after irradiation (dose 1000 Gy) 

Fig. 10.2 Optical density spectrum of films based on CCG with tartaric acid and zinc: 1—before 
irradiation, 2—after irradiation (dose 1000 Gy), C—after repeated irradiation (dose 51,000 Gy)

It was established that for KSG with H 4 0e dph most clearly stand out two bands: 
at a wavelength of 650 nm (2 eV) and at 450 nm (2.74 eV). After exposure data stripes 
are preserved even when increasing absorbed doses they are found more intensive. 
A number of bands in Fig. 10.1, that have not bright pronounced the nature of the 
post influence of γ-quanta are found more clearly.
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Fig. 10.3 Optical density spectrum of films based on ССG with tartaric acid and sodium: 1—before 
irradiation, 2—after irradiation (dose 1000 Gy), 3—after repeated irradiation (dose 51,000 Gy)

For the complex compound of germanium with tartaric acid and zinc (Fig. 10.2), 
it was established that under the influence of irradiation, the 650 nm (2 eV) band is 
smoothed out, while the 450 nm (2.74 eV) transmission band increases in intensity. 
It should be noted that the value of the dielectric constant under the influence of 
γ-irradiation on this complex compound increases. An absorbed radiation dose of 
51,000 Gray corresponds to a 25% increase in dielectric constant. 

For ССG with tartaric acid and sodium (Fig. 10.3), the value of the optical density 
for 2.74 eV keeps its value of 0.009 rel. unit independent of the absorbed dose of 
radiation. At this point, there is almost complete transmission of incident light. The 
2.05 eV band at the first irradiated is smoothed out, and when repeated completely 
is disappearing. Others line after exposure are stored. 

Analysis received experimental data allows do the following assumptions about 
physical mechanisms impact γ-irradiation. If consider complex compounds as cyclic 
polymers, then it is possible for them select two possible ones processes impact 
ionizing irradiation is a process stitching—formation chemical connections between 
individual macromolecules and destruction—breaking of the main chain polymer, 
separation fragments into macromolecules. Stitching and destruction polymers— 
irreversible radiation-chemical processes that lead to the most significant x changes 
physical structure and chemical polymer constructions materials. 

Because complex compounds are closed structural units, then the process stapling 
is unlikely. So, quite the process is possible destruction. For given the assumption 
says the same thing as in complex formation germanium reveals coordination number 
6 (while his valence is equal to 4), that is gap coordination connections most likely 
when exposed about radiation.
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Analyzing all received spectral dependencies optical density from doses impact 
γ-op romination, it is impossible not to notice lane 450 nm (2.75 eV). Moreover, 
beyond dependence from the composition of the complex, this strip it turns out 
enough clearly and stably. It is obvious that it is due to the very structure of the 
complex compounds. 

10.4 Conclusion 

Based on the results of research, the following was established. 

1. Out of three studied complex compounds of germanium OEDF at a dose of 
γ-irradiation of 51,000 Gy, a significant increase in the intensity of the bands 
detected on the optical density spectrum is observed. The value of the absorption 
coefficient for the 2.74 eV band retains its value of 0.03 relative to unit regardless 
of the absorbed radiation dose. 

2. In CCG with tartaric acid and zinc at a dose of γ-irradiation of 1000 A significant 
increase in the intensity of the 2.74 eV band is observed in the optical density 
spectrum of Gy. When the radiation dose increases to 51,000 Gy, the 2 eV band 
is smoothed out. 

3. At a dose of γ-irradiation of 1000 Gy on CCG with tartaric acid and sodium, 
a smoothing of the 2.05 eV band is observed, and when the dose is increased 
to 51,000 Gy, this band disappears. The absorption coefficient for the 2.74 eV 
band retains its value of 0.009 relative to unit regardless of the absorbed radiation 
dose. At this point, almost complete transmission of incident light is observed. 

4. From the received spectra optical density, it can be seen that for the band 2.74 eV 
for all samples observed almost complete transmission falling of light Stable pass 
the ability to give length waves due to the structure of the complex itself. 

5. Thus, γ-irradiation some materials class complexes of germanium with OEDF 
leads to substantial and stable with mines and spectral characteristics that can be 
used to create sensors ionizing radiation, as well as taking into account such an 
impact of ionizing radiation on the characteristics of devices built on the basis 
of CCG. 
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Chapter 11 
Composite Catalysts in the Processing 
of Secondary Raw Materials for ABS 
Plastic Production 

Viktor Kurylenko , Olena Yanushevska , and Tetiana Dontsova 

Abstract This study examines the potential for producing ABS plastic from 
secondary raw materials. The selection of secondary raw materials is based on their 
availability in Ukraine, which presents novel opportunities to develop alternative 
catalytic technologies for the production of ABS plastic precursors that are indepen-
dent of oil prices. In order to achieve this objective, it is of particular importance 
to create selective and highly active catalysts. Currently, catalysts are understood to 
be composites comprising aluminosilicates, various carriers with an extensive range 
of modifiers, and the so-called PNNL catalysts. Accordingly, the aim of this study 
was to review existing catalytic technologies and promising catalysts for processing 
secondary raw materials (technical glycerol, bioethanol, and PS plastic waste) into 
monomers (acrylonitrile, butadiene, and styrene) for the subsequent synthesis of 
ABS plastic. The analysis of existing literature indicates that the production of acry-
lonitrile from glycerol represents a promising avenue for the advancement of envi-
ronmentally sustainable organic synthesis technologies. Furthermore, the utilization 
of water-containing ethanol as a raw material for butadiene production offers a dual 
advantage in terms of financial and environmental considerations. The production 
of styrene from polystyrene using natural clinoptilolite presents significant advan-
tages, offering an economically beneficial alternative for processing polymer waste 
into fuel-like products. It has been established that developing catalytic technologies 
for synthesizing ABS plastic precursors from secondary raw materials represents a 
promising direction, offering alternative, economical, and ecological technologies 
for their production.
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11.1 ABS Plastic Production 

11.1.1 Introduction 

Acrylonitrile–butadiene–styrene (ABS) copolymer is a well-known thermoplastic 
elastomer with rubber-like properties. It possesses several attractive characteristics, 
including impact strength, solvent resistance, and processability. Given its extensive 
range of applications in engineering, the technologies employed in the synthesis of 
ABS remain a topic of considerable interest in both industrial and academic research 
laboratories. 

The primary method for producing ABS plastic is the bulk/emulsion copolymer-
ization of styrene and acrylonitrile monomers in the presence of polybutadiene [1]. 
Consequently, the precursors for ABS plastic synthesis are acrylonitrile, butadiene, 
and styrene, which are obtained via catalytic technologies using various composite 
catalysts. 

Catalysts currently under consideration for use in catalytic synthesis include 
composite aluminosilicate catalysts of both natural (Ukrainian zeolite and other 
Ukrainian raw materials) and synthetic origin [2], a wide range of modifiers (vana-
dium, molybdenum, antimony, nickel, cobalt, etc.) on various carriers (aluminum 
oxide, silicon oxide, zirconium oxide, etc.) [3], and the so-called PNNL catalysts 
(based on molybdenum phosphides) [4]. 

An analysis of the raw materials required for the catalytic synthesis of acrylonitrile, 
butadiene, and styrene indicates that the use of secondary raw materials, specifically, 
technical glycerol, bioethanol, and PS plastic waste is both promising and rational, 
given their sufficient availability in Ukraine. 

Figure 11.1 illustrates the general scheme for obtaining ABS plastic from 
secondary material resources available in Ukraine, emphasizing the potential and 
relevance of developing catalytic technologies for synthesizing the precursors 
(acrylonitrile, butadiene, and styrene) of ABS plastic.

This can only be achieved through the utilization of highly active and selec-
tive composite catalysts. Accordingly, the objective of this study is to provide a 
comprehensive analysis of existing catalytic technologies and promising catalysts for 
processing secondary raw materials (technical glycerol, bioethanol, and PS plastic 
waste) into monomers (acrylonitrile, butadiene, and styrene) for subsequent synthesis 
into ABS plastic. 

11.1.2 Acrylonitrile 

Acrylonitrile has a wide range of applications, including the production of acrylic 
fibers for textiles, synthetic rubber, polymer plastics, and the synthesis of dyes, 
medicines, insecticides, and other products.
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Fig. 11.1 General scheme for obtaining ABS plastic from secondary material resources available 
in Ukraine

The first synthesis of acrylonitrile was achieved by Charles Moureu in 1893; 
however, the technology was not widely adopted due to its high cost and complexity. 
A significant advancement in the production of acrylonitrile occurred in the late 
1950s. Research conducted by SOHIO in the field of selective catalytic oxida-
tion resulted in a notable reduction in the costs associated with the synthesis of 
acrylonitrile and its subsequent commercialization [5]. 

The developed technology, responsible for producing at least 90% of acrylonitrile 
today, employs propylene, air, and ammonia as raw materials. The process operates 
under a pressure of 0.3–2 bar at temperatures of 400–510 °C, utilizing catalysts 
such as oxides of tellurium, cerium, and molybdenum deposited on silica particles. 
A noteworthy benefit of this process is the high conversion of reagents in a single 
reactor pass with a residence time of only a few seconds. However, the persistent 
rise in propylene costs has resulted in elevated acrylonitrile production expenses, 
prompting the pursuit of alternative avenues in acrylonitrile synthesis. One such 
avenue is the substitution of conventional raw materials with secondary mineral raw 
materials, such as technical glycerol—a biodiesel production by-product—which 
could markedly reduce acrylonitrile synthesis costs. 

Glycerol is an inexpensive by-product of biodiesel production, and its utilization 
has become increasingly relevant globally. Instead of disposal, crude glycerol can 
be transformed into other valuable products. Given its bioavailability, renewability, 
and distinctive structure, glycerol is an especially appealing starting material for the 
synthesis of a diverse array of specialized compounds, including acrylonitrile [6]. 

It has been demonstrated that acrylonitrile can be successfully obtained via the 
indirect ammoxidation of glycerol, with intermediate acrolein formation in two 
stages: dehydration and ammoxidation. In the initial stage of the process, whereby
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glycerol is dehydrated to acrolein, a WO3/TiO2 catalyst is employed. In the subse-
quent ammoxidation stage, catalysts such as Sb–V–O or Sb–Fe–O are utilized. 
Notably, the Sb–Fe–O catalyst has demonstrated high selectivity, achieving an overall 
acrylonitrile yield of up to 40% [7]. 

Another study describes the synthesis of acrylonitrile from renewable raw mate-
rials through gas-phase ammoxidation of glycerol [8]. The synthesis can be achieved 
in a single stage (direct ammoxidation) or in two stages with preliminary dehydration 
(indirect ammoxidation). 

In conclusion, the production of acrylonitrile from glycerol is still in its infancy 
but represents a promising avenue of research in the development of environmentally 
sustainable organic synthesis technologies. This approach permits the processing of 
secondary material resources and the production of ABS plastic from more cost-
effective raw materials. 

11.1.3 1,3-Butadiene 

1,3-Butadiene (1,3-BD) is a diene of considerable importance, serving as a foundation 
for a wide range of organic syntheses, including the production of polymers such as 
synthetic rubbers, polymer resins, and plastics. The global demand for butadiene is 
gradually increasing due to growth in the tire industry, mechanical engineering, and 
civil construction, where styrene-butadiene rubber is actively used [9, 10]. However, 
the instability of raw material prices, particularly for butadiene, which depends on 
oil prices—represents a significant obstacle to market expansion. 

Traditionally, butadiene is obtained through dehydrogenation of n-butane and n-
butenes, which are extracted from C4 streams during oil cracking at ethylene plants. 
This method is costly due to the necessity of extraction and distillation, resulting in a 
selectivity of only 4–5% [11]. Consequently, the ethanol-based method of producing 
butadiene from renewable raw materials, involving bioethanol derived from Thus, 
there are three main ways to produce butadiene: from the steam cracking of petroleum 
products, as a by-product of ethylene production, to obtain crude butadiene [12, 
13]; from the catalytic dehydrogenation of n-butane and 1-butene, sequentially or 
separately [12]; from ethanol, the so-called “ethanol route”. 

In the process of steam cracking of hydrocarbon feedstocks (ethane, propane, 
butane, oil, condensate or gas oil), which accounts for over 95% of world butadiene 
production, butadiene is one of the by-products of ethylene production (the process 
takes place in a pyrolysis furnace at a temperature of 790–830 °C). Steam cracking 
produces a pyrolysate with the following composition: ethylene, propylene, buta-
diene, hydrogen and several by-products. After removal of the high-boiling compo-
nents (C5 and above), the remaining products are pyrolysis crude gasoline (hydrogen 
and C1–C4), which is further processed to separate hydrogen, methane, ethylene and 
propylene. Crude butadiene is then left in the crude fraction [12]. 

Heavy crackers use crude oil, condensate or gas oils as feedstock and produce 
much larger quantities of butadiene and by-products. Light (ethane) crackers produce
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8 times less butadiene, so most light crackers do not have butadiene recovery facilities. 
As a result, it is either returned to the cracker or collected in separate tanks for transfer 
to the regeneration stage. Depending on the operation of the plant and the feedstock 
used, the butadiene content of the crude butadiene is typically between 40 and 50%. 
The crude butadiene is purified by extractive distillation, which is necessary due to 
the formation of azeotropic mixtures by the components of the crude butadiene. This 
complex process involves one or two stages of extractive distillation followed by one 
or two stages of conventional distillation, which makes the technology very complex, 
costly and cumbersome. Thus, it can be concluded that the method of producing 
butadiene from steam cracking products is not acceptable for Ukraine, as it requires 
scarce oil resources, large and complex technologies, and the implementation of such 
processes requires disproportionate investment of money and human resources. 

Oxidative catalytic dehydrogenation produces butadiene, water and CO, while 
non-oxidative dehydrogenation produces butadiene and H2. In addition to the dehy-
drogenation reactions, several side reactions take place: CO2 can react with H2 

(produced during the reaction) to form H2O and CO, 1-butene can undergo isomeri-
sation to cis- or trans-butene, and polymerisation of olefins or adsorbed intermediates 
can lead to the formation of coke. 

Cr catalysts on various carriers such as SiO2,  ZrO2,  Al2O3,  TiO2 and silica mate-
rials are considered the most promising [14]. Studies on the synthesis of 1-butene to 
1,3 butadiene in a CO2 atmosphere on Cr–SiO2 catalysts with Cr contents ranging 
from 0.5% to 9% showed a correlation between the yield of 1,3-BD (34% at 600 °C) 
and the amount of Cr6+; the higher the Cr6+ content, the higher the yield of butadiene. 
In work [15], the developed ferric-based catalyst allowed to achieve 49% selectivity 
for 1,3-BD in a CO2 atmosphere. The increase in selectivity was shown to be influ-
enced by acid Lewis sites on the catalyst surface. Similar conclusions were reached 
by the authors of [16], where Fe2O3/γ-Al2O3 catalysts were modified with acid and 
alkalis (H2SO4, LiOH, NaOH and KOH): Li-Fe2O3/γ-Al2O3 >  S-Fe2O3/γ-Al2O3 > 
Fe2O3/γ-Al2O3 >

K-Fe2O3/γ-Al2O3 > Na-Fe2O3/γ-Al2O3. 
The oxidative dehydrogenation of n-butane to butadiene is carried out using a wide 

range of vanadium-based catalysts applied by different methods to a wide range of 
supports: TiO2,  ZrO2 і Al2O3,  SiO2,  CeO2, γ-Al2O3, α-Al2O3, zeolites such as USY, 
NaY. In [3], a Ni-Bi-O-silica catalyst was used which was prepared by impregnating 
mesoporous silica supports (MCM-41, SBA-15 and silica foam) with nickel and 
bismuth salts (20% Ni and 30% Bi in the final catalyst). 

The catalyst on the SBA-15 support showed the best efficiency (selectivity for 
butadiene 47.5% with n-butane conversion of 28.9%). 

From the above parameters of n-butane and 1-butene dehydrogenation technolo-
gies, it can be concluded that, firstly, synthesis by dehydrogenation requires a feed-
stock base of n-butane and 1-butene, which for obvious reasons implies the same 
hydrocarbon production. Secondly, the process of dehydrogenating n-butane and 1-
butene is no less cumbersome and complex, with a large number of by-products, 
than the process of purifying crude butadiene. It should be noted that the price of
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1,3-butadiene has recently been volatile, which is not acceptable in the long term for 
industrial users of this important precursor. 

The increase in the cost of production of 1,3-butadiene is explained by the rise in 
the price of crude oil and the so-called “shale gas” surge in Europe and the United 
States (shale gas contains ethane, which, when dehydrated to ethylene, serves as a 
feedstock for the synthesis of 1,3-butadiene). The increase in the cost of production 
of 1,3-butadiene is explained by the increase in the price of crude oil and the rise 
of so-called “shale gas” in Europe and the United States (shale gas contains ethane 
which, when dehydrated to ethylene, serves as a feedstock for the synthesis of 1,3-
butadiene). The growing dependence on shale gas as a source of cheap natural gas 
may have negative effects and make society dependent on fossil resources alone, 
as technological progress should be aimed at developing a sustainable society that 
produces its energy, chemicals and materials in a more advanced, environmentally 
friendly and economical way [17]. For this reason, the chemical industry is constantly 
trying to find a sustainable and safe way to produce important chemical products that 
could fully match the quality characteristics of analogues derived from fossil raw 
materials, while at the same time finding ways to synthesise such substances in an 
efficient, cost-effective and, above all, environmentally friendly way, using secondary 
materials and waste. Achieving a circular economy in the chemical industry is a 
pressing and urgent task today. 

The desire to replace or significantly reduce dependence on oil as the main source 
of 1,3-butadiene production is prompting a return to some renewable resources, 
in particular bioethanol produced from biomass. The production of 1,3-BD from 
ethanol has been a well-known industrial process from the 1920s to the early 1960s 
[18], and is now attracting renewed attention from researchers due to the above 
factors and the growth in global bioethanol production as an alternative fuel. The 
well-known process of ethanol conversion to butadiene is described by a sequence 
of reactions: dehydration, aldol condensation, Meerwein-Pondorf-Verley reduction 
and dehydration [19]. 

It is known that mixed metal oxides, including major components such as MgO 
and ZnO, are active catalysts for the conversion of ethanol to 1,3-BD with selectivities 
for BD below 80% in most of them [13, 18]. Paper [20] reports on the production 
of 1,3-butadiene from ethanol using zirconia and magnesium catalysts based on ash. 
The highest ethanol conversion, yield and selectivity of 1,3-butadiene were obtained 
using the Ash: MgO–ZrO2 catalyst. At 350 °C, the ethanol conversion was 78% and 
the selectivity for 1,3-butadiene was 90.8%. These results indicate that the addition 
of zirconia increases the selectivity for 1,3-butadiene and is explained by the ability 
of ZrO2 in the Ash: MgO–ZrO2 catalyst to catalyse the dehydrogenation and aldol 
condensation steps. The authors explain this assumption by the fact that on the surface 
of zirconium(IV) oxide in monoclinic and tetragonal syngonies there are acid and 
basic Lewis sites that can interact with the hydrogen of the ethanol methyl group, 
allowing the formation of H–H bonds that facilitate dehydrogenation. At the same 
time, the ash provides redox catalytic sites and acidic Brønsted sites on the SiO2 

surface, accelerating the conversion of the aldol to 1,3-butadiene.
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A number of interesting catalysts (Nb2O5/ZrO2, Cu–Nb2O5/ZrO2 and Ag–Nb2O5/ 
ZrO2) in the process of ethanol conversion to valuable products have been investigated 
in [21]. The addition of niobium(V) oxide to the catalyst resulted in the formation 
of a surface layer of crystalline Nb2O5 nanoparticles and increased the density of 
acid centres. The impregnation method allowed to obtain highly dispersed Ag and 
CuO nanoparticles on the surface of Nb2O5/ZrO2, the presence of which, together 
with a reduction of the process temperature, significantly improved the ethanol dehy-
drogenation process. In addition, the selectivity for 1,3-butadiene and ethyl acetate 
increased with increasing contact time of the reagents with the catalyst. 

The use of metal oxides (MgO, ZrO2,  Nb2O5,  TiO2,  Al2O3,  ZrO2)  as  promoters  
deposited on a silica carrier allows high selectivity for 1,3-BD t o be achieved.

The authors in [22] used the 4Ag/4ZrO2/SBA-16 catalyst prepared by impregna-
tion. Promoters were also added, namely Li2O, Na2O, K2O, Cs2O, and silica was 
used as a carrier. Selectivity was achieved on the 0.5Na/4Ag/4ZrO2/SBA-16 catalyst. 
The formation of 1,3-butadiene from ethanol on the Ag/ZrO2/SiO2 zirconia catalyst 
was carried out [23] with the participation of two catalytic steps: dehydrogenation 
of ethanol to acetaldehyde on Ag/Si–OH sites and conversion of acetaldehyde or 
ethanol on acidic zirconia Lewis sites. 

In [24], two-component Zn-Y clusters on the zeolite surface were synthesised and 
studied as catalysts for the conversion of ethanol to butadiene with a selectivity of 
∼63%. According to the authors, it was the influence of the structural confinement of 
the zeolite on the conversion of ethanol to 1,3-BD that provided the higher selectivity 
for butadiene. The study compares the effect of catalysts with two-component 5%Zn– 
5%Y clusters deposited on different matrices (zeolite H-beta, MCM-41 and SiO2) 
and shows that the highest yield of 1,3-BD was achieved with 5%Zn–5%Y/beta. 
The authors suggest that close contact between different functional sites (acidic and 
basic) is more conducive to acetaldehyde condensation. The highest yield of 1,3-BD, 
namely 75%, was obtained at an ethanol conversion of 100% over a 2%Zn–8%Y/ 
beta catalyst at 350 °C. 

Specific to the practical production of 1,3-butadiene from ethanol is the presence 
of water in ethanol [13], which is derived from biomass. The conversion of ethanol to 
butadiene can take place in the presence of water, in contrast to the use of bioethanol 
as a fuel, which requires it to be anhydrous. Therefore, the use of ethanol with 
water as a feedstock for butadiene production is both financially and environmentally 
advantageous as it does not require costly drying steps. 

11.1.4 Styrene 

Styrene or vinylbenzene is one of the most common monomers used in the synthesis 
of polymers such as polystyrene, acrylonitrile–butadiene–styrene (ABS) plastic, 
styrene-butadiene rubber and other copolymers. It is used in the manufacture of 
packaging materials, insulation, automotive parts and various consumer goods.
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Traditionally, the styrene is manufactured through the catalytic dehydrogenation 
of ethylbenzene at high temperatures (550–650 °C) in the presence of potassium-
promoted iron oxide catalysts [25]. This process is energy intensive and requires 
significant energy consumption, stimulating the search for alternative styrene 
production methods. 

With the growing amount of polystyrene (PS) waste, which has a negative impact 
on the environment due to its low biodegradability, the issue of its recovery and 
recycling is becoming increasingly important. One of the most promising methods is 
the pyrolysis of polystyrene to produce styrene, which not only reduces the amount 
of polymer waste, but also returns the valuable monomer to the production cycle 
[26, 27]. 

Catalytic pyrolysis of polystyrene has advantages over thermal pyrolysis in that 
it allows lower process temperatures, increased selectivity and higher styrene yields 
[28, 29]. Natural aluminosilicates, such as zeolites and bentonites, and their modifi-
cations with metal oxides can be used as catalysts [2]. The use of natural catalysts is 
cost-effective and environmentally friendly, especially considering the availability 
of significant reserves of zeolites and bentonites in Ukraine. According to current 
data, Ukraine has significant reserves of zeolites, represented by clinoptilolite with 
a content of up to 96%, concentrated mainly in the Zakarpattia region. The main 
deposits—Sokyrnytske, Saryginske and Zelenokamiane—have total reserves of over 
125 million tones. More than 100 deposits and occurrences of bentonite clays with 
total reserves of over 60 million tones have also been discovered in the country [30]. 
Bentonite clays in Ukraine have a high montmorillonite content (up to 95%), with 
the main deposits being Cherkasy, Horbivske and Hryhorivske. 

The literature indicates that bentonite clays are effective catalysts in the pyrolysis 
of polystyrene, increasing the selectivity for styrene and the overall yield of liquid 
products. In [31], the catalytic pyrolysis of polystyrene was carried out at 400 °C 
for 60 min using bentonite at 25% by weight of the polystyrene. The results showed 
that the yield of liquid products was 85.2%, of which the selectivity for styrene was 
30.2%. This indicates that the presence of bentonite promotes the depolymerisation 
of polystyrene due to its acidic sites. 

In another study [32], authors investigated the effect of changing the amount of 
catalyst on the pyrolysis process. They reduced the amount of bentonite to 20% by 
weight of polystyrene, keeping the temperature (400 °C) and reaction time (60 min) 
unchanged. It was found that the yield of liquid products decreased to 74.6%, but the 
selectivity for styrene increased to 35.4%. This indicates that reducing the amount 
of catalyst reduces the degree of secondary reactions leading to the formation of 
unwanted products, thereby increasing the selectivity for styrene. 

The natural zeolite clinoptilolite was also investigated as a catalyst in the pyrolysis 
of polystyrene. The effect of clinoptilolite on the pyrolysis process at 400 °C for 
120 min was investigated in [33]. The selectivity for styrene was 48.1%. Compared 
to bentonite, clinoptilolite gave higher selectivity at a longer reaction time. This 
may be due to the more porous structure and higher acidity of clinoptilolite, which 
contributes to a more efficient depolymerisation of polystyrene to styrene.
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Study [34] compared the efficiency of natural zeolite and synthetic zeolite type 
Y in the pyrolysis of polystyrene. The experiments were carried out at an elevated 
temperature of 450 °C for 75 min. The natural zeolite gave a liquid product yield 
of 54% with a styrene selectivity of 7.6%, while the synthetic zeolite gave a yield 
of 50% with a styrene selectivity of 15.8%. The higher selectivity of the synthetic 
zeolite is due to its more homogeneous porous structure and higher acidity, which 
contributes to a more efficient degradation of polystyrene to styrene and reduces side 
reactions. 

Study [35] investigated the thermal and catalytic decomposition of mixtures of 
high density polyethylene (HDPE) and polystyrene using different catalysts: zeolite 
ZSM-5 and clinoptilolite. The mixture consisted of 90% HDPE and 10% PS and the 
experiments were carried out at temperatures of 410–450 °C. As a result, the yield of 
naphtha-like fraction was obtained: 62.4% (fresh) and 63.1% (activated) on ZSM-5 
catalyst; 59.7% (fresh) and 60.5% (activated) on clinoptilolite. At the same time, the 
selectivity for styrene in the gasoline fraction was 29–30% and 26–27% for ZSM-5 
catalyst and clinoptilolite, respectively. 

The study showed that synthetic zeolite ZSM-5 is a more efficient catalyst in the 
thermal decomposition of a mixture of HDPE and PS compared to natural clinoptilo-
lite. ZSM-5 zeolite provides a higher yield of gasoline fraction, increases the content 
of light aliphatic hydrocarbons and increases the selectivity for styrene. However, 
clinoptilolite, as a natural and more readily available catalyst, also gives satisfactory 
results and can be used as a cost-effective alternative in the processing of polymer 
waste into fuel-like products. 

11.1.5 Analysis of Catalytic Activity of Catalysts 
in the Processes of Acrolein, 1,3-Butadiene 
and Styrene Production 

Table 11.1 shows the data on the yield and selectivity of catalysts in the processes of 
acrolein, 1,3-butadiene and styrene production. The analysis of these data indicates 
that the development of catalytic production of ABS plastic precursors, namely acry-
lonitrile, 1,3-butadiene and styrene, from secondary raw materials such as industrial 
glycerine, bioethanol and PS plastic waste is quite promising. The already existing 
high selectivities (up to 75%) and yields (up to 85%) of the monomers indicate a 
high potential for the use of recycled materials for the production of ABS plastics 
(Table 11.2).

Thus, an analysis of the existing literature shows that the development of catalytic 
technologies for the synthesis of ABS plastic precursors from recycled materials is a 
promising area that will provide alternative, economical and environmentally friendly 
technologies for their production. The challenge remains to obtain highly active and 
selective catalysts based on composites with the participation of aluminosilicates, 
various modifiers and carriers, and PNNL catalysts.
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Table 11.1 Catalyst yield and selectivity data for acrylonitrile and 1,3-butadiene processes 

№ Feedstock Catalyst Synthesis parameters, Yield 
(Y)/selectivity (S) of main 
product 

Source 

Production of acrolein 

1 Glycerol Stage I: WO3/TiO2, 
Stage II: Sb-Fe–O 

Indirect amoxidation, Stage 
I: 270–300 °C, Stage II: 
400–500 °C, 40% (Y) 

[7] 

2 Glycerol Stage I: WO3/TiO2 
Stage II: W/Nb/Ti/Ta/ 
Al2O3 

Indirect amoxidation 
Stage I: 300 °C, Stage II: 
420 °C, 60% (Y) 

[8] 

Production of 1,3-butadiene 

4 1-Butene Cr-SiO2 Fixed catalyst bed, 
atmospheric pressure, 
600 °С, 34% (Y) 

[14] 

5 1-Butene Li-Fe2O3/γ-Al2O3 Isothermal reactor, fixed 
catalyst bed, atmospheric 
pressure, 600 °С, 45% (S) 

[16] 

6 n-Butane Ni-Bi-O/(MCM-41/ 
SBA-15/foam) SiO2 

Automated reactor, fixed 
bed catalyst, atmospheric 
pressure, 400–500 °С, 
47.5% (S) 

[3] 

7 Ethanol Ash: MgO-ZrO2 Fixed bed reactor, constant 
pressure, nitrogen 
atmosphere, 350 °С, 70% 
(Y) 

[20] 

8 Ethanol 0.5Na/4Ag/4ZrO2/ 
SBA-16 

Fixed-bed catalyst, pressure 
1 atm, 325°С, 75% (S) 

[22] 

9 Ethanol 2%Zn–8%Y/beta Fixed bed catalyst reactor, 
atmospheric pressure, 
350 °С, 63% (S) 

[24]

11.2 Conclusions 

The article shows the prospects for the production of ABS plastic from recycled raw 
materials, the choice of which is based on their availability in Ukraine, which opens 
new opportunities for the development of alternative catalytic technologies for the 
production of ABS plastic precursors. 

The analysis of literature data shows that the production of acrylonitrile from glyc-
erol is a promising direction in the development of “green” technologies for organic 
synthesis, and the use of hydrous ethanol as a raw material for the production of 
butadiene will allow the development of an economically feasible and environmen-
tally friendly technology for its production. It is also noted that the production of 
styrene from polystyrene using natural clay pellets has significant advantages that 
will allow the development of an economically viable alternative technology for the
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Table 11.2 Catalyst yield and selectivity data for styrene production processes 

Production of styrene 

10 Polystyrene Bentonite (25%) 400 °C, reaction time 
60 min, 85.20% (Y), 
30.19% (S) 

[30] 

11 Polystyrene Bentonite (25%) 400 °C, reaction time 
60 min, 74.55% (Y), 
35.43% (S) 

[31] 

12 Polystyrene Protonated clinoptilolite 
(HNZ) 

400 °C, reaction time 
120 min, 48.1% (S) 

[32] 

13 Polystyrene Natural zeolite 450 °C, reaction time 
75 min, 54% (Y), 7.6% 
(S) 

[33] 

14 Polystyrene Synthetic zeolite 450 °C, reaction time 
75 min, 50% (Y), 
15.8% (S) 

[33] 

15 90% HDPE, 10% PS ZSM-5 410–450 °C, 62.4% (Y), 
29.88% (S) 

[34] 

16 90% HDPE, 10% PS Clinoptilolite 410–450 °C, 59.7% (Y), 
26.03% (S) 

[34]

synthesis of styrene. Thus, it has been established that the development of catalytic 
technologies for the synthesis of ABS plastic precursors from recycled raw mate-
rials is a promising direction that will allow obtaining alternative, economical and 
environmentally friendly technologies for their production. 

Composites based on aluminosilicates, using modifiers and supports, and the so-
called PNNL catalysts have been found to be promising catalysts. The challenge 
today is to further increase the activity and selectivity of the composite catalysts 
under consideration. 
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Chapter 12 
Effective Dielectric Constant 
of a Water-Protein Mixture for an Optical 
Sensor Based on Plasmon Resonance 

Anatol Suprun and Liudmyla Shmeleva 

Abstract The permittivity was calculated for an optical sensor based on surface 
plasmon resonance (SPR), in which the receptor-analyte layer is an aqueous mixture 
of protein microinclusions. These microinclusions together with water form the effec-
tive permittivity of the mixture, which depends on the concentration of the inclu-
sions. Also, the effective permittivity of the mixture significantly accounting the 
dependence of the permittivity of water on temperature and wavelength of radiation. 
The complex nature of the dielectric properties of a protein molecular inclusion is 
also accounting. In this case, the imaginary part of the refractive index of a protein 
molecular inclusion depends on the length of the molecular chain, as well as on the 
wavelength of radiation. In this study, the effect on the effective dielectric permit-
tivity of the mixture of all the factors listed above (concentration of protein-type 
inclusions, protein-type chain length, radiation wavelength at normal temperature) 
was calculated. 

12.1 Introduction 

Recently, there has been an intensive search for optical sensors based on surface 
plasmon resonance (SPR) with improved characteristics such as sensitivity, resolu-
tion, accuracy, cost reduction, speed, miniaturization, etc. This leads to the consid-
eration of various technical solutions for sensors [1–7]. The construction of most 
sensors is based on the Kretschmann scheme [1]. However, various modifications 
of it are used [2–7]. A typical Kretschmann scheme (Fig. 12.1) consists of an input 
optical prism, on one face of which a metal, most often gold, nanolayer of several tens 
of nanometers (usually from 10 to 50) is deposited. A dielectric nanolayer is attached
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a б 
8 7 9 

Fig. 12.1 Sensor diagram for Kretschmann configuration: 1—excitation light; 2—reflected light; 
3—dielectric prism with high refractive index; 4—metal nanolayer (here gold nanolayer); 5— 
dielectric layer in Fig. 12.1a, or the medium being analyzed (analyte) in Fig. 12.1b; 6—surface 
plasmon; 7—receptor (or adsorbent); 8—ligand (or adsorbed molecular structure); 9—captured 
analyte 

to the gold nanolayer (Fig. 12.1a) and this entire structure (prism–gold nanolayer– 
dielectric) is called a chip. SPR occurs on the surface of the gold nanolayer that 
borders the dielectric. 

On the other hand, the dielectric is adjacent to the analyte, which is usually an 
aqueous mixture of molecular inclusions (Fig. 12.1b). In this case, the molecular 
inclusions are called the ligand, and the dielectric layer of the mixture is called the 
receptor. 

Regarding the structural modifications of sensors on the SPR, for example, in 
[2] a sensor was studied in which the refractive index of the receptor (dielectric 
layer) and, accordingly, its dielectric permittivity had a periodic modulation along the 
direction of light propagation. In [3] a transverse (to the direction of light propagation) 
periodic structure in the form of metal strips deposited on the surface of a dielectric 
or semiconductor was considered. In [4] a receptor formed by several ordered layers 
of a liquid crystal is considered. 

In [1, 5, 6], a sensor is studied in which a layer (or several layers) of graphene 
is placed between a gold nanolayer and a receptor. Recently, sensors with a chip 
structure are being actively considered, where a multilayer periodic structure of the 
type of a one-dimensional photonic crystal with alternating layers is placed between 
the input prism and the gold nanolayer [7]. Original constructive solutions of the 
sensor itself are also considered, for example, in the form of an optical fiber with a 
segment of the outer shell replaced by a gold nanolayer and a receptor nanolayer [8], 
or sensors based on dynamic scattering [9]. 

In this article, we will consider a Kretschmann-type sensor, but with a simplified 
chip construction: “input prism – gold nanolayer”. At the same time, an aqueous 
mixture of protein molecules is considered as the receptor-analyte layer, for which 
the effective permittivity is determined. The simplest method for determining the 
effective permittivity of an aqueous mixture is considered in [10].
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12.2 Effective Permittivity ε of an Aqueous Mixture 
with Arbitrary Molecular I nclusions

In this section an optical sensor based on surface plasmon resonance (SPR) without 
a receptor layer and with analyte in the form of an aqueous mixture with arbi-
trary inclusions is discusses. Detailed attention was paid to the influence on the 
effective dielectric permittivity of the receptor-analyte layer (as the main sensitive 
sensor element) of various factors related to the physical properties of the mixture 
components—water and molecular inclusions. 

The effective permittivity ε of a single-component aqueous mixture is determined 
by the formula [11]: 

ε = ε0 + 3ε0 
f1 

ε1 −ε0
ε1+2ε0 

1 − f1 ε1−ε 0
ε1+2ε0 

(12.1) 

Here ε0 is the permittivity of water; ε1 is the permittivity of molecular inclusions in the 
aqueous mixture, and f1 is their partial volume fraction (hereinafter concentration), 
which is determined by the ratio: 

f1 = V1 

V0 + V1 
,

where V1 is the partial volume of molecular inclusions in the mixture, and V0 is the 
partial volume of water in the mixture. 

Next, we will use expression (12.1) in a more compact form: 

ε = ε0 
ε1 + 2ε0 + 2f1(ε1 − ε0)

ε1 + 2ε0 − f1(ε1 − ε0 )
(12.2)

Since one of the sensor factors is the wavelength of the SPR, it is necessary to take 
into account the dependence of the elements of the sensor under consideration on the 
wavelength. First, this is the permittivity of molecular inclusions ε1, which here are 
protein molecules. The permittivity for protein molecules was considered in detail 
in [12]. Second, this is the dielectric permittivity of water ε0, considered in detail in 
[13]. It is worth noting that, according to [12], the permittivity of protein molecular 
inclusions ε1, in addition to the wavelength, also depends on their parameters, in 
particular, on the number of amino acid residues, which can be a controlling factor 
for plasmon resonance. According to [13], the dielectric properties of water also 
depend on temperature.
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12.3 Dielectric Permittivity ε1 of Protein Molecules 

In this section, we will briefly reproduce the procedure for calculating the permittivity 
of protein molecules, since it may be useful in other similar cases. 

In general, the dielectric properties of a medium can be determined if its specific 
conductivity is known, which is related to the imaginary part of the complex 
permittivity ε̃1 by the relation: 

Im(ε̃1) = 
4 ψ

ω 
≡ 

2 λσ

C 
, (12.3) 

where σ is the specific conductivity, in this case, of the protein chain; ω and λ are 
the frequency and wavelength of the incident radiation; C is the speed of light. In 
the following, the speed of light, in numerical implementations, will be conveniently 
used in non-standard units: C = 2.998 × 1017 nm /s. This is due to the fact that 
the wavelength λ is conveniently used in nanometers. The last relation and all the 
following ones are formulated in the CGS system, in which they have the simplest 
form, and estimated numerical values, if necessary, will also be given in the SI system. 

As follows from definition (12.3), to determine the imaginary part of the dielectric 
constant of a material, it is necessary to determine its specific conductivity σ.  In  this  
case, we are talking about the specific conductivity of protein molecules, which can 
be directly determined by the relation:

j = σE ,

where j is the current density, and E is the electrostatic field strength that causes 
the current. So now we need to find the current created by the metabolic electron. 
Considerable attention has been paid to this issue [14–18] and it was found that the 
density of the metabolic current, caused by amino acid heterogeneity, in all studied 
cases for a metabolic electron injected into a zone with the main quantum number 
n = 2, orbital quantum number l = 1 and arbitrary azimuthal quantum number m, 
can ultimately be specified to the form: 

j21m = σE .

Here, the effective electrostatic field E, due to the amino acid heterogeneity of 
proteins, is determined by the relation: 

E = 
z 3

3000 

R0 

aB 
exp − 

zR 0
aB 

e 

R2 
0 

, (12.4) 

and the specific conductivity σ can be expressed by the expression: 

σ = 
σ 0
N 2 

, (12.5)
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where 

σ0 = 
εR R0 

aB 

3 

, (12.6) 

The quantities included in the relations (12.4), (12.6) have the following defini-
tions and physical meanings: z = 7 is the average charge number of atoms of a protein 
molecule according to the nitrogen model of the protein [19]; εR = mee 4

2 2 = 13.6  e  V
is the Rydberg energy, in which me = 9.1 × 10−28 g ≡ 9.1 × 10−31 kg is the 
electron mass, e = 4.8 × 10−10√erg · sm ≡ 1.6 × 10−10 C is the electron charge; 

= 6.58 × 10−16 eV · s ≡ 1.055 × 10−34 J s is the Planck constant; aB = 2 

mee2 
= 

0.53 
◦ 
A ≡ 0.053 nm is the Bohr radius. (12.4)–(12.6) also include the quantities: 

R0 = 1.44 
◦ 
A ≡ 0.144 nm is the distance between amino acid residues along the 

primary structure of the protein, and N is the number of amino acid residues in the 
denatured fragment of the protein molecule. 

Based on these numerical values, an estimate can be made for the specific 
conductivity σ of protein chains: σ0 = 4.144 × 1017 s−1 ≡ 4.605 × 107 −1 m−1 . 

Now we can find the imaginary part of the complex permittivity ε̃1 of the protein 
chain. Substituting (12.5)  into (12.3), we find: 

Im(ε̃1) = 
2 λσ0

CN 2 
. 

On the other hand, based on the general definition: 

ε̃1 = ñ2 = (n + iκ)2 = n2 − κ2 + i 2nκ, (12.7)

it is seen that: 

Im(ε̃1) = 2nκ . (12.8)

Here n is the refractive index of the protein, and κ is its absorption coefficient. 
So now we can find the absorption coefficient: 

κ = 
Im(ε̃ 1)
2n 

= λσ0 

nCN 2 
, (12.9) 

and also, the full definition of the complex refractive index of the protein receptor: 

ñ = n + i 
λσ0

nCN 2 
. (12.10) 

The real part of the dielectric constant: ε1 ≡ Re(ε̃1 ), we find as follows:
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ε1 = n2 − 
λ 2

n2λ2 
0N 

4 
. (12.11) 

where λ0 ≡ C/σ0 = 0.7235 nm. 
Further, for the refractive index of the protein, the value n = 1.375 [12] will be 

used, which is the average between the values 1.37 for glutamic acid and 1.38 for 
lysine. This makes relation (12.11) fully defined for numerical implementation. 

12.4 Permittivity of Water ε0 

The refractive index of water nw is determined by the relation in which this coefficient 
is a function of the wavelength λ (nm) and the temperature t (°C) [13]: 

nw(λ, t) = A(t) + 
B(t)

λ2 
+ 

C(t )

λ4 
+ 

D(t )

λ6 
, (12.12) 

where 

A(t) = 1.3208 − 1.2325 × 10−5 t − 1.8674 × 10−6 t2 + 5.0233 × 10−9 × t3;

B(t) = 5208.2413 − 0.5179 × t − 2.284 × 10−2 t2 + 6.9608 × 10−5 × t3;

C(t) =  −2.5551 × 108 − 18341.336 t − 917.2319 t2 + 2.7729 t3;

D(t) = 9.3495 + 1.7855 × 10−3 t + 3.6733 × 10−5 t2 − 1.2932 × 10−7 t3.

Next, we will consider normal conditions, assuming t = 25 ◦ C. Then all 
coefficients: A(t), B(t), C(t), D(t), become defined as: 

A(25) = 1.319; B(25) = 5182 nm2;

C(25) =  −2.565 × 108 nm4; D(25) = 9.415 nm6.

and expression (12.12) takes the form: 

nw(λ) = 1.319 + 5182

λ2 
− 

2.565 × 10 8

λ4
+ 

9. 415
λ6 

. (12.13) 

It is obvious that ε0(λ) is determined by the relation: 

ε0(λ) = n2 w(λ). (12.14)
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Here we will not give an explicit expression for ε0(λ), since further this dielec-
tric constant will be used only in graphical-numerical algorithms, for which the 
definitions (12.13), (12.14) are sufficient. 

12.5 Graphical-Numerical Analysis of the Effective 
Permittivity Ε 

Now let us return to the definition (12.2) and consider it in the form of a general 
calculation algorithm: 

ε(λ, N , f1, t) = ε0(λ, t) 
ε1(λ, N ) + 2ε0(λ, t) + 2f1(ε1 (λ,N ) − ε0(λ, t))

ε1(λ, N ) + 2ε0(λ, t) − f1(ε1(λ, N ) − ε 0(λ, t))
. (12.15)

It is obvious that such a four-parameter dependence causes difficulties even at the 
stage of graphical-numerical analysis. Therefore, let us discuss certain simplifications 
of the general calculation algorithm (12.15). 

The first simplification will concern temperature. Namely, we will determine the 
change in permittivity at a constant normal temperature t = 25 ◦ C. Thus, one of 
the four parameters in algorithm (12.15) disappears as a varied variable, and the 
algorithm itself takes the form: 

ε(λ, N , f1, t) = ε0(λ, t) 
ε1(λ, N ) + 2ε0(λ, t) + 2f1(ε1 (λ,N ) − ε0(λ, t))

ε1(λ, N ) + 2ε0(λ, t) − f1(ε1(λ, N ) − ε 0(λ, t))
. (12.16)

where ε0(λ) is determined by relations (12.13), (12.14), and ε1(λ, N ) is determined 
by equality (12.11). 

In the three-parameter dependence (12.16), the wavelength λ should obviously 
play the role of an independent variable, since it is one of the main sensory charac-
teristics. The number of amino acid residues N will be considered here as the main 
parameter affecting the wavelength of the SPR, and the concentration of protein 
molecular inclusions f1 in the graphical-numerical implementation of dependence 
(12.16) will take four actual values: 

f1 = {0.1; 0.2; 0.3; 0 .4} (12.17)

In the algorithm (12.11), (12.13), (12.14), (12.16), for the refractive index of the 
protein, we will use the value: n = 1.375 [12]. 

We will begin the graphical-numerical analysis of this algorithm by analyzing the 
denominator of expression (12.16) for the possibility of realizing a situation when it 
can turn to zero. Equating this denominator to zero and considering the explicit form 
(12.11) for the permittivity ε1, which now, in the notation of algorithm (12.16), has 
the form:
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Fig. 12.2 The connected set 
of values of the number of 
amino acid residues N in a 
protein molecule, the 
wavelength of radiation λ 
and the concentration of 
protein molecular inclusions 
f1 = {0, 1; 0, 2; 0, 3; 0, 4},  at  
which the strict equality of 
the denominator to zero in 
the right-hand side of (12.16) 
is ensured 

ε1(λ, N ) = n2 − λ2

n2λ2 
0N 

4 
, 

after some transformations, we obtain the algorithm: 

N (λ, f1) =
√

λ 
√
nλ0 n2 + f1+ 2

1−f1 
ε0(λ) 

1/4 ,

to find the connected set of values of N , λ and f1, which ensures strict equality of 
the denominator of the right-hand side of (12.16) to zero. An explicit view of this 
dependence is shown in Fig. 12.2. 

From Fig. 12.2 it is seen that only the optical range from 370 to 730 nm is 
considered for the wavelength λ. This is due to two circumstances. First, this range 
is the most relevant (at least, the preferred) for the considered sensory studies. And, 
secondly, the element of the algorithm (12.13), (12.14) is quite correctly defined in 
this range. 

The functional dependencies themselves, shown in the graphs (Fig. 12.2), repro-
duce the forbidden, from the point of view of the equality of the denominator to 
zero  in (12.16), set of values N , λ for each of the four values of the concentration 
f1,  given  in  (12.17). Analyzing the results shown in Fig. 12.2, we can conclude that 
for a guaranteed absence of singularities in the denominator in (12.16) at any values 
of the wavelength λ, the value of the number of amino acid residues N must be 
either significantly greater than 18 (this is the maximum value for the family of 
dependencies), or significantly less than 11 (this is their minimum value). 

Therefore, to ensure the unconditional “workability” of the algorithm used, we 
further excluded from consideration the length of protein molecular inclusions 
approximately in the range 3 ≤ N ≤ 60. This limitation is associated with the 
algorithm used and applies only to computational (not experimental) studies. Since 
the “length” of typical proteins most often exceeds the value of N = 60 amino acid 
residues, we will continue to work in the range N ≥ 60.
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The dependences (12.16) for the effective dielectric permittivity ε on the wave-
length λ and the length of the molecular chain N for the four values of the inclusion 
concentration f1 given in (12.17) are presented in Fig. 12.3. 

From these figures, we can immediately draw the first conclusion: with a decrease 
in the concentration f1 from 0.4 to 0.1, the entire system of graphs for different values 
of the number N = {60, 70, 90, 120, 300} of amino acid residues in the protein chain 
narrows and generally shifts towards lower values of the effective permittivity ε. That 
is, the concentration is an important sensory indicator, the change of which leads to 
a change in the permittivity ε, which will automatically lead to a change in the SPR 
wavelength and the resonant angle of incidence. 

The second conclusion is that an equally important sensory indicator is the number 
of amino acid residues in the protein chain N , but it is most pronounced at high

Fig. 12.3 Dependence of the effective dielectric constant ε on the wavelength λ for five values of 
the molecular chain length N (in the range of 60–300 amino acid residues) at the concentration 
of molecular inclusions f1 = {0, 1; 0, 2; 0, 3; 0, 4}. Curve 1 corresponds to N = 60,  curve  2  
corresponds to N = 70, curve 3 corresponds to N = 90, curve 4 corresponds to N = 120,  curve  5  
corresponds to N = 300 



174 A. Suprun and L. Shmeleva

concentrations f1 (see Fig. 12.3). It is advisable to analyze the direct dependence of 
ε on N at a fixed wavelength, for example, at the wavelength of the SPR. 

And, finally, the third conclusion: the dependence of ε on N is significant in the 
range from N = 60 to N = 90. And starting from N = 120 this dependence is weak 
and, most likely, cannot be used to analyze the influence of N on ε. On the other hand, 
it is clear that according to the parameter N , the most appropriate sensory inclusions 
of the protein type are proteins (60 < N < 100 ). 

12.6 Conclusions 

The article discusses the scheme of an optical sensor based on SPR, in which the layer. 
directly adjacent to the gold nanolayer, is an aqueous mixture of microinclusions from 
protein molecules. Since the main parameters of PPR—the resonant wavelength and 
the resonant angle of incidence—significantly depend on the effective permittivity 
of the protein mixture, then in this study the main attention was paid to the analysis 
of the effective permittivity. 

The physical characteristics of water were significantly taken into account—the 
dependence of its permittivity on the wavelength λ and temperature t—and the phys-
ical characteristics of protein-type molecules—the dependence of the real part of their 
permittivity also on the wavelength λ and the number of amino acid residues N in the 
chain. In addition, the algorithm itself also depends on the volume concentration f1 of 
protein-type chains. That is, the effective permittivity ε turned out to be a function of 
four parameters, which required some assumptions regarding their reduction. First of 
all, temperature was actually excluded from consideration, since the entire considera-
tion was carried out at a fixed normal temperature t = 25 ◦ C. Of the three remaining 
parameters, the wavelength of radiation λ was chosen as an independent va riable
(370 nm ≤ λ ≤ 730 nm), the number of amino acid residues N was chosen as the 
main parameter (N ≥ 60 ), and the volume concentration of protein-type inclusions 
f1 = {0, 1; 0, 2; 0, 3; 0, 4} was selected as an additional parameter. 

The following results were obtained. 
The typical algorithm, which is usually used to calculate the effective permittivity 

of mixtures, in the case of inclusions of protein-type molecules, can also be used for 
protein-type chains, the length of which is not less than 60 amino acid residues. 

With a decrease in the concentration f1 from 0.4 to 0.1, the entire system of 
dependences of the effective permittivity of the mixture ε on the wavelength λ for 
different values of the number of amino acid residues in the p rotein-type chain
N = {60, 70, 90, 120, 300} narrows and generally shifts towards lower values of the 
effective permittivity ε. That is, the concentration is an important sensory indicator, 
the change of which leads to a change in the dielectric permittivity ε. 

At a fixed wavelength λ, an increase in the number of amino acid residues N 
leads to an increase in the effective permittivity ε, but already at N > 120 its change 
practically stops.
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For all considered values of the variable λ (from 370 to 730 nm), parameters N 
= {60, 70, 90, 120, 300} and f1 (from 0.1 to 0.4), the effective permittivity of the 
mixture ε is positive and can be used in SPR studies.

12.7 Disclosure of Interests 

The authors have no competing interests to declare that are relevant to the content of 
this article. 

Acknowledgements The work was supported by the Ministry of Education and Science of Ukraine 
in the framework of projects, which are performed on the basis of Taras Shevchenko National 
University of Kyiv. 

References 

1. S. Szunerits, N. Maalouli, E. Wijaya, J.P. Vilcot, R. Boukherroub, Recent advances in the 
development of graphene-based surface plasmon resonance (SPR) interfaces. Anal. Bioanal. 
Chem. 403, 1435–1443 (2013) 

2. V.Y. Reshetnyak, I.P. Pinkevych, T.J. Bunning, D.R. Evans, Influence of rugate filters on the 
spectral manifestation of tamm plasmon polaritons. Materials 14(5), 1282 (2021) 

3. F.B. Barho, F. Gonzalez-Posada, M.J. Milla-Rodrigo, M. Bomers, L. Cerutti, T. Taliercio, 
All-semiconductor plasmonic gratings for biosensing applications in the mid-infrared spectral 
range. Opt. Express 24(14), 16175–16190 (2016) 

4. A. Vahedi, M. Kouhi, Liquid crystal-based surface plasmon resonance biosensor. Plasmonics 
15(1), 61–71 (2020) 

5. O. Salihoglu, S. Balci, C. Kocabas, Plasmon-polaritons on graphene-metal surface and their 
use in biosensors. Appl. Phys. Lett. 100, 213110 (2012) 

6. N.F. Chiu, T.Y. Huang, H.C. Lai, Graphene oxide based surface plasmon resonance biosensors. 
Advances in Graphene Science. InteachOpen Book Series (2013) 

7. E. Buzavaite-Verteliene, I. Plikusiene, T. Tolenis, A. Valavicius, J. Anulyte, A. Ramanavicius, 
Z. Balevicius, Hybrid Tamm-surface plasmon polariton mode for highly sensitive detection of 
protein interactions. Opt. Express 28(20), 29033–29043 (2020) 

8. K.M. Mayer, J.H. Hafner, Localized surface plasmon resonance sensors. Chem. Rev. 111(6), 
3828–3857 (2011) 

9. J.D. Driskell, C.A. Jones, S.M. Tompkins, R.A. Tripp, One-step assay for detecting influenza 
virus using dynamic light scattering and gold nanoparticles. Analyst 136(15), 3083–3090 
(2011) 

10. A.O. Koval, A.V. Korotun, Yu.A. Kunytskyi, V.A. Tatarenko, I.M. Titov, Electrodynamics of 
Plasmon Effects in Nanomaterials (Naukova Dumka, Kyiv, 2021) 

11. A.H. Sihvola, Electromagnetic Mixing Formulas and Applications. Electromagnetic Waves 
Series, Iet (1999) 

12. A. Suprun, L. Shmeleva, S. Perepelytsya, Protein biosensor compared to nucleic one, in 2024 
IEEE 42nd International Conference on Electronics and Nanotechnology (ELNANO), pp. 359– 
363, Kyiv, Ukraine (2024) 

13. A.N. Bashkatov, E.A. Genina, Water refractive index in dependence on temperature and wave-
length: a simple approximation. Optical Technol. Biophys. Med. IV. Int. Soc. Optics Photonics 
5068, 393–395 (2003)



176 A. Suprun and L. Shmeleva

14. A.D. Suprun, L.V. Shmeleva, Current in the protein nanowires: quantum calculations of the 
base states. Nanoscale Res. Lett. 11(1), 74 (2016) 

15. A.D. Suprun, L.V. Shmeleva, Temperature effect on the basis states for charge transfer through 
a polypeptide fragments of proteins and on the nanocurrent in it, in Chapter 13 “Nanophysics, 
Nanomaterials, Surface Studies, and Applications”. Part of the Springer Proceedings in Physics 
Book Series, vol. 195 (2017), pp. 175–186 

16. A.D. Suprun, L.V. Shmeleva, Control of metabolic current through a protein-like nanowire by 
means of a magnetic field. Mol. Cryst. Liq. Cryst. 674(1), 98–109 (2018) 

17. L.V. Shmeleva, A.D. Suprun, Mechanism of active electron transfer in a protein-like nanowire 
under real conditions, in Chapter 5 in “Nanophysics, Nanomaterials, Surface Studies, and 
Applications”. Springer International Publishing AG, Part of Springer Nature, Springer 
Proceedings in Physics Book Series, vol. 210 (2018), pp. 59–71 

18. A. Suprun, L. Shmeleva, Physical fields in proteins as a factor of controlling metabolic 
nanocurrent, in 2020 IEEE 40th International Conference on Electronics and Nanotechnology 
(ELNANO) (IEEE, 2020), pp.409–414 

19. A.D. Suprun, L.V. Shmeleva, Primary structure of proteins as a nanowire for metabolic 
electronic transport. Nanoscale Res. Lett. 10, 121 (2015)



Chapter 13 
Soliton as a Model of a Pulse Heart Wave 

Anatol Suprun and Liudmyla Shmeleva 

Abstract The paper finds a solution to the dimensional Korteweg-de Vries (KdF) 
equation for a channel with a circular cross-section. Soliton solutions are obtained. 
They describe pulse waves that arise during the operation of the cardiovascular 
system. The results of the solution simulate ordinary pulse waves that describe the 
operation of a healthy cardiac system without deviations. The asymptotics of the 
obtained solutions are studied considering real medical data. 

13.1 Introduction 

The heart is considered an exclusive structure that plays a vital role in the human 
body. Now, it is well known that the heart is an electromechanical pump that propels 
oxygenated blood proportionately to the demand and receives deoxygenated blood 
from all over the body [1]. 

The function of the heart is to contract and pump oxygenated blood to the body 
and deoxygenated blood to the lungs. To achieve this goal, a normal human heart 
must beat regularly and continuously for one’s entire life [2]. Heartbeats originate 
from the rhythmic pacing discharge from the sinoatrial (SA) node within the heart 
itself. In the absence of extrinsic neural or hormonal influences, the SA node pacing 
rate would be about 60–100 beats per minute [2, 3]. 

Therefore, theoretical studies of this issue are necessary for a model representation 
of vital processes.
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13.2 Model Description of the Process of Pumping Blood 
Through the Cardiovascular System 

The cardiovascular system, also called the circulatory system, is the organ system 
that transports blood to and from all the cells of the body. Materials carried by the 
blood include oxygen from the lungs, nutrients from the digestive system, hormones 
from the endocrine glands, and waste products from cells throughout the body. The 
transport of these and many other materials is necessary to maintain homeostasis in 
the body. The main components of the cardiovascular system are the heart, blood 
vessels, and blood. 

The heart is a muscular organ in the chest cavity. It is composed primarily of 
cardiac muscle tissue and pumps blood through the blood vessels with repeated, 
rhythmic contractions. The heart has four internal chambers: the right atrium and 
ventricle and the left atrium and ventricle. The heart also contains several valves that 
allow blood to flow only in the proper direction through the heart. 

Unlike skeletal muscle, cardiac muscle normally contracts without stimulation 
from the nervous system. Specialized cells in the cardiac muscle send electrical 
impulses that stimulate contraction. As a result, the atria and ventricles normally 
contract at the correct time to maintain efficient pumping of blood through the heart. 

The process of pumping blood through the heart can be described by a nonlinear 
differential equation, which is a universal model for describing one-dimensional 
media with dispersion and without dissipation, in which the dispersion law for linear 
waves is described by two terms in the wavenumber expansion. 

The dimensional Korteweg-de Vries (KdF) equation for the velocity u(t,x) of a 
disturbance in a rectangular channel is: 

ut + uux + 
1

6 
u0h

2 uxxx = 0. (13.1)

Here h is the dimensional depth of the channel. As for the velocity u0,  ,  which  is  
included in (13.1), there are 2 versions of its physical meaning: 

1. This is the velocity of the natural flow in the channel, which is considered a 
given value. In the case of the cardiovascular system, there is no natural velocity 
independent of the system itself, therefore this meaning for the velocity u0 is not 
suitable. 

2. This is the velocity, which is a consequence of the desired velocity u(t, x ) and 
can be interpreted as the capture velocity. It must be determined together with 
the solution u(t, x ) and in this sense is a certain analogue of the eigenvalue. It is 
this case that we will consider as one that forms the blood flow. 

One of the partial solutions of such Eq. (13.1) is the so-called soliton solution of 
the form: 

u(t, x) = 
A

ch2 [b(x − vt)] 
, (13.2)
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where v is the velocity of the soliton wave. In solution (13.2), the parameters A, b, 
and v are determined by directly substituting (13.2)  into (13.1). In this case, A and 
v have the dimension of velocity, and b has the dimension of the inverse length. 

We will model the pulse wave by the soliton solution of the KdF equation. The 
propagation velocity of the pulse wave depends on both the geometric parameters of 
the vessel (radius, thickness) and the elastic properties of the vascular wall [4]. Since 
no one has derived the KdF equation for a channel with a circular cross-section, we 
will use a simple analogy, as a result of which we can postulate the equation: 

ut + uux + u0Suxxx = 0 , (13.3)

in which S is the cross-sectional area of the aorta in the immediate vicinity of the 
heart. 

To solve (13.2), we successively find: 

ut = 2Abv 
sh[b(x − vt )]
ch3 [b(x − vt)] 

;

uux =  −2A2 b 
sh[b(x − vt )]
ch5 [b(x − vt)] 

;

uxxx =  −8Ab3 
sh[b(x − vt )]
ch3 [b(x − vt)] 

+ 24Ab3 
sh[b(x − vt )]
ch5 [b(x − vt)] 

.

Substituting the right-hand sides of these three relations into (13.3), we can obtain 
the equation: 

2Abv − 8Ab3 u0S 
sh[b(x − vt )]
ch3 [b(x − vt)] 

+ 24Ab3 u0S − 2A2 b 
sh[b(x − vt)]
ch5 [b(x − vt)] 

= 0 ,

which can be satisfied by equating both curly brackets to zero. As a result, we obtain 
2 relations: 

v − 4b2 u0S = 0 ; (13.4)

12b2 u0S − A = 0 , (13.5)

which include 4 unknown quantities: A, b, v and u0. Equation (13.4) allows us 
to immediately find the blood flow velocity u0, which is stimulated by the soliton 
velocity v: 

u0 = v 4Sb2. (13.6)

Substituting this into Eq. (13.5), we can find the amplitude factor A:
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A = 3v. (13.7)

Now only 2 quantities remain undetermined: the soliton pulse velocity v and the 
parameter b, which determines the soliton width. 

As for the parameter b, it is quite obvious from equality (13.6) that in the general 
case it can be found in the form: 

b = β √
S, (13.8) 

where β is a dimensionless uncertain parameter, which can be interpreted as a dimen-
sionless representation of the factor b. Considering (13.8), the relation (13.6) takes 
the form: 

u0 = v 4β2. (13.9)

It can be seen from equality (13.9) that the parameter β satisfies the condition
β > 1 /2, since the blood flow velocity u0 is always less than the soliton pulse 
velocity v. 

The  solution (13.2), considering (13.7), (13.8), takes the form: 

u(t, x) = 3v ch2 β x−vt√
S 

. (13.10) 

We will determine the remaining two parameters (β and v) based on known 
physiological facts. 

13.3 Estimation of the Parameters of the Constructed 
Model 

The movement of blood through the cardiovascular system is a rather complex 
phenomenon. The blood vessel has a complex structure, which is a branched system 
of elastic vessels of various types [4]. The fluid itself—blood—is a complex suspen-
sion, the rheological characteristics of which depend on the conditions of its flow. 
The driving force of blood flow is the pressure difference that occurs at the beginning 
and end of the tube. The movement of blood through the vascular system is laminar 
in nature (the movement of blood in separate layers parallel to the axis of the vessel). 
In this case, the layer adjacent to the vessel wall remains practically motionless, 
the second layer slides along it, the third one after the second, etc. The “formed” 
elements of blood (erythrocytes, leukocytes and platelets) make up the central axial 
flow; plasma moves closer to the walls. It is known that the smaller the diameter of 
the vessel, the closer the central layers of blood are to the walls and the more they 
are slowed down. This means that in small vessels the blood flow velocity is lower
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than in large ones. Thus, in the aorta it is 0.5 m/s, in the arteries—0.3 m/s, in the 
capillaries—0.005–0.01 m/s, in the veins—0.05–0.14 m/s, in the vena cava—0.2 m/ 
s  [5]. 

The main kinetic energy required for blood movement is given by the heart during 
systole (compression, contraction, reduction of the ventricles and atria during the 
cardiac cycle). At the same time, blood is ejected into the aorta from the left ventricle 
and the pulmonary artery—from the right. One part of the energy goes to push the 
blood, the other is converted into potential, which is necessary for stretching the 
walls of the aorta, large and medium vessels during systole. During relaxation of the 
ventricles and atria during the cardiac cycle the energy of the walls of the aorta and 
blood vessels is converted into kinetic energy, promoting the movement of blood 
through the vessels. 

Vessels are also able to actively respond to changes in blood pressure in them. 
Рulsating blood flow, due to the peculiarities of the aorta and large vessels, is leveled 
and becomes relatively continuous. Normally, the outflow of blood from the heart 
corresponds to its inflow. This means that the volume of blood flowing per unit of 
time through the entire arterial and venous systems of the large and small circles of 
blood circulation is the same. 

The speed of blood flow in the vascular bed is different and depends on the total 
sum of the area of the lumens of vessels of this caliber in a given area of the body. 
The aorta has the smallest cross-section, and the speed of blood movement in it is the 
highest—0.5 to 0.7 m/s. The capillaries have the largest total cross-sectional area— 
800 times greater than that of the aorta. Accordingly, the speed of blood in them is 
about 0.0005 m/s. In arteries it is 0.2–0.4 m/s, in arterioles—0.005 m/s. 

Pulse is understood as periodic oscillations of the vessel wall associated with the 
dynamics of their blood filling and pressure in them during one cardiac cycle. At 
the moment of expulsion of blood from the heart, the pressure in the aorta increases 
and the wave of this pressure spreads along the arteries to the capillaries, where the 
pulse wave fades. Accordingly, the pulsating changes in pressure also give rise to a 
pulsating character in the movement of blood through the arteries: acceleration of 
blood flow during systole and deceleration during diastole. The amplitude of the pulse 
wave decays as it moves from the center to the periphery. The speed of propagation 
of the pulse wave in the human aorta is 5.5–8.0 m/s, in large arteries—6.0 to 9.5 m/ 
s  [5]. 

The circulatory system has active energy sources (ventricles and atria of the 
heart). Various active physiological processes (mechanisms of reflex changes in 
vascular tone and cardiac output) change the physiological properties of the circula-
tory system, and therefore the conditions of blood flow. Any description of hemody-
namic processes (from simple cases of blood flow mechanics to complex processes 
of reflex control of blood circulation) is based on experimental data accumulated 
over many years of research [1]. 

Let us consider the pulse wave as a soliton. Then [5] the pulse velocity of the 
soliton v in the aorta (at the exit from the heart) is 5.5 ÷ 8 m/s, while the velocity of 
the blood flo w u0 in it is 0.4–0.6 m/s [4].
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That is, the pulse velocity v at the exit from the heart is 9 ÷ 20 times greater 
than the flow velocity u0. For certainty, we will use the value (v/u0) = 20, which 
corresponds to the pulse velocity of the soliton v = 8  m  /s. So, using the formula: 

β = 
1

2 

v 

u0 
, 

obtained from (13.9), we can find: β ≈ 2.24.
Based on the obtained values, we can represent the dependence (13.10) graphi-

cally. 
The last thing left to do is to check the results obtained, knowing the normal pulse 

rate—1 beat per second. This means that between two consecutive pulse waves in 
the form of a soliton (between two heart beats) the period should be: T = 1 s.  And  
the check is reduced to the fact that with such a pulse the solitons should not intersect 
with great accuracy (then the condition of separation of successive soliton pulses is 
fulfilled). To perform this check, we will use the solution (13.10). 

First of all, we will put x = 0 in (13.10), on the basis that the point of exit of the 
aorta from the heart will be considered the origin of coordinates. Then from (13.10) 
we obtain a special (not arbitrary) soliton-like boundary condition: 

u(t, 0) = 3v ch2 βvt√
S 

, (13.11) 

which in this consideration is considered to form a physiologically healthy heart 
rhythm, and any deviations from this boundary condition will lead to arrhythmias. 

If we compare Figs. 13.1 and 13.2, we can see that the function u(t, x ) has a 
tendency to narrow the peaks of the solution and demonstrates pulse waves. Thus, 
it can be stated that the smaller the value of S, the narrower the peaks of the waves. 
And this is the value that needs to be paid attention to at this stage of the study. 

Fig. 13.1 Dependence of 
u(t, x ) in the general case 
without considering the 
cross-sectional area of the 
aorta (formally we assume 
S = 1m 2) in the immediate 
vicinity of the heart

t 

u 

x 

20 
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Fig. 13.2 Dependence u(t, 
0) at S = 0.01 m 2

x 

t 

u 

20 

10 

If we put t = T in the argument of this boundary condition, then this argument 
takes the form: 

βvT √
S 

. (13.12) 

The cross-section S of the artery directly at the exit from the heart (at the point 
x = 0)  [4] has the value S ∼ 3 · 10−4 m2 Then the value of argument (13.12) can 
be estimated by substituting into it the numerical values of all quantities: β ≈ 2, 24, 
v = 8  m  /s, T = 1  s, (v/u0) = 20. As a result, we will have: 

βvT √
S 

= 
vT 

2 

v 

Su0 
= 800 

5 

3 
≈ 1033 .

If we use the analytical or graphical representation of the hyperbolic cosine, it is 
obvious that with an increase in the value of argument (13.12), the function ch(x) 
increases proportionally to ex. That is, for the value obtained here, ch(1033) →  ∞,  o  r
1/ ch2(1033) → 0 . . This means that the solution (13.10) in the form of a sequence 
of single-soliton pulse waves with the obtained parameters is physically correct, since 
it ensures the separation of each soliton with a good margin, as well as the blood 
flow velocity u0 = 0.5  m/s at the beginning of the aorta. 

For greater certainty, we consider the lower limit of the impulse velocity v at the 
exit from the heart, namely (v/u0) = 9. Then β = 1 .5, which also corresponds to 
the pulse velocity of the soliton v = 5.5  m  /s. The argument of the hyperbolic cosine 
will then be equal to 476, which also approaches zero 1/ch2 (476) → 0). 

If the boundary condition (13.11) is violated, i.e. ceases to be soliton-like, then 
other solutions of Eq. (13.3) are realized: multi-soliton solutions with different pulse 
velocities v, or solutions in the form of cnoidal waves. The latter, however, also 
require a special boundary condition.
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All deviations from boundary condition (13.11) within the framework of the 
considered soliton model of pulse waves look like pathological disorders caused 
by instability of the heart rhythm (arrhythmia). 

13.4 Conclusions 

The paper proposes a model that can be used to represent the work of the cardio-
vascular system, namely the formation of pulse heart waves. The model is based on 
the dimensional Korteweg-de Vries (KdF) equation with a circular channel for the 
velocity u(t, x). A partial solution to this equation is the soliton solution. 

To verify the applicability of the model, the solution of the KdF equation obtained 
in the paper was analyzed considering medical data obtained in real life. The asymp-
totic studies performed show that the model is working and can represent the work 
of the cardiovascular system without pathologies. A boundary condition is obtained 
that guarantees the stability of the heart rhythm. Violation of this condition can lead 
to multi-soliton solutions with different pulse velocities v, or to solutions in the form 
of cnoidal waves, which will describe the instability of the heart rhythm (arrhythmia). 
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content of this article. 
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Chapter 14 
Preparation of Nanocarbon 
by the High-voltage Breakdown 
of Hydrocarbons 

Antonina Malyushevskaya and Nataliya Kuskova 

Abstract The method of high-voltage breakdown in liquids and gases to obtain 
various types of nanocarbon with different structures and types of local atomic 
order is considered. The initial electron configuration of atoms and the structure 
of molecules in organic liquids—sources of carbon—is the determining factor in 
preparing the amorphous carbon with different types of local atomic order and 
specific electrical conductivity. The selectivity of the method of gas processing by 
high-voltage breakdown is also can be controlled by the choice of the chemical 
composition and morphology of the substrate material for deposition. The consid-
ered data are proposed to be used as a basis for an express method for assessing the 
type of nanocarbon, obtained as a result of the high-voltage breakdown of liquid and 
(or) gaseous carbon sources. 

14.1 Introduction 

The preparation and research of nanoscale materials is one of the most rapidly 
developing and in-demand areas of modern materials science. Issues related to the 
nanoscale states of carbon materials are of particular interest to discoverers. Over 
the past 30 years, carbon nanostructures have proven themselves as the basis of 
modern functional materials, their fields of application extend from chemistry [1, 2], 
biology [3], and medicine [4, 5] to the next generation of electronics [6], mechanical 
engineering [7, 8], and energetic [9, 10]. 

In the scientific and technical literature, the term “nanocarbon” without additional 
clarification can denote various nanosized modifications of carbon: fullerenes, carbon 
nanotubes, nanographite and graphene, nanodiamond, carbon “onions”, amorphous 
nanocarbon, etc. [11–13]. This has become common practice because carbon has 
the largest number of allotropic modifications known and practically proven, and
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even more modifications will be discovered soon. The discovery of the era of 
carbon allotropes is described in the work [14]. The development of methods for 
low-dimensional carbon materials’ synthesizing is closely related to the problem 
of quantum analysis of nanoscale carbon structures. The classification of carbon 
allotropic structures, based on the hybridization of atomic orbits, was first proposed 
in the work [15]. This classification is unique in that it introduces fractional dimen-
sions of carbon structures. They have so far been used only in theoretical work, since 
the known, practically obtained carbon structures are usually described by discrete 
sets of atoms and, in essence, do not require fractional dimensions. However, the 
work [15] became the key one not only because of the classification of structures of 
various carbon modifications but also because of the development of understanding 
of the formation of nanocarbon materials. The principles and approaches described 
in this work served as the basis for a more modern classification proposed in [16]. 
In recent decades, many modifications of carbon, previously theoretically described 
in the above-mentioned works, have been experimentally discovered and studied. 
Among them are spherical and polyhedral forms of fullerenes, cylindrical forms of 
nanotubes, and sheet forms of graphene and graphane. Larger-scale nanostructures 
of carbon modifications include nanobuds, fibers, foams, and ribbons, though some 
modifications of nanocarbon exist only at high temperatures or extreme pressures. 
Allotropic modifications of carbon radically differ from each other in their prop-
erties, from soft to hard, from opaque to transparent, from abrasive to lubricating, 
etc. This wide range of properties of modifications can be illustrated, for example, 
by amorphous nanocarbon materials (coal, soot, foam) compared to crystalline ones 
(nanodiamond, lonsdaleite, graphite, nanotubes, and fullerenes). Thus, the prospects 
for using nanocarbon of various modifications remain attractive for solving various 
applied problems. 

For example, the use of nanosized forms of carbon in the development of polymer 
composites based on them has given impetus to new research in the field of mate-
rials science and nanotechnology. Characteristic properties of nanosized carbon 
compounds are high Young’s modulus and tensile strength, high electrical and magne-
toresistance, and large surface area, in addition, carbon materials have low weight 
and high corrosion resistance [17, 18]. 

An important feature of polymer-nanocarbon composites is the low percolation 
threshold of electrical conductivity due to the high aspect ratio of carbon nanopar-
ticles, which makes it easy to form a continuous electrically conductive cluster in 
the composite [19, 20]. These properties of carbon materials, when providing a high 
level of their dispersion in a polymer matrix, open up new possibilities for creating 
composites with unique functional properties that are not inherent in conventional 
materials. In nanocarbon composites, it is possible to obtain a sharp increase in 
permittivity and low dielectric losses near the percolation threshold, which is impor-
tant for use as capacitors with high energy density and materials for controlling the 
electric field. Nanocomposites are heterogeneous structures with a large number of 
interphase boundaries, and studies of electrical and thermal transport in them are of 
great importance for aeronautics, space, and telecommunications equipment [21]. 
At the same time, the works of recent years [22–24] show that the most successful
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strategy is the use of multicomponent fillers, and the combination of filler particles 
of different shapes (1D, 2D, 3D morphology) is an effective way to improve the 
electrical, thermal and mechanical properties of composites. The authors of [25] 
showed that when using two types of conductive fillers, such as carbon nanotubes 
and nanoplates, simultaneously, electrical transport can occur in parallel in conduc-
tive clusters formed separately by different fillers, this leads to a sharp decrease 
in the percolation threshold. The combination of fillers of different natures and 
morphology also improves their dispersion in the composite. Thus, the nanocarbon 
material in demand is a mixture of particles of different shapes, structures, and surface 
morphologies. The scale of applicability of such nanocarbon in composite materials 
for aerospace technologies is extensive, today the potential for application is declared 
at the level of tons per year [26]. 

To date, the most successful methods for synthesizing nanocarbon are recog-
nized as [27]: laser ablation method, exfoliation method—mechanical separation of 
graphene layers from three-dimensional materials such as graphite; chemical vapor 
deposition (CVD) method, reduction of carbon oxides method—graphite oxide or 
graphene oxide is reduced to graphene or nanotubes. The listed methods are efficient 
and accurate, allow obtaining a predetermined required modification of nanocarbon, 
and almost do not require purification of the material from impurities. However, 
the methods above are mainly used to obtain materials for laboratory investiga-
tions, their scaling up to production needs is impractical. Large-scale production of 
nanocarbon is hampered by both the high cost of existing technological equipment 
and the narrow focus of existing methods on the synthesis of only certain modifica-
tions. This limits the use of nanocarbon in industry and reduces the economic effect 
of its use. Therefore, the problem of developing new, highly productive, and energy-
efficient methods, as well as increasing the variability of nanocarbon synthesis in a 
single technological process is relevant. Several demands are made on the methods 
of nanocarbon synthesis that would satisfy the industry: a diverse qualitative compo-
sition of the resulting nanocarbon materials together with the ability to control the 
phase and (or) component composition of the synthesized material; high productivity 
of the method; low specific energy costs and raw material consumption; high environ-
mental friendliness. Fulfillment of the entire complex of such requirements becomes 
possible when using the electric discharge method of influencing the substance. The 
equipment for its implementation is energy efficient, highly adaptable to technical 
tasks, and shows high productivity [28, 29]. In our work [30] the mechanisms of 
nanocarbon formation in the course of high-voltage electrical breakdown of liquid 
hydrocarbons have been established. It has been shown that high-voltage break-
down leads to a cascade of chemical transformations, as a result, both lower gaseous 
hydrocarbons are formed due to destruction, and higher ones due to polymeriza-
tion, as well as various carbon nanostructures appear as a result of dehydrogenation. 
The possibility of targeted synthesis of various allotropic forms of carbon in the 
course of high-voltage breakdown of hydrocarbons has been shown. Developing 
the work [15] the authors found that the key to targeted synthesis is the choice 
of liquid hydrocarbon—raw material, which allows the structure and composition 
of the synthesized nanocarbon prediction. Experimental studies confirmed that the
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qualitative and quantitative composition of carbon can be varied in a wide range. It 
was found that the nanocarbon obtained in the course of the electrical breakdown 
in the mixture of formed gases, depending on the type of material of the deposition 
surfaces and catalysts, consists mainly of one modification (fullerene-like carbon 
structures, carbon nanotubes with a diameter of 10 to 50 nm, nanofibers or films). 
Thus, parallel simultaneous processing by the method of high-voltage breakdown of 
liquid and formed gaseous hydrocarbons under certain energy input modes, varying 
catalysts, and initial hydrocarbon raw materials, different by the type of hybridiza-
tion of carbon atomic orbits in molecules and molecular structure, allows obtaining 
different types of nanocarbon in one technological process. Undoubtedly, to meet 
the requirements stated above, it is necessary to study the efficiency of the method 
depending on various factors and select the range of processing conditions in which 
the method will be most effective. 

The subject of our research is to determine the potential of selective synthesis 
of allotropic forms of nanocarbon by the high-voltage breakdown and to reveal the 
interrelations between the electrophysical properties of the obtained materials and 
the electron configuration of the atoms in the original hydrocarbons. 

14.2 Materials and Methods 

High-voltage electrical breakdown of hydrocarbons, due to the creation of extreme 
conditions (high temperatures and pressures), initiate a cascade of chemical trans-
formations—destruction of raw materials molecules with subsequent formation of 
various types of liquid hydrocarbons and a mixture of gases (hydrogen and lower 
hydrocarbons). As the result of the destruction, dehydrogenation, dehydrocycliza-
tion, and polymerization of liquid hydrocarbon molecules, the synthesis of solid 
nanocarbon occurs. The conditions for parallel simultaneous electrical breakdown 
of organic liquids and the resulting gaseous hydrocarbons, different in the degree 
of hybridization of carbon atoms in molecules and the structure of molecules, can 
change within wide limits. The main variable parameters are operating voltages (15 
… 35 kV) and storage capacities (0.25 … 50 μF) and, accordingly, the energy in a 
single pulse; energy input mode (type of discharge current pulse, rate of pulse current 
rise); configuration of discharge chambers and electrode systems; it is possible to use 
catalysts and precursors. The broad ranges of the listed parameters make it possible 
to obtain various types of nanocarbon in a single technological process. The materials 
under study were obtained during the high-voltage breakdown of organic liquids and 
the resulting gases. The block diagram of the experimental setup for the processing 
of organic liquids and the resulting gases is shown in Fig. 14.1.

In working chamber 1 high-voltage breakdown of liquid hydrocarbons is 
processed, resulting in the formation of solid-phase carbon, hydrogen, and a mixture 
of gaseous hydrocarbons. In the working chamber 2, a high-voltage breakdown of 
the resulting gas mixture is realized. The breakdown of the liquid was carried out in a 
working chamber with a coaxial electrode system, and the gases formed in this case
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Fig. 14.1 Block diagram of the experimental setup

were processed in a working chamber with a tip-plane electrode system. Both the 
walls of chamber 2 and quartz and nickel–chromium substrates were used to deposit 
the products of high-voltage breakdown in gases. 

High-voltage breakdown of liquid was realized in hydrocarbons, which differ in 
the type of hybridization of electrons in carbon atoms and the structure of molecules: 

• ethanol (C2H6O) – monohydric alcohol (sр3—hybridization of atomic orbits); 
• cyclohexanone (С6Н10O) – alicyclic ketone (sр3/sp2—hybridization of atomic 

orbits); 
• benzene (С6Н6) – aromatic compound (sр2—hybridization of atomic orbits in 

planar ring-shaped molecules); 
• pentane (C5H12), hexane (C6H14) – alkanes, (sр3—hybridization of atomic 

orbits); 
• cyclopentane (С5Н10) and cyclohexane (С6Н12) —cycloalkanes (sр3—hybridiza-

tion of atomic orbits in non-planar ring-shaped molecules);
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• kerosene ТС-1—composition of hydrocarbon (sp2/sp3—hybridization of atomic 
orbits), mass fraction aromatic hydrocarbons—0,22, gross-formula C7.2107H3.2936. 

The obtained nanocarbon powders were purified from traces of working liquids 
with organic solvents (ethyl acetate, acetone), then volatile solvents were removed by 
filtration and evaporation. After that, the obtained powders were dried in a thermostat 
at a constant temperature (T= 100° C) to a constant weight. Powders deposited on the 
internal surfaces of the working chamber or special substrates during gas breakdown 
were examined immediately after obtaining them.

The obtained materials were studied by methods of electron transmission 
and scanning microscopy using Hitachi H-800 and LEO Supra 50VP electron 
microscopes. 

Specific electrical conductivity of powder samples of the material was measured. 
To maintain identical conditions for measuring electrical conductivity and to compare 
the results for different powder samples, the dependence of electrical conductivity 
on the density of the powder material was measured in the cylinder under the piston 
during compression. This allowed us to find the minimum value of the material 
density at which sufficiently good contacts are formed, ensuring the electrical conduc-
tivity of the sample. To measure the specific electrical conductivity, the powders were 
poured into a loading container, which was closed with a spring-piston system. Then, 
the sample was gradually compressed using a press with a pressure change of up to 
107 Pa and a constant temperature. During compression, the circuit between the 
electrodes, which were the piston and the bottom of the loading container, connected 
to the MO-62 DC bridge, was closed. The resistance expectedly decreased due to 
an increase in the total contact area between neighboring particles of material. The 
bulk density ρ depending on the degree of compaction and the specific electrical 
conductivity σ of the powders under study was determined based on the results of 
the electrical resistance R measuring and the height of the powder column h, initially 
having the mass of sample m, by t he formulas:

ρ = 
4 m

πd2h 
(14.1) 

σ = 
4 h

Rπd2 
(14.2) 

where d—inner diameter of loading container. 
The measurements were carried out in triplicate and the arithmetic mean was 

found; the measurement error of the specific electrical conductivity of nanocarbon 
powders did not exceed 5%.
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14.3 Results and Discussion 

14.3.1 High-voltage Breakdown of Liquid Hydrocarbons. 

High-voltage breakdown of liquid alkanes and cycloalkanes. 

It is known, that alkanes at temperatures above 450 °C disintegrate into hydrocarbons 
with a smaller number of carbon atoms. The C− C bond can be broken at any random 
point in the molecule, so a mixture of alkanes (CpH2p+2) and alkenes (CmH2m)  is  
formed with a lower molecular weight than the original alkane. The plasma-chemical 
action of high-voltage breakdown begins with the dissociation of liquid molecules. 
Dissociation is realized as the ruptures of strong C − C bonds in the central parts of 
linear molecules, which leads to the formation of carbon clusters Ck, hydrogen, and 
lower hydrocarbons—gases [30]: CnH2n+2 = Сk + CmH2m + CpH2p+2 + kH2, where 
k + m + p = n.

During the high-voltage breakdown of cycloalkanes, the molecules of which are 
ring-shaped, some of the rings do not rupture, and the synthesis of nanocarbon occurs 
due to dehydrogenation—the hydrogen atom splits off. This can be explained by the 
fact that the energy of the σ-bond C−C in cycloalkanes is several times higher 
than the energy of the bond C=C and greater than the energy of the bond C−H. 
Dehydrogenation and polymerization are the most probable processes of nanocarbon 
synthesis, and the rupture of the bonds C−C leads to the formation of gaseous alkanes 
[30]. 

Individual nanocarbon particles obtained from cyclohexane have a spheroidal 
shape and “onion-like” structure (Fig. 14.2).

The diameters of conglomerates of spherical carbon particles obtained in the 
process of high-voltage treatment of cyclohexane were determined by atomic force 
microscopy and ranged from 27 to 70 nm. After the above-described cleaning 
with solvents, a 3D image of the layer of obtained carbon particles was obtained 
(Fig. 14.3a). Based on the section trace 1–2 (Fig. 14.3b) from the section profile 
(Fig. 14.3c) the sizes of the nanocarbon particles were determined. The diameter 
of the obtained carbon particles is from 2.5 to 3.0 nm. Individual particles have a 
diameter of about 1 nm. Thus, the true size of the carbon nanoparticles obtained by 
high-voltage breakdown of cyclohexane is from 1 to 3 nm.

The similarity of the Raman spectra of nanodiamonds and nanocarbon obtained 
by the electrical breakdown of cyclohexane indicates a diamond-like type of its local 
atomic order [31]. 

It should be noted, that in addition to the electron configuration of the carbon 
source atoms, the structure of the molecule itself also plays an important role. For 
example, nanocarbon with a pronounced diamond-like type of local atomic order 
was obtained only from cyclohexane. It is known, that the molecule of cyclohexane 
is similar to a ring in the crystal structure of a diamond with strong C–C bonds. 
When using hexane as a carbon source, a mixed type of local atomic order struc-
ture of nanocarbon was obtained (sp3/sp2—hybridization of atomic orbits). The
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Fig. 14.2 TEM image of 
carbon nanospheres, carbon 
source—cyclohexane

results of measuring the dependences of the specific electrical conductivity of the 
obtained materials on the compaction density (Fig. 14.4) allow us to assume that 
compacted powders obtained by high-voltage breakdown of cyclohexane can be 
classified as diamond-type nanocarbon with a predominant sp3 electron configura-
tion. Their specific electrical conductivity does not exceed 0.2 S/m. Studies of the 
electrical conductivity of nanocarbon formations obtained by high-voltage break-
down of hexane and cyclohexane made it possible to identify significant differences 
in the obtained materials (Fig. 14.4).

High-voltage breakdown of kerosene and benzene 

Amorphous carbon obtained using the high-voltage breakdown of kerosene and 
benzene is characterized by a small block size, which is practically independent 
of the type of liquid used with the same energy parameters of synthesis (Fig. 14.5).

To compare known and thoroughly studied modifications of carbon (graphite and 
diamond) with other carbon materials, it is necessary to know the characteristic bond 
lengths and valence angles in the molecules of the substance. For graphite, the bond 
length for the two main polymorphic modifications is 1.418 Å, and the valence angle 
φ = 120.0; for diamond, the length of a single bond for the cubic modification is 
1.5417 Å, for the hexagonal modification—1.5641 Å, the valence angle φ = 109.50.

The conducted studies of nanocarbon have shown that the products of the electrical 
breakdown of benzene and kerosene have a pronounced graphite-like type of local 
atomic order. In particular, the calculation of the valence angle between bonds for 
nanocarbon obtained from benzene showed that it varies within the range from 121.9 
to 123.1°, which indicates the prevalence of the graphite-like type of local atomic
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Fig. 14.3. 3D image of carbon particles layer a and the surface topography of the layer on quartz 
glass with section trace b, and section profile c

order. During the amorphous carbon obtained as the result of the high-voltage break-
down of benzene and kerosene at different energy parameters annealing no significant 
structural changes occur, i.e. nanocarbon does not graphitize. However, nanocarbon 
obtained in the course of the high-voltage breakdown of cyclohexane graphitizes 
already at 1000 °C, which is typical for diamond-like materials [32]. The values of 
specific electrical conductivity also allow us to validate indirectly the predominant 
type of sp2-hybridization of atomic orbits in the obtained material (Fig. 14.6).

High-voltage breakdown of oxygen-containing liquids (alcohols, ketones) 

High-voltage breakdown of monoatomic alcohols initiates the synthesis of alkenes 
(СnH2n). During the dehydrogenation of ethanol, ethylene (gas) forms: СН3 − СН2 

− ОН → СН2 = СН2 + Н2О. The yield of nanocarbon straight as the result of
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Fig. 14.4 Dependence of specific electrical conductivity of materials obtained by high-voltage 
breakdown of hexane and cyclohexane on the density of the sample

Fig. 14.5 TEM image of high-voltage breakdown products of kerosene (a) and benzene (b)

the breakdown of ethanol is only 1.21% [30], and the resulting powder (Fig. 14.7) 
contains impurities of iron and oxygen.

In the course of the high-voltage breakdown in cyclohexanone, “onion-shaped” 
carbon structures were obtained (Fig. 14.8). However, the maximum specific elec-
trical conductivity of compacted nanocarbon powder obtained during the high-
voltage breakdown of cyclohexanone (20 Sm/m) is between the values of specific 
electrical conductivities of amorphous carbon with diamond-like and graphite-like 
local atomic order. Thus, the obtained material can be classified as nanocarbon with 
mixed hybridization of atomic orbits sp3/sp2 (Fig. 14.9).
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Fig. 14.6 Dependence of specific electrical conductivity of powders obtained by high-voltage 
breakdown of kerosene and benzene on the sample density

Fig. 14.7 Amorphous 
nanocarbon obtained by 
high-voltage breakdown of 
ethanol

14.3.2 High-voltage Breakdown of Gases Formed During 
the Breakdown of Liquids 

The deposition of nanocarbon synthesized during high-voltage breakdown of the 
mixture of formed gases, regardless of the initial liquid hydrocarbon, occurs both in 
the form of films up to 0.1 mm thick on a quartz substrate (Fig. 14.10), and in the 
form of carbon nanotubes and fibers (Fig. 14.11). The surface of the films facing the 
substrate contains silicon (up to 5%), and the opposite side contains only carbon.

It was established by electron microscopy that the surface of the synthesized films 
consists of globules, the diameter of globules varies from 1 to 25 µm (Fig. 14.12).
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Fig. 14.8 TEM image of 
nanocarbon, carbon 
source—cyclohexanone 
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Fig. 14.9 Dependence of the specific electrical conductivity of the powder obtained by high-voltage 
breakdown of cyclohexanone on the sample density

When processing gases forming during the high-voltage breakdown of kerosene 
and benzene on a nickel–chromium substrate in the working chamber 2 (Fig. 14.1) 
carbon nanotubes (Fig. 14.13a) and fibers (Fig. 14.13b) are synthesized. Upon 
reaching a certain length, the fibers and nanotubes growing on the catalytic surface
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Fig. 14.10 Micrographs of films obtained on a quartz substrate as a result of high-voltage 
breakdown of gases (primary carbon source—hexane) 

Fig. 14.11 Micrographs of 
rolled films obtained as a 
result of high-voltage 
breakdown of gases (primary 
carbon 
source—cyclohexane)

Fig. 14.12 Micrographs of the surface of films synthesized as a result of high-voltage breakdown 
of gases (primary carbon source: a—pentane, b—hexane, c—cyclopentane, d—cyclohexane)

crumble in the form of powder, and fibers with a length-to-diameter ratio of more 
than 100 are obtained. Such powder, as follows from the results of chemical analysis 
(Table 14.1), contains only traces of the catalyst substance.
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Fig. 14.13 Micrographs of carbon nanotubes and carbon fibers obtained as a result of gas 
breakdown (primary carbon source: a—benzene, b—kerosene) 

Table 14.1 Chemical composition (mass %) of the sections indicated in Fig. 14.13a 

Number of section C O Ni Total 

17 100 0 Traces 100 

18 100 0 Traces 100 

19 100 0 Traces 100 

20 100 0 Traces 100 

The energy of the C−H bond in alkene molecules (ε1 = 433 kJ/mol) is less than 
the energy of the double bond C=C (ε2 = 588 kJ/mol), therefore the high-voltage 
breakdown of gaseous alkenes leads to the synthesis of solid-phase nanocarbon, 
which has predominantly sp2—hybridization of carbon atomic orbits. High-voltage 
breakdown in the resulting ethylene, for example, leads to the formation of carbon 
nanotubes on the catalyst (Fig. 14.14). Carbon nanotubes deposited on a nickel– 
chromium substrate completely cover its surface. The diameter of the synthesized 
carbon nanotubes correlates with the dispersion of the substrate material.

The measured values of specific electrical conductivity of nanocarbon obtained 
in the form of films allow us to conclude that there is a mixed (sp2/sp3) type of 
hybridization of carbon atomic orbits. In contrast, the carbon material, consisting 
mainly of nanotubes, shows high values of specific electrical conductivity, which are 
typical for the graphite-like type of local atomic order (Fig. 14.15).

The data summarizing the influence of the carbon source on the type of 
local atomic order and the specific electrical conductivity of nanocarbon powders 
obtained by high-voltage breakdown are summarized in Table 14.2. For comparison, 
Table 14.2 includes the values of the specific electrical conductivity of nanodiamonds 
obtained by the detonation method [33] and nanographite obtained by electrical 
explosion of graphite conductors [34].
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Fig. 14.14 Carbon 
nanotubes obtained in the 
process of high-voltage 
breakdown of ethylene 
formed during high-voltage 
breakdown of ethanol
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Fig. 14.15 Dependence of the specific electrical conductivity of powders of nanocarbon films and 
nanotubes obtained in the course of high-voltage breakdown of a gas mixture on the density of the 
sample

As can be seen from the data presented in Table 14.2, the type of local atomic order 
and the value of specific electrical conductivity of the obtained nanocarbon materials 
are associated with the electron configuration of carbon atoms and the structure of 
the carbon source molecules. However, the effect of high temperatures during the 
breakdown of alkanes and cycloalkanes leads to a change in the hybridization of 
some carbon atomic orbits from sp3 to sp2. Then the formation of sp2/sp3 nanocom-
posites with a diamond-like type of local atomic order occurs, and nanocarbon with 
a specific electrical conductivity of less than 1 Sm/m is synthesized. Compacted
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Table 14.2 Effect of carbon source and type of synthesized nanocarbon on the specific electrical 
conductivity of nanocarbon powders at compaction density ρ = 1800 kg/m3

Carbon source (type of 
hybridization of carbon atomic 
orbits) 

Type of local atomic order of the 
nanocarbon to obtain 

Specific conductivity, S/m 

Explosives (sp3)  [33] Nanodiamond 10–5 

Cyclohexane (sp3) Onion-shaped nanocarbon with 
diamond-like local atomic order 

0,2 

Mixture of gaseous alkanes 
(sp3) 

Nanocarbon films with 
diamond-like local atomic order 

0,5 

Hexane (sp3) Amorphous nanocarbon with 
mixed diamond-graphite type of 
local atomic order 

9,8 

Cyclohexanone (sp2/sp3) Amorphous nanocarbon with 
mixed diamond-graphite type of 
local atomic order 

20,0 

Kerosene (sp2/sp3) Graphite-like amorphous 
nanocarbon 

60,0 

Benzene (sp2) Amorphous nanocarbon with 
graphite-like type of local atomic 
order 

67,0 

Mixture of gaseous alkenes 
(sp2) 

Carbon nanotubes and fibers 116,0 

Grafite (sp2)  [34] Nanografite (sp2) 104,0

powders with specific electrical conductivity from 1 Sm/m to 20 Sm/m can be clas-
sified as amorphous carbon with a mixed diamond-graphite type of local atomic 
order. 

14.4 Conclusions 

Thus, the method of high-voltage breakdown in liquids and gases allows us to obtain 
various types of nanocarbon, differing in structure and type of local atomic order 
due to pulsed high-energy actions on organic liquids and the resulting gaseous 
hydrocarbons. 

The dependence was revealed of the selectivity of the high-voltage breakdown 
synthesis of amorphous carbon with different types of local atomic order and specific 
electrical conductivity on the initial electron configuration of atoms and the structure 
of molecules in organic liquids—sources of carbon. 

The choice of the chemical composition and morphology of the substrate material 
for deposition also controls the selectivity of the gas processing method by high-
voltage breakdown.
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It is shown that at powder compaction density of 1800 kg/m3, the values of 
specific electrical conductivity of amorphous nanocarbon with a diamond-like type 
of local atomic order do not exceed 1 Sm/m, and the specific electrical conductivity 
of nanocarbon with a mixed diamond-graphite type of local atomic order lies in the 
range from 1 Sm/m to 20 Sm/m. The obtained data are proposed to be used as a basis 
for an express method for assessing the type of nanocarbon obtained as a result of 
high-voltage breakdown of liquid and (or) gaseous carbon sources. 
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Chapter 15 
Fine Treatment of Dairy Wastewater 
in a Heterogeneous Fenton System 

Olena Makido , Galyna Khovanets’ , Oksana Kurylets , 
Markiian Dziadyk , and Viktor Vasiichuk 

Abstract Wastewater contaminated with organic substances (dye production and 
food industry) causes great harm to the environment. Among food enterprises, the 
dairy industry leads in wastewater production. The purpose of this article is to study 
the use of a heterogeneous Fenton system based on a pre-synthesized nanostructured 
magnetically separable catalyst CoFe2O4/SiO2/CuO for fine post-treatment of dairy 
wastewater. The structure of the obtained composite was confirmed by Fourier trans-
form infrared spectroscopy (FTIR). The surface morphology of the particles and 
the elemental composition were determined using a scanning electron microscope 
(SEM). The studied catalyst was tested on simulated dairy wastewater. The content of 
organic compounds was analyzed by chemical oxygen demand (COD), O2 content, 
redox potential (ORP) and medium pH. The effect on the oxidation process of organic 
compounds in the Fenton system of replacing the oxidant hydrogen peroxide with 
air oxygen was studied. The dependence of the efficiency of the oxidation process 
on the amount of supplied oxygen was shown. It was established that when using O2 

as an oxidant, the catalyst forms organoperoxide compounds that are responsible for 
the complete oxidation of organic pollutants. It was determined that for fine treat-
ment of dairy wastewater the optimal system is «dairy wastewater : O2 : CoFe2O4/ 
SiO2/CuO», in which the degree of oxidation of organic pollutants reaches 96%, 
and the value of chemical oxygen demand (COD) decreases from 115 mgO2/dm3 

to 10 mgO2/dm3. The efficiency and easy extraction of the magnetically separable 
catalyst allows for the implementation of a cyclic water use scheme and makes the 
proposed system economically viable and environmentally friendly.
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15.1 Introduction 

Today, the pollution of the ecosystem by wastewater is global in nature. Among food 
enterprises, the dairy industry is considered the largest source of wastewater, where 
wastewater accounts for up to 80% of the used water [1]. 

Water is the main technological medium used at all stages of dairy produc-
tion, equipment cleaning and washing, as well as heating, cooling and disinfec-
tion processes [2]. The total amount of wastewater in units of volume can exceed 
the amount of milk produced by 2.5 times. Of these, contaminated water coming 
from production processes accounts for 50–80% and only the remaining 20–50% is 
considered conditionally clean. 

Recently, interest in the treatment of dairy wastewater and its possible reuse has 
increased significantly [3, 4]. Dairy wastewater is characterized by a high content of 
dissolved and suspended solids (oils, fats, proteins), and may contain ammonia, phos-
phates, and detergent residues. Although such wastewater does not usually contain 
toxic chemicals, it can pose a major problem for the surrounding community due to 
the high concentration of dissolved organic matter and the unpleasant odor caused by 
its decomposition. To solve these problems, dairy producers use a complex wastew-
ater treatment protocol, which has a significant impact on the economic perfor-
mance of the enterprise. Wastewater treatment in dairy production is complex and 
involves the use of various methods: mechanical, physicochemical and biological. 
Mechanical treatment helps to equalize changes in the volume and mass flow rate 
of wastewater and reduce the proportion of suspended solids. Various physical and 
chemical processes are aimed at removing emulsified compounds, but the introduc-
tion of reagents into the process significantly increases treatment costs. Another 
disadvantage is the low removal of the organic component of wastewater, which is 
characterized by high levels of chemical oxygen demand (COD) and biochemical 
oxygen demand (BOD) [5]. 

To reduce the organic load, anaerobic and/or aerobic biological methods are 
mainly used, which allow to treat wastewater with a high COD and achieve a degree 
of purification of up to 90% [6]. However, the use of classical biological treatment 
technology, characterized by the presence of recirculation flows, is associated with 
relatively high energy consumption for wastewater treatment and the formation of 
a significant amount of excess biomass. The need to stabilize the resulting sludge 
requires additional costs, and the need to develop new wastewater treatment technolo-
gies is justified by the changing nature and phase-dispersed state of dairy wastewater 
contaminants. In addition, after biological treatment, the COD of such wastewater 
reaches up to 125 mgO2/dm3, which allows it to be discharged into the general 
sewerage system, but an additional stage of fine treatment should be implemented to 
reuse it. 

In order to improve the biodegradation of dairy wastewater, some authors have 
proposed to add pure oxygen as an oxidant to the homogenization pools before 
traditional physical and chemical treatment [2]. Although the use of pure oxygen as
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an oxidant improves the quality of wastewater and reduces treatment costs, oxygen 
supply systems are hardware complex and require certain measures for safe use. 

Advanced oxidation processes (AOPs), based on the formation of strong oxidants 
– hydroxyl radicals, that destroy organic compounds by oxidizing them to CO2 

and water, are widely used to treat water from persistent organic pollutants. These 
include the heterogeneous Fenton process, known as a highly efficient process for 
the oxidation and degradation of a wide range of water pollutants, including those of 
organic origin [7–9]. The synthesis of hydroxyl radicals in this process occurs as a 
result of the interaction of a heterogeneous catalyst based on transition metals, such 
as Fe, Cu, Co, Mn or their combinations, and hydrogen peroxide as an oxidant. 

The advantages of using this process include an «environmentally friendly» 
oxidant—hydrogen peroxide, since after its use there is no secondary water pollution 
[10], the possibility of using in a wide range of pH and temperatures. In addition, 
hydrogen peroxide is highly soluble in water and well stored in containers, as its 
commercial solutions are stable. Thus, the use of the Fenton system for the treat-
ment of dairy wastewater, which contains a large amount of organic pollutants [11] 
is appropriate and promising. However, the use of heterogeneous catalysts based on 
transition metals requires complex filtration equipment for their extraction for the 
next cycle of application, which also increases the cost of the process. 

To solve the problem of catalyst extraction from the reaction medium for its 
reuse, in the Department of Physical Chemistry of Fossil Fuels was synthesized a 
multilayer core–shell composite consisting of a magnetically sensitive cobalt ferrite 
core covered with a stabilizing layer of porous silicon oxide, on which copper oxide 
catalytic centers are located. Preliminary studies on model solutions of organic dyes, 
in particular, methylene blue, have shown the prospects of using a heterogeneous 
Fenton system based on the CoFe2O4/SiO2/CuO catalyst for the oxidation of organic 
compounds [12]. These composites have a developed surface and good adsorption 
properties, which is one of the important characteristics of the catalyst [13]. 

This research work is devoted to the study of the possibility of using a synthesized 
heterogeneous nanostructured magnetically sensitive catalyst based on copper oxide 
in the Fenton system for the fine treatment of dairy wastewater to return it for technical 
or other purposes. 

However, the use of a heterogeneous catalyst in the Fenton system has its own 
caveats. The mechanism of oxidation of organic substances in the Fenton and 
Raffa systems depends on a number of factors, including the chemical structure of 
substrates, their complexing ability with respect to transition metal ions, in particular, 
Fe. In addition, some authors [14] showed that the introduction of molecular oxygen 
into the heterogeneous Fenton system significantly improves the completeness of 
the conversion of organic compounds. It is assumed that it is oxygen that affects 
the course of intermediate reactions responsible for the destruction of the structure 
of organic molecules. Therefore, in this work, the effect of oxygen supply on the 
process rate and completeness of degradation of organic compounds was studied.
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15.2 Experimental Part 

15.2.1 Materials and Methods 

The copper oxide-based catalyst was synthesized by a multistage technology [12]. 
The structure of the obtained CoFe2O4/SiO2/CuO composite particles was 

confirmed on the basis of FTIR spectra taken using a NICOLET 6700 spectrom-
eter (Thermo Fisher Scientific) using the KBr technique (5% of the sample in KBr). 
Measurements were performed in the range of 400–4000 cm−1 with a resolution of 
4  cm−1. The surface morphology of the particles and elemental composition of the 
samples were determined using a scanning electron microscope REMMA 102–02 
with an X-ray microanalyzer (EDX) system.

The study was carried out on a dairy wastewater imitation prepared from milk 
powder (GOST 10,970–87). 1 g of milk powder was added to a 100 mL volumetric 
flask, diluted with hot water (60 °C), mixed thoroughly, and after cooling, diluted to 
a COD content of approximately 100 mgO2/dm3. 

The volume of milk wastewater in all experiments was the same and amounted 
to 50 mL. The weight of the catalyst was 0.139 g (in terms of CuO—7.5•10–4 mol). 
Hydrogen peroxide was introduced into the system in an amount equivalent to the 
amount of organic matter in the milk wastewater. The flow rate of air bubbled through 
the solution was 250–500 mL/min. 

To conduct the study with the supply of oxygen to the reaction medium, a bubbling 
apparatus was used—a Schott filter, through which air was passed at a given capacity. 
The air supply through the glass filter solved two problems at once: the introduction 
of oxygen into the reaction zone, as well as the effective mixing of the reaction 
heterogeneous mixture. In addition, the purpose of supplying air to the system was 
to try to partially replace the oxidant – hydrogen peroxide – with air oxygen, which 
could lead to a reduction in the cost of the oxidation process. 

The reaction mixture was analyzed before, after and during the process for organic 
pollutants by chemical oxygen demand (COD), O2 content, redox potential (ORP) 
and pH. 

15.2.2 Results and Discussion 

Characterization of the Composite. The elemental analysis of the obtained particles 
confirmed the structure of the CoFe2O4/SiO2/CuO catalyst and the stoichiometry of 
its composition (Fig. 15.1, Table 15.1).

The presented SEM image of the CoFe2O4/SiO2/CuO catalyst (Fig. 15.2)  shows  
the catalytic CuO centers located on the porous SiO2 surface.

The analysis of the obtained peaks on the IR spectrum of the composite confirmed 
the presence of all the declared phases in the composite (Fig. 15.3). The broad absorp-
tion peak at 3384 cm−1 is caused by adsorbed water molecules, since nanostructured



15 Fine Treatment of Dairy Wastewater in a Heterogeneous Fenton System 209

Fig. 15.1 EDX spectra of CoFe2O4/SiO2/CuO composite 

Table 15.1 Quantitative determination of elements in the CoFe2O4/SiO2/CuO composite 

Element Sr Intensity Concentration Percent element 

O * 0 0 51.42 

Na2O K 1158 1.78 1.91 

SiO2 K 19,546 18.35 10.12 

SO3 K 1435 2.66 1.10 

FeO K 19,081 27.88 12.86 

CoO K 8054 12.47 5.52 

Cu2O K 16,709 36.86 17.08 

Summary 100 100

Fig. 15.2 FESEM image of 
CoFe2O4/SiO2/CuO 
particles
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Fig. 15.3 FTIR spectra of CoFe2O4/SiO2/CuO catalyst 

materials are characterized by a high surface-to-volume ratio, due to which they easily 
absorb moisture. The presence of the 1603 cm−1 band is due to the Cu–O valence 
vibrations [15]. The peak at 1084 cm−1 corresponds to the valence vibrations of 
Fe–O–Si, which confirms not only the presence of a SiO2 layer in the composite but 
also the formation of a chemical bond between the core (CoFe2O4) and the protective 
layer of silicon oxide [16]. The bands at 944 cm−1 and 874 cm−1 can be attributed to 
the presence of silanol groups (Si–OH) and symmetrical O–Si–O bonding [17]. The 
infrared absorption peak at 596 cm−1 was attributed to the Cu–O valence vibration 
in CuO [18], and the peak at 410 cm−1 is due to the oscillation of metal oxide in the 
complex of octahedral Co(II)-O2 groups and the complex of tetrahedral Fe(III)-O2 

groups of the cobalt ferrite phase [19]. 
The obtained results confirmed the structure of the catalyst, consisting of three 

layers: a magnetic core of CoFe2O4 spinel structure, a protective porous SiO2 shell 
and monoclinic CuO catalytic centers located on it. 

Investigation of the Oxidation Process of Organic Wastewater. The following 
systems were chosen to study the oxidation process of organic wastewater: «dairy 
wastewater : air oxygen : catalyst : hydrogen peroxide» (1), «dairy wastewater : air 
oxygen» (2), «dairy wastewater : air oxygen : hydrogen peroxide» (3), and «dairy 
wastewater : air oxygen : catalyst» (4). Such studies provide an understanding of 
the catalyst’s action in the system and the selection of its optimal composition. The 
results obtained are shown in Figs. 15.4, 15.5 and in Table 15.3.

According to the given graphs (Fig. 15.4), the best results were obtained for the 
system «dairy wastewater : air oxygen : catalyst» (4). In 30 min, the system achieved 
a 92% removal rate, and the residual COD was 9.6 mgO2/dm3. The catalyst involving 
oxygen is effective. 

The system «dairy wastewater : О2 : CoFe2O4/SiO2/CuO : H2O2» (1) also showed 
a positive result. However, the extreme nature of the COD curve is clearly visible in 
the system under study (Fig. 15.4, curve 1). After the addition of hydrogen peroxide to 
the system, an increase in the COD value is observed, which reaches its maximum at 
60 min of the process, after which it decreases by 63% (Fig. 15.4, curve 1, Table 15.2).

This anomaly can be explained by the fact that during the COD analysis, the 
reagent (potassium dichromate) is consumed not only for the oxidation of organic
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Fig. 15.4 Kinetics of COD change in systems 1, 2, 3, 4 

Fig. 15.5 Influence of air flow rate on the change in COD (a) and oxidation rate (b) over time for 
the system «dairy wastewater : CoFe2O4/SiO2/CuO : O2»

compounds in solution, but also for the oxidation of hydrogen peroxide introduced 
into the system by reaction: 

4  H2O2 + K2Cr2O7 + 3  H2SO4 → Cr2(SO4)2 + K2SO4 + 4  O2 + 7 H2O
(15.1)
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Table 15.2 Comparative analysis of the results of the systems «dairy wastewater : air oxygen : 
catalyst : hydrogen peroxide» (1) and «dairy wastewater : air oxygen : catalyst» (4) 

The system «dairy wastewater : О2 : 
CoFe2O4/SiO2/CuO» (4) 

The system «dairy wastewater : О2 :  CoFe2O4/ 
SiO2/CuO : H2O2»  (  1)

τ,  min ORP, 
mV 

О2,  % рН α,  % τ,  min ORP, 
mV 

О2,  % рН α,  %  

0 368 56.6 6.15 0 0 300 54.7 7.30 0 

5 398 65.3 – 33 30 389 65.4 – −12 

10 400 69.8 – 52 60 349 69.8 – −126 

20 398 69.3 – 76 90 368 69.5 – 25 

30 407 75.1 3.12 92 120 388 75.1 3.85 63 

Table 15.3 Comparative analysis of the results of the systems «dairy wastewater : air oxygen» (2) 
and «dairy wastewater : air oxygen : hydrogen peroxide» (3) 

The system «dairy wastewater : О2»  (2) The system «dairy wastewater : О2 :  H2O2» 
(3)

τ, 
min 

ORP, 
mV 

О2,  % рН Сн2о2, 
g/dm3 

α,  % τ, 
min 

ORP, 
mV 

О2,  %  рН Сн2о2, 
g/dm3 

α,  %  

0 289 58.0 5.43 – 0 0 338 54.7 5.80 12.73 0 

30 498 62.0 – 26.6 30 432 65.4 – – 

60 500 65.4 – – 31.2 60 499 69.8 – 8.50 −6 

90 523 61.7 – 45.9 90 450 69.3 – – 

120 568 58.2 2.85 – 46.3 120 484 75.1 3.30 4.25 33

The conducted analysis of the system for H2O2 content using the iodometric 
method showed that 30 min after the introduction of hydrogen peroxide, an increase 
in its concentration was observed, which remained practically unchanged until the 
end of the process. This may indicate the appearance of an additional amount of 
peroxide compounds that should compensate for the consumption of H2O2 for the 
oxidation of organic components. 

As can be seen from the results (Table 15.2), systems (1) and (4), according to the 
change in the time of ORP, go into an oxidative state, both of them show acidification 
in the oxidation process, i.e., the pH of the medium decreases, but system (4) without 
the addition of hydrogen peroxide is more efficient. Probably, the introduction of 
H2O2, which can be a reducing agent, into the system help to slows down the course 
of the main oxidation reactions of organic compounds. 

The effect of air oxygen and H2O2 on the oxidation process was studied in the 
systems «dairy wastewater : air oxygen» (2) and «dairy wastewater : air oxygen : 
hydrogen peroxide» (3). 

As shown by the results for the system «dairy wastewater : air oxygen» (2) 
(Fig. 15.4, curve 2), when oxygen is supplied to the reaction medium, the oxida-
tion of the organic component of milk is observed to be 27% within 30 min, and
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46.3% within 2 h. This result can be explained primarily by the effective supply of 
active oxidant (O2) and its contact with the reducing medium due to the successful 
design of the apparatus. 

The increase in the value of the redox potential confirms the oxidation process 
(Table 15.3). The decrease in COD of the system during the process is almost linear, 
while the formation of peroxide compounds is not observed. 

In the system «dairy wastewater : air oxygen : H2O2» (3), according to the results 
obtained, the COD change graph has an unexpressed extreme dependence (Fig. 15.4, 
curve 3), while the amount of hydrogen peroxide in the reaction medium decreases 
over time (Table 15.3). The increase in COD value with a decrease in the H2O2 

concentration indicates the formation of new compounds in the system, probably 
of the peroxide type, the presence of which may affect the analysis result. In the 
further course of the process, COD naturally decreases as a result of oxidation of 
the organic component, but the degree of conversion after 120 min is only 33.4%, 
which is significantly lower than the process with oxygen itself (Table 15.3). When 
comparing the value of the ORP, it can be seen that system (3) has a lower oxidizing 
capacity than system (4) without the addition of peroxide. 

Thus, the most productive system is «dairy wastewater : air oxygen : catalyst» (4), 
which can be explained by the efficiency of the catalyst for the production of active 
particles with the participation of air oxygen. Iodometric analysis confirmed the pres-
ence of active intermediate peroxide compounds on the surface of the CoFe2O4/SiO2/ 
CuO catalyst. Their maximum amount of 0.128 g/dm3 was observed after 20 min 
from the beginning of the process and then it slowly decreased to 0.102 g/dm3, prob-
ably due to the costs of the process of oxidation of organic pollutants (Table 15.2). The 
concentration of the detected peroxide compounds is insignificant, but it is sufficient 
for the process of oxidation of organic compounds until their complete destruction. 

As defined by the authors [20], the action of a peroxide radical on an organic 
compound can be described by the equation 

·OH + RH → R· + H2 O. (15.2)

In the presence of oxygen in the reaction medium, the organic radical is removed 
[20] 

R· + O2 → ROO ·, (15.3)

with the formation of a peroxo-organic radical, which itself can initiate the following 
reactions [20, 21] 

ROO· + RH → ROOH + R· (15.4)

ROO· + H2O → ROH + HOO· (15.5)

HOO· + H2O2 → OH· + H2O + O2. (15.6)
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This confirms the assumption that the oxidation of organic substances in this 
system occurs during interacting with peroxide compounds, the appearance of which 
can be associated with processes occurring on the catalyst surface under the influence 
of oxygen. At the same time, the presence of hydrogen peroxide in the reaction 
medium can inhibit the course of reaction (15.5), which slows down the oxidation 
process (system (3)). 

The high degree of conversion and the rate of the process for system (4) (92% 
in 30 min) significantly exceed the indicators for other systems, and the nature of 
the change in the degree of purification over time indicates the high activity and 
efficiency of the copper-containing catalyst at such low concentrations of active 
peroxide compounds produced. 

To test the role of the catalyst in the formation of peroxide compounds, an exper-
iment was conducted without organic compounds in the system «Н2О(dist): О2: 
CoFe2O4/SiO2/CuO» with the same component consumption. The results obtained 
showed that the concentration of peroxide compounds (Сн2О2) after 10 min of the 
process reaches 0.113 g/dm3, which corresponds to their amount for system (4). 
Thus, it can be assumed that hydrogen peroxide or other peroxide-type compounds 
appear in the system in the presence of the CoFe2O4/SiO2/CuO catalyst, water and 
air oxygen, and their amount is quite sufficient for the effective flow of the catalytic 
process of oxidation of organic pollutants. 

As the results showed, the presence of oxygen in the reaction medium affects 
the mechanism of the oxidation process, so a study was conducted to determine 
the dependence of the completeness of the conversion on the amount of oxygen in 
the system. The parameters of the experiment are identical to the previous ones. 
Only the air flow rate was a variable factor: 250 mL/min and 550 mL/min. The 
results (Fig. 15.5) show that a twofold increase in the amount of oxygen in the 
reaction medium leads to a slight acceleration of the oxidation process (the degree of 
conversion increases from 92 to 96% after 30 min, and COD decreases from 9.648 
to 4.824 mgO2/dm3). 

Based on the results obtained, it can be concluded that for the effective treatment 
of dairy wastewater, it is optimal to use the system «dairy wastewater : air oxygen : 
CoFe2O4/SiO2/CuO». The additional introduction of H2O2 into the reactor leads to 
a slowdown in the destruction of organic pollutants, probably due to a shift in the 
equilibrium of oxidation processes towards the initial reagents. 

In addition, the system «dairy wastewater : air oxygen : CoFe2O4/SiO2/CuO» is 
more cost-effective because it does not require additional hydrogen peroxide, which 
significantly affects the cost of the treatment process, making it available for industrial 
use.
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15.3 Conclusions 

It has been determined that the use of the synthesized heterogeneous nanostructured 
magnetically separable CoFe2O4/SiO2/CuO catalyst in the Fenton system for the 
fine treatment of dairy wastewater is effective. The high value of the degree of 
oxidation of organic pollutants (up to 96%), as well as the easy removal of the 
catalyst from the reaction medium, suggests the possibility of returning wastewater 
to production, which makes it advisable to use this catalyst for the fine treatment 
of dairy wastewater. It has been established that when air oxygen is supplied to the 
reaction medium, the formation of organoperoxide compounds occurs on the catalyst, 
which are responsible for the complete oxidation of organic pollutants. It has been 
determined that the system «dairy wastewater : air oxygen : CoFe2O4/SiO2/CuO», 
which is cost-effective and environmentally friendly. 

Disclosure of Interests The authors have no competing interests to declare that are relevant to the 
content of this article. 
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Chapter 16 
Effect of Additional Carbonization 
During the Synthesis on the Structure 
of the Obtained Carbon Material 

O. Pertko , Yu. Voloshyna , Ye. Sheludko, and V. Povazhnyi 

Abstract In this work, the influence of the synthesis method on the properties of the 
external surface of the carbon nanomaterial was studied. Namely, it was determined 
the structure of carbon nanomaterial produced by template synthesis and according to 
an improved method (with an additional post-carbonization stage). The synthesized 
samples were studied by X-ray diffraction, Raman spectroscopy, Fourier transform 
infrared spectroscopy, Atomic force microscopy and Scanning electron microscopy 
methods. It was shown that the additional carbonization stage contributes to the 
development of carbon nanomaterial external surface. And also contributes to the 
addition of disordered structures along with some increase in crystallite size of such 
material. 

16.1 Introduction 

Synthetic carbon nanomaterials (SCNMs) are widely studied as sorbents [1–5] and 
catalysts/carriers [6–11] in many industrially important processes. SNCMs are attrac-
tive and competitive materials despite the complexity and high cost of synthesis. 
Using template synthesis and by varying a template, a wide range of carbonaceous 
materials can be obtained: micro-, meso-, macroporous, and hierarchically ordered, 
as well as materials with a disordered porous structure. This is important because 
SCNMs should have a well-developed specific surface area for placing adsorption/ 
catalytically active centers on it. If there are large adsorbate/reagent molecules in 
the reaction mixture, the active centers located inside small pores will be inacces-
sible to them. In this case, interaction will take place only on the open external 
surface. Therefore, surface development is an urgent task today. It is equally impor-
tant to obtain SCNMs with a well-ordered crystal structure, as this is the key to their 
strength and thermal stability, which will affect the duration of their use. In previous
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work, it was shown that additional post-carbonization has a positive effect on the 
thermal stability of SCNMs produced by the template synthesis method [12]. It was 
also shown that such modification of SCNMs reduces the number of micropores 
that are often inaccessible to adsorbate/reagent molecules. The aim of the work was 
to determine the structure of SCNM produced by template synthesis and according 
to an improved method (with an additional post-carbonization stage—acSCNM) as 
well as the influence of the synthesis method on the properties of the external surface 
of SCNMs. 

16.2 Experimental 

16.2.1 Sample Preparation 

SCNMs were synthesized by the hard template synthesis method, the details of which 
were described in a previous work [12]. A schematic representation of the synthesis 
procedures is shown in Fig. 16.1.

Silica gel (“Silica gel 60” Fluka, cat. no. 60752, 230–400 mesh ASTM 0.04– 
0.063 mm) was used as the template, which was previously calcined in a corundum 
crucible in air for 5 h at a temperature of 773 K (the bulk density and the specific 
surface area after calcination were 0.51 g/cm3 and 360 m2/g, respectively). 

16.2.2 Sample Characterization 

X-ray diffraction (XRD). The phase composition of the samples was determined 
by X-ray diffraction (MiniFlex600 diffractometer Rigaku) in CuKα-radiation (λ = 
0.154178 nm, the step of 0.05 degrees and a rotation speed of 1 degree/min, the 
accelerating voltage was 40 kV, the anode current was 15 mA). Powdered samples 
were scanned from 3 to 70° in 2-theta r ange.

The peak position, integrated intensity (S) and full width at half maximum (1/2 h) 
were calculated from XRD spectrum (Table 16.1). The ratio of aromatic carbon to 
total carbon (Rar/tot) was calculated by the Eq. (16.1)  [13]: 

Rar/tot = S(002) /(S(002) + Sγ ) (16.1)

The average lateral crystallites size (La), which shows the in-plane dimension 
of crystalline carbon, and the staking height of crystallite (Lc) were calculated by 
Debye–Scherrer Eqs. (16.2) and (16.3). The carbon stacking layer spacing (d002)  was  
calculated by Braggs Eq. (16.4): 

La = 1.84λ/1/2 h(002) × cos θ (002) (16.2)
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Fig. 16.1 Template synthesis scheme of samples

Lc = 0.89λ/1/2 h(100) × cos θ (100 ) (16.3)

d002 = λ/2 × sin θ (002) (16.4)
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OriginPro8.5.1 software was used for deconvolution of the diffractograms and 
Raman spectra (Gaussian function). 

Fourier transform infrared (FTIR) spectroscopy (IRAffiniti-1 s, Shimadzu) 
was used to investigate the functional groups on the surface of the samples. The 
samples and KBr were pre-ground in an agate mortar and dried (383 K, during the 
night). Then they were mixed in a ratio of samples: KBr = 1: 800 and tableted using 
a press mold with vacuuming (10 tones). 

Raman spectroscopy. Horiba LabRam HR800 Raman spectrometer equipped 
with a 100x lens (laser beam - 514.5 nm exciting line of a Ar-laser) have been 
successfully used to study the molecular structure of samples (the laser power was 
1 mW, the average acquisition time for each spectrum was 45 s). 

Atomic force microscopy (AFM). The surface morphology of the samples was 
evaluated using an AFM (NT-206 “Microtest machines”) with a standard CSC37 
probe and a cantilever stiffness of 0.3–0.6 N/m. Scanning was carried out in static 
contact mode at a speed of 10 μm/s and a step of 0.3 nm. Sample preparation was 
as follows: 4 mg of sample was ground in an agate mortar for 5 min and suspended 
in 5 ml of ethyl alcohol for 15 min, then 0.25 ml of the suspension was applied to 
a glass and dried at 50 °C to constant weight. The surface morphology of the samples 
was evaluated also using a scanning electron microscope—SEM (Phenom Pure— 
Thermo Scientific) with a secondary electron detector/backscatter electron detector 
(5 kV). 

16.3 Results and Discussion 

The diffractograms of the samples (Fig. 16.2) show two obvious peaks, bands 002 and 
100, and the corresponding diffraction angles are around 26° and 47°, respectively. 
The former band is located in the neighborhood of the graphite band (002). The 002 
band indicates the spacing of aromatic ring layers and corresponds to the microcrys-
tals in the polycondensed aromatic rings [14]. On the left side of the 002 peak is the γ 
band (around 20°), which is caused by aliphatic hydrocarbon branch chains, various 
functional groups and alicyclic hydrocarbons connected to the condensed aromatic 
rings or attached to the edge of coal crystallites [15]. The γ band indicates the packing 
distance of saturated structures [14]. The area of the 002 and γ peaks indicates the 
number of aromatic carbon atoms and aliphatic carbon atoms, respectively.

The reduced Rar/tot value for the acSCNM sample shows that during the addi-
tional carbonization stage, the amount of aromatic carbon is reduced, i.e., disordered 
structures are added. Also, for sample acSCNM, a slight increase in the values of the 
average lateral crystallites sizes (La) and the carbon stacking layer spacing (d002)  by  
approximately 2.5% and a decrease in the stacking height of crystallite (Lc) by 10% 
compared to sample SCNM are observ ed.

Raman spectra of carbon materials are commonly divided into two regions— 
first- and second-order (600–2200 and 2000–3600 cm−1, respectively). Graphite with 
perfect structure has only one band (G band) in the first-order region (Table 16.2). It
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Fig. 16.2 The diffractograms of the samples 

Table 16.1 XRD structural parameters of the samples 

Sample Peak position 2θ, 
deg 

S, a.u Rar/tot 1/2 h, a.u d002, 
nm 

Lc,  nm La,  n  m

γ 002 100 γ 002 002 100 

SCNM 18.5 24.2 43.2 166 3559 0.96 7.6 5.8 0.37 0.038 0.025 

acSCNM 18.0 23.6 43.8 380 4108 0.92 7.4 6.5 0.38 0.039 0.023

corresponds to the stretching vibration mode in the aromatic layers of the graphite. 
For materials with disordered carbon, additional bands appear in the first-order region 
(D4, D1, D3 and D2 bands). They are induced by the defects in the microcrystalline 
lattices of carbon [16]. And in second-order range, all bands refer to overtone and 
combination of bands present in the first-order spectrum [17, 18]. 

The first-order spectra of the samples exhibit two broad and overlapping peaks 
corresponding to the D1 and G bands (Fig. 16.3). The ratio of the intensities of the 
D1 and G bands for both samples differs insignificantly. This means that the addi-
tional carbonization stage does not affect the crystallinity of the samples significantly. 
Substructures in the D bands (broad D4, D2 bands and less visible D3 band) are also 
observed. The intensities of D3 and D4 bands decrease after additional carboniza-
tion stage, while the D2 band increases. That is, there is a certain increase in both 
amorphous carbon structures and aromatics like graphene layers (Table 16.2). The 
additional carbonization stage also contributes to an increase in the width of the 
bands in the second-order region. The latter also indicates an increase in the number 
of disordered structures [18] in the acSCNM sample. It is also confirmed by the 
intensification of the bands of aliphatic groups in the IR spectrum of the acSCNM 
sample compared to SCNM (Fig. 16.4, Table 16.3).
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Fig. 16.3 Peaks derived by curve-fitting the curves of Raman spectra

Topographic characteristics of SCNMs can be estimated by AFM and SEM images 
(Fig. 16.5).

Analysis of AFM images of the samples (Fig. 16.5c, d) showed that both samples 
have nanoscale needle-like formations on the surface with a 2–9 and 2–12 nm height 
for SCNM and acSCNM, respectively, and trunk width at the base up to 0.4 µm. 
AFM images show the creation of a large number of new needle-like formations on 
the surface of the acSCNM, which were formed after an additional carbonization 
step during synthesis (Fig. 16.5a, b). The development of the acSCNM surface is 
also visible in SEM images (Fig. 16.5e, f).
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Table 16.2 Assignment of the first-order Raman spectrum bands [18, 19] 

Band position, 
cm−1 

Band 
name 

Vibration mode and functional group Bond 
type 

1587–1599 G Stretching vibration mode with E2g symmetry in the 
aromatic layers of the graphite crystalline; double bond 
of alkenes 

sp2 

1330–1368 D1 Graphitic lattice vibration mode with A1g symmetry 
(in-plane imperfections, e.g., defects and heteroatoms); 
C–C between aromatic rings and aromatics with not less 
than 6 rings 

sp2 

1540–1620 D2 Lattice vibration analogous to E2g symmetry of the G 
band but involving graphene layers; amorphous carbon 
structures; aromatics with 3–5 rings 

sp2 

1230, 1475–1538 D3 Amorphous sp2-bonded carbon forms; aryl–alkyl ether; 
para-aromatics 

sp2, 
sp3 

1185–1250 D4 Caromatic–Calkyl at the periphery of crystallites and C=C 
stretching vibrations of polyene-like structures; aromatic 
/aliphatic ethers; C–C and C-H on hydroaromatic rings; 
hexagonal diamond carbon sp3 

sp2, 
sp3 

Fig. 16.4 The FTIR spectra of samples

16.4 Conclusions 

It was determined the structure of SCNM produced by template synthesis and 
acSCNM produced according to an improved method with an additional post-
carbonization stage, as well as the influence of the synthesis method on the properties 
of the external surface of SCNMs. 

It has been established that the additional carbonization stage contributes to an 
addition of disordered structures and building-up of aromatic carbon crystallites in
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Table 16.3 Band assignments for the FTIR spectra 

Band position, cm−1 Functional group Type of vibration References 

3419−3359 − OH Stretching vibration [20, 21] 

3080−3035 C−H aromatic nucleus Stretching vibration [20] 

2975−2955 − CH3 aliphatic Asymmetric stretching 
vibration 

[20] 

2925−2919 − CH2 aliphatic Asymmetric stretching 
vibration 

[20] 

2848 − CH2 aliphatic Symmetric stretching 
vibration 

[20] 

2800−3300 C−H aromatic structure Stretching vibration [22] 

1745−1730 C=O aliphatic (acid, ketone, 
aldehyde, lactone) 

Stretching vibration [20, 21] 

1615−1585 C=C aromatic nucleus Stretching vibration [20, 22] 

1500−1450 C−C aromatic nucleus Stretching vibration [20, 22] 

1460−1450 − CH3, − CH2 aliphatic 
chains 

Asymmetric deformation 
vibration 

[20] 

1380 − CH2− Symmetric deformation 
(bending) 

[20] 

1300−1000 C−O−C Phenolic deformation 
(stretching) 

[20] 

730−720 (CH2)n, n > 4 alkanes side 
rings 

[20] 

700−900 
1000−1200 

C−H aromatic structure Bending out of plane [20]

SCNMs. Also, it was shown that the additional carbonization stage contributes to the 
development of SCNM’s external surface. This indicates the expediency of using an 
additional carbonization stage in the synthesis of SCNMs to develop their external 
surface. It will be useful for complex use of SCNMs as a sorbents and catalysts/ 
carriers.
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Fig. 16.5 AFM images with 3D surface height variations (a, b) and section analysis (c, d), and 
SEM images of the SCNM (a, c, e) and acSCNM (b, d, f)
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Chapter 17 
Carbon Materials Derived 
from Domestic Industrial Hemp Hurd 
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Mariia Baran , Serhii Ruban, and Vitalii Yevdokymenko 

Abstract Technical hemp has recently become a highly relevant and rapidly renew-
able raw material source. It’s known that at least a quarter of hurd consists of lignin, 
which makes it a promising raw material for obtaining carbon materials. Therefore, 
the aim of our work was to study the possibility of obtaining different carbon mate-
rials from hemp hurd. Carbon materials were obtained by the method of activation at 
800 °C with water vapour or alkaline. The obtained samples of carbon were studied 
by various physicochemical methods: low-temperature nitrogen sorption–desorp-
tion, SEM, XRD, XRF, FTIR-ATR, TGA and DSC. XRD pattern of the obtained 
carbons showed that the 2-theta region between 5° and 100° at long collection times 
indicates no crystalline peaks. Analysis of the FTIR-ATR spectra of the obtained 
materials show that they have absorption bands characteristic of carbon materials. 
There are two distinct mass loss steps in termograms (TGA). According to the ther-
mograms, the decomposition of surface functional groups occurs continuously with 
an exothermic effect in the temperature range of 300–550 °C. At the same time, there 
is an increase in the specific surface area of the samples with alkaline activation by 
almost three times.
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17.1 Introduction 

Nowadays, more and more researches are directed towards obtaining carbon mate-
rials from renewable raw materials—biomass [1–16]. As a rule, this is thermal conver-
sion of either the biomass itself or its waste (agriculture, forestry and stock farming, 
and urban waste) including common-used hydrothermal carbonization [3] pyrol-
ysis [1, 4, 5], gasification [4] and torrefaction [1, 4–6]. Carbon materials or biochar 
obtained in this way are used as functional materials for remediation [7, 8], catalysts 
for biodiesel production [1], agriculture [2], water treatment [9–11], supercapacitors 
[12] sensors [9], biomedical applications [9], and carbon dioxide sequestration [13]. 
Lignin-rich biomass is the best precursor for obtaining biochar [11, 14–16]. 

Technical hemp has recently become a highly relevant and rapidly renewable raw 
material source [17–20]. However, in most cases, only fibre is in demand [21–24]. 
While the hurd turns out to be a multiton waste. There is information about the 
possibility of its use as a raw material for the production of environmentally safe 
insulation, as well as for mulching [25, 26]. At the same time, it’s known that at 
least a quarter of hurd consists of lignin, which makes it a promising raw material 
for obtaining carbon materials [27]. 

The aim of our work to study the possibility of obtaining different carbon materials 
from domestic hemp hurd. 

17.2 Experimental 

17.2.1 Raw Materials 

For research it was chosen domestic air-dry hemp hurd (humidity 8%), a waste of 
the technical hemp crop Hlesia varieties of the 2023 harvest, (fraction 20–50 mm) 
from Chernigiv’s region of Ukraine. The composition of the raw materials is given 
in Table 17.1. 

Table 17.1 The composition of the hemp hurd 

Mass fraction of components per completely dry substance (%) 

Cellulose 48.4 

Hemicellulose 25.8 

Water-soluble substances 3.8 

Lignin 20.9 

Pitches and fats 0.7 

Ash 2.7 

Other 0.4
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Table 17.2 Composition of 
initial industrial hemp hurd 
ash 

Elements Content %mass 

SiO2 29.299 

K2O 6.741 

CaO 51.636 

TiO2 0.712 

Fe2O3 3.655 

SO2 3.770 

MnO2 0.497 

P2O5 1.920 

Cl 1.771 

The chemical composition of hemp hurd ash (inorganic components) determined 
by using XRF are shown in Table 17.2. 

17.2.2 Methods 

Hemp husk, which has undergone preliminary grinding and homogenization is gran-
ulated at a certain humidity. For samples that will be activated with alkali, the core 
is homogenized with a previously determined amount of alkali (25% (wt) of the 
raw material) and then pressed. Then the obtained “tablets” were introduced into 
the laboratory reactor of thermolysis. The reaction space was filled with an inert gas 
(argon) and further throughout the carbonation process, the system was blown with 
this gas. After that, the actual thermolysis took place. The heat treatment regime 
was step-by-step: up to 200 °C–1 h, 450 °C–1 h, and 800 °C–1 h. After entering the 
carbonation mode (800 °C) with steam activation, steam was supplied to the reaction 
space with inert gas for an hour. When activated with alkali (KOH), the reaction 
system was kept at 800 °C for 1 h in a stream of argon. After that, the heating was 
stopped and, if used, the supply of water vapour and the reaction system was cooled 
in an inert stream. The thermolysis reaction’s products were collected in traps for 
further analysis, the carbon residue was unloaded after the reactor cooled down into 
a separate container. The resulting carbonaceous material was washed with distilled 
water to a neutral pH. The composition of thermolysis products is presented in the 
Table 17.3. Schematically, the entire process is presented in Fig. 17.1. 

Table 17.3 Thermolysis products (%, wt.) 

Activator Н2О Wax С Gas KOH 

Water vapour 20 25 25 30 – 

Alkali 22 3 15 35 25
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Fig. 17.1 Scheme of laboratory carbon obtaining 

17.2.3 Characterization 

The obtained samples of carbon were studied by various physicochemical methods: 
low-temperature nitrogen sorption–desorption, SEM, XRD, XRF, FTIR-ATR, TGA 
and DSC. The phase identification of the products was examined under X-ray diffrac-
tion using the MiniFlex 300/600 diffractometer (Rigaku, Japan). The diffraction 
patterns were recorded using Cu-Kα radiation (λ = 0.15418 nm) of 40 kV and 
15 mA at a step 0.02° in the range 2–100° 2θ. FTIR analysis of the obtained silica 
was performed using IRAffinity-1S FTIR spectrometer (Shimadzu, Japan) equipped 
with a Quest ATR Diamond GS-10800X (Specac, UK) within the wavenumber range 
4000–400 cm−1. The carbon’s surface area, average pore size, pore diameter, and 
total pore volume were measured by nitrogen adsorption using Nova 1200e (Quan-
tachrome, USA). Prior to analysis, 0.23–0.24 g of sample was degassed at 120 °C for 
3 h to remove previously adsorbed gases and dead space by vacuum pump to cool 
down the sample at room temperature. NovaWin 11.04 software was used to calcu-
late the parameters of the porous structure, namely, the specific surface area of SBET 
(multipoint BET method in the range of p/p0 0.03–0.65); the specific surface area
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without taking into account micropores St and the volume of micropores Vtmicro— 
by the t-method (Vα-Smicro—alpha-S method), as well as the specific surface area 
of micropores - by the formula Stmicro = SBET—St; some of these parameters were 
also calculated by the DFT method, as was the pore size distribution using selected 
models. Thermogravimetric analysis and differential scanning calorimetric analysis 
were performed with a PT1600 TG–DTA/DSC (STA Simultaneous Thermal Anal-
ysis, LINSEIS Messgeräte GmbH, Germany) by scanning from 15.8 to 1000 °C at the 
rate of 5 °C/min under the flow of air. The samples (13.0 ± 0.1 mg) were collected 
in a standard corundum pan. The sample was analysed three times. The scanning 
electron microscopy images were taken using Zeiss Evo-10 (Carl Zeiss Microscopy, 
USA) microscope working at 20.0 kV. 

17.3 Results and Discussion 

The diffractograms of the obtained carbon materials are shown in Fig. 17.2.  The  
three main diffraction peaks of the carbon samples (Fig. 17.2) are located around 
2θ—21–22, 43–44 and 80°. They are low and broad. The broad peak of 15–35° 
corresponds to the (002) plane of the graphite structure, which indicates the creation 
of a certain microcrystalline structure [28] in all the studied samples. During the 
activation of the carbon material, this peak becomes less intense but remains broad. 
Also, on the diffractograms of carbon material activated by water vapour, there is an 
intense narrow line 25.5° to the right of the broad (002) peak, which, according to 
literature data, may belong to quartz impurities [29]. A broad peak of low intensity 
of the C (002) line, described in the literature as belonging to a graphene nanosheet 
[30], has a structure intermediate between crystalline and amorphous. Therefore, the 
activation of the carbon material includes its greater amorphization. It is also worth 
noting that the activation process of carbon materials takes place in the presence of 
an oxidant (water vapour). Still, the peaks characteristic of graphene oxide [30]  are  
not found in the diffractograms of the samples. This can be explained by the high 
activation temperature (800–900°С) and the course of the decarboxylation reaction 
[31].

The broad peak at 40–50° corresponds to the C (100) plane, and as well as C 
(002), it indicates that the samples have a turbostrate structure [29]. The low-intensity 
diffraction peak of carbon material activated by carbon material at about 80°, which 
corresponds to the C (110) plane, is characteristic of coal with high carbon content, 
such as anthracite and quasi-natural coke [32]. 

The studied carbon samples were analyzed in a FTIR analyzer (Fig. 17.3). Lines 
were assigned according to (Table 17.4).

The TGA-DTG results of the carbon samples are shown in Fig. 17.4a, b. TGA 
and DTG curves are shown in Fig. 17.4a for samples of activated carbon that have 
a typical carbon character [40]. Thus, up to 100 °C, there is a loss of sorbed water 
from the surface of all media, which is most clearly reflected on the differentiated 
thermogravimetric curves (DTG). The insignificant value of the peak indicates that
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Fig. 17.2 XRD powder patterns of the activated carbons samples by water vapour (1) and alkali 
(2) obtained from hemp hurd

the samples were previously dried from water before the study. Common to all carbon 
materials is thermal stability up to 400 °C. The maximum mass loss ranges from 8% 
for steam-activated coal to 20% for alkali-activated coal (Fig. 17.4a). According to 
thermograms, the decomposition of surface functional groups occurs continuously 
with an exothermic effect in the temperature range of 400–600 °C (Fig. 17.4a). In 
this temperature range, the main weight loss of the samples is 92.5% for activated 
carbon with steam and 85% for activated carbon with alkali. At a temperature above 
600 °C, the TGA, DTG and DSC curves are characterized by stability (Fig. 17.4). 
When the temperature is further increased to 1000 °C, there is an equalization of the 
residual mass at the level of 93.5% for activated carbon with steam and 85.5% for 
activated carbon with alkali.

Nitrogen adsorption–desorption isotherms and pore size distribution curves of the 
studied activated carbon samples are shown in Fig. 17.5. In the sample of adsorption 
activated by water vapour, the isotherm branch does not coincide with the desorption 
one (Fig. 5a). Such a curve is characteristic of type II isotherms and the hysteresis 
loop belongs to the H4-type [41], which passes into low-pressure hysteresis [42]. 
According to the works [43, 44] it is characteristic of materials with narrow pores. 
The isotherm of carbon material activated by alkali has a well-defined hysteresis
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Fig. 17.3 FTIR spectra of the activated carbons samples by water vapour (1) and alkali (2) obtained 
from hemp hurd

loop at p/p0 0.4–0.95. It is also characteristic of type II isotherms, and the hysteresis 
loop belongs to the H4-type.

The calculated parameters of the porous structure are shown in Table 17.5. Alkali 
activation results in an increase in the surface area and pore volume (Fig. 17.5a, b; 
Table 17.5) compared to the sample activated by steam. Alkali activation leads to the 
forming of a mesoporous sample with a specific surface area of more than 650 m2/ 
g. These may be due to the removal of carbon atoms from the ultramicropore walls 
[45]. The data presented in Table 17.5 can serve as confirmation of this.

SEM images can provide detailed information on the structure of materials and 
the shape of individual particles. The morphologies of the obtained carbon materials 
are presented in Fig. 17.6. These SEM images revealed a discernible trend in the 
morphology of the carbon after different conditions of the process.

17.4 Conclusions 

In this work, the method of obtaining carbon materials from domestic hemp hurd with 
additional activation or steam or lye is considered. Samples of the obtained carbon 
materials were studied using XRD, FTIR, SEM, low-temperature N2 ad(de)sorption
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Table 17.4 Classification of FTIR spectrum lines of carbon samples [33–39] 

Spectral data Range (cm−1) 

C−O in ethers (stretching) 1000–1300 

Alcohols 1049–1276, 3200–3640 

Phenol groups 

С−ОН (stretching) 1000–1220 

О−Н 1160–1200, 2500–3620 

Carbonates, carboxyl-carbonates 1100–1500, 1590–1600

-С−С- aromatic (stretching) 1585–1600 

Quinones 1550–1680 

Carboxylic acids 1120–1200, 1665–1760, 2500–3300 

Lactones 1160–1370, 1740–1880 

С−Н (stretching) 2600–3000 

N–H, C=N 1560–1570 

Cyclic amides 646, 1461, 1546, 1685 

C−N aromatic ring 1000, 1250, 1355 

C−N 1190 

C=C=N 2070–2040 

N–O- 1300–1000

ba 

Fig. 17.4 TGA  and  DTG  (a), and DSC (b) curves of the activated carbons samples by water vapor 
(1) and alkali (2) obtained from hemp hurd

and derivatography. In the carbonized samples activated by alkali, the development 
of the outer surface and mesoporosity in the nanoscale range of 1–5 nm was observed, 
as well as a decrease in the number of micropores. These had a positive effect on the 
material’s heat resistance, which is confirmed by the shift of the maximum on the 
DTG curve by 50 °С. The increased thermal stability of the alkali-activated material
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Fig. 17.5 Nitrogen adsorption–desorption isotherm (a) and DFT-calculated pore size distributions 
(b) curves of the activated carbons samples by water vapor (1) and alkali (2) obtained from hemp 
hurd

Table 17.5 Textural properties of activated carbons samples 

Activator SBET (m2/g) St micro (m2/g) VBJH (cm3/g) Vt 
micro (cm3/g) dBJH (nm) 

Water vapor 225.5 14.342 0.015 0.119 3.25 

Alkali 673.8 0 0.276 0 3.262

Fig. 17.6 SEM micrographs of the activated carbons samples by water vapor (a) and alkali 
(b) obtained from hemp hurd

was explained by a decrease in its microporosity. Thus, hemp hurd is a promising 
domestic source for obtaining activated carbon. 

Acknowledgements The catalytic experiments and laboratory installation assembling have been 
funding by Target Complex Program of Scientific Research of NAS of Ukraine “Biofuel resources 
and bioenergy” 2022-2026. We thank the Armed Forces of Ukraine for safety to carry out this 
work. This work was only possible thanks to the resilience and courage of the Ukrainian Army. Our 
priceless thanks to the heroic soldiers of the Ukraine Army, who protect us from russian aggressor 
at the cost of their lives.



238 B. Korinenko et al.

References 

1. J.J. Villora-Picó, J. González-Arias, F.M. Baena-Moreno, T.R. Reina, Renewable carbonaceous 
materials from biomass in catalytic processes: a review. Materials 17(3), 565 (2024). https:// 
doi.org/10.3390/ma17030565 

2. M. Freitas, L.P. da Silva, P.M.S.M. Rodrigues, J. Esteves da Silva, Sustainable technological 
applications of green carbon materials. Sustain. Chem. 5(2), 81–97 (2024). https://doi.org/10. 
3390/suschem5020007, https://doi.org/10.1002/advs.202205557 

3. T. Dai, N. Ye, S. Sævik, The effect of stick stiffness of friction models on the bending behavior 
in non-bonded flexible risers, in Proceedings of the ASME 2017 36th International Conference 
on Ocean, Offshore and Arctic Engineering, vol. 5A, V05AT04A041. Pipelines, Risers, and 
Subsea Systems (Trondheim, Norway, 2017). https://doi.org/10.1115/OMAE2017-62644 

4. B. Prabir, Biomass Gasification, Pyrolysis and Torrefaction. Practical Design and Theory, 2nd 
edn (Academic Press, 2013). https://doi.org/10.1016/C2011-0-07564-6 

5. P. Piersa, H. Unyay, S. Szufa, W. Lewandowska, R. Modrzewski, R. Ślężak, S. Ledakowicz, 
An extensive review and comparison of modern biomass Torrefaction reactors vs. biomass 
pyrolysis—Part 1. Energies, 15(6), 2227 (2022). https://doi.org/10.3390/en15062227 

6. J.S. Tumuluru, B. Ghiasi, N.R. Soelberg, S. Sokhansanj, Biomass torrefaction process, product 
properties, reactor types, and moving bed reactor design concepts. front. Energy Res. Sec. 
Bioenergy and Biofuels 9(2021). https://doi.org/10.3389/fenrg.2021.728140 

7. Y. Lijun, L. Chenghu, S. Fei, H. Mao, Z. Wenkun, D. Lichun, A critical review on the devel-
opment of lanthanum-engineered biochar for environmental applications. J. Environ. Manage. 
332 (2023). https://doi.org/10.1016/j.jenvman.2023.117318 

8. Yuping, Z., S. Ahmad, M. Qamar, M. Qamar, H.M.N. Bilal, Iqbal: Sustainable remediation 
of hazardous environmental pollutants using biochar-based nanohybrid materials. J. Environ. 
Manage. 300 (2021). https://doi.org/10.1016/j.jenvman.2021.113762 

9. H. Hongzhe, Z. Ruoqun, Z. Pengcheng, W. Ping, C. Ning, Q. Binbin, Z. Lian, Y. Jianglong, 
D. Baiqian, Functional carbon from nature: biomass-derived carbon materials and the recent 
progress of their applications. Adv. Sci. 10(16) (2023). https://doi.org/10.1002/advs.202205557 

10. S.S. Muhammad, Z.A. Faezrul, F. Halim, M.A. Aziz, M.A.M. Rahman, D.N.A. Amin, Chee: 
carbon-based material derived from biomass waste for wastewater treatment. Environ. Adv. 9 
(2022). https://doi.org/10.1016/j.envadv.2022.100259 

11. G. Eid, K. Al Bkoor, O. Alrawashdeh, Ø. Masek, A. Skreiberg, M. Corona, L. Zampilli, P. Wang, 
Q. Samaras, H. Yang, P. Zhou, F. Bartocci, Fantozzi: production and use of biochar from lignin 
and lignin-rich residues (such as digestate and olive stones) for wastewater treatment. J. Analyt. 
Appl. Pyrolysis 158, (2021). https://doi.org/10.1016/j.jaap.2021.105263 

12. S. Li, G. Youning, L. Delong, P. Chunxu, Biomass-derived porous carbon materials: synthesis, 
designing, and applications for supercapacitors. Green Chem. 24, 3864–3894 (2022). https:// 
doi.org/10.1039/D2GC00099G 

13. Q. Cui, Z. Yingying, W. Jiawei, W. Chunfei, G. Ningbo: Biomass-based carbon materials 
for CO2 capture: a review. J. CO2 Utilization 68 (2023). https://doi.org/10.1016/j.jcou.2022. 
102373 

14. E. Gul, K. Al Bkoor Alrawashdeh, O. Masek, Ø. Skreiberg, A. Corona, M. Zampil, L. Wang, 
P. Samaras, Q. Yang, H. Zhou, P. Bartocci, F. Fantozzi, Production and use of biochar from 
lignin and lignin-rich residues (such as digestate and olive stones) for wastewater treatment. J. 
Anal. Appl. Pyrol. 158, 105263 (2021). https://doi.org/10.1016/j.jaap.2021.105263 

15. K. Wang, J. Remón, Z. Jiang, W. Ding, Recent advances in the preparation and application 
of biochar derived from lignocellulosic biomass: a mini review. Polymers 16(6), 851 (2024). 
https://doi.org/10.3390/polym16060851 

16. A. Mukherjee, B.R. Patra, J. Podder, A.K. Dalai, Synthesis of biochar from lignocellulosic 
biomass for diverse industrial applications and energy harvesting: effects of pyrolysis conditions 
on the physicochemical properties of biochar. Front. Mater 9 (2022). https://doi.org/10.3389/ 
fmats.2022.870184

https://doi.org/10.3390/ma17030565
https://doi.org/10.3390/ma17030565
https://doi.org/10.3390/suschem5020007
https://doi.org/10.3390/suschem5020007
https://doi.org/10.1002/advs.202205557
https://doi.org/10.1115/OMAE2017-62644
https://doi.org/10.1016/C2011-0-07564-6
https://doi.org/10.3390/en15062227
https://doi.org/10.3389/fenrg.2021.728140
https://doi.org/10.1016/j.jenvman.2023.117318
https://doi.org/10.1016/j.jenvman.2021.113762
https://doi.org/10.1002/advs.202205557
https://doi.org/10.1016/j.envadv.2022.100259
https://doi.org/10.1016/j.jaap.2021.105263
https://doi.org/10.1039/D2GC00099G
https://doi.org/10.1039/D2GC00099G
https://doi.org/10.1016/j.jcou.2022.102373
https://doi.org/10.1016/j.jcou.2022.102373
https://doi.org/10.1016/j.jaap.2021.105263
https://doi.org/10.3390/polym16060851
https://doi.org/10.3389/fmats.2022.870184
https://doi.org/10.3389/fmats.2022.870184


17 Carbon Materials Derived from Domestic Industrial Hemp Hurd 239

17. A.T.M. Faiz Ahmed, Md. Zahidul Islam, Md. Sultan Mahmud, Md. Emdad Sarker, Md. R. 
Islam, Hemp as a potential raw material toward a sustainable world: a review. Heliyon 8(1), 
(2022). https://doi.org/10.1016/j.heliyon.2022.e08753 

18. Technical/Industrial Hemp. https://fhdau.org.ua/en/helpful-library/industry-interests/techni 
cal-industrial-hemp/ 

19. D.R. Enarevba, K.R. Haapala, The Emerging hemp industry: a review of industrial hemp 
materials and product manufacturing. AgriEngineering 6(3), 2891–2925 (2024). https://doi. 
org/10.3390/agriengineering6030167 

20. P. Ranalli, G. Venturi, Hemp as a raw material for industrial applications. Euphytica 140, 1–6 
(2004). https://doi.org/10.1007/s10681-004-4749-8 

21. I. Elfaleh, F. Abbassi, M. Habibi, F. Ahmad, M. Guedri, M. Nasri, C. Garnier, A comprehen-
sive review of natural fibers and their composites: An eco-friendly alternative to conventional 
materials. Results Eng. 19, (2023). https://doi.org/10.1016/j.rineng.2023.101271 

22. K.M. Mini, D. Sathyan, K. Jayanarayanan, 15 - Biofiber composites in building and construc-
tion, in The Textile Institute Book Series, Advances in Bio-Based Fiber, ed. by S. Mavinkere 
Rangappa, M. Puttegowda, J. Parameswaranpillai, S. Siengchin, S. Gorbatyuk (Woodhead 
Publishing, 2022), pp. 335–365. https://doi.org/10.1016/B978-0-12-824543-9.00019-0 

23. J. Mariz, C. Guise, T.L. Silva, L. Rodrigues, C.J. Silva, Hemp: from field to fiber—A Review. 
Textiles 4(2), 165–182 (2024). https://doi.org/10.3390/textiles4020011 

24. A.G.D. Schumacher, S. Pequito, J. Pazour, Industrial hemp fiber: a sustainable and economical 
alternative to cotton. J. Clean. Prod. 268, 122180 (2020). https://doi.org/10.1016/j.jclepro.2020. 
122180 

25. V. Hemp. https://viteo.com.ua/en/viteo-hemp/ 
26. Exploring Hemp Hurd: Benefits and Versatile Uses. https://bulkhempwarehouse.com/explor 

ing-hemp-hurd-its-versatile-uses-and-benefits/ 
27. G.G. Gramig, S.K. Hogstad, P.M. Carr, Can hemp hurd or paper mulch and biochar application 

improve weed management in matted-row strawberry production systems? Renewable Agric. 
Food Syst. 37(3), 257–267 (2022). https://doi.org/10.1017/S1742170521000533 

28. X. Baolin, Z. Chuantao, C. Yijun, H. Guangxu, L. Quanrun, Z. Chuanxiang, C. Zhengfei, 
Y. Guiyun, C. Lunjian, Y. Jianglong, Preparation of synthetic graphite from bituminous coal 
as anode materials for high performance lithium-ion batteries. Fuel Process. Technol. 172, 
162–171 (2018). https://doi.org/10.1016/j.fuproc.2017.12.018 

29. J.M. Andrésen, C.E. Burgess, P.J. Pappano, H.H. Schobert, New directions for non-fuel uses 
of anthracites. Fuel Process. Technol. 85(12), 1373–1392 (2004). https://doi.org/10.1016/j.fup 
roc.2003.05.001 

30. Siburian R, Sihotang H, Raja SL, Supeno M, Simanjuntak CN (2018)New route to synthesize of 
graphene nano sheets. Orient. J. Chem. 34(1), 182–187. https://doi.org/10.13005/ojc/340120. 

31. Tarkovskaya. I.A.: Oxidized coal. (Naukova Dumka, Kyiv, 1981). 
32. S. Dangyu, Y. Cunbei, Z. Xiaokui, S. Xianbo, Z. Xiaodong, Structure of the organic crystallite 

unit in coal as determined by X-ray diffraction. Min. Sci. Technol. 21(5), 667–671 (2011). 
https://doi.org/10.1016/j.mstc.2011.10.004 

33. S. Wenzhong, L. Zhijie, L. Yihong, Surface chemical functional groups modification of porous 
carbon. Recent Patents Chem. Eng. 1, 27–40 (2008). https://doi.org/10.2174/221133471080 
1010027 

34. L.M.C. Blanco, A. Martínez-Alonso, J.M.D. Tascon, Microporous texture of activated carbon 
fibres prepared from nomex aramid fibres. Micropor Mesopor Mater. 34, 171–179 (2000). 
https://doi.org/10.1016/S1387-1811(99)00171-7 

35. X. Quan, X.T. Liu, L.L. Bo, S. Chen, Y.Z. Zhao, X.Y. Cui, Regeneration of acid orange 7-
exhausted granular activated carbons with microwave irradiation. Water Res. 38, 4484–4490 
(2004). https://doi.org/10.1016/j.watres.2004.08.031 

36. P.E. Fanning, M.A. Vannice, A DRIFTS study of the formation of surface groups on carbon 
by oxidation. Carbon 31, 721–730 (1993). https://doi.org/10.1016/0008-6223(93)90009-Y 

37. W. Tomaszewski, V.M. Gunko, J. Skubiszewska-Zieba, R. Leboda, Structural characteristics 
of modified activated carbons and adsorption of explosives. J. Colloid Interf. Sci. 266, 388–402 
(2003). https://doi.org/10.1016/S0021-9797(03)00633-7

https://doi.org/10.1016/j.heliyon.2022.e08753
https://fhdau.org.ua/en/helpful-library/industry-interests/technical-industrial-hemp/
https://fhdau.org.ua/en/helpful-library/industry-interests/technical-industrial-hemp/
https://doi.org/10.3390/agriengineering6030167
https://doi.org/10.3390/agriengineering6030167
https://doi.org/10.1007/s10681-004-4749-8
https://doi.org/10.1016/j.rineng.2023.101271
https://doi.org/10.1016/B978-0-12-824543-9.00019-0
https://doi.org/10.3390/textiles4020011
https://doi.org/10.1016/j.jclepro.2020.122180
https://doi.org/10.1016/j.jclepro.2020.122180
https://viteo.com.ua/en/viteo-hemp/
https://bulkhempwarehouse.com/exploring-hemp-hurd-its-versatile-uses-and-benefits/
https://bulkhempwarehouse.com/exploring-hemp-hurd-its-versatile-uses-and-benefits/
https://doi.org/10.1017/S1742170521000533
https://doi.org/10.1016/j.fuproc.2017.12.018
https://doi.org/10.1016/j.fuproc.2003.05.001
https://doi.org/10.1016/j.fuproc.2003.05.001
https://doi.org/10.13005/ojc/340120
https://doi.org/10.1016/j.mstc.2011.10.004
https://doi.org/10.2174/2211334710801010027
https://doi.org/10.2174/2211334710801010027
https://doi.org/10.1016/S1387-1811(99)00171-7
https://doi.org/10.1016/j.watres.2004.08.031
https://doi.org/10.1016/0008-6223(93)90009-Y
https://doi.org/10.1016/S0021-9797(03)00633-7


240 B. Korinenko et al.

38. A.N.A. El-Hendawy, Influence of HNO3 oxidation on the structure and adsorptive properties of 
corncob-based activated carbon. Carbon 41, 713–722 (2003). https://doi.org/10.1016/S0008-
6223(03)00029-0 

39. J. Przepiorski, M. Skrodzewicz, A.W. Morawski, High temperature ammonia treatment of 
activated carbon for enhancement of CO2 adsorption. Appl. Surf. Sci. 225, 235–242 (2004). 
https://doi.org/10.1016/j.apsusc.2003.10.006 

40. D. Cuhadaroglu, O.A. Uygun, Production and characterization of activated carbon from a 
bituminous coal by chemical activation. Afr. J. Biotech. 7(20), 3703–3710 (2008) 

41. L. Xu, J. Zhang, J. Ding, T. Liu, G. Shi, X. Li, W. Dang, Y. Cheng, R. Guo, Pore structure 
and fractal characteristics of different shale lithofacies in the dalong formation in the western 
area of the lower Yangtze platform. Minerals 10(1), 72 (2020). https://doi.org/10.3390/min100 
10072 

42. G. Zelenková, T. Zelenka, M. Almáši, Characterizing mesoporosity in MOFs: a thermoporom-
etry approach. J. Therm. Anal. Calorim. 20(36), 2311990 (2024). https://doi.org/10.1007/s10 
973-024-13667-7 

43. P. Schiller, M. Wahab, T.A. Bier, H.-J. Mögel, Low pressure hysteresis in materials with narrow 
slit pores. Colloids Interfaces. 2(4), 62 (2018). https://doi.org/10.3390/colloids2040062 

44. A.M. Silvestre-Albero, J.M. Juárez-Galán, J. Silvestre-Albero, F. Rodríguez-Reinoso, Low-
pressure hysteresis in adsorption: an artifact? J. Phys. Chem. C 116(31), 16652–16655 (2012). 
https://doi.org/10.1021/jp305358y10.1021/jp305358y 

45. V.O. Kucherenko, Y.V. Таmarkina, O.O. Abakumov, Formation of long-flame coal microporous 
structure under alkali activation. Influence of temperature. Chem. Phys. Technol. Surface 15(2), 
241–254 (2024). https://doi.org/10.15407/hftp15.02.241

https://doi.org/10.1016/S0008-6223(03)00029-0
https://doi.org/10.1016/S0008-6223(03)00029-0
https://doi.org/10.1016/j.apsusc.2003.10.006
https://doi.org/10.3390/min10010072
https://doi.org/10.3390/min10010072
https://doi.org/10.1007/s10973-024-13667-7
https://doi.org/10.1007/s10973-024-13667-7
https://doi.org/10.3390/colloids2040062
https://doi.org/10.1021/jp305358y10.1021/jp305358y
https://doi.org/10.15407/hftp15.02.241


Chapter 18 
Nanostructured Interpenetrating 
Polymer Networks Based 
on Polyurethane and a Copolymer 
of 2-Hydroxyethyl Methacrylate 
with Methacryloyloxyethylphosphorylcholine 
for Biomedical Application 

L. V. Karabanova, N. V. Babkina, and O. M. Bondaruk 

Abstract Interpenetrating polymer networks based on biocompatible compo-
nents—polyurethane and copolymer of 2-hydroxyethyl methacrylate with methacry-
loyloxyethylyphosphorylcholine (HEMA-MPC) were synthesized and thermody-
namic parameters of interactions in the system, dynamic mechanical properties, 
porosity of the samples, morphology and physico-mechanical properties were investi-
gated. The thermodynamic parameters of interactions between polymer components 
of the IPNs were calculated based on isotherms of methylene chloride vapors sorption 
by samples and it is shown that MPC plays the role of a compatibilizer in the system, 
increasing the thermodynamic compatibility between polyurethane and the HEMA-
MPC copolymer at small amounts of the copolymer in the IPNs. As the amount of 
copolymer HEMA-MPC in the IPNs increases, the value of the free energy of the 
polyurethane and copolymer mixing moves to the positive value, which is associ-
ated with the formation of ionic clusters of MPC. By dynamic mechanical properties 
investigations have shown that created IPNs are two-phase systems with incomplete 
phase separation. The results of the morphology investigations of the IPNs samples 
are consistent with the data of the thermodynamic compatibility study of polymers 
during the formation of the IPNs. With a significant increase in the positive values of 
the free energy of the polyurethane and copolymer mixing in the IPNs with 41% and 
51% of the copolymer content, a significant phase separation was observed in the 
IPNs, with phase inclusions ranging from 1 to 5 μm. Good physico-mechanical prop-
erties of the IPNs based on biocompatible components—polyurethane and copolymer 
of 2-hydroxyethyl methacrylate with methacryloyloxyethylyphosphorylcholine and 
existence of transition pores of size from 26 to 35 Å allow to assume that created 
materials can be used as biomedical coatings.
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18.1 Introduction 

Polyurethanes, (PU)s, are widely used in the field of biomedical applications due 
to their excelent mechanical properties including very high flexural endurance 
compared to most elastomeres. Howerer, the blood compatibility of the PUs is rela-
tively poor. Biofouling on the PU’s surfaces occurs during contact with blood and it 
leads to the contamination of the surface and also it reduces mechanical properties 
of PUs [1–3]. Attempts of the surface modification of the PUs in order to improve 
the blood compatibility have been reported [4–14]. Among them there are physical 
methods of the surface modification such as corona, plasma and laser treatments 
[15]. In the presence of oxygen, high-energy photon treatment induces the radical 
sites formation at the surfaces. These radical sites react with atmosphere oxygen 
forming oxygenated functions [15]. Several studies of chemical modifications of the 
PUs, such as grafting or blending were carried out with aim to improve the blood 
compatibility [4–14]. 

2-Methacryloyloxyethyl phosphorylcholine (MPC) polymers are known as excel-
lent blood compatible polymers [6, 9–12, 16–23]. The PUs have been modified with 
various MPC polymers by coating [6, 20], grafting [9] or blending [10, 11]. They 
effectively reduced protein adsorption and platelet adhesion compared with the neat 
PU. But such modification could not eliminate the elution of MPC polymers from 
the matrix of PU during long time been in human body. 

Recently a lot of efforts have also been focused on improving the biocompatibility 
of polymers used in medical implants [24, 25]. One of the most powerful approaches 
that can be used to improve biocompatibility, enhance mechanical properties and 
resistance to degradation of polymers is the creation of interpenetrating polymer 
networks (IPNs) [26–32]. Interpenetrating polymer network structure could also 
inhibit the elution of polymer-guest from polymer-matrix [14]. 

Various IPN-based materials have been previously proposed for biomedical appli-
cations [33–35]. Among them the semi-IPNs based on PU and polyvinylpyrroli-
done, based on PU and poly(2-hydroxyethyl methacrylate) (PHEMA) are proposed 
by our team [27, 28, 31]. In this study, the IPNs based on PU and copolymer 
of 2-hydroxyethyl methacrylate with 2-methacryloyloxyethyl phosphorylcholine 
were synthesized and investigated with a view of developing improved materials 
for biomedical applications by combining mechanical properties of PU with high 
biocompatibility of the copolymer.
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18.2 Materials and Testing Methods 

18.2.1 Materials 

The IPNs were prepared on the basis of the polyurethane network (PU) and 
copolymer of 2-hydroxyethylmethacrylate (HEMA) and methacryloyloxyethylphos-
phorylcholine (MPC). 

First the polyurethane network was synthesized by a two steps method. The first 
step was the preparation of the adduct of trimethylolpropane (TMP) and toluylene 
diisocyanate (TDI) both supplied by Bayer. Toluylene diisocyanate was distilled on a 
vacuum line. Trimethylol propane was dried at 308 K under vacuum. Then trimethylol 
propane was dissolved in ethylacetate supplied by Aldrich. The adduct of trimethylol 
propane and toluylene diisocyanate was prepared by reacting 1 equivalent of TMP 
with 1.5 equivalents of TDI at 338 K. The reaction was carried out until the theoret-
ical isocyanate content was reached, which one was determined by di-n-butylamine 
titration method. The second step was the synthesis of the crosslinked polyurethane. 
The polyurethane network was obtained from poly(oxypropylene)glycol Mw = 
2000 g mol−1 and adduct of trimethylolpropane and toluylene diisocyanate (ratio 
1:2 g-equiv) at temperature 353 K in a nitrogen atmosphere during 48 h. The 
poly(oxypropylene)glycol was degassed at 343 K for 8 h under vacuum before 
use. Unreacted materials were extracted from the polyurethane network by Soxlhet 
extraction method using ethylacetate as a solvent. As result we have formed the 
polyurethane network depicted by the f ormula:
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The second polymer component of IPNs was statistical copolymer of 2-
hydroxyethylmethacrylate (HEMA) and methacryloyloxyethylphosphorylcholine 
(MPC), the content of MPC was 5% by weight. The HEMA was supplied by 
Sigma and MPC was supplied by LTD “Biocompatible” (United Kingdom). The 
IPNs were obtained by the sequential method. For this purpose, the polyurethane 
network was swollen with mixture of freshly distilled under vacuum monomer 2-
hydroxyethylmethacrylate and MPC which contained Irgacure 651 as a photoini-
tiator. The swelling was carring out to the equilibrium state. Then the monomer 
mixture was photopolymerized in frame of matrix of polyurethane in a temperature-
controlled chamber during one hour. The wavelength of UV light was 340 nm.
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The obtained second polymer is statistical copolymer of 2-
hydroxyethylmethacrylate (HEMA) and methacryloyloxyethylphosphorylcholine 
(MPC) wich presented by next chemical formula: 
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The prepared IPNs were then held in vacuum 10–5 Pa at 353 K during 36 h to 
reach the constant weight. 

By this procedure the series of IPNs with a wide range of compositions were 
obtained. 

18.2.2 Testing Methods 

18.2.2.1 Vapour Sorption and Thermodynamic Calculations 

The methylene chloride vapors sorption by PU, copolymer and IPNs samples was 
studied using a vacuum installation and a McBain balance [32]. The changes in 
partial free energy of methylene chloride by sorption (dissolution) were determined 
from the experimental data using Eq. 18.1: 

1 = (1/M )RT ln (P/P0), (18.1)

where M is the molecular mass of methylene chloride, and P/Po is the relative vapour 
pressure. The value Δμ 1 changes with solution concentration from 0 to −  ∞  .

To calculate the free energy of mixing of the polymer components with the solvent, 
the changes in partial free energy of the polymers (native PU, copolymer, IPNs) needs 
to be determined. This requires the calculation of the difference between the polymer 
chemical potential in the solution of a given concentration and in pure polymer under 
the same conditions (Δμ2). Δμ2 for the polymer components were calculated using 
the Gibbs–Duhem equation: 

ω1d µ1)/dω1 + ω2d µ2)/dω1 = 0, (18.2)

where ω1 and ω2 are the weight fractions of a solvent and of a polymer. This can be 
rearranged to give Eq. 18.3:
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d µ2) =  −  (ω1/ω2)d µ1) (18.3)

Equation 18.3 allows the determination of Δμ2 for each polymer from the exper-
imental data by integration over definite limits. The average free energy of mixing 
of solvent with the individual PU, copolymer and IPNs of various compositions for 
the solutions of different concentration, was then estimated using Eq. 18.4 and using 
computational analysis. 

gm = ω1 µ1 + ω2 µ 2 (18.4)

18.2.2.2 Dynamic Mechanical Analyses (DMA) 

The dynamic mechanical analysis measurements were carried out using a Dynamic 
Mechanical Thermal Analyzer Type DMA Q800 from TA Instruments over the 
temperature range from −100 to + 220 °C and at fixed frequency of 10 Hz with 
a heating rate of 3 °C /min. The experiments were performed in the tension mode on 
rectangular speciments ( 35 mm × 5  mm  × 1 mm). As the copolymer HEMA with 
MPC is a hydroscopic sample, all samples were dried at 80 °C for 48 h under vacuum 
before measurements. The samples were subsequently subjected to the following 
thermal cycle during DMA measurements: a first run from 20 °C up to 100 °C and 
then second run from −100 up to + 220 °C. The second run was used for analysis
of the results.

18.2.2.3 Porosity by Method of Brunauer-Emmett-Teller (BET) 

To estimate the porosity of the synthesized PU, copolymer and IPNs samples, the 
classical sorption method was chosen [36]. It consists in determining of the amount 
of vapors of low molecular weight liquid, which adsorbed by the sample at different 
vapor pressures, building of the sorption–desorption isotherms and subsequent calcu-
lations based on isotherms of the specific surface area, total pore volume and average 
pore size of the synthesized samples. The adsorption of the methanol vapors by 
samples of PU, copolymer and IPNs based on them was investigated at a tempera-
ture of 20 °C using a vacuum installation with McBain balances using molybdenum 
spirals with a sensitivity of 3–4 mg/mm [32, 37]. The specific surface area Sspec of 
the samples was calculated by the Brunauer-Emmet-Teller method (BET method) 
[37].
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18.2.2.4 Scanning Electron Microscopy (SEM) 

The morphology of IPNs samples based on polyurethane and the copolymer of 
HEMA-MPC was studied using scanning electron microscopy (SEM). Scanning 
electron microscopy was performed on a JEOL JSM 6060 LA (Tokyo, Japan) at an 
accelerating voltage of 30 kV and using a detector of secondary electrons. The 
samples were cut into the strips, before being submerged in liquid nitrogen for 
5 min and then fractured. The samples were warmed to room temperature and 
fixed to an SEM stub. The fracture surface of samples was coated with gold in a 
vacuum to prevent accumulation of static charge and to increase the resolution. All 
measurements were done at 20 °C and at magnification of 10,000 times. 

18.2.2.5 Mechanical Testing 

Mechanical properties of the samples of polyurethane, the copolymer of HEMA-
MPC and IPNs based on them were measured using a Series IX Automated Instron 
Materials Testing Systems. The samples were cut into micro dumb-bell shapes with 
gauge length of 20 mm, widths between 4 and 5 mm and thickness between 0.7 and 
0.9 mm. Samples were processed at a continuous strain rate of 25 mm/min. 

18.3 Results and Discussion 

18.3.1 Thermodynamics of Interactions in the IPNs Based 
on Polyurethane and Copolymer of 2-Hydroxyethyl 
Methacrylate 
with Methacryloyloxyethylphosphorylcholine 

Thermodynamic parameters of interactions in the system were calculated on the 
basis of experimental isotherms of methylene chloride vapors sorption by synthe-
sized samples. In Fig. 18.1 the isotherms of methylene chloride vapors sorption at 
a temperature of 20° C by samples of polyurethane, copolymer of HEMA-MPC 
and IPNs which synthesized on the basis of these two polymer components, with a 
copolymer content of 17.76% are presented.

It can be seen that the sorption capacity of the components of the IPNs is signifi-
cantly different: the sorption of methylene chloride vapors by polyurethane (curve 1) 
is an order of magnitude higher than the sorption of vapors by the copolymer sample 
(curve 2). The sorption isotherm for polyurethane has a typical form for polymers 
which are in an elastic state. The sorption isotherm of the copolymer is similar to the 
isotherms of sorption by the glassy polymers. The sorption isotherm of methylene 
chloride by the IPNs sample with a copolymer content of 17.76% (Fig. 18.1, curve
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Fig. 18.1 Isotherms of 
methylene chloride vapors 
sorption  at  20  °C  by  samples  
of native polymers and IPNs: 
PU (1), HEMA-MPC 
copolymer (2), IPNs with a 
copolymer content of
17.76% (3)

0,0 0,2 0,4 0,6 0,8 1,0 
0 

20 

40 

60 

80 

100 

120 

140 

P/Po 

x/
m

, %
 

3 

2 

1

3) is located between the isotherms of individual components and has a form wich 
similar to the curve for polyurethane. 

In Fig. 18.2 the isotherms of methylene chloride vapor sorptions at a temperature of 
20 °C by samples of IPNs synthesized on the basis of polyurethane and HEMA-MPC 
copolymer, with a copolymer content from 17.76% to 51.26%. are presented.

It can be seen that the sorption capacity of the samples of interpenetrating polymer 
networks is lower than the sorption capacity of polyurethane (Fig. 18.1, curve 1), 
but significantly higher than the sorption capacity of the HEMA-MPC copolymer 
(Fig. 18.1, curve 2). The isotherms of methylene chloride vapors sorption by IPNs 
samples are quite close, the content of the copolymer has a small effect on the sorption 
capacity of the samples. 

The application of thermodynamic methods to experimental data on the sorption 
of solvent vapors makes it possible to evaluate a number of system characteristics at a 
quantitative level. Based on the experimental data of the sorption isotherms of methy-
lene chloride, the thermodynamic parameters of polyurethane and HEMA-MPC 
copolymer mixing were calculated according to the method described in publications 
[37, 38]. 

In Fig. 18.3 the calculated values of the average free energy of mixing Δgm of 
individual components—polyurethane and HEMA-MPC copolymer, and IPNs with 
the solvent are presented. As can be seen, all investigated systems: PU—methylene 
chloride, HEMA-MPC copolymer—methylene chloride, IPNs—methylene chlo-

ride—are thermodynamically stable ∂2 gm 

∂W 2 
2 

0 [37]. At the same time, the affinity of 

methylene chloride to PU (Fig. 18.3, curve 1) is significantly higher than the affinity 
of this solvent to the HEMA-MPC copolymer (Fig. 18.3, curve 2). For IPNs, with an 
increase in the amount of the copolymer, the thermodynamic stability of the polymer 
mixture—solvent system decreases. ( Δgm becomes smaller) (Fig. 18.3, curves 3–7).
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Fig. 18.2 Isotherms of 
methylene chloride vapors 
sorption  at  20  °C  by  samples  
of the IPNs with a copolymer 
content of 17.76% (1), 
21.08% (2), 30.33% (3),
41.72% (4), 51.26% (5)
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Fig. 18.3 Concentration 
dependence of the free 
energy of mixing in the 
polymer–solvent system for: 
PU (1), HEMA-MPC 
copolymer (2), IPNs 
containing 17.76% (3), 
21.08% (4), 30, 33% (5), 
41.72% (6), 51.26% (7) of 
the HEMA-MPC copolymer
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Based on the concentration dependences of Δgm—the average free energy of 
mixing of individual components (polyurethane and HEMA-MPC copolymer) and 
IPNs with methylene chloride, according to the thermodynamic cycles proposed by 
A.A. Tager with co-workers [38], the value of the free energy of polyurethane and the 
HEMA-MPC copolymer mixing during the formation of the IPNs was calculated. 

The results of the calculations are presented in Table 18.1. It can be seen that the 
free energy of mixing of the studied samples with methylene chloride at the critical 
concentration (maximum dilution of the solution) for polyurethane is -106.27 J/g of 
polymer, for the HEMA-MPC copolymer this value is −10.34 J/g of polymer. So, the 
value is almost an order of magnitude smaller for the copolymer. The free energy of 
mixing IPNs samples with methylene chloride at the critical concentration changes 
from −85.95 J/g of polymer to −92.36 J/g of polymer, but this change occurs in 
non-monotonically way with the content of the copolymer. 

Table 18.1 also shows the values of the free energy of polyurethane and copolymer 
mixing Δgх during formation of interpenetrating polymer networks. It can be seen 
that at a small amount of HEMA-MPC copolymer (17.76%), the free energy of 
polyurethane and copolymer mixing is negative. This indicates that the two polymers 
which forming the IPNs at this concentration are thermodynamically compatible. 
When the copolymer content increases to 21.08%, the value of the free energy of 
polyurethane and copolymer mixing goes from negative to positive va lue.

A further increase in the copolymer content leads to an increase in the value 
of the free energy of polyurethane and copolymer mixing from + 2.9044 to + 
28.5033. That is, when the content of the copolymer increases, the components of the 
IPNs become thermodynamically incompatible, and the incompatibility increases 
when approaching comparable concentrations of the components of the IPNs -
polyurethane and the HEMA-MPC copolymer.

Table 18.1 Free energy of polyurethane and HEMA-MPC copolymer mixing during the formation 
of IPNs 

Sample composition The  free  energy  of  mixing  with  
methylene chloride at a critical 
concentration, J/g of polymer

Free energy of polyurethane 
and copolymer mixing Δgх,J/g 
of polymer 

PU − 106.97 – 

Copolymer HEMA-MPC − 10.34 – 

IPNs PU/copolymer 82.24/ 
17.76 

− 88.13 − 1.69 

IPNs PU/copolymer 78.92/ 
21.08 

− 89.51 + 2.90 

IPNs PU/copolymer 69.67/ 
30.33 

− 92.36 + 14.68 

IPNs PU/copolymer 58.28/ 
41.72 

− 86.41 + 19.74 

IPNs PU/copolymer 48.74/ 
51.26 

− 85.95 + 28.50 
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The synthesis of IPNs is usually occurs in thermodynamically non-equilibrium 
conditions. This process begins from a thermodynamically equilibrium state of a 
mixture of monomers or a polymer swollen in another monomer. During process 
of polymerization and crosslinking, there is a rapid decrease in the combinatorial 
entropy of mixing in the system. It is known that the entropy of polymers mixing is 
approximately 102 times lower than the entropy of mixing of low molecular weight 
substances, such as the monomers [39]. As a result, the energy of two polymers 
mixing ΔG (Gibbs energy) changes continuously during the process of synthesis. 
Since the mixing energy depends on the enthalpy and entropy of mixing (ΔG = ΔH 
− TΔ S), due to the decrease of the mixing entropy, the Gibbs energy of mixing 
becomes positive, which leads to phase separation in the the system [40–42]. 

However, in this study, the value of the free energy of polyurethane and HEMA-
MPC copolymer mixing during the formation of IPNs with a content of the latter of 
17.76% turned out to be negative. This means that the contribution of the enthalpy of 
mixing in the studied system was significant and it outweighed the reduction of the 
entropy of mixing during the formation of the IPNs. The enthalpy of mixing is an 
energy component and it depends on the interactions that take place in the system. 

Therefore, it can be concluded that the introduction of a small amount of 
MPC into the system radically changes the intermolecular interactions between the 
polyurethane and the copolymer. Apparently, negatively charged phosphoryl groups 
actively interact with urethane groups in polyurethane, and the positively charged 
nitrogen atom of MPC is capable to interact with the oxygen of the oligoether compo-
nent in polyurethane. Thus, MPC plays the role of compatibilizer in the system, it 
increases the thermodynamic compatibility between polyurethane and copolymer. 
But with the increase in the content of the HEMA-MPC copolymer in the IPNs, the 
value of the free energy of polyurethane and the copolymer mixing became positive 
(Table 18.1). 

This may mean that with an increase in the amount of MPC in the system, the 
interactions between negatively charged phosphoryl groups and positively charged 
nitrogen atoms of various MPC polymer chains arise, i.e., the number of inter-
molecular interactions (polyurethane and copolymer) decreases, while the number 
of intramolecular interactions (between different groups of MPC) is growing. At a 
certain concentration of MPC chains, the formation of ionic clusters can occur, and 
this leads to a situation where MPC ceases to play the role of a compatibilizer in 
the system. Wherein, interpenetrating polymer networks become thermodynamically 
incompatible, which leads to phase separation in the system.
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18.3.2 Dynamic Mechanical Properties of the IPNs Based 
on Polyurethane and Copolymer of 2-Hydroxyethyl 
Methacrylate 
with Methacryloyloxyethylphosphorylcholine 

The investigations of the dynamic mechanical properties of polyurethane, of 
copolymer of 2-hydroxyethyl methacrylate with methacryloyloxyethylphosphoryl-
choline and of interpenetrating polymer networks (IPNs) based on them, studying 
the peculiarities of the dynamics of glass transitions in the IPNs with variations in 
the content of components and phase separation in the system were carried out. 

In Figure 18.4 the temperature dependences of the tangent of the mechanical loss 
angle (tanδ) for PU (curve 1), for copolymer HEMA with MPC (curve 2), and for 
IPNs with different copolymer content (curves 3-8) are presented. It can be seen that 
an abnormally wide glass transition with a maximum at −32 °С is observed for PU. 
The glass transition is also shown in Table 18.2. 

The native copolymer of HEMA with MPC shows an intense maximum of tanδ 
at a temperature of + 145 °С. Two maxima of tanδ are observed for the IPNs. We 
could observe that the polyurethane maximum tanδ in IPNs decreases by amplitude 
compared to the native polyurethane. This could be explained by the suppressing 
effect of the copolymer on the segmental motions in the PU.

In more detail, the temperature position of the tanδ maxima and their intensity 
can be observed in Figure 18.5. It can be seen that the addition of the copolymer 
in the amounts up to 30 wt.% leads only to a decrease in the tanδ amplitude of PU 
without changing its temperature position. A further increase in the content of the 
copolymer to 41–51 wt.% also leads to a shift of the maximum tanδ of PU towards 
low temperatures.

Fig. 18.4 The temperature 
dependences of the tangent 
of the mechanical loss angle 
(tanδ) at the DMA study at a 
frequency of 10 Hz for 
samples of PU (curve 1), 
copolymer HEMA with 
MPC (curve 2), and for IPNs 
with different content of 
copolymer: 10.04 (3), 17 
0.76 (4), 21.08 (5), 30.33 (6), 
41.72 (7), 51.26% (8)
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Table 18.2 Glass transition temperature of polymer components and modulus of elasticity of the 
IPNs depending on the content of components 

Sample Glass transition 
temperature 
(maximum tanδ), °С 

The modulus of elasticity at 
− 25 °C (MPa )

The modulus of 
elasticity at 0 °С (Mpa) 

PU Copolymer 

PU − 
32.78 

– 549 136 

Copolymer 
HEMA with 
МPC 

+ 145.82 4035 3636 

IPNs PU/ 
copolymer 
90/10 

− 
29.84 

+ 124.22 989 259 

IPNs PU/ 
copolymer 
83/17 

− 
27.18 

+ 128.89 1591 292 

IPNs PU/ 
copolymer 
79/21 

− 
28.47 

+ 128.25 1321 415 

IPNs PU/ 
copolymer 
70/30 

− 
27.02 

+ 126.57 1339 469 

IPNs PU/ 
copolymer 
59/41 

− 
36.83 

+ 142.01 1624 607 

IPNs PU/ 
copolymer 
49/51 

− 
37.76 

+ 138.69 1522 825

Fig. 18.5 The temperature 
dependences of the tangent 
of the mechanical loss angle 
(tanδ) at the DMA study at a 
frequency of 10 Hz for PU 
sample (curve 1) and for 
IPNs with different 
copolymer content: 10.04 
(2), 17.76 (3), 21.08 (4), 
30.33 (5), 41.72 (6), 51.26% 
(7)
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For the maxima of tanδ of the copolymer HEMA with MPC in the IPNs, we could 
observe a significant decrease in the intensity and a shift along the temperature scale 
towards low temperatures in compare with the maximum of the native copolymer. At 
the same time, a more significant shift of the maxima tanδ of the copolymer towards 
low temperatures is observed at minimum amounts of the copolymer in the IPNs. 
Such behavior of the maxima of the tanδ copolymer in IPNs means that these IPNs 
are two-phase systems with incomplete phase separation [29, 30]. 

Also, a significant shift of the tanδ maxima of the copolymer towards low temper-
atures means the loss of the cooperativity of the segmental motion of the copolymer 
at its low contents in the IPNs.

In addition, it can be noted that in the IPNs with a copolymer content of 41 and 51 
wt.%, the maximum depressing effect of the copolymer on the segmental motions 
in PU is observed (the intensity of tanδ peaks of PU is the lowest) (Fig. 18.5). At 
the same time, the tanδ maxima of the copolymer in the IPNs with a content of 41 
and 51 wt.% of copolymer increase in compare with IPNs of other compositions, 
and a deepening of the bridge between the two peaks of tanδ (PU and copolymer) is 
observed.

At the qualitative level, it can be concluded that in the IPNs with a copolymer 
content of 41 and 51 wt.%, the phase separation between the components is more 
significant compared to the phase separation in the IPNs containing 7- 30 wt.% of 
copolymer. 

In Table 18.2 the values of the modulus of elasticity of the investigated samples at – 
25 and at 0 °C are presented. It can be seen that at −25 °C the modulus of elasticity of 
the copolymer HEMA with MPC is significantly higher than the modulus of elasticity 
of IPNs, at the same time the modulus of elasticity of IPNs regularly increases with 
the copolymer content. At 0 °C, there is a non-monotonic change in the modulus 
of elasticity of the IPNs with the copolymer content, but the values are significantly 
lower compared to the modulus of elasticity at −25 °C. 

Figure 18.6 demonstrates the values of the modulus of elasticity for samples of PU 
(curve 1), copolymer (curve 2) and for IPNs with different copolymer content (curves 
3–8). It could be seen that the maximal modulus of elasticity in all temperature range 
has the copolymer, and the minimal modulus has PU. For the IPNs, the modulus of 
elasticity increases with the copolymer content, this is especially noticeable in the 
temperature range from − 50 to + 50 °C.

As mentioned above, interpenetrating polymer networks based on polyurethane 
and copolymer HEMA with MPC are two-phase systems with incomplete phase 
separation [30]. For such systems, the degree of polymer components segregation α, 
which is a measure of phase separation, could be calculated. If α = 1, this means the 
polymer system is completely phase separated. If α = 0, this means that the polymer 
components are compatible at the molecular level [43, 44]. We have calculated the 
degree of polymer components segregation α in the IPNs with different PU and 
copolymer content, according to the method proposed by Yu.S. Lipatov and V.F. 
Rosovitsky [44]. Calculated parameters are given in Table 18.3.

As can be seen from Table 18.3, the calculated degree of polymer components 
segregation α increases with the content of copolymer HEMA with MPC. For IPNs
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Fig. 18.6 Temperature 
dependences of elastic 
moduli at DMA 
investigations at a frequency 
of 10 Hz for samples of PU 
(curve 1), copolymer HEMA 
with MPC (curve 2) and for 
IPNs with different 
copolymer content: 10.04 
(3), 17.76 (4), 21.08 (5), 
30.33 (6), 41.72 (7), 51.26% 
(8)

Table 18.3 The degree of polymer components segregation α in the IPNs based on PU and 
copolymer HEMA with MPC

Sample Maximum 
losses for 
components of 
phases 1 and 2 

The shift of the 
corresponding 
maxima on the 
temperature scale 

A parameter that 
takes into 
account the 
maximum shift 

Degree of polymer 
components 
segregation 

h1 h2 l1 l2 λm α 
Copolymer 
HEMA with MPC 

h0 
1.589 

PU h0 
0.165 

IPNs PU/ 
copolymer 90/10 

0.066 0.083 2.94 21.6 0.0111 0.079 

IPNs PU/ 
copolymer 83/17 

0.034 0.159 5.60 16.9 0.0162 0.101 

IPNs PU/ 
copolymer 79/21 

0.034 0.209 4.31 17.6 0.0214 0.126 

IPNs PU/ 
copolymer 70/30 

0.030 0.284 5.76 19.3 0.0316 0.161 

IPNs PU/ 
copolymer 59/41 

0.063 0.482 4.05 3.81 0.0117 0.304 

IPNs PU/ 
copolymer 49/51 

0.055 0.465 4.98 7.13 0.0201 0.285

with a low content of copolymer—10 wt.%, α is 0.079. For IPNs with a high content 
of copolymer—41 and 51 wt.%, α is 0.304 and 0.285, and for IPNs, containing 10– 
30 wt.% of copolymer, the degree of polymer components segregation α gradually 
increases from 0.079 to 0.161. We could observe that when the copolymer content 
increases to 41 wt.%, there is a sharp increase in the degree of polymer components
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segregation α to 0.304. This allows us to conclude that the phase separation is more 
significant in IPNs containing high concentrations of copolymer HEMA with MPC, 
namely 41–51 wt.%.

The higher intensity of the tanδ maxima of the copolymer and the deeper bridge 
between the two peaks of the tanδ (PU and the copolymer HEMA with MPC) in 
the IPNs containing high concentrations of copolymer HEMA with MPC, namely 
41–51 wt.% (Fig. 18.5), are also indicate that the phase separation is more significant 
in these IPNs. This may mean that with an increase in the amount of the copolymer 
HEMA with MPC, and therefore with an increase in the amount of methacryloy-
loxyethylphosphorylcholine in the system, interactions between negatively charged 
phosphoryl groups and positively charged nitrogen of various polymer chains of 
methacryloyloxyethylphosphorylcholine, i.e., the number of intermolecular interac-
tions (polyurethane and copolymer) decreases, while the number of intramolecular 
interactions (between different groups of methacryloyloxyethylphosphorylcholine) 
increases. At a certain concentration of methacryloyloxyethylphosphorylcholine 
chains, the formation of ionic clusters can occur, and this leads to a situation when 
the phase separation in the IPNs system sharply increases. 

18.3.3 Porosity of the IPNs Based on Polyurethane 
and Copolymer of 2-Hydroxyethyl Methacrylate 
with Methacryloyloxyethylphosphorylcholine 

In this work, a study of the porosity of materials created for biomedical coatings based 
on polyurethane and a copolymer of hydroxyethyl methacrylate with methacryloy-
loxyethylphosphorylcholine synthesized on the principle of interpenetrating polymer 
networks (IPNs)) was carried out. 

With a purpose to calculate the porosity and specific surface area of the created 
materials, the isothermal adsorption of methanol vapors by the created systems 
was investigated. The goal of the study was to evaluate the effect of the ratio 
of polyurethane and copolymer of hydroxyethyl methacrylate with methacryloy-
loxyethylphosphorylcholine on the porosity of materials for biomedical coatings. 

The basis for the calculations were the experimental adsorption isotherms of 
methanol vapors by the created samples. The adsorption of methanol vapors by 
samples of the native polymers and by samples of IPNs was studied at 20 °C using 
a vacuum instalation with McBean balances [36]. 

Figure 18.7 shows the adsorption isotherms of methanol vapors by samples of 
polyurethane, copolymer, and IPNs with 10% and 18% of copolymer.

It can be seen that the adsorption isotherms of methanol vapors by the samples 
have the form of curves concave to the abscissa axis. The maximum value of methanol 
vapor adsorption for samples of IPNs with different copolymer content is in the range 
of 0.65–0.75 mmol/g.



256 L. V. Karabanova et al.

Fig. 18.7 Adsorption 
isotherms of methanol 
vapors at 20 °C by samples 
of the native polymers and 
IPNs: PU (1), copolymer 
HEMA with MPC (2), IPNs 
with copolymer content of 
10% (3), IPNs with 
copolymer content of 18% 
(4)

Figure 18.8 shows the adsorption isotherms of methanol vapors by samples of 
IPNs containing 21, 30, 41, and 51% of the copolymer.

According to the Brunauer, Emmett, and Teller (BET) classification [45], the 
isotherms of methanol adsorption by polyurethane and IPNs samples belong to the 
third type. This means that the BET equation can be applied to such adsorption 
isotherms in the range of low vapor pressures [36] (Fig. 18.9).

Experimental adsorption isotherms of methanol vapors by samples of 
polyurethane, of copolymer and IPNs allowed to calculate the specific surface area, 
the total volume of the pores and the average radius of the pores of the created mate-
rials. The specific surface area was calculated using the BET method [46]. The BET 
equation was used in the form: 

P/P0 

a · (1 − P/P0)
= 1

C · am 
+ 

C − 1

C · am 
· P

P0 
(18.5) 

where P/P0 is the relative vapour pressure of the sorbate; 
a—the amount of adsorbed substance, mmol / g; 
am—the amount of adsorbed substance in the monomolecular layer, mmol / g;
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Fig. 18.8 Adsorption 
isotherms of methanol 
vapors  at  20  °C  by  IPNs  
samples with copolymer 
content of 21% (1), 30% (2),
41% (3), 51% (4)
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C—is a constant. 
Experimental data were presented as a dependence: 

P/P0 

a · (1 − P/P0) 
= f

P

P0 
(18.6) 

The tilt angle of the line and the length on the y-axis allowed to calculate C and 
am. 

am = 1/(k + b), where.
k = tgα; b—segment on the y -axis.
Figure 18.10 shows the experimental data for PU, for copolymer and for IPNs of 

two compositions, which rearranged according to the BET Eq. (18.5).
It can be seen that in the range of low relative pressures of methanol vapor there 

are linear sections of the curves. The tangent of these linear sections and the axis 
segment on the ordinate allowed us to calculate ам—the amount of sorbed substance 
in a monomolecular layer. 

The specific surface area of the samples was calculated using the equation:
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Fig. 18.9 Scheme for calculation of the amount of adsorbed substance in a monomolecular layer

Sspec = am ω Na · 10 −7 (18.7)

where Na—is the Avogadro’s number; 
ω—the area occupied by one sorbate molecule. 
The area occupied by one sorbate molecule ω was calculated by the f ormula:

ω = 4 · 0.866 · (M /4 · √
2 · d · Na )

2
3 , (18.8) 

where

M—is the molecular weight of the sorbate;
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Fig. 18.10 Experimental 
data on the isothermal 
adsorption of methanol 
vapors  at  20  °C  by  
polyurethane and IPNs 
samples, presented in the 
form of the BET equation: 
PU (1), IPNs with content of 
copolymer 10% (2), IPNs 
with content of copolymer
18% (3)

d—is the density of the sorbate.

The results of the calculations are presented in Table 18.4.
Table 18.4 shows that the specific surface area of PU and IPNs samples based on 

PU and the copolymer of 2-hydroxyethyl methacrylate with methacryloyloxyethyl 
phosphorylcholine Ssp varies from 15.1 to 23.3 m2/g. The specific surface area of the 
IPNs samples have a tendency of increasing with the copolymer content (from 15.1 
to 23.3) m2/g. 

The specific surface area of polyurethane is 17.4 m2/g. When adding a copolymer 
in the amount of 10% and 18%, the specific surface area decreases in compare with 
the polyurethane. But with a further increase in the amount of copolymer (21–51)%, 
the specific surface area of the IPNs increases from 19.1 m2/g to 23.3 m2/g. 

Based on the adsorption isotherms of methanol vapors, the total pore volume in 
PU and IPNs samples based on PU and copolymer of 2-hydroxyethyl methacrylate 
with methacryloyloxyethylphosphorylcholine was also calculated. 

The total pore volume in samples W0 was avaluated using the maximum amount 
of methanol adsorbed by samples according to the formula [46]: 

W0 = aV, (18.9)
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Table 18.4 Porosity, specific surface area and total pore volume of IPNs samples based on 
polyurethane and copolymer of 2-hydroxyethyl methacrylate with methacryloyloxyethylphospho-
rylcholine 

Sample tgα b am, mmol/g Ssp,  m2/g amax, mmol/g W0,  cm3/g rav,  Å  

PU 4.15 2.09 0.16026 17.4 6.79 × 10–1 2.75 × 10–2 31.67 

IPNs 10% 
copolymer 

5.90 1.26 0.13966 15.1 6.58 × 10–1 2.66 × 10–2 35.22 

IPNs 18% 
copolymer 

4.90 1.88 0.14749 16.0 6.52 × 10–1 2.64 × 10–2 33.04 

IPNs 21% 
copolymer 

3.90 1.78 0.17606 19.1 6.83 × 10–1 2.76 × 10–2 29.00 

IPNs 30% 
copolymer 

3.95 1.55 0.18182 19.7 7.27 × 10–1 2.94 × 10–2 29.89 

IPNs 41% 
copolymer 

3.65 2.12 0.17331 18.8 7.11 × 10–1 2.88 × 10–2 30.67 

IPNs 51% 
copolymer 

2.45 2.20 0.21505 23.3 7.69 × 10–1 3.11 × 10–2 26.73

where a—is the maximum amount of sorbate, absorbed by 1 g of sorbent, mol / g; 
V—is the volume of one mole of sorbate. 
The results of the calculations are shown in Table 18.4. It can be seen that the 

total pore volume W0 of the samples varies from 2.66 × 10−2 cm3/g to 3.11 × 10−2 

cm3/g. With the adding of a copolymer, the total pore volume in the IPNs increases 
with the increase in the amount of the s econd component.

The average pore radius of PU and IPNs samples based on PU and the copolymer 
of 2-hydroxyethyl methacrylate with methacryloyloxyethylphosphorylcholine was 
calculated according to the equation [37]: 

rav = (2W0/Sspec) · 104 (Å ) (18.10)

The results of the calculations are shown in Table 18.4. It can be seen that the 
average pore size in the studied samples of polyurethane and IPNs varies from 26 
to 35 Å. According to Dubinin’s classification [46], the studied samples belong to 
materials with transitional pores. According to this classification, materials with pore 
size up to 20 Å are classified as microporous, and those with pores larger than 200 Å 
are classified as macroporous. If the samples have pores with a size from 20 to 200 Å, 
such pores are classified as transition pores. 

In addition, it can be seen from Table 18.4, that when the copolymer is added, 
the average pore size slightly increases in compare with polyurethane (for example, 
from 31 Å to 35 Å). But with a further increase in the amount of copolymer in the 
IPNs, there is a tendency of decreasing the average pore size (from 35 to 26) Å. 

Therefore, it can be concluded that the IPNs based on PU and the copolymer of 2-
hydroxyethyl methacrylate with methacryloyloxyethylphosphorylcholine belong to
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materials with transition pores of size from 26 to 35 Å and can be used as biomedical 
coatings. 

18.3.4 Morphology of IPNs Based on Polyurethane 
and Copolymer of 2-Hydroxyethyl Methacrylate 
with Methacryloyloxyethylphosphorylcholine 

Figure 18.11 shows the microphotographs of the surface of fresh fractures of samples 
of the native polymers—polyurethane, HEMA-MPC copolymer and IPNs based on 
them with variation in the content of components at a magnification of 10,000 times. 
From the microphotographs it can be seen that the structure of polyurethane and the 
HEMA-MPC copolymer are significantly different.

The fracture of the polyurethane sample is similar to the fracture of a plastic 
material, while the fracture of the copolymer resembles a vitreous material. For 
IPNs containing 10 and 17% of copolymer, a homogeneous structure is observed 
without signs of phase separation. 

But when moving to IPNs containing 21 and 30% of copolymer in the structure 
of IPNs the appearance of the second phase arise. SEM microphotographs recorded 
the presence of the inclusions with size of 0.5–1 μm. IPNs samples containing 41 
and 51% of copolymer are significantly different in the structure from the previous 
samples. They show a significant phase separation, on the microphotographs the 
phase inclusions with a size of 1–5 μm are observed. 

Therefore, the results of the morphology investigations of the samples of IPNs 
systems based on polyurethane and the HEMA-MPC copolymer, obtained by the 
SEM method, are consistent with the data of the study of the thermodynamic compati-
bility of polymers during the formation of IPNs systems. Exactly during the transition 
of the free energy of polyurethane and copolymer mixing from a negative value to 
a positive value, the signs of the beginning of phase separation are observed in the 
micrographs of the fractures of these samples. With a significant increase in the 
positive values of the free energy of polyurethane and the copolymer mixing in the 
IPNs with a content of 41 and 51% of the copolymer, a significant phase separation 
is observed, with phase inclusions ranging in size from 1 to 5 μm.
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(a) PU (b) Copolymer 

(c) 17% of Copolymer (d)  30 % of Copolymer 

(e) 41% of Copolymer (f) 51% of Copolymer 

Fig. 18.11 Microphotographs of polyurethane, of copolymer HEMA-MPC, and IPNs of different 
compositions with an increase of 10,000 time
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18.3.5 Physical and Mechanical Properties of IPNs, Created 
from PU and Copolymer of 2-Hydroxyethyl 
Methacrylate 
with Methacryloyloxyethylphosphorylcholine 

The physical and mechanical properties of the IPNs samples, which were synthesized 
in the form of films with a thickness of 0.7–0.9 mm, were studied using an auto-
mated Instron material testing system. The stress–strain curves for the samples based 
on polyurethane and copolymer of 2-hydroxyethyl methacrylate with methacryloy-
loxyethylphosphorylcholine, shown in Fig. 18.12a, b are averaged curves for three 
tests performed on each IPNs sample.

They indicate that the ultimate strength increases with increasing copolymer 
content in the IPNs. At the same time, the strain at break also increases with an 
increase in the copolymer content in the samples up to 30%. For the last two samples 
with 41 and 51% of copolymer content, the strain at break decreases dramatically, 
but the stress at break continues to increase for these samples. 

Our assumption about the formation of ionic clusters in IPNs with a copolymer 
content of more than 30% [42] is confirmed by these results. Exactly the formation 
of ionic clusters in the IPNs could be the reason for the reduction of deformation 
when the system breaks (Fig. 18.12, curves 7, 8). Ionic clusters are composed of 
ionic groups from different polymer chains, and they can create additional “physical 
bonds” and, as a result, can limit the deformation of samples. 

The detailed mechanical properties of the IPNs are shown in Table 18.5.  They  
reflect the changes in the structure of the IPNs with an increase in the amount of 
copolymer of 2-hydroxyethyl methacrylate with methacryloyloxyethylphosphoryl-
choline in the system. Deformation at break has an extremum at 30% of copolymer. 
The tensile stress increases from 4.3 to 18.4 MPa with an increase in the amount of 
copolymer in the IPNs (Table 18.5).

It is important to note that Young’s modulus increases from 14.5 to 324.4 MPa 
with increasing amount of copolymer in the system. A particularly sharp increase in 
the modulus is observed for IPNs with 30% or more copolymer in the samples. This is 
additional evidence of the formation of ionic clusters in the IPNs with a high content 
of copolymer. The formation of ionic clusters in the IPNs leads to strengthening of 
the samples. 

18.4 Conclusion 

Interpenetrating polymer networks based on biocompatible components— 
polyurethane and copolymer of 2-hydroxyethyl methacrylate with methacryloy-
loxyethylyphosphorylcholine (HEMA-MPC) were synthesized and thermodynamic 
parameters of interactions in the system, dynamic mechanical properties, porosity of 
the samples, morphology and physico-mechanical properties were investigated. The
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Fig. 18.12 Stress–strain curves for PU and IPNs films: 1- PU; 2- IPNs with 7% of copolymer; 3-
IPNs with 10% of copolymer; 4- IPNs with 18% of copolymer; 5- IPNs with 21% of copolymer; 
6- IPNs with 30% of copolymer; 7- IPNs with 41% of copolymer; 8- IPNs with 51% of copolymer
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Table 18.5 Mechanical properties of interpenetrating polymer networks based on polyurethane 
and copolymer of 2-hydroxyethyl methacrylate with methacryloyloxyethylphosphorylcholine 

Sample Elongation at 
the peak (%) 

Stress at 
the peak 
(МPа) 

Elongation at 
break (%) 

Stress at 
break 
(МPа) 

Young’s 
modulus(МPа) 

PU 56.8 2.5 58.2 2.4 7.7 

IPNs 7% 
copolymer 

91.6 4.4 91.8 4.3 14.5 

IPNs 10% 
copolymer 

106.3 5.2 106.5 5.0 18.3 

IPNs 18% 
copolymer 

134.4 7.8 134.5 7.7 44.7 

IPNs 21% 
copolymer 

130.6 9.8 131.8 9.4 65.0 

IPNs 30% 
copolymer 

153.3 13.1 153.7 13.1 101.4 

IPNs 41% 
copolymer 

108.2 15.7 108.3 15.7 218.4 

IPNs 51% 
copolymer 

85.1 18.6 85.5 18.4 324.4

thermodynamic parameters of interactions between polymer components of the IPNs 
were calculated based on isotherms of methylene chloride vapors sorption by samples 
of the created polymer systems. It is shown that MPC plays the role of a compatibilizer 
in the system, increasing the thermodynamic compatibility between polyurethane and 
the HEMA-MPC copolymer at small amounts of the copolymer in the IPNs. As the 
amount of copolymer HEMA-MPC in the IPNs increases, the value of the free energy 
of the polyurethane and copolymer mixing moves to the positive value, what can be 
explained by the formation of ionic clusters of MPC. With an increasing of the amount 
of MPC in the system, interactions between the negatively charged phosphoryl groups 
and the positively charged nitrogen atom of various MPC polymer chains occur, 
i.e., the part of intermolecular interactions (polyurethane and copolymer) decreases, 
while the part of intramolecular interactions (between different groups of MPC) 
increases. By dynamic mechanical properties investigations the two maxima of tanδ 
were observed for the IPNs. The polyurethane maximum tanδ in the IPNs decreases 
by amplitude compared to the native polyurethane, that means the suppressing effect 
of the copolymer on the segmental motions in the PU. For the maxima of tanδ of 
the copolymer HEMA with MPC in the IPNs, a significant decrease in intensity and 
a shift along the temperature scale towards low temperatures in compare with the 
maximum of tanδ of the native copolymer was observed. Such behavior allow to 
conclude that these IPNs are two-phase systems with incomplete phase separation. 
The results of the morphology investigations of the IPNs samples are consistent with 
the data of the thermodynamic compatibility study of polymers during the forma-
tion of the IPNs. With a significant increase in the positive values of the free energy
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of the polyurethane and copolymer mixing in the IPNs with 41% and 51% of the 
copolymer content, a significant phase separation is observed in the IPNs, with phase 
inclusions ranging from 1 to 5 μm. The results of physico-mechanical properties 
testing reflect the changes in the structure of the IPNs with an increase in the amount 
of copolymer of 2-hydroxyethyl methacrylate with methacryloyloxyethylphospho-
rylcholine in the system. The tensile stress increases from 4.3 MPa to 18.4 Mpa, the 
Young’s modulus increases from 14.5 MPa to 324.4 MPa with an increase in the 
amount of copolymer in the IPNs. Deformation at break has an extremum at 30% of 
copolymer. A particularly sharp increase in the modulus is observed for IPNs with 
30% or more copolymer in the samples. Results of porosity investigation allow to 
conclude that the IPNs based on PU and the copolymer of 2-hydroxyethyl methacry-
late with 2-methacryloyloxyethylphosphorylcholine belong to materials with transi-
tion pores of size from 26 to 35 Å. The enough good physico-mechanical properties 
of the IPNs based on biocompatible components – polyurethane and copolymer 
of 2-hydroxyethyl methacrylate with methacryloyloxyethylyphosphorylcholine and 
existence of transition pores of size from 26 to 35 Å allow to assume that created 
materials can be used as biomedical coatings. The positive value for biomedical 
application also is that the nanostructured surface of the created IPNs samples could 
decrease the bacterial adhesion on the surface of such materials. 
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Chapter 19 
Effect of Temperature on the Formation 
of Liquid Clathrates in Aqueous 
Solutions of Dyes 

N. Atamas, G. Taranyik, and А. Makhinia 

Abstract The molecular dynamics method was used to analyze the possibility of 
liquid clathrate formation in water solution of indigo carmine in the physiological 
temperature range. Based on the results of studying the effect of temperature on the 
processes of liquid clathrate formation in aqueous solutions of indigo carmine, it 
was found that liquid clathrate formation is possible at temperatures of T = 303 K, 
305 K, 310 K, 313 K, 315 K, 318 K, 319 K. 

19.1 Introduction 

Indigo carmine (C16H8N2Na2O8S2) is a dye widely used in medical diagnostics 
and pharmacology [1]. Understanding its behavior in water, including its detection, 
degradation and removal, is of critical importance for environmental and health appli-
cations. In particular, indigo carmine (IC), used as a dye and viscosity marker, can 
serve as an indicator of physiological changes in the body under different temperature 
conditions. Therefore, understanding the dynamics of IC under different tempera-
ture conditions, including the physiological range of T = (300−323)K in aqueous 
solutions, can contribute to the assessment of its safety and possible side effects, 
which is especially important for minimizing risks in medical use. Current studies 
on aqueous solutions of indigo carmine are conducted using various experimental 
methods: the presence of indigo carmine can be effectively detected in water samples 
using square wave voltammetry (SWV) with a treated cathode boron doped electrode 
(BDD). This method provides a linear concentration range from 0.5 to 84.1 μmol
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L-1 with a detection limit of 0.058 μmol L-1. The BDD electrode shows the best 
characteristics for the anodic response IC compared to other electrodes, making it 
a reliable tool for environmental monitoring [2]; the effect of temperature on the 
degradation processes of indigo carmine in water can be studied using advanced 
oxidation technologies (AOTs). The research results [3] show that the degradation of 
indigo carmine in water can be achieved using non-thermal plasma (NTP), ozone and 
hydrogen peroxide. It was found that the degradation process involves the formation 
of transient radicals OH, O and NO, which contribute to the change in the chem-
ical properties of water, such as pH, conductivity and oxidation-reduction potential, 
which affects the structural and dynamic characteristics of water. However, the exper-
imental methods described above leave open the question of what intermolecular 
interactions and how they affect the formation of macro-characteristics of aqueous 
solutions of IC at different temperatures. At the same time, with regard to aqueous 
solutions of dyes, special attention is paid to the possibility of the formation of liquid 
clathrates in them, which can have a significant effect on the dynamic, and therefore, 
physicochemical properties of IC solutions and their functional application. There-
fore, the main issue within the framework of the presented study is to determine 
the effect of temperature in the physiological temperature range on the processes 
of clathrate formation in an aqueous solution of IC at the physiological range of 
temperature T = (300–323) K. 

19.2 Methods 

The molecular dynamics method (MD) implemented using DL_POLY_4.06 was 
used to study the effect of temperature on liquid clathrate formation in an aqueous 
solution of IC at T = (300–323)K. Intermolecular interactions in the studied systems 
were described by the sum of Lennard–Jones and Coulomb components [4]: 

U = UL−J + UCoulon = 
ij 

4εij 
σij 

rij 

12 

− σij 

rij 

6 

+ 
ij 

qiqj 
rij 

(19.1) 

where the values of the parameters σab ij, ε ab ij are L-J parameters at the site a in 
molecule i and the site b in a molecule j, respectively, rab ij is the distance between 
sites a and b, qa i and qb i are the charges at sites a and b, respectively, and ε0 is 
the vacuum permittivity. The OPLS force field calculations of IC were performed 
using the DLPOLY_FIELD package. The interactions between water molecules were 
modeled using the SPC/E potentials. The potential parameters σab ij and ε ab ij for 
the interaction between the atoms of the solute (IC) with the atoms of the water 
molecules are calculated using the Lorentz–Berthelot combination rule [4]. In the 
first step, the calculations were performed for a system consisting of one molecule 
of IC and 218 water molecules with a density equal to the density of water at T = 
323 K. This configuration was equilibrated in the NPT ensemble for 1*106 steps and
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then re-equilibrated in the NVT ensemble using the Berendsen thermostat for 1*106 

steps. Electrostatic interactions were modeled taking into account the charges on the 
atoms, and long-range interactions were described using the Ewald summation. The 
configuration at T = 323 K was used as the initial one for the simulations at lower 
temperatures. The volume of the calculation box at each temperature was calculated 
based on the experimental data of the density of water at T = (300–323) K. 

19.3 Results and Discussion 

IC-water system can be treated as a mixture of large (ИК) and small (water) particles 
with a mass ratio of αm = Mlarge/Msmall = Mindigo/Mwater > 25 and the structural и 
dynamic properties in the IC-water systems at T = (300–323) K will be determined 
by the short-time diffusion. The dynamic properties of the system are determined by 
the temporal behavior of the mean-squared displacement (MSD) function r2(t) , 
with represents the displacement vector of the center of mass of the i-th molecule 
between instants 0 and t and is described by [4]: 

r2 (t) = 
N 

i=1 

| ri(t)|2 /N (19.2 )

According to the Frenkel’s theory and V-T formalism applied to the description 
of the particles’ motion in liquid r2(t) can be represented as the following sum 
[5]: 

r2 (t) D = r2 (t) vib−jamp + r2 (t) tr + r2 (t) rw + r2 (t ) b (19.3)

The interval at 0 < tD is the time interval within which the motion can be described 
within different frameworks of the diffusion model representations. The crossover 
interval of diffusion at tD < tRW , r2(t) rw determines the transit random walk interval 
tRW , within which the particle participates in the collective motion of the IC-water 
solutions. When analyzing the possibility of the formation of liquid clathrates, the 
greatest interest is aroused by r2(t) rw, which in our case tRW time is the time at which 
r2(t) corresponds to the sub-diffused retarded motion of the “tracking” particle 
of IC in the collective motion of the water in the system. The tD denotes the time 
when r2(t) deviates from r2(t) vib - jamp,  a  s r2(t) vib - jamp interval only describes the 

vibrational-hopping mechanism of diffusion. Finally, the term r2(t) b determines the 
motion of IC or water due to ballistic collisions. 

In the analysis of the temperature effect on clathrate formation processes in the 
systems under study, the main emphasis is placed on the analysis of the r2(t) rw 
interval, the existence of which can serve as an indicator of the existence of liquid 
clathrates formed by indigo carmine and surrounding water molecules, and the dura-
tion of this interval indicates the lifetime τc of these clathrates. In the work [6] when
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studying the dynamic heterogeneity of IC in water, three temperature ranges were 
identified (T < 308 K; 310 K < T < 314 K, T > 318 K), in the area of which the 
temperature dependence of the diffusion coefficient of water differs, which deviates 
from linearity in the area of 310 K < T < 314 K. Moreover, it was established that the 
diffusion coefficient of IC decreases with increasing temperature also nonlinearly, 
namely, a change in the nature of the temperature dependence of IC is recorded at T 
= 303 K, T = 312 K and T = 318 K. In the temperature range 312 K < T < 318 K, 
the values of the diffusion coefficient of IC deviate from linearity and indicate a 
slowdown in the movement of IC in water. Analysis of the data (Fig. 19.1)  shows  
that within the range T < 308 K, the formation of liquid clathrates is possible at T 
= 303 K and T = 305 K: within the second temperature range, the formation of 
clathrates is possible at T = 310 K, T = 313 K and T = 315 K; within the third 
temperature range, at T = 318 K and T = 319 K. Within the temperature range: 1) 
T < 308 K clathrates are formed at t = 930 ps (at T = 303 K, there are τc ~ 200 ps) 
and t = 300 ps (at T = 305 K, there are τc ~ 300 ps); 2) 308 K < T < 315 K clathrates 
are formed at t = 300 ps (at T = 310 K, there are τc ~ 650 pc), t = 700 ps (at T = 
313 K, there are τc ~ 330 pc) and at t = 350 ps (at T = 315 K, there are τc ~ 400 ps); 
3) T > 318 K clathrates are formed at t = 500 ps (at T = 318 K, there are τc ~ 200 
pc), t = 450 ps (at T = 319 K, there are τc ~ 200 ps).

19.4 Conclusions 

Based on the results of studying the temperature change on the processes of liquid 
clathrate formation in aqueous solutions of indigo carmine, it was found that liquid 
clathrate formation is possible at temperatures of T = 303K, T = 305K, T = 310K, 
T = 313K, T = 315K, T = 318K, T = 319K. The obtained results can be clarified 
by analyzing changes in the temperature dependences of the diffusion coefficients 
of the components of an aqueous solution of indigo carmine [6]. It is shown that at 
the boundaries of temperature intervals, cardinal changes occur in the nature of the 
movement of the components of the systems, which fixes a change in the slope of the 
temperature dependence of the diffusion coefficient of both water and indigo carmine. 
These changes are closely related to both changes in local structures in the region of 
the dissolved substance (indigo carmine) and changes in the predominant structures 
of water clusters under the influence of temperature, i.e. with the restructuring of the 
liquid. The greatest structural heterogeneity is recorded during the transition from 
one diffusion mode of liquid component motion to another; therefore, relatively 
long-lived systems of water and indigo carmine molecules cannot form at these 
temperatures. The lifetime of liquid clathrates within the first and second temperature 
ranges increases with increasing system temperature from τc ~ 170 ps (T = 303 K) to 
τc ~ 300 ps (T = 305 K) in the temperature region of the first range; τc ~ 330 pc (T = 
313 K), τc ~ 400 ps (T =313 K). Deviation from this trend is observed at temperature T 
= 310 K (τc ~ 650 ps), at which the longest lifetime of the liquid clathrate is recorded. 
This temperature is close to the temperature of 36 °C, at which the minimum specific



19 Effect of Temperature on the Formation of Liquid Clathrates in Aqueous … 275

Fig. 19.1 Time dependence of the function MSD r2(t) (left panel) and highlighted intervals 
r2(t) rw (right panel) of the MSD r2(t) component of the center of mass of IC at temperatures T 
= (300–323) K
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heat capacity (CP) is recorded and water has anomalous properties [7]. Within the 
third temperature interval at T>318K the lifetime of liquid clathrates does not depend 
on temperature and is τc ~ 200 ps. The time at which the presence of liquid clathrates 
begins to be recorded in the studied systems decreases within the first and third 
temperature intervals. Within the second temperature interval the dependence of the 
initial time of recording the existence of liquid clathrates is not observed, the reason 
for this may be the slowdown of dynamic processes in water, which is confirmed by 
the nonlinearity of the temperature dependence of the diffusion coefficient of water 
at these temperatures [8]. 
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Chapter 20 
Influence of the Structure of Amylose 
and Amylopectin on Their Dielectric 
Properties 

M. O. Sosnovska ,  S.  O.  Alekseev , O. M. Alekseev ,  V.  V.  Klepko , 
S. D. Nesin, O. O. Mosia, K. S. Yablochkova , M. V. Lazarenko , 
N. M. Gregirchak , A. V. Varukha, D. A. Andrusenko , 
and M. M. Lazarenko 

Abstract The paper examines the properties of amylose, high Mw amylose, low 
Mw amylose, and amylopectin obtained using dielectric spectroscopy and X-ray 
methods. We demonstrate that solid amylose exists in an amorphic state, whereas 
high Mw amylose, low Mw amylose, and amylopectin exist in an amorphocrystalline 
state. We report the presence of the dielectric relaxation in the high Mw amylose, 
low Mw amylose, and amylopectin and its absence in amylose. Such a result can 
be attributed to the presence of the crystalline phase in the former. The decrease in 
the polymerization degree and the branching in the amylose molecule leads to an 
increase in the relaxation intensity.
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20.1 Introduction 

Recent studies [1, 2] have shown that the dielectric properties of amylose and 
amylopectin, the two types of polysaccharides present in starches, are determined 
by their respective molecular structures. These dielectric properties determine how 
a molecule reacts to an external electric field and its ability to store and transfer 
electric energy. We have previously reported [3–9] that polysaccharides undergo a 
low-temperature dielectric relaxation, which may be caused by the conformational 
motion of the methylol groups in the surface layers of crystals or, according to [10] 
by a local chain rotation. 

Amylose, according to [3, 11–13], is a linear polysaccharide, which consists of 
glucose units linked by α-1,4-glycosidic bonds. Its linear structure allows for a rela-
tively free rotation of the glycosidic linkage, which results in relatively high values 
of the dielectric permittivity since this molecule can easily change the orientation 
of its dipoles when an external electric field is applied. In contrast, amylopectin is 
a branched polysaccharide, which has α-1,6-glycosidic bonds in addition to the α-
1,4-glycosidic ones. The branching of the amylopectin creates a steric hindrance and 
lowers a molecule’s ability to respond to the electric field. Thus, amylopectin has 
lower dielectric permittivity compared to amylose. 

Both amylose and amylopectin can absorb water due to their hydrophilic prop-
erties [11, 14, 15]. Moisture content in starch can thus also impact the dielectric 
properties of its components, as the dielectric constant of water is high. 

In the present manuscript, we describe how the molecular structure, the tempera-
ture of the sample, and the frequency of the external electric field impact the dielectric 
properties of amylose and amylopectin. 

20.2 Materials and Methods 

Amylopectin from maize (henceforth referred to as amylopectin) and amylose from 
potato (henceforth referred to as amylose) were purchased from Sigma-Aldrich. The 
samples were obtained in the form of white powders, whose particles did not stick 
together. The samples were additionally completely dried in «MX-50» and pressed 
into disks. 

Samples of amyloses of different polymerization degrees (the high Mw amylose 
and the low Mw amylose), were prepared from potato starch and characterized 
according to procedures, described in detail in [16]. To get “high Mw amylose” 
(amylose-HMw) the starch was mixed with water to get 10% suspension, then an 
equal volume of 2 mol/l NaOH was added. The resulting viscous semi-transparent 
solution was mixed well for 20 min, neutralized by 1 mol/l HCl, and heated up 
to 85 °C. The n-butyl alcohol (n-BuOH) was added to the reaction mixture (15% 
vol); next the mixture was naturally cooled down under stirring and allowed to 
set for 24 h. The precipitate of amylose complex with n-BuOH was separated by
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centrifugation, washed a few times with saturated aqueous solution of n-BuOH, and 
dissolved in hot (90–95 °C) water under intense stirring. Afterwards, the proce-
dure of amylose complex precipitation and washing was repeated to purify it from 
amylopectin residues. Finally, the complex was mixed with an excess of methanol for 
a few hours to substitute n-BuOH with CH3OH, then the methanol was substituted 
consequently by MTBE and hexane solvents. To remove the solvents the complex 
was dried at 1 mBar at 20 °C followed by 65 °C. 

To prepare “low Mw amylose” (amylose-LMw) the starch (10% wt) was stirred 
at 85 °C in 0.01 mol/l HCl. As a result, an initially turbid and very viscous solution 
became fluid and transparent. Next, the solution was neutralized by NaOH, and the 
amylose was isolated from the reaction mixture identically to high Mw amylose. 

The polymerization degrees of the amyloses, measured by viscometry of their 
solutions in 0.5 mol/l NaOH were found to be Dp = 3380 for amylose-HMw and Dp 
= 280 for amylose-LMw. Measurements of the light absorbance of iodine complexes 
demonstrated absorbance maxima near 650 nm, which correspond to amyloses with 
long (> 100 elementary units) unbranched sections of the a mylose chain.

Wide-angle XRD patterns were obtained on a DRON—2.0 diffractometer, in 
copper anode radiation. Registration of the scattered intensity was carried out in the 
step scan mode of the scintillation detector for scattering angles between 3° and 33° 
(with ϑ being half of the scattering angle, and the wavelength of X-ray radiation λ 
equal to 0.154 nm). The details of the X-ray optical scheme used are described in 
detail in [17]. 

Dielectric properties were studied in the frequency range from 1 to 50 kHz and 
at temperatures between − 196 and 100 °C on an automated installation based on 
a P5083 AC bridge and a four-electrode thermostatic cell in which the thickness of 
the sample could be controlled [18]. 

20.3 Experimental Results 

20.3.1 Dielectric Properties 

Both the length of the chain and the presence of branches affect the thermal mobility 
of amylose, amylose-HMw, amylose-LMw, and amylopectin molecules. This, in 
turn, leads to a different intensity of the dipole relaxation polarization and the values 
of the dielectric properties of the samples. To gain insight into the processes of 
the relaxation in these molecules we have measured the variation of the real εʹ(T) 
and imaginary εʹʹ(T) parts of the complex dielectric permittivity with temperature. 
Figures 20.1 and 20.2 summarize this behaviour for all samples at frequencies 5, 10, 
20, and 50 kHz.
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Fig. 20.1 Temperature dependencies of the real part εʹ(T) of the complex dielectric permittivity of 
the amylose (a), amylose-HMw (b), amylose- LMw (c), and amylopectin (d) samples recorded at 
different frequencies

For all samples (Fig. 20.1b, c and d), except amylose (Fig. 20.1a), the real part of 
the dielectric permittivity grows steadily with increasing temperatures before level-
ling off. The inflection points shifts to higher temperatures with increasing frequency, 
indicating the presence of dielectric relaxation. 

The imaginary part of the dielectric permittivity for all samples (Fig. 20.2b, c 
and d), except amylose (Fig. 20.2a), peaks in the region between − 200 °C and T 
= 60 °C. The position of this peak shifts towards higher temperatures at increasing 
frequencies, also indicating the presence of the relaxation processes in them.

To compare the relaxation processes in amylose-HMw, amylose-LMw and 
amylopectin, and to contrast their behaviour to that of amylose, in which no relaxation 
is observed, we can examine Figs. 20.3 and 20.4. These figures show the thermal 
dependencies of the increment of the real part of the dielectric permittivity (Fig. 20.3) 
and imaginary part of the dielectric permittivity (Fig. 20.4)  at  10  kHz.

The different heights at which the graphs in Fig. 20.3 level off indicate that the 
intensity of the dielectric relaxation increases with the decreasing degree of amylose 
polymerization (amylose-HMw, amylose-LMw) and in the presence of branching in 
a molecule (amylopectin). 

To gain further insight into the relaxation process occurring in the samples we 
can deduce its quantitative energy characteristics [8, 19–21], using the two-level
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Fig. 20.2 Temperature dependencies of the imaginary part εʹʹ(T) of the complex dielectric permit-
tivity of the amylose (a), amylose-HMw (b), amylose-LMw (c), and amylopectin (d) samples 
recorded at different frequencies

Fig. 20.3 Temperature 
dependencies of the 
increment of the real 
component of the dielectric 
permittivity for the amylose, 
amylose-HMw, amylose-
LMw and amylopectin at 
frequency 10 kHz



282 M. O. Sosnovska et al.

Fig. 20.4 Temperature 
dependencies of the 
imaginary component of the 
dielectric permittivity for the 
amylose, amylose-HMw, 
amylose- LMw and 
amylopectin at frequency 
10 kHz

relaxation model. This model determines the dielectric losses caused by thermal 
polarization. 

The temperature dependence of the increment of the dielectric permittivity can 
be fitted using the following relation: 

The temperature dependence of the increment of the dielectric permittivity can 
be fitted using the following relation: 

= ε0 − ε∞ = 
Nμ2

3kT ε0 

exp −V 
kT 

1 + exp −V 
kT 

2 , (20.1)

where N is the relaxator concentration, μ2 is the mean squared difference between 
the dipole moments of relaxators in positions 1 and 2, and V is the difference in 
relaxators’ energies in positions 1 and 2. The data in Fig. 20.1 fitted with expression 
(20.1) yield the values of Nμ2 and V, listed in Table 20.1. 

The maximum of εʹʹ(Т) relation corresponds to ωτ = 1, where

τ = τ0 exp 
(U − T S)

kT 
. (20.2)

Table 20.1 Relaxation processes energy characteristics 

Sample Nμ2, 10–31 C2/m V, kJ/mol U, kJ/mol ΔS/k 

Amylose 0 0 0 0 

Amylose-HMw 26.51 10.01 77.35 73.92 

Amylose-LMw 47.10 10.14 67.03 69.32 

Amylopectin 6.97 6.76 56.29 64.93 
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Fig. 20.5 Arrhenius 
equation: natural logarithm 
of the frequency as a 
function of the inverse 
temperature ln f(1/Tr) for the 
amylopectin, amylose-
HMw, and amylose-LMw 

ω = 2πf is the angular frequency of the external field oscillation, τ is the relaxation 
time, U is the activation energy, and ΔS is activation entropy. Thus, the following 
expression for the Arrhenius equation can be obtained: 

ln f =  −  ln 2π  τ  0 + S

k 
− 

U 

kT 
. (20.3) 

When the Arrhenius equation is plotted (ln f(1/T) in Fig. 20.5), the experimental 
data in Fig. 20.2 gives numerical values of U and ΔS, also listed in Table 20.1. 

When the data for all samples are compared (Table 20.1), the following becomes 
apparent: as the length so the linear amylose chain decreases, the dielectric relaxation 
activation energy U increases, and the activation entropy ΔS decreases. This can be 
interpreted as follows: the increase in the number of end groups leads to an increase in 
the number of relaxators. The presence of the branching in the amylopectin molecules 
leads to a decrease in the number of relaxators and a decrease in the activation energy, 
as well as the activation entropy compared to amylose-HMw. 

20.3.2 X-Ray Phase Analysis 

The structure of the samples studied can be elucidated using X-ray phase analysis. 
Accordingly, we have obtained the dependencies of the intensity of X-ray diffracted 
radiation for the samples of amylopectin (Fig. 20.6), amylose (Figs. 20.6 and 20.7), 
amylose-HMw and amylose-LMw (Fig. 20.7).

The XRD pattern for amylose is, essentially, a broad featureless peak with a 
maximum at about 20°. Such a shape indicates the presence of the amorphous halo 
and suggests that the amylose in the sample is present in an amorphous form. This is



284 M. O. Sosnovska et al.

Fig. 20.6 XRD patterns for amylopectin and amylose samples 

Fig. 20.7 XRD patterns for 
amylose, amylose-HMw, 
amylose- LMw

in contrast with results obtained by Myllärinen et al. [22] who reported two maxima 
on the amylose XRD pattern. We believe that the explanation for this could be traced 
to the difference in the methods by which amylose was obtained in these two studies. 

Amylopectin demonstrates a different behaviour: on its XRD patterns, several 
peaks are observed at 2θ = 15.7, 17.5, 18.5, and 23.6°. Similarly, distinct peaks 
are observed on XRD patterns for amylose-HMw (2θ = 7.9, 13.5, 20.6, and
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23.4°) and amylose-LMw (2θ = 5.4, 13.5, 17.2, 20, and 23°). Such results suggest 
that amylopectin, amylose-HMw, and amylose-LMw are all present samples in an 
amorphous-crystalline state.

20.4 Conclusions 

The dielectric properties of amylose and amylopectin can be thus attributed to the 
following aspects of their structure and molecular assembly: 

• The presence of the crystalline structure in amylose-HMw, amylose-LMw, as well 
as in amylopectin, explains why they undergo dielectric relaxation; 

• A smaller polymerization degree in amylose-LMw, compared to that in amylose-
HMw leads to an increase in the intensity of the dielectric relaxation; such result 
can be attributed to the increasing concentration of end groups; 

• The branching in amylopectin (absent in amylose-LMw) leads to a decrease in 
the number of relaxators, as side radicals have only one end group. 
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Chapter 21 
Study of the Ferritization Process 
in MFe2O4 Systems (M = Fe,  Co,  Ni,  Mn,  
Zn) Under the Action of Contact 
Low-Temperature N on-equilibrium
Plasma

Liliya Frolova 

Abstract The processes of obtaining ferrites in MFe2O4 systems (M = Fe, Co, Ni, 
Mn, Zn) during the treatment of solutions with reduced pressure contact plasma were 
studied. The MEDUSA software package was used for the thermodynamic analysis 
of the deposition process. The zones of existence of ferrites were established using the 
Pourbaix diagram. The influence of the initial pH of the solution on the ferritization 
process was experimentally studied.

21.1 Introduction 

Currently, the development and improvement of methods for obtaining spinel ferrites 
continues. Among the existing technologies for obtaining ferrites of the general 
formula MFe2O4 (M = Fe, Cu, Mn, Co, Ni, Zn), a special place is occupied by 
technologies that occur in the liquid phase. Co-precipitation is a method suitable 
for the synthesis of materials with a given composition and particle size, therefore, 
it is important to study the process of ferrite formation [1–4]. Despite the fact that 
the study of the method of hydrophase ferritization has recently been given much 
attention, there are discrepancies in the proposed mechanism of ferrite formation. 

It is important that a rather promising raw material for obtaining transition metal 
ferrites is iron(II) sulfate and the corresponding metal sulfates. In this case, to obtain 
the final product, it is necessary to convert Fe2+ cations into Fe3+ using oxidizing 
agents. Oxidation of solutions of iron(II) salts and suspensions of hydroxides of the 
corresponding metals leads to the formation of poorly soluble nanodispersed iron(III) 
compounds. It has been established [5–8] that the phase and dispersion compositions
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of these compounds depend on many synthesis parameters: temperature and pH of 
the reaction medium, concentration of iron(II) ions in the solution and Fe(OH)2 in 
the suspension, nature of the salt anion and alkaline agent, activity of the oxidizing 
agent [8]. 

It is interesting to study the effect of low-temperature contact nonequilibrium 
plasma (CNP) on the dispersion medium. The effect of CNP on water and aqueous 
solutions has been considered by many researchers, but still remains insufficiently 
studied. The authors [9] believe that the main oxidizing agent is hydrogen peroxide. 
The literature provides a large set of possible reactions that occur under the action of 
CNP (Table 21.1). In a number of studies, it is believed that the main primary particles 
that are formed in the solution, regardless of the nature of the plasma-forming gas, are 
solvated electrons and ·OH radicals [10, 11]. The result of the dimerization of ·OH 
radicals is the formation of hydrogen peroxide. In addition, other particles should be 
formed in the liquid phase, for example, HO2·, H· radicals, ions, etc.

The authors [9] also believe that the main chemically active particles formed in 
water under the action of the discharge are the OH2· and OH· radicals and solvated 
electrons. When the discharge exposure time is up to 10 min, the formation of the 
hydroxyl radical is the most thermodynamically favorable, while with an increase in 
the exposure time, the advantage passes to the ·OH2 radical. Therefore, when carrying 
out chemical processes, it can be expected that with a relatively short treatment time 
such processes will be initiated mainly by ·OH radicals. Thus, the impact of a glow 
discharge can be attributed to the Advanced Oxidation Process (AOP) group, which 
generates and uses powerful unstable radicals, mainly hydroxyl radicals ·OH (E0 = 
2.80 V) [12, 13]. In addition, it is possible to assume a large contribution of reactions 
12 and 24, which are attributed to the Fenton process with the participation of UV 
radiation. 

The modified Fenton process is a heterogeneous process involving iron(III) oxides 
and hydroxides. The homogeneous Fenton reagent is a mixture of Fe2+ and H2O2, 
and is one of the most active oxidation systems. This reactivity is due to the in situ 
generation of highly active oxidizing species, such as hydroxyl radicals, according 
to the process: 

Fe2+ + H2O2 → Fe3+ + OH − + ·OH (21.1)

Under these conditions, we can assume the catalytic action α-FeOOH, γ-FeOOH, 
Fe3O4, as well as the influence of the presence of Co, Mn, and Ni cations in the 
spinel structure for the generation of active radicals by the Fenton mechanism. 

Co2+ + H2O2 → Co3+ + OH − + ·OH (21.2)

Mn2+ + H2O2 → Mn3+ + OH − + ·OH (21.3)

Heterogeneous reactions occur in neutral and alkaline media and additionally 
generate active radicals that contribute to the formation of the spinel structure.
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Table 21.1 Reactions used in calculating concentration dependences in water during plasma 
discharge treatment [11] 

No. Reaction Rate constant at 
25 °C 

No. Reaction Rate constant at 
25 °C 

1 Н2O→ H· +
OH·

3.00 × 10–7 (8.00 × 
10–6)  (s  −1)

13 2H· → H2 5.01 × 109 
(l mol−1 s−1 )

2 OH· + 
H2→H2O + H·

3.60 × 107 
(l mol−1 s−1 )

14 H· + OH−→ Н2O 2.19 × 107 
(l mol−1 s−1 )

3 H2O→H+ + 
OH· 

2.63 × 10–8 (s−1) 15 H· + H2O → H2 
+ OH−

6.17 × 108 
(l mol−1 s−1 )

4 H2O2→OH· + 
OH –

1.29 × 1010 (s−1) 16 H· + HO2· → 
H2 O2

1.99 × 1010 
(l mol−1 s−1 )

5 H· + 
H2O2→OH· + 
H 2O

5.01 × 107 
(l mol−1 s−1 )

17 2HO2·→H2O2 + 
O 2

8.511 × 105 
(l mol−1 s−1 )

6 H· + H2O→OH· 
+ H 2

1010 

(l mol−1 s−1) 
18 H+ + OH− → 

H 2O
1.48 × 1011 
(l mol−1 s−1 )

7 OH· + 
H2O2→HО2· + 
H 2O

2.69 × 107 
(l mol−1 s−1 )

19 2H2O → H2O2 + 
H 2

1.99 × 106 
(l mol−1 s−1 )

8 OH· + H2→H· 
+ H 2O

3.89 × 107 
(l mol−1 s−1 )

20 H2O → H + OH− 1.78 × 10–5 (с−1 )

9 OH· + 
OH·→H2O 2

5.50 × 1010 
(l mol−1 s−1 )

21 H· + О2→HО2· 1.20 × 1010 
(l mol−1 s−1 )

10 H2O2→OH· + 
OH· 

3.55 × 10–9 (s−1) 22 OH·→ОН− 3.02 × 1010 (s−1 )

11 OH· + 
HО2·→O2 + 
H 2O

1010 (l mol−1 s−1) 23 H+→H· 2.29 × 1010 (s−1 )

12 Fe2+ + HO2· → 
Fe3+ + HO −2

1.2 × 106 
(l mol−1 s−1 )

24 Fe2+ + HO· → 
Fe3+ + OH−

2.5 × 108 
(l mol−1 s−1)

It is obvious that the coprecipitated heteropolyhydroxy complexes are converted to 
ferrite by replacing oxygen bridges with double bonds. The transformation schemes 
are unknown, although two plausible mechanisms are proposed: the first is dissolu-
tion–precipitation, the second is particle nucleation and growth [14]. The study of 
such systems is very complex, but the integrated use of theoretical and experimental 
studies allows us to study the mechanism of ferritization. 

This work aims to construct Pourbaix diagram and study the kinetics of ferriti-
zation in MFe2O4 systems (M = Fe, Co, Ni, Mn, Zn) under the action of contact 
low-temperature non-equilibrium plasma.
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21.2 Method 

The starting reagents used in the work were FeSO4 7Н2О,  NiSO4 6Н2О, MnSO4 

7Н2О, СоSO4 7Н2О, ZnSO4 7Н2О, N aOH.
For the research, aqueous solutions of iron(II) sulfate and sulfates of cobalt, nickel, 

zinc, manganese, and copper with a concentration of 0.5 mol/l were used. The range 
of concentrations of metal salts was adopted based on the following considerations: 
it is impractical to use solutions of low concentrations, the upper limit is due to 
the solubility of iron, cobalt, nickel, zinc, and copper salts in water. The initial 
concentration of sodium hydroxide varied from 0.4 to 1 mol/l. 

The concentration of ferric cations in the solution was determined by three 
methods: permanganate, bichromate and in the case of the joint presence of ferric 
salts and cations of cobalt, zinc, manganese, copper, nickel, by weight using 
α-nitroso-β-naphthol. 

Cobalt, nickel, manganese, zinc, copper were determined by the complexometric 
method. 

The values of the redox potential and pH were measured by an ionometer and 
presented in the form of dependences pH (t), E (t), dE/dt (t). 

The synthesis of ferrites was carried out under the action of СNP. The plasma 
installation and the principle of operation are described in detail in [15]. 

When studying oxidation under the action of contact low-temperature non-
equilibrium plasma, the values of pH and redox potential were also determined. 
To evaluate the oxidation process, the integral indicator of pH change the duration 
of the first stage of oxidation τ1, and the total oxidation time τsum were used. 

21.3 Results and Discussion 

21.3.1 Mechanism of the Ferritization Process Under 
the Action of Contact Low-Temperature 
Non-equilibrium Plasma. Pourbaix Diagrams 

Since it is assumed that the precipitation reaction occurs at a certain pH, which 
corresponds to the redox reactions in the solution, which are described in the coor-
dinates Eh = f(pH) on Pourbaix diagram, it is advisable to construct them taking 
into account the real concentrations of solutions. Pourbet diagrams for ferrites are 
unknown, but they are given for iron, nickel and zinc, manganese and copper in 
aqueous solutions. Comparing them and assuming that each metal cation reacts with 
the products of sonolysis of aqueous solutions of salts, it is possible to establish 
the optimal range of pH conditions for ferritization. To find the preliminary condi-
tions for the formation of compounds in the presence of oxidizing agents, Pourbet
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diagrams were used (Figs. 21.1 and 21.2). These diagrams reflect the thermodynami-
cally stable forms of existence of ions, solid phase in solutions at different pH values 
and redox potential [16]. 

If we assume that the main oxidizing agent is peroxide radicals formed as a result 
of the destruction of hydrogen peroxide, and the pH of the synthesis varies in the 
range of 9–12, then the curve separating the region of possible ferritization will 
be above the potential values of 0.77 V. The formation of active radicals occurs 
as a result of the action of the CNP on the solution according to Eqs. (21.4–21.5). 
When creating Purbet diagrams for the studied systems, iron (II) sulfate and cobalt, 
manganese, copper, zinc sulfate and hydrogen peroxide should be considered as 
starting substances and ferritization processes occurring in a solution or suspension 
of divalent compounds. It is known that the reduction of hydrogen peroxide occurs 
according to the reactions: 

H2O2 + 2H+ + 2e 2H2O  E0 = 1.78 B (21.4)

Fig. 21.1 Pourbaix diagrams of iron in the system Fe2+–SO4 
2− (а) та Ni2+–Fe2+–SO4 

2−( b)

Fig. 21.2 Pourbaix diagrams of iron in the system Со2+–Fe2+–SO4 
2−(а)  Mn2+–Fe2+–SO4 

2−(b )
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HO− 
2 + 3H+ + 2e 2H2O  E0 = 2 .12 B. (21.5)

That is, using Eqs. (21.6, 21.7), it is possible to determine the possibility of the 
ferritization process of polyhydroxycomplexes (PHC): 

Fe2+ + H2O2 + 2H+ = Fe3+ + 2H2O  E  0 = 1.01 B (21.6)

Fe2+ + HO2 = Fe3+ + 2H2O  E0 = 1.35 B (21.7)

Pourbaix diagrams clearly reflect thermodynamically stable forms of existence of 
ions, solid phase in solutions at different pH values and redox potential. In addition, 
the total area corresponding to the target product can characterize the tendency of 
this system to form a spinel phase. 

Figures 21.1, 21.2 and 21.3 show the phase diagram for various metal ions in 
solution depending on pH. Let us consider the process of obtaining spinel oxide 
compounds of the type MeFe2O4 (Me = Fe2+,  Co2+,  Ni2+,  Mn2+) from aqueous 
sulfate solutions using CNP. One of the most important stages in the application 
of this process is the correct selection of parameters, both the environment and the 
plasma discharge, which is t he main processing tool.

This is due to the fact that the physicochemical mechanism of reactions is quite 
complex, and their course is accompanied by synergistic effects, the influence of 
which is imperfectly studied (cathode and anodic processes, photocatalytic processes 
under the influence of UV radiation, chemical transformations). 

The study was carried out using the Hydra Medusa software package, which 
includes built-in reference databases for thermodynamic, physical and chemical 
properties of inorganic and organic substances, and calculation modules, in particular 
the module for calculating E-pH diagrams. The calculations considered the influence

Fig. 21.3 Pourbaix diagrams of iron in the system Zn2+–Fe2+–SO4 
2−(а), Cu2+–Fe2+–SO4 

2− (b )
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of pressure, concentrations and temperatures. As a result, it was noted that the most 
significant factors affecting the stability limits of complex and simple substances in 
solutions are their concentration and pH. 

It is very important to study phase formation in aqueous solutions of sulfates 
(the ratio is stoichiometric as in ferrite) or suspensions of Ме1–хFeх(OH)2 under the 
action of a glow discharge, at different molar ratios n = OH−/Me2+ .

The choice of sulfate solutions for the study is due to their cheapness, simplicity, 
stability of composition and practically unlimited production volumes. The consid-
ered Pourbe diagrams of the studied systems allow us to assess the evolution of the 
stability regions of oxide, metal phases and solution forms. The use of these diagrams 
made it possible to assess the composition of solutions and, in particular, the stability 
of CoFe2O4, MnFe2O4,  Fe3O4 та ZnFe2O4,  NiFe2O4, CuFe2 O4.

In the presence of oxidizing agents in acidic and neutral environments, Me3+ 

compounds are formed in the solution, in alkaline and strongly alkaline solutions, 
ferrites are formed. 

At too low a pH, one type of cation is precipitated, while the formation of a 
non-stoichiometric precipitate is likely. At too high a pH, metal cations again begin 
to pass into the solution, which is associated with their amphoteric properties, and 
form a non-stoichiometric precipitate. The pH of precipitation of nickel and ferric 
hydroxides are similar, so the region of existence on the diagrams is larger. Since zinc 
hydroxide precipitates at a lower pH, and then dissolves mainly at a higher pH, the 
optimal pH range is from 9.2 to 10.4. In addition, the considered Pourbaix diagrams 
allowed us to assess the dependence of the stability regions of the oxide, metallic 
phases and soluble forms in the considered systems on the nature of the cation in 
ferrite. 

The region of existence of ZnFe2O4 is in the pH range of 6–12 in an oxidizing 
environment. In the liquid phase, zinc can exist in the form of ions Zn2+, Zn(OH)+, 
HZnO2−,  ZnO2 

2− .
In the system Cu2+–Fe2+–SO4 

2− in the solid phase, the existence of iron, copper(I) 
ferrite, copper(II) ferrite is possible. In the pH range of 1–12, iron is thermodynam-
ically stable in a non-oxidizing environment, the region of existence of copper is 
absent on the diagram due to the fact that the oxidation potential of copper is much 
higher than the potential for hydrogen evolution from water. But iron and copper 
are easily oxidized, since the value of the oxygen reduction potential in the entire 
pH range is much higher than that required for the oxidation of copper and iron 
compounds. In the range of pH = 4–12, the formation of CuFe2O4 is thermodynam-
ically possible, at lower values of pH = 2–4, a separate separation of non-magnetic 
oxide α-Fe2O3 is possible, a decrease in pH to 1–2 leads to the existence of soluble 
forms of i ron and cuprum.

In a number of considered cations Fe2+ >  Zn2+ >  Ni2+ >  Co2+ >  Mn2+, the region 
of existence of oxide compounds decreases accordingly. That is, the theoretically 
calculated regions of existence reflect the general regularities of the formation of 
ferrites. But it should be noted that the crystalline structure of ferrite particles is 
not formed immediately, but after a certain time. It is known that the structure of 
primary particles is amorphous [3]. Then, as a result of heterogeneous reactions, the
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crystallization process occurs and nanodispersed crystalline particles are formed. 
Thus, the phase composition of the obtained crystalline particles is determined not 
only by the conditions of the formation of nuclei and the growth of amorphous 
particles, but also by the conditions of their crystallization. Therefore, additional 
experiments are needed to study the conditions of the formation of spinel ferrites. 

21.3.2 Experimental Studies of the Ferritization Process 
Under the Action of Contact Low-Temperature 
Non-equilibrium Plasma 

The oxidation processes of iron(II) compounds are the subject of many studies. The 
polyvalence of iron and the presence of a large number of allotropic forms lead to 
numerous contradictory results and discussions. During the oxidation of a suspension 
of iron(II) hydroxide, oxide, hydroxide and oxyhydroxide compounds of iron(III) are 
formed. Most iron oxide compounds are not magnetic. Obtaining iron compounds 
with a spinel structure at low temperatures is a rather complex technological task. 
The phase composition of the reaction product is determined by the nature of the 
oxidant used, the oxidation rate, the process temperature, the pH of the beginning of 
oxidation, the nature and concentration of the precipitant and the initial salt solution 
[17–20]. Previous studies on the production of ferrites under the action of ultrasound, 
CNP, and atmospheric oxygen made it possible to choose an effective ferritization 
technology. It is important to study the main regularities of the oxidation process of 
divalent iron compounds under the action of CNP, to establish the influence of the 
main synthesis parameters on the phase composition of the precipitate. Identification 
of the main regularities of the oxidation process will allow choosing the optimal 
conditions for its implementation. 

Several series of experiments were performed. In the first series, the influence of 
the initial pH (or the ratio n) on the kinetics of the process was studied (Figs. 21.4, 
21.5, 21.6, 21.7, 21.8, 21.9, 21.10, 21.11 and 21.12).

During the experiments, the dynamics of pH changes during the ferritization 
process in the systems Fe2+–SO4 

2−–ОН−, Со2+–Fe2+–SO4 
2−–ОН−,  Ni2+–Fe2+– 

SO4 
2−–ОН−,  Zn2+–Fe2+–SO4 

2−–ОН−, Сu2+–Fe2+–SO4 
2−–ОН−,  Mn2+–Fe2+– 

SO4 
2−–ОН−. were studied. The pH-dynamic mode was chosen as the oxidation 

mode, when the pH of the solution is brought to a certain value, and then its change 
is recorded. Figures 21.4 and 21.5 show how the pH changes in the Fe2+–SO4 

2−–ОН− 

system during the treatment of CNP .
The system containing only iron(II) cations was chosen as the background in 

order to establish the influence not only of the acidity of the medium, but also of the 
presence of additional metal cations. 

In Fig. 21.4, in the Fe2+–SO4
−2–ОН− system, there was initially a rapid change 

in pH, and then a more gradual decrease in pH with its subsequent stabilization. The 
drop in pH is a product of the oxidation of iron(II) to iron(III). Further establishment
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Fig. 21.4 Dependence of pH on the time of treatment of CNP for initial pH = 7–12 in the system 
Fe2+–SO4

−2–ОН−, С[FeSO4] = 0.5 mol/l

Fig. 21.5 Dependence of the time of complete oxidation for the first stage (1) and the second stage 
(2) and the total change in pH on the initial pH in the Fe2+–SO4

−2–ОН−

of these indicators at a constant level shows the achievement of an equilibrium state. 
During the experiments, it was found that characteristic extrema are observed on the 
differential curve of pH change during the oxidation process (Fig. 21.6 and 21.7). 

In this case, the first corresponds to the beginning of the formation of the interme-
diate product, and the second to the formation of the final product. The time interval 
between these extremes can serve as a kinetic characteristic of the transformation 
of the intermediate product. The end of the oxidation process is the stabilization of 
pH in time. To describe the kinetics of oxidation, three quantities were introduced: 
oxidation time in the first stage (t1), oxidation time in the second stage (t2), the 
average rate of change of the pH indicator рН (θsum == ΔрН/Δt)„ which is defined 
as the ratio of the change in pH units to the treatment time. The dependence of the
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Fig. 21.6 Dependence of pH on the time of treatment of CNP for initial pH = 7–12 in the system 
Со2+–Fe2+–SO4 

2−–ОН−, С[FeSO4]/С[CoSO4] = 2  (а) and the corresponding differential curves
(b)

value of the integral average rate of change of pH on the initial acidity of the solution 
is extreme, and at the same time, the maximum of the values of θaver corresponds to 
the maximum oxidation rate. 

On the differential curve, the maximum corresponds to a certain transformation. 
Moreover, the first maximum corresponds to the formation of an intermediate, the 
second to the final product. The latter can be explained by the fact that at a certain 
stage of the process of transformation of intermediate products, the number of free H 
+ groups is significant and in this region the rate of change is maximum. Accordingly, 
the shift of the maxima on the curve y/(x)—t to the left with an increase in the initial 
pH value reflects an increase in the rate of transformation of intermediate p roducts.

Figure 21.6 shows the pH changes for the Fe2+–Co2+–SO4 
2−–ОН−system. The 

general process of oxidation of Fe2+ ions in solution and suspension consists of two 
clearly defined stages. In Fig. 21.6, the initial point A corresponds to the formation 
of heteropolyhydroxide [Ме0.33Fe0.67(OH)2]n. Point B indicates the transformation 
of HPG into an intermediate compound, the transformation of which is completed at
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Fig. 21.7 Dependence of the time of complete oxidation for the first (1) and second stage (2) and 
the total pH change on the initial pH in the Со2+–Fe2+–SO4 

2−–ОН system

point D. Point D corresponds to the transformation into a non-magnetic iron oxyhy-
droxide, a defective structure of the maghemite type or a spinel phase of ferrite. A 
constant pH value is ensured by the state of chemical equilibrium between the mother 
liquor and the reaction products. Complete oxidation of the iron(II) compounds leads 
to a sharp decrease in pH at point B, which indicates the end of all chemical reactions 
in the solution. Figure 21.6 shows two main stages, i.e. there are two stages of the 
transformation of Ме0.33Fe0.67(OH)2—the formation of the spinel structure, which 
corresponds to point D. The pH fluctuations in Figs. 21.4 and 21.6 are very similar to 
each other, and differ from the Ni2+–Fe2+–SO4 

2−–ОН− system, which is presented 
in Fig. 21.8. 

This means that the overall oxidation reaction of the compound in solution consists 
of three different stages, which are characterized by the formation of an intermediate 
compound and the subsequent formation of iron(III) oxyhydroxide. The pH decreases 
rapidly during the formation of the intermediate compound with heteropolyhydrox-
ides and remains constant during the formation of a goethite-like structure from 
heteropolyhydroxides. The heterogeneous reaction rate, which was calculated from 
the reaction time, is summarized in Fig. 21.7. However, the heterogeneous reaction 
rate for samples with initial pH = 7–8 was lower than for pH = 9–12. Experiments 
are needed to determine the phase composition of the formed compounds and their 
magnetic properties.

Common to all the systems considered is that a sharp decrease in the initial pH in 
the solution causes the formation of a goethite-like structure, instead of a spinel one. 
The possibility of goethite formation can be explained by the kinetics of hydroxide 
transformations (the first stage of the reaction). That is, the presence of unstable 
heteropolyhydroxy complexes promotes the formation of oxyhydroxides.
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Fig. 21.8 Dependence of pH on the time of treatment of CNP for initial pH = 7–12 in the system 
Ni2+–Fe2+–SO4 

2−–ОН−, С[FeSO4]/С[NiSO4] = 2  (a) and the corresponding differential curves
(b)

Secondly, goethite formation is also possible, which is caused by the slow rate of 
the second heterogeneous reaction, i.e. the limiting kinetics of the chemical transfor-
mation. It can be assumed that the formation of the spinel phase can be induced by 
regulating the oxidation rate. For example, the formation of the spinel phase could 
be increased by slow oxidation of Fe2 + ions in an alkaline medium, which depends 
on the stability of the previously formed compounds. It was found that an increase in 
pH in the solution leads to a decrease in the rate of the first heterogeneous reaction, 
as shown in Fig. 21.6a. 

In particular, an increase in the reaction time t1–t2, for the conversion of HPC 
into oxyhydroxides was achieved at low pH as a result of the formation of unstable 
heteropolyhydroxy complexes in the composition of the starting material.
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Fig. 21.9 Dependence of the time of complete oxidation for the first stage (1) and the second stage 
(2) and the total pH change on the initial pH in the system Ni2+–Fe2+–SO4 

2−–ОН−

Therefore, an increase in the reaction rate t1 and a decrease in the rate of the hetero-
geneous reaction t2 are prerequisites for the formation of iron(III) oxyhydroxide and 
an increase in the amount of goethite in the final product. 

It was previously established [21, 22] that lepidocrocite and akagenite are formed 
by a very slow oxidation reaction of Fe2+ ions in an acidic medium. However, when 
the oxidation reaction of Fe2+ ions ends very quickly, lepidocrocite can also be formed 
as the final product. The reason is that sulfate ions are present in the structure of the 
PHC during the formation of iron(III) oxyhydroxide, since the rate of the oxidation 
reaction is too high compared to the internal diffusion processes to remove the SO4 

2− 

anions present in the composition of the basic salt.
The change of cations in the series Fe2+ >  Zn2+ >  Ni2+ >  Co2+ >  Mn2+ >  Cu2+ in 

the solution leads to an increase in the rate of the first reaction and a decrease in the 
time o f the second reaction.

The given dependencies (Fig. 21.10 and 21.11) give an idea of the kinetics of 
processes in the Zn2+–Fe2+–SO4 

2−–ОН− system. 
The total oxidation time and the oxidation time by stages also make it possible 

to determine some features of the pH oxidation process in the Zn2+–Fe2+–SO4 
2−– 

ОН−system depending on the pH of the medium. 
Figures 21.11 present the oxidation time by the first stage (t1) and the second (t2) 

depending on the pH of the initial solution. In an acidic medium, the study of regular-
ities has no applied value. That is, the lowest pH value was 7 and two characteristic 
segments were observed. In an alkaline medium, the time of the first stage increases 
significantly. That is, excess OH—groups in the solution play a significant role in
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Fig. 21.10 Dependence of pH on the time of CNP treatment for initial pH = 7–12 in the system 
Zn2+–Fe2+–SO4 

2−–ОН−, С[FeSO4]/С[ZnSO4] = 2  (а) and the corresponding differential curves
(b)

the formation of final products. Analyzing the pH change curves (Fig. 21.10), it can 
also be noted that low pH values are very sensitive to the influence of CNP and are 
characterized by a high slope. It was in such curves that a sharp change in pH for the 
first stage was noted. 

For the system Cu2+–Fe2+–SO4 
2−–ОН−, the increase in pH during oxidation with 

time is special. This can be explained by the combination of oxidation and reduction 
processes of HPH with time. 

The indicators characterizing the oxidation process are the oxidation time at the 
first stage and the total oxidation time in the systems Cu2+–Fe2+–SO4 

2−–ОН− and 
Zn2+–Fe2+–SO4 

2−–OH−. Figures 21.12 and 21.13 show the total oxidation time
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Fig. 21.11 Dependence of the time of complete oxidation for the first stage (1) and the second 
stage (2) and the total change in pH on the initial pH in the Zn2+–Fe2+–SO4 

2−–ОН−system

depending on pH. In this case, there is only one stage in the entire pH range. An 
anomalous increase in the value of ΔpH with increasing pH is observed.

That is, it is very important to be able to determine how the stability of heteropoly-
hydroxides changes depending on the pH of the solution. This is the main thing 
for determining the appropriate pH of the oxidation of the obtained heterohydroxy 
complexes. Numerous experimental data have shown that depending on the pH of 
the initial solution, different products are formed, which is primarily explained by 
the oxidation rate. Rapid oxidation leads to the formation of oxyhydroxides, which 
are not the target compounds. Oxidation at a pH corresponding to the most stable 
particles allows for obtaining crystalline ferrite particles with high magnetic charac-
teristics. The second stage (Fig. 21.7, 21.8, 21.9, 21.10, 21.11 and 21.12)  is  almost  
insensitive to the initial pH, and we can conclude that it is the first stage that regulates 
the oxidation process and the phase composition of the formed compounds, which 
is observed in Fig. 21.10a. 

That is, it is very informative to compare the results of studying the dependence 
of the stability of the formed hydroxo complexes on pH and the kinetics of oxidation 
on pH in order to determine the mechanism of ferritization. 

Most of the proposed transformation chains relate to the formation of ferrites 
during hydrothermal treatment or oxidation. Calculated data are given on the possi-
bility of coprecipitation in the system of Co–Zn ferrites, or Ni–Zn ferrites [6], based 
on the close pH values of the precipitation of the corresponding hydroxides. From 
this point of view, the formation of spinel phases from coprecipitated hydroxides 
observed in the systems NiAl2O4, and CoAl2O4 [23, 24]. The mechanism of spinel 
structure formation during precipitation of iron(II) hydroxides with sodium carbonate 
is explained by the course of a heterogeneous reaction, according to which crystalline
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Fig. 21.12 Dependence of pH on the time of treatment of CNP for initial pH = 7–12 in the system 
Cu2+–Fe2+–SO4 

2−–ОН−, С[FeSO4]/С[CuSO4] = 2  (a) and the corresponding differential curves
(b)

plates of iron(II) hydroxide carbonate are first formed, with the subsequent formation 
of Fe3O4/γ–Fe2O3. Ferrihydrite particles grow over time due to the dissolution of 
iron(II) hydroxide carbonate plates [25]. A similar mechanism of coprecipitation is 
proposed by the authors [26]. When there is a large difference in the solubility of 
trivalent and divalent metal hydroxides, the formation of DLH occurs by dissolving 
the trivalent hydroxide with subsequent precipitation of DLH. When the solubility 
products of two binary hydroxides are close, as in the case of the Zn–Al system, there 
is also the possibility of coprecipitation, which plays a major role in the formation of 
DLH. That is, at present, the main influencing factor is considered to be the solubility 
product of an individual hydroxide or the coincidence of the pH of precipitation.
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Fig. 21.13 Dependence of the time of complete oxidation for the first stage (1) and the second 
stage (2) and the total change in pH on the initial pH in the system Cu2+–Fe2+–SO4 

2−–ОН−

In [27], information is also provided on the interaction of Me2+ cations with ferri-
hydrite at a temperature of 60–70°, which can lead to the formation of a spinel phase. 
It was believed that nucleation occurs in the aqueous layer and then the particles are 
adsorbed on the surface of ferrihydrite. Growth occurs due to the dissolution of poly-
hydroxy complexes. However, there is no conclusion in the literature on the most 
significant factor determining the degree of coprecipitation. The degree of formation 
of the final ferrite is determined by the first main stage of the production technology— 
coprecipitation. Scientific groups have different views on this issue, but the dominant 
idea is that the similarity of the pH of precipitation, valences, and ionic radii of cations 
is significant. At high temperatures, under conditions of possible spontaneous oxida-
tion of iron compounds, the formation of ferrites from coprecipitated hydroxides can 
be considered according to the goethite transformation mechanism. This mechanism 
is the most widely used and is most often used to explain the peculiarities of ferrite 
formation [28]. The following transformation scheme can be assumed: 

(21.8) 

(21.9)
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(21.10) 

These equations show that in the process of spinel formation, intermediate 
compounds, hydroferrites, are initially formed. That is, the reaction of ferrite forma-
tion can be considered as the interaction of a polybasic base and an acid, and ferrite 
itself as a metal(II) ferrite. 

But the mechanism of ferrite formation is much more complex and cannot be 
reduced to a purely topochemical reaction, especially for the multistage mechanism 
of formation from divalent salts. The study of reactions (21.8–21.10) is complicated 
by the fact that iron(II) compounds are unstable, prone to oxidation, and usually two 
parallel processes occur simultaneously: the formation of ferrites and the oxidation 
of iron(II) hydroxide to iron(III) oxyhydroxide. The rate of both reactions depends on 
the pH of the solution, temperature, the presence of impurities, and other conditions. 
The overall rate is determined by the rate of the limiting stage. 

The scientific group [25] proposed a method for studying the mechanism of growth 
of iron hydroxide particles using an X-ray synchrophasotron at low temperatures. 
The work defines some parameters that influence the degree of coprecipitation of 
cations in iron(III) oxides, from the point of view of the similarity of the oxidation 
state and ionic radius of cations, the presence of structural defects, the determining 
conditions of synthesis (pH, temperature, n = Me2+/Fe3+). In the case of substitution 
of isomorphic cations in iron(III) oxyhydroxide, the nature of the cation determines 
the degree of coprecipitation.

Most authors believe that the mechanism of ferrite formation occurs by the 
adsorption mechanism, by embedding cations into the magnetite structure. 

The possibility of coprecipitation and embedding into the crystal lattice of 
magnetite was studied [29] for small amounts of cations (< 1%) Co, Ni, Zn, Cu, 
Mn and Cd. Uniform distribution of various elements in magnetite crystals, inves-
tigated by the sequential precipitation-dissolution procedure, was found in the case 
of Co, Ni and Zn. However, Cu, Mn and Cd, as a rule, accumulated near the surface 
of magnetite particles. The authors explained this phenomenon by the lower elec-
tronegativity of Cu2 + and its ability to exhibit the Jahn–Teller effect and by the larger 
ionic radii of Mn2+ and Cd2+, which may be the reason for their uneven distribution 
in magnetite crystals. Similar results were obtained for goethite and hematite when 
incorporating Cr3+,  Mn2+,  Ni2+ cations [30]. To explain the behavior of the intro-
duction of a small amount of metals (1–15%), the authors [31] give the values of 
the covalence of these metals in the series Mn2 +,  Co2+,  Ni2+,  Cu2+ та Zn2+. Except 
Mn2+, the considered metal ions stabilized ferrihydrite and increased the amount of 
hematite in the reaction product. The authors explained the stabilizing ability of these
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ions with an increase in the covalence of these metals in the series. Having more than 
15% of divalent metal ion, ferrihydrite transforms into spinel phase by dissolution– 
precipitation mechanism. The proposed mechanisms of ferrite formation cannot be 
used for the case of obtaining ferrites by precipitation technology with subsequent 
CNP treatment. 

21.4 Conclusions 

Pourbaix diagram and were constructed for iron in the systems Со2+–Fe2+–SO4 
2−, 

Ni2+–Fe2+–SO4 
2−,  Zn2+–Fe2+–SO4 

2−,  Mn2+–Fe2+–SO4 
2−,Сu2+–Fe2+–SO4 

2−, which 
showed that in a number of the considered cations the region of existence of oxide 
compounds decreases as follows Fe2+ > Zn2+ > Ni2+ > Co2+ > Mn2+ > Cu2+. Theoret-
ically calculated regions of existence reflect the general regularities of ferrite forma-
tion. The possibility of obtaining spinel ferrites by the hydrophase method under the 
action of CNP is sho wn.

Experimental study of the oxidation process under the action of CNP in 
the systems Fe2+–SO4 

2−–ОН−,Со2+–Fe2+–SO4 
2−–ОН−,  Ni2+–Fe2+–SO4 

2−–ОН−, 
Zn2+–Fe2+–SO4 

2−–ОН−,Сu2+–Fe2+–SO4 
2−–ОН,  Mn2+–Fe2+–SO4 

2−–ОН− showed 
that the ferritization process and the phase composition of the final products in 
systems containing several metal cations are determined by the stability of the formed 
heteropolyhydroxides. A general multi-stage mechanism of ferritization under the 
action of CNP has been established, which includes the formation of hydroferrites 
and intramolecular dehydration due to the formation o f double bonds.
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Chapter 22 
Application of Nanotechnology 
for Natural and Marine Waters 
Monitoring 

Svitlana Kyrii and Tetiana Dontsova 

Abstract This article provides an overview of recent advancements in nanomate-
rials usage such as quantum dots, noble metals, carbon nanostructures (graphene and 
carbon nanotubes), magnetic nanoparticles, etc. for monitoring natural and marine 
waters. It highlights the application of nanomaterial-based sensors, including elec-
trochemical nanosensors and optical sensors, for detecting various pollutants such 
as bacteria, chemical oxygen demand (COD), heavy metals (e.g., Pb2+,  Cu2+,  Cd2+, 
Cr6+,  Cr3+,  Ni2+), and arsenic. Additionally, the paper explores different types of 
nanobiosensors and their role in identifying heavy metals in surface and marine 
waters. It also discusses using nanostructured membranes as contaminant indicators 
for microplastic detection.

22.1 Introduction 

Natural and marine water monitoring for different contaminants is critical for guar-
anteeing environmental and economic security, sustainable use of marine resources, 
and biodiversity conservation. In the current context of Russian aggression, which 
is causing unprecedented environmental contamination, as well as anthropogenic 
pressure and climate change, monitoring of water bodies, mainly natural and marine 
waters, is critical and strategically important. Timely monitoring makes it possible 
to quickly identify harmful substances and take specific measures to prevent their 
negative impact on ecosystems. 

The natural water and marine environment is subject to significant negative 
impacts daily due to various natural and anthropogenic pollution. The most common 
pollutants of natural and marine waters are oil products [1, 2], heavy metals [3–6],
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phosphates and nitrates [7–10], antibiotics [11, 12], pesticides and herbicides [13– 
15], various organic contaminants [16, 17], microplastic [18–20] etc. These pollu-
tants seriously threaten human health, marine ecosystems and biodiversity daily. 
In the context of military conflicts, natural and marine waters can be additionally 
contaminated by a wide range of pollutants, including metals (iron, lead, cadmium, 
mercury, etc.), chemicals (explosives and their decomposition products, oil prod-
ucts), microplastics, etc. The primary sources of marine pollution attributable to 
hostilities include submerged warships, aircraft, UAVs and other equipment, emis-
sions of oil products, heavy metals, remnants of mines and ammunition, and chemical 
contamination from explosives etc. [21]. 

Monitoring natural and marine water bodies is an integral and effective part 
of environmental protection and sustainable development. It ensures early pollu-
tion detection, assesses environmental risks, and creates the basis for effective 
environmental protection measures [22]. 

A wide range of modern high-performance materials, including nanomaterials, 
are used to ensure effective monitoring. Due to their large specific surface area and 
high reactivity [23, 24], nanomaterials demonstrate incredible performance and can 
be used as excellent sensors [25], adsorbents [26, 27], photocatalysts [24, 28], etc. 

Nanostructured electrodes have been actively used as sensors for various environ-
mental applications [29]. Nanomaterial-based sensors, with their superior properties, 
are recognised for their precision, sensitivity, and selectivity, providing a reliable tool 
for environmental monitoring. Moreover, nanomaterials can significantly increase the 
sensitivity of sensors, ensuring accurate detection even at low concentrations [30]. 
This precision and sensitivity offer reassurance about the accuracy of the monitoring 
process, instilling confidence in the data collected. 

The growing interest in sensors based on nanomaterials is evidenced by the anal-
ysis of Scopus publications (Fig. 22.1). The graph shows that the number of studies 
for nanomaterial-based sensors is increasing yearly.

Thus, nanomaterial-based sensors are promising tools for monitoring the natural 
water and marine environment and detecting a wide range of pollutants, offering 
hope for a more effective and sustainable approach to environmental protection. 

22.2 Using Nanomaterial-Based Sensors 

Sensors are specialised devices that are used to detect changes in environmental 
parameters, concentrations of compounds, or molecules’ characteristics. They are 
characterised by compact size, high reliability, and the ability to integrate with other 
electronic systems, such as computer processors. This allows for data storage and 
real-time monitoring [31, 32]. In addition, sensors can detect even very small concen-
trations of pollutants. They can quantify, qualify, and monitor various environmental 
pollutants or environmental changes [33]. 

As modern analytical tools, nanosensors are highly adaptable and effective in real-
life conditions, instilling confidence in their versatility. This adaptability has led to



22 Application of Nanotechnology for Natural and Marine Waters Monitoring 311

Fig. 22.1 Number of publications reported in Scopus with keywords “nanomaterials and sensors” 
in the period 2001–2024 (November 2024)

the widespread use of nanomaterials in developing sensors for various applications, 
including environmental monitoring. 

Today, new nanomaterials have various characteristics, such as a wide absorption 
band in the visible range, high electrical conductivity, good mechanical properties, 
etc., making them suitable for use in sensors for various applications. A variety 
of nanomaterials with specified characteristics and controlled nanoscale are widely 
used. Such materials include metal nanoparticles, magnetic nanospheres, quantum 
dots, nanotubes, nanowires, nanorods, nanofibres, etc. In addition, nanocomposites, 
nanofilms, nanopolymers, and nanoplatelet materials that demonstrate unique phys-
ical and chemical properties have attracted considerable interest [34]. For example, 
nanosensors based on various nanomaterials with excellent optical, electrochem-
ical, magnetic, etc. properties have been developed to the present day. In particular, 
materials such as noble metals (Ag or Au), carbon nanostructures (graphene and 
carbon nanotubes), quantum dots, magnetic nanoparticles, etc., are able to detect 
pathogens, organic and inorganic pollutants [35, 36]. At the same time, researchers 
[37] have found that nanosensors are three to four orders of magnitude more sensitive 
than thin-film sensors due to their high signal-to-noise ratio. In addition, nanosen-
sors demonstrate excellent properties for water quality monitoring. They can detect 
extremely low concentrations of pollutants and perform rapid analysis, which can be 
used, for example, in water quality management [38–40].
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22.2.1 Electrochemical Nanosensors 

Electrochemical nanosensors detect changes in resistance in a nanomaterial when 
an analyte is bound due to changes in scattering, emptying, or overflowing of 
charge carriers. The fundamental principle of an electrochemical sensor is the 
electrocatalytic reaction between the electrodes and the analyte in the test sample. 

Zhou et al. have developed an ultra-sensitive electrochemical sensor for detecting 
single-cell bacteria based on target-triggered click chemistry and fast scan voltam-
metry. The linear range and limit of quantification are 1–108 CFU·mL−1 and 
1  CFU·mL−1, respectively. The sensor’s efficiency was demonstrated during the anal-
ysis of E. coli in seawater and milk samples, with a recovery rate of 94–110%. This 
approach to detection is actively used, opening up new opportunities for developing 
methods for identifying single-celled bacteria [41]. 

Ai et al. developed an electrocatalytic sensor for chemical oxygen demand 
(COD) determination using an electrode modified with PbO2 nanoparticles. Organic 
compounds in the water samples underwent electrocatalytic oxidation, accompanied 
by the generation of an oxidation current, which served as the basis for recording the 
sensor signal. The developed sensor demonstrated a linear range of 5–3000 ppm and 
a detection limit of 2.5 ppm. This type of sensor was characterised by low analysis 
time, ease of use, and no need for sample preparation. Additionally, the authors noted 
that the sensor remained stable for 20 days when measuring COD in wastewater [42]. 

Nanosensors for detecting metals in water have become extremely popular. In 
particular, the inexpensive copper-based chemical sensor e62800 was developed to 
detect lead ions by modifying the surface of copper electrodes, as described by 
the authors in [43]. The sensor’s sensitivity allowed a detection limit of 21 nM 
(4.4 ppb) in real water samples. For the quantitative determination of Pb2+ ions in 
water, researchers [44] used ferroxide@polyaniline (Fe3O4@PANI) nanoparticles. 
This sensor demonstrated significantly increased sensitivity due to the large specific 
surface area of Fe3O4 and the high electrical conductivity of polyaniline. Under 
optimal conditions, a linear detection range from 0.1 to 104 nmol·L−1 was observed, 
and the detection limit was 0.03 nmol·L−1 [44]. Al-Gethami et al. [45] developed 
a nanosensor based on CoFe2O4/Ca-alginate nanocomposite to determine Pb2+ ions 
in aqueous solutions at different temperatures. The lowest limit of detection of Pb2+ 

ions was 125 ng. In addition, the authors noted that their sensor has high sensitivity, 
stability, and rapid detection. 

Wu et al. developed a nanosensor for the simultaneous detection of Pb2+ and Cu2+ 

ions. This sensor was based on monodisperse spherical Fe2O3 nanoparticles with a 
diameter of 80–100 nm synthesised by a new emulsion hydrothermal meth-od and 
subsequent annealing in an Ar atmosphere. The authors found that the detection 
limits of this nanosensor are 9.48 nM and 38.31 nM for Pb2+ and Cu2+, respectively 
[46]. 

Scientists have also developed various sensors to detect Cd in water. Ruigang 
et al. developed an electrochemical sensor for cadmium detection using nanostruc-
tured carbon electrodes based on soot-naphtha-glassy carbon. The fabricated sensor
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exhibited a linear response range between 6 and 1000 nM for selective electrolytic 
determination of cadmium, with a detection limit of 8 nM (0.9 µg·L-1) in water [47]. 
Using a spin-coating method, Taneja et al. [48] coated a nanocomposite of single-
walled carbon nanotubes and beeswax onto the sensor. The resulting sensor demon-
strated excellent sensitivity with a very low detection limit of 5.2 ppb in an aqueous 
medium [48]. Al-Qasmi et al. [49] used synthesised cuprospinel nanoparticles in 
their nanosensor to detect low-concentration Cd2+ ions in aqueous solutions. Such a 
nanosensor detected traces of Cd2+ ions with a concentration of about 3.6 ng·L−1.  For  
the ultrasensitive potentiometric detection of Cd2+ ions, Singh et al. used a CNT-Cu-
MOF electrochemical sensor based on multi-walled carbon nanotubes and a copper 
metal–organic framework [50]. Such a sensor demonstrated stability, selectivity for 
Cd2+ ions, and repeatability of results. 

Mohammadzadeh et al. developed a colourimetric nanosensor to detect Cd2+ and 
Ni2+ ions [51]. This sensor was based on synthesised silver nanoparticles and demon-
strated good selectivity, sensitivity, and linearity. In addition, it achieved satisfactory 
recoveries ranging from 90.57 to 113.61%. 

Various scientists have also paid considerable attention to detecting chromium ions 
in water by sensors. For example, Salimi et al. [52] developed an electrochemical 
sensor for the detection of Cr3+ using a nanocomposite containing chitosan and multi-
walled carbon nanotubes as a platform for immobilising electrodeposited nanostruc-
tured manganese oxide. This sensor showed excellent electrocatalytic activity for 
Cr3+ oxidation in solutions with neutral pH. The sensor’s detection limit, sensitivity 
and linear range were 0.3 µM, 18.7 nA·µM−1 and 3–200 µM, respectively. 

To simultaneously detect and remove Cr6+, Roy et al. [53] created a nanosensor 
based on copper-doped bemite nanomaterial. The nanosensor demonstrated sensi-
tivity with a detection limit of around 6.24 µM and selectivity for Cr6+ ions. The 
sensor also showed versatility in the adsorption removal of Cr6+ from wastewater, 
with an extremely high adsorption rate of around 85% in 5 min. 

Thus, studies of electrochemical nanosensors detecting various pollutants in 
different water environments demonstrate significant potential for their application 
in monitoring, including marine waters. 

22.2.2 Optical Sensors Based on Nanomaterials 

The development of optical nanosensors using nanomaterials with different proper-
ties has shown the possibility of detecting various pollutants, including heavy metals 
[54], pesticides [55] and other chemical substances [56]. Optical nanosensors are 
chemical sensors that use electromagnetic radiation to generate an analytical signal 
in a transducer element. The interaction of the sample with the radiation results in a 
change in a specific optical parameter that can be correlated with the analyte concen-
tration [57]. An optical sensor typically consists of transducer components that act as 
indicators of the optical signal and detection elements that can interact specifically 
with the target analyte [58]. The principle of operation of such sensors is based on
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the change in optical characteristics, such as absorption, transmission, emission, or 
lifetime, which occurs due to the binding of an immobilised indicator to an analyte 
[59]. 

Colourimetric methods, due to their high sensitivity, low cost, simple design, 
and the possibility of quick and easy determination without special equipment, 
are currently attracting considerable interest among optical nanosensors [60]. For 
example, gold-based nanomaterials demonstrate a unique ability to physically adsorb 
a variety of biological compounds through functional groups containing sulfur or 
nitrogen, such as antibodies or nucleic acid probes, making them promising for the 
development of, for example, fluorescent biosensors [61]. Amin et al. have devel-
oped a fluorescent lab-in-a-tube sensor for detecting E. coli using FRET-based on 
gold nanoclusters (AuNCs), and AuNPs conjugated with antibodies [62, 63]. The 
results showed that the system provided both qualitative analysis (visual inspection 
with the naked eye) and quantitative analysis (using a smartphone with a LOD of 
4.0 CFU·mL−1). 

Jing et al. found that polymeric nanomaterials can enhance fluorescence signals 
due to the delocalisation and rapid diffusion of excitons through their structure [62, 
64]. This assumption was confirmed by Kumar et al. when they presented a copolymer 
in which, due to the presence of several functional groups on the copolymer chain, 
several analytes can be detected with high selectivity. Their work used copolymer 
P(MMA-co-Dansyl-Ala-HEMA) synthesised by RAFT copolymerisation to detect 
nitroaromatic compounds. In addition, the authors noted the long-term stability 
of polymeric nanomaterials, which ensured stable and reliable operation of the 
developed sensor [65]. 

Pankaew et al. have developed colourimetric sensors for the detection of copper 
(II) ions (Cu2+) with high sensitivity and selectivity based on incorporated carbon 
dots of polyethyleneimine polymer for environmental and forensic applications 
[66]. The authors found that UV sensitivity could be significantly increased 
by adding poly(vinylpyrrolidone) with MW 10,000 or poly(N-vinyl formamide) 
18,000 g·mol−1 to DA assemblies. The presence of these polymers also causes a 
colour change at a much longer UV irradiation time compared to the system made of 
pure polydiacetylene [66]. To detect Cu2+ ions, Jeevika [67] developed a chemosensor 
based on a PVA hydrogel impregnated with safranin. The operation of such a sensor 
is based on the change in colour of safranin from the basic red to yellow with a shift in 
the absorption peak to the blue side due to the formation of a complex between Cu2+ 

and safranin. The LOD of the chemosensor probe was calculated and found to be 
8.6 × 10–6 M ± 0.004 with a linear coefficient of R2 = 0.986. As a result, the author 
notes that the developed chemosensor demonstrates good selectivity, sensitivity, and 
reproducibility and can be used for real-time monitoring of Cu2+ in water. 

Another effective and relatively inexpensive colourimetric strip sensor based on 
a polymeric hydrogel was developed by Das and Sarkar [68] for the detection of 
arsenate, including in the field. The developed strip sensor works based on a reduc-
tion reaction between arsenate ion and ammonium molybdate. To create it, we used 
the encapsulation of ammonium molybdate in a polymeric hydrogel consisting of 
polyvinyl alcohol, glutaraldehyde and acrylamide. The method was based on the
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formation of a blue arsenomolybdate complex under reducing conditions, which can 
be visually identified at a detection limit of up to 10 ppb [68]. Also, Xu et al. proposed 
ultrasensitive colourimetric nanoprobes for arsenic detection using unmodified gold 
nanoparticles and rhodamine-B as a colour indicator [69]. This technique is based on 
inhibiting the catalytic oxidation reaction between rhodamine-B and sodium boro-
hydride with the participation of AsO2− ion, which causes a change in colour and 
absorbance peak. The proposed assay demonstrates high selectivity to interfering 
ions and provides sensitivity with a detection limit of 0.64 ppb, which is lower than 
the WHO recommended level of arsenic in drinking water. 

A new direction in the development of nanomaterials is the development of 
quantum dots. These materials can be used to detect heavy metals. Hydrophilic 
graphene quantum dots were used to detect Hg2+,  Cd2+, and Pb2+ in the study by 
Anusuya et al. [70]. The authors used an optical nanosensor designed in such a way 
that the detection limit of 1.171 μM, 2.455 μM and 2.011 μM  for  Hg2+,  Cd2+ and 
Pb2+ ions, respectively. In the work of Sui et al. [71], a probe based on CdTe/ZnS 
quantum dots coated with L-cysteine was synthesised with CdTe as a core template 
and a ZnS shell. The detection limit of Ni2+ was 5.9 × 10–10 mol·L−1 with a Ksv 
value of 3.09 × 106 mol·L−1. This development was tested for tracking Ni2+ ions in 
surface drinking and river water samples with recoveries in the 87.6–117.1% range. 

22.3 Nanobiosensors 

A biosensor is an analytical device that uses biomolecular interactions on its surface to 
detect any biochemical changes and rejects non-specific, unintended signals [72]. A 
biosensor consists of two parts: a sensing element and a bioelement. The bioelement 
can be tissue, living cells, enzymes, antibodies, etc., while the sensing element can be 
impedance, electric current, electric potential or electrical conductivity. The sensing 
element converts the biochemical signal into another form of signal, and the bioele-
ment is responsible for the detection of a specific analyte [73]. Depending on the 
type of biological signalling mechanism and signal transmission mechanism, there 
are four different categories of biosensors: potentiometric biosensors, amperometric 
biosensors, conductometric biosensors, and impedimetric biosensors. A potentio-
metric biosensor measures the potential difference between an indicator electrode 
and a reference electrode in a system, with the potential being directly related to the 
concentration of the target analyte. These sensors are based on the selective recog-
nition of specific molecules by a biological component and the transduction of this 
recognition event into an electrical signal. An amperometric biosensor measures the 
current generated by the oxidation or reduction of an electroactive species at an elec-
trode surface. The current produced is directly proportional to the concentration of 
the target analyte in the sample. A conductometric biosensor measures changes in 
the solution’s electrical conductivity due to a biochemical reaction. These changes 
occur because of the production or consumption of ions during the analyte interac-
tion with the biological recognition element. A conductometric biosensor uses two
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noble metal electrodes immersed in a solution to measure its conductivity. Enzy-
matic reactions serve as a mechanism for converting neutral substrates into charged 
products that change the conductivity of the medium. Despite the limited distribu-
tion of such sensors, this method is widely used to determine the salinity of marine 
ecosystems [74]. For example, a study [75] examined the impact of Cr6+ pollution by 
inhibiting thiosulfate-oxidising bacteria. The analysis was carried out by measuring 
electrical conductivity, pH and sulphate formation due to thiosulphate oxidation. 
These bacteria use thiosulfate as an electron donor, forming sulfate accompanied 
by decreased pH and increased electrical conductivity. This makes it possible to 
determine Cr6+ concentrations in dissolved water of less than 100 µg·L−1. In addi-
tion, Qambrani et al. also used thiosulfate-oxidising bacteria to detect Cr6+ with 
a detection limit of 100 µg·L−1 and used sulfur-oxidising bacteria to determine 
both Cr3+ and Cr6+ [75]. In the study by Çevik et al., a PdRuO2/PVP nanomaterial 
was synthesised and used as an ionophore in potentiometric sensor electrodes for 
detecting Cr3+ ions. The potentiometric characteristics of the sensor were investi-
gated within the concentration range of 1 × 10−6—1.0 × 10–1 M. The detection 
limit of this sensor was exceptionally low, at 8.6 × 10–8 M. The potentiometric 
measurements demonstrated the high efficiency of the PdRuO2/PVP ionophore for 
Cr3+ detection across a wide pH range (2.0–8.0) and confirmed its stability, which 
remained effective for over one year [76]. Caroline et al. demonstrated the quan-
tification of chromium in groundwater using an enzymatic amperometric biosensor, 
where cytochrome c3 (Mr 13,000) from D. norvegicum (DSM 1741) was evaluated 
for pH, temperature and ionic strength [77]. Nepomuscene et al. [78] developed a 
sol–gel immobilisation sensor for detecting chromium in water, utilising enzyme 
inhibition activity, and assessed the effects of both free and immobilised enzymes 
on biosensor performance. For chromium concentrations up to 50 mg·L−1, a current 
change of approximately 200 µA was observed. The activity of immobilised urease, 
inhibited by chromium ions, was restored by soaking the sensor chip in a buffer 
solution containing ethylenediaminetetraacetic acid. Additionally, kinetic parame-
ters were evaluated, demonstrating that the biosensor’s activity and stability remained 
consistent after six uses over four days [78]. 

22.4 Nanostructured Membranes for Concentrating 
Contaminants 

Modern advances in materials science and engineering have led to the develop-
ment of new membrane materials with improved properties and increased selec-
tivity. The use of innovative membranes based on nanomaterials is of great interest 
due to their potential to solve urgent problems related to water scarcity and environ-
mental pollution, which are becoming increasingly important in the global context. In 
particular, ceramic membranes made of nanostructured materials have demonstrated
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high potential for improving the efficiency and selectivity of membrane technologies 
[79–83]. 

The integration of nanomaterials into the structure of membranes can be achieved 
by two main approaches: surface deposition or incorporation into the membrane 
matrix. These methods significantly improve the physical and chemical characteris-
tics of membranes and increase their efficiency. Such approaches make it possible 
to functionalise the surface of membranes to provide them with properties such 
as increased selectivity, long-term operational stability and improved permeability, 
allowing them to solve various separation applications. In addition, introducing nano-
materials into membranes has opened up new prospects for developing highly effi-
cient solutions in areas such as water purification or pollutant detection [84]. That is, 
highly selective membranes responsible for the selective concentration (separation) 
of target analytes or their molecular recognition can be the basis for highly sensitive 
sensors [84]. 

The procedure for using membranes to detect certain contaminants can be as 
follows: The water samples are collected in a large container, separated using a 
pump, filtered, and collected using an autosampler [85]. Since the collected water is 
to be filtered, the choice of pore size of the filter membranes is crucial. 

Specific membranes can be successfully used to detect micro- and nanoplas-
tics in water. There are three main approaches to detecting and treating water-
containing microplastics: density separation, membrane filtration and sieving, and 
visual sorting. The density separation method, which is based on the difference in 
density between plastic and sediment, is promising for the quantification and identi-
fication of microplastics. However, its application is limited by the small volume of 
the analysed sample [86]. 

Therefore, membrane technology is an effective tool for microplastic detection 
by size separation. Particles of different sizes are separated by filtration through 
membranes with 1–2 µm diameter pores, usually under vacuum. This method allows 
for particle size classification and can be integrated with various chemical analyt-
ical techniques such as FTIR spectrophotometry, Raman spectroscopy, infrared 
spectroscopy, scanning electron microscopy etc. [87]. 

In addition, membranes can be used as part of a biosensing mechanism, performing 
various roles: mechanical support, transmission component, filter for concentration 
or dilution of pathogens, and a basis for immobilisation of active proteins [88]. 

22.5 Conclusions 

Monitoring of surface and marine waters is critical due to the growing impact of 
anthropogenic and natural factors that threaten ecosystems and human health. Inten-
sive urbanisation and industrial, agricultural, and transport development lead to water 
pollution caused by toxic substances, including heavy metals, pesticides, microplas-
tics, oil hydrocarbons, and organic compounds. The effects of shipping, resource 
extraction and waste disposal further complicate the situation in marine waters. In
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addition, military operations can be an additional pollution factor, causing additional 
pollution with heavy metals, nitrogen-containing compounds, oil products, etc. 

Regular monitoring allows for timely identification of sources and extent of pollu-
tion, assessment of water’s ecological status, and development of effective strategies 
for water conservation and restoration. This approach is a key element of sustainable 
management of aquatic ecosystems and maintaining environmental safety. 

It has been determined that using nanomaterials and nanotechnologies is an up-
and-coming area for high-quality, efficient and rapid monitoring of surface and 
marine waters. It has been established that for the monitoring of a wide range of 
pollutants, there are several areas of application of such nanomaterials as quantum 
dots, noble metals, carbon nanostructures (graphene and carbon nanotubes), magnetic 
nanoparticles, etc., in chemical sensors, biosensors and membranes. 

Thanks to nanomaterials, modern sensors provide an increased active surface 
area, improved conductivity and high catalytic activity, which allows for the effec-
tive detection of a wide range of pollutants, even at low concentrations. Their compact 
size and the ability to be integrated with portable systems make them suitable for field 
research and offline monitoring. The prospects of using such nanosensors also lie in 
the possibility of their adaptation to work in challenging marine environments, such 
as high salinity, temperature variability and the presence of multicomponent pollu-
tants. Further research and optimisation of their design can contribute to developing 
sustainable, cost-effective and highly efficient surface and marine water monitoring 
systems. 
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The Conductivity of Polymer Composites 
Based on with Nanocarbon Fillers 
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and Yurii Yu. Moiseienko 

Abstract The results of investigations of electrical conductivity of polymer compos-
ites based on epoxy resin with different types of nanocarbon filler under thermal load 
have been investigated. Nanocarbon materials with different structure and shape of 
particles (different aspect ratio) have been used as fillers in the preparation of polymer 
composites. A study of the temperature dependence of the electrical resistance of 
polymer composites with a content of up to 10% of different types of nanocarbon 
fillers in the temperature range from 77 to 293 K has been carried out. It is shown that 
that the temperature dependence of the electrical conductivity of polymer compos-
ites with nanocarbon fillers is formed as a result of the interaction of several factors 
among them the conductivity of the nanocarbon filler itself, the shape (aspect ratio) 
of the nanocarbon filler particles and the structural and morphological state of its 
surface and also the ratio between the values of coefficients of thermal expansion 
for the polymer matrix and nanocarbon filler particles. It has been revealed that for 
nanocarbon filler particles with large aspect ratio the effect of thermal expansion 
of the polymer on the contact resistance between the filler particles is levelled off, 
while for nanocarbon fillers with a small aspect ratio value the difference between 
the CLTE values has the main effect on the contact resistance.
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23.1 Introduction 

Polymer composites play an important role in modern life due to their advantages 
compared to other materials, in particular, metals due to their low density, resistance 
to corrosion and aggressive environments, low cost and ease of production. Among 
the many materials used as fillers in polymer composites (metals, ceramics), it is 
necessary to single out nanocarbon structures, which, thanks to the variety of forms, a 
wide range of properties, and practically unlimited possibilities of modification, give 
polymer composites new functional properties. Thus, the use of carbon nanotubes 
(CNTs) as fillers in polymer composites, which have a large aspect ratio value, leads 
to a significant improvement in the mechanical properties of the polymer composite. 
CNTs give the composites stiffness, which is due to their high value of the modulus 
of elasticity under tension (1 TPa) [1]. CNTs have a high elastic deformation (up 
to 5%), which increases the tensile strength of the polymer composite by an order 
of magnitude compared to conventional polymers. CNTs have the highest values 
of specific strength and stiffness [2]. This means that noticeable improvements in 
the properties of polymer composites are achieved with smaller amounts of CNTs 
compared to other fillers. In addition, by using high volume concentrations of CNTs, 
it is possible to obtain composites with properties that cannot be achieved with other 
fillers [3–5]. 

When making electrically conductive composites with a dielectric matrix and an 
electrically conductive filler, three factors are important: the intrinsic conductivity of 
the filler, the amount of filler introduced and the shape of the filler particles. When 
electrically conductive particles of the same substance are introduced, the conduc-
tivity of the composite changes depending on the amount of filler introduced. When 
the concentration corresponding to the percolation threshold is reached (~30% for 
isometric metal particles), when the filler creates continuous clusters throughout the 
polymer composite, the conductivity of the polymer composite begins to increase 
sharply. Nanocarbon particles with a large aspect ratio form electrically conduc-
tive channels at much lower concentrations and significantly lower the percolation 
threshold [6–10]. 

Polymer composites with nanocarbon fillers can be used to create films to remove 
electrostatic charges [11, 12] 

Polymer composites with nanocarbon filler are also one of the most promising 
materials for shielding microwave radiation. The electrodynamic parameters of 
the polymer composite can be widely varied by changing the concentration, type, 
concentration and distribution of the nanocarbon filler [13, 14]. 

The use of nanocarbon as a filler also improves the thermal properties of the 
polymer composite. The addition of CNTs to the polymer makes it possible to expand 
the operating temperature range of polymer composites due to the increase in the 
transition temperature to the glassy state [15, 16].
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23.2 Experimental 

23.2.1 Characteristic of Nanocarbon Filler 

In the work polymer composites based on ED-20 epoxy resin with different types of 
nanocarbon filler have been investigated. 

Nanocarbon materials with different structure, shape of particles (aspect ratio) 
and morphological state of surface have been used as fillers in the preparation of 
polymer composites. These nanocarbon materials are multiwalled carbon nanotubes 
(MWCNTs), thermoexfoliated graphite (TEG), TEG with next treatment (TEG(2) 
and TEG(2)d) and graphite nanoplatelets (GNPs). The structure, phase and morpho-
logical features of nanocarbon materials used as fillers were studied in detail in the 
works [17–19]. 

Table 23.1. shows the methods of obtaining and the main structural and 
morphological characteristics of nanocarbon materials used as fillers.

Please provide a definition for the significance of ‘italics’ in theTables 21.1– 
21.4’.In Table 23.1-23.4 Aspect ration (A) charactarizes the shape of particles A=l 
/d, where l-length and d-diameter of particles 

As can be seen from the above Table, all nanocarbon fillers used to obtain polymer 
composites, depending on the shape and internal structure of the filler particles, 
surface morphology, and the value of the aspect ratio, can be divided into three 
groups: fillers with plate-shaped particles, worm-shaped particles and cylindrical 
shape particles. 

Fillers with worm-shaped particles are characterized by a complex internal particle 
structure, high values of internal porosity and a highly developed particle surface. 
The particle sizes can vary in a wide range from 5 mm (TEG) to 250 mcm (TEG2). 

Another group with an aspect ratio from 1 to 50 consists of nanocarbon fillers 
with plate-shaped particles. The composition of this group is quite heterogeneous. 
This group includes fillers with disk-shaped particles with a flat undeveloped surface 
and a complete lack of internal porosity (dispersed graphite, GNPs) and fillers whose 
particles have a lamellar shape, but at the same time retain a certain heterogeneity 
and development of the surface and a certain part of closed pores (TEG(2)d). 

The last group includes nanocarbon fillers with cylindrical particles (CNTs). A 
distinctive feature of these fillers is a very high value of the aspect ratio of the particles 
(~ 1000). 

Table 23.2 presents the main structural and morphological characteristics of 
various groups of nanocarbon fillers.

The given classification of nanocarbon fillers according to the structural and 
morphological features of the filler particles allows for a detailed analysis of the elec-
trical and transport properties of the obtained polymer composites. Nanocarbon fillers 
with particles with different structural and morphological features have different 
mechanical, thermal and electrophysical properties. It is obvious that the shape, 
internal structure, and surface condition of the particles of this or that nanocarbon 
filler also determine the nature of the interaction of the filler particles with the
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Table 23.2 Main structural and morphological characteristics of various groups of nanocarbon 
fillers 

Group 
number 

The shape of 
the particles 

Particle surface 
morphology 

Internal 
porosity, 
micropore size 

Aspect ratio, A Materials 

І Worm-shaped Developed, 
ribbed 

Cellular 
structure, 
significant 
internal 
porosity 

50–100 TEG (~100), 
TEG2 ~ 10cg 

ІI Platelets Flat, the 
presence of a 
certain number 
of defects is 
possible 

Internal 
porosity is 
almost absent 

10–50 Dispersed 
graphite, GNPs 

Not flat, 
developed, 
structured 

Insignificant 
internal 
porosity, the 
presence of 
only closed 
pores 

10–50 TEG2(d) 

ІІІ Cylindrical A minor defect 
may be present 

Internal 
cavities 

~ 1000 MWCNTs

polymer matrix, the degree of dispersion and uniform distribution of the filler parti-
cles in the polymer, thereby affecting the mechanical, thermal, and electrical transport 
properties of the polymer composite. 

Let’s in the terms of the proposed classification of types of nanocarbon fillers, 
evaluate the limits and conditions of stability of the electro-transport properties of 
polymer composites with nanocarbon filler. 

23.2.2 Preparation of Polymer Composites with Different 
Types of Nanocarbon Filler 

Composites based on epoxy resin have been studied in presented work. The source 
materials for obtaining epoxy polymers are epoxy oligomers, which contain in 
their molecules at least one epoxy group capable of entering into a polymeriza-
tion or polycondensation reaction. Epoxy resin is a viscous liquid with a density of 
(1150–1210) kg/m3, which dissolves well in polar (ketones) and non-polar (toluene) 
solvents. Epoxy resin does not dissolve in water and is resistant to acid and alkali 
solutions. The viscosity of low-molecular epoxy resins is not less than 8 Pa s at a 
temperature of 25 °C and increases sharply with increasing molecular mass of the 
epoxy resin. Plasticizers, which are high molecular compounds, are used to reduce 
the viscosity of epoxy resin. Molecules of plasticizers fill the gaps between chains of
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epoxy resin macromolecules when forming a three-dimensional molecular network. 
In other words, plasticizers loosen the structure of the epoxy resin as it cures, making 
it more plastic. 

To obtain polymer composites with epoxy resin at the first stage, it is necessary to 
use solvents. Low molecular mass compounds are used as solvents, most commonly 
acetone, which evaporates as the resin cures. The viscosity of the liquid polymer 
and the kinetics of its drying process are regulated by the use of an appropriate 
combination of solvents. With the wrong choice of solvents, the polymer composite 
will break down into phases during the drying process, making it impossible to form 
a strong structure. 

Polycondensation of epoxy oligomers with the formation of an epoxy polymer 
occurs with the use of special substances—hardeners. A wide variety of substances 
are used as epoxy oligomer hardeners, in particular, amines, carboxylic acid anhy-
drides, amides and amino amides, isocyanates, modified carboxylic acid anhydrides, 
and others. Depending on the selected components, curing can begin immediately 
after mixing the components (“cold” curing hardeners) or when the components 
are heated to initiate the curing process (“hot” curing hardeners). Cold curing 
hardener—polyethylene polyamine (PEPA) is most often used as a cross-linking 
reagent. 

The process of obtaining polymer composites with nanocarbon filler consisted of the 
following stages. 

First stage: preparation of a solution of epoxy resin in acetone. The mass ratio of 
epoxy resin and acetone is determined by the type and content of carbon filler in 
the composite. 
Second stage: impregnation of nanocarbon filler particles with a solution of epoxy 
resin in acetone. The nanocarbon filler powder was introduced into a solution of 
epoxy resin in acetone and the mixture was kept at a temperature of 20 °C with 
periodic stirring until the acetone completely evaporated. The exposure time of 
the mixture is determined by the type of carbon filler and can vary from several 
hours to several days. At the same time, the more porous the filler, the longer the 
exposure time. 
Third stage: adding to mixture a plasticizer (dibutyl phthalate DBF) to give the 
final product plastic characteristics and a hardener (polyethylene polyamine PE-
PA) at a certain stage of infiltration. 
Fourth stage: final drying of the mixture within 4 h with a gradual increase in 
temperature from 50 to 80 °C (by 10 °C every hour) in the oven until the complete 
evaporation of the acetone. 

As a result, the polymer composites with different types of nanocarbon filler have 
been obtained. The concentration of the filler in the obtained composites varied from 
5 to 10% mass. Note that for all specimens of polymer composites the concentration 
of the nanocarbon filler is much higher than the percolation threshold. The detailed 
method of obtaining polymer composites is given in [20].
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23.2.3 Measurement of Electrical Resistance of Polymer 
Composites with Nanocarbon Filler 

To determine the stability and regularities of changes in the transport properties of 
polymer composite materials under thermal load conditions, a study of the tempera-
ture dependence of the electrical resistance of composites based on epoxy resin with a 
content of up to 10% of different types of nanocarbon fillers in the temperature range 
from 77 to 293 K has been carried out. To measure electrical resistance, specimens 
of polymer composites in the form of rectangular parallelepipeds with dimensions of 
15 × 3 × 1 mm were produced. Depending on the concentration and structural and 
morphological features of the filler, bulk specimens of nanocarbon-polymer were 
obtained by one of two methods:

(1) method of cold pressing of carbon powders impregnated with epoxy resin using 
a hydraulic press (filler content 10% by mass). 

(2) the method of pouring liquid mixtures of carbon-ED20 into appropriate Teflon 
molds followed by stepwise drying (filler content 0.5% up to 10% by mass). 

The measurements of temperature dependences of electrical resistance for bulk 
specimens of polymer composites depending on the value of electrical resistance 
have been made by with standard two- probe and four-probe methods in direction 
perpendicular to pressure axis. The resistivity measurement error did not exceed 
0.5%. 

23.2.4 Temperature Dependences of Conductivity of Polymer 
Composites with Different Carbon Filler 

The temperature dependences of normal conductivity σ/σ77 for polymer composites 
with different carbon filler are presented in Fig. 23.1.

As can be seen from the Figure, the temperature dependences of normalized 
conductivity σ/σ77(T ) for polymer composites with nanocarbon fillers can be divided 
into three types. The first type includes increasing temperature dependences σ/σ77(T ) 
or those in which a small local minimum is observed at a temperature close to the 
maximum measurement temperature. Such temperature dependences have compos-
ites with TEG and CNTs fillers regardless of the concentration of the filler, as well as 
the composite with TEG(2) with the maximum concentration for which the studies 
were conducted. The second type includes dependencies σ/σ77(T ) that have a wide 
maximum in the temperature range of (200–250) K. Such temperature dependences 
are typical for polymer composites with TEG(2) and with fillers TEG2(d) and GNPs 
with the maximum concentration for which the dependences were performed. The 
third type of σ/σ77(T ) dependence is a decreasing dependence, or a dependence that 
has a small maximum at low temperatures. This type of temperature dependence 
σ/σ77(T ) is observed for polymer composites with filler TEG(2)d with a minimum
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Fig. 23.1 Temperature dependences of normal conductivity σ/σ77(T ) for polymer composites with 
different carbon fillers: 1—TEG (7.8% mass), 2—TEG (5% mass), 3—TEG(2)d (10% mass), 4— 
GNP (8.5% mass), 5—TEG(2)d (5% mass), 6—TEG(2) (10% mass), 7—CNTs (5% mass), 8—GNP 
(10% mass), 9—TEG(2) (5% mass), 10—GNP (5% mass)

concentration and composites with filler GNP with all concentrations except 10%. 
Therefore, polymer composites with fillers with maximum values of aspect ratio 
(CNTs – aspect ratio up to 1000, TEG, respectively, up to 100) have an increasing 
temperature dependence regardless of the concentration of the nanocarbon filler. 
For polymer composites with fillers with smaller aspect ratio values, the following 
trend is observed. As the filler concentration in the composite increases, there is a 
gradual transition from a decreasing temperature dependence σ/σ77(T ) to a depen-
dence with a pronounced maximum, and the smaller the value of the aspect ratio 
for the filler particles, the greater the filler concentration should be for the transition 
from a decreasing to an increasing temperature dependence of conductivity. 

Table 23.3 shows the features of the temperature dependence of normalized 
conductivity for polymer composites with different types of nanocarbon filler.

As follows from the Table, there is a full correlation between the shape of the 
filler particles and their aspect ratio and the character of the electrical conductivity 
temperature dependence for polymer composite with this filler. The larger the value 
of the aspect ratio for the nanocarbon filler particles, the higher the temperature of the 
maximum in the temperature dependence of the conductivity σ/σ77(T ) for polymer 
composite with this filler. For one type of nanocarbon filler, the greater the filler 
concentration, the higher the maximum temperature in dependence σ/σ77(T ). 

23.3 Results and Discussion 

Let’s consider what causes the connection between the type of nanocarbon filler and 
the conductivity of the polymer composite with such filler.
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Table 23.3 Features of the temperature dependence of normalized conductivity for polymer 
composites with different types of nanocarbon filler 

Characteristics of the filler С, % mass σ(293)/σ(77) Dependence σ/ 
σ77(T ) 

Тmах, К 
Type Filler Aspect ratio 

Cylindrical MWCNTs ~ 1000 5.0 1.15 Increases 
monotonically 

Worm-shaped TEG ~ 100 7.8 1.21 Increases, with 
a slightly 
pronounced 
max at high 
temperatures 

300 

5.0 1.14 295 

TEG(2) ~ 50–70 10.0 1.04 With a broad 
maximum 

272 

5.0 1.17 235 

TEG2(d) ~ 10–20 10.0 1.07 With a broad 
maximum 

227 

5.0 0.77 Weakly 
expressed max 
at low 
temperatures, 
decreases 

114 

Platelets GNPs ~  10 10.0 0.90 With a broad 
maximum 

213 

8.5 1.08 Weakly 
expressed max 
at low 
temperatures, 
decreases 

150 

5.0 0.70 113

The temperature dependence of the conductivity of the composite material is deter-
mined, in the first approximation, by the change with temperature of three parame-
ters: 1) the electrical resistance of the nanocarbon filler particles Rf ; 2) contact elec-
trical resistance between nanocarbon filler particles Rc; 3) the number of continuous 
conductive chains (current paths) Nch through the sample. 

Let us consider in more detail the changes with temperature of all the specified 
parameters. 

23.3.1 Temperature Dependences of Resistivity of Different 
Nanocarbon Fillers 

The Fig. 23.2 show the temperature dependence of the resistivity ρ(T ) for bulk pressed 
nanocarbon materials that have been used as fillers in polymer composites [21, 22].
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Fig. 23.2 Temperature dependence of resistivity ρ(T ) for bulk pressed nanocarbon materials: 1— 
CNTs, 2—GNP, 3—TEG(2)d, 4—TEG, 5—TEG(2) 

As can be seen from the above Figures, the resistivity decreases with temperature 
for all nanocarbon fillers. The ratio ρ4.2/ρ293 for all nanocarbon fillers has approx-
imately the same values and does not exceed 2 except MWCNTs. The values of 
resistivity for bulk samples of nanocarbon are different, which is primarily related to 
the features of the surface state of nanocarbon particles and, as a result, the contact 
resistance between separated nanocarbon particles. For nanocarbon particles with 
a developed surface (TEG, TEG(2), TEG2(d)), the contact resistance between the 
particles is lower, while for nanocarbon particles with a flat or smooth small-defect 
surface, the contact resistance increases significantly, which causes a significant 
increase in the resistance of the a bulk sample in general. Thus, it is not possible 
to determine the value of the resistivity of the nanocarbon filler on the base of 
measurements in the bulk sample without estimating the value of the contact resis-
tance. However, the character of the temperature dependence of the resistivity can 
be established from such measurements. 

The temperature dependence of the resistivity of the nanocarbon filler is deter-
mined by the temperature dependence of the concentration of charge carriers and the 
mobility of charge carriers. At low temperatures (up to 50–77 K), the concentration 
of charge carriers in the nanocarbon materials does not depend on temperature, since 
there is a slight overlap of the valence and the conduction bands. Above the degen-
eration temperature, the concentration of charge carriers in nanocarbon materials 
increases with temperature. As for the mobility of charge carriers, its temperature 
dependence is determined by the prevailing mechanisms of charge carrier scattering 
in the nanocarbon. For all investigated nanocarbon materials, the predominant mecha-
nism of charge carrier scattering is temperature-independent charge carrier scattering
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at crystallite boundaries. Thus, for all investigated nanocarbon fillers, at low temper-
atures, the resistivity does not depend on temperature, and at temperatures above 
(50–77) K, the resistivity decreases with temperature. The exception is MWCNTs, 
for which at low temperatures an abnormal increase in resistivity is observed, which 
is associated with the manifestation of the effect of weak localization and interaction 
of charge carriers for these nanocarbon materials. 

23.3.2 Contact Electrical Resistance Between Nanocarbon 
Filler Particles and the Number of Continuous 
Conductive Chains 

The character of the temperature dependence of the contact electrical resistance 
between the particles of the nanocarbon filler is determined by the temperature 
dependence of the nanocarbon filler itself (it decreases with increasing tempera-
ture) and the change with temperature of the radius of the contact spot. Depending 
on the ratio between the coefficients of linear thermal expansion (CLTE) for the 
nanocarbon fillers and epoxy resin, its size may not change or increase or decrease 
with increasing temperature. That is, the temperature dependence of the contact 
resistance is quite complex, since it is determined by the change with temperature 
of several parameters, the temperature dependence of which cannot be interpreted 
unambiguously. 

As you know, depending on the ratio between the radius of the contact spot r and 
the length of the free path of charge carriers l, contact resistances Rc are divided into 
two types. At r >> l (Holm-type contact), the contact resistance is defined as 

Rc = 
ρ 
2r 

, r l. (23.1)

If r << l (Sharvin-type contact), the contact resistance can be presented as: 

Rc = 
ρ l
4r2 

, r l, (23.2 )

where ρ is the resistivity of nanocarbon particles.
As follows from the formulas, for contacts of the Sharvin type, the dependence 

of the contact resistance on the size of the contact spot is more pronounced. Thus, 
if Sharvin-type contacts are implemented in the composite material between the 
filler particles, the contribution of the contact resistance to the total resistance of the 
composite will be more significant. Therefore, if the size of the contact spot between 
the nanocarbon particles changes significantly under thermal load, and Sharvin-type 
contacts are realized between the nanocarbon particles, then the contact resistance 
will be an additional significant factor affecting the character of the temperature 
dependence of the composite.
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Let’s analyze what type of contacts occurs for the investigated nanocarbon fillers. 
As a first approximation, we will assume that the size of the contact spot cannot 
exceed the size of the nanocarbon particles, although for particles with a highly 
developed surface (for example, TEG) this statement is not accurate. As indicated 
above, for all nanocarbon materials used as fillers in polymer composites, the main 
mechanism of scattering of charge carriers is temperature-independent scattering at 
crystallite boundaries. That is, the length of the free path of the charge carriers for 
all nanocarbon fillers is equal to the size of the crystallites in them and, accordingly, 
is smaller than the size of the nanocarbon particles, and, therefore, smaller than the 
size of the contact spot between the nanocarbon particles. Thus, the electrical contact 
between individual nanocarbon particles of the filler is described within the terms 
of the Holm contact resistance model, for which the contact resistance is inversely 
proportional to the size of the contact spot. 

Another one important parameter that determines the electrical conductivity of 
the polymer composite is the number of continuous conductive chains (current paths) 
Nch through the sample. A change in the number of such conductive chains through 
the sample under thermal load will cause a change in the electrical conductivity of 
the polymer composite as a whole. 

The number of continuous nanocarbon particles chains along the entire length of 
the sample is determined by the total number of nanocarbon filler particles nf and 
the number of filler particles in one chain nf-ch: 

nf −ch = 
L γ

d 
, NCh = n f

nf −ch 
= V 

γπdh 
, (23.3) 

where L is the specimen’s length, γ is some multiplier varying from 1 to 2, V is the 
volume of the specimen, φ is the volume part of nanocarbon filler in the specimen, 
d is the linear size of the nanocarbon particle along the graphite planes, i.e., along 
the direction in which charge transfer occurs in the nanocarbon particle. For TEG 
and nanocarbon particles based on TEG this is diameter of particle and h is the, 
respectively, length of particle. For MWCNTs on the contrary, d is the length of 
tubes, h is their d iameter.

Among all chains of nanocarbon particles formed in polymer composites, electric 
current can flow only along those in which the polymer interlayers between individual 
nanocarbon particles do not exceed 2–3 nm. With such a thickness of the polymer 
layer, conductivity is through the tunneling mechanism. Such a chain is excluded 
from the process of electrical conductivity (so-called dead-end branches of a cluster 
of filler particles). The number Nʹch of carbon nanoparticle chains through which 
charge transfer is possible is related to the total number of Nch carbon nanoparticle 
chains by the following ratio: 

Nch = C × Nch , (23.4)

where the coefficient C can have a value from 0 (the state of the polymer composite 
before percolation) to 0.3 (all particles of the nanocarbon filler form continuous chain
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structures). In fact, C is the part of the nanocarbon particles chains through which 
an electric current passes. 

Thus, if the coefficients of linear thermal expansion (CLTE) for particles of 
nanocarbon filler and polymer matrix are different, it can lead to the increase in 
the size of the polymer layer between particles or chains of nanocarbon filler with 
increasing temperature As a result, such chains are excluded from the charge transfer 
process In other words, under certain conditions, the number of conductive channels 
in the composite material will change with increasing temperature. Thus, the study 
of the CLTE is very important for establishing the stability of the transport properties 
of polymer composites. 

23.3.3 Temperature Dependences of the Coefficient of Linear 
Expansion of Different Types of Nanocarbon Filler 

The study of the CLTE of the bulk composites based on TEG has been carried out 
using the dilatometric method with an accuracy of (5–7)%. Measurement of the linear 
dimensions of the samples under thermal load was made using an optical microscope 
with a micrometric nozzle. The CLTE of bulk specimens of TEG has been measured 
along the axis of specimens pressing, depending on the density of the composite. 

Since all nanocarbon fillers, except for MWCNTs, were obtained on the basis of 
TEG, the study of the CLTE of the bulk samples of TEG with different densities gives 
an idea of the value of the CLTE for nanocarbon fillers obtained from TEG during 
the destruction of its structure by the methods of repeated expansion and dispersion. 

Pressing TEG to obtain bulk samples with high density values is accompanied 
by the destruction of the worm-like structure of TEG, the particles of which in this 
process acquire a structure similar to the structure of TEG(2), TEG2(d) and GNP, 
respectively. 

The dependence of the CLTE of the TEG bulk samples on the sample’s density 
α(ρ) is presented in Fig. 23.3.

As can be seen from the Figure, with an increase in the material density, an 
increase in the value of CLTE is observed. When the density changes from 0.4 g/cm3 

to 1.9 g/cm3, the CLTE value increases by more than 2 times [5]. Further growth of 
the material density leads to a sharp decrease in the CLTE value. 

The value of the СLTE for bulk nanocarbon samples, the change of the CLTE 
with the composite density changes and during thermal loading are determined by 
several reasons that depend on the structure of the nanocarbon. Firstly, it is the ability 
of the material to transmit the thermal expansion of microcrystallites, secondly, it is 
the thermal expansion of the “framework”, which is formed by nanocarbon particles 
during the formation of the composite. 

The expansion of microcrystallites occurs mainly along the C-axis microcrystal-
lites, since the value of the CTLE along the graphite layer in the studied temperature
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Fig. 23.3 Dependence of 
the CLTE on the sample 
density (α(ρ)) for the TEG 
bulk samples

range is almost 2 orders of magnitude smaller than the corresponding value of the 
CTLE along the C-axis. 

At low densities of composites, when “worm-like” TEGs particles are slightly 
deformed during pressing, and microcrystallites form something like rings, their 
expansion can be transmitted in the direction of open pores, which coincide with the 
direction of expansion of crystallites. 

As the density of bulk samples increases, the number of closed pores oriented 
parallel to the pressing axis increases (TEG2, TEG2(d)), and the thermal expansion 
of crystallites will lead to an increase in the volume of the bulk samples as a whole. 

Since the CTLE is determined by the additive contribution of both the thermal 
expansion of graphite crystallites and the thermal expansion of the “framework”, the 
value of the CTLE in this range of densities is several times higher than the value 
of the CTLE along the C axis of natural graphite, the CTLE of which is determined 
mainly by the thermal expansion of the “framework”. 

At bulk sample densities close to 2 g/cm3, the worm-like structure of TEG particles 
is destroyed (GNPs). In bulk samples, there is a low concentration of pores and a 
fairly high degree of orderly arrangement of graphite layers in a plane perpendicular 
to the pressing axis. The value of CTLE along the pressing axis at these densities is 
similar to the value of CTLE along the C axis in natural graphite. 

As for the CLTE for MWCNTs, its value is very small and amounts to ~ 1.2 × 
10–5 K−1 [23]. 

The values of CLTE for particles of nanocarbon fillers with different structure are 
presented in the Table 23.4.

As can be seen from the Table, for all nanocarbon fillers the values of CLTE are 
smaller compared to the CTLE for epoxy resin. For worm-shaped nanocarbon fillers, 
the CLTE is 5 times smaller, while for other nanocarbon fillers, CLTE is 15–25 times 
smaller than CLTE for epoxy resin. It is obvious that such a difference in the value 
of СTLE for different nanocarbon fillers will significantly affect the temperature 
dependence of the contact resistance Rc.
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Table 23.4 CLTE for different nanocarbon fillers 

The shape of the particles Aspect ratio, A Filler αf,  K− 1

Worm-shaped 50–100 TEG, TEG2 ~  6  × 10 –5

Platelets 10–50 TEG2(d), GNPs ~  2  × 10 –5

Cylindrical ~ 1000 MWCNTs ~  1.2  × 10 –5

Epoxy ~ (25–30) × 10–5

23.3.4 Peculiarities of Changes in Parameters Determining 
Electrical Conductivity for Different Types 
of Nanocarbon Fillers 

The conducted experimental and theoretical studies revealed that in order to establish 
the regularities of changes in the electrical conductivity of polymer composites with 
nanocarbon fillers of various types, it is necessary to take into account the structural 
and morphological state of the nanocarbon filler (the size and aspect ratio of the filler 
particles), as well as the condition of the surface of the filler, the concentration of the 
filler (the number of particles that form a conductive cluster), character of interphase 
interaction (contact resistance of filler particles and resistance of polymer interlayer, 
conductive properties of filler). 

Table 23.5 shows the characteristics of the parameters that determine the electrical 
conductivity of polymer composites with different types of nanocarbon fillers.

As can be seen from the Table, the temperature dependence of the electrical 
conductivity of the polymer composite is formed as a result of the complex inter-
action of several factors, for which the temperature dependences can differ signif-
icantly. As showed above, the electrical conductivity of all nanocarbon materials 
used in the polymer composites as filler increases with temperature. Therefore, when 
analysing the temperature dependence of the conductivity of a polymer composite, 
the main attention should be paid to the mechanisms of contact resistance change 
with temperature. 

There are several mechanisms that determine the temperature dependence of the 
contact resistance between nanocarbon filler particles. Temperature dependence of 
contact resistance between particles of a nanocarbon filler depends not only on the 
ratio between the temperature coefficients of linear expansion for the filler and the 
polymer matrix, but also on the aspect ratio and shape of the filler particles. 

For a polymer composite with a CNT filler, the contact resistance decreases with 
temperature, as does the resistance of the CNTs themselves throughout the temper-
ature range in which the studies were conducted, although the CLTE for the epoxy 
resin is much larger than the CLTE for the CNTs. Obviously, such temperature 
dependence of contact resistance can be explained by the fact that CNTs, which 
have the greatest aspect ratio value, form a branched conductive structure in the 
composite even at low filler concentrations. The CNTs concentration (5% mass) in 
studied polymer composites is far beyond the percolation threshold. And with such
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Table 23.5 Parameters that determine the electrical conductivity of polymer composites with 
different types of nanocarbon fillers 

Type of 
nanocarbon filler 

Cylindrical, l/d ~ 1000 Worm-like, 
l/d ~ 100 

Worm-like, l/d ~ 
10–50 

Platelets 
l/d ~  1  0

Parameters 

Resistivity of the 
nanocarbon filler, 
Rf 

It decreases with temperature due to the increase in the concentration of 
charge carriers with temperature-independent scattering of charge carriers 

Electrically 
conductive 
structure 

Branched frame Branched frame Minor 
conductive 
clusters 

Individual 
conductive 
clusters 

The number of 
contacts between 
filler particles 

Small Relatively small Significant Very large 

CLTR of the 
polymer (αp)  and  
the nanocarbon 
filler (αf )

αp >> αf αp > αf αp >  >  αf αp >> αf 

Contact resistance, 
Rс 

Rc(T) ~ Rf (T) Rc(T) ~ Rf (T) It increases significantly with 
temperature due to a decrease 
in the size of the contact spot 
and an increase in the thickness 
of the polymer layers between 
individual nanoparticles 

The number of 
current-conducting 
channels, Nch 

It is large, 
number 
practically does 
not change with 
temperature, 
Nch = f(T) 

It is large, number 
varies slightly with 
temperature 

Number is limited, as the 
temperature increases, Nch 
decreases due to the exclusion 
of individual chains from the 
conductive network, the 
polymer layer between which 
becomes larger than the critical 
size of ~ 2 nm 

Correlation 
between factors 
determining 
electrical resistance 

Rf > Rc in the 
entire studied 
temperature 
range 

Rf > Rc in the entire 
studied 

Rf > Rc,  at  
Т < 240 K
Rf < Rc,  at  
Т > 240 K

Rf > Rc,  at  Т < 
150 K
Rf < Rc,  at  Т >
150 K

filler concentration, a slight change in the number of conductive clusters, which can 
occur due to an increase in the polymer layer between individual CNTs, practically 
does not affect the conductivity of the polymer composite as a whole. A decreasing 
dependence of the contact resistance with increasing temperature is also observed 
for composites in which TEG is used as a filler. On the one hand, the aspect ratio 
for TEG particles is smaller compared to CNTs. On the other hand, TEG, due to its 
cellular structure and the presence of closed pores, has the largest value of CTLE 
among all the investigated nanocarbon fillers. Therefore, during heating, there is no 
significant increase in the contact resistance between the TEG particles due to the 
increase in the polymer layer and the decrease in the contact spot.



23 The Conductivity of Polymer Composites Based on with Nanocarbon … 341

For polymer composites with nanocarbon fillers, for which the aspect ratio has 
small values, and the CLTE is significantly smaller than the CLTE for epoxy resin, the 
contact resistance between the filler particles during heating increases very signifi-
cantly due to the reduction of the contact spot and reduction of number of conductive 
clusters during growth polymer layer between individual filler particles. Thus, the 
resistance of nanocarbon filler particles decreases with increasing temperature, and 
the contact resistance between the filler particles increases, which leads to the appear-
ance of a minimum in the temperature dependence of resistance and, accordingly, 
a maximum in the temperature dependence of conductivity. The temperature of the 
maximum in the temperature dependence of the conductivity will be smaller, the 
smaller the aspect ratio and the CLTE for the nanocarbon filler particles. More-
over, for the appearance of a maximum in the temperature dependence of electrical 
conductivity, a combination of both of these factors is necessary. For CNTs, the 
CLTE is even smaller than for GNPs. However, a high value of the aspect ratio for 
CNTs practically eliminates the effect of significant temperature expansion of the 
polymer. Also, the increase in the concentration of the nanocarbon filler contributes 
to the shift of the maximum temperature towards higher temperatures. 

23.4 Conclusion 

Thus, the carried-out research made it possible to reveal the patterns of changes in the 
electrical conductivity of polymer composites based on epoxy resin with different 
types of nanocarbon filler under thermal load. It has been found that the tempera-
ture dependence of the specific electrical conductivity of polymer composites with 
nanocarbon fillers is formed as a result of the interaction of several factors. The first, 
it is the conductivity of the nanocarbon filler itself, due to the peculiarities of its 
crystalline, and therefore, band structure. Secondly, the shape (aspect ratio)  of  the  
nanocarbon filler particles and the structural and morphological state of its surface 
are essential for determining the type of the temperature dependence of the polymer 
composite also. In addition, the ratio between the values of CLTE for the polymer 
matrix and nanocarbon filler particles is important.

It is obvious that a significant contribution to the temperature dependence of the 
conductivity of the polymer composite is given by the temperature dependence of the 
conductivity of the nanocarbon material used as a filler. For the absolute majority of 
carbon materials, which are conductors, the temperature coefficient of resistance is 
negative, which causes by the weak temperature dependence of the charge carriers’ 
mobility due to the preferential scattering of charge carriers at the boundaries of 
crystallites. 

As with other factors, particularly those that determine the temperature depen-
dence of contact resistance, a comprehensive approach to their analysis is important. 
Thus, it has been revealed that for nanocarbon filler particles with large aspect ratio 
(CNTs, TEG), the effect of thermal expansion of the polymer on the contact resis-
tance between the filler particles is levelled off, while for nanocarbon fillers with
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a  small  aspect ratio value (GNPs, dispersed graphite), the difference between the 
CLTE values has the main effect on the contact resistance. The significant expan-
sion of the polymer on heating compared to the nanocarbon filler for the low aspect 
ratio filler results in the elimination of a large number of conductive paths through 
the sample and a reduction in the size of the contact area. This, in turn, leads to 
an increasing temperature dependence of the contact resistance and, as a result, 
a change in the sign of the temperature coefficient of resistance for the polymer 
composite as a whole. For polymer composites with a nanocarbon fillers with a 
small value of the aspect ratio, the temperature dependence of the conductivity, as a 
rule, has a pronounced maximum, and the smaller the value of the aspect ratio for 
the filler particles, the lower the temperature at which the transition from increasing 
to decreasing temperature dependence occurs conductivity .
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Chapter 24 
Technology and Knowledge Transfer 
for Nanotechnology Industry 

Artem Artyukhov , Nadiia Artyukhova , and Jan Krmela 

Abstract This paper investigates the critical aspects of effective technology transfer 
in nanotechnology. It highlights the challenges of translating laboratory research into 
real-world applications, including the need for robust intellectual property protec-
tion, strong industry-academia collaborations, and comprehensive risk assessment. 
The study introduces a novel framework for assessing the readiness of nanotech-
nology innovations for commercialization. This framework integrates various readi-
ness levels, including Technology Readiness Level (TRL), Innovation Readiness 
Level (IRL), Intellectual Property Readiness Level (IPRL), and Sustainability Readi-
ness Level (SRL), alongside market, customer, and business readiness considerations. 
Furthermore, the paper emphasizes the importance of iterative development, feed-
back mechanisms, and continuous improvement in the product development cycle. 
By incorporating these elements, researchers and industries can make informed deci-
sions, mitigate risks, and accelerate the translation of nanotechnology research into 
impactful and beneficial applications. This framework provides a valuable tool for 
academia, industry, and government stakeholders to navigate the complex land-
scape of nanotechnology development and ensure its responsible and sustainable 
integration into society.
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24.1 Introduction 

Nanotechnology, a field with immense potential, demands efficient technology 
transfer to bridge the gap between academic research and industrial application. 
Effective technology transfer in nanotechnology involves a complex interplay of 
intellectual property protection, collaborative partnerships, technology readiness 
assessment, knowledge transfer mechanisms, and ethical considerations. 

Securing patents for inventions and protecting original works through copyright is 
crucial to safeguarding intellectual property rights and attracting potential licensees. 
Protecting confidential information, such as proprietary manufacturing processes or 
formulations, is essential. 

Fostering collaborations between academia and industry through partnerships, 
consortia, and joint ventures facilitates knowledge exchange, resource sharing, and 
accelerating research and development. 

Assessing the technology readiness level (TRL) ensures that technologies 
are mature enough for commercialization while iterative development and risk 
management mitigate potential challenges. 

Knowledge transfer mechanisms, such as licensing agreements, spin-off compa-
nies, consultancy services, and training programs, facilitate the dissemination of 
knowledge and the commercialization of nanotechnology innovations. 

Finally, ethical considerations, including environmental impact, health and safety, 
and social responsibility, must be carefully considered to ensure nanotechnology’s 
sustainable and beneficial development. 

By effectively applying these principles, researchers, universities, and industry 
can accelerate nanotechnology innovation and address pressing global challenges, 
such as climate change, healthcare, and energy. 

24.2 Background 

The successful transfer of knowledge and technology from the laboratory to the 
industry remains a critical challenge in nanotechnology [1]. Collaborative networks 
and technology clusters play a crucial role in facilitating the commercialization 
of nanotechnology innovations [2, 3]. Researchers have highlighted the impor-
tance of co-patenting, co-authorship, and geographic proximity in fostering knowl-
edge exchange and technology transfer [4, 5]. The involvement of institutional 
entrepreneurs and policy initiatives can also significantly influence the dynamics 
of knowledge transfer in the nanotechnology industry [6, 7]. 

Several mechanisms have been identified for transferring knowledge in the 
nanotechnology domain. University-industry collaborations, the mobility of skilled 
personnel, and the licensing and commercialization of patents are some key path-
ways [8, 9]. However, nanotechnology’s interdisciplinary nature and complexity pose 
unique challenges regarding knowledge integration and transfer [10, 11].
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Factors such as public funding, regulatory frameworks, and educational initiatives 
significantly impact the diffusion and adoption of nanotechnology [12, 13]. Adequate 
public funding and supportive policy environments can catalyze the development and 
commercialization of nanotechnology applications [13, 14]. At the same time, the 
lack of standardized risk assessment methods and regulatory guidelines has been 
identified as a barrier to the widespread adoption of nanotechnology [7, 12]. 

Emerging trends in nanotechnology, such as advancements in artificial intelli-
gence and computational tools, the internationalization of knowledge flows, and the 
increasing emphasis on sustainability and environmental impact, will likely shape the 
future of knowledge transfer in this domain [9, 15]. Effective governance frameworks 
and stakeholder engagement strategies will ensure nanotechnology’s responsible and 
socially beneficial development [16, 17]. 

Supportive policy environments that encourage pre-competitive research, inter-
firm collaboration, and university-industry partnerships have been instrumental in 
driving nanotechnology’s development and commercialization [2, 18, 19]. 

Educational initiatives and workforce development programs are also essential for 
enhancing the diffusion and adoption of nanotechnology [20–22]. Improving public 
awareness and understanding of nanotechnology and fostering the necessary skills 
and expertise can contribute to the responsible and socially beneficial development 
of this emerging field [2, 23, 24]. 

Intellectual property rights and technology transfer policies can also influence 
the dynamics of knowledge transfer in the nanotechnology industry [9, 18]. Soci-
etal concerns and public perception regarding nanotechnology’s potential risks and 
ethical implications can further hinder its commercialization and societal acceptance 
[25–27]. 

The literature highlights the multifaceted and complex nature of knowledge 
transfer in the nanotechnology industry. A comprehensive understanding of the inter-
play between technological, organizational, and institutional factors is essential for 
enhancing the efficiency and effectiveness of knowledge transfer and driving the 
successful commercialization of nanotechnology innovations [5, 7, 28, 29]. 

Developing robust technology transfer models is essential to address these chal-
lenges and accelerate the translation of nanotechnology research into real-world 
applications. These models should incorporate a comprehensive understanding of 
the readiness levels of nanotechnology innovations, enabling the identification of 
critical milestones and the allocation of appropriate resources. This research aims to 
develop and evaluate a comprehensive technology transfer model for nanotechnology 
innovations based on product readiness levels to facilitate the smooth transition of 
nanotechnology research from the laboratory to the market.
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24.3 Model of Product Complex Readiness and Assessment 
Levels for the Nanotechnology Industry 

The Technology Readiness Level (TRL) [30] is a widely used metric to assess the 
maturity of a technology. In the context of nanotechnology, TRL helps gauge the 
readiness of a nanomaterial or nanotechnology-based product for commercializa-
tion. A higher TRL indicates a more advanced stage of development, with TRL 9 
representing a fully validated and market-ready product. 

The Innovation Readiness Level (IRL) is a more nuanced approach considering 
factors beyond technological maturity. It assesses the readiness of an innovation to 
be adopted and diffused in the market. IRL considers market demand, regulatory 
environment, and intellectual property protection [31]. 

The Intellectual Property Readiness Level (IPRL) [32] focuses explicitly on 
protecting intellectual property rights associated with nanotechnology innovations. 
This includes patents, trademarks, and copyrights. A higher IPRL indicates stronger 
protection and a more robust intellectual property portfolio. 

The System Readiness Level (SRL) assesses the maturity of a system or platform 
incorporating nanotechnology. ARL includes the integration of nanomaterials or 
devices into larger systems, such as electronic devices, medical devices, or energy 
storage systems. A higher SRL signifies a more advanced and reliable system [33]. 

The Market Readiness Level (MRL) evaluates the readiness of a market to adopt 
a nanotechnology-based product or service. It considers factors like market demand, 
consumer awareness, regulatory compliance, and distribution channels. A higher 
MRL indicates a more receptive market [34]. 

The Adoption Readiness Level (ARL) assesses the readiness of potential adopters 
to embrace nanotechnology innovations. ARL includes factors such as the willing-
ness to adopt new technologies, the availability of training and support, and the 
perceived benefits of nanotechnology. A higher ARL indicates a greater willingness 
to adopt [35]. 

Risk level assessment (RLA) is a critical component of technology transfer. It 
involves identifying and evaluating potential risks associated with nanotechnology, 
including technical, market, regulatory, and environmental risks. Organizations can 
develop mitigation strategies by assessing risks and making informed decisions about 
resource allocation and investment [36]. 

The Business Readiness Level (BRL) is a crucial concept that complements TRL 
to assess the overall readiness of an innovation for market launch. While TRL 
focuses on the technological maturity of innovation, BRL evaluates the business 
aspects such as market demand, financial viability, and commercialization strategy. 
By considering TRL and BRL, innovators can ensure their technology is technically 
feasible and commercially viable. This holistic approach enhances the likelihood of 
successful technology commercialization [37]. 

Assessing its quality and maturity is crucial to ensure the effective sharing and 
utilization of data. Data Readiness Levels (DRLs) provide a standardized frame-
work for evaluating data derived from experiments or models. Like TRLs, DRLs
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classify data based on its quality and reliability, facilitating its use in analytical 
methods, model validation, and comparisons with historical datasets. However, DRLs 
are further enhanced by metadata qualifiers, which offer additional context, such as 
measurement techniques, computational methods, and data provenance. This combi-
nation of DRLs and metadata enables researchers to share data more effectively, cite 
it in publications, and accelerate the translation of research into practical applications 
[38]. 

The Sustainability Readiness Level (SRL) assesses the environmental and social 
impact of nanotechnology products and processes throughout their lifecycle. It 
considers energy efficiency, resource consumption, waste generation, and human 
health and safety. A higher SRL indicates a more sustainable product or process with 
minimal negative environmental and social impacts [39]. 

The Product Readiness Level (PRL) evaluates the maturity of a nanotechnology-
based product. It considers product performance, reliability, safety, and regulatory 
compliance factors. A higher PRL signifies a more advanced product closer to market 
readiness [39]. 

The Supply Chain Readiness Level (SCRL) assesses the maturity of the supply 
chain for nanotechnology materials and components. It considers factors such as 
the availability of raw materials, suppliers’ reliability, and manufacturing processes’ 
efficiency. A higher SCRL indicates a more robust and resilient supply chain [39]. 

By considering these various readiness levels, organizations can make informed 
decisions about the timing and resources required to bring nanotechnology innova-
tions to market. A comprehensive understanding of these levels can help accelerate 
the commercialization of nanotechnology and maximize its societal and economic 
impact. 

Figure 24.1 illustrates a conceptual framework for technology and knowl-
edge transfer in nanotechnology, emphasizing product development’s iterative and 
feedback-driven nature. 

Fig. 24.1 Technology and knowledge transfer in nanotechnology
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Figure 24.1 shows the technology and knowledge transfer in nanotechnology. It 
consists of the below-mentioned blocks. 

1. Market requirements represent the market’s needs, expectations, or demands. 
These could include functionality, performance, cost, compliance with standards, 
or other features desired by customers or industry trends. These requirements 
directly influence the next step—product characteristics. 

2. Product characteristics translate the market requirements into specific product 
features or attributes. These characteristics are measurable or qualitative 
attributes of the product, such as its design, quality, usability, and performance. 
This step ensures the product aligns with what the market expects. The product 
characteristics are then compared to customer requirements in the next step. 

3. The decision node “Meet the Requirements?” evaluates whether the product 
characteristics, as defined in step 2, satisfy the initial market requirements and 
the customer’s specific needs. 

• two possible outcomes: 

– YES: if the product characteristics meet the requirements, the process moves 
to the customer node, indicating that the product is ready to be delivered or 
launched. 

– NO: if the product does not meet requirements, the process flows to improve 
the characteristics to refine the product. 

4. Customer represents the endpoint for a successful product. If the product charac-
teristics align with market and customer requirements, it is ready to be delivered 
to the customer. 

5. Improvement of characteristics is a feedback mechanism triggered when the 
product does not meet the requirements. This stage involves modifying, opti-
mizing, or redesigning the product to address the gaps identified in the previous 
step. Improvements might include enhancing functionality, increasing durability, 
reducing costs, or refining usability. The improved product characteristics feed 
into the next step – the current characteristics of the product. 

24.4 Conclusions 

Nanotechnology represents a transformative field with the potential to address some 
of the most pressing global challenges, including climate change, healthcare, and 
sustainable energy. However, its successful integration into real-world applications 
relies heavily on effective knowledge and technology transfer frameworks. This study 
has emphasized the importance of comprehensive readiness assessments and multi-
disciplinary approaches to bridge the gap between laboratory research and industrial 
application. 

The integration of various readiness level models, such as the Technology Readi-
ness Level (TRL), Innovation Readiness Level (IRL), and Sustainability Readiness
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Level (SRL) etc., provides a holistic framework for evaluating nanotechnology inno-
vations. These models enable researchers and industries to systematically identify 
critical milestones, allocate resources efficiently, and address barriers to commer-
cialization. Similarly, licensing agreements, spin-offs, and collaborative partnerships 
between academia and industry facilitate the dissemination and practical application 
of nanotechnology innovations. 

Furthermore, the feedback-driven model of product readiness underscores the 
iterative nature of nanotechnology development, ensuring that market and customer 
needs remain at the forefront. Ethical considerations, including environmental 
sustainability, health and safety, and social responsibility, are essential for fostering 
public trust and ensuring the responsible development of nanotechnology. 

Incorporating robust intellectual property management, supply chain readi-
ness, and risk assessment into technology transfer strategies can further enhance 
the efficiency of commercialization pathways. Evaluating Data Readiness Levels 
(DRLs) and integrating metadata qualifiers are critical in fostering data transparency, 
reproducibility, and effective collaboration. 

By leveraging these frameworks and strategies, academia, industry, and govern-
ment stakeholders can collectively accelerate nanotechnology’s adoption and soci-
etal impact. The advancement of nanotechnology innovations, driven by effective 
technology transfer and knowledge dissemination, has the potential to revolutionize 
industries and contribute significantly to global economic and social well-being. 
Future research should continue to refine these frameworks, incorporate emerging 
trends, and address the unique challenges posed by the interdisciplinary nature of 
nanotechnology to maximize its transformative potential. 
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Chapter 25 
Electron-Beam 
Evaporation–condensation Technology 
for Applying Heat-Protective Coatings 
to the Blades of Gas Turbine Engines 
with Boride Nanoparticles in the Outer 
Ceramic Layer 

M. Grechanyuk, V. Grechanyuk, V. Chornovol , O. Matsenko , 
and I. Grechanyuk 

Abstract The article extensively explores protective thermal barrier coating tech-
nologies for gas turbines, emphasizing their significance in enhancing turbine effi-
ciency and longevity. The authors conducted experiments involving the applica-
tion of protective coatings on gas turbine blades of various purposes using electron 
beam physical vapor deposition of alloys and ceramics. The research revealed that 
thermal barrier coatings contribute to raising gas temperatures ahead of the turbine 
or increasing the durability of the blades, leading to enhanced efficiency and fuel 
savings. Optimal parameters for different types of coatings, including layer compo-
sition and structure, were established to improve heat resistance and overall coating 
longevity. Laboratory and industrial electron beam facilities for coating application 
are described in detail, ensuring optimal conditions for material melting and applica-
tion. Special attention is given to the advanced L-9 setup, which distinguishes itself 
from previous ones by utilizing a cold cathode for electron beam heaters, enhancing 
stability and durability. Additionally, the article details the technical peculiarities of 
the installations, their design, and capabilities for applying various types of coatings. 
Information regarding the control systems for these installations and the operational
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principles of the state-of-the-art setup, applicable for depositing different protec-
tive coatings, including novel micro-layered silicide coatings, is presented. With 
this comprehensive overview of technologies and installations, the article showcases 
the direction of research and development in the field of protective thermal barrier 
coatings, aiming to augment the reliability and effectiveness of gas turbines. 

25.1 Introduction 

The development of efficient and reliable gas turbines is a complex problem that has 
arisen in the course of gas turbine development. The key aspects of this complexity 
are the turbine’s impeller and nozzle blades, whose materials and design are essential 
for the permissible gas temperature upstream of the turbine and, therefore, affect the 
technical and economic characteristics of gas turbine engines (GTEs). At present, 
technological challenges associated with the further development of convective blade 
cooling and the state of heat-resistant alloy metallurgy indicate the need to improve 
GTE cycle parameters. This requires the development of a new system for protecting 
gas turbine blades and the transition from heat-resistant multicomponent coatings 
to thermal protection coatings (TPC). Attempts to create protective heat coatings 
for gas turbines were made more than 60 years ago. However, interest in these 
technologies has recently increased significantly, as modern GTDs operate at very 
high temperatures, which poses new challenges for heat protection materials and 
technologies. 

25.2 Experimental Part 

At RPE ‘Eltechmash’, protective coatings on gas turbine blades were applied by elec-
tron beam evaporation of MeCrAlY (where Me–NiCoFe), MeCrAlYHfSiZr alloys, 
and ceramics based on ZrO2 stabilised by Y2O3 and subsequent condensation of the 
vapour phase on the surface of gas turbine blades for various purposes [1]. (Fig. 25.1).

Studies have shown that the use of heat-shielding coatings with a thickness of 250 µm 
and thermal conductivity of 1 W/m2K on two turbine stages allows for one of two 
possibilities [2–7]: 

1. At a constant operating temperature of the blade material, increase the gas temper-
ature in front of the turbine by about 100 °C, which will lead to an increase in 
efficiency and fuel economy by more than 13%; 

2. Without changing the gas temperature in front of the turbine, increase the service 
life of the blades by about 4 times due to a decrease in their operating temperature.
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Fig. 25.1 Schemes of heat-resistant and heat-protective coatings obtained by electron beam depo-
sition: a—single-layer metallic types MeCrAlY, MeCrAlY(HfSiZr); b—single-layer composite 
micro-layer types with alternating layers of MeCrAlY (MeCrAlYHfSiZr)/MeCrAlY (MeCrAlY-
HfSiZr) + MeO where MeO is Al2O3 or ZrO2 + 6… 8 wt% Y2O3; c—two-layer coatings with an 
inner metal MeCrAlY (MeCrAlYHfSiZr) and an outer ceramic layer; d—two-layer coatings with an 
inner composite MeCrAlY(MeCrAlYHfSiZr) + MeO of dispersion-hardened or micro-layer types 
and an outer ceramic (ZrO2–Y2O3) layer; e—three-layer coatings with inner and intermediate 
metal layers based on MeCrAlY (MeCrAlYHfSiZr) alloys and an outer layer based on ceramics 
(ZrO2–Y2O3); f—three-layer coatings with inner metal MeCrAlY (MeCrAlYHfSiZr), interme-
diate composite MeCrAlY (MeCrAlYHfSiZr) + MeO of dispersion-strengthened or micro-layer 
types and outer ceramic (ZrO2–Y2O3) layers; g—three-layer coatings with internal metal MeCrAlY 
(MeCrAlYHfSiZr), intermediate composite MeCrAlY (MeCrAlYHfSiZr) + MeO of dispersed or 
micro-layer types and external ceramic (ZrO2–Y2O3) layers with nanodispersed boride particles, 
which, when oxidised, heal microcracks in the outer ceramic layer that occur during heating and 
cooling thermal cycles

The total thickness of single-layer heat-resistant coatings does not exceed 150 µm, 
two-layer heat-protective coatings—200 µm, three-layer heat-protective coatings— 
300 µm. The thickness of the damping inner layer with a reduced Al content (3– 
6% by weight) in three-layer heat-shielding coatings ranges from 30 to 50 µm, 
the thickness of the intermediate heat-resistant layer is 50–80 µm, and the outer 
ceramic layer is 80–120 µm. The concentrations of chromium, aluminium, yttrium 
in the heat-resistant layer are 18–24% by weight, 10–130% by weight, 0.4–1.8% by 
weight, respectively, and zirconium, hafnium, and silicon are from 0.05 to 0.2% by 
weight.
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25.3 Results and Discussion 

Additional alloying of MeCrAlY alloys with zirconium, hafnium and silicon made it 
possible, on the one hand, to increase the heat resistance of single-layer multicompo-
nent and composite heat-resistant coatings, and on the other hand, when these alloys 
are used as materials for the internal damping and intermediate heat-resistant layer, 
to slow down the diffusion processes at the interface between the base—damping 
layer, intermediate heat-resistant layer—outer ceramic layer and thereby increase 
the overall service life of the coating. 

An even greater slowdown of diffusion processes in the coating is observed when 
an intermediate heat-resistant layer is used in a micro-layer version. Optimal param-
eters are achieved when the thickness of the alternating metal and composite layers is 
from 0.5 to 1 µm and the concentration of dispersed refractory particles (ZrO2–Y2O3, 
Al2O3) in the composite microlayer is from 0.3 to 1% by weight. 

In the design of thermal protective coatings (TPC), the formation of a barrier 
microlayer at the interface between the intermediate heat-resistant layer and the 
outer ceramic layer is of great importance. Typically, a 1–5 µm thick metal-ceramic 
layer based on complex spinels of Al2O3,  ZrO2,  Y2O3,  CrO3 and MeCrAlY alloy 
is produced using special technological methods. Such a barrier layer inhibits the 
formation of an oxide (Al2O3) film at the interface between the intermediate and 
outer layers of t he heat-shielding coating.

If the thickness of the Al2O3 film reaches 10–15 µm, delamination of the outer 
ceramic layer ZrO2–Y2O3 is observed. 

The two-layer metal/ceramic coatings (Fig. 25.1c) obtained by the two-stage tech-
nology are widely used at Zorya-Mashproekt (Mykolaiv, Ukraine) and provide a 
service life of the first stage turbine blades of gas turbine units for gas pumping of 
up to 25,000 h. Currently, the company is optimising the technology for applying 
two-layer heat-shielding coatings with an inner composite layer of micro-layer type 
with alternating layers of CoCrAlY/CoCrAlY + (ZrO2–Y2O3) and an outer ceramic 
layer of ZrO2–Y2O3. Such coatings are applied in one technological cycle and should 
provide a service life of up to 32,000 h. 

It is advisable to increase the durability of fuel assemblies by changing the design 
of the coatings, since there is no need to make any changes to the process scheme, 
which is associated with significant energy costs. 

Adjustments in the design scheme of the TZP are not limited by the capabilities of 
electron beam technology. In three-layer coatings (Figs. 25.1e, f, and g), as mentioned 
earlier, MeCrAlY and MeCrAlYSiHfZr alloys are used as an internal damping layer 
with a ratio of components that provides high plasticity (relative elongation at break 
δ = 2.5%) and sufficient heat resistance. This layer is used to reduce stresses in the 
concrete mixtures, as well as to inhibit and block cracks developing from the surface 
to the depth of the base.

The intermediate layer is a composite of increased heat resistance and thermal 
stability. The third outer ceramic layer is formed on the basis of zirconium dioxide 
stabilised with yttrium oxide. One or more borides with a concentration of 5–10%
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by weight and a nanoparticle size of 10–20 nm are additionally introduced into the 
outer ceramic layer. These nanoparticles, when oxidised, heal microcracks that occur 
in the outer ceramic layer. 

The latest modification of the TFP for the protection of the first stage turbine blades 
of fifth-generation military engines. Such work is being carried out for Ukrainian 
enterprises operating in the field of gas turbine construction (SE Ivchenko-Progress 
and JSC Motor-Sich in Zaporizhzhia). 

Laboratory and industrial electron beam equipment has been developed to apply 
heat-resistant and heat-protective coatings. Figure 25.2 shows the appearance of the 
universal laboratory electron beam unit L-2 for melting and evaporation of materials 
in a vacuum [8]. Schemes of technological processes are shown in Fig. 25.3, technical 
characteristics of the installation are given in Table 25.1. 

Fig. 25.2 Exterior view of 
the universal laboratory 
electron beam machine L-2 

Fig. 25.3 Schemes of technological processes of the L-2 unit: 1—working chamber; 2—electron 
beam (EB) gun for heating products from below; 3—EB gun for evaporation of materials; 4—EB 
gun for heating products from above; 5—vertical mechanism for feeding the billet for fusion; 6— 
mechanism for suspension and rotation of the product; 7—inspection system; 8—dimension of the 
cylindrical product; 9—dimension of the disc product; 10—damper; 11—crucible; 12—ingot; 13— 
ingot feeding mechanism for evaporation; 14—horizontal product feeding mechanism; 15—airlock 
chamber
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Table 25.1 Technical characteristics of the L-2 unit 

1 Installed capacity, kW 300 

2 Acceleration voltage, kV 20 

3 Size of ingots to be evaporated, mm

- Diameter 70

- Length 400 

4 Size of workpieces to be fused, mm

- Diameter 80

- Length 390 

5 Size of ingots to be smelted, mm

- Diameter, section 70

- Length 400 

6 Condensation surface size, mm

- Rectangular flat 350 × 350
- Round flat (diameter) 400

- Cylindrical 

Diameter 150 

Length 350 

7 Number of crucibles, pcs 3 

8 Inner diameter of crucibles 70, 74 

9 Horizontal rod lifting capacity, kg 30 

10 Horizontal rod lifting capacity, kg 50 

11 Number and rated power of electron guns, n × kW
- For evaporation of materials 3 × 60
- For heating products 2 × 60
- For remelting (3 × 60) 

12 Degree of vacuum in the working chamber, Pа 6 × 10−3 to 1 × 10−2 

13 Cooling water flow rate, m3/h 10 

14 Area occupied by the unit, m2 100 

The system consists of a working and auxiliary chambers for loading and 
unloading the products to be coated. The plant is equipped with 5 electron beam 
guns with hot cathodes of its own design. The plant is designed for:

• remelting of metals and alloys for refining and production of cylindrical ingots;
• production of special alloys, including intermetallics, such as Ni3Al, Ti3Al, TiAl, 

etc.;
• deposition of corrosion-resistant, heat-protective, structural coatings on flat and 

rotating surfaces, including gas turbine blades;
• deposition of particularly hard wear-resistant coatings from pure metal-like 

compounds and their mixtures, including micro-layer coatings;



25 Electron-Beam Evaporation–condensation Technology for Applying … 361

• synthesis of refractory compounds (carbides, borides, silicides) during the 
deposition of steam streams,

• borides, silicides) and production of thin and thick coatings;
• production of dispersion-strengthened microlayer and microporous materials in 

the form of coatings and massive blanks separable from the substrate;
• production of coatings from equilibrium phases of carbon. 

For industrial use, a universal electron beam unit L-9 was created [9]. The general 
view of the installation and the coating scheme are shown in Fig. 25.4. Technical 
characteristics are given in Table 25.2. 

The plant is a block of vacuum chambers with mechanisms, devices and systems 
that ensure the technological process of coating various products in a vacuum. A 
block of crucibles is docked to the lower flange of the working chamber, which 
includes four mechanisms for feeding evaporated ingots. The ingots of evaporated 
materials are fed into the mechanisms from above through the crucibles. A special 
feature of the plant’s design is its equipment with a new power supply with stabilised 
accelerating voltage and electric beam heaters with a cold cathode. 

The use of a cold cathode made of a low-alloy aluminium-based alloy eliminates 
any distortion, which makes it possible to obtain a stable electron beam for 250 h of

Fig. 25.4 General view of the L-9 unit and coating scheme: 1—process chamber; 2—gateway 
chamber; 3—electron gun; 4—cassette; 5—cassette (product) feeding mechanism; 6—ingot feeding 
mechanism; 7—crucible; 8—inspection system; 9—damper; 10—vacuum system; 11—service 
platform; 12—control panel
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Table 25.2 Technical characteristics of the L-9 unit 

1 Installed capacity, kW 400 

2 Acceleration voltage, kV 25 

3 Size of evaporating ingots, mm

- Diameter 70

- Length 500 

4 Dimensions of the cassette with sprayed shovels, mm

- Diameter 250

- Length 500 

5 Number of crucibles, pcs 4 

6 Load capacity of the cassette feed rod, kg 50 

7 Number and rated power of electronic guns, n x kW 6×60 

8 Vacuum degree in the working chamber, Pa 6×10−3 to 1×10−2 

9 Cooling water flow rate, m3/h 15 

10 Area occupied by the unit, m2 140

operation of the facility without replacing it. On the other hand, cold cathode electron 
beam heaters are capable of stable operation at a vacuum of 10 Pa, while hot strip 
cathode electron beam heaters operate in a vacuum of at least 5 × 10–2 Pa. 

The use of cold cathode electron beam heaters involves the injection of oxygen 
into the zirconium dioxide vapour cloud and ensures the stoichiometric composition 
of the outer layer of the heat shielding coating. 

The four cold cathode electron beam guns are used to evaporate the feedstock 
from the crucibles and are arranged in such a way that each electron gun designed to 
evaporate an ingot from a particular crucible can also be used to evaporate material 
from an adjacent crucible. This may be necessary if the number of crucibles or their 
arrangement is changed to meet the requirements of the process. Two synchronously 
operating dampers are designed to shield the products during the heating of the 
evaporated materials and products until the process conditions are stabilised. Two 
similar electron guns mounted on top of the process chamber are used to heat the 
products. Two gateway chambers are used for reloading the coated products. 

The volumes of the process and gateway chambers are separated by two vacuum 
gates. The gateway chambers are equipped with devices for ionic cleaning of products 
before coating. The presence of two auxiliary chambers increases the productivity of 
the plant. Coatings are applied to the products fed alternately from the gateway cham-
bers without depressurising the working chamber where the coatings are deposited. 
The horizontal feeding mechanism is used to move the products from the airlock 
chambers to the spraying chamber and back, as well as to rotate the products. The 
rods are equipped with devices for receiving signals from thermocouples mounted 
on cassettes with blades. The design of the system uses separate sources for each 
electron gun with an accelerating voltage of 30 kV. 

The plant control system performs:
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Fig. 25.5 Schematic of an advanced electron beam unit for applying protective coatings: 1— 
working chamber; 2—planetary mechanism of product (blades) rotation; 3—flap; 4—manipulator; 
5—transition chamber; 6—rails; 7—sluice chambers; 8—stand; 9—ceramic ingot; 10—metal ingot; 
11—crucible; 12—rotating support; 13—product (blade); 14—electron gun; 15—drive gear; 16— 
gripper; 17—shutter 

• monitoring the technical condition of all plant systems;
• automatic preparation of the plant for the technological process;
• control of plant components from the operator’s console during the process;
• processing, display and storage of process parameters and cyclograms in real time. 

Currently, work is underway to develop design documentation for a fundamentally 
new industrial electron beam equipment for deposition of protective coatings. The 
unit (Fig. 25.5) is a block consisting of four interconnected vacuum chambers: the 
process chamber 1, the transition chamber 5 and two gateway chambers 3. 

Inside the process chamber 1, water-cooled crucibles 11 are installed, in which 
ingots 9,10 of evaporated materials are placed. Beams of electron guns 14 evaporate 
the ingot material, which condenses in the form of steam on the products 13. The 
number of crucibles used can vary depending on the required composition and design 
(two- or three-layer, micro-layer) of the coating. 

All types of protective coatings can be deposited at this facility, including new 
types of micro-layer silicide coatings. 

It should be noted that the company has implemented a closed cycle of deposition 
of coatings on turbine blades, including the smelting of all types of ingots on nickel, 
cobalt and iron bases using ceramic ingots.



364 M. Grechanyuk et al.

25.4 Conclusions 

The use of electron beam installations for applying protective coatings to gas turbine 
blades shows significant potential for improving the efficiency of these engines. 
According to the studies, the L-9 unit with cold cathodes demonstrates stable opera-
tion for 250 h without the need to replace cathodes, which is a significant improvement 
over previous models. The successful introduction of these technologies into industry 
demonstrates the ability of electron beam facilities to provide up to 30 kV of acceler-
ating voltage for each electron gun. This allows for stable deposition of coatings on 
the surface of turbine blades, ensuring their protection and long service life. Refined 
technical indicators, such as a reduction in vacuum requirements by 10 Pa for cold 
cathode electron beam heaters compared to 5 × 10–2 Pa for hot strip cathodes, indi-
cate an improvement in the efficiency of the new technologies. This makes it possible 
to optimise the coating process under vacuum conditions, ensuring the stability and 
quality of the coating. Studies also show that electron beam installations allow depo-
sition of various protective coatings, including new types of micro-layer silicide 
coatings, which opens up broad prospects for improving the reliability and service 
life of gas turbine engines. Thus, the results of research and practical implementa-
tion of electron beam installations for applying protective coatings to gas turbine 
blades indicate their great potential for improving the technical characteristics of 
these engines, in particular, increasing their efficiency and reliability. 
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Chapter 26 
Preparation and Problem-Solving in Si/ 
SiO2 Anode Materials 
for High-Performance Lithium-Ion 
Batteries 

Akbar Avvalboev , Mirtemir Kurbanov , Ilkhom Ashurov, 
Sardor Tulaganov , Usmon Choriev, and Lyudmila Andriyko 

Abstract Despite several challenges, Si/SiO2-based lithium-ion batteries (LIBs) 
show potential to replace widely used carbon-based LIBs due to their higher capacity 
and higher energy density. The high abundance of silicon in the Earth’s crust and 
the possibility of synthesizing SiO2 nanoparticles from copper slag at low cost 
and with high energy efficiency enable maintaining a lower production cost for 
LIBs. By optimizing the concentration of Si/SiO2/C/PVDF and reducing the average 
particle size of the materials to 140–160 nm, it was possible to minimize degrada-
tion in the anode material. The prepared anode material was studied using SEM and 
XRD methods, while its electrochemical properties, long-cycle charge–discharge 
behavior, and voltammetric characteristics were recorded. High economic efficiency 
was achieved by optimizing experimental conditions and ensuring the substitution 
and regeneration of reagents used during the process. 

26.1 Introduction 

Current trends demand the development of new types of energy storage devices and 
the optimization of existing ones, as the demand for chargeable batteries is growing 
rapidly. Today, the most widely used rechargeable batteries are lithium-based, and 
their active materials are built on graphite [1]. In lithium-ion batteries (LIBs), the

A. Avvalboev (B) · M. Kurbanov · I. Ashurov · S. Tulaganov · U. Choriev 
Arifov Institute of Ion-Plasma and Laser Technologies of Academy of Sciences, Tashkent, 
Uzbekistan 
e-mail: avvalboev@iplt.uz 

A. Avvalboev 
National University of Uzbekistan, Tashkent, Uzbekistan 

L. Andriyko 
Chuiko Institute of Surface Chemistry of NASU, Kyev, Ukraine 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025 
O. Fesenko and L. Yatsenko (eds.), Functional Nanomaterials, Nanocatalysts, 
Nanotechnologies, and Their Applications, Springer Proceedings in Physics 321, 
https://doi.org/10.1007/978-3-031-99136-3_26 

367

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-99136-3_26&domain=pdf
http://orcid.org/0000-0003-1124-8813
http://orcid.org/0000-0003-3002-8373
http://orcid.org/0000-0003-1881-2165
http://orcid.org/0000-0001-5558-5374
mailto:avvalboev@iplt.uz
https://doi.org/10.1007/978-3-031-99136-3_26


368 A. Avvalboev et al.

primary research is conducted on the anode and electrolyte components because 
carbon-based cathodes can sufficiently accept and release lithium ions during charge 
and discharge processes [1, 2]. The theoretical capacity of the graphite-based anode 
in these batteries is 372 mAh/g, and in practice, this capacity has almost been fully 
utilized [2, 3]. Therefore, new materials are being explored as active components 
for lithium-ion batteries. Silicon (Si) and its oxides are highly promising for this 
purpose due to their theoretical capacities: 4200 mAh/g for Si, 2767 mAh/g for SiO, 
and 1872 mAh/g for SiO2. These values enable the achievement of higher capacity 
and energy density for LIBs [4]. 

Anode materials based on silicon (Si) in LIBs also present several challenges. One 
of the major issues is volumetric expansion, which has been observed to reach 350– 
400% for Si and 80–150% for SiO2 [5]. This rapid expansion accelerates the mechan-
ical degradation of the battery, effectively eliminating the possibility of creating a 
stable and durable structure [5, 6]. In classical graphite-based LIBs, the electrical 
conductivity is 105 S  m−1, allowing a significant reduction in charging time. However, 
pure Si and SiO2 exhibit much lower electrical conductivity (see Table 26.1). There-
fore, it is necessary to create composite materials by combining them with elements 
that possess higher electrical conductivity [5]. 

In comparison, SiO2 offers moderate improvements in specific capacity (1965 
mAh g–1) but still faces challenges with volume expansion (100%) and lower elec-
trical conductivity (< 10–1 S  m–1 ) [2, 7]. On the other hand, graphite exhibits superior 
electrical conductivity (105 S m–1) and minimal volume change (10%), ensuring 
stable performance and higher initial coulombic efficiency (90–95%) [5]. The find-
ings highlight the need to develop composite materials or structural modifications for 
Si and SiO2 to mitigate their drawbacks while leveraging their high energy storage 
potential [8]. 

As in typical LIBs, in Si and SiO2-based systems, irreversible reactions during 
the initial charge/discharge cycles cause a significant drop in Coulombic efficiency 
(CE) [9, 10]. During the first few cycles, reactions such as (26.1), (26.2), (26.3), and 
(26.4) lead to lithium ions being trapped within the structure, preventing their release 
[10]. 

5SiO2 + 4Li+ + 4e− → 2Li2Si2O5 + Si (26.1)

Table 26.1 Provides a comparative overview of the main characteristics of silicon (Si), silicon 
dioxide (SiO2), and graphite (C) as anode materials for lithium-ion batteries (LIBs) [2, 6] 

Anode material Si SiO2 C (graphite) 

Volume change (%) 350–400 100 10 

Electrical conductivity (S m−1) 10–1 <  10–1 105 

Initial theoretical specific capacity (mAh/g) 4200 1965 372 

Typical initial coulombic efficiency (%) 70–85 52.38 90–95 
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3SiO2 + 4Li+ + 4e− → 2Li2SiO 3 + Si (26.2)

2SiO2 + 4Li+ + 4e− → Li4 SiO4 + Si (26.3)

SiO2 + 4Li+ + 4e− → 2Li 2O + Si (26.4)

In general, the reactions involving lithium ions occur in two stages. In the 
first stage, an active electrochemical phase (Li2Si2O5) and inactive electrochemical 
phases (Li4SiO4,  Li2SiO3, and Li2O) are formed. In the second stage, newly formed 
silicon interacts with lithium ions to produce LixSi compounds [9, 11]. Conversely, 
during the delithiation process, the remaining inactive phases (Li4SiO4,  Li2SiO3, 
and Li2O) result in a lower initial Coulombic efficiency (CE) for SiO2 due to their 
inability to restore the original charge capacity effectively [6, 12]. 

Understanding the role of the Solid Electrolyte Interphase (SEI) layer in silicon 
(Si) and silicon dioxide (SiO2)-based lithium-ion batteries is crucial [13]. The volu-
metric expansion of silicon electrodes caused by their reaction with lithium ions 
significantly affects the stability and quality of the SEI layer. Silicon oxide additives 
can help manage this process by reducing silicon expansion and improving the SEI 
layer [8, 13]. The primary function of the SEI layer is to allow lithium-ion transport 
while preventing electron transfer [14]. This layer ensures the battery operates safely 
and efficiently. However, the formation of the SEI layer on silicon electrodes can be 
complex because silicon’s expansion and contraction may damage this layer [12, 15]. 
To enhance SEI layer stability, electrolyte composition is optimized, and nanoscale 
materials or additives are employed. A stable SEI layer is critical for improving the 
battery’s lifespan and efficiency [16]. Therefore, silicon and silicon oxide materials 
require modifications and optimizations to ensure the SEI layer’s effective perfor-
mance in lithium-ion batteries [17]. Experiments have shown that several issues 
encountered in Si and SiO2-based LIBs, such as SEI stability, volumetric expansion, 
and low electrical conductivity in the anode, can be addressed by utilizing materials 
with sizes in the range of 100–200 nm [18–20]. Additionally, using various carbon 
modifications and polymer-based compounds in the preparation of composite mate-
rials for the anode has also demonstrated significant effectiveness in resolving these 
challenges [21, 22]. 

26.2 Methods and Materials 

The main materials used in this study include copper slags from AMMC, ammonium 
fluoride (NH4F, 98.5%) supplied by Guangzhou Yijia Supply Chain Co. Ltd, Super 
P carbon powder (99%), polyvinylidene fluoride (PVDF), and the organic solvent 
N-Methylpyrrolidone (NMP, 99.0%).
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26.2.1 Synthesis of SiO2 Nanoparticles 

Nano-sized particles obtained from the processing of copper slag from AMMC were 
used as a source of SiO2. An analysis of the elemental composition of the copper 
slag revealed its high SiO2 content (see Table 26.2). 

The fluorination process enables the extraction of SiO2 particles with control-
lable dispersion, alongside metal concentrates as the primary product. The procedure 
involves mixing copper slag with NH4F in the fluorination reactor and maintaining 
the mixture at 30–200 °C for approximately two hours. This method offers an efficient 
route to utilize copper slag for advanced material synthesis (see Fig. 26.1)  [23–26]. 

In the second stage of the reactor, at temperatures between 200 and 400 °C, 
sublimation of SiO2 bonded with fluorine is observed, leaving metal concentrates 
at the bottom. In the desublimator, HFSA (Hexafluoroammonium) ((NH4)2SiF6) 
is formed. Using the sol–gel method, HFSA enables the synthesis of controlled 
and monodisperse SiO2 particles. This approach provides an efficient pathway for 
creating high-quality SiO2 particles with desired properties. (see Fig. 26.2).

In the second stage of the reactor, temperatures are raised to 200–400 °C, facili-
tating the sublimation of fluorinated SiO2 from the metal concentrates. This results in

Table 26.2 Elemental composition of copper slag used as a source of SiO2 

SiO2 Fetotal Al2O3 CaO Cu MgO Zn 

29.8–40.0 30.7–41.4 4.2–6.0 1.8–2.6 0.06–0.9 0.5–1.3 0.9–1.2 

Fig. 26.1 Schematic of the fluorination process for copper slag to synthesize SiO2 particles 
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Fig. 26.2 Schematic of the SiO2 nanoparticles from HFSA using the sol–gel method

the formation of HFSA ((NH4)2SiF6) in the desublimator, while metal concentrates 
remain at the bottom. Using the sol–gel method, HFSA can be further processed 
to synthesize controlled and monodisperse SiO2 particles, offering precise material 
properties for advanced applications. In this technology, (see Figs. 26.1 and 26.2)  it  is  
possible to control the dispersity of SiO2 nanoparticles by influencing several param-
eters of the hydrolysis process. By adjusting the hydrolysis temperature, ammonia 
content, pH level, and concentration, the size of the resulting particles can be precisely 
controlled. Using the developed technology, SiO2 nanoparticles with an average size 
of 145 nm were synthesized. One of the main achievements of this technology is that 
the purity of the produced SiO2 exceeds 99.97%, while also being cost-effective and 
employing an environmentally friendly process.

26.2.2 Preparation of Si 

Silicon is the second most abundant element in nature, making up 27.6% of the Earth’s 
crust by mass. This provides a cheap and abundant raw material source for LIBs. 
However, in preparing composite materials for anodes, crystalline silicon cannot be 
directly used. Its size must be reduced to 150 nm. For this purpose, it was ground in 
a ball mill for 22 h. Structural analysis revealed that the resulting particle sizes were 
close to the desired dimensions. 

Metallurgical-grade silicon (Si) can be produced through high-temperature 
carbothermal reduction of silicon dioxide (SiO2), which is obtained from copper slag. 
However, due to the fine powder nature of SiO2 from copper slag—characterized by 
low gas permeability and a tendency to carry over small particles—it is unsuitable
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for direct smelting in an electric arc furnace. To address this issue, the material 
is converted into briquettes using a binder. Sodium liquid glass with the formula 
Na2O(SiO2)n and a density of 1.34 g/cm3 is used as the binder. A 2.5% aqueous 
solution of liquid glass at the specified density effectively produces briquettes with 
sufficient mechanical strength. 

26.2.3 The Method for Preparing SiO2/C and Si/C 
Nanocomposites 

The nanocomposite serving as the active anode material was synthesized using SiO2 

or Si, Super P (pure carbon), and polyvinylidene fluoride (PVDF) in specific weight 
ratios: 30–70% SiO2 or Si, 20–60% Super P, and 10% PVDF across all samples. 
NMP was used as the solvent. The mixture was stirred at 1500 rpm for 12 h at room 
temperature with a magnetic stirrer, applied to a copper foil, and then dried under 
vacuum at 80 °C for 12 h to ensure NMP evaporation. 

26.2.4 Electrochemical Measurements 

Electrochemical measurements were carried out using a coin cell (CR2032) assem-
bled in an argon-filled glovebox, with the oxygen content maintained at 40–45 ppm. 
(see Fig. 26.3) The working LIB cell consisted of a lithium iron phosphate (LiFePO4) 
cathode with a diameter of 15 mm, a single-layer microporous polypropylene film 
(Celgard 2400) with a diameter of 20 mm as the separator, and an active anode mate-
rial made from a silicon-carbon mixture applied onto copper foil and cut into 15 mm 
diameter discs. The total mass of the active anode material was 3 mg. 

The electrolyte used was 1 mol L–1 LiPF6 dissolved in a mixture of ethylene 
carbonate (EC) and diethyl carbonate (DEC) in a 1:1 weight ratio. The electrochem-
ical properties of the obtained materials were evaluated using cyclic voltammetry and

Fig. 26.3 Diagram of the 
assembly of a lithium-ion 
cell 
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galvanostatic charge/discharge methods. Galvanostatic charge/discharge tests were 
conducted at room temperature (25 °C) within a potential range of 0–4.2 V and a 
current range of 8–10 mA, using a Neware BTS4000 multichannel battery testing 
system. 

26.3 Results and Discussion 

26.3.1 Materials’ Physical and Chemical Characteristics 

The elemental composition and purity of the prepared Si and SiO2 for composite 
material production were analyzed. The SiO2 nanoparticles synthesized using the 
sol–gel method were found to have high purity, as confirmed by mass spectrom-
etry (ICP MS 7700). The elemental composition of SiO2 was recorded to be above 
99.97%. The trace amounts of metal elements in the material did not negatively 
affect the properties of the anode material. On the contrary, a slight improvement in 
electrical conductivity was observed due to their presence. (see Table 26.3). 

It is known that pure Si and SiO2 have very poor electrical conductivity. Therefore, 
carbon (C) was added in varying proportions during the preparation of the composite 
material, with optimal concentrations being carefully selected. Higher proportions 
of carbon led to a decrease in capacity, necessitating the selection of alternative 
proportions. The electrical conductivity of the composite material was studied using 
the four-point probe method. (see Table 26.4) These conductivity values were found 
to be the most optimal, and experiments confirmed their suitability for achieving the 
best charge–discharge cycle speeds and charge density values. 

The particle size of SiO2 used in the fabrication of the anode material was studied 
using NANOSIGHT, revealing an average size of approximately 140–145 nm. The 
dispersion of particles can be controlled by influencing the hydrolysis process through

Table 26.3 Purity of SiO2 nanoparticles synthesized using the sol–gel method 

Elements SiO2 Fe Al K Ca Cu Zn Mg 

Composition (%) 99.97 0.014 0.006 0.003 0.002 0.001 0.001 0.001 

Table 26.4 Electrical resistivity and electrical conductivity of the anode material measured using 
the four-probe method 

Electrical resistivity, Ω·m Electrical conductivity, 1/Ω·m 

Si/PVDF/C-50/10/40 0.01382 72.35 

SiO2/PVDF/C-50/40/10 0.04319 20.35 

Si/PVDF/C-70/10/20 0.01925 51.94 

SiO2/PVDF/C-70/40/20 0.02986 33.49 
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factors such as temperature, pH, concentration, and the level of ammonia. A corre-
lation was observed in the results (see Fig. 26.4). The particles also exhibited high 
dispersity, which was controlled as described in process 2.1. 

Figure 26.5 presents the X-ray diffraction (XRD) patterns of SiO2 nanoparticles 
(see Fig. 26.6a) and the SiO2/C composite material with a 50:50 SiO2-to-carbon ratio 
(see Fig. 26.6b). In Fig. 26.10a, the broad diffraction peak observed between 20° 
and 25° confirms the amorphous nature of the SiO2 nanoparticles. 

Fig. 26.4 The  size  of  SiO2 particles synthesized using the sol–gel method. Particles hydrolyzed 
under 10% ammonia conditions (a) and particles hydrolyzed under 20% ammonia conditions (b)

Fig. 26.5 X-ray diffraction 
patterns of SiO2 
nanoparticles (a)  and  SiO2 
nanoparticles with carbon 
coating at SiO2 = 50:50% 
ratio (b)
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Fig. 26.6 The SEM image of the anode material based on Si/PVDF/C with a ratio of 70/10/20 
(a) and the SEM image of the anode material based on SiO2/PVDF/C with the same ratio (b) 

In Fig. 26.5b, the broad peaks around 22° and 43° correspond to the amorphous 
structure of the carbon layer coated on the SiO2 nanoparticles. Notably, no peaks 
corresponding to silicon are detected, indicating that SiO2 has not been reduced to 
elemental silicon. This is attributed to the fact that the reduction of SiO2 to silicon 
using carbon requires extremely high temperatures, exceeding 1500 °C. 

26.3.2 SEM 

The SEM images of composite materials prepared with Si/PVDF/C and SiO2/PVDF/ 
C in proportions of 70/10/20, respectively, were analyzed (see Fig. 26.6). Upon 
examining the structure of the composite material made of Si, it was observed that 
strong bonds were not formed with C and PVDF. However, this did not significantly 
impact the electrochemical parameters of the structure. This phenomenon can be 
explained by the defects introduced during the grinding process of Si (see Fig. 26.7). 
From the SEM images of Si, it is also evident that the monodispersity index of Si 
particles is low. On the other hand, the SiO2 particles exhibit uniformity in shape and 
dispersity, closely aligning with the dimensions of the materials used. As a result, 
they introduce fewer defects into the anode structure (see Fig. 26.6).

26.3.3 Charging and Discharging Process 

Several experiments were conducted to determine the optimal proportions of Si and 
SiO2 for fabricating the anode material. Increasing the proportion of Si and SiO2 in 
the structure enhances the capacity but reduces electrical conductivity. Conversely, 
increasing the amount of C and PVDF improves electrical conductivity but decreases
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Fig. 26.7 The SEM images of Si (a)  and  SiO2 (b) used for preparing the anode material

the capacity. Therefore, anode materials with Si and SiO2 proportions ranging from 
30 to 70% were fabricated, and their electrical capacity was studied (see Fig. 26.8). 

The composite material consisting of Si/PVDF/C in a ratio of 70/10/20 was 
confirmed as an optimal choice based on its balance of electrical conductivity and 
capacity. Long-term cycling tests demonstrated the material’s capacity retention 
under extended usage conditions, as shown in the provided graph. 

The provided data illustrates the charge and discharge capacities of the Si based 
anode material over multiple cycles. (see Fig. 26.9) Initially, the material demon-
strates a high specific capacity, with a charge capacity of 2382.6 mAh/g and a 
discharge capacity of 3302.3 mAh/g during the first cycle. This high initial capacity 
is typical for new materials due to lithium ions being absorbed into the structural 
layers, leading to irreversible capacity losses. As the cycling progresses, both charge 
and discharge capacities gradually decline. By the 10th cycle, the charge capacity 
decreases to 1256.8 mAh/g, and the discharge capacity falls to 1273.7 mAh/g. This

Fig. 26.8 The capacity of the anode material made with 30–70% Si (a)  and  SiO2 (b) combined 
with C and PVDF
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trend continues, with capacities reducing to 794.5 mAh/g (charge) and 825.3 mAh/ 
g (discharge) by the 54th cycle. This capacity fading can be attributed to factors 
such as mechanical or electrochemical degradation of the material, particle cracking, 
electrolyte decomposition, or the formation of a solid electrolyte interphase (SEI) 
layer. From around the 15th cycle, the rate of capacity decline slows, indicating that 
the material enters a more stable phase. However, the gradual capacity loss over 
extended cycling suggests that the long-term performance of the material is still 
affected. The total capacity retention from the 1st to the 54th cycle is approximately 
66.6%, highlighting significant degradation. Despite this, the difference between 
charge and discharge capacities narrows in later cycles, reflecting an improvement 
in Coulombic efficiency and better energy utilization. 

Figure 26.10a illustrates the cyclic voltammetry (CV) behavior of the SiO2-based 
anode material (60% SiO2) over the first two charge/discharge cycles. In the initial 
cycle, the solid line shows prominent current peaks, which are attributed to the initial 
lithium-ion intercalation and the formation of the solid electrolyte interphase (SEI) 
layer. The low-voltage peak (0–0.5 V) corresponds to lithium insertion into the SiO2 

structure, accompanied by some irreversible capacity loss—a characteristic common 
to silicon-based anodes. During the second cycle, represented by the dashed line, the 
current peaks are reduced, indicating SEI stabilization and improved reversibility 
of lithium intercalation. The consistent shape between the first and second cycles 
reflects the material’s ability to maintain its structural integrity and electrochemical 
performance after SEI formation. This behavior aligns with findings that highlight

Fig. 26.9 The charge–discharge process of the LIB anode material fabricated with Si/C/PVDF in 
70/20/10 ratio at the 50th cycle demonstrates the material’s electrochemical performance
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Fig. 26.10 Cyclic voltammetry (CV) of the SiO2-60% (a) and Si-60% (b) anode materials for the 
first two charge–discharge cycles

the stable cycling performance of SiO2-based anodes, confirming their potential for 
enhanced capacity retention in lithium-ion batteries. 

Figure 26.10b depicts the CV curves for the Si-based anode material containing 
60% silicon (Si-60%) over two consecutive cycles. During the first cycle, a sharp 
current increase near 0.2 V marks the lithiation process, with a distinct peak between 
0.1 V and 0.3 V associated with lithium intercalation and SEI formation, leading 
to some capacity loss. As the voltage increases, the current decreases, signaling 
the completion of lithiation. During delithiation, partial reversibility of the redox 
reactions is observed. 

In the second cycle, the reduction peak decreases, indicating additional capacity 
loss due to SEI stabilization and structural changes. However, the overall curve retains 
a similar shape, suggesting that the material stabilizes after the initial changes. A 
slight shift in peak positions suggests further structural modifications that contribute 
to reduced lithiation capacity in subsequent cycles. These CV results show that while 
SEI formation plays a dominant role during the first cycle, the material demonstrates 
good redox reversibility and stabilizes after the initial capacity loss, offering valuable 
insights into the cycling stability and capacity retention of the Si-60% anode. 

26.4 Conclusions 

This study focused on the controllable synthesis of SiO2 dispersions and their applica-
tion as anode materials for lithium-ion batteries (LIBs). The optimization of reagent 
proportions and their impact on the quality of the anode material were carefully 
investigated. The primary causes of degradation, including volumetric changes and 
the breakdown of interfacial bonds, were analyzed, and strategies to mitigate these 
issues were identified. SEM images revealed that the particle sizes of residual reagents 
during the grinding of Si were closely uniform, which significantly contributed to the 
improvement of electrode material quality. In the synthesized SiO2, the formation of
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bonds involving C and PVDF was observed, enhancing the electrical conductivity 
of the anode material. 

Additionally, the capacity retention after 50 cycles remained high, demonstrating 
the stability of the material. The use of inexpensive and readily available sources 
for the synthesis reagents further supports the feasibility of scaling this method for 
industrial applications. These findings open new opportunities for the production of 
high-performance anode materials for LIBs. 
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Chapter 27 
Influence of Preliminary Thermal 
Oxidation and Gas Nitriding on Phase 
Composition and Thickness 
of Oxide-Ceramic Coatings on VT1-0 
Alloy 

Iryna Pohrelyuk, Volodymyr Posuvailo , Ihor Koval’chuck , 
Iryna Ivasenko , and Roman Iurkevych 

Abstract The influence of preliminary oxidation and gas nitriding of titanium alloy 
on the process of plasma electrolytic synthesis of oxide-ceramic coatings was inves-
tigated. PEO was carried out in the electrolyte KOH (5 g/l), Na2SiO3 (5 g/l). The 
phase composition, thickness and porosity of the obtained oxide-ceramic coatings 
were determined. It was shown that after preliminary oxidation the number of pores 
increases more than 2 times compared to the gas nitriding alloy. Preliminary gas 
nitriding leads to the formation of plasma discharges of a significantly larger pore 
size of 1.66 e−12 m2 compared to 7.74 e−13 m2 for the preliminary oxidized alloy. 
This indicates a significantly higher power of plasma discharges that arise on tita-
nium nitride. These results correlate with the phase composition and thickness of 
oxide-ceramic coatings. Based on the analysis of X-ray diffraction patterns, it was 
established that the main phases in the surface layers are titanium oxides: rutile, 
brookite and anatase. Titanium nitride contributes to the formation of a significantly 
larger amount of high-temperature titanium oxides rutile and brookite in the PEO 
process.
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27.1 Introduction 

One of the key tasks of modern science and technology is the development of 
new technologies for applying highly effective and reliable coatings to metals and 
alloys, which provide protection and strengthening of metal products, increasing 
their operational properties. 

Many methods are known for improving the operational characteristics of metals 
and alloys, such as anodizing, mechanical pulse treatment, vacuum spraying, plasma 
electrolytic oxidation (PEO), chemical-thermal treatment [1–9] and others. These 
technologies allow not only to influence the wear resistance of alloys, but also 
their surface layers, which opens up opportunities for creating materials with new, 
improved properties, in particular, with increased corrosion resistance, strength and 
biocompatibility. Thanks to the use of such methods, it is possible to form coat-
ings with different microstructures, which in turn significantly affect their physico-
chemical and mechanical characteristics. For example, coatings obtained by vacuum 
deposition, anodizing, or PEO can have an amorphous, nanocrystalline, or crystalline 
structure, which provides high hardness and wear resistance, as well as improves their 
ability to be used in electronics and medical applications. 

These surface treatment methods are actively used to form coatings on titanium 
alloys. Since titanium alloys have unique physicochemical properties—low density, 
high melting point, low thermal conductivity. But along with this, they have low wear 
resistance and cannot be used in friction units without additional surface treatment. 
To increase the wear resistance and strength of titanium parts, they are subjected 
to preliminary thermal chemical treatment (TCT), which allows diffusion saturating 
and strengthening the treated surface. Nitrogen is mainly used for TCT of titanium 
alloys. The increased temperature creates conditions for better diffusion of nitrogen 
into the crystal lattice of the titanium matrix, which has a positive effect on the 
formation of strengthened nitride layers. 

Titanium nitrides have a low coefficient of thermal expansion and a low level of 
residual stresses. This minimizes the risk of cracking or destruction of the surface 
layer of the material. 

However, the nitriding process has certain difficulties. In particular, the diffusion 
of nitrogen atoms into the crystal lattice of α- and β-modifications of titanium is 
slower than that of oxygen atoms. Therefore, to form a thicker diffusion layer, the 
nitriding process is carried out at higher temperatures and longer exposure in a 
nitrogen atmosphere. This promotes the growth of nitride crystallites in the titanium 
matrix, which leads to an increase in the strength of nitrided parts [10, 11]. 

The priority direction of materials science for coatings on titanium alloys is both 
the search for ways to intensify process to ensure the formation of high-quality hard-
ened layers, preserving the mechanical properties of the base material, and the devel-
opment of new coatings with bioactive and semiconductor properties for medical and 
electronic applications. 

One of the promising methods for processing titanium alloys is PEO. This tech-
nology allows to create multifunctional oxide-ceramic coatings on valve metals,
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such as aluminum, magnesium, titanium, zirconium and tantalum. The advantages 
of using the PEO method for titanium alloys are that titanium oxides have unique 
properties and are used as semiconductors and LEDs. Titanium oxides are also widely 
used in electronics, acting as catalysts for chemical reactions [12, 13]. Due to their 
high corrosion resistance and biocompatibility, titanium-based coatings formed by 
the PEO method are used as implants in medicine [14–16]. 

The aim of the work is to study the processes of forming oxide-ceramic layers 
with specified properties on titanium alloys. For this purpose, it is necessary to 
study in detail the influence of various pre-treatment methods on the properties 
and formation mechanism of coatings obtained by the PEO method. This will not 
only improve the surface treatment technologies of titanium alloys, but also ensure 
their wider application in industries such as aviation, shipbuilding, biomedicine, and 
electronics. 

27.2 Methods and Materials 

Preliminary oxidation of titanium alloy VT 1-0 (Ti—99.7; Fe—0.2; Si—0.1) was 
carried out in air at a temperature of 650 °C for 1 h. Gas nitriding was carried out 
according to the standard method [3]. The synthesis of PEO coatings was carried 
out in an electrolyte (KOH (5 g/l), Na2SiO3 (5 g/l)) with a holding time of 5 min 
[17]. The elemental composition of the obtained coatings was studied by scanning 
electron X-ray microscopy on a microscope (Zeiss EVO-40XVP). X-ray structural 
phase analysis of plasma electrolytic coatings was carried out on a DRON-3.0 X-ray 
diffractometer using CuKα radiation. The crystallographic parameters of all phases 
present in the coatings were refined by the full profile Rietveld method using the 
FuLLProf program [18]. The thickness of the coatings was determined on transverse 
sections of oxidized samples using a LOMO METAM RV-21 optical microscope. 
Their porosity was investigated by analyzing micrographs of PEO coatings obtained 
on a Zeiss EVO-40XVP scanning electron microscope with a magnification of × 
1000 according to the method [19]. 

27.3 Results and Discussions 

The work investigated the influence of preliminary oxidation and gas nitriding on 
the phase composition and structure of oxide-ceramic coatings based on titanium 
alloy VT1-0. Also, the phase composition of the surface layers, the crystal structure 
of the formed compounds and the distribution of elements in the oxide layers were 
determined by X-ray structural analysis and scanning electron microscopy. 

Figure 27.1 shows micrographs of the surface of titanium alloy VT1-0 after 
oxidation (a) and gas nitriding (b).
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Fig. 27.1 Micrograph of the surface of titanium alloy VT 1-0 preliminary oxidation (a)  and  gas  
nitriding (b )

By the method of plasma electrolytic oxidation for 2 h, it was possible to synthesize 
quite porous oxide layers. It was established that on the pre-oxidized titanium alloy 
VT 1-0 within 5 min of synthesis, an oxide-ceramic coating with a thickness of 
15–20 µm is formed, and on the nitrided one, under the same conditions, 30–40 µm. 

Figure 27.2 shows micrographs of the surface of oxide-ceramic coatings synthe-
sized on the titanium alloy VT 1-0 after preliminary oxidation (a) and gas nitriding 
(b). 

The porosity of the obtained coatings was investigated by the method of segmen-
tation of surface micrographs. To solve such problems, both classical segmentation 
methods and machine learning methods are actively used [20–28]. 

Image segmentation was performed by determining the threshold value of the 
image intensity function. The thresholding operation consists in comparing the value 
of the intensity function of each pixel of the image with a given threshold value. 
Selecting the appropriate value allows you to select a certain type of area in the image.

Fig. 27.2 Surface micrographs of oxide-ceramic coatings synthesized on titanium alloy VT 1-0 
after preliminary oxidation (a) and gas nitriding (b) 
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Fig. 27.3 Results of surface segmentation of oxide-ceramic coatings on titanium alloy VT 1-0 after 
preliminary oxidation (a) and gas nitriding (b) 

In the binarization process, the initial halftone image, which has 256 Gy levels, is 
converted to black and white, where the background pixels have the value 1, and the 
pore pixels have the value 0 (see Fig. 27.3). In the case of a noisy background, a 
filtering procedure or retinex transformation can be applied before segmentation to 
smooth the background [29, 30]. 

After the segmentation procedure, the total number of defects N is determined; 
the defect area Sdef ; the ratio of the number of defects to the total area N /Ssur ;  the  
ratio of the defect area to the total area Sdef / Ssur ; the minimum defect size Smin;  the  
maximum defect size Smax; the average defect size Savg. The surface area is Ssur = 
4.680332e−08 m2. The defect parameters are given in Table 27.1. 

Figure 27.3 shows the corresponding segmented images of the surface of oxide-
ceramic coatings. 

It was found that after preliminary oxidation, the number of pores increases more 
than 2 times, but the total area of pores (isolated by the object segmentation method) 
is almost the same. Preliminary gas nitriding leads to the formation of a significantly 
larger size of plasma discharge pores. This is explained by the fact that preliminary 
gas nitriding promotes the formation of more powerful spark discharges, which 
correlates well with the results of the study of transverse sections of oxide-ceramic 
coatings.

Table 27.1 Results of 
surface segmentation of oxide 
ceramic coatings 

Parameters VT 1-0-pre-oxidation VT 1-0-TiN 

N 2913 1361 

Sdef 2.256094e−09 m2 2.269460e−09 m2 

N /Ssur 6.223917e+10 1/m2 2.907913e+10 1/m2 

Sdef /Ssur 0.04820372 0.04848929 

Smin 6.925208e−14 m2 6.925208e−14 m2 

Smax 5.609418e−12 m2 2.894737e−11 m2 

Smean 7.74225869e−13 m2 1.66627007e−12 m2 



386 I. Pohrelyuk et al.

By the method of full-profile Rietveld analysis of X-ray diffractograms, it was 
possible to determine the phase composition and crystal structure of compounds in 
the surface PEO layers [18, 31]. 

Figure 27.4 shows X-ray diffractograms of oxide-ceramic coatings after 5 min of 
PEO treatment of titanium alloy VT 1-0 with preliminary oxidation (a) and nitriding 
(b). 

Tables 27.2 and 27.3 show the crystallographic parameters and contents for each of 
the phases present in the X-ray diffraction patterns determined using the full-profile 
Rietveld method. 

Based on the analysis of X-ray diffraction patterns, it was established that the 
main phases in the surface layers are titanium oxides: rutile, brookite and anatase. 
In particular, the determined lattice parameters and the ratio of these phases allow 
us to draw conclusions about the mechanical and physical properties of the studied 
samples and analyze the processes of formation of oxide-ceramic coatings. 

It was established that the pre-oxidized VT 1-0 diffractogram has intense α-
Ti reflexes. This correlates with the small thickness of the oxide-ceramic coating 
(~ 15 µm) through which X-rays penetrate to the base metal. The coating itself 
mainly consists of brookite and approximately the same amount of anatase and 
rutile. Anatase is stable at temperatures up to 600 °C and at elevated temperatures

Fig. 27.4 X-ray diffraction patterns of oxide-ceramic coatings on titanium alloy VT 1-0 with 
preliminary oxidation (a) and gas nitriding (b) 

Table 27.2 Phase composition and crystallographic parameters of the oxide-ceramic coating 
obtained on pre-oxidized titanium alloy VT 1-0 

Phase content a, Å b, Å с,  Å SG % 

α-Ti 2.9461(6) 2.9461(6) 4.6960(6) P63/mmc 74.34 

TiO2 (rutile) 4.5726(6) 4.5726(6) 2.9489(5) P  42/mmn 5.39 

TiO2 (brookite) 8.9669(2) 7.4353(5) 4.3377(9) P  c  a  b 11.94 

TiO2 (anatase) 3.7492(6) 3.7492(6) 9.4917(5) I  41/amd 8.10 

α -Ti 3.2313(8) 3.2313(8) 3.2313(8) Im3m 0.22
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Table 27.3 Phase composition and crystallographic parameters of the oxide-ceramic coating 
obtained on gas nitriding titanium alloy VT 1-0 

Phase content a, Å b, Å с,  Å SG % 

TiO2 (rutile) 4.5898(7) 4.5898(7) 2.9578(8) P  42/mmn 29.78 

TiO2 (brookite) 6.1098(1) 6.4471(3) 5.7662(4) P  c  a  b 7.85 

α -Ti 3.1932(1) 3.1932(1) 3.1932(1) Im3m 5.18 

TiO2 (anatase) 3.7802(4) 3.7802(4) 9.5119(1) I  41/amd 56.70 

β-Ti 4.0987(5) 4.0987(5) 4.0987(5) Fm3m 0.49

transforms into rutile. The fact of detecting brookite in oxide-ceramic coatings is 
interesting, since brookite occurs at temperatures above 800 °C and high pressures, 
which can occur in oxide-ceramic coatings due to an increase in the volume of 
titanium oxide. 

PEO coating on gas nitriding titanium consists of anatase, rutile and a small 
amount of brookite and α -Ti and traces of β-Ti. Due to the significant thickness of 
the coating (30–40 µm), α-Ti reflexes are not observed in the diffractogram. 

Rutile (SG P 42/mmn) is the most stable high-temperature phase of TiO2. 
Anatase (SG I 41/amd) is a low-temperature modification of TiO2, which is ther-

modynamically stable up to 600 °C and at higher temperatures gradually transforms 
into rutile. 

Brookite  (SG  P  c  a  b)—is  formed  at  temperatures  above  800  °C  under high 
pressure conditions. In our samples, its presence can be explained by the influence 
of significant mechanical stresses and an increase in the volume of titanium oxide 
during the formation of the coating, which creates conditions for the stabilization of
this phase.

The phase composition of the oxide ceramic coating formed on gas nitriding 
titanium is somewhat different from that of the pre-oxidized samples. The main three 
phases are: anatase; rutile and a small amount of brookite. In addition, impurity phases 
αʹ-Ti and β-Ti were detected. This is explained by the fact that various modifications 
of titanium are formed during pre-nitriding. Due to the formation of a thicker oxide 
ceramic coating on TCTed titanium (30–40 μm), the reflections from the main α-
phase of titanium in the diffractogram are no longer present. 

27.4 Conclusions 

The influence of preliminary oxidation and gas nitriding on the phase composition 
and structure of oxide-ceramic coatings based on titanium alloy VT1-0 is analyzed. 
The phase composition of the surface layers, the crystal structure of the formed 
compounds and the distribution of elements in the oxide layers were determined by 
X-ray structural analysis and scanning electron microscopy methods.



388 I. Pohrelyuk et al.

The results obtained confirm that the ratio of the rutile, anatase and brookite 
phases significantly affects the properties of the surface layers of oxide-ceramic 
coatings based on titanium alloys. In particular, the presence of brookite affects the 
temperature and mechanical properties of the coating formation. 

It was established that preliminary oxidation leads to a uniform distribution of 
small pores over the entire surface. Gas nitriding, in turn, leads to a much smaller 
number of pores, but their significantly larger size and the formation of a network 
of microcracks around them. Preliminary gas nitriding contributes to a significant 
increase in the growth rate of the oxide-ceramic coating (6–8 µm/min) compared 
to the thermally oxidized surface (3–4 µm/min). This is due to the higher power 
of plasma discharges, which correlates with the pore area. Compliance with these 
synthesis conditions allows the formation of oxide-ceramic coatings with a given 
phase composition and corresponding physicochemical properties on the surface of 
the titanium alloy. These coatings can be used both to improve the mechanical char-
acteristics of the material, in particular to increase its strength and wear resistance, 
and to solve problems in the electronics and chemical industries. 

References 

1. M.V. Diamanti, B. Del Curto, M.P. Pedeferri, Anodic oxidation of titanium: from technical 
aspects to biomedical applications. J. Appl. Biomater. Biomech. 9(1), 55–69 (2011) 

2. X. Liu, P.K. Chu, C. Ding, Surface modification of titanium, titanium alloys, and related 
materials for biomedical applications. Mater. Sci. Eng. R. Rep. 47(3–4), 49–121 (2004) 

3. ІМ Pohrelyuk, S.М Lavrys, Thermal stability of the deformed surface layer of VT22 titanium 
alloy in a nitrogen-containing medium. Mater. Sci. 57(1), 43–47 (2021)

4. R.O. Hussein, P. Zhang, X. Nie, Y. Xia, D.O. Northwood, The effect of current mode and 
discharge type on the corrosion resistance of plasma electrolytic oxidation (PEO) coated 
magnesium alloy AJ62. Surf. Coat. Technol. 206(7), 1990–1997 (2011) 

5. B. Nagarajan, S.C. Mathalai, Evaluation of different electrolytic solution composition on the 
microstructure and corrosion study on AZ31 magnesium alloy using PEO method. Phys. Scr. 
99(12), 125003 (2024) 

6. Y. Cheng, Z. Xue, Q. Wang, X.Q. Wu, E. Matykina, P. Skeldon, G.E. Thompson, New find-
ings on properties of plasma electrolytic oxidation coatings from study of an Al–Cu–Li alloy. 
Electrochim. Acta 107, 358–378 (2013) 

7. A.S. Kuprin, V.D. Ovcharenko, A. Gilewicz, G.N. Tolmachova, I.V. Kolodiy, R.L. Vasilenko, T. 
Kuznetsova, V. Lapitskaya, B. Warcholinski, Structural, mechanical and tribological properties 
of Cr-V-N coatings deposited by cathodic arc evaporation. Tribol. Int. 165, 107246 (2022) 

8. V. Kyryliv, O. Maksymiv, V. Gurey, I. Hurey, Y. Kyryliv, O. Zvirko, The mode deformation effect 
on surface nanocrystalline structure formation and wear resistance of steel 41Cr4. Coatings 
12(2), 249 (2023) 

9. V.I. Kyryliv, B.P. Chaikovs’kyi, O.V. Maksymiv, A.V. Shal’ko, P.Y. Sydor, Serviceability of 
60Kh2M roll steel with surface nanostructure. Mater. Sci. 52(6), 848–853 (2017) 

10. D. Toboła, J. Morgiel, L. Maj, TEM analysis of surface layer of Ti-6Al-4V ELI alloy after slide 
burnishing and low-temperature gas nitriding. Appl. Surf. Sci. 51515, 145942 (2020) 

11. C. Zhang, K. Wen, Y. Gao, Columnar and nanocrystalline combined microstructure of the 
nitrided layer by active screen plasma nitriding on surface-nanocrystalline titanium alloy. Appl. 
Surf. Sci. 61730, 156614 (2023)



27 Influence of Preliminary Thermal Oxidation and Gas Nitriding on Phase … 389

12. S.M. Lam, J.C. Sin, A.Z. Abdullah, A.R. Mohamed, Photocatalytic TiO2/carbon nanotube 
nanocomposites for environmental applications: an overview and recent developments 
fullerenes. Nanotub. Carbon Nanostructures 22, 471–509 (2014) 

13. M. Landmann, E. Rauls, W.G. Schmidt, The electronic structure and optical response of rutile, 
anatase and brookite TiO2 J. Phys.: Condens. Matter 24, 195503 (2012) 

14. O.V. Tkachuk, I.M. Pohrelyuk, R.V. Proskurnyak, J. Morgiel, M. Faryna, A. Goral, Morphology 
and corrosion resistance of hydroxyapatite coatings formed on commercially pure titanium. J. 
Mater. Eng. Perform. 24, 11040–11049 (2023) 

15. R.I.M. Asri, W.S.W. Harun, M. Samykano, N.A.C. Lah, S.A.C. Ghani, F. Tarlochan, M.R. 
Raza, Corrosion and surface modification on biocompatible metals: a review. Mater. Sci. Eng. 
C Mater. Biol. Appl. 77, 1261–1274 (2017) 

16. H. Ji, X. Xie, Z. Jiang, X. Wu, Wear and corrosion of titanium alloy spinal implants in vivo. 
Sci. Rep. 14, 16847 (2024) 

17. M. Student, I. Pohrelyuk, J. Padgurskas, V. Posuvailo, V. Hvozdets’kyi, K. Zadorozhna, H. 
Chumalo, H. Veselivska, I. Kovalchuk, A. Kychma, Influence of plasma electrolytic oxidation 
of cast Al-Si alloys on their phase composition and abrasive wear resistance. Coatings 13(3), 
637 (2023) 

18. J. Rodríguez-Carvajal, Program FullProf.2k. Version 2.20. (Laboratoire Léon Brillouin, France, 
2002) (CEA–CNRS) 

19. M.M. Student, V.M. Posuvailo, H.H. Veselivs’ka, Y.Y. Sirak, R.A. Yatsyuk, Corrosion resis-
tance of plasma-electrolytic layers on alloys and coatings of the Al–Cu–Mg system for various 
modes of heat treatment. Mater. Sci. 53(6), 789–795 (2018) 

20. M. Kaseem, S. Fatimah, N. Nashrah, Y.G. Ko, Recent progress in surface modification of 
metals coated by plasma electrolytic oxidation: principle, structure, and performance. Prog. 
Mater. Sci. 117, 100735 (2021) 

21. T.W. Clyne, S.C. Troughton, A review of recent work on discharge characteristics during plasma 
electrolytic oxidation of various metals. Int. Mater. Rev. 64, 127–162 (2019) 

22. G. Barati Darband, M. Aliofkhazraei, P. Hamghalam, N. Valizade, Plasma electrolytic oxidation 
of magnesium and its alloys: mechanism, properties and applications. J. Magnes Alloy 5, 
74–132 (2017) 

23. Z. Bergant, J. Grum, Porosity evaluation of flame-sprayed and heat-treated nickel-based 
coatings using image analysis. Image Anal. Ster. 30(1), 53–62 (2011) 

24. X.C. Zhang, B.S. Xu, F.Z. Xuan, H.D. Wang, Y.X. Wu, S.T. Tu, Statistical analyses of porosity 
variations in plasma-sprayed Ni-based coatings. J. Alloy. Compd. 467(1–2), 501–508 (2009) 

25. P. Elia, E. Nativ-Roth, Y. Zeiri, Z.E. Porat, Determination of the average pore-size and total 
porosity in porous silicon layers by image processing of SEM micrographs. Microporous 
Mesoporous Mater. 225, 465–471 (2016) 

26. P. Karlova, M. Serdechnova, C. Blawert, X. Lu, M. Mohedano, D. Tolnai, B. Zeller-Plumhoff, 
M.L. Zheludkevich, Comparison of 2D and 3D plasma electrolytic oxidation (PEO)-based 
coating porosity data obtained by X-ray tomography rendering and a classical metallographic 
approach. Materials 15, 6315 (2022) 

27. H. Zhang, R. Zhang, D. Sun, F. Yu, Z. Gao, S. Sun, Z. Zheng, Analyzing the pore structure 
of pervious concrete based on the deep learning framework of Mask R-CNN. Constr. Build. 
Mater. 318, 125987 (2022) 

28. P.K. Nalajam, V. Ramesh, Microstructural porosity segmentation using machine learning 
techniques in wire-based direct energy deposition of AA6061. Micron 151, 103161 (2021) 

29. R. Vorobel, O. Student, I. Ivasenko, P. Maruschak, H. Krechkovska, O. Zvirko, O. Berehulyak, 
T. Mandziy, I. Tsybailo, P. Solovei, Development of a method for computer processing of 
fractographic images to assess the cohesion of inclusions to the matrix in the weld metal after 
its operational degradation and hydrogenation. Materialia 34, 102074 (2024) 

30. T. Mandziy, I. Ivasenko, O. Berehulyak, R. Vorobel, Influence of colour restoration on rust 
image segmentation. in IEEE 3rd Ukraine Conference on Electrical and Computer Engineering, 
UKRCON 2021, 26–28 Aug 2021 (Lviv, Ukraine, 2021), pp. 68–73



390 I. Pohrelyuk et al.

31. E.P. Meagher, G. Lager, A: Polyhedral thermal expansion in TiO, polymorfs: refinement of the 
crystal structure of rutile and brookite at high temperature. Can. Mineral. 17, 77–85 (1979)



Chapter 28 
Binding Energy of an Exciton 
Quasimolecule from Ge/Si Double 
Quantum Dots: Theory 

Serhii I. Pokutnii, Taras Yu. Gromovy, and Valeriia M. Ovdenko 

Abstract The theory of excitonic quasimolecules (formed from spatially separated 
electrons and holes) in a nanosystem consisting of double quantum dots of germanium 
synthesized in a silicon matrix is presented. It is shown that the binding energy of the 
singlet ground state of the quasimolecule of an exciton is considerably larger than 
the binding energy of biexciton in a silicon single crystal by almost two orders of 
magnitude. 

28.1 Introduction 

At present the optical properties of Ge/Si heterostructures with germanium quantum 
dots (QD) are the subject of the intense study. In Ge/Si heterostructures structures 
that have self-assembled Ge/Si nanoislands are promising in the implementation of 
effective sources of infrared radiations, since the photoluminescence signal of such 
nanostructures, in the spectral range 

(0.20 − 1.14)eV, (28.1)

is observable all the way to room temperatures [1, 2]. In order to create new Ge/ 
Si-based heterostructures with new effective optoelectronic devices, the mecha-
nism of light absorption in such nanoheterostructures must be studied [1–5]. Ge/
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Si heterostructures with germanium QDs are classified as heterostructures of the 
second type. Such nanoheterostructures are characterized by the presence of signif-
icant gaps in the valence and conduction bands. The ground electron state therein 
is located in the silicon matrix, and the ground hole level is in the volume of the 
germanium QD. The significant gap in the valence band causes hole localization 
in the QD volume. A significant gap in the conduction band is the potential barrier 
for electrons (electrons move throughout the matrix and do not penetrate into the 
QD volume) [1–5]. Study of the optical properties of Ge/Si heterostructures with 
germanium QDs in Ref. [1] was the first to discover the spatial separation between 
electrons and holes, as a result of which the electrons localized on the QD surface, 
and the holes moved through the QD volume. 

The energy of the Coulomb interaction of electron with hole form is a potential 
well, in which the electron is localized above the surface of the QD. In the volume 
of the QD there is a hole, while the electron is localized above the spherical surface 
of the QD-matrix interface [6, 7]. 

In [7–20] it is theoretically analyzed the exciton transitions in double vertically 
conjugated QD of germanium, separated by silicon layer d thickness. The QD of 
germanium was in the form of pyramids, in which the ratio of the height h to the 
lateral dimension l = (10, 15, 20) nm was (≈ 0.1). The spatial structure of excitons 
and the oscillator is the theoretically studied [8]. The ground state of the exciton in 
a single germanium QD corresponded to the configuration in which the hole was in 
the ground state in germanium QD, and an electron moving in the silicon matrix was 
localized near the apex of the pyramidal QD. It is shown that for small distances (d 
< 3 nm) between QDs, the electron configuration is analogous to the case of single 
QDs. It is found that with the increase of the distance d to the values (d = ((3.0 
− 3.5) nm) for l = (10, 15) nm, the oscillator strength for the interband transition 
with the formation of the ground state of the exciton can be much larger (up to a 
factor of 5) than the analogous value in single QD. In [8] in contrast to the present 
work, when studying the occurrence of exciton states between the QD surfaces, the 
exchange interaction between electrons was not taken into account. Such exchange 
interaction, as it will be shown in the present paper, gives the main contribution to 
the binding energy of the exciton quasimolecule. 

In [6] the theory of the exciton formed by spatially separated electron and hole 
is developed (the hole moves in the bulk of a germanium QD and the electron is 
localized above the spherical interface between the QD and the silicon matrix). It 
was found that the binding energy of an exciton in such nanosystem is much higher 
(almost an order of magnitude) than the binding energy of an exciton in the silicon 
single crystal. In [6], in the framework of classical electrodynamics, an expression 
was obtained that describes the Coulomb interaction between an electron and hole. In 
[6], the exciton appeared as a result of the Coulomb interaction between the electron 
and hole, which, in contrast to [1, 2, 8], was depended on the dielectric permittivities 
of the QD and the matrix. The energy spectrum of the exciton, as a function of the 
radius of the germanium QD, was obtained in [6] for radii of QDs exceeding 3 nm. 
This is due to the fact that the study of exciton states in the nanosystem containing 
germanium QD with radii a less than 3 nm in the framework of approach in which
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the expression describing the Coulomb interaction between the electron and hole 
was obtained by the methods of classical electrodynamics is incorrect. 

The convergence of two QDs up to the certain critical value Dc between surfaces 
of QD leads to overlapping of the electron wave functions and the emergence of 
exchange interactions [9]. As a result, the conditions for the formation of quasi-
molecules from QDs can be created [1, 2, 8, 9]. One can also assume that the above 
conditions of formation of quasimolecules can be provided by external physical 
fields. This assumption is evidenced by results of [10, 11], in which the occurrence 
of the effective interaction between QDs at considerable distances under conditions of 
electromagnetic field was observed experimentally. In [12–19] energies of the ground 
state of “vertical” and “horizontal” located pair of interacting QDs (“molecules” from 
two QDs) were determined as a function of the steepness of the confining potential 
and the magnetic field strength. The quantum part of nanocomputer, which was 
implemented on a pair of QDs (“molecules” from two QDs) with charge states is n 
qubits [14]. The first smoothly working quantum computer has been on QDs with 
two electron orbital states as qubits, described by a pseudospin (½). As a single cell 
was taken as a couple of asymmetric pair QDs with different sizes and significantly 
different energy. The electron is injected into the heterostructure from the channel 
occupied the lower level. That is, it was located in a QD with larger size. 

In [3] heterostructures which are linear chains of QDs germanium on Si substrates 
were obtained by electron-beam lithography method. The average sizes of the QD 
Ge is less than 60 nm. With increasing concentration of Ge QDs linear chains in the 
average distance between the surfaces decreases QDs [3]. In such nanostructures at 
distances Dc between the surfaces of QD (which is about ae, where (ae = 0.63 nm) 
is the Bohr radius of the electron in a silicon matrix) must take into account the 
interaction between the surfaces of the quantum dots. In this case the overlap integral 
of the electron wave functions takes a significant value. As a result, the conditions for 
the formation of the excitonic quasi-molecules from of double QDs can be created.

Therefore, in the present paper, which is a continuation of research [6], using 
the variational method, we obtain the binding energy of the excitonic quasimolecule 
singlet ground state in such system as a functions of the spacing between the QD 
surfaces and of the QD radius. We show that the excitonic quasi-molecule formation 
is of the threshold character and possible in a nanosystem, where the distance D 
between the surfaces of QD is given by the condition D(1) 

c ≤ D ≤ D( 2)
c (where D(1) 

c 
and D(2) 

c are some critical distance). A significant increase in the binding energy of 
the singlet ground state of excitonic quasi-molecule (of spatially separated electrons 
and holes) in a nanosystem that consist of germanium QDs grown in a silicon matrix 
has been predicted; the effect is almost two orders of magnitude larger than the 
binding energy of biexciton in a silicon single crystal. It is shown that the major 
contribution to the excitonic quasi-molequle binding energy is made by the energy 
of the exchange interaction of electrons with holes and this contribution is much 
more substantial than the contribution of the energy of Coulomb interaction between 
the electrons and holes.
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28.2 The Binding Energy of the Singlet Ground State 
of Exciton Quasimolecule 

Consider a model of nanosystem that consists of two spherical germanium quantum 
dots: QD(A) and QD(B) with radius a, grown in a matrix of silicon with a dielectric 
constant (ε1 = 11.7) (D is the distance between the surfaces of the QD). The QDs 
contain germanium with the dielectric constant of (ε2 = 16.3) in their volume. For 
simplicity, we assume that holes h(A) and h(B) with the effective mass ((mh/m0) = 
0.39) are located at the centers of QD(A) and QD(B), and electrons e(1) and e(2) 
with effective mass ((m(1) 

e /m0) = 0.98) are localized above the surfaces of QD(A) 
and QD(B) in a matrix of silicon, respectively (m0 is the electron mass in free space; 
rA(1) is the distance of the electron е(1) from the QD(A) center; rB(2) is the distance 
of the electron е(2) from the QD(B) center; rA(2) is the distance of the electron е(2) 
from the QD(A) center; rB(1) is the distance of the electron е(1) from the QD(B) 
center). Let us assume that there is an infinitely high potential barrier on a spherical 
interface (QD-matrix). In the nanosystem the holes do not therefore escape from the 
volume of the QD while the electrons do not enter the QD. Therefore, the proposal 
in which the holes h(A) and h(B) located at the centers QD(A) and QD(B), in the 
studied model nanosystems, is justified [18–20]. 

Let us now use this model to consider the possibility of the formation of excitonic 
quasimolecule from spatially separated electrons and holes (the holes are located 
at the centers of QD(A) and QD(B) and electrons are localized near their spherical 
surfaces). Using adiabatic approximation and the effective mass approximation, the 
Hamiltonian of the excitonic quasimolecule (of spatially separated electrons and 
holes) can be written in the form [18–20]: 

Ĥ = ĤA(1) + ĤB(2) + ˆ Hint (28.2)

where ĤA(1) and ĤB(2) are the Hamiltonians of the excitons of spatially separated 
hole h(A) and electron е(1) and hole h(B) and electron е(2), respectively. 

The contribution of the energy of polarization interaction with the surface of QD 
to the Hamiltonians of the excitons ĤA(1) and ĤB(2) can be, as a first approximation 
neglected [6, 7]. Thus the exciton Hamiltonian ĤA(1) takes the form [8, 9]: 

ĤA(1) =  −
2

2μ (1) + Ve(1)h(A) rA(1), rh(A) + Eg, (28.3)

where the first term is the exciton kinetic energy operator and the energy of Coulomb 
interaction Ve(1)h(A) between electron е(1) and hole h(A) is given be the following 
expression [6, 7]: 

Ve(1)h(A) =  −  
1

2 

1 

ε1 
+ 

1 

ε2 

e2 

rA(1) 
(28.4)
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and Eg is the bandgap energy of the germanium (Eg = 0.661eV). The Hamiltonian 
ĤB(2) is of the same form as ĤA(1) (28.2). In the first approximation we can neglect 
the contributions to the Hamiltonian Ĥint of the interaction energies of the electrons 
e(1) and e(2) and the holes h(A) and h(B) with polarization fields induced by these 
charge carriers on the surfaces of QD (A) and QD (B) [6]. Thus, the Hamiltonian 
Ĥint incorporates only the energies of Coulomb interaction of electron e(1) with hole 
h(B), and electron е(2) with hole h(A), as well as that between electrons е(1) and 
е(2), and holes h(A) and h(B)  [8, 9]. 

Under the assumption that the spins of the electrons е(1) and е(2) are antiparallel let 
us write down the normalized wave function of the ground singlet state of the exciton 
quasimolecule as a symmetric linear combination of wave functions 1 rA(1), rB(2) 
and 2 rA(2), rB(1) [9]: 

s rA(1), rA(2), rB(1), rB(2) 

= 2 1 + S2 (D, a) −1/2 
1 rA(1), rB(2) + 2 rA( 2), rB(1) (28.5)

where S(D, a) is the overlap integral of single-electron wave functions. Assuming 
that the electrons e(1) and e(2) move independently from each other, let us repre-
sent the wave functions 1(rA(1), rB(2)) and 2(rA(2), rB(1)) (28.5) as a product of 
single-electron wave functions ϕA(1) rA(1) and ϕB(2) rB(2) , as well as ϕA(2) rA(2) 
and ϕB(1) rB(1) , respectively [18–20]. Let us also represent the single-electron wave 
functions as variational functions of Coulomb type [18–20]: 

ϕA(1) rA(1) = Ã exp −μ(ã) rA(1)/a
2D 
ex , 

ϕB(2) rB(2) = Ã exp −μ(ã) rB(2)/a
2D 
ex , 

ϕA(2) rA(2) = Ã exp −μ(ã) rA(2)/a
2D 
ex , 

ϕB(1) rB(1) = Ã exp −μ(ã) rB(1)/a
2D 
ex . (28.6)

where μ(ã) is a variational parameter, ã = a/a2D ex ,where a2D ex = (2ε1ε2/(ε1 + ε2))·
2/μ0e2 is the Bohr radius of two-dimensional (2D) exciton localized over 

the flat interface between the germanium and the matrix of silicon, μ0 = 
m(1) 

e mh/ m(1) 
e + mh is the reduced mass of the 2D exciton (of spatially separated 

electrons and holes) [18–20]. 
In the framework of the variational method, the energy of the excitonic quasi-

molecule ground singlet state, as a first approximation, is given by the mean value 
of the Hamiltonian Ĥ (28.2) over the states described by the wave functions of the 
zeroth approximation Ψs (28.5)  [18–20]: 

E(D, μ(a, D), a) = s(rA(1), rA(2), rB(1), rB(2) Ĥ s rA(1), rA(2), rB(1 ), rB(2) .

(28.7)

With the explicit form of the wave functions (28.5), (28.6), the energy functional 
of the exciton quasimolecule singlet ground state takes the form
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E0 D,μ ã, D̃ , ã = 2Eex(ã, μ(ã)) + 
J D,μ ã, D̃ , ã + K D,μ ã, D̃ , ˜ a

1 + S2 D ,μ ã, D̃ , ã 
,

(28.8)

Here, Eex(ã, μ(ã)) is the energy functional of the exciton ground state (for the exciton 
formed from an electron and a hole spatially separated from the electron): 

Eex(ã, μ(ã)) = ϕA(1) rA(1) ĤA(1) ϕA(1) rA( 1) . (28.9)

The second term in (28.8) is a functional Eß(D, a ) representing the binding energy 
of singlet ground state of excitonic quasimolecule. In the functional determined 
by formula (28.8), J D,μ ã, D̃ , ˜ a is determined by the expression (here ( D̃ = 
D/a2D ex ). 

J D,μ ã, D̃ ã = ϕA(1) rA(1) ϕB(2) rB(2) |Hint|ϕA(1) rA(1) ϕB(2) rB(2) . (28.10)

The functional J D,μ ã, D̃ , ˜ a (28.10) can be represented as the algebraic sum 
of the functionals of the average energies of Coulomb interaction [18–20]. In the 
functional described by (28.8), K D,μ ã, D̃ , ˜ a is determined by the formula 

K D,μ ã, D̃ , ã = ϕB(1) rB(1)ϕA(2) rA(2) Ĥint ϕA(1) rA(1) ϕB(2) rB(2) . (28.11)

The functional K D,μ ã, D̃ , ˜ a (28.11) can be represented as the algebraic sum 
of the functionals of the average energies of the exchange interaction [18–20]. 

Within the framework of the variational method at the first approximation the total 
energy of ground singlet state of excitonic quasimolecule is determined by average 
value of the Hamiltonian Ĥ (28.2) for states, which are described by wave functions 
of the zero approximation s rA(1), rA(2), rB(1), rB(2) (28.5)  [18–20]: 

E0 D̃, ã = 2Eex(ã) + Eß D̃, ˜ a , (28.12)

where Eß D̃, ã is the binding energy of the ground singlet state of the excitonic 
quasimolecule and Eex(ã) is the binding energy of the ground state of the exciton 
(consisting of spatially separated electron and hole) localized over the surface of QD, 
which was worked out in [6, 7]. 

28.3 Results and Discussion 

Figure 28.1 presents the results of the variational calculations of the binding energy 
Eß D̃, ã studied in [18–20] of the excitonic quasimolecule ground state in a 
nanosystem with QD germanium of the mean radius a1 = 12.8nm,  grown  in a
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Fig. 28.1 The dependence of the binding energy of the ground singlet state Eß(D, a1) of the 
excitonic quasimolecule (continuous line) in a nanosystem made up of two spherical germanium 
quantum dots QD(А) and QD(В) with the mean radius a1 = 12. 8 nm, on the distance D between 
the surfaces of QD(А) and QD(В). Dependence of the exchange interaction energy of the electrons 
and holes (dashed line) and the energy of the Coulomb interaction between electrons and holes (dot 
dashed line) on the distance D between the surfaces of the quantum dots 

matrix of silicon (the Bohr radius of the 2D exciton a2D ex = 2.6  n  m). The varia-
tional method that we used for the calculation of the excitonic quasimolecule ground 
state binding energy Eß D̃, ã is applicable provided that iis much smaller than the 
binding energy of the exciton ground state Eex(ã), i.e. the following condition must 
be fulfilled [18–20]: 

Eß D̃, ã /Eex(ã) 1 ( 28.13)

The binding energy Eß D̃, ã of the excitonic quasimolecule ground state in a 
nanosystem with QD germanium of the mean radius a1 = 12.8  nm has a minimum 
E(1) 
ß (D1 , a1) ≈  −6.1 meV (at the distance D1 

∼= 3.1 nm) (Fig. 28.1)  (E(1) 
ß corre-

sponds to the critical temperature Tc ≈ 71 K). As it follows from Fig. 28.1,  the  
excitonic quasimolecule appears in the nanosystem at distances D ≥ D(1) 

c 
∼= 2 .1nm

between the surfaces of QD. The formation of such excitonic quasimolecule has of 
the threshold character and can occur in a nanosystem with quantum dots of the mean 
radius a1, where the distance D between the surfaces of QD exceeds a certain critical 
value D(1) 

c . The existence of such distance D
(1) 
c arises from quantum size effects in 

which the decrease in the energies of interaction of the electrons and holes entering 
into the Hamiltonian (Eq. (28.2)) of the excitonic quasimolecule with decrease of 
the distance D between the surfaces of the QD cannot compensate for the increase 
in the kinetic energy of the electrons and holes. 

The binding energy of the exciton Eex(ã) amounts to Eex(a1) ∼= −64meV [8, 
9], with the energy of the excitonic quasimolecule ground state (28.12) taking the 
value E0 D̃1, a1 ≈  −134.1meV. It should be emphasized that the criterion (28.13)
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of the applicability of the variational method for the calculation of the exciton quasi-

molecule binding energy Eß D̃, ã is fulfilled ( E(1) 
ß (D1 , a1)/Eex(a1) ∼= 0. 09). At 

larger distances D between the surfaces of QD: D ≥ D(2) 
c 

∼= 4.4nm, the excitonic 
quasimolecule breaks down into two excitons (consisting of spatially separated elec-
trons and holes), localized over QD surfaces (Fig. 28.1). Thus, the excitonic quasi-
molecule can be formed in a nanosystem where D(1) 

c ≤ D ≤ D( 2)
c (see Fig. 28.1). 

Furthermore, a excitonic quasimolecule can exist only at temperatures lower than 
the critical temperature Tc = 71 K. In the germanium monocrystal with the binding 
energy Eß = 0.34 meV [18–20] (which corresponds to the temperature 4 К)  the  
exciton binding energy E(1) 

ß is almost two orders of magnitude. 
As follows from the results of the variational calculations, the major contribu-

tion to the excitonic quasimolecule binding energy is from the energy of exchange 
interaction of electrons and holes, which by far surpasses that from their Coulomb 
interaction (i.e. the ratio ≤ 0.08) (see Fig. 28.1). Since the calculations of the exci-
tonic quasimolecule ground state binding energy Eß D̃, ã in the nanosystem are 

variational, the values of Eß D̃, ã and E(1) 
ß can be somewhat underestimated. 

As such, the interband electron electron transitions between the quantum-level of 
the hole located in the valence band of the germanium QD, and the quantum-level 
of the excitonic quasi-molecule located in the conduction band of the silicon matrix 
cause a significant absorption of radiation in the infrared wavelength region. In the 
considered energy intervals, located in the spectral range (1), where the absorption 
in the experiments from Refs. [1, 2] was observed, the indicated transitions ensure 
the significant experimentally- observed blurring of the absorption edge, all the way 
up to room temperatures. 

In [8] the energy of the Coulomb interaction between electron and hole decreased 
(from 28.8 meV to 24.4 meV) with increasing the lateral size l (from l = 10 nm to l = 
20 nm) of pyramidal germanium QD. In [6] exciton from spatially separated electron 
and hole (the hole was moving in QD, and the electron was localized over spherical 
surface seperataion (QD-matrix)) arose as a result of the Coulomb interaction Veh 

(28.4) between electron and hole, which, in contrast to [1, 2, 8], was depended on 
the dielectric permittivities of the QD and matrix. In [6] nanosystem consisting of 
spherical shape germanium QD was studied, as well. It was shown in [6] that the 
energy of the Coulomb interaction between electron and hole decreased (from 94 
to 26 meV) with increasing the radius a of germanium QD (from a = 3  nm  to  
a = 5 nm). Since in [6] the expression Veh (28.4), which describes the Coulomb 
interaction between electron and hole, was obtained in in the framework of classical 
electrodynamics, the study of exciton states in nanosystem containing a QD with 
radii a less than 3 nm is incorrect.
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28.4 Conclusions 

Thus, it has been shown that the exciton quasimolecule formation is of the threshold 
character and possible in a nanosystem, where the distance D between the surfaces 
of QD is given by the condition D(1) 

c ≤ D ≤ D( 2)
c (where D(1) 

c and D(2) 
c are some 

critical distance). A significant increase in the binding energy of the singlet ground 
state of excitonic quasi-molecule (of spatially separated electrons and holes) in a 
nanosystem that consists of germanium QDs grown in a silicon matrix has been 
predicted; the effect is almost two orders of magnitude larger than the binding energy 
of biexciton in a silicon single crystal. It is shown that the major contribution to 
the exciton quasi-molecule binding energy is made by the energy of the exchange 
interaction of electrons with holes and this contribution is much more substantial 
than the contribution of the energy of Coulomb interaction between the electrons 
and holes (see Fig. 28.1). 

The fact that the energy of the ground state singlet excitonic quasi-molecule is in 
the infrared range of the spectrum, presumably, allow the use of a quasi-molecule to 
create new elements silicon infrared nano-optoelectronics [21, 22]. 
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Chapter 29 
The Role of Electrostatic 
and Electron-Deformation Interaction 
in the Formation of the Semiconductor 
Quantum Dot—HSA Bionanocomplexes 

O. V. Kuzyk, O. O. Dan’kiv, A. I. Stolyarchuk, and I. D. Stolyarchuk 

Abstract The addition of the human serum albumin (HSA) to a colloidal solu-
tion of nanoparticles (NPs) leads to a decrease in optical density and blurring of 
the exciton structure in the absorption spectra. This behavior indicates the inter-
action between the semiconductor nanoparticles and the HSA, with the formation 
of the corresponding bionanocomplexes. The albumin molecule contains about one 
hundred pairs of positive and negative charges. Thus, as a result of electrostatic 
interaction between quantum dot (QD) and albumin molecules (their attraction), the 
mechanical pressure arises on the surface of QD, which as a result of self-consistent 
electron-deformation interaction leads to a change in its band structure. A model 
of QD interacting with HSA molecules has been developed. The proposed model 
takes into account the interaction of dipolar HSA molecules with QDs through its 
polarization and electron-deformation interaction in a self-consistent manner. Theo-
retical calculations performed within the framework of the self-consistent electron-
deformation coupling method are in good agreement with the results of thermody-
namic analysis of experimental data on the photoluminescence intensity decay of the 
CdTe QD–HSA biocomplex. 

29.1 Introduction 

Semiconductor quantum dots (QDs) have become the subject of active research in 
medicine due to their unique optical and electronic properties [1–4]. They can be used 
in areas such as visualization, diagnostics and therapy. However, there are a number 
of problems that limit their widespread use. First, the toxicity of some materials [5, 6] 
from which quantum dots are obtained can cause inflammatory reactions in the body.
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Second, instability in biological environments leads to the loss of their functional 
properties. 

The introduction of albumin, in particular human serum albumin (HSA), into 
the composition of biocomplexes with quantum dots can significantly improve their 
characteristics [7, 8]. Albumin has natural biocompatible properties that reduce the 
toxicity of quantum dots, as well as increase their stability in biological media [9, 
10]. In addition, albumin can act as a transporter, ensuring more efficient delivery of 
active substances to cells and tissues [11, 12]. This opens up new opportunities for 
the use of quantum dots in the therapy of various diseases, including cancer, where 
precise drug delivery is critically important. As a result, the combination of quantum 
dots with albumin creates new avenues for the development of safe and effective 
medical technologies. 

A number of researches on the QD and albumin biocomplexes have already been 
described in the scientific literature. In particular, a number of researches focus on 
methods for synthesizing QDs, which are modified with the help of albumin [13], 
studying their optical properties [14], stability in biological systems, and effects of 
interaction with albumin [15]. Many works are devoted to assessing the biocompati-
bility of the QD–HSA systems. Researches have shown that the addition of albumin 
reduces the toxicity of quantum dots and increases their safety for cell cultures. The 
potential of such biocomplexes for targeted drug delivery was analyzed in [16]. QDs 
modified with albumin demonstrate improved efficacy in the delivery of anticancer 
drugs, due to the ability of albumin to bind to cells. 

The conducted researches [17] indicate the possibility of using the QD–albumin 
complexes in medical visualization. Albumin increases the contrast of images, which 
allows for more accurate detection of pathologies. The mechanisms of absorption and 
excretion of biocomplexes from the body were also researched, which is critically 
important for their use in therapy. The results show that albumin can contribute to a 
longer stay of QDs in the body. 

Another very important effect is that albumin, as the main serum protein, acts as 
a transporter for many drugs, affecting their bioavailability, distribution, metabolism 
and excretion [18]. Therefore, binding to albumin can protect drugs from metabolic 
degradation, which prolongs their duration of action. Albumin can regulate the release 
of drugs, allowing therapeutic blood concentrations to be reached smoothly and 
gradually. Binding to albumin can reduce the toxic effects of drugs by reducing their 
activity before they are delivered to target cells. 

When using colloidal QDs as fluorescent markers in in vitro and in vivo researches, 
there is a need for bioconjugation. It should be noted that the surface area of the 
nanoparticle (NP) is sufficient for simultaneous binding to it of several biomolecules, 
for example, several antibodies. The surface of the QD is a platform for conjugation. 
The possibility of conjugating semiconductor nanoparticles with protein molecules, 
for example, human serum albumin (HSA) [8] or bovine serum albumin (BSA) [19], 
has been experimentally tested. 

The conducted researches in [8, 19–21] indicate the formation of the NP–albumin 
biocomplexes with a predominance of electrostatic attraction. They quickly form the 
so-called “protein corona” by adsorption with proteins in biological liquids. Among
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proteins, the HSA is the most abundant, accounting for about 60% of total protein 
concentration in blood plasma. The addition of the HSA to a colloidal solution of 
nanoparticles leads to a decrease in optical density and blurring of the exciton struc-
ture in the absorption spectra. However, it was shown in [22] that depending on the 
type of ligand used and the sign of the QD charge, either the formation of a biocomplex 
is possible or the agglomeration of nanoparticles into clusters of different sizes occurs. 
Among the main interactions associated with protein adsorption, hydrophobic force, 
Van der Waals force and hydrogen bond, electrostatic interaction are distinguished, 
however, the main mechanism of binding is not currently understood. 

Elucidation of the mechanisms of interaction between QD and HSA will allow 
choosing the optimal characteristics of QD in order to reduce their toxicity, which 
is important for their application in medicine. The interaction of HSA with QD 
can reduce the negative effects on cells, making these systems more biocompat-
ible. Establishing the mechanisms by which HSA interacts with QD can help in 
creating more effective drug delivery systems. The QD–HSA biocomplex provides 
targeted delivery of active substances to affected tissues. Understanding the interac-
tion between QD and HSA will contribute to the development of technologies that 
allow controlling the release of drugs from biocomplexes, which is important for 
achieving stable therapeutic effects. 

The mechanical deformation is an important factor influencing the optical and 
electrical properties of QD with multilayer shell. Ligands that “envelop” the QD 
also exert additional pressure. Biochemical investigations have shown that most of 
the ionized atomic groups in serum albumin are on the surface of the protein globule. 
These groups cause a significant charge of the protein macromolecule, and, conse-
quently, its electrostatic properties in solution. The albumin molecule contains about 
one hundred pairs of positive and negative charges. Thus, as a result of electrostatic 
interaction between QD and albumin molecules (their attraction), the mechanical 
pressure arises on the surface of QD, which as a result of self-consistent electron-
deformation interaction leads to a change in its band structure. Therefore, the devel-
opment of a model of strained QD with a multilayer shell that interacts with HSA 
molecules is an urgent task and has practical value. 

29.2 Thermodynamic Approach for Analyzing 
the Interaction of QD and HSA 

The procedure for analyzing the interaction of QD and HSA is as follows [23]. 
First, the fluorescence intensity of human serum albumin (HSA) is measured at 
different quencher (QD) concentrations. Визначаємо максимум інтенсивності 
фотолюмінесценції без гасника (без КТ) F 0 та з гасником F.

The Stern–Volmer equation is used to analyze fluorescence quenching: 

F0 

F 
= 1 + KSV [C], (29.1)
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where F0 is the fluorescence intensity without the quencher; F is the fluorescence 
intensity in the presence of the quencher; KSV is the Stern–Volmer quenching 
constant; [C] is the quencher concentration. 

We construct F0 
F depending on [C]. If the relationship is nonlinear, it may indicate 

a static or mixed quenching mechanism, requiring modified equations. 
The experiment is repeated at different temperatures T. The quenching constant 

KSV is calculated for each temperature. If KSV increases with temperature, dynamic 
quenching dominates. If KSV decreases, static quenching (complex formation) is 
predominant. 

The relationship between the binding constant K and temperature follows the 
Van’t Hoff equation: 

ln K =  −  
H

RT 
+ 

S 

R 
, (29.2) 

ΔH is the enthalpy change; ΔS is the entropy change. 
Next, we plot the dependence of ln K on 1/T . The slope of the straight line gives 

− H / R, and the intercept gives S/R. From these values, ΔH and ΔS are calculated. 
The Gibbs free energy change is then determined using: 

G = H − T S. (29.3)

The essence of the thermodynamic analysis of the interaction between QDs and 
human serum albumin HSA lies in studying the energetic aspects of this interaction. 
Change in Gibbs free energy ΔG determines whether the interaction is spontaneous. A 
negative ΔG value indicates a thermodynamically favorable binding process. Change 
in enthalpy ΔH) indicates whether the interaction is exothermic (heat-releasing) 
or endothermic (heat-absorbing). This helps identify the dominant forces driving 
the interaction, such as hydrogen bonding, van der Waals forces, or hydrophobic 
interactions. Change in entropy ΔS reflects changes in system disorder. A positive 
ΔS often suggests an increase in randomness, which may result from the release 
of water molecules from the hydration shell upon binding. Binding constant K can 
be determined using the Van’t Hoff equation. It characterizes the strength of the 
interaction between QDs and HSA. 

In this work, the colloidal CdTe QDs were selected to analyze the interaction of 
QDs with HSA molecules. The results of measurements of the photoluminescence 
intensity depending on the QD concentration, temperature, and radius are given 
in [24]. This work shows that the interaction between CdTe QDs and HSA has a 
static character and leads to the formation of bionanocomplexes. It was also estab-
lished that the quenching constant increases with increasing QD size and decreases 
with increasing temperature of the QD–HSA solution. The results of calculations 
of thermodynamic parameters based on formulas (29.1)–(29.3) are presented in 
Table 29.1.

Electrostatic interactions between charged particles or molecules are usually 
exothermic, since the attraction of opposite charges lowers the energy of the system.
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Table 29.1 Thermodynamic parameters of the CdTe QD–HSA interaction 

R0 (nm) ΔS  (kJ/K·mol) ΔH (kJ/mol) ΔG (kJ/mol) 

T = 293 K T = 303 K T = 309 K
2.8 0.048 − 6.4 − 20.4 − 20.95 − 21.23 
2.9 0.0505 − 6.2 − 21 − 21.5 − 21.8 
3.2 0.053 − 6.17 − 21.7 − 22.23 − 22.55

The negative enthalpy change indicates that the interaction between albumin (which 
has a large dipole moment) and CdTe quantum dots is energetically favorable. If the 
interaction is electrostatic, it can lead to desorption of the protein, which increases 
the entropy of the system [25, 26]. In addition, electrostatic attraction can cause 
conformational changes in the protein, which also contributes to an increase in 
entropy. Thus, the above calculations confirm that electrostatic interaction is the main 
mechanism of interaction in the formation of the CdTe QD–HSA biocomplexes. 

29.3 Model of the QD–HSA Bionanocomplex 

As previously mentioned, during the formation of quantum dot–HSA biocomplexes 
with predominant electrostatic attraction, the so-called “protein corona” is observed 
(Fig. 29.1). Biochemical studies have shown that most of the ionized atomic groups 
in serum albumin are located on the surface of the protein globule. These groups 
contribute to the substantial charge of the macromolecule, thereby influencing its 
electrostatic properties in solution. The HSA molecule contains approximately one 
hundred pairs of positive and negative charges, and its dipole moment is about 500 D 
[27]. As a result of electrostatic interactions between QDs and albumin molecules, an 
attractive force arises, leading to mechanical pressure on the QD surface. This pres-
sure, in turn, induces a self-consistent electron-deformation interaction, ultimately 
modifying the band structure of the quantum dot.

The strong dipole moment of the HSA molecule can polarize the QD, leading 
to charge redistribution within the QD. This results in the formation of an effective 
electric potential on the QD surface, enhancing the electrostatic attraction between 
the QD and HSA. Electron-deformation interaction: The mechanical pressure exerted 
by albumin on the QD surface can induce structural deformation, modifying its band 
structure. This alteration leads to charge redistribution within the QD, giving rise 
to an additional dipole-electron-deformation interaction, which further strengthens 
the interaction between the QD and HSA (Fig. 29.2). Both mechanisms may operate 
simultaneously, reinforcing each other.

Thus, the electric charge in the QD is redistributed not only under the action of 
the electric field of the HSA dipole, but also due to localization in certain regions 
caused by the nonuniform deformation of the QD.
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Fig. 29.1 Image of HSA 
protein interacting with the 
quantum dot surface, 
forming a QD–HSA 
biocomplex

Fig. 29.2 Model of QD interacting with albumin molecules

Consider a spherical QD with radius R0, which interacts with albumin molecules 
through an electric field. The electric field strength created by one molecule with 
dipole moment p along the dipole axis at a distance z from its center: 

EHSA = p 

2π  ε0z 3
.

Then the interaction energy of albumin molecules and QS: 

Wel =  −  
p2 R3

0

2π  ε0 
ε − 1

ε + 2 
θ Nmax

(R0 + l)6 
, (29.4)
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where ε is the dielectric constant; θ is the fraction of coating of the QD surface by 
HSA molecules; Nmax is the number of possible states on the QD surface for HSA 
molecules (per 1 mol); l is the distance from the QD surface to the center of the H SA
dipole.

The interaction force does generate a mechanical pressure on the quantum dot’s 
(QD’s) surface. The force represents the net attractive interaction between the dipole 
(from the albumin molecule) and the QD. When this force is applied, it acts over the 
contact area between the dipole and the QD, effectively creating a pressure. 

This pressure can lead to a local deformation of the QD. Such deformation may 
alter the QD’s band structure and its other electronic properties. 

In [21] it is shown that this pressure can be determined by the formula: 

P = 
N 

4π VR2 
0 

p 
d E

dr |r=R0 

, (29.5) 

where N is the number of HSA molecules on the QD surface; E is the resulting 
electric field strength created both by dipolar HSA molecules and as a result of 
self-consistent spatial redistribution of electric charge. 

Taking into account electron-deformation effects, the interaction energy between 
HSA molecules and QD can be determined as follows: 

Wint =  −pEθNmax . (29.6)

To determine the electric field strength E, we use the method of self-consistent 
electron-deformation coupling [21]. In what follows, we will consider the QD doped 
with a donor impurity with an average electron concentration n0. 

To find the deformation ε(i) of materials of quantum dot, the concentration of 
conduction electrons n(i) (r ), the electric field strength and the electrostatic potential 
ϕ(i) (r ), the self-consistent system of the following equations was solved: 

(1) The equation for determining the displacements of atoms u(1) 
r in the materials 

of the QD 

∇div u = 0 ( 29.7)

with corresponding boundary conditions [28] 

σrr|r=R0 + PL(R0) =  −P, (29.8)

where σrr is mechanical strain; PL(R0) = 2 γ
R0 

is the Laplace pressure, γ =
γ bulk

1+2σ/R0 
. 

The mechanical strain σrr in the QD is determined by the formula: 

σrr = Y 

(1 + ν)(1 − 2ν) 
(1 − ν)εrr + ν εϕϕ + εθθ , (29.9)
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where Y is Young’s modulus; ν is Poisson’s r atio.
Knowing the displacement, we determine the components of the deformation 

tensor of the materials of QD: 

εrr = ∂ur/∂r, εϕϕ = εθ  θ  = ur/r, ε  = εrr + εϕϕ + εθθ . (29.10)

(2) The stationary Schrödinger equation 

− 
2 

2m∗ − eϕ(r) + acε ψn(r) = En ψn(r), (29.11)

where m∗ is the effective mass of the electron; ac is the constant of hydrostatic 
deformation potential of the conduction band [29]. 

(3) The equation that determines the concentration of electrons n(i) (r )

n(r) = n 
ψ∗

n (r) ψn (r)

exp(β0(En − μ)) + 1 
, (29.12)

where β0 = 1 
kBT 

; μ is the chemical potential. 
(4) The Poisson equation, from which the electrostatic potential ϕ(r) is determined, 

r) = 
e

εd ε0 
(n(r) − n0) , (29.13)

where εd is the relative dielectric permittivity of the QD. 
(5) The law of conservation of electric charge. 

1 

V 
V 

n(r)dV = n0. (29.14)

Thus, the system of Eqs. (29.5), (29.7)–(29.14) makes it possible to find the spatial 
distribution of the charge concentration in QD and the electrostatic field in a self-
consistent manner and, accordingly, to determine the interaction energy between QD 
and HSA molecules under the condition of the formation of a bionanocomplex. 

29.4 Results of Calculations and Discussion of Results 

Figure 29.3 shows the results of modeling the distribution of electric charge (in 
relative units) in a QD that forms a bionanocomplex with HSA molecules for different 
values of the QD radius and different values of the fraction of coating of the QD 
surface by HSA molecules.
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Fig. 29.3 Distribution of electric charge (in relative units) in a QD forming a bionanocomplex with 
HSA molecules at R0 = 2  nm  (a, c, e), 3 nm (b, d, f) and different values of the fraction of coating 
of the QD surface by HSA molecules: θ = 0.1 (a, b); θ = 0.3 (c, d); θ = 0.4 (e, f)
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Fig. 29.4 Dependence of the interaction energy between QD and HSA on the radius of QD (θ = 
0.4)

Calculations were performed for CdTe QDs at n0 = 8 · 1018 cm −3. Increasing 
the QD radius from 2 to 3 nm leads to greater charge localization. This is due to 
the increased role of electron-deformation effects [21]. Increasing the number of 
HSA molecules involved in the forming of the bionanocomplex leads to the forma-
tion of several different regions with negative charge localization in the QD–HSA 
contact region. This is explained by the highly nonuniform distribution of defor-
mation near the QD–HSA contact region. Electrons are localized in the region of 
relative stretching [21]. 

Figure 29.4 shows the dependence of the interaction energy Wint between the 
QD and HSA on the radius of the QD, calculated by Formula (29.6) taking into 
account the self-consistent electron-deformation interaction. In addition, a similar 
dependence Wel (calculated by Formula (29.4)) is given, which assumed only the 
interaction of the HSA dipole with the induced electric charge in the QD (without 
taking into account the electron-deformation interaction). 

The contribution of the electron-deformation interaction Weld was calculated as 
the difference Weld = Win − W el . This figure also presents the experimental values 
of the change in free energy (Table 29.1). 

As we can see, the value of Wel differs significantly from the experimental values. 
Even if we assume that there are additional charges on the QD surface, the char-
acter of the Wel(r) dependence will still remain opposite. Namely, the experiment 
demonstrates that in the range of QD radii up to 3.1 nm, the value of the free energy 
decreases. And theoretical calculations according to Formula (29.4) show that already 
for radii greater than 1.6 nm, the free energy should increase. Taking into account the 
electron-deformation interaction gives a good match both qualitatively and quantita-
tively. The insignificant difference between the experimental and theoretical values 
can be explained by the presence of additional electric charges on the QD surface 
and the presence to a small extent of other mechanisms (for example, Van der Waals 
forces or hydrophobic interactions), except for the electrostatic one. 

The role of the electron-deformation interaction increases with increasing QD 
radius, and becomes especially noticeable at radii larger than 2 nm.
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Fig. 29.5 Dependence of the interaction energy between QD and HSA on the QD radius at different 
values of the coating fraction of the QD surface by HSA molecules 

Figure 29.5 shows the dependence of the interaction energy between QD and 
HSA on the QD radius at different values of the coating fraction of the QD surface 
by HSA molecules. As we can see, this dependence has a monotonic character 
with minima that shift towards smaller radii. From this we can conclude that when 
many molecules are bound to the QD surface for their radii greater than 4 nm, the 
formation of a bionanocomplex becomes energetically disadvantageous. But this fact 
requires additional experimental verification. Also, when the coating fraction of the 
QD surface by HSA molecules is increased, higher than 0.4, the interaction energy 
value practically does not change. 

Figure 29.6 presents the graphical dependence of the electron-deformation 
component (a) and the purely electrostatic component (b) of the interaction energy 
between QD and HSA on the QD radius at different average electron concentration 
values in QD. The dependence of the electron-deformation interaction energy and the 
position of the minimum of the Weld(r) function on the electron density have a non-
monotonic character (Fig. 29.6a). At low electric charge density, its increase leads to 
an increase in the interaction energy. On the contrary, at high electron concentration, 
an increase in the electric charge density leads to a decrease in the interaction energy. 
This fact is explained by the competing action of two factors: the redistribution of 
electrons under the action of the electric field and under the action of nonuniform 
deformation [30].

On the contrary, an increase in the electron density leads to a monotonic decrease 
in the electrostatic interaction energy between QD and HSA (Fig. 29.6b). The radius 
of the QD, at which the electrostatic interaction energy is minimal, is practically 
independent of the electron concentration in the QD.
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Fig. 29.6 Dependence of the electron-deformation component (a) and the purely electrostatic 
component (b) of the interaction energy between QD and HSA on the QD radius at different 
average values of the electron concentration in the QD

29.5 Results and Conclusions 

The addition of the HSA to a colloidal solution of nanoparticles leads to a decrease 
in optical density and blurring of the exciton structure in the absorption spectra. 
This behavior indicates the interaction between the semiconductor nanoparticles and 
the HSA, with the formation of the corresponding bionanocomplexes. Moreover, 
the increase in the radius of nanoparticles leads to a corresponding increase in the 
biocompatibility of albumins with semiconductor quantum dots, which is manifested 
in the spectral dependences of the respective biocomplexes. 

A model of QD interacting with HSA molecules has been developed. The proposed 
model takes into account the interaction of dipolar HSA molecules with QD through 
their polarization and electron-deformation interactions in a self-consistent manner. 

Within the framework of the developed model, the dependence of the interaction 
energy of CdTe QD and HSA on the QD radius was investigated for different values 
of the electron concentration in the QD and the coating fraction of the QD surface by 
HSA molecules. The results of theoretical calculations are in good agreement with 
experimental data. 

It has been shown that increasing the radius of CdTe QD to 4 nm leads to an 
increase in the probability of biocomplex forming. 

The role of electron-deformation interaction in the formation of the CdTe QD– 
HSA bionanocomplex has been established. It has been shown that this interaction 
plays a crucial role at QD radius greater than 2 nm. 
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Chapter 30 
Morphology of Nanostructure Formation 
on the Surface of CdI2 Crystals 

I. Rovetskii and H. Klym 

Abstract The morphology and nanostructures of CdI2 crystal surfaces have been 
studied. The surface features a hexagonal close-packed atomic arrangement. Atomic 
force microscopy revealed micro- and nanoscale structures, including steps, spirals, 
and channel-like depressions. Steps along basal planes likely result from edge dislo-
cations and dislocation walls formed during crystal growth, while spirals arise from 
screw dislocations due to uneven impurity distribution causing local stress and lattice 
shifts. Prolonged air exposure leads to nanopore and nanocluster formation specif-
ically on van der Waals surface steps. This suggests that the nanoscale dislocation 
relief in the basal anion plane is crucial for nanostructure formation. 

30.1 Introduction 

The surface morphology of crystals plays a pivotal role in determining their physic-
ochemical properties and their suitability for applications in nanotechnology [1–5]. 
Among layered materials, cadmium iodide (CdI2) crystals have attracted signifi-
cant attention due to their unique structure and potential as templates for nanoscale 
systems [6–8]. The CdI2 belongs to the family of layered transition metal halides, 
characterized by a hexagonal crystal structure with strong intralayer ionic-covalent 
bonding and weak interlayer van der Waals (vdW) interactions [9–12]. This struc-
tural anisotropy facilitates the exfoliation of CdI2 into ultrathin layers and provides 
a versatile platform for studying surface phenomena and nanostructure formation 
[13–16]. 

The morphology of CdI2 crystal surfaces, including features such as terraces, step 
edges, dislocations, and other defects, is known to significantly influence the nucle-
ation, growth, and arrangement of nanostructures. These surface irregularities act
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as active sites for adsorption and self-assembly, playing a crucial role in the forma-
tion of functional nanostructures with desirable properties [17–19]. Several studies 
have highlighted the importance of controlling surface morphology to optimize the 
characteristics of nanostructures for applications in optoelectronics, catalysis, and 
sensing [20, 21]. 

The CdI2 surfaces also exhibit unique electronic and optical properties that depend 
on their morphology [19, 22–24]. The presence of atomic steps and defects can 
modify the local electronic structure, impacting charge carrier dynamics and inter-
action with external stimuli. Recent advancements in surface-sensitive techniques, 
such as atomic force microscopy (AFM), scanning tunneling microscopy (STM), 
and X-ray photoelectron spectroscopy (XPS), etc. have enabled detailed character-
ization of these morphological features at the nanoscale [25–30]. These techniques 
have provided valuable insights into the relationship between surface structure and 
functional properties, paving the way for designing advanced nanodevices. 

Furthermore, the formation of nanostructures on CdI2 surfaces has been the subject 
of extensive research, as it holds promise for creating hybrid systems with tailored 
functionalities. Studies on the deposition of metals, semiconductors on CdI2 surfaces 
have demonstrated the feasibility of engineering nanoscale systems with enhanced 
optical performance [31–33]. The ability to manipulate the surface morphology of 
CdI2 provides a powerful tool for tuning the properties of these systems. 

In this work, we focus on a comprehensive investigation of the morphological 
features of CdI2 crystal surfaces and their role in the formation of nanostructures. By 
integrating experimental techniques, we aim to elucidate the mechanisms governing 
surface morphology and its impact on nanostructure formation. The findings of this 
study will contribute to the fundamental understanding of surface-driven phenomena 
and provide practical insights for the development of advanced nanomaterials. 

30.2 Experimental 

The studied CdI2 single crystals were grown from the melt using the Bridgman-
Stockbarger method and from the gas phase. The crystals obtained from the melt 
were in the form of cylindrical blocks with a diameter of 20 mm and a height of 
up to 50 mm. The raw materials used for crystal growth were further purified from 
impurities by the vertical zone melting method [10, 13]. 

When the salt was heated in a vacuum-sealed quartz tube to a temperature 80– 
100 °C below its melting point, crystal growth of cadmium iodide occurred on the 
cooler end of the tube from the gas phase. These crystals formed as thin plates 
with lateral dimensions of approximately 10 mm and a thickness of several tens of 
microns. 

As demonstrated by X-ray diffractometry, CdI2 exhibited intense diffraction 
reflections from the basal planes (001), (002), (003), (004), (005), and (006) of 
the hexagonal lattice of the CdI2 single crystal (Fig. 30.1a). The interplanar spacing 
values were used to calculate the lattice c-parameter, with the true value determined
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Fig. 30.1 X-ray diffraction patterns of CdI2 crystals (a) and determination of the lattice c-parameter 
by the extrapolation method (b) 

by graphical extrapolation using the Nelson–Riley function f(θ) = sin(θ)·cot(θ) 
(Fig. 30.1b). 

The value of the lattice c-parameter lies in the range of 6.841… 6.853 Å 
(Fig. 30.1b), indicating the formation of 2H polytypes of CdI2.  It  is  known [34] 
that when crystals are grown from the melt, the 4H polytype of CdI2 always forms, 
whereas in crystals obtained from the gas phase, the formation of various polytypes, 
including the 2H structure, is possible. 

The formation of the 2H polytype in CdI2 crystals grown from the melt can be 
explained by a 4H → 2H phase transition, which occurs during prolonged storage 
of the crystals (longer than two years) [35]. 

The dependence of the lattice c-parameter value may be associated with the influ-
ence of uncontrolled impurities localized within the triple I-Cd-I layer or in the 
van der Waals (vdW) gaps [36]. The physical reason for the dependence of the c-
parameter value on the impurity content lies in the weak interaction between the 
anions of two adjacent layers, which significantly affects the distance between them 
under the influence of external physical fields, such as temperature and mechanical 
stress [13]. 

For microscopic studies, samples were cleaved along the cleavage planes of CdI2 
crystals, forming flat, parallel plates with dimensions of 5 × 5 mm and a thickness 
not exceeding 1 mm. Both the surfaces and fresh cleavages of the obtained samples 
were studied. The surfaces were allowed to age in air for a certain period of time, 
while fresh cleavages were prepared by removing the top layers using adhesive tape. 
Single-crystal CdI2 plates obtained from the gas phase were not subjected to prior 
mechanical processing.

For the study of the morphology and local properties of the sample surfaces, 
an AFM Solver P47-PRO was used. During the experiments, semi-contact probe 
sensors with rectangular cantilevers of stiffness 11.8 H/m were employed. The radius 
of curvature of the probe tip did not exceed 10 nm. The height resolution of the 
instrument was 0.1 nm [10, 13, 19].
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AFM measurements of the morphology of micro- and nanostructures were 
performed in the semi-contact mode of the microscope. Electron microscopic images 
were obtained using the JSM-T220A microscope. 

30.3 Results and Discussion 

The surface morphology of freshly cleaved CdI2 crystals is characterized by a hexag-
onal close packing of atoms, the distance between which within one layer (the a-lattice 
parameter) is 0.35 nm (Fig. 30.2), which is in good agreement with the XRD data. 

The statistical characteristics of the crystal surface can be determined using 
the autocorrelation function of its digital microscopic image, which is calculated 
according to the following relation:

Fig. 30.2 AFM images of the surface morphology of CdI2 crystals grown from the melt (a, b); 
(area sizes: 3 × 3 nm; height range: 3 nm) (c, d) autocorrelation function and its profile plotted 
along the A line
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C(x, y) = 
1

S 
S 

z(x, y)z(x + x , y + y )dx dy, (30.1)

where z is the height distribution function; x, y are the coordinates of the point; S is 
the surface area. 

The correlation function can be calculated numerically by the equation [37]: 

C(x, y) = F−1{F−1[z(x, y)]F[z(x, y )]}, (30.2)

where F and F−1 describe the forward and inverse discrete Fourier transforms. 
In the case of a Gaussian distribution of irregularities, the statistical characteristics 

of the surface can be estimated by approximating the autocorrelation function of the 
surface by a Gaussian curve in the form: 

C(r) = δ2 e−r2/σ 2 , (30.3)

where δ and σ are the surface roughness and correlation length. 
The autocorrelation function of the CdI2 surface (Fig. 30.2c) is periodic with a 

period of ~ 0.3 nm (Fig. 30.2c, d), and its profile shows that the surface roughness 
value does not exceed 0.3 nm (Fig. 30.2d). The obtained value is less than the value 
of the c-parameter of the crystal lattice, so we can assume that the surface of the 
crystals is atomically smooth, which will be called the VdW surface in the future. 

Atomic force microscopy methods revealed micro- and nanoscale structures 
formed in cadmium iodide crystals: steps of complex configuration (Fig. 30.3a, b), 
growth spirals (Fig. 30.4a, b) and channel-like depressions (Figs. 30.5 and 30.6). 

The morphological features of the steps are nanoscale height and length, which 
reaches micron values. For example, the height of step A (Fig. 30.3b) is 6 nm, which 
is approximately 9 layer packages of I-Cd-I, and its length reaches 12 μm. The steps

Fig. 30.3 AFM image of a nanoscale step formed in melt-grown CdI2 crystals (a); step profile 
(area size: 12 × 12 μm; height range: 6 nm) (b)
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Fig. 30.4 Electron microscopic images of growth spirals formed in melt-grown CdI2 crystals 

Fig. 30.5 Microscopic images of pores formed in melt-grown CdI2 crystals: a, b SEM image of a 
micropore (a, b); AFM image of a nanopore and its profile; (area size: 20 × 20 μm; height range: 
24 nm) (c, d)

intersect at angles that are multiples of 60°, which is characteristic of the hexagonal 
close-packed atoms of a layered crystal. 

Figure 30.4a, b shows SEM images of growth spirals, which were first discovered 
in crystals grown from the melt. They consist of steps twisted into a spiral, the length 
of which is 4–5 μm, and the distance between them is 1 μm  [15].
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Fig. 30.6 Nanopores (a) and nanoclusters (c) formed on the steps of the vdW surface of CdI2 
crystals grown from the melt after long-term aging of the latter in an air atmosphere; b, d profiles of 
nanopores and nanoclusters; (area sizes: a—5.4 × 3.5 μm, c—5 × 9 μm; height range: a—44 nm, 
c—34 nm)

In the studied crystals, channel-shaped micro- and nanopores were found, formed 
in cadmium iodide crystals grown from the melt (Fig. 30.5). The lateral dimensions 
(length, width) of the micropores are 300 and 30 μm, respectively (Fig. 30.5a, b). 
The depth and width of the nanopores are 8 nm and 5 μm, respectively (Fig. 30.5c, 
d). 

Steps formed along the CdI2 basal planes most likely arise at the exits of edge 
dislocations and/or dislocation walls formed during crystal growth [10, 15]. Since the 
I-Cd-I basal planes at the defect exit points are held together not only by molecular but 
also by electrostatic forces, during crystal cleavage its delamination occurs mainly 
along planes with minimal defects, between which the bonding forces are the weakest 
[15, 29]. 

Growth spirals most likely arise at the exits of screw dislocations formed during 
crystal growth. The mechanism of their formation is associated with the influence 
of a number of factors (e.g., uneven distribution of uncontrolled impurities), which 
cause local internal stresses, under the action of which one part of it shifts relative 
to the other and the appearance of a step on the crystal surface. The step caused by 
a screw dislocation remains fixed at the dislocation exit point on the crystal surface,
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and therefore it can move only by rotating around the dislocation axis, resulting in 
its twisting into a growth spiral [15]. 

AFM methods have established that when CdI2 crystals are kept in air for a long 
time (30 days or more), nanostructures in the form of nanopores (Fig. 30.6a, b) and 
nanoclusters (Fig. 30.6c, d) are formed on the steps of the vdW surface. 

Nanopores have a nanoscale depth within 5–30 nm, lateral dimensions that reach 
submicron values within 500–900 nm (Fig. 30.6b), and a shape close to hexagonal, 
characteristic of the hexagonal dense packing of atoms of cadmium iodide crystals. 

Nanoclusters have a nanoscale height within 5–10 nm and submicron lateral 
dimensions within 300–500 nm (Fig. 30.6c, d). The steps on which nanostructures 
are formed intersect at an angle of ~ 60° (Fig. 30.6c). 

To establish the mechanism of nanostructure formation, the morphology of the 
vdW surface of CdI2 crystals was studied after their long-term exposure in an air 
atmosphere (Figs. 30.7 and 30.8). 

Figure 30.7a shows an AFM image of the morphology of the vdW surface of 
CdI2 crystals grown from the gas phase, aged in an air atmosphere for 30 days, on 
which the evolution of the formation of nanostructures is observed. At the first stage, 
nanosized pores are formed on the steps of the crystal surface (A in Fig. 30.8a). The

Fig. 30.7 AFM images of the morphology of the VdV surface of CdI2 crystals grown from the gas 
phase, aged in an air atmosphere for a long time (30 days or more); a nanostructures: A—nanopore; 
B, C—nanoclusters; b nanocluster formed in a nanopore and their profiles (c); (area sizes: a—2 × 
2 μm; c—320 × 350 nm; height range: a, c—3 nm)
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Fig. 30.8 AFM images of the morphology of the vdW surface of melt-grown CdI2 crystals, aged 
in air for 30 days (a); b, c nanopores formed in area A and their profile; d nanocluster formed in 
a nanopore (A) and nanopores (B) (area sizes: a—10 × 10 μm, b—3.2 × 0.6 μm, d—2 × 2 μm; 
height range: a—30 nm, b—5 nm, d—30 nm)

average values of the diameters and depths of the formed nanopores are ~ 250 and 
~ 0.5 nm (Fig. 30.7b), respectively [15]. At the next stage of formation, nanoclusters 
are nucleated in the nanopores (B, C in Fig. 30.7a, c). Their diameter at this stage 
does not exceed ∼ 100 nm, and their height is ~ 2.5 nm (Fig. 30.7b, d). 

Figure 30.8a shows an AFM image of the morphology of the vdW surface of CdI2 
crystals grown from the melt, aged in an air atmosphere for 30 days, on which the 
evolution of the formation of nanostructures is observed (areas A, B, C, D, E). 

A characteristic feature of the morphology of area A is the presence of nanosized 
pores on it (Fig. 30.8a,b). The profile of the formed nanopores indicates that their 
depth and diameter do not exceed ~ 3 and 200 nm, respectively. 

Nanocluster systems are observed in areas B, C, D (Fig. 30.8a). Analysis of their 
numerical characteristics (Table 30.1) indicates that they are at different stages of 
their evolution. The density of nanostructures formed in areas B, D does not exceed 
13·108 cm−2 with cluster sizes of 70 nm.

Area D (Fig. 30.8c) is particularly interesting in the sense that it records the forma-
tion of a cluster with a diameter of 116 nm and a height of 30 nm on the boundary of
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Table 30.1 Numerical characteristics of nanostructures formed on the surface of CdI2 grown from 
the melt (areas B, C, D, and E in Fig. 30.8) 

Area B C D E 

Quantity 27 54 54 4 

Average height (nm) 3 5 7 14 

Average radius (nm) 51 34 39 140 

Average height (nm) 300 200 200 800 

Roughness (nm) 1.3 1.5 1.7 3.5

a pore with a diameter of ~ 230 nm and a depth of 8 nm (A in Fig. 30.7,c). In addi-
tion, this area contains “pure” nanopores without nanostructures (B in Fig. 30.7,c), 
similarly to area A (Fig. 30.7a, b). 

The values of the surface roughness of the areas B, C, D, and E (Fig. 30.8)  are  
given in Table 30.1, from which it can be seen that with an increase in the density of 
nanostructures and their sizes, the surface roughness of the areas also increases. 

30.4 Conclusions 

The morphology of the surface and micro- and nanostructures formed in CdI2 crys-
tals was studied. It was shown that it is characterized by a hexagonal close-packed 
arrangement of atoms, the distance between which within one layer is nm. Atomic 
force microscopy methods revealed micro- and nanoscale structures formed in CdI2 
crystals in the form of steps of complex configuration, spirals and channel-like depres-
sions. The lateral dimensions (length, width) of the formed micropores are 300 and 
30 μm, and the depth and width of the nanopores are 8 nm and 5 μm, respectively. 
The steps formed along the basal planes of CdI2 most likely arise at the exits of edge 
dislocations and/or dislocation walls, which are formed during the crystal growth 
process. Growth spirals arise at the exits of screw dislocations, which are formed 
during the crystal growth process. The mechanism of their formation is associated 
with the influence of the uneven distribution of uncontrolled impurities, which cause 
local internal stresses, under the action of which one part of it shifts relative to the 
other and the appearance of a step on the crystal surface. 

It is shown that during the exposure of CdI2 crystals in air for a long time, 
nanopores and nanoclusters are formed on the steps of the vdW surface. Nanopores 
have a nanoscale depth within 5–30 nm, lateral dimensions that reach submicron 
values within 500–900 nm. Nanoclusters have a nanoscale height within 5–10 nm 
and submicron lateral dimensions within 300–500 nm. It has been established that the 
formation of nanostructures occurs only on the steps of the vdW surface of cadmium 
iodide, which implies that the nanoscale dislocation relief of the vdW surface, formed 
by a system of dislocations located in the basal plane of anions, is decisive for their 
formation.
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Chapter 31 
Diagnostics of Nanoscale Defects in Single 
Crystals by X-Ray Acoustic Method 

V. B. Molodkin, G. I. Nizkova, T. P. Vladimirova, Y. V. Vasylyk, 
A. O. Bilotska, I. I. Demchik, L. I. Makarenko, S. V. Lizunova, 
V. V. Molodkin, I. M. Zabolotnyy, and V. V. Lizunov 

Abstract A semi-phenomenological model of the dependence of the total integrated 
intensity of dynamical diffraction on the ultrasonic amplitude was proposed and X-
ray acoustic diagnostics of the characteristics of microdefects in single crystals was 
performed using it. It is shown that tthe dependences of the coherent and diffuse 
components of the total integrated intensity of dynamical diffraction on the ultrasonic 
amplitude can be significantly different. 

31.1 Introduction 

Since most modern nanosystems are multi-parametrical and contain defects of many 
types simultaneously, it is necessary to use the theory of multiple (dynamical) 
scattering to establish the characteristics of the defect structure for such systems. 

Unlike the kinematical theory, the sum and ratio of the diffuse and Bragg compo-
nents of the total integrated intensity of dynamical diffraction, according to the 
dynamical theory, become dependent on both the parameters of the defect struc-
ture and the diffraction conditions. Moreover, the dependences of the Bragg and 
diffuse components of the total integrated intensity of dynamical diffraction on the 
both parameters of defects and diffraction conditions are fundamentally different. 
This provides the diagnostic capabilities of the total integrated intensity dynamical 
diffraction method. 

In [1], the general physical nature of phenomena and effects that provide improved 
sensitivity and informativeness of diagnostics during the transition from kinemat-
ical diffraction to dynamical one was established and investigated. In [2], theoret-
ical foundations of dispersion multiparametrical diagnostics based on phase-variable 
principles were created.
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As shown by a detailed analysis of solutions of homogeneous equations for 
dynamical Bragg and inhomogeneous equations for dynamical diffuse waves, the 
influence of both structural imperfections and diffraction conditions on the Bragg 
component due to the dispersion mechanism is fundamentally different from their 
influence on the diffuse component. Therefore, the total integrated intensity of 
dynamical diffraction from a crystal with defects (TIIDD) differs by orders of magni-
tude from the integrated intensity of dynamical diffraction (IIDD) from an ideal 
crystal. In addition, it was found that, unlike the kinematical case, the diffraction 
conditions (wavelength, object thickness, geometry, and asymmetry angles) deter-
mine the nature of the effect of defects. This allows, by purposefully changing the 
diffraction conditions, to control the relative contributions of the Bragg and diffuse 
components, as well as contributions from imperfections of various types, i.e., to 
control the nature of the influence of imperfections on the scattering pattern by 
changing the diffraction conditions. 

Thus, the main principle of solving the problem of unambiguous multiparametric 
(phase-variant) diagnostics, developed on the basis of the dynamic dispersion mech-
anism, is to selectively ensure maximum amplification of the manifestation of each 
of the many types of defects and other imperfections of crystals in the scattering 
patterns by controlled changes in diffraction conditions. 

31.2 X-Ray Acoustic Method for Diagnostics of Defects 
in Single Crystals 

The ultrasonic wave field in a single crystal creates a sinusoidal deformation field 
of atomic displacements. This field is characterized by the displacement amplitude 
W, which determines the degree of crystal distortion, and the wavelength λs, with 
W and λs easily varying over wide ranges. In the classic work [3], an increase in 
the number and brightness of spots on the Lauegram was first observed, which was 
enhanced with an increase in the amplitude of oscillations W, under the influence of 
ultrasonic, excited piezoelectrically in a quartz crystal plate, at frequencies close to 
resonant ones. 

In this case, the condition for mechanical resonance of the sample is the equality 
nλs/2 = T, where T is the sample t hickness.

To explain this phenomenon, the crystal under the influence of ultrasonic vibra-
tions was considered as a perfect crystal with a modified lattice [4–6]. For small 
amplitudes of an ultrasonic wave (|HW | < 1, where H is the reciprocal lattice 
vector), the problem of X-ray diffraction was solved within the framework of pertur-
bation theory, which made it possible to establish the amplitude dependences of 
integral reflections, the nature of the change in the extinction length, etc. 

Although perturbation theory is not applicable for strong lattice distortions 
(|HW | 1), in this case the amplitude dependences of integral reflections were 
also calculated and the intensity values at the kinematic scattering limit (|HW | >
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(πT/Λ)2, where Λ is the extinction length) were shown [7, 8]. When this criterion is 
met, the reciprocal lattice contains a system ~ 2 |HW | of satellites H ± nKs, for each 
of which the extinction length exceeds the crystal thickness. Summing the integral 
reflections of the satellites leads to the well-known expression for the intensity of 
the integral reflection of a perfectly mosaic crystal. In strongly excited crystals for 
any λs, the main mechanism for increasing intensity is the emergence of higher-order 
satellites. 

The fact theoretically established in [8] that at small amplitudes of the electrical 
signal on the piezoelectric transducer, the nature of the change in the I(x) profiles with 
increasing ultrasonic amplitude in the short-wave case is significantly different from 
the resonant and long-wave cases was experimentally confirmed in [9]. At the same 
time, for the resonant and long-wavelength cases, the behavior of the experimental 
dependences I(x) turned out to be similar in general terms. For λs < Λ, the X-ray 
beam localizes the superlattices created by ultrasonic, and the main mechanism for 
increasing the intensity is the emergence of satellites and the growth of their structural 
factors. The increase in the reflex intensity in the ultrasonic-distorted crystal occurs 
along most of the base of the Bormann delta. For λs > Λ, the increase in I(x)  is  
observed only in its central part, while on the periphery of the Bormann delta the 
intensity decreases. The indicated differences in the I(x) curves gradually disappear 
with further increase in the ultrasonic a mplitude.

Another dependence of I(x) is observed in the region of X-ray acoustic resonance. 
Acoustic vibrations, whose wavelength is equal to the extinction length, lead to 
a strong increase in the intensity of the diffracted radiation in a narrow angular 
region in the center of the Bormann delta, which can be interpreted as focusing of 
the X-ray beam by X-ray acoustic resonance [10]. The resonance here is due to 
the interferometric amplification of interband scattering when the quasi-momentum 
conservation law is fulfilled KS =ΔK0 (therefore, λs = Λ), where KS is the ultrasonic 
wave vector; KS = 2π/λS; ΔK0 is the minimal splitting of the dispersion surface; ΔK0 

= 2π /Λ.
It should be noted that in an acoustically excited crystal there are two competing 

mechanisms of influence of ultrasonic vibrations on the X-ray intensity (an increase 
in the angular reflection region and an increase in the level of X-ray absorption). It 
is believed that the second mechanism prevails at small values W and is pronounced 
in conditions of X-ray acoustic resonance. 

It was shown in [11] that the experimental separation of the contributions of Bragg 
and diffuse scattering can be performed by using the dependence of the reflection 
intensity on the amplitude of ultrasonic excited in the crystal under conditions of 
X-ray acoustic resonance, i.e. when the wavelength of the transverse ultrasonic field 
λS is equal to the extinction length Λ. 

Under conditions of X-ray acoustic resonance, the Bormann effect in a sufficiently 
thick absorbing crystal is almost completely suppressed even by weak oscillations 
with the amplitude W by order 10–10 cm. The authors of [11] assumed that, since the 
angular interval of diffuse scattering is much larger than the angular interval of both 
Bragg dynamical diffraction and the diffraction region formed by ultrasonic action, 
ultrasonic excitation should not affect the intensity of diffuse scattering. However,
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the effect of ultrasonic vibrations on the diffuse component of the total integrated 
intensity of dynamical diffraction (TIIDD) can be significant and also different for 
different types of microdefects that may be present in real single crystals. 

31.3 The Theoretical Model of the Dependences 
of the Total Integrated Intensity of Dynamical 
Diffraction on the Ultrasonic Amplitude 

To describe the deformation dependence of the total integrated intensity of dynam-
ical diffraction of single crystals with microdefects, the authors proposed a 
semi-phenomenological model in [12]: 

R = Rcoh + Rdif (1 + 1.65(α /α)BT 

+ 1.6(β /β)B2 T 2 ) exp(−6.97 · 1012 (γ /γ ) 1 r
2

M0 + μ0l r), (31.1)

where r is the radius of curvature of an elastic bending, BT is an effective deforma-
tion, M0 is the absorption. The values of the coefficients α, β, γ, δ and α , β , γ , δ 
are selected by fitting the dependencies calculated using model (31.1) to the theoret-
ical and experimental deformation dependences of integrated intensity of dynamical 
diffraction. 

In [12] the following phenomenological relations were found for the coefficients 
α, β, γ, δ and α , β , γ , δ :

α /α = 0, 
β /β = 0, 73(Rmax L, 
γ /γ = 0, 0779/L, 
δ /δ = 75 , 1 · 105(Rmax

3/2, (31.2)

where Rmax is the the largest of the values of the average cluster radii Rcl, loop radii 
Rl and small loop radii Rsm.l., L is Krivoglaz factor (static Debye–Waller factor). 

To adapt the proposed model to the case of X-ray acoustic diagnostics, by 
analyzing the experimental dependences of the TIIDD on the ultrasonic amplitude 
obtained for single crystals with different defect structures in the “thin” and “thick” 
crystal approximations, the expression was empirically established that allows us to 
correlate the voltage on the piezoelectric transducer with the radius of the cylindrical 
bending of the sample. 

The established expression has the form: 

1  V  = 0.1887 · 107 / r cos2 θB μm− 1 , (31.3)

where θB is the Bragg angle.
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Figures 31.1, 31.2, 31.3 and 31.4 illustrate the results of the specified analysis. 
It was considered Si samples with thickness 7110 μm. Clusters Cu3Si were formed 

in the silicon sample under study as a result of copper decoration of dislocation loops 
that were present in it after growth. To observe the distribution (topography) of dislo-
cations in crystals, the fact that dislocations in some cases are centers of precipitation 
in supersaturated solid solutions is used. The dislocation structure is decorated with 
precipitates during appropriate heat treatment of the crystal, into which an excess of 
an impurity is introduced (specifically for this purpose) by additive solution methods, 
the solubility of which is either completely insignificant or significantly dependent on 
temperature. The purpose of such decoration is to increase the contrast of the images 
of the specified dislocation loops on the X-ray topograms of dynamically scattering 
single crystals. But introducing copper into a sample with the aim of detecting defects 
already existing in it leads to the formation of new defects. 

The example of the studied sample shows that the influence of decorating defects 
on the value of the TIIDD depends on the initial defect structure of the sample. The 
concentration of decorating clusters Cu3Si formed in the sample is proportional to

Fig. 31.1 The dependences 
of total integrated intensity 
of dynamical diffraction 
normalized to the intensity 
value at u = 1.7 V on an 
ultrasonic vibration 
amplitude, (AgKα, (220) and 
(440) reflections)

Fig. 31.2 The dependences of TIIDD and its components normalized to the dependences of the 
integrated intensity of dynamical diffraction of a perfect crystal on an ultrasonic amplitude: a AgKα, 
(220) reflection, b AgKα, (440) reflection
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Fig. 31.3 The dependences of the normalized TIIDD on an ultrasonic amplitude: MoKα (440) 
reflection (a), MoKα (660) reflection (b), MoKα (880) reflection (c);  the  area  1  of  th  e sample

Fig. 31.4 The dependences of the normalized TIIDD on an ultrasonic amplitude: MoKα (440) 
reflection (a), MoKα (660) reflection (b), MoKα (880) reflection (c);  the  area  2  of  the sample

the sum of the lengths of the loop circles present in 1 cm3 of the sample, namely, for 
an area 1: 3.103 × 107 μm, for an area 2: 36.51 × 107 μm. In this work, the values 
of the parameters of two types of defects were obtained for each of the areas.

Figure 31.1 shows the dependences of total integrated intensity of dynamical 
diffraction on an ultrasonic vibration amplitude for Si sample with thickness 7110 μm 
with using characteristic radiation AgKα, (220) and (440) reflections. The curves 
presented in Fig. 31.1 (solid lines) are calculated according to models (31.1)–(31.2) 
assuming that the sample contains dislocation loops with parameters: Rl = 3.54 μm, 
cl = 1.67·10–18. Markers are experimental data [13]. 

Figure 31.2 shows the dependences of the total integrated intensity of dynam-
ical diffraction and its components normalized to the dependences of the integrated 
intensity of dynamical diffraction of a perfect crystal on an ultrasonic amplitude 
for Si sample with thickness 7110 μm. Lines correspond to the dependences calcu-
lated by models (31.1)–(31.2) assuming that the sample contains dislocation loops 
with parameters: Rl = 3.524 μm, c = 1.719·10–18. Thin solid line corresponds to 
the dependences calculated for normalized integrated intensity of dynamical diffrac-
tion for perfect crystal. Solid line corresponds to the dependences of the TIIDD, the 
dashed line corresponds to the dependence of the coherent component of the TIIDD, 
the dotted line corresponds to the dependence of the diffuse component of the TIIDD. 
Markers are experimental data [13].
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Figures 31.3 and 31.4 show the dependences of the TIIDD on an ultrasonic ampli-
tude for different reflections, namely MoKα (440) reflection (a), MoKα (660) reflec-
tion (b), MoKα (880) reflection (c) for two areas of the sample. Thin solid lines corre-
spond to the dependences calculated for normalized integrated intensity of dynamical 
diffraction for perfect crystal. The bold solid lines presented on Fig. 31.3 are calcu-
lated according to models (31.1)–(31.2) assuming that there are two dominant types 
of defects in the sample (Rcl Cu3Si = 0.0686 μm, ccl Cu3Si = 2.173 × 10–15,  Rlarge l = 
3.4 μm, clarge l = 2.905 × 10–17). The dashed lines presented on Fig. 31.3 correspond 
to the calculated dependences of the TIIDD if there are only large loops in the sample 
(Rlarge l = 3.4 μm, clarge l = 2.905 × 10–17). The dotted lines presented on Fig. 31.3 
correspond to the calculated dependences of the TIIDD if there are clusters Cu3Si 
only in the sample (Rcl Cu3Si = 0.0686 μm, ccl Cu3Si = 2.173 × 10–15). Markers are 
experimental data [13]. 

The bold solid lines on Fig. 31.4 correspond to the calculated dependences of the 
TIIDD if there are two dominant types of defects in the sample (Rcl Cu3Si = 0.0686 μm, 
ccl Cu3Si = 2.56 × 10–14,  Rlarge l = 1.425 μm, clarge l = 8.156 × 10 –16). The dashed
lines on Fig. 31.4 correspond to the calculated dependences of the TIIDD if there 
are only large loops in the sample (Rlarge l = 1.425 μm, clarge l = 8.156 × 10–16). The 
dotted lines presented on Fig. 31.4 correspond to the calculated dependences of the 
TIIDD if there are clusters Cu3Si in the sample only (Rcl Cu3Si = 0.0686 μm, ccl Cu3Si 
= 2.56 × 10–14). Markers are experimental data [13]. 

Figures 31.3 and 31.4 show that the dependences of the normalized TIIDD on 
the ultrasonic amplitude (bold solid lines) for both studied areas of the sample do 
not intersect with similar dependences for perfect crystal (thin solid lines). This 
indicates the predominant influence on the value of the TIIDD multiplier describing 
the reflectivity of the diffuse component of the TIIDD. The indicated dominance 
is also observed for the TIIDDs calculated assuming the presence in the sample 
under study of only Cu3Si clusters or only large dislocation loops. In addition, the 
dashed and dotted lines do not intersect with the experimentally obtained (markers) 
dependences of the normalized TIIDD on the ultrasonic amplitude. This illustrates 
the inability to determine the parameters of Cu3Si clusters and large dislocation 
loops. 

From Fig. 31.3 it is clear that the contribution of Cu3Si clusters to the TIIDD 
values measured at the area 1 can be detected only when using the (880) reflection. 
At the same time, it is clear from the figure that Cu3Si clusters make the predominant 
contribution to the TIIDD values measured at the area 2. 

At u = 2–2.5 V, calculations for large loops coincide with the experiment, which 
allows us to determine their parameters. The parameters of Cu3Si clusters are deter-
mined at u = 0 V, using the already known values of the parameters of lar ge
loops.

When calculating taking into account the contributions of all defects, as well as 
taking into account the contribution of only clusters, the average radius of defects that 
have the predominant influence on the value of the TIIDD, namely, clusters Rcl Cu3Si 

= 0.0686 μm, is substituted into formula (31.2).
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When calculating taking into account the contribution of only large loops, their 
average radius Rbig l = 1.425 μm is substituted into formula (31.2). 

At u = 1.5 V, the calculations for large loops coincide with the experiment, which 
allows us to determine their parameters. The parameters of the Cu3Si clusters are 
determined at u = 0 V, using the already known values of the parameters of lar ge
loops.

At u = 2–2.5 V, calculations for Cu3Si clusters agree with the experiment, which 
allows us to determine their parameters. The parameters of large loops are determined 
at u = 0 V, using the already known values of the parameters of Cu3 Si clusters.

By computer processing of experimentally obtained (markers) dependences of the 
normalized TIIDD on the ultrasonic amplitude, the following values of the parameters 
of defects of two types were obtained for the two studied areas of the sample: 

For area 1: ccl Cu3Si = 2.173 × 10–15,  Rlarge l = 3.4 μm, clarge l = 2.905 × 10–17.
For area 2: ccl Cu3Si = 2.56 × 10–14,  Rlarge l = 1.425 μm, clarge l = 8.156 × 10–16.

31.4 Diagnostics of a Single Crystal Containing Defects 
of Three Dominant Types by X-ray Acoustic Method 

In this section, calculations were performed for a silicon sample with a thickness of 
13,010 μm, which was annealed at a temperature of 1100 °C for 6.5 h. Laue reflection 
(220) was used [3]. The wavelength of the used continuous spectrum radiation is λ 
= 0.404 Å. According to research data [14], after such annealing, SiO2 clusters with 
a concentration of ccl SiO2 = 1.6 × 10–14 were formed in the sample.

Figure 31.5 shows the calculated by models (31.1)–(31.2) dependences of the 
TIIDD on an ultrasonic amplitude. Thin solid lines correspond to the dependence 
calculated for integrated intensity of dynamical diffraction for perfect crystal. Bold 
solid lines correspond to the calculated dependences of TIIDD if there are all three 
dominant types of defects (Rcl SiO2 = 0.097 μm, ccl SiO2 = 1.6 × 10–14,  Rsm.l = 
0.07 μm, csm.l = 1.06 × 10–11,  Rlarge l = 2 μm, clarge l = 8.4 × 10–17). The dashed 
lines correspond to the calculated dependences of TIIDD if there are only clusters in 
the sample (Rcl SiO2 = 0.097 μm, ccl SiO2 = 1.6 × 10–14). The dotted lines correspond 
to the calculated dependences of TIIDD if there are only large loops in the sample 
(Rbig l = 2 μm, cbig l = 8.4 × 10–17). The dash-dotted lines correspond to the calculated 
dependences of TIIDD if there are only small loops in the sample (Rsm.l = 0.07 μm,
csm.l = 1.06 × 10–11). Markers are experimental data [11].

Figure 31.5 shows that the experimental dependence of the TIIDD at different 
values of ultrasonic amplitude coincide with the theoretical dependences calculated 
for small loops, clusters, and large loops. 

Figure 31.6 demonstrates that at large ultrasonic amplitudes, the calculated theo-
retical dependences of the coherent component of the TIIDD Ricoh coincide with 
the experiment (Fig. 31.6a), while the contribution of the diffuse component of the 
TIIDD Ridif practically disappears (Fig. 31.6c). At small ultrasonic amplitudes, the
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Fig. 31.5 The dependences of the TIIDD on an ultrasonic amplitude, MoKα (220) reflection (a)  and  
the same zoomed in for range u = 0.5–3.5 V (b)

contribution of the diffuse component is practically commensurate with the contri-
bution of the coherent component, which ensures the coincidence of the total TIIDD 
with the experiment. Figure 31.6b, d show that with increasing ultrasonic amplitude, 
the value of the coherent component of the ЕIDD Ricoh increases (Fig. 31.6b), and the 
value of the diffuse component of the TIDD Ridif decreases (Fig. 31.6d). In addition, 
it is clear that, unlike the kinematical case, the course of the dependences of the 
components of the TIIDD for different types of defects is different.

Figure 31.7 illustrates even more clearly the possibility of separating the contri-
butions of defects of different types simultaneously present in the sample, due to the 
fact that, unlike the kinematical case, in dynamical diffraction for the total integrated 
intensity, the ratio of the diffuse and Bragg components changes depending on the 
type of defects.

By fitting the experimental dependence of the TIIDD on the amplitude of ultra-
sonic vibrations to a similar dependence of the TIIDD calculated using models 
(31.1)–(31.2), the parameters of the three dominant types of defects present in the 
sample were obtained: clusters SiO2 (Rcl SiO2 = 0.097 μm, ccl SiO2 = 1.6 × 10–14), 
small dislocation loops (Rsm.l = 0.07 μm, csm.l = 1.06 × 10–11) and large loops 
(Rlarge l = 2 μm, clarge l = 8.4 × 10–17).

31.5 Conclusions 

A semi-phenomenological model of the dependence of the total integral intensity of 
dynamical diffraction on the amplitude of ultrasonic vibrations was proposed. By 
using the established relationship between the parameters of the dependence of the 
diffuse component of the TIIDD on the ultrasonic amplitude and the parameters of 
defects, the possibility of separating the contributions of defects of different types 
simultaneously present in the sample has been demonstrated, due to the fact that,
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Fig. 31.6 The dependences of the coherent (a, b) and the diffuse (c, d) components of the TIIDD 
on an ultrasonic amplitude (Fig. 31.6b, d are the zoomed in areas of Fig. 31.6a, c for range u = 
0.5–3.5 V). Thin solid lines correspond to the dependence calculated for integrated intensity of 
dynamical diffraction for perfect crystal. Bold solid lines correspond to the calculated dependences 
of the TIIDD if there are all three dominant types of defects (Rcl SiO2 = 0.097 μm, ccl SiO2 = 1.6 
× 10–14,  Rsm.l = 0.07 μm, csm.l = 1.06 × 10–11,  Rlarge l = 2 μm, clarge l = 8.4 × 10–17). The 
dashed lines correspond to the calculated dependences of the TIIDD if there are only clusters in the 
sample (Rcl SiO2 = 0.097 μm, ccl SiO2 = 1.6 × 10–14). The dotted lines correspond to the calculated 
dependences of the TIIDD if there are only large loops in the sample (Rbig l = 2 μm, cbig l = 8.4 × 
10–17). The dash-dotted lines correspond to the calculated dependences of the TIIDD if there are 
only small loops in the sample (Rsm.l = 0.07 μm, csm.l = 1.06 × 10–11). Markers are experimental
data [11]

unlike the kinematical case, in dynamical diffraction for the full integrated intensity, 
the ratio of the diffuse and Bragg components changes depending on the type of 
defects. 

X-ray acoustic diagnostics of the characteristics of microdefects in single crystals 
was carried out using it.
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Fig. 31.7 Dependences of the logarithm of the ratio of the coherent component of the TIIDD to 
its diffuse component on the amplitude of ultrasonic. Solid line corresponds to calculation by the 
models (31.1)–(31.2) assuming the presence of three types of defects in the sample (Rcl SiO2 = 
0.097 μm, ccl SiO2 = 1.6 × 10–14,  Rsm.l = 0.07 μm, csm.l = 1.06 × 10–11,  Rlarge l = 2 μm, clarge l = 
8.4 × 10–17). The dashed lines correspond to the calculated dependences of TIIDD if there are only 
clusters in the sample (Rcl SiO2 = 0.097 μm, ccl SiO2 = 1.6 × 10–14). The dotted lines correspond 
to the calculated dependences of TIIDD if there are only large loops in the sample (Rbig l = 2 μm, 
cbig l = 8.4 × 10–17). The dash-dotted lines correspond to the calculated dependences of TIIDD if 
there are only small loops in the sample (Rsm.l = 0.07 μm, csm.l = 1.06 × 10–11)
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Chapter 32 
Nanomaterials in Detection of Fe(II) 
and Fe(III) in Water 

Viktor Kurylenko, Marta Litynska, and Khrystyna Hutsul 

Abstract The paper analyzed the usage and efficiency of different nanomaterials 
in detection of iron species in water. The content of iron ions in the majority of 
natural waters of Ukraine significantly exceeds the maximum permissible level for 
consumption due to geological conditions and contamination of water bodies with 
metals as a result of military operations. It is also a common problem when clean 
water after the drinking water treatment plant is significantly contaminated with iron 
during transportation through pipes. Fast and effective determination of total iron 
content is extremely relevant both in the field of water resources management, and 
in quality monitoring after water treatment. There are a lot of different methods, 
which can effectively detect iron content in water in situ, including, electrochem-
ical, spectrophotometric, fluorometric, etc. But these methods are often expensive, 
not selective enough, or require lengthy sample preparation, which makes them 
inconvenient to use, especially in the field. In the paper various compositions and 
application of detection methods are observed. 

32.1 Introduction 

Iron, in particular in the forms Fe(II) and Fe(III), is an essential trace element involved 
in key processes such as oxygen transport and energy metabolism [1]. But despite its 
importance, iron can be toxic under certain conditions or cause equipment damage [2, 
3]. According to the Ukrainian regulations, the maximum permissible concentration 
(MPC) of iron is 0.2 mg/L for drinking water and 0.3 mg/L for water bodies, but
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in natural waters the concentration is often much higher [1, 4]. Iron compounds 
most often enter natural waters as a result of leaching from rocks and minerals [1]. 
Another source of iron compounds can be the decomposition of biomass, since iron 
is an essential element for plants and animals. Iron compounds mainly enter the seas 
and oceans with river runoff [5]. In the case of Ukraine, in addition to natural factors, 
military operations actively affect the content of iron compounds in natural waters 
due to leaching from sunken military equipment, ships, shells, ammunition, missiles, 
mines, etc. [4, 6–8]. That is, rapid determination of iron content in surface waters and 
the marine environment allows us to assess the impact of the war on water quality 
and draw conclusions about the need to search for sunken military equipment and 
other metal objects. 

Drinking water can also be contaminated with iron compounds due to contact of 
water with corroding pipes or violation of water purification conditions when using 
iron-containing reagents [9–11]. Such water can lead to rapid breakdown of water 
heating equipment. 

All this makes the development of fast and inexpensive methods for determining 
the iron content in water an extremely urgent task. 

Traditional methods for detecting iron, although accurate, are expensive, require 
complex sample preparation and take a long time. Currently, in Ukraine, the deter-
mination of iron content is most often carried out by quite imprecise photometric 
methods using sulfosalicylic acid [12] or 1,10-phenanthroline [13], since such highly 
sensitive methods as ICP-MS or AAS are extremely expensive. Therefore, nano-
materials have recently gained more and more attention as an innovative solution 
for fast, accurate and environmentally friendly iron detection. Nanomaterials, such 
as graphene quantum dots, carbon nanoparticles, and metal nanoparticles, exhibit 
unique physical and chemical properties. They enable analysis with high sensitivity 
and selectivity, which is critical for the determination of iron in complex environ-
ments. In addition, the use of environmentally friendly synthesis, such as using plant 
extracts, makes these methods even more attractive. 

There are several analytical methods for detecting Fe(III) and Fe(II) ions. These 
include fluorometry, a spectrometric method that measures changes in fluores-
cence intensity caused by the interaction between nanomaterials and the target ions, 
enabling high sensitivity and selectivity. Colorimetry, another widely used approach, 
relies on visible color changes in the presence of iron ions, facilitated by the optical 
properties of nanostructures like gold or silver nanoparticles. Additionally, elec-
trochemical methods have emerged as a powerful tool for iron detection, utilizing 
nanomaterials such as gold nanoparticles, carbon-based electrodes, or metal oxides 
to improve electron transfer, enhance catalytic activity, and achieve ultralow detec-
tion limits. Each of these methods provides unique advantages, with nanomaterials 
playing a pivotal role in advancing their sensitivity, selectivity, and applicability in 
complex matrices.
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32.2 Methods of Iron Ions Detection 

32.2.1 Fluorometry 

Chemically modified fluorescent graphene quantum dots (GQDs) were employed 
[14] for selective quantification of Hg2+ and Fe3+ ions in real water samples using 
a fluorescence spectroscopy and trained a machine learning (ML) algorithm for the 
selective quantification. Urea-modified GQDs (uGQDs) were obtained following a 
modified electrochemical synthesis from graphene foam and then functionalized 
with 1-nitroso-2-naphthol. The functionalized GQDs exhibited a detection limit 
of 0.003 mg/L for Fe3+ ions, dynamic concentration range was between 0.003 
and 0.1 mg/L. The NN-functionalized GQDs demonstrated strong selectivity, with 
minimal interference from Cu2+,  Zn2+,  or  Hg2+ ions and relative error in distin-
guishing Fe3+ and Hg2+ in mixed samples was less than 5%. Emission spectra 
exhibited distinct quenching behaviors for Fe3+ and Hg2+, which enabled precise 
quantification even in the presence of competing ions.

Nitrogen-doped carbon nanoparticles (N-CNPs) were synthesized [15]  via  a  
quick, green, and low-cost method for selective and sensitive detection of Fe3+ ions in 
water. N-CNPs, prepared with dextrose and urea, can be used for sensitive detection 
of Fe(III) ions in the range of 1–30 ppm, detection limit for Fe3+ ions was found to 
be 1 ppm. Minimal fluorescence response was observed for competing ions such as 
Al3+,  Zn2+,  Cu2+, and Pb2+ (< 2%). Correlation coefficient R2 = 0.9945 indicates 
that the N-CNPs have a very high sensitivity towards Fe(III) ions. Fe(III) sensing 
with N-CNPs was tested several times and only negligible deviations (≤ 4%) were
observed.

The determination approaches of Fe(III) in biological samples were developed 
by authors in article [16], that created a novel water-soluble silicon nanoparticles 
(SiNPs). The SiNPs were synthesized by a facile microwave-assisted method. The 
fluorescence intensities of SiNPs were gradually quenched with Fe(III) concentration 
increasing from 2.0 to 50 µmol/L (R2 = 0.9974). The detection limit of the established 
method was 0.56 µmol/L and the precision for eleven replicate detections of 20 µmol/ 
L Fe(III) was 3.2% (relative standard deviation, RSD). The spiked recoveries were 
99.0–104.5%. SiNPs were successfully applied in the determination of Fe(III) in 
different environmental waters and human serum.

Water soluble carbon nanoparticles (CNPs) is described [17] for selective and 
sensitive detection of Fe(III) ions in water. The CNPs were synthesized by acid 
treatment of naturally occurring d-glucose followed by heating at 80 °C. The limit 
of quantification and limit of detection of Fe3+ ions were found to be 18 ppm and 
as 56 ppb, respectively. Interference from ions such as Pb2+,  Hg2+, and Zn2+ was 
minimal (< 1%), highlighting the selectivity of the sensor. The method was validated 
against ICP-OES, showing consistent results for Fe3+ detection in real samples.

Phosphorus-doped carbon quantum dots (PCQDs) [18] have emerged as a 
highly effective fluorescent probe for the detection of Fe3+ ions. Synthesized via a
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hydrothermal method, these PCQDs demonstrated exceptional sensitivity and selec-
tivity, with a detection limit of 9.5 nM and a linear concentration range extending 
from  20  nM  to  3.0  µM. The fluorescence quenching observed in the presence of Fe3+ 

was attributed to a static quenching mechanism, resulting from the formation of a 
fluorescent inactive complex (PCQDs − Fe3+). Selectivity tests confirmed minimal 
interference from other metal ions, including Zn2+,  Cu2+, and Hg2+, with interfer-
ence levels remaining below 3%. The fluorescence quantum yield of PCQDs was 
determined to be 16.1%, reflecting their efficiency in generating a strong signal 
upon interaction with Fe3+ ions. Validation of this fluorescent assay in real-world 
samples, such as raw and treated water from reverse osmosis plants, showed excel-
lent recovery rates exceeding 95%, underscoring the practical applicability of PCQDs 
for environmental monitoring.

Rhodamine-based fluorescent polyacrylic nanoparticles (RhAcL-3) were devel-
oped [19] for rapid and selective detection of Fe2+ and Fe3+ in water. These nanopar-
ticles were synthesized via semi-continuous emulsion polymerization, incorporating 
Rhodamine B ethylenediamine acrylate into a poly(methyl methacrylate-co-glycidyl 
methacrylate) matrix. The sensor demonstrated low detection limits of 2.63 µM  for  
Fe2+ and 2.5 µM for Fe3+, with a wide linear dynamic range from 4 to 320 µM. The 
fluorescence intensity increased significantly, up to 2.2 fold, upon interaction with 
Fe3+ ions, due to the chelation-induced spirolactam ring-opening mechanism in the 
Rhodamine moiety. Importantly, interference from other common metal ions, such 
as Mg2+,  Cu2+, and Zn2+, was negligible, ensuring high selectivity for iron ions. The 
sensor performed effectively under neutral pH conditions, enhancing its applicability 
for real-world water quality monitoring.

32.2.2 Colorimetry 

A simple colorimetric assay for Fe(III) based on hydroxamic acid functionalized 
gold nanoparticles was developed [20], enabling visible detection of Fe(III) ions. This 
highly selective sensor allows a direct quantitative assay of Fe(III) with a UV–visible 
spectroscopy detection limited to 45.8 nM. Colorimetric changes were observable to 
the naked eye, transitioning from red to blue in the presence of Fe(III). The dynamic 
concentration range for Fe(III) detection extended from 45.8 nM to 10 µM. The 
sensor demonstrated high selectivity for Fe(III) ions, with negligible interference 
from Mg2+,  Ca2+, and Hg2+ ions (< 1%). The method proved effective for Fe(III) 
quantification in real water samples, with recovery rates above 95%.

A novel colorimetric sensor using methylene blue-modified gold nanoparticles 
(MB-AuNPs) was developed [21] for the detection of Fe(II) and Cr(III) ions. The 
AuNPs were prepared using methylene blue (MB) as the capping agent and sodium 
borohydride as the reducing agent in the aqueous medium. The MB-AuNPs were 
employed as colorimetric for Cr(III) and Fe(II) ions at pH range of 3–8, at room 
temperature in aqueous solution. Upon aggregation, the surface plasmon absorption 
band red-shifts so that the nanoparticle solution appears a blue color. The MB-AuNPs
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were found to be highly sensitive, detection limit for Fe(II) was determined to be 
11.21 nM, with a quantification range extending up to 0.5 µM under optimized 
conditions in the aqueous medium. The MB-AuNPs exhibited strong selectivity 
for Fe(II) ions in the presence of competing ions such as Ni2+,  Mn2+, and Pb2+ 

(< 1.5%). The method was validated in environmental samples, achieving recovery 
rates between 92 and 102%.

N-acetyl-L-cysteine-stabilized silver nanoparticles (NALC–AgNPs) were synthe-
sized [22] as a highly sensitive colorimetric probe for Fe(III) ions. The Ag NPs were 
successfully synthesized through a simple method using sodium borohydride as 
reducing agent and N-acetyl-L-cysteine as protecting ligand. The synthesized silver 
nanoparticles show a strong surface plasmon resonance (SPR) around 400 nm and 
the SPR intensity decreases with the increasing of Fe3+ concentration in aqueous 
solution. Silver nanoparticles can be used for the sensitive and selective detection of 
Fe3+ ions in water with a linear range from 80 nM to 80 mM and a detection limit of 
80 nM. The detection mechanism was attributed to an oxidation–reduction interac-
tion between Fe(III) and AgNPs. Selectivity tests confirmed negligible interference 
from competing ions such as Pb2+,  Zn2+, and Cu2+ (< 2%). The method demonstrated 
robust performance in detecting Fe(III) in real water samples, with recovery rates 
exceeding 95%.

Green synthesized silver nanoparticles (AgNps) capable of distinguishing Fe2+ 

and Fe3+ ions were synthesized [23] for simple naked eye detection. A visible color 
change from yellow to orange was observed upon interaction with Fe(II). Sapindus 
mukorossi pericarp extract was used as both reducing and stabilizing agent for the 
synthesis of eco-friendly AgNps within 10 min by means of ultrasound assistance. 
The proposed AgNps was successfully explored as a potential colorimetric probe 
for selective, sensitive, rapid detection and distinction of Fe2+ and Fe3+ ions over 
various other metal ions. The detection limit for Fe(II) was 0.3 ppb, with a linear 
range extending from 0.3 to 7.0 ppb. The sensor exhibited excellent selectivity, 
showing minimal interference from Fe(III) ions (< 5%). The recovery rates in real 
environmental samples ranged from 97 to 105%. 

Green synthesized gold nanoparticles (CA-AuNPs) using green bell pepper 
Capsicum annuum extract were applied [24] as a sensitive colorimetric sensor for 
Fe(II) detection. Importantly, the fabricated CA-AuNPs based colorimetric sensor 
functioned linearly in the range of 0.3–7.0 ppb Fe2+, based on increasing absorption 
intensity with R2 value of 0.9938 using UV–Vis spectrometry. The limit of detec-
tion (LOD) and limit of quantification (LOQ) for Fe2+ were estimated as 0.036 and 
0.12 ppb, respectively. The CA-AuNPs exhibited strong selectivity for Fe(II) ions, 
with interference from Fe(III) ions limited to < 4%. The method showed excellent 
reproducibility, with recovery rates for real water samples ranging from 96 to 103%. 
Finally, the sensor was effectively tested for determination of Fe2+ in some locally 
collected real water samples.
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32.2.3 Electrochemical Detection 

A dual-nanomaterial-based electrode incorporating titanium carbide nanoparticles 
(TiCNPs) and platinum nanoflowers (PtNFs) was developed [25] for the voltammetric 
stripping determination of Fe(II) in coastal waters. TiCNPs served as a structural 
template, facilitating the controlled growth of PtNFs with a three-dimensional flower-
like morphology, which increased the active surface area of the electrode. Nafion, 
used as a conducting matrix, further enhanced the stability and electron transfer 
efficiency of the modified electrode. The electrode exhibited a remarkable detection 
limit of 0.03 nmol/L and a dynamic linear range from 1 nmol/L to 6 µmol/L for 
Fe(II). The use of 2,2 -bipyridyl as a complexing agent significantly improved the 
selectivity of the sensor by minimizing interference from other ions in the matrix. This 
approach proved highly effective in real-world applications, demonstrating precise 
and reproducible detection of Fe(II) in complex coastal water samples. 

A carbon paste electrode (CPE) modified with gold nanoparticles and dithiodian-
iline was developed [26] for the electrochemical detection of Fe(II) ions in aqueous 
solutions. This electrode demonstrated a detection limit of 0.05 nmol/L and a broad 
linear range, enabling precise quantification of trace Fe(II). The gold nanoparticles 
provided enhanced electron transfer kinetics, while dithiodianiline contributed to 
selective complexation of Fe(II), ensuring high sensitivity and minimal interference 
from competing ions such as Cu2+,  Zn2+, and Pb2+. This modified electrode was 
successfully applied to the analysis of real water samples, achieving recovery rates 
between 94 and 102%.

32.2.4 Comparison of Different Detection Methods 

The reviewed methods for detecting Fe(III) and Fe(II) ions utilizing nanomaterials in 
different analytical methods, including: fluorometry, colorimetry, and electrochem-
ical techniques. Each method offers specific advantages in terms of sensitivity, selec-
tivity, and detection limits, often dictated by the nanomaterials employed. Table 32.1 
summarizes the key characteristics of these methods, highlighting the type of nano-
material used, detection range, sensitivity (limit of detection), selectivity, and notable 
features, providing a comprehensive comparison of their performance.

Among all compared methods, electrochemical method using Pt-containing elec-
trode [25] and colorimetry using biosurfactant modified silver nanoparticles [23] 
or green synthesized with Capsicum annuum gold nanoparticles [24]  are  the  most  
sensitive and demonstrate detection range about 0.001–6 µM and 0.005–0.125 µM, 
respectively. Golden and silver nanoparticle syntheses are eco-friendly, but a disad-
vantage is the high cost of the gold or silver compounds used to synthesize these 
nanomaterials. Platinum compounds for the synthesis of nanoparticles for electrode 
modification are even more expensive.
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32.3 Conclusions 

Monitoring of water resources, especially to assess the impact of war, and testing of 
the quality of drinking water are significant reasons for the need to develop modern, 
cheap and effective detection methods. 

Currently, in Ukraine, the determination of iron content is most often carried 
out by quite imprecise photometric methods using sulfosalicylic acid or 1,10-
phenanthroline, since such highly sensitive methods as ICP-MS or AAS are extremely 
expensive. Therefore, nanomaterials have recently gained more and more attention as 
an innovative solution for fast, accurate and environmentally friendly iron detection. 
Among all compared methods, electrochemical method using Pt-containing elec-
trode and colorimetry using silver nanoparticles or gold nanoparticles are the most 
sensitive and demonstrate detection range about 0.001–6 µM and 0.005–0.125 µM, 
respectively. These syntheses of golden or silver nanoparticle are eco-friendly, but a 
disadvantage is the high cost of the gold or silver compounds used to synthesize these 
nanomaterials. Platinum compounds for the synthesis of nanoparticles for electrode 
modification are even more expensive. 

Therefore, it is more appropriate to use carbon nanoparticles, since these syntheses 
are much cheaper. Although the sensitivity of methods using carbon nanoparticles is 
much lower, it is sufficient to detect iron content exceeding the maximum permissible 
concentration in water. 
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Chapter 33 
Comparison of the Properties 
of Nanosized TiO2(ZnO)/WO3 
and TiO2(ZnO)/MoO3 Composites 
Synthesized by Ultrasonic 
and Mechanochemical Methods 
in the Decomposition of Metronidazole 

Ye. V. Zabolotnii, O. V. Kiziun, and V. O. Zazhigalov 

Abstract Mechanochemical and sonochemical modification of complexe oxides 
mixtures ZnO/MoO3,  ZnO/WO3,  TiO2/MoO3 and TiO2/WO3 with equimolar ratio of 
the initial oxides was realized. The formation of new phase ZnWO4 at mechanochem-
ical treatment of the mixture oxides was shown. XRD method was established that 
mechanochemical treatment leads to an essential decrease of the composites parti-
cles size in contrary to sonochemical treatment where in the most cases an increase 
of the particles dimensions was observed. The data obtained by XRD method were 
confirmed by SEM results. It was shown that an increase of particles size compos-
ites at sonochemical treatment accompanied by an increase of their photocatalytic 
activity in metronidazole decomposition in water solution which can be connected 
with an decrease of the electron–hole rate recombination.

33.1 Introduction 

The pharmaceutical industry’s development and human health problems are accom-
panied by an increase in the production of drugs and their consumption, which 
leads to an increase in the amount of waste in the environment, including wastew-
ater. It should be noted that when medical preparations have expired, they are 
not disposed of, but rather enter the environment, where they gradually pene-
trate wastewater under the effect of atmospheric factors. Antibiotics (AB) are one
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of the most dangerous pharmacological compounds, which include metronidazole 
(2-methyl-5-nitromidazole-1-ethanol, MNZ) [1–6]. 

Metronidazole is a commonly detected contaminant in the environment. Also 
MNZ has been widely used as a typical antiprotozoal and antibacterial drug in recent 
years. It has the potential ability to inhibit the growth of the anaerobic bacteria. 
Residues of MNZ in the environment could cause animal-derived food contami-
nation. In addition, with its neural toxicity, MNZ has the potential to harm human 
body. The compound is classified as poorly biodegradable and highly soluble in water. 
Heterogeneous photo-catalysis is the most promoted water purification method due 
to the possibility of using UV-light and small amounts of a catalyst needed for the 
process [7, 8]. 

Titanium dioxide has been applied as one of the most effective photocatalysts for 
eliminating organic contaminants because of its non-toxicity, high photoactivity, and 
stability. Zinc oxide is also a potential photocatalyst. Despite its less interest, ZnO 
possesses promising applications due to its photocatalytic activity and low cost in 
contrast to TiO2. In some studies, ZnO exhibited even more photoactivity than TiO2 

for the photodegradation of organics [4, 8]. 
It is known that molybdenum (VI) [4–8] and tungsten (VI) [9–13] oxides and 

their compositions [14–18] are good photocatalysts for the degradation of organic 
substances. 

The aim of this study was to evaluate the removal efficiency of metronidazole 
by heterogeneous photocatalysis using different types of semiconductors (TiO2, 
ZnO) and their mixtures with WO3 and MoO3 synthesized by ultrasonic and 
mechanochemical methods. 

33.2 Experimental 

33.2.1 Sample Preparation and Synthesis 

Initial mixtures of ZnO/MoO3,  ZnO/WO3,  TiO2/MoO3 and TiO2/WO3 systems 
with an equimolar content of reagents (1:1) were prepared by mixing the corre-
sponding components. TiO2 (p.a., China), ZnO (pharm., Peru), MoO3 (p.), WO3 

(p.a.) were used as initial oxides. Synthesis of nanosizedpowders was performed by 
mechanochemical and ultrasonic methods.

Mechanochemical treatment of samples was subjected to intense mechanical treat-
ment in Fritsch high-energetic planetary ball mill (Pulversitte-6). Zirconia vessel 
(250 mL) and balls (Ø = 5 mm) were used for the treatment of 10 g of the oxides 
mixture. The duration of the treatment was 1 h in air at 500 rpm, and balls-to-powder 
weight ratio (BPR) was 10:1.

Ultrasonic treatment of samples was performed in an aqueous environment for 
30 min in an ultrasonic generator with an operating frequency of 20 kHz and a power 
of 80 W. After ultrasonic treatment, the obtained suspensions were dried in air.
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33.2.2 Characterization Methods and Techniques 

X-ray powder diffractograms of initial and sonoactivated samples were determined 
by using a D8 ADVANCE diffractometer (Bruker). The patterns were run with 
Cu Kα radiation with Ni filter and working in continuous mode with a step size 
0.05° 2Θ in combination with the Inorganic Crystal Structure Database (ICSD), for 
example, ZnO phases with wurtzite structure (JCPDS 1314-13-2), TiO2 with anatase 
structure (JCPDS 21-1272), WO3 (JCPDS 72-0677) monoclinic modification, α-
MoO3 orthorhombic modification (ICSD—005-008). Scanning was performed in 
the range of 10–90°.The average crystallite size (L) was calculated according to the 
Debye–Scherrer equation:

L = Kλ 
β cos 

, (33.1)

The porous structure of the samples was determined from isotherms of low-
temperature nitrogen adsorption on the Quantachrome NOVA-2200e instrument. 

The UV–vis absorption studies were performed in the wavelength range of the 
190–800 nm on a Shimadzu UV-2450 spectrometer. Photocatalytic oxidative degra-
dation of metronidazole (15 mg/L) in water in the presence of the studied samples 
(for up to 5 h) was performed in a glass reactor at room temperature. During irradia-
tion, the solutions were intensively stirred by an electromagnetic stirrer to establish 
adsorption equilibrium (1 h) in the photocatalyst/adsorbate system. The lamp with 
125 W Hg (Optima) was used as the light source. The standard conditions of the 
typical process were next: 0.150 g of photocatalyst was dispersed into a beaker, 
which was filled with 300 mL of dye solution, in particular, the catalyst concentra-
tion of 0.5 g/L. The absorption spectra of the selected samples were recorded every 
hour to monitor the progress of the process. The efficiency of the reaction was eval-
uated by the change in the maximum optical density of the solution of the active 
substance, namely, metronidazole (λ = 320 nm). The photocatalytic degradation 
of metronidazole is a pseudo-first-order reaction and its kinetic can be expressed 
according to Eqs. (33.2 and 33.3): 

Kd = ln 
D

D0 
t, (33.2) 

where D0 and D are optical densites of the initial solutions and after its irradiation 
for a certain period Δt. 

G = 
D0 − D
D0 

× 100 %, (33.3)

where G is the degree of photocatalytic destruction. 
The optical properties of powdered samples were studied on a Shimadzu UV-

2450 spectrometer in the wavelength range of 200–800 nm. The absorption edge
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was determined by extrapolation of the linear section of the absorption band edge to 
the abscissa axis in the coordinates α1/r = f(hν) (where α is the absorption coefficient 
of the material, ν is the energy, 1/r is the nature of the transition). This method can 
be used to determine the band gap with an accuracy of ± 0.02 eV. At the same time, 
each sample was studied several times while thoroughly mixing. The relative error 
in these measurements was 0.01 eV. The absorption spectra were obtained from the 
corresponding reflection spectra according to the Kubelka–Munk Formula (33.4): 

F(R∞) = 
(1 − R/R ∞)2

2(R/R∞)
= α/S, (33.4)

33.3 Results and Discussion 

Results of XRD analysis of the TiO2(ZnO)/WO3 and TiO2(ZnO)/MoO3 samples are 
presented in Fig. 33.1.

The X-ray pattern of TiO2/MoO3 = 1:1 (Fig. 33.1a–c) shows the characteristic 
titanium oxide peaks of anatase crystal structure and reflexes of α-МоO3.  From  TiO2/ 
WO3 = 1:1 (Fig. 33.1d–f) shows the characteristic titanium oxide peaks of anatase 
crystal structure and reflexes of WO3 (monoclinic modification). After sonochemical 
activation of the ZnO/MoO3 = 1:1 (Fig. 33.1h) sample the diffractogram contains 
the reflexes of initial compound α-МоО3 and new phase – α-ZnMoO4 triclinic modi-
fication (JCPD card 01-072-1486). From ZnO/MoO3 = 1:1 (Fig. 33.1i, g) shows the 
characteristic ZnO phases peaks of wurtzite structure and reflexes of α-МоO3.  After  
mechanochemical activation of the ZnO/WO3 = 1:1 (Fig. 33.1m) sample the diffrac-
togram contains the reflexes of WО3, and new phase—monoclinic ZnWO4 (JCPDS 
73-0554) with reflexes at 2θ values of 18.8° (100), 30.45° (111), 64.6° (311). The 
most intense reflections correspond to interplanar distances d = 0.25 ZnO; 0.35 TiO2; 
0.35 and 0.33 α-MoO3; 0.37 and 0.38, 0.39 nm WO3 .

The intensity of composites synthesized by mechanochemical method reflections 
sharply decreases and their expansion occurs indicating a decrease in the size of 
primary particles of the oxide, besides size of MoO3 particles TiO2/MoO3 = 1:1. 
The intensity of composites synthesized by ultrasonic reflections slight decreases 
and a decrease in the size is observed (ZnO/MoO3 = 1:1; TiO2 of TiO2/MoO3 = 1:1; 
ZnO of ZnO/WO3 = 1:1), too. The change in the size of modified initial composites 
is confirmed by calculations based on the Scherrer equation, the results of which are 
shown in Table 33.1.

According to the results obtained by scanning electron microscopy, presented 
in Fig. 33.2, for example, the results for TiO2/WO3 and ZnO/WO3, there are quite 
large particles of initial oxide WO3, The micrometric particles of ZnO and TiO2 

are agglomerates consisting of nanosized particles of these oxides. The UST of the 
mixture practically does not affect the size of particles, which can be seen in detail 
in the image obtained in the BSE mode. The MCT of mixtures leads to a significant
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Fig. 33.1 X-ray diffractograms of the samples TiO2/MoO3 = 50:50 (a—initial, b—after 30 min 
UST, c—after 1 h of MChT); TiO2/WO3 = 50:50 (d—initial, e—after 30 min UST, f—after 1 h of 
MChT); ZnO/MoO3 = 50:50 (g—initial, h—after 30 min UST, i—after 1 h of MChT); ZnO/WO3 
= 50:50 (k—initial, l—after 30 min UST, m—after 1 h of MChT) ● TiO2, ♦ α-МоO3, ˛ ZnO, 
◯WO3, ZnWO4, × α-ZnMoO4

grinding of particles, as shown in Fig. 33.2c, f when compared to the initial mixtures 
(Fig. 33.1a, d) and samples after UST (Fig. 33.2b, e).

The synthesis samples by mechanochemical method leads to an increase in the 
specific surface area of the mixture, besides ZnO/MoO3, where the specific surface 
area at UST is lower than initial sample. 

It was established that the destruction of larger diameter particles occurs during 
MChT, which leads to a decrease in the average diameter of pores of the obtained
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Fig. 33.2 SEM images of TiO2/WO3 and ZnO/WO3 (a, d—initial samples; b, e—after UST; c, 
f—after MCT)
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samples, besides ZnO/MoO3, where Rpore is higher than initial sample. For others 
samples after UST almost doesn’t change or increases. It’s may be associated with 
the formation of small agglomerates between nanosized particles of the MoO3 or 
WO3. 

According to the data shown in Table 33.1 the band gap values practically don’t 
differ from the values for initial samples after the UST of samples The analysis of the 
absorption spectra of samples and the band gap values determined from them shows 
that the band gap values practically don’t differ from the values for initial samples 
after the UST of samples, besides ZnO/MoO3 and TiO2/WO3, but after MCT the 
band gap values of the obtained samples almost leads to a increase, besides ZnO/ 
MoO3 and TiO2/WO3, too. 

The results of the study of photocatalytic activity in the reaction of oxidative degra-
dation of metronidazole are presented in Table 33.1. It was established that addition of 
the MoO3 or WO3 to the TiO2 or ZnO photoactive catalysts a molar ratio of 1:1 (initial 
mixture) leads to formation of less photoactive catalysts: a decrease in the photore-
action rate constant value was observed. This effect can be explained by the fact that 
introduction MoO3 or WO3 decreases the concentration of the photocatalytic oxides 
(TiO2 or ZnO) at a constant concentration of the catalyst in the reaction medium. 
This effect was observed and explained early in [1]. The mechanochemcal and sono-
chemical teatments of the oxide mixtures lead to the change their photocatalytic 
characteristics. In the case of mechanochemistry the decrease of their activity was 
observed which can be connected with a decrease of particles dimensions but sono-
chemistry where an increase of particles sizes was established leads to an increase of 
photocatalytic activity of the samples. Analogous result was observed in [19]  for  the  
samples ZnO synthesized by different methods and was explained by electron–hole 
recombination rate decreases with an increase of particles dimensions [19–21]. 

33.4 Conclusion 

It was shown that mechanochemical and sonochemical modifications of complex 
oxides mixtures ZnO/MoO3,  ZnO/WO3,  TiO2/MoO3 and TiO2/WO3 with molar ratio 
of the initial oxides 1:1 lead to the change of the size particles of composites. XRD 
and SEM methods demonstrate that mechanochemical treatment leads to an essential 
decrease of the composites particles size in contrary to sonochemical treatment where 
in the most cases an increase of the particles dimensions was observed. The formation 
of new phase ZnWO4 at mechanochemical treatment of the mxture ZnO and WO3 

oxides was shown. It was established that an increase of particles size composites at 
sonochemical treatment accompanied by an increase of their photocatalytic activity 
in metronidazole decomposition in water solution which can be connected with an 
decrease of the electron–hole rate recombination.
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