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Preface

This book highlights the most recent advances in nanoscience from leading
researchers in Ukraine, Europe, and beyond. It features contributions from partic-
ipants of the 5th International research and practice Conference “Nanotechnology
and Nanomaterials” (NANO-2017), held in Chernivtsi, Ukraine on August 23–26,
2017. This event was organized jointly by the Institute of Physics of the National
Academy of Sciences of Ukraine, Ivan Franko National Chernivtsi National Uni-
versity (Ukraine), 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 sur-
faces, microscopy of nano-objects, nanooptics and nanophotonics, nanoplasmonics,
nanochemistry, nanobiotechnology, and surface enhanced spectroscopy.

Nowadays nanotechnology is becoming the most actively developing and
promising field of science. Numerous nanotechnology investigations are already
producing practical results that can be applied in various areas of human life from
science and technology to medicine and pharmacology. The aim of the present
book is to highlight the latest investigations from different areas of nanoscience and
to stimulate new interest in this field. Volume II of this two-volume work covers
such important topics as nanocomposites, nanochemistry, nanobiotechnology, and
enhanced vibrational spectroscopy.

This book is divided into two sections—Part I: Nanochemistry and Biotechnol-
ogy; and Part II: Nanocomposites and Nanomaterials. Sections covering Nanoscale
Physics, Nanooptics and Photonics, and Nanostructured Interfaces and Surfaces can
be found in Volume I.

The papers published in these five sections fall under the broad categories of
nanomaterial preparation and characterization, nanobiotechnology, nanodevices and
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vi Preface

quantum structures, and spectroscopy and nanooptics. We hope that both volumes
will be equally useful and interesting for young scientists or PhD students and
mature scientists alike.

Kyiv, Ukraine Olena Fesenko
Leonid Yatsenko
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vii

iranchembook.ir/edu



viii Contents

7 Applications Perspectives of Nanodispersed Chalcogenides
of Transition Metals in Photocatalysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
Iryna Ivanenko, Tetiana Dontsova, and Yurii Fedenko

8 Nanocomposites Based on Thermosetting Polyurethane Matrix
and Chemically Modified Multiwalled Carbon Nanotubes . . . . . . . . . . . . 115
L. V. Karabanova, R. L. Whitby, V. A. Bershtein, P. N. Yakushev,
A. W. Lloyd, and S. V. Mikhalovsky

9 Polymeric Composite Films with Controlled Release of Natural
Antioxidant Enoxil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
Roman Kozakevych, Yulia Bolbukh, Lucian Lupascu, Tudor Lupascu,
and Valentin Tertykh

10 High-Temperature Electrochemical Synthesis of
Nanostructured Coatings of Molybdenum (Tungsten)–Nickel
(Cobalt) Alloys and Intermetallic Compounds . . . . . . . . . . . . . . . . . . . . . . . . . . 165
Viktor Malyshev, Nataliia Uskova, Dmytro Shakhnin,
Tetiana Lukashenko, Viktor Antsibor, and Zafer Ustundag

11 Structure and Electrical/Dielectric Properties
of Ion-Conductive Polymer Composites Based on Aliphatic
Epoxy Resin and Lithium Perchlorate Salt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
Liubov K. Matkovska, Maksym V. Iurzhenko, Yevgen P. Mamunya,
Valeriy Demchenko, and Gisele Boiteux

12 Mechanical and Thermal Characteristics of Irradiation
Cross-linked Hydrogels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
O. Nadtoka, N. Kutsevol, A. Onanko, and V. Neimash

13 Nanostructural and Nanochemical Processes in Peloid
Sediments Aided with Biogeocenosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
A. V. Panko, I. G. Kovzun, O. M. Nikipelova, V. A. Prokopenko,
O. A. Tsyganovich, and V. O. Oliinyk

Part II Nanocomposites and Nanomaterials

14 Directional Synthesis of SnO2-Based Nanostructures for Use
in Gas Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233
Svitlana Nahirniak, Tetiana Dontsova, and Ihor Astrelin

15 “Polymer–Oxide” Micro-/Nanocomposites: Background and
Promises . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247
S. G. Nedilko

16 Interactions Between Carbon-Based Nanostructures
and Biomembranes: Computer Simulations Study . . . . . . . . . . . . . . . . . . . . . 277
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Violetta Raczyńska, Krzysztof Górny, Przemysław Raczyński,
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Chapter 1
Nanostructured Functional Coatings
of Iron Family Metals with Refractory
Elements

Maryna V. Ved’, Nikolay D. Sakhnenko, Iryna Yu. Yermolenko,
and Tatyana A. Nenastina

Solving the applied problems in the development of new technologies and extend-
ing a range of functional materials predetermine the interest of researchers and
technologists in the galvanic multicomponent alloys. Special attention is paid to
the electrochemical synthesis of iron triad metal alloys with d4-elements, namely,
Fe(Ni, Co)–Mo(W) [1]. Such coatings are interesting by the possibility of combin-
ing functional properties that exceed alloying metals [2]. Comprehensive realization
in the thin layers of improved microhardness, wear and corrosion resistance, and
catalytic and magnetic properties makes it possible to significantly expand the scope
of such coating usage [3].

Spheres of multicomponent coating application are replacement of electrolytic
toxic chromium [4] and hardening of the surface [5, 6], corrosion protection [7, 8],
and magnetic films with increased microhardness [9, 10].

Eco-friendly fuel cells (FC) and solar cells (SC) are among the promising
renewable energy sources; however, the high cost of the noble metal electrodes
prevents their dissemination and widespread use [11, 12]. Development of FC, SC,
and various redox flow batteries (RFB) needs to create effective catalytically active
electrodes on the basis of transition metal alloys [13, 14]. The presence in such
alloys of metals with different affinity for oxygen and hydrogen opens up prospects
for their use as the catalysts and electrode materials for current sources [15]. Also,
it demonstrated the possibility of using multicomponent coatings as electrocatalytic
materials for hydrogen synthesis [16] and active layers for detoxification of toxins
[17].

Utilization of the electrochemical methods for thin alloy coating synthesis
displays interactions in the chain “process parameters, composition and structure
of the material, properties, functions, and application.” Of course, the advantage
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4 M. V. Ved’ et al.

of the above techniques for deposition of thin film multicomponent systems is
the possibility to flexibly control the content of components, rate of deposition,
and surface condition through the variation of the composition of electrolytes
and regimes of polarization (static or pulse, reverse current, or a decrease in
potential) [18, 19]. Because of this it is possible to fabricate the deposits of varied
qualitative and quantitative composition and with desirable functional properties,
such as microhardness; wear-, thermo-, chemical, and corrosion resistance; catalytic
activity; etc. [20–22].

Most researchers note outstanding properties of synergistic metal alloys of the
iron triad with d4-elements. Thus, the results of studies [4, 8, 23] show that the Fe-
W, Co-W, and Co-W-Fe alloys successfully compete with galvanic chromium on
wear and corrosion resistance. The hardness of the Co-W-Fe alloys with the content
of tungsten ≈30% by mass is close to the hardness of chromium coatings, while the
corrosion resistance is considerably higher. The Co-W coatings synthesized by the
authors of [24] demonstrate microhardness of 550 HV. The represented results [15]
demonstrate a considerable increase in the microhardness and corrosion resistance
of Co-Mo-W coatings in comparison with the material of the substrate. Of practical
interest are studies of the authors of [5, 6] on the electrosynthesis of the ternary
Fe-Mo-W alloys with improved physical, mechanical, and anticorrosion properties.
Improved electrocatalytic activity of the binary alloys Co-W was demonstrated for
the model reaction of the electrolytic hydrogen evolution [8], catalytic oxidation of
benzene [17], and catalytic methanol oxidation in acidic media [25].

It should be noted that most of the published results deal with the binary Fe(Ni,
Co)-Mo(W) alloys. More to the point, the main attention is paid to the composition
of electrolytes. The world scientific literature presents a significant number of
positive results of the multicomponent alloy deposition from the gluconate-chloride
[4], citrate and citrate-ammonia [23], pyrophosphate [26], and sulfate-citrate [27]
electrolytes by galvanostatic and nonstationary mode. However, the main problem
of the presented technologies remains the low content of refractory components and
current efficiency.

It is obvious that the formation of coatings in each individual case depends
first on the qualitative [28] and quantitative [29] composition of electrolyte. The
variation in the electrolyte component concentration is an effective tool for leveling
of the potential difference of alloying components, according to the theory of co-
deposition of several metals in the alloy [30]. Therefore, not only the concentrations
of alloying components and their ratios but also the content of the ligand in the
electrolyte, namely, the lack or excess of citrate ion concentration relative to the total
concentration of complexing agents, will affect the composition and morphology
and, consequently, the properties of the coatings.

Secondly, the composition of electrolytic deposits, the ratio of components,
and the phase composition of coatings are essentially affected by the synthesis
conditions [31]. In turn, the structure of alloy predetermines the properties and areas
of application of coatings.
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Table 1.1 Electrolytes for deposition of Fe-Co-W coating

The ratio

Ô(Fe3+): Ô(´Ñ2+): Ô(WO4
2−): Ô(Cit3−)

W1 W2 W3
Component concentration, mol/dm3 1: 1: 0.4: 2 1: 1.3: 0.6: 2.7 1: 1.3: 0.6: 3.3

Fe2(SO4)3·9H2O 0.075 0.075 0.075
CoSO4·7H2O 0.15 0.2 0.2
Na2WO4·2H2O 0.06 0.06 0.06
Na3Cit·2H2O 0.3 0.4 0.5
Na2SO4 0.15 0.15 0.15
H3BO3 0.1 0.1 0.1
Ó° 3.8 4.3 4.55

Given this, a detailed study is required of the influence of parameters of the pulse
electrolysis on the composition, morphology, and, consequently, the properties of
promising, in our opinion, Fe-Co-W, Fe-Co-Mo, and Co-Mo-Zr alloys.

1.1 Experimental

Ternary coatings were deposited onto planar samples out of two metals: copper and
mild steel. Pretreatment of copper sample surface included mechanical polishing,
degreasing, chemical etching in a mixture of the 50% nitric and 50% sulfuric acids,
thorough washing with distilled water, and drying. Pretreatment of steel samples
included grinding, degreasing in a solution of sodium carbonate at 50 ◦C, washing,
etching in a mixture of hydrochloric acid and sulfuric acid at a temperature of 20 ◦C,
and thoroughly washing in flowing water.

Coatings Fe-Co-W were formed from electrolytes of the composition provided
in Table 1.1; the pH value was adjusted within the range of 3.8–4.6 by addition of
sulfuric acid or sodium hydroxide.

Coatings Fe-Co-Mo were deposited from electrolytes with different ratio of
alloying components as shown in Tables 1.2 and 1.3; the pH value was adjusted
within the range of 4.0–4.9.

Coatings Co-Mo-Zr were deposited from complex bi-ligand citrate-pyrophosphate
electrolyte of composition (mol/dm3): CoSO4·7H2O, 0.15; Na2MoO4·2H2O, 0.06;
Zr(SO4)2·4H2O, 0.05; Na3C6H5O7·2H2O, 0.2; and K4P2O7, 0.1. The pH value of
electrolytes was adjusted within the range of 8–9 by sodium hydroxide [15].

All electrolytes were prepared from analytically pure reagents, dissolved in a
small amount of distilled water followed by solution mixture in a certain sequence,
based on the ionic equilibrium study results [32]. The acidity of solutions was
controlled by pH-meter pH -150 M with the glass electrode ESL-6307. Electrolyte
temperature during deposition was varied in the range of 25–50 ◦C.

The Fe-Co-W(Mo) coatings were formed in two modes: (i) galvanostatic with
the current density i of 2–7 A/dm2 and (ii) unipolar pulsed with current amplitude
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Table 1.2 Electrolytes for deposition of Fe-Co-Mo coating

Component Electrolyte

concentration, Ô(Fe3+):Ô(´Ñ2+): Ô(¯Ñ±4
2−) Ô(´it3−) = 1:1:0.5:2

mol/dm 3 ¯Ñ1 ¯Ñ2 ¯Ñ3 ¯Ñ4 ¯Ñ5

Fe2(SO4)3·9H2O 0.075 0.083 0.090 0.097 0.113
CoSO4·7H2O 0.150 0.165 0.180 0.195 0.225
Na2¯ÑO4·2H2O 0.080 0.088 0.096 0.104 0.120
Na3Cit·2H2O 0.3 0.33 0.36 0.39 0.45
Na2SO4 0.1 0.11 0.12 0.13 0.15
H3BO3 0.1 0.11 0.12 0.13 0.15
Ó° 4.85 4.65 4.50 4.30 4.45

Table 1.3 Electrolytes for deposition of Fe-Co-Mo coating

Component concentration, mol/dm3 Electrolyte
¯Ñ6 ¯Ñ7 ¯Ñ8 ¯Ñ9
Ô(Fe3+):Ô(´Ñ2+): Ô(¯Ñ±4

2−) Ô(´it3−)
1:1.3:0.4:2 1:1.3:0.4:2.7 1:1.3:0.4:3.3 1:2:0.6:5

Fe2(SO4)3·9H2O 0.075 0.075 0.075 0.050
CoSO4·7H2O 0.200 0.200 0.200 0.200
Na2¯ÑO4·2H2O 0.06 0.06 0.06 0.06
Na3Cit·2H2O 0.3 0.4 0.5 0.4
Na2SO4 0.15 0.15 0.15 0.15
H3BO3 0.1 0.1 0.1 0.1
Ó° 4.2 4.8 5.15 4.85

i of 2–6 A/dm2 at an on-time (pulse duration) ton = 1·10−2–2·10−2 s and off-time
(pause duration) toff = 1·10−2–5·10−2 s. As anode served plates of AISI 304 steel,
the cathode-to-anode area ratio was 1: 5, and the volume current density was kept at
the level of 2 A/dm3.

The Co-Mo-Zr deposits were formed in unipolar pulsed mode with current
amplitude of 2–15 £·dm−2 in the frequency f range of 19–910 Hz at a pulse duration
ton = 2–50 ms and pause time toff = 5–50 ms; duty factor q = (ton + tof)/ton was
2–26. Coplanar cobalt plates were used as anodes; the cathode-to-anode area ratio
was kept at 1: 5.

Both the galvanostatic and pulse electrolysis were performed using dc and pulse
current supply unit (ZY-100 ± 12).

The electrode potentials were measured relative to an EVL-1 M1 silver chloride
reference electrode connected to the working cell via a salt bridge filled with
saturated potassium chloride solution jellied with Ceylon gelatin. The potentials
presented in the paper are given relative to the standard hydrogen electrode (SHE).

The electrodeposition current efficiency Ce (%) was determined from the weight
and chemical composition of the deposited alloys and the charge passed using the
electrochemical equivalent of the alloy. The thickness of the deposits was calculated
from a sample actual weight increase after the electrolysis.
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The chemical composition of the coatings was determined by energy-dispersive
X-ray spectroscopy (EDS) on an Oxford INCA Energy 350 electron probe micro-
analysis integrated into the system of the SEM. The X-rays were excited by exposure
of the samples to a beam of 15 keV electrons. The surface morphology of the
deposits was studied with a Zeiss EVO 40XVP scanning electron microscope
(SEM). Images were recorded by the registration of secondary electrons (SEs) via
scanning with an electron beam; this mode made it possible to study the topography
with a high resolution and contrast ratio.

The surface morphology of thin films was studied by an atomic force microscopy
(AFM) using a NT-206 scanning probe microscope. The tapping mode was con-
ducted to measure sample surface morphologies. Scanning was performed by using
the contact probe CSC-37 with a cantilever lateral resolution of 3 nm [33]. The scan
area sizes were fixed at different scopes, namely, 39.9 × 39.9 μm, 20.0 × 20.0 μm,
10.0 × 10.0 μm, and 5.0 × 5.0 μm, and the height of the surface relief was recorded
at the resolution of 256 × 256 pixels. For each sample, a variety of scans were
obtained at random locations on the surface of thin films. In order to analyze the
AFM images, all image data were converted into Surface Explorer software.

The structure of the deposits was examined by X-ray diffraction analysis using
a diffractometer (DRON-2.0) in the emission of iron (cobalt) anode and CuKα

radiation. X-ray patterns were recorded in discrete mode with a step 2θ = 0.1 ◦ with
the exposure at each point for 20 s; the operating voltage was 35 kV and current,
20 mA.

Magnetic characteristics of the Fe-Co-W(Mo) thin films were measured using
the vibration magnetometer for the fields up to 1600 kA·m−2. The coercive force
Hc and the saturation field Hs were defined by hysteresis loops measured in the
fields applied to the coating plane. The saturation magnetization Is and the saturation
induction Bs were estimated by hysteresis loops obtained for the magnetization of
specimens by the film plane normal.

Corrosion tests of coated samples were carried out in a model media of 1 M
sodium sulfate with the addition of sulfuric acid to pH 3 or potassium hydroxide to
pH 11 and in 3% potassium chloride (pH 7). The corrosion current was determined
by the polarization resistance technique using digital analysis of anodic and cathodic
plots in Tafel coordinates within the range of 200–300 mV from open circuit
potential [34]. The potentiostat IPC-Pro controlled by PC was used for voltammetry
measurements with scan rate of 1 mV/s. Corrosion depth index kh (mm per year)
was converted from corrosion current:

kh = (8.76keicor) /ρ,

where ke is the electrochemical equivalent of alloy, kg·C−1; icor the corrosion current
density, A/m2; and ρ the density of the alloy, kg/m3. Electrochemical equivalent
ke and density ρ of the alloys were determined considering their quantitative
composition [35].
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The results were verified by mass metric (gravimetric) tests and spectroscopy of
electrode impedance.

Electrocatalytic properties of coatings were studied in model reaction of elec-
trolytic hydrogen evolution from acidic and alkali media. The hydrogen exchange
current density i0

H is utilized as the criteria of electrochemical catalysis since
this parameter is independent of the electrode potential. Experimentally i0

H was
determined at the point of intersection, the linear portion of the cathodic polarization
dependence in Tafel coordinates at zero overvoltage [35].

The testing of catalytic properties was also carried out in the process of the
carbon (II) oxide oxidation in a tubular flow reactor fabricated from quartz glass
with the coaxially situated heating element. Initial mixture of CO (1 vol.%) and air
was supplied to the reactor inlet at a rate of 0.025 dm3/min. Reactor temperature
was increased gradually from 20 to 420 ◦C. Content of CO in the final mixture was
analyzed using the indicator-analyzer “Dozor” [36].

1.1.1 FeCoW Alloy

The choice of the quantitative composition of electrolyte is based on accounting
the competing reactions of iron (III) hydrolysis and citrate anion protonation that
determined the ionic equilibrium in the solution and the solution pH. In addition,
peculiarities of the electrochemical behavior of the electrolyte components were
taken into account [32]. Increasing the concentration of citrate ions in solution
at fixed Fe3+ content expectedly increases the electrolyte pH (Table 1.1). The
protonation of citrate anions decreases with pH, while the degree of Fe3+ hydrolysis
increases; therefore ionic forms of complexing agents and ligand in the electrolytes
are different. Consequently, the composition of particles discharged at the electrode
varies, which effects the composition of coatings.

Fe-Co-Mo alloy deposition occurs by competitive reduction of iron, cobalt,
and tungsten. The form of competition depends on the ratio of electrolyte com-
ponents and electrolysis parameters (Fig. 1.1). We observe a slight decrease
in the cobalt content without changing the iron portion in the alloy at current
densities of 2.0−3.0 A/dm2 when components’ concentration ratio in the electrolyte
Ô(Fe3+):Ô(´Ñ2+):Ô(WO4

2−):Ô(Cit3−) is 1:1:0.4:2 (Fig. 1.1a). Coatings are enriched
with cobalt at the expense of iron if increasing iÔ up to 4 A/dm2, but higher current
density contributes cobalt content decreasing to 40 at.%. The tungsten content in the
deposits increases with current density, but does not exceed to 8 at.%.

Changing the ratio of alloying component content in the electrolyte in favor of
cobalt with the simultaneous increase of the ligand concentration up to 0.4 mol/dm3

(electrolyte Mo2, Table 1.1) leads to an inversion of the metal ratio in the alloy
(Fig. 1.1b). This occurs as a result of a change in the composition of hetero-
nuclear complexes discharged at the electrode. The cobalt content exceeds the
iron portion in coatings deposited at current densities of 3−7 A/dm2. A trend to
gradually decreasing the cobalt content is observed with increasing current density
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1 Nanostructured Functional Coatings of Iron Family Metals with Refractory. . . 9

Fig. 1.1 Current density effect on Fe-Co-W coating composition deposited from electrolytes: W1
(a), W2 (b), W3 (c)

(Fig. 1.1b). Iron and cobalt are co-deposited in the alloy in the ratio of 1:1 at a
current density of 6 A/dm2. Further rising ic promotes a significant increase in iron
content at the expense of cobalt and tungsten. The refractory component content
in the alloy varies within 8−10 at.% with a tendency to decrease at rising current
density. It should be noted that iron, cobalt, and tungsten are co-deposited at the
alloy in proportion to 4.5:5:1, respectively, at alloy components ratio in electrolyte
Ô(Fe3+):Ô(´Ñ2+):Ô(WO4

2−) = 2.5:3:1. Thus soluble anodes can be recommended
for continuous operation of the electrolyte [37].

Tungsten content increases slightly (9−11 at.%) if the citrate concentration in the
solution is 0.5 mol/dm3 at the other conditions being equal (Fig. 1.1c). However, the
trend to tungsten content decreasing with rising current density is maintained. At the
same time, the competitive reduction of iron and cobalt becomes more significant.
The iron content in the coating increases to 59 at.% with a simultaneous decreasing
in cobalt portion to 30 at.% when rising current density from 3 to 7 A/dm2 as we
can see from Fig 1.1c.

The efficiency of galvanostatic deposition does not exceed 45%, regardless of the
electrolyte concentration. Increasing ic to 7 A/dm2 reduces the current efficiency to
27% due to side reaction of hydrogen evolution. Deposited in stationary mode, Fe-
Co-W coatings have globular morphology of surface with a grain sizes of 2−6 μm
(Fig. 1.2a).
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10 M. V. Ved’ et al.

Fig. 1.2 The morphology of Fe-Co-W coatings deposited in galvanostatic (a) and pulse (b, c)
modes from electrolytes: W1 (a, b), W3 (c)

Coatings deposited in pulse mode contain expanded amount of refractory metals
and are more uniform (Fig. 1.2b). The tungsten content in the coatings deposited by
pulse current from electrolyte W3 (Table 1.1) is of 12.5 at.%. On more developed
surface enriched with tungsten coatings, we can see agglomerates of spheroids (Fig.
1.2c).

Time parameters of pulsed electrolysis are an effective tool for controlling the
composition and nature of the coating surface. Prolong pulse at a fixed pause time
contributes an increasing of cobalt and tungsten content in the alloy at studied
current densities (Fig. 1.3). At the same time, observed for the galvanostatic regime,
a rising trend of iron content at the expense of cobalt and tungsten with increasing
current density is preserved, as one can see in Fig. 1.3a, b.

The deposition efficiency increases almost twice when applying pulse current as
compared with galvanostatic regime: at a current density of 3 A/dm2, the current
efficiency is 70−75%, and at 4 A/dm2 Ce decreases to 63−68%, due to hydrogen
evolution site reaction.

Traditionally in materials science, roughness is an indicator of surface quality
and depends on the material processing. The roughness of galvanic coatings is the
result of the alloy deposition and may serve as an additional indicator of the surface
development as well as topography [38]. The coating samples Fe-Co-W containing
refractory components of 10–12 at.% deposited on mild steel were studied by AFM
analysis.

The substrate of mild steel is characterized by evenly surface (Fig. 1.4) with
roughness Ra = 0.008 and Rq = 0.011. However, the structure of surface is not
ordered. The cross-sectional profile between markers 1 and 2 indicates that the grain
sizes are in the range of 2–3 μm as one can see from Fig. 1.4.
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Fig. 1.3 Pulse duration effect on the composition Fe-Co-W alloy deposited from electrolyte W2
at toff = 10 ms; current density i, A/dm2: (a) 5, (b) 6

The data of the AFM analysis demonstrate the globular surface of the Fe-Co-W
coatings, wherein larger spheroids of size of 2.5–3.5 μm is formed with a smaller
grains of sizes of 0.2−0.5 μm as one can see from Fig. 1.5. It was found earlier [3]
that globular structure of the surface is caused by the refractory metal incorporation
into the alloy. Such composition and character of the surface are favorable for
increasing microhardness, corrosion resistance, and catalytic activity of the material
[4]. Surface roughness parameters for Fe-Co-W at scanning area 5 × 5 μm are
defined as Ra = 0.06 and Rq = 0.07 that is much higher than those for the substrate
and shows substantial development of the surface.

Figure 1.6 shows the results of X-ray diffraction analysis and phase structure
for Fe-Co-W coatings of composition (in terms of metal) at.% (Fe, 54; Co, 36; W,
10), which is deposited on a copper substrate, and the thickness of the coating is of
30 μm. The X-ray diffraction pattern indicates an amorphous-crystalline structure
of the Fe-Co-W alloy (Fig. 1.6). We can see some lines of copper substrate, and
lines corresponding to intermetallic phases Co7W6 and Fe7W6, as well as α-Fe and
cementite Fe3C at diffraction patterns. Besides, a low halo with width about 10◦ is
detected at angles 2θ 50–55◦ (Fig. 1.6), which corresponds to amorphous structure.
The crystallite size of the amorphous part is L = 77 A.

Phases Co7W6, Fe7W6, α-Fe, and Fe3C found in Fe-Co-W deposits reflect the
competition of alloying metal reduction from hetero-nuclear complexes and confirm
mechanism of co-deposition proposed in [32].

Thus ternary Fe-Co-W alloys with micro-globular surface of different composi-
tion were deposited by direct and pulse current from citrate Fe(III)-based electrolyte.
Current density and time parameters of pulse electrolysis are shown to be affective
tools to control the refractory metal content and electrolysis efficiency.
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Fig. 1.4 2D and 3D maps of the surface and cross-sectional profile between markers 1 and 2 for
mild steel substrate. Scan area AFM 5.0 × 5.0 μm

1.1.2 FeCoMo Alloy

The elemental analysis of Fe-Co-Mo coatings deposited at direct current density
of 2 A/dm2 from electrolytes Mo1–Mo5 shows that the metal content varies
within 2 at.% (Fig. 1.7). The maximal molybdenum content was detected in the
deposits obtained from the electrolyte Mo3 (Table. 1.2). Increasing the electrolyte
concentration at a constant ratio of components promotes the alloy’s enrichment
with cobalt when deposited at current densities of 3−6 A/dm2; unfortunately,
molybdenum portion decreases (Fig. 1.7a, b). Consequently, competitive reduction
of cobalt and molybdenum in the alloy takes place that confirms involvement of
particles of various natures in electrode reactions. On the contrary, we observe
a trend to coating enrichment with molybdenum at the expense of cobalt when
increasing current density in all electrolytes (Mo1–Mo5). Also, a gradual decreasing
of iron portion by 5–6 at.% is noted with rising current density from 2 to 6 A/dm2

(Fig. 1.7c).
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Fig. 1.5 2D and 3D map and cross-sectional profile of the surface Fe-Co-W between markers 1
and 2 deposited in pulse mode at current density 4 A/dm2; ton/toff = 10/10 ms; T = 25 ◦C; Ó° 3.8;
plated time 30 min. Scan area 5.0 × 5.0 μm

Fig. 1.6 X-ray diffraction patterns for deposit Fe-Co-W, the composition is similar to Fig. 1.2c
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Fig. 1.7 Effect of electrolyte concentration and current density on composition Fe-Co-Mo coating
deposited from electrolytes Mo1–Mo5

Increasing the ligand concentration at fixed alloying component content in an
electrolyte (Mo6–Mo8) promotes the coating enrichment with molybdenum at all
else being equal electrolysis conditions. At the same time, the competitive reduction
of iron and cobalt is more substantial. The cobalt content in the alloy regularly
decreases to 27 at.% when citrate concentration rises to 0.5 mol/dm3 (Fig. 1.8). The
excess of citrate ions in the solution promotes formation of iron-citrate complexes
[FeHCit]+ (pKin = 6.3), more stable than cobalt-citrate ones [CoCit]− (pKin = 4.8),
and the amount of hetero-nuclear complexes [FeHCitMoO4]− increases [32]. It is
obvious that exactly [FeHCit]+ and [FeHCitMoO4]− particles discharge contributes
more to the overall cathode process, which causes deposit enrichment with iron
and molybdenum. At the same time, the concentration of hydrated cobalt (II) ions
decreases with citrate ion excess, which also reduces the cobalt content in the alloy.
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Fig. 1.8 Effect of ligand
concentration on composition
Fe-Co-Mo coating deposited
at direct current i = 4 £/ÇÏ2

Fig. 1.9 Composition ω(M), at.%, and morphology of Fe-Co-Mo coatings deposited in gal-
vanostatic mode from electrolytes of varying concentration at component ratio in electrolyte
c(Fe3+):c(Co2+):c(MoO4)2− = 2:2:1

Morphology of Fe-Co-Mo deposits varies from fine crystalline to globular with
increasing current density, due to the change in the ratio of alloying metal content in
the alloy (Fig. 1.9). As it was shown earlier (Fig. 1.7), the cobalt and molybdenum
ratio in the alloy changes toward increasing the refractory metal content with current
density. It is established that globular surface appears for deposits with not higher
than twice the prevalence of cobalt portion over molybdenum (Fig. 1.9).

The studies demonstrate that at current amplitude of 2–3 A/dm2 and the fixed
ratio of the on-/off-time ton/toff = 2 ms/20 ms, the composition of alloy is practically
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Fig. 1.10 Composition and morphology of a Fe-Co-Mo coating deposited from electrolyte Mo6
at pulse current density, A/dm2: (a) 2, (b) 3, (c) 5

identical (Fig. 1.10a, b). Increasing current density to 5 A/dm2 contributes rising
cobalt and molybdenum content in coatings due to a decrease in the iron portion
(Fig. 1.10c). Variation of current amplitude substantially influences the morphology
of the deposited coatings. The deposits, obtained at current density of 2 A/dm2,
possess fine-grained structure. Separate spheroids are formed on the surface when
increasing i to 3 A/dm2, (Fig. 1.10b), and developed globular structure with the
grain agglomerates of diameter ≈2 μm appears at 5 A/dm2 (Fig. 1.10c), which
agrees with results obtained in [39].

At low current densities of 2–3 A/dm2 and fixed off-time toff = 10 ms, an increase
in on-time ambiguously affects the composition of a coating. Figure 1.11 shows that
cobalt and iron content in the alloy changes in the range of 4–10 Ãt. %. Maximum
portion of molybdenum ω(Mo) of 12–14 Ãt. % corresponds to ton interval of 5–
20 ms (Fig. 1.11a, b). However, at ton/toff = 50 ms/10 ms, there occurs a sharp
reduction in the content of alloying components (cobalt and molybdenum) in the
coating. Simultaneously, we observe an increase in the iron portion in the alloy up
to 56 Ãt.% (Fig. 1.11a, b).
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Fig. 1.11 Effect of on-time on the composition Fe-Co-Mo alloy at toff = 10 ms; current density i,
A/dm2: (a) 2, (b) 3, (c) 5

At current density of 5 A/dm2, the content of molybdenum grows proportional
to the pulse duration. The maximum of the molybdenum content is registered at
ton = 20 ms and is 17 Ãt.%. The same path is followed by a reduction in the iron
portion in the coating (Fig. 1.11c). Maximum total content of the alloying compo-
nents (≥50 Ãt.%) is achieved at ratio ton/toff = 10 ms/10 ms (20 ms/10 ms). At such
coating composition, it is possible to expect that the obtained materials will possess
improved microhardness in combination with the soft magnetic properties [40].

The surface of Fe-Co-Mo coatings (scanning area 39.9 × 39.9 μm) is more
developed and globular compared with the substrate as it follows from AFM 2D
maps analysis [41]. Moreover one can observe the parts of different morphology
(Fig. 1.12).
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Fig. 1.12 2D and 3D map and cross-sectional profile of the surface Fe-Co-Mo between markers
1 and 2 deposited in pulse mode at current density 4 A/dm2; ton/toff = 10/10 ms; T = 25 ◦C; Ó°
4.8; plated time 30 min. Scan area 5.0 × 5.0 μm

The structure of coatings Fe-Co-Mo with an iron content of 51 at.%, cobalt
36 at.%, and molybdenum 13 at.% (in terms of metal) formed on a copper
substrate with a thickness of 30 μm was examined. The results of the X-ray
diffraction analysis indicate an amorphous-crystalline structure as for Fe-Co-W
alloy. Diffraction patterns for Fe-Co-Mo alloys are characterized by the lines of
copper substrate and broad halo with a width of about 18◦ at angles 2θ 45–58◦
as can be seen in Fig. 1.13. However, the Fe-Co-Mo deposit differs from Fe-Co-
W films by some phases. We see lines for intermetallic phases Fe7¯Ñ, Fe7Co, and
FeCo along with α-Fe and Fe3C but not any one corresponding to CoMo compounds
(Fig. 1.13). The crystallite size of the amorphous part is L = 66 Å.

Phases Fe7¯Ñ and Fe7Co found in Fe-Co-Mo deposits reflect the competition
of alloying metal reduction from hetero-nuclear complexes and confirm mechanism
of co-deposition proposed in [32], as for Fe-Co-W alloy.

Thus ternary Fe-Co-Mo alloys were deposited by direct and pulse current from
citrate Fe(III)-based electrolyte. Variation in current density and time parameters
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Fig. 1.13 X-ray diffraction patterns for alloy Fe-Co-W deposited from electrolyte Mo9 at i = 2.5
A/dm2

of pulse electrolysis favors changes in refractory metal content, and surface
morphology with micro-globular surface and crystalline-amorphous structure of Fe-
Co-Mo deposits differs by crystallite size of the amorphous part of 7 nm that is
associated with nano-sized materials.

1.1.3 CoMoZr Alloy

Increasing the current density amplitude i by 2–4 A·dm−2 rises the molybdenum
content in the deposit Co-Mo-Zr up to ω(Mo) = 24 at.% (Fig. 1.14a) reaching the
concentration plateau at 24–25 at.% at current densities of 4–8 A/dm2. Coating
enrichment by this alloying component with increasing current density is entirely
predictable since the reduction of molybdate is at least a complex multistep process
including chemical reduction of intermediate molybdenum oxides with hydrogen
ad-atoms Had [36, 42]. As we see from (Fig. 1.14b), the potential of the cathode
at electrodeposition of the coatings Co-Mo-Zr is in the range –(2.0–2.8) V. Thus
with increasing current density, electrode potential shifts in the negative direction
resulting in faster parallel reaction of hydrogen reduction to form Had which are
involved in a chemical step of intermediate molybdenum oxide reduction. Due to
these processes, the Mo content in the deposits is increased. However, at current
densities above 8 A/dm2, reaction of hydrogen evolution becomes dominant as
evidenced by the current efficiency (Fig. 1.14b) whereby the molybdenum content
in the alloy decreases.

The dependence of the Zr content in the ternary coatings from current amplitude i
has an extreme character with a maximum ω(Zr) = 3.6–3.7 at.% at current densities
of 4 A/dm2 (Fig. 1.14a). It should be stated that when the amplitude of the current is
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Fig. 1.14 Pulse current density influence on the composition (a) and current efficiency (b) for
Co-Mo-Zr coatings; ton/toff = 2/10 ms; T 20–25 ◦C; Ó° 8; plated time 30 min

higher than 4/dm2, there is a competitive deposition of molybdenum and zirconium
in the coating, which is obviously due to the different mechanism of alloying metal
reduction from polyligand electrolytes. Indeed, molybdenum reduction requires the
transfer of six electrons accompanied by the removal of four coordinated oxygen
atoms. Zirconium is likely included in the deposit in the form of oxygen compounds,
which follows from the higher binding energy Zr-O [43] and confirmed by analysis
of the composition of the surface layers.

A similar nonlinear relationship Ce vs i (Fig 1.14b) was observed for current
efficiency of the ternary alloy: Ce increases by 20% and reaches 63% with rising
current density from 5 to 8 A/dm2; however further increase in i reduces the current
efficiency up to 47%. Such behavior may be attributed with acceleration of hydrogen
evolution site reaction at more negative potentials.

Time parameters of pulsed electrolysis strongly affect the composition and
current efficiency of multicomponent deposits. Increasing on-time of 0.5–2 ms at
a constant current density i = 4 A/dm2 and off-time toff = 10 ms favors rising
both Mo and Zr content in the deposits (Fig. 1.15a). This is due to an increase in
active current at the expense of a full signal handling, thereby achieving potential
of alloying metal reduction in the alloy. Increasing the on-time of more than 2 ms
does not contribute to the significant change in the above metal content. Moreover,
the zirconium content decreases with on-time exceeding 2 ms.

Prolong pause of 5–10 ms at a constant current density and on-time (ton 2 ms)
provides rising of zirconium content in the alloy from 2.1 to 3.7 at.% which is
followed by decreasing of ω(Zr) at larger t-off time (Fig. 1.15b). So the maximum Zr
content is reached at the ratio ton/toff = 2/10 ms (duty factor q = 10, f = 85 Hz). At
the same time, the molybdenum portion in Co-Mo-Zr deposits regularly increases
from 16.0 to 24.0 at.% with off-time due to more complete chemical reduction of
intermediate oxides by Had (Fig. 1.15b). It also shows the different mechanism of
zirconium and molybdenum reduction and confirms their competitive co-deposition
in the coating.
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Fig. 1.15 Dependence of Co-Mo-Zr coating composition on pulse time ton (a) (toff 10 ms) and
off-time toff (b) (ton 2 ms); i = 4 A/dm2; T = 20–25 ◦C; Ó° 8; plated time 30 min

Current efficiency logically decreases from 60 to 36% with on-time increasing
of 4–10 A/dm2 due to the hydrogen evolution site reaction. Prolong the pause posi-
tively affects the current efficiency as subsequent chemical reactions accompanying
the alloying metals discharge are more fully; but a longer off-time reduces the
efficiency of the process. Thus, current efficiency reaches 98% when toff = 50 ms
and ton = 2 ms.

Increasing the current density changes the surface morphology and amplified
internal stress that leads to fracture grid (Fig. 1.16). Figure 1.16 shows the surface
becomes less smooth and more globular, and the crystallite sizes increase exactly
due to the higher content of Mo in the deposits. Uniform distribution of the coating
components on uneven relief should be emphasized sufficiently as one can see from
EDS data (Fig. 1.17). Increasing on-time at a constant off-time promotes formation
of spheroids on the surface, but increasing tension in the coating and micro-cracks
become larger as observed for other coatings [44]. Furthermore, some pores appear
in coatings when the on-time is 10 ms and the current density is 6–8 A·dm−2,
apparently due to hydrogen evolution (Fig. 1.16b, c).

The AFM analysis of Co-Mo-Zr coatings shows that their surface includes the
parts of different morphology (Fig. 1.18). The surface is characterized by a globular
structure with an average size of grains and crystallites of 100–200 nm and singly
located cone-shaped (Fig. 1.18a) or semi-spheroid (Fig. 1.18c) hills with a base
diameter of 1–3 μm and a height of 0.5–1.5 μm. As appears from 2D and 3D
maps of the surface, the cone-shaped hills are formed from the smaller spheroids
(Fig. 1.18). Such globular surface is caused by the presence of molybdenum in the
deposits as it was shown in [3, 34, 36]. Uniform distribution of alloying elements at
picks and valleys of the surface with a slight predominance of Mo and Zr at picks
(Fig. 1.18b, c) is specified in EDS data (Fig. 1.17). As the current density rises, the
number of spheroids at the deposit surface also increases, but both their height and
diameter diminish (Fig. 1.18c).
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Fig. 1.16 Morphology (×2000) and composition (at.%) of Co-Mo-Zr coatings deposited in pulse
mode at current density, A/dm2: 4 (a), 6 (b), and 8 (c); T = 20–25 ◦C; Ó° 8; plated time 30 min

Fig. 1.17 Distribution of
alloying elements at picks
and valleys of coating
Co-Mo-Zr deposited at 4
A/dm2, ton/toff = 2/10 ms

The parameters of surface roughness Ra = 0.29 and Rq = 0.38 for ternary
coatings deposited at current density of 4 A/dm2 do not differ from Ra = 0.29
and Rq = 0.4 for 6 A/dm2 and exceed the parameters of the polished substrate
Ra = 0.007 and Rq = 0.01.
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Fig. 1.18 3D and 2D map and cross-sectional profile of the surface Co-Mo-Zr between markers
1–2 deposited in pulse mode at current density 4 A/dm2 (a, b) and 6 A/dm2 (c); ton/toff = 2/10 ms;
T = 25 ◦C; Ó° 8; plated time 30 min. Scan area AFM: (a) 40 × 40 μm; (b) 5.0 × 5.0 μm; (c) 10
× 10 μm
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Fig. 1.18 (continued)

A series of diffraction lines for α-Co on X-ray diffraction patterns for Co-Mo-Zr
deposits on steel substrates was obtained (Fig. 1.19). No other phases including
intermetallic compounds were found in the coating structure even after a 3-h
annealing of the coated sample on the air at a temperature of 870 K. Furthermore,
one can find a small halo with full width at half maximum about 5◦ at angles
2θ∼59 ◦, which indicates an XRD amorphous structure of above materials [45].

Thus content of the alloying metals in the coating Co-Mo-Zr deposited from
polyligand citrate-pyrophosphate electrolyte depends on the current density and on-
/off-times extremely, and maximum Mo and Zr content corresponds to the current
density interval of 4–6 A/dm2 and on-/off-time of 2–10 ms. It was established the
coating enrichment by molybdenum with current density increasing up to 8 A/dm2

as well as the rising of on-time and off-time promotes the content of molybdenum
because of subsequent chemical reduction of its intermediate oxides by hydrogen
ad-atoms. Developed and globular surface of Co-Mo-Zr as well as composition of
material may be associated with high catalytic activity.
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Fig. 1.19 X-ray diffraction
patterns for deposit
Co-Mo-Zr, the composition is
similar to Fig. 1.16a
(ton/toff = 2/10 ms)

Fig. 1.20 Surface morphology and hysteresis loop for Fe-Co-W coating. Substrate – copper M1

1.1.4 Functional Properties of Fe-Co-W, Fe-Co-Mo,
and Co-Mo-Zr Coatings

1.1.4.1 Magnetic Characteristics of Fe-Co-W and Fe-Co-Mo Coatings

The magnetic behavior of Fe-Co-W and Fe-Co-Mo deposits obtained in the same
conditions varies in some way. As one can see from Fig. 1.4, the shape of hysteresis
loop for both alloys in the saturation interval is smoothed that indicates the presence
of an amorphous structure in the electrolytic deposits. At the same time, the effect
of smoothing the hysteresis loop for the Fe-Co-W film is stronger than for the Fe-
Co-Mo ones (Fig. 1.20). Concurrently, we observe the saturation of magnetization
as well as demagnetization for the Fe-Co-Mo film which is stepwise that confirms
the presence of two magnetic phases in the coating (Fig. 1.21).

It was found that the coercive force for synthesized Fe-Co-W and Fe-Co-Mo
films is 50–60 Oe and 7–10 Oe, respectively. Coercive force is a structure-sensitive
material characteristic. Therefore, we can assume that the main reason for higher
coercive force values for Fe-Co-W films are the larger size of grains compared to
size of grains of Fe-Co-Mo films.
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Fig. 1.21 Surface morphology and hysteresis loop for Fe-Co-Mo coating. Substrate – copper M1

Fig. 1.22 The cathodic (1, 2, 3) and anodic (1′, 2′, 3′) polarization dependences of the coatings in
corrosive environment with pH 3 (1, 1′), pH 5 (2, 2′), and pH 9.5 (3, 3′)

1.1.4.2 Corrosion Behavior of Ternary Alloys

Corrosion of cobalt-based electrolytic coatings as it follows from the nature of
alloying components proceeds predominantly with hydrogen depolarization in an
acidic medium (Fig. 1.23) and in neutral and alkaline under oxygen action.

The open circuit potential of Fe-Co-W coatings shifts to the negative side
compared with the steel substrate at all solution pH, indicating cathodic control
of the corrosion process (Fig. 1.22a). The cathode reaction is inhibited due to
the depolarizer (oxygen) transport deceleration caused by acidic nonstoichiometric
tungsten oxides. Thus, the coating enrichment with tungsten, which occurs pre-
dominantly at the expense of iron content, contributes to increasing the corrosion
resistance in acidic media. Corrosion current decreasing in a neutral media indicates
the formation and stability of alloying components’ passive oxide film, even in the
presence of activating Cl− ions. In the alkaline media, on the contrary, the cathode
reaction inhibition is ensured by insoluble iron hydroxides formed on the alloy
surface, which prevent depolarizer transport to the substrate. The highest corrosion
resistance in alkaline medium is observed for Fe-Co-W coatings with iron content
59 at. % and tungsten 8 at. % (Table 1.4).
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Table 1.4 Corrosion indexes of Fe-Co-Mo and Fe-Co-W coatings

Ó° 3 Ó° 5 Ó° 9.5
Composition of
alloy, ω, at.% Ecor, V

lg icor,
A/cm2 Ecor, V

lg icor,
A/cm2 ¨cor, V

lg icor,
A/cm2

´ÕÃÎß −0.34 −2.8 −0.35 −3.0 −0.32 −2.8
Fe51Co36Mo13 −0.25 −3.7 −0.30 −4.9 −0.46 −5.5
Fe31Co31Mo38 −0.16 −4.5 −0.31 −4.8 −0.32 −5.1
Fe54Co36W10 −0.54 −4.7 −0.36 −5.1 −0.53 −5.2
Fe59Co33W8 −0.35 −4.1 −0.39 −4.8 −0.36 −5.5

The Fe-Co-Mo alloy corrosion mechanism in acidic and neutral media differs
by open circuit potential shift to the positive side compared with substrate material
(Fig. 1.22, b; Table 1.4). The corrosion rate decreases due to the formation of the
dense film of acidic molybdenum oxide on the surface. On the contrary, the open
circuit potential shifts toward the negative side in the alkaline environment, which is
evidence of the cathode reaction inhibition by insoluble iron and cobalt hydroxides
formed at the alloy surface. Accordingly, the coatings with a molybdenum content of
38 at.% and iron of 31 at. % are more resistant in acidic environments; and coatings
containing molybdenum of 13 at.% and iron of 51 at. % are more resistant in alkaline
media as one can see from Table 1.4.

Verification of polarization method results was carried out using electrode
impedance spectroscopy (¨IS) technique. It was found that in neutral environment
the Nyquist plot for Fe-Co-Mo(W) alloy (Fig. 1.23) is a connection of two conjugate
semicircles at high frequencies complicated by the diffusion Warburg impedance
ZW at low frequencies. The fact that semicircles are not overlapping is due,
presumably, to near values of the time constants τ = RC of parallel circuits, which
reflect the kinetic nature of the charge transfer inhibition on parts of the surface with
different composition. Indeed, part of the surface is covered with chemically stable
neutral media oxides, which correspond to elements of the substitution scheme
COX and ROX (Fig. 1.24), while Faraday reactions on the other surface parts are
visualized by the elements Cd and Rf. A conclusion on the inhibition of transport
stages, the presence of which reflects Warburg impedance, is quite identical to the
results of polarization measurements. The relatively near values of the corrosion
current density, calculated from data of polarization resistance technique and EIS,
are also evidence of correctness of both the parameters of the corrosion process
determination and the validity of the electrochemical systems equivalent circuit.
Parameter Rf for tested materials decreases in the range:

Rf (Fe − Co − W) > Rf (Fe − Co − Mo) >> Rf (steel substrate).

Open circuit potential of coatings alloyed with zirconium becomes more negative
in all environments (Figs. 1.25 and 1.26; Table 1.5). At the same time, the corrosion
rate of a ternary alloy in the acidic and neutral chloride-containing environment
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Fig. 1.23 The Nyquist plots
for steel electrode (1),
Fe-Co-Mo (2), and Fe-Co-W
(3) alloys in a neutral
chloride-containing
environment

Fig. 1.24 The equivalent circuits of corrosion processes in a neutral chloride-containing environ-
ment: (a) steel electrode, Fe-Co-W alloy, (b) Fe-Co-Mo alloy

Fig. 1.25 Corrosion
diagrams for coatings
Co(76)-Mo(24) (1) and
Co(72.2)-Mo(24.1)-Zr(3.7)
(2) in 1 M Na2SO4 (pH 3):
cathodic plots (1, 2) and
anodic plots (1′, 2′)

declines by almost an order of magnitude compared with the binary system (Table
1.5). It can be explained by an increased zirconium trend to passivity as can be
seen from the corrosion plots (Fig. 1.25) and anodic polarization dependences
(Fig. 1.26).

Also ternary alloy increases resistance to pitting corrosion as it was shown for
other corrosion-resistant materials [46, 47]. The difference in corrosion rate of Co-
Mo and Co-Mo-Zr coatings in an alkaline environment is not as great due to the
acidic nature of passive oxides of molybdenum and zirconium.
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Fig. 1.26 Anodic
polarization plots for coatings
Co(72.2)-Mo(24.1)-Zr(3.7)
(1, 2) and Co(76)-Mo(24) (3,
4) in media: 1 M Na2SO4
pH 11 (1, 3) and 3% NaCl
pH 7 (2, 4)

Table 1.5 Corrosion indicators of testing materials in different media

Corrosion medium pH Corrosion parameters Electrolytic alloys
Co76-Mo24 Co72-Mo24-Zr4

3 icor, A·cm−2 2·10−4 3·10−5

¨cor, V −0.42 −0.46
kh, mm·year−1 2.3·10−3 3.1·10−4

7 (3% NaCl) icor, A·cm−2 2.5·10−4 2.1·10−5

¨cor, V −0.2 −0.5
kh, mm·year−1 2.9·10−3 2.2·10−4

11 icor, A·cm−2 8·10−5 3·10−5

¨cor, V −0.43 −0.47
kh, mm·year−1 9.3·10−4 3.1·10−4

Table 1.6 The exchange
current density of hydrogen at
the platinum and ternary alloy
coatings

lg i0°, A/cm2

Composition of alloy, ω, at.% Ó° 3 Ó° 5 Ó° 9.5

Pt −3.3 −3.2 −3.1
Fe51Co36Mo13 −3.1 −2.8 −4.0
Fe31Co31Mo38 −3.1 −3.6 −3.4
Fe54Co36W10 −3.5 −3.4 −3.3
Fe59´Ñ33W8 −3.3 −3.1 −3.5

1.1.4.3 The Catalytic Properties of Fe-Co-W, Fe-Co-Mo, and Co-Mo-Zr
Coatings

Results of testing the catalytic activity of Fe-Co-W, Fe-Co-Mo, and Co-Mo-Zr alloy
coatings in the model reaction of hydrogen evolution from different media (Tables
1.6 and 1.7) indicate the synergistic nature of the electrolytic alloys.

The values of the hydrogen exchange current density are related to the analogous
indices for platinum family metals, as one can see from Tables 1.6 and 1.7.

The exchange current density of hydrogen at binary and ternary alloys is higher
than this parameter on alloying components which can be attributed obviously with
the change in the mechanism of the process. From the literature [48], it is known
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Table 1.7 Exchange current density of hydrogen evolution log i0
H and coefficient b lgi0° for

different materials in acidic and alkali media

Material composition, at. % Medium
acidic Alkaline
–logi0

H [£·Ôm−2] –b, V –logi0
H [£·Ôm−2] –b, V

Pt100 3.30 0.03 3.10 00.100
Co100 4.35 0.14 4.30 0.14
Mo100 8.25 0.08 4.80 0.14
Co76-Mo24 4.1 0.03 4.2 0.10
Co72-Mo-24-Zr4 4.0 0.1 3.9 0.03

Fig. 1.27 Thermograms of
CO conversion degree at Pt
(1) and galvanic alloys
Co-Mo-Zr of composition, at
.%: Co, 72; Mo, 24; Zr, 4 (2);
Co, 72.4; Mo, 24.4; Zr, 3.2
(3); Co, 73.2; Mo, 24.7;
Zr, 2.1 (4)

that the hydrogen evolution on cobalt occurs by Volmer-Heyrovsky mechanism
(b = −0.1 V) with the limiting discharge stage (Volmer). As can be seen from
the coefficient b = 0.03 V (Table 1.7), hydrogen evolution both on the electrolytic
Co-Mo alloy in an acidic medium and on Co-Mo-Zr coating in an alkali medium is
limited by recombination stage, i.e., flows through the Tafel mechanism. The same
mechanism is typical for platinum; this is evidence of the high catalytic activity of
the materials studied.

Thus, the combination in the active layer of metals with different limiting stage
of hydrogen evolution allows obtaining a material with catalytic activity close
to platinum metals. Obtained results are evidenced to the competitiveness of the
received coatings and allow recommending Fe-Co-W, Fe-Co-Mo, and Co-Mo-Zr
systems as promising electrode materials for redox flow batteries.

Testing of the catalytic activity of the synthesized Co-Mo-Zr coatings was
also performed in the model reaction of carbon (II) oxide conversion to carbon
(IV) oxide. Quantitative characteristics of the oxidation are the carbon (II) oxide
conversion degree X(CO) and ignition temperature Ti. The catalytic properties of
galvanic alloys were compared to platinum which is the most effective catalyst. As
one can see from the temperature dependencies (Fig. 1.27, 1) at the platinum plate
catalyst with ω(Pt) = 100 at.%, the oxidation of CO begins at 190 ◦C, while 100%
conversion degree is achieved at 250 ◦C.
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Table 1.8 Parameters of CO oxidation model reaction at different catalytic materials

Catalyst composition
(at.%)

Ignition temperature Ti,◦´
Temperature for
50% conversion

Temperature for
100% conversion

Pt100 190 220 250
Co(72)Mo(24)Zr(4) 230 260 370
Co(72.4)Mo(24.4)Zr(3.2) 240 270 375
Co(73.2)Mo(24.7)Zr(2.1) 230 280 400

As can be seen from Fig. 1.27, the thermograms of carbon (II) oxide conversion at
the surface of catalyst coated with ternary alloys with various contents of zirconium
(dependences 2–4) have two sections with different slopes. In the first plot within
the temperature interval 200–270 ◦C, the kinetics of CO oxidation is not different
from the platinum plate catalyst with ω(Pt) = 100 at.% although both the reaction
initiation temperature Tin and temperature of 50% conversion are higher than on
platinum by 40–50 ◦C (Table 1.8). In the second plot at a temperature above 270
◦C, oxidation rate declines probably due to the formation of alloying metal oxides
on the surface. The conversion degree rises by an average of 7–10% with the
increase in zirconium content in the coating by 1 at.%, but the influence of zirconium
weakens at the temperatures higher than 350 ◦C. Evidence of high catalytic activity
of materials is the fact that 99% conversion is achieved at temperatures of 375–380
◦C. Catalytic properties of the synthesized systems are caused by cobalt ability to
form nonstoichiometry oxides with different thermal resistance as well as by high
affinity for oxygen of molybdenum and especially zirconium.

The above results are conclusive evidence not only of Co-Mo-Zr high catalytic
activity but gives every reason to replace platinum catalysts at a cheaper galvanic
alloy cobalt-molybdenum-zirconium, an added benefit of which is a metallic
substrate.

Thus, the obtained results allow us to consider the synthesized nano-sized
ternary alloys as promising and effective materials and recommend them for use
as anticorrosive coatings and active catalyst layers. The Fe-Co-Mo coatings are
soft magnetic materials and are recommended for usage of such systems in the
production of magnetic head elements for recording and reproducing information
devices.
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18. Ramanauskas R, Gudavičiūtė L, Juškėnas R (2008) Effect of pulse plating on the composition
and corrosion properties of Zn–Co and Zn–Fe alloy coatings. Chemija 19:7–13

19. Ved’ MV, Sakhnenko ND, Karakurchi AV, Zyubanova SI (2014) Electrodeposition of
iron–molybdenum coatings from citrate electrolyte. Russ J Appl Chem 87:276−282.
https://doi.org/10.1134/S1070427214030057

20. Shao II, Vereecken PM, Chien CL, Cammarata RC, Searson PC (2003) Electrochemical
deposition of FeCo and FeCoV alloys. J Electrochem Soc 150:C184–C188

21. Tsyntsaru N, Cesiulis H, Budreika A (2012) The effect of electrodeposition conditions and
post-annealing on nanostructure of Co–W coatings. Surf Coat Technol 206:4262–4269

22. Grabco DZ, Dikusar IA, Petrenko VI, Harea EE (2007) Micromechanical properties of Co–W
alloys electrodeposited under pulse conditions. Surf Eng and Appl Electrochem 43:11–17

23. Silkin SA, Gotelyak AV, Tsyntsaru N, Dikusar AI, Kreivaitis R, Padgurskas J (2016) Effect
of bulk current density on tribological properties of Fe-W, Co-W and Ni-W coatings. În:
Proceedings of the 8th International Scientific Conference “BALTTRIB 2015”. Published on-
line 25 February 2016 by Aleksandras Stulginskis University. Kaunas, Lithuania, 51–56. Doi:
https://doi.org/10.15544/balttrib.2015.10

24. Ma SL, Xi X, Nie Z, Dong T, Mao Y (2017) Electrodeposition and characteriza-
tion of co-W alloy from regenerated tungsten. Int J Electrochem Sci 12:1034–1051.
https://doi.org/10.20964/2017.02.37

iranchembook.ir/edu

http://dx.doi.org/10.1016/S0043-1648(03)00241-2
http://dx.doi.org/10.1007/s11003-016-9893-5
http://dx.doi.org/10.3103/S1068375514040139
http://dx.doi.org/10.1134/S1070427215012006X
http://dx.doi.org/10.1007/s12678-014-0197-y
http://dx.doi.org/10.1134/S1070427214030057
http://dx.doi.org/10.15544/balttrib.2015.10
http://dx.doi.org/10.20964/2017.02.37


1 Nanostructured Functional Coatings of Iron Family Metals with Refractory. . . 33

25. Vernickaite E, Tsyntsaru N, Cesiulis H (2016) Electrodeposited co-W alloys and their
prospects as effective anode for methanol oxidation in acidic media. Surf & Coatings Tech
https://doi.org/10.1016/j.surfcoat.2016.07.049
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Chapter 2
Multifunctional Magnetic
Nanocomposites on the Base of Magnetite
and Hydroxyapatite for Oncology
Applications

Ie. V. Pylypchuk, M. V. Abramov, A. L. Petranovska, S. P. Turanksa,
T. M. Budnyak, N. V. Kusyak, and P. P. Gorbyk

In works [11–13, 16, 20, 36–38], the concept of a chemical design of magne-
tosensitive nanocomposites with a multilevel hierarchical nano-architecture was
substantiated which are characterized by the functions of “nano-clinics” [12] and
medico-biological nanorobots [10–13, 16, 36, 37]: recognition of microbiological
objects in biological media; targeted drug delivery into target cells and organs
and deposition; complex local chemo-, immuno-, neutron capture, hyperthermic,
photodynamic therapy and real-time magnetic resonance imaging diagnostics,
detoxification of the body by adsorption of residual cell debris, virus particles, heavy
metal ions, etc. and their removal by the means of a magnetic field.

In terms of synthesis of the abovementioned magnetosensitive nanocomposites
(NCs), the researchers have a significant interest in nanostructures of the core-
shell type on the basis of single-domain magnetite (Fe3O4) and hydroxyapatite
(HA) that retain oncologic drugs of different functional purposes and different
mechanisms of action. Such NCs are characterized by the unique combination of
physical, chemical, and biological properties, by the possibility of production of
ferrofluids (FFs) on their basis [2, 3, 6, 7, 9, 17, 18, 22, 24, 34, 41]. Widespread
application as oncologic drugs has, in particular, the cytostatic drug cisplatin (CP),
the anthracycline antibiotic doxorubicin (DR) that are used practically in all the
schemes of modern chemotherapy as well as antibodies that allow realizing the
principles of recognition of antigens and immunotherapy.
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The choice of single-domain magnetite as an input material for NC synthesis is
due to its unique magnetic properties, satisfactory biocompatibility and biodegra-
dation, accumulated experience in the field of surface modification, possibilities to
control the movement of nanoparticles by the means of the external magnetic field,
use of the magnetic separation method at the stages of separation, and removal of
adsorbents. The special features of single-domain state of magnetic particles include
the homogeneity of magnetization at any values and directions of the ° field, the
possibility of an existence of domains not only in solid ferro- and ferrimagnetic
alloys and compounds but also in liquid media (suspensions and colloids).

The usage of HA as a coating for magnetosensitive carriers is due to its high
biocompatibility with a living organism, stability in biological media, adsorbent
activity of the surface, possibility to ensure the necessary chemical functionalization
of the carrier surface for further biofunctionalization.

This work gives a short overview of the research studies done at the Chuiko Insti-
tute of surface chemistry of the National Academy of Sciences of Ukraine aimed at
the development of the concept of creation of magnetosensitive NCs of a multilevel
hierarchical nano-architecture and a function of medico-biological nanorobots. The
data are provided in relation to the synthesis of magnetosensitive NCs of the core-
cell type on the basis of single-domain magnetite and hydroxyapatite, specificity of
immobilization on the surface of oncologic drugs of different mechanisms of action,
bioactivity checking, development of the methodology of creation of ferrofluids on
the basis of synthesized NCs, and determination of perspectivity of their application
in oncology.

Synthesis of Magnetite/Hydroxyapatite Nanocomposites Synthesis of the
hydroxyapatite coating on the surface of a highly dispersed magnetite was carried
out by solgel method, according to reaction: 10´a(NO3)2 + 6(NH4)2HPO4 + 8NH3
+ 2°2± → ´Ã10(PO4)6(±°)2 + 20NH4NO3.

XRD patterns confirmed the presence of a magnetite phase (Fe3O4, JCPDS№19-
629) and hydroxyapatite (´Ã10(PO4)6(±°)2, JCPDS№74-0566).

Synthesis of Fe3O4/H£/Ag Nanocomposites The modification of Fe3O4/H£
nanocomposite by silver nanoparticles was made from AgNO3 solution. The
quantity of silver input in the reaction mixture made 1% of the mass of
Fe3O4/Ca10 (PO4)6(OH)2 sample. The reduction of silver ions was made by 0.005%
hydrazine hydrate on heating and stirring according to the reactions: 4Ag + +
N2H4 + 4OH− → 4Ag ◦ + N2 + 4H2O.

The presence of silver on the surface is confirmed by the XRD analysis. The
mean size of Ag nanoparticles calculated as per the Scherrer formula was ∼ 10 nm.

Cytotoxic Properties of Ferrofluids on the Basis of Cisplatin (CP) The synthe-
sized nanostructures as part of a ferrofluid (FF) were used for development of a new
form of the oncology drug “Ferroplat” which was for the first time experimentally
substantiated at the R.E. Kavetsky Institute for experimental pathology, oncology,
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Fig. 2.1 Isotherms (a) and kinetics (b) of the CP adsorption on magnetite (1) and Fe3O4/HA
NC (2)

and radiobiology of the National Academy of Sciences of Ukraine, which is now
at the stage of putting into production. The idea of the mentioned new form lies
in the strategy of overcoming the resistance of malignant tumors to cisplatin via
pharmacological correction of endogenous iron metabolism which is ensured by
utilization of a ferriferous nanocomposite and cisplatin.

For the adsorption investigations of CP on the Fe3O4 and Fe3O4/HA samples
were used (Fig. 2.1a, b).

It was found that the highest cytotoxic activity of the nanocomposite for the
MCF-7/CP resistant line is related to a more active accumulation of ferromagnetic
nanoparticles in the cells, due a high level of transferrin receptors and a disturbance
of the system of antioxidant protection of the resistant cells. It was shown that a
ferrofluid is able to cause in cells of the resistant line more pronounced cytomor-
phological changes and genotoxic effects compared to cells of the sensitive line.

In the case of therapy of rats of the Wistar line with an FF containing inoculated
Geren carcinoma resistant to cisplatin, a positive antitumor effect on tumors of the
strain resistant to cisplatin was found: the mean volume of tumors decreased from
20.2 ± 1.0 cm3 in the control group to 12.1 ± 2.4 cm3 in animals that were injected
with the nanocomposite; the percentage of slowdown of the tumor growth was 40%.

Antibodies Binding to the Fe3O4/H£/Ag Nanocomposites The formation on the
surface of modified magnetosensitive carriers of the regions with spacers for binding
monoclonal antibodies is one of the important stages of synthesis of biofunctional-
ized nanocomposites. The purpose of this research was to study the processes of
antibody immobilization on the surface of Fe3O4/H£ and Fe3O4/H£/Ag. It was
found that the shape of the obtained isotherms of immunoglobulin adsorption varies
between different buffer systems (Figs. 2.2 and 2.3; Table 2.1).

Taking into account a high adsorption (£ = 34–38 mg/g) of immunoglobulin, the
formation of a compact packing of adsorbed antibodies on the NC surface modified
by HA and silver can be assumed. The given results of experimental research [10]

iranchembook.ir/edu



38 Ie. V. Pylypchuk et al.

Fig. 2.2 Isotherms of
adsorption of human normal
Ig on the surface of
Fe3O4/H£ and
Fe3O4/H£/Ag
nanocomposites from
phosphate buffer
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Fig. 2.3 Isotherms of
adsorption of human normal
Ig on the surface of
Fe3O4/H£ and
Fe3O4/H£/Ag
nanocomposites from saline
solution
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Table 2.1 Effect of magnetosensitive NCs with adsorbed CP conjugated with monoclonal
antibodies on the survivability of ¯´F-7 line cells

Dead cells, %
Comparison
control

Action of
control samples Fe3±4/H£ + CP

Fe3±4/H£
+ CD 95

Fe3±4/H£ +
CP + CD 95

Cisplatin (CP)
´ = 2.5 μg/ml

25 48

Antibody CD
95
´ = 0.2 μg/ml

10 27

show that the use of nanocomposites with antibodies in principle allows to realize
the recognition of specific cells.

Adsorption of Doxorubicin by Magnetite/Hydroxyapatite Nanocomposites
The adsorption of doxorubicin by magnetite/hydroxyapatite nanocomposites is
studied in [2].

Doxorubicin [26] is an antitumor antibiotic of anthracyclines range; the empirical
formula is C27H29NO11. It is characterized by antimitotic and antiproliferative
effects. The mechanism of antineoplastic activity is in an interaction with DNA,
a formation of free radicals and a direct impact on cell membranes along with an
inhibition of the synthesis of nucleic acids.
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The study of DR adsorption isotherm on the surface of the Fe3O4/H£ nanocom-
posite was carried out in a range of equilibrium concentrations ´0 = 0.1–
1.04 mg/ml. The experimental results prove that an increase in an equilibrium
concentration of DR does not lead to a saturated adsorption of the surface of the
Fe3O4/H£ adsorbent.

The concavity (S-type) of the initial section of the isotherm relative to the axis of
concentrations and the absence of saturation in the studied interval of equilibrium
concentrations can be connected with a polymolecular type of adsorption and an
insignificant porosity of the nanocomposite surface. Besides, the S-type of the
isotherm may be caused, to a certain extent, by a joint adsorption of sodium chloride
because a DR adsorption occurred from a physiological fluid. The coefficient of
distribution (E, ml/g) of doxorubicin between the nanocomposite surface and the
fluid was 366.8 ml/g at £ = 91.7 mg/g.

During the study of DR adsorption on the surface of Fe3O4/H£ nanocomposite
as a function of time (Fig. 2.4), it was found that during the first 2 hours, 60–
70% of the substance is adsorbed and during 24 h the adsorption occurs almost
completely (93–97%). The relationship of the degree of doxorubicin removal (R,
%) vs. solutions concentration and an adsorption time is shown in Table 2.2.

The results of desorption (£D, mg/g) study are given in Fig. 2.5 and Table 2.3.
The experimental relationships of desorption vs. time indicate that the DR release
decreases as its quantity on the NC surface grows. At a quantity of adsorbed DR
of 20–50 mg/g, 80–60% of DR is desorbed, respectively, while at large quantities
of desorbed DR (100–150 mg/g), the release almost does not occur. Most of DR is
desorbed during 20 min for all the studied concentrations.
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Fig. 2.4 Time-dependent τ desorption of DR (£D) from the surface of Fe3O4/H£/DR NC into
saline solution at different initial quantities of DR immobilized by adsorption
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Table 2.2 Degree of DR removal (R, %) by Fe3O4/H£ NC as a function of a solution
concentration and an adsorption time

R, %
´0, mg/ml 30 min. 135 min. 300 min. 1380 min. 1620 min.

0.13 53.8 73.1 88.5 97.0 97.0
0.26 46.2 69.2 86.5 95.8 97.7
0.32 50.0 65.6 84.4 95.6 97.2
0.52 46.2 57.7 77.0 92.3 95.2
0.64 53.1 64.0 79.7 93.8 96.1
1.04 49.0 59.6 69.2 80.8 87.5
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Fig. 2.5 Relationship of DR adsorption by Fe3O4/H£ NC in PF vs. time. The insertion shows the
initial concentrations of DR solutions

Table 2.3 Relationship of
DR desorption (£Dτ, %) from
the surface of Fe3O4/H£/DR
NC into saline solution vs.
time at different initial
quantities (£) of DR
immobilized by adsorption

£, mg/g D, %
20 min. 60 min. 180 min. 400 min.

21.0 83.8 84.3 84.3 84.8
42.3 76.4 76.6 76.8 77.0
51.9 61.5 62.1 62.4 62.6
82.5 11.6 11.5 12.1 12.7
102.5 7.0 6.1 8.3 8.7
151.7 2.2 2.3 2.3 2.4
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It was found that an increase in an equilibrium concentration of DR does not
lead to a saturated adsorption of the surface of the Fe3O4/H£ adsorbent. It was
discovered that the release of DR into saline solution has been decreasing as its
quantity on the NC surface has been increasing.

Investigation of Bioactivity of Nanocomposites on the Basis of Doxorubicin
The biocompatibility of Fe3O4/H£ NC was studied in many works, for example,
in [2, 6, 7, 9, 11, 12, 17, 18, 22, 24, 37]. In works [2, 24, 39], the biocompatibility
and the bioactivity of the produced samples were controlled by their effect on the
viability of baking yeast cells Saccharomyces cerevisiae.

In works [19, 23, 35], the interaction of DR with baking yeast cells Saccha-
romyces cerevisiae was studied. In particular, the presence of a cytotoxic effect
of the antibiotic on the cells and a decrease in the rate of their proliferation were
found. The mentioned effects are typical of DR and are caused, in particular, by its
participation in cyclic redox reactions and a respective increase in the number of
molecules of free radicals, an induction of oxidative stress and delays in the cell
cycle in G1- and S-phases. However, we did not manage to find in scientific sources
the data related to the impact of magnetosensitive nanocomposites containing
doxorubicin on baking yeast cells Saccharomyces cerevisiae.

Therefore, of interest was the research aimed at studying a cytotoxic effect of
new magneto-controlled multifunctional NCs on the basis of single-domain Fe3O4,
H£, and DR on Saccharomyces cerevisiae cells [39].

During the research of bioactivity of the input DR preparation, it was exper-
imentally found that its solution in a physiological fluid of a concentration of
0.5 mg/ml leads to an almost total death of yeast cells (95%) within 3.5 days. In
the methodology of cytotoxicity determination, usually use a I´50 dose at which
the death of ∼50% of cells are observed [15]. That’s why for bioactivity testing
a quantity of nanocomposite material Fe3O4/H£/DR (∼20 mg) with immobilized
doxorubicin (∼50 mg/g) which is used to make a suspension was selected as per the
data of Fig. 18 and Table 2.2, to ensure that the concentration of released DR in the
tested suspensions is equal to ∼0.25 mg/ml.

In total five samples of each of the following series were tested:

1. Suspension of yeast cells (initial concentration n0 ≈ 2.5·107 ml−1) in PF with
MSM (Fig. 2.6a)

2. Suspension of yeast cells (initial concentration n0 ≈ 2.5·107 ml−1) in PF with
MSM containing 20 mg of Fe3O4/HA NC

3. Suspension of yeast cells (initial concentration n0 ≈ 3.5·107 ml−1) in PF with
MSM containing 20 mg of Fe3O4/HA/DR NC

All the samples contained 1.3 ml of saline solution (0.9% NaCl) and 1 ml of
MSM. The samples of series 1 and 2 were used for control and comparison and of
series 3 – for research of bioactivity of Fe3O4/H£/DR NC.

The data analysis shows that in the yeast suspensions (n0 ≈ 2.5·107 ml−1) in
PF with MSM (type 1 control series) a cell proliferation typical of yeast is seen,
which led to a twofold increase in their concentration within 16 h (to 5·107 ml−1).
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Fig. 2.6 Type images of Goryaev’s camera squares with yeast cells: at the beginning of research
(Ã), after a reaction of yeast cells with Fe3O4/HA NC (b), after a reaction of yeast cells with
Fe3O4/H£/DR NC (c)

Subsequently, the rate of their proliferation was slowing down (probably due
to a smaller quantity of nutrient material). 3.5 days later their concentration
was ∼108 ml−1. The survivability of yeast cells in the series 1 tests changed
insignificantly and reached ∼ 98–99%.

During testing the suspensions of type 2 control series, a rather active fission was
recorded, as a result of which the yeast concentration was ∼ 6.5·107 ml−1 after 18 h,
while after 3.5 days, like in the previous case, it reached ∼ 108 ml−1 (Fig. 2.6b). The
survivability of cells, like the in the previous case, at all the research stages of series
2 samples was ∼98–99%. The given data prove the biocompatibility of Fe3O4/HA
NC in relation to yeast cells in experimental conditions.

By testing of the samples of series 3 suspensions, a considerable inhibition of
cell proliferation was found (Fig. 2.6c). So, the concentration of yeast cells at the
beginning of the experiment was ∼ 3.5·107 ml−1 and practically did not change for
16 h; only after 3.5 days, their quantity grew up to ∼ 4·107 ml−1. Over the research
time, the number of dead cells in series 3 samples (Fig. 2.6c) was ∼ 10%.

So, analyzing the results of series 1 and 2 experiments and comparing them with
the series 3 data, it can be concluded that Fe3O4/H£/DR nanocomposites exert a
cytotoxic effect on Saccharomyces cerevisiae cells and slow down the rate of their
proliferation.

It should be noted that the observed peculiarities of the influence of magne-
tosensitive Fe3O4/H£/DR NCs on yeast cells are typical of an interaction of the
mentioned cells with doxorubicin in a free form. The obtained results served as a
basis for the elaboration of an efficient, reliable, safe, and relatively inexpensive
methodology of control after the cytotoxic activity of nanocomposites which can be
topical for the use in the development of new magneto-controlled targeted delivery
drugs [39].

Synthesis of Gadolinium-Comprising Magnetosensitive Nanocomposites for
Neutron Capture Therapy The development of scientific approaches to solving
the problem of introduction of magneto-controlled polyfunctional nanocomposites
into neutron capture therapy (NCT) is, certainly, an expedient and topical task
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because they can serve as a basis for creation of new types of low-toxic selective
drugs with added functions of magneto-controlled targeted delivery to target organs
or cells and deposit, of hyperthermia and combined µ1- and µ2-MRI real-time
diagnostics [4, 5, 8, 10, 14, 21, 27–30, 40].

With the aim of synthesizing magnetosensitive NCs of a high biocompatibility
with bone tissues which are promising for the use in NCT, a new methodology [33]
of immobilization of a DTPA-Gd complex on the surface of Fe3O4/H£ NCs was
developed.

It is known that amino bisphosphonates are used for prevention and treatment of
osteoporosis because they inhibit resorption of bone tissue. Thanks for the presence
of phosphonic groups, the drugs of this class bind to HA tightly and cause a
therapeutic effect. For research one of the simplest and commercially available
compounds of this class – pamidronic acid (PA) – has been chosen.

The adsorption of pamidronate on the HA surface occurs due to a formation of
hydrogen bonds between protons of amino groups and of hydroxyl groups on the
surface and to a coordination of a calcium atom with phosphate groups. Therefore,
for pamidronate, a high affinity and a strong bond to the HA surface are observed,
and the obtained Fe3O4/H£/PA nanocomposite can serve as a reliable basis for
further fixation of necessary ligands.

Following a reaction between the –NH2 groups of pamidronic acid and DTPA
anhydride, a FÈ3O4/H£/PA/DTPA NC was obtained. Subsequently, free carboxyl
groups on the surface of a FÈ3O4/H£/PA/ DTPA NC form strong complexes with
gadolinium ions producing a Fe3O4/H£/PA/ DTPA/Gd3+ NC.

A scheme of the nanocomposite formation is given in general in Fig. 2.7.
The structure of a Fe3O4/H£/PA/DTPA/Gd3+ NC was studied by using a

complex of physicochemical methods at all the stages of its synthesis; the biocom-
patibility testing of a Fe3O4/H£/PA/DTPA/Gd3+ NC in vitro was performed on
model cells [1, 33]. A conclusion on perspective of synthesized magnetosensitive
NCs for further research with the aim of the creation of agents for therapy of
oncological diseases by the neutron capture method was drawn.

It should be noted that biomimetic approach [25, 31, 32] to coating the magnetite
surface with hydroxyapatite is promising and currently is under the development in
our department.
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Fig. 2.7 Scheme of a Fe3O4/H£/PA/DTPA/Gd3+ NC formation

2.1 Conclusions

The processes of a DR adsorption of the surface of a Fe3O4/H£ NC from the
solution in a physiological fluid were studied. It was discovered that an increase
in an equilibrium concentration of DR does not lead to a saturated adsorption on the
surface of a Fe3O4/H£ adsorbent. It was found that the release of DR into saline
solution decreased as its quantity of the NC surface has been increased.

Magnetosensitive Fe3O4/H£/DR NCs were synthesized. It was found that a
cytotoxic effect and an antiproliferative activity of NCs in relation to Saccharomyces
cerevisiae cells are typical of an interaction of the mentioned cells with doxorubicin
in free form.

The ferrofluids containing Fe3O4/H£/DR NC stabilized by sodium oleate and
polyethylene glycol were produced and studied. By using an assembly of Fe3O4
carriers as a superparamagnetic probe, the Langevin theory of paramagnetism, and
the density values of nanocomposite components, the parameters of their shells
were assessed, which are confirmed by independent measurements of the specific
surface area of nanostructures and the kinetic stability of respective ferrofluids.
The obtained results can be used for development of new forms of magneto-
controlled targeted delivery drugs and adsorbents on the basis of nanocomposites
of a superparamagnetic core-shell type with a multilevel nano-architecture and for
determination, control, and optimization of size parameters of its components.

It was found that an FF on the basis of a Fe3O4/H£ NC and cisplatin is
characterized by a cytotoxic activity in relation to cells with a drug resistance
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phenotype and is not more toxic than the official antineoplastic drug cisplatin,
which is indicative of perspectivity of its use for pathogenetically grounded targeted
therapy of malignant neoplasms.

Fe3O4/H£ NCs can be used for the creation of the newest magnetosensitive
theranostic drugs for neutron capture oncotherapy. Claimed use of a biomimetic
approach for coating the surface of nano-sized magnetite with hydroxyapatite is
given.
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Chapter 3
Structural Peculiarities and Properties
of Silver-Containing Polymer
Nanocomposites

V. Demchenko, S. Riabov, S. Kobylinskyi, L. Goncharenko,
and N. Rybalchenko

3.1 Introduction

During the last decades, the interest in studying of nanosize particles of different
metals and their oxides has constantly grown up [1–4]. Primarily, it is due to
their unique characteristics, dramatically different from their analogues – micro-
scale size objects. So, this fact opens new possibilities for diverse applications of
nanomaterials, having advanced properties in industrial areas.

Hybrid materials, containing silver nanoparticles, show promising features for
the design of catalytic systems, and they are currently used in optoelectronics
and nanophotonics [5–10]. In turn, nanocomposite materials [10–12] with silver
nanoparticles have found a wide application as effective antibacterial and antiviral
preparations. Within the recent years (due to the emergence of microorganisms
resistant to known antimicrobial agents), demand in new high-effective substances
for saturation of dressing materials in medical facilities, as well as for the formation
of antimicrobial coatings for providing of sterile conditions in biological and
medical laboratories, for food packaging, for design of antimicrobial air filters for
hospitals’ and microbiological laboratories ventilation, etc., has appeared and is
rapidly growing. Metal nanoparticles, such as copper, silver, and zinc, are in the
focus of the researchers involved into development of effective antimicrobial agents
due to their biocidal activity and high stability in extremal conditions.
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Developing of such materials is not possible without fundamental researches and
studying their structure and physicochemical and mechanical properties.

The current review of scientific sources revealed that data concerning inves-
tigations of structural organization and physical, mechanical, and antimicrobial
properties of Ag-containing nanocomposites obtained by chemical or thermal reduc-
tion of Ag+ ions in the interpolyelectrolyte–metal complexes are not published yet.

So, the aim of this work is to study the structural organization and thermome-
chanical and antimicrobial properties of nanocomposites prepared involving natural
and synthetic polymers – pectin, polyethyleneimine, poly(4-vinylpyridine), and Ag
nanoparticles – obtained by the chemical and thermal reduction of silver ions in the
interpolyelectrolyte–metal complexes.

3.2 Structural Formation and Thermomechanical Properties
of Polymer Nanocomposites Based
on Pectin–Poly(4-Vinylpyridine) Interpolyelectrolyte
Complexes and Ag Nanoparticles

To obtain the interpolyelectrolyte complexes (IPEC), pectin–poly(4-vinylpyridine)
(P4VP); the interpolyelectrolyte–metal complexes (IMC), pectin–Ag+–P4VP; and
nanocomposites of IPEC–Ag, the following reagents were used: pectin sodium salt
(Na-pectin), obtained by mixing citrus pectin production (“Cargill Deutschland
GmbH” (Germany)), ¯ = 3·104, with NaOH; hydrochloride poly(4-vinylpyridine)
(P4VP-Cl), obtained by protonation of pyridine ring poly(4-vinylpyridine)
(Aldrich), ¯w = 6·104, with HCl; silver (I) nitrate (AgNO3) (Aldrich) with
¯ = 169.9; and sodium borohydride (NaBH4) (Aldrich) with ¯ = 37.83.

IPEC samples were formed via mixing of 5% aqueous solutions of Na-pectin and
P4VP-Cl taken at an equimolar ratio, at µ = 20 ± 2 ◦C.

—COO−Na+ + Cl−H+N— → —COO−H+N + Na+Cl−

While mixing of anion and cation polyelectrolytes’ (PE) water solutions, one
could observe immediate formation of clots as a result of a process of molecular
“recognition” and self-assembly of oppositely charged PE macromolecules [13].
These clots, which are IPEC, were formed as thin films on polytetrafluorethylene
plates, dried at µ = 20 ± 2 ◦C to a constant mass, then washed in distilled water
getting reached neutral pH, and then dried again till to a constant mass. The resulting
films were 100–500 μm thick.

IMC samples were prepared via immersion of IPEC films into an aqueous
solution of AgNO3 with a concentration of 0.1 mol/L at µ = 20 ± 2 ◦C for 24 h.
The colorless IPEC films became dark red.

The absorption capacities of films, £ (mmol/g), were calculated through the
formula [14]:

A = (
cin–ceq

)
V/m,
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where m is the mass of the absorbent, V is the volume of the solution, and cin and
ceq are the initial and the equilibrium concentrations of silver ions. For IMC films
£ = 2.2 mmol/g.

The chemical reduction of Ag+ ions in the IMC was realized with NaBH4 (a
molar ratio of [BH4

−]:[Ag+] ≥ 1.0) in an alkaline medium (pH 10.8) in a solvent
mixture of water–isopropanol (4:1 vol %) at µ = 20 ± 2 ◦C for 3 h (until the release
of gaseous bubbles ceased). The concentration of NaBH4 in the aqueous alcohol
solution was 0.1 mol/L. As a result of the reduction, IMC films changed color from
red to a metallic silver one.

The features of the structuring of the IPEC (pectin–P4VP), the IMC (pectin–
Ag+–P4VP), and nanocomposites of IPEC–Ag were studied by wide-angle X-
ray scattering (WAXS) with a DRON-4-07 diffractometer (scientific-production
company “Burevestnik,” Russia), whose X-ray optical scheme was used to “pass”
primary-beam radiation through samples.

The heterogeneous structuring of these polymeric systems (at the nanometer
level) was studied via small-angle X-ray scattering (SAXS) with a CRM-1 camera
(Orel scientific equipment factory, Russia), having a slit collimator of the primary
irradiation beam made via the Kratky method. The geometric parameters of the
camera satisfied the condition of infinite height of the primary beam [15]. The
intensity profiles were normalized to the volume of X-ray scattering and the
attenuation factor of the primary beam of the test sample.

All X-ray diffraction studies were performed at µ = 20 ± 2 ◦C in Cu-α radiation
monochromated with a Ni filter.

Thermomechanical studies of polymer systems were conducted using the pen-
etration method in the mode of a uniaxial constant load (σ = 0.5 MPa) with
a UIP-70 M device (central design engineering bureau of the special instrument
making of the Russian Academy of Sciences). Linear heating of samples was
performed at a rate of 2.5 ◦C/min in the temperature range 0 to +250 ◦C. Relative
penetration (%) was calculated as:

ε = (	l/ l0) · 100,

where 	l is penetration (μm) at certain temperature and l0 is the initial thickness of
the sample (μm).

Comparing of the WAXS diffractograms of the cationic and anionic polyelec-
trolytes on whose basis the IPEC was formed (see Fig. 3.1), it was found that
P4VP has only short-range ordering while translated in bulk fragments of the main
macromolecular chains and their lateral branches – pyridine ring (curve 1) – and
pectin has an amorphous–crystalline structure (curves 4).

The analysis of the atomic structure of macromolecules P4VP showed that
low-intensity peak at 2θmax ∼ 10,6

◦
describes the near arrangement of basic

macromolecular chains, while 2θmax ∼ 19,7
◦

characterizes pyridine ring (Fig. 3.1,
curve 1).

Herewith, the average value of d period of the short-range ordering of fragments
of basic macrochains at their positioning in a space (in a volume of P4VP) according
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Fig. 3.1 Wide-angle X-ray
diffractograms of (1) the
P4VP, (2) the IPEC
pectin–P4VP, (3) a pectin
film, and (4) a pectin powder
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to the Bragg equation is:

d = λ(2 sin θm)−1,

where λ is the wavelength of the characteristic X-ray radiation, which is 8.3 Å,
whereas Bragg in space at rotation cycles pyridine – 4.5 Å (λ = 1.54 Å for ´uKα

radiation).
On the X-ray profile of pectin, whose sample is a powder (Fig. 3.1, curve 4), there

are many singlet and multiplet diffraction maxima having an imaginary amorphous
halo with a vertex at 2θm ∼ 16.8◦ in the background, indicating to the amorphous–
crystalline structure of this polysaccharide.

The relative crystallinity of pectin, ¸cr, was determined via the Mathews
method [16]:

Xcr = Qcr(Qcr + Qam)–1 · 100,

where Qcr is the area of the diffraction maxima, characterizing the crystalline
structure of the polymer and Qcr + QÃm is the total area of the X-ray pattern in the
range of scattering angles 2θ1 ÷ 2θ2, where the amorphous–crystalline structure
of the polymer manifests itself. The calculations showed that ¸cr approximates the
value of 65%.

In turn, effective crystallite size L of pectin determined via the Scherrer
method [17]:

L = Kλ(β cos θm)–1,
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where - is a constant related to a shape of the crystallites (K = 0.9 if their shape is
unknown) and β is the angular half-width (width at a half-height) of the singlet of a
discrete diffraction maximum, showed that the average L value is 17.5 nm (for the
calculation, singlet diffraction maxima at 2θm = 18.7◦ and 30.8◦ were applied).

However, the X-ray pattern of the pectin sample in the form of a film prepared
from a 5% aqueous solution displays only contours of the groups of diffraction
maxima with basic intensities that are present on the X-ray pattern of the pectin
powder (Fig. 3.1, curves 3, 4). This circumstance indicates a low rate of pectin
crystallization, as well as the relaxation character of the structurization processes in
the polymers.

IPEC formed from pectin and P4VP is characterized by short-range ordering
during translation of fragments of oppositely charged polyelectrolyte macromolec-
ular chains in a space. This fact is confirmed by the appearance of diffuse
diffraction maximum at 2θm ∼ 21.2◦ on the X-ray profile of the IPEC sample
(see Fig. 3.1, curve 2). The average value for the period of short-range ordering
of macromolecular chains’ fragments of oppositely charged polyelectrolytes in
the IPEC (the average Bragg distance between chains of the polyanion and the
polycation) is equal to 4.2 Å.

The following fact should be taken into consideration: in the IPEC profile
obtained for equimolar quantity of pectin and P4VP, the angular location of the
secondary (rated by intensity) diffraction maximum is shifted from 10.6

◦
to 11.8

◦

comparing with P4VP (Fig. 3.1, curves 1, 2), while the average Bragg distance (d)
between P4VP’s main macrochains (as part of IPEC) is falling down from 8.3 Å to
7.5 Å.

Once the pectin–Ag+–P4VP IMC is formed, the diffraction pattern changes.
This is confirmed by the appearance of a low-intense diffuse diffraction max-
imum at 2θm ∼ 11.0◦ (Fig. 3.2, curve 2) in the presence of a low-intensity
amorphous halo, which, unlike that for the IPEC, has an angular position at
2θm ∼ 21.4◦. According to [18], this diffraction maximum characterizes the exis-
tence of interpolyelectrolyte–metal complexes between the ions (Ag+) and ligands.
Taking into account the angular position of this diffraction peak on the X-ray
diffractogram of the IMC, average Bragg distance d between the macromolecular
chains of polyelectrolytes coordinated with Ag+ ions is found to be 8.0 Å.

Chemical reduction of the Ag+ ions in the IMC by sodium borohydride results
in formation of a nanocomposite based on the IPEC and Ag. In the nanocomposite’s
profile (Fig. 3.2, curve 3), one can see that the low-intense diffraction maximum at
2θm ∼ 11.0◦, which is typical of the above interpolyelectrolyte–metal complexes,
is absent, unlike two intensity diffraction peaks appeared at 2θm ∼ 37.8◦ and
43.6◦, corresponding to the crystallographic plan of the face-centered cubic lattice
of silver with (111) and (200) indexes, respectively, thus confirming presence of
metallic silver in the polymeric system. Moreover, diffraction maximum intensity at
2θm ≈ 20.8Ñ, characterizing structure of IPEC “pectin–P4VP,” is enhanced.

Effective size L of Ag nanoparticle crystallites in the IPEC proved to be 4.0 nm
(for the calculation, diffraction maxima at 2θm = 37.8◦ and 43.6◦ were used,
curve 3).
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Fig. 3.2 Wide-angle X-ray
diffractograms of (1) the
IPEC pectin–P4VP, (2) the
IMC pectin–Ag+–P4VP, and
(3) the IPEC–Ag
nanocomposite
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The revealed peculiarities and changes in structures while transiting from the
IPEC to IMC and IPEC–Ag nanocomposites form the basis for the further study of
their structural heterogeneity.

Analyzing the profiles of small-angle X-ray scattering of the polymer systems,
presented in [19, 20], as dependences of Ĩ on q (Fig. 3.3) and s3 Ĩ on s3, where Ĩ is the
intensity of scattering without the collimation correction and q = (4π/λ)sinθ = 2πs,
all these systems have heterogeneous structure, i.e., contrast electron densities 	ρ

(	ρ = ρ–<ρ>, where ρ and <ρ> are the local and average values of the electron
density, respectively) are present in their volumes. This result means that in the
IPEC, IMC, and the nanocomposites based on the IPEC and Ag, there are at
least two types of regions of heterogeneity with different values of local electron
density ρ.

As one can see, scattering intensity and thus 	ρ value are increasing for
these systems in the following rank: IPEC pectin P4VP → IMC pectin–Ag+–
P4VP → nanocomposite IPEC–Ag (Fig. 3.3, curves 1–3). However, the absence of
the interference peak in the all profiles indicates the stochastic nature of the location
of various types of heterogeneity areas in a space.

In order to assess semi-quantitatively the value of the relative level of structural
heterogeneity of these polymer systems, their Porod invariants Q′ were com-
pared [21]:

Q′ =
∞∫

0

q Ĩ (q)dq,
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Fig. 3.3 Profiles of the
intensity of small-angle X-ray
scattering of (1) the IPEC
pectin–P4VP, (2) the IMC
pectin–Ag+–P4VP, and the
(3) IPEC–Ag nanocomposite
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These values are invariant with respect to the shapes of the heterogeneity regions
and are directly related to the rms values of electron density fluctuations (<	ρ2>)
in a two-phase system:

Q′ ∝< 	ρ2 >,

Here, <	ρ2 > =ϕ1ϕ2(ρ1–ρ2)2, where ϕ1 and ϕ2 are the volume ratios of
heterogeneity domains in a two-phase system and ρ1 and ρ2 are the electron
densities of heterogeneity domains (ϕ1 + ϕ2 = 1) in a two-phase system. A
comparison of the values of invariant Q′ for the studied polymer systems (table)
shows that the relative level of the structural heterogeneity increases significantly
during the transition from the IPEC and the IMC into the nanocomposites based on
the IPEC and Ag.

An evaluation of the effective sizes of the heterogeneity regions existing in these
polymer systems was performed through the method from [19, 20] via calculation of
structural parameters, such as the range of heterogeneity (range of inhomogeneity),
lp, which is directly related to the average diameters of heterogeneity regions, <l1>
and <l2>, in the two-phase system:

lp = ϕ2 < l1 >= ϕ1 < l2 > .

After getting the result of the lp calculation, the transition from the IPEC
to the IMC was found to be accompanied with increasing of the effective size
of region heterogeneity, while at transforming from the IMC into the IPEC–Ag
nanocomposites, it decreased almost threefold (Table 3.1).
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Table 3.1 Structural parameters and temperature transitions for the investigated polymer systems

Polymer system lp, nm Q′, rel. units µg, ◦C µf, ◦C ε, % (µ = 140 ◦C)

IPEC 35 10 63 207 23
IMC 43 24 57 199 18
IPEC–Ag 15 39 65 212 10

Fig. 3.4 Thermomechanical
curves of (1) pectin and (2)
P4VP. ε is relative value of
penetration
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Alongside with the structural organization of the IPEC, the IMC, and the
nanocomposites based on IPEC–Ag, their thermomechanical behavior was studied.

Analysis of the pectin thermomechanical curve (see Fig. 3.4, curve 1) demon-
strated that temperature transitions which are associated with the glass transition
and melting of the pectin crystallites occur in the temperature ranges 20–110 ◦´ and
155–230 ◦´, respectively. Also, the strong deformational change has been observed
in the melting process of pectin’s crystalline phase [22]. As a contrast to anionic
PE, the P4VP’s thermomechanical curve has the usual (typical) shape with glass
transition interval between 25 and 80 ◦´ and flow temperature from 150 to 180 ◦´
(curve 2).

So, the shape of thermomechanical curve for IPEC (pectin–P4VP formed of
equimolar quantities of anionic and cationic PE) is similar to P4VP’s one with glass
transition temperature in the range between 30 and 85 ◦´ and flow point from 180
to 240 ◦´ (Fig. 3.5, curve 1).

Transferring from IPEC (pectin–P4VP) to the IMC (pectin–Ag+–P4VP), on the
latter curve a temperature shift at T = 200 ◦´ appears, due to the AgNO3 melting
in the bulk of IPEC (curve 2).

It is possible to conclude that in the temperature range 160–200 ◦´, the following
processes take place: destruction of interpolyelectrolyte–metal complexes, transfer
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Fig. 3.5 Thermomechanical
curves of (1) the IPEC
pectin–P4VP, (2) the IMC
pectin–Ag+–P4VP, and (3)
the IPEC–Ag nanocomposite
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of AgNO3 salt from ionic state to the crystalline one, and finally, its melting. So,
changes occurred on the way from IPEC to IMC and to IPEC–Ag nanocomposite
demonstrate that the level of relative penetration in these systems tends to be
decreasing (Fig. 3.5).

Basing on the data of polymeric objects depicted in Fig. 3.5, the average-interval
temperature values of glass transition, fluidity temperature, and relative penetration
(in the high-elasticity state at T = 140 ◦´) have been determined (Table 3.1).

3.3 Structure and Antimicrobial Properties
of Nanocomposites Based on Pectin–PEI and Ag
Nanoparticles, Prepared by the Chemical and Thermal
Reduction of Silver Ions in the
Interpolyelectrolyte–Metal Complexes

To obtain the IPEC, pectin–polyethyleneimine; the IMC, pectin–Ag+–
polyethyleneimine; and nanocomposites of IPEC–Ag, the following reagents were
used: anionic polyelectrolyte citrus pectin (Cargill Deutschland GmbH, Germany)
with ¯ = 3 × 104, cationic polyelectrolyte anhydrous branched polyethyleneimine
(PEI) (Aldrich) with ¯n = 1 × 104 and ¯w = 2.5 × 104, silver (I) nitrate
(AgNO3) (Aldrich) with M = 169.9, and sodium borohydride(NaBH4) (Aldrich)
with M = 37.83.

IPEC samples were formed via mixing of 5% aqueous solutions of pectin and
PEI taken at a molar ratio of 1:1, at T = 20 ± 2 ◦´. IPEC as films were prepared via
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pouring onto PTFE plates and drying up to constant masses at the same temperature.
Dry IPEC films were washed in distilled water up to neutrality and dried repeatedly
at 20 ◦´ up to constant masses. The resulting films were 100 μm thick.

IMC samples were prepared via immersion of IPEC films into an aqueous
solution of AgNO3 with a concentration of 0.1 mol/L at T = 20 ± 2 ◦´ for 24 h.
The colorless IPEC films became dark red. The absorption capacities of IMC films
£ = 5.0 mmol/g.

The chemical reduction of Ag+ ions in the IMCs was conducted with NaBH4 (a
molar ratio of [BH4

−]:[Ag+] ≥ 1.0) in an alkaline medium (pH 10.8) in a solvent
mixture of water–isopropanol (4:1 vol %) at µ = 20 ± 2 ◦´ for 3 h (until the
release of gaseous bubbles ceased). The concentration of NaBH4 in the aqueous
alcohol solution was 0.1 mol/L.

Thermal reduction of Ag+ ions in the IMC’s volume was performed by heating
of films to 100–160 ◦C within 30 min. Specimens were heated in the oven using
precise thermal regulator VRT-3. Temperature regulation precision was ±0.5 ◦´.

As a result of the reduction, IMC films changed color from red to metallic.
The features of the structuring of the IPEC (pectin–PEI), the IMC (pectin–

Ag+–PEI), and nanocomposites of IPEC–Ag were studied by wide-angle X-ray
diffraction on a DRON-4-07 diffractometer, whose X-ray optical scheme was used
to “pass” primary-beam radiation through samples. X-ray diffraction studies were
performed at µ = 20 ± 2 ◦´ in Cu-α radiation monochromated with a Ni filter.

The antimicrobial activity of IPEC–Ag nanocomposites, prepared by chemical
and thermal reduction of Ag+ ions in IMC, was investigated using reference strains
of opportunistic bacteria Staphylococcus aureus ATCC 6538 and Escherichia coli
ATCC 35218 (as model gram-positive and gram-negative bacteriÃ).

Investigations were carried out by agar diffusion method on a solid LB (Luria-
Bertani) nutrient medium [23]. The nanocomposite films (size 10 × 10 mm) were
placed on the surface of nutrient agar, which had been previously inoculated with
10 μL of bacterial suspension of S. aureus and E. coli at the rate of 2 × 105 CFU/ml.
The plates were incubated at 37 ◦´ for 24 h.

Clear zones, which has no bacteriÃ around the film of composite, containing Ag
were the indicator of antimicrobial activity. All experiments were repeated three
times. The IPEC film was applied as a control sample.

The analysis of wide-angle X-ray diffractograms has shown that IPEC formed of
pectin and PEI is characterized by short-range ordering during translation of frag-
ments of oppositely charged polyelectrolyte macromolecular chains in space. This
circumstance is indicated by the appearance of one diffuse diffraction maximum
with 2θm ∼ 20.8◦ on the X-ray diffractogram of the IPEC sample (see Fig. 3.6,
curve 1). The average value of the period of short-range ordering of fragments of
complementary macromolecular chains of oppositely charged polyelectrolytes in
the IPEC (the Bragg distance between the macromolecule chains of anionic and
cationic polyelectrolytes in the IPEC) is 4.3 Å, i.e., slightly less than that in the
cationic polyelectrolyte.

However, the sorption of AgNO3 by the IPEC sample and formation of the IPEC–
Ag+ IMC is accompanied by a change in the diffractogram. This result is proved by
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Fig. 3.6 Wide-angle X-ray
diffractograms of (1) the
IPEC, (2) the IMC, and (3–5)
the IPEC–Ag nanocomposites
obtained via the chemical
reduction of Ag+ ions in the
IMC at molar ratios of
BH4

−:Ag+ = (3) 1.0, (4) 2.0,
and (5) 3.0
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the appearance of an intense diffuse diffraction maximum at 2θm ∼ 11.2◦, featuring
the structure polyelectrolyte–metal complex pectin–Ag+–PEI [18] (curve 2). In
its turn, the amorphous halo disappears at 2θm ∼ 20.8◦, relating to the structural
peculiarity of pectin–PEI IPEC. This indicates the full transfer of polyelectrolyte
complexes into polyelectrolyte–metal complexes.

After the chemical reduction of the Ag+ ions in the IMC with the use of sodium
borohydride (a molar ratio of [BH4

−]:[Ag+] = 1.0) a nanocomposite based on
the IPEC and Ag was formed. In the diffractogram of IPEC–Ag nanocomposite
(curve 3), the diffraction maximum at 2θm ∼ 11.2◦, which is typical of the
abovementioned polyelectrolyte–metal complexes, is absent, unlike the two intense
maxima at 2θm = 38.2◦ and 43.8, corresponding to the crystallographic plan of the
face-centered cubic lattice of silver with (111) and (200) indexes, respectively, and
confirming presence of metal silver in the polymeric system.

With an increase in the amount of the reducing agent (a molar ratio of
[BH4

−]:[Ag+] = 2.0), the X-ray diffractograms of nanocomposites based on the
IPEC and Ag (curves 4) show a significant increase in the intensity of the diffraction
peaks at 2θm = 38.2◦ and 43.8◦, characterizing the structure Ag nanoparticles. The
increase in the amount of the reducing agent (a molar ratio of [BH4

−]:[Ag+] = 3.0)
does not change the structuring of the nanocomposites based on the IPEC and Ag
nanoparticles (curves 4, 5).

Thus, according to wide-angle X-ray diffraction, it may be concluded that
the molar ratio [BH4

−]:[Ag+] = 2.0 is optimum for the formation of IPEC–Ag
nanocomposites.

Analysis of diffractograms of silver-containing nanocomposites prepared by
thermal reduction of Ag+ ions in IMC in the wide range of temperatures (100–
160 ◦´) has shown, while the gradual increase of the temperature to µ = 150 ◦´ is
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Fig. 3.7 Wide-angle X-ray
diffractograms of (1) the
IPEC, (2) the IMC, and (3–9)
the nanocomposites obtained
by the thermal reduction
method from IMC at the
temperatures (3) 100, (4) 110,
(5) 120, (6) 130, (7) 140, (8)
150, and (9) 160 ◦C for
30 min
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taking place, that the content of silver nanoparticles is growing up. So, the enhancing
of intensity of two diffraction maxima at 2θm ∼ 38.2Ñ and 43.8Ñ confirms the
presence of metal silver in the system (Fig. 3.7, curves 3–8). The further increase in
temperature (up to 160 ◦´) did not lead to the rise in the intensity of the diffraction
maxima characterizing silver structure (Fig. 3.7, curves 8–9).

At the further increase in temperature in IMC (up to µ = 160 ◦´), the intensity
of the diffraction maxima, characterizing the metal silver structure, did not change
(Fig. 3.7, curves 8–9).

Therefore, according to the WAXS data, we can conclude that the optimal tem-
perature for Ag+ ions’ reduction in IMC with further formation of nanocomposite
is to be 150 ◦´. In its turn, thermal reduction of silver ions is found out to take
place owing to polyethyleneimine (namely, on account of electron transfer from the
amino groups’ nitrogen atoms of polyethyleneimine to Ag+ ions) [1].

IPEC–Ag nanocomposites created by thermal reduction of Ag+ ions in IMC
at T = 150 ◦´ within 30 min (Fig. 3.8) are found out to demonstrate higher
antimicrobial activity against S. aureus and E. coli strains compared to IPEC–
Ag, synthesized by chemical reduction (the chemical reduction of Ag+ ions in the
IMC was conducted with NaBH4 (a molar ratio of [BH4

−]:[Ag+] = 2.0)). After
incubation proceeds for 24 h at 37 ◦´, one can observe a clear zone around the
films’ contours, thus confirming inhibition of bacteria growth.

The growth inhibition’s zone diameter for S. aureus was 27.6 mm for specimens
prepared by thermal reduction and 18.2 mm for those obtained by chemical
reduction. For E. coli these values are 26.6 mm and 17.6 mm, correspondingly
(Table 3.2).

Active growth of the test bacteria and absence of growth inhibition have been
observed in the test specimens (polymer film without nanoparticles).
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Fig. 3.8 Images of
antimicrobial test results of
agar plates containing
IPEC–Ag nanocomposites,
obtained via the
thermoreduction and
chemical reduction of Ag+
ions in the IMC against E.
coli (a) and S. aureus (b)

Table 3.2 Antimicrobial activity of the IPEC–Ag nanocomposites, prepared via the thermoreduc-
tion and chemical reduction of Ag+ ions in the IMC

The method of obtaining nanocomposite films Diameter of inhibition zone, mm
Staphylococcus aureus Escherichia coli

Thermoreduction IPEC–Ag IPEC–Ag

27.6 ± 1.2 26.6 ± 1.2
Chemical reduction IPEC–Ag IPEC–Ag

18.2 ± 0.8 17.6 ± 0.6
Control sample IPEC IPEC

0 0
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Chapter 4
Effect of Incorporated Inorganic
Nanoparticles on Porous Structure
and Functional Properties of Strongly
and Weakly Acidic Ion Exchangers

Ludmila Ponomarova, Yuliya Dzyazko, Yurii Volfkovich, Valentin Sosenkin,
and Sergey Scherbakov

4.1 Organic-Inorganic Ion Exchangers

Currently organic-inorganic sorbents are developed intensively. Combination of
constituents of different natures allows us to obtain materials that are characterized
by improved functional properties, such as high selectivity, considerable ion-
exchange capacity, and facile regeneration [1–3]. Moreover, organic or inorganic
matrices acquire new properties after modification with inorganic or organic
constituents, respectively. For instance, modification of clay minerals with organics
provides their ability to sorb synthetic dyes [3–6] or toxic anions containing U(VI)
[7–9] or Cr(VI) [10–12]. Organic functional groups grafted to silica, which possess
no cation exchange ability in acidic and neutral media, adsorb cations at pH < 7 [13–
15]. Coating of magnetic nanoparticles (Fe3O4) with polymers gives a possibility
to obtain finely dispersed core-shell sorbents, which can be easily removed from
liquids [16–18].

From the practical point of view, the composites based on commercial ion-
exchange resins are especially attractive since they can be applied to ion-exchange
columns (ion exchange under dynamic conditions). The resins are modified with
nanoparticles of inorganic ion-exchangers [19]. The materials are used for sorp-
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tion of Pb2+ [20–22], Cu2+, Zn2+, Ni2+ [22], and UO2
2+ [23, 24] cations

and H2PO4
− (HPO4

2−) [25], ReO4
− [26], and H2AsO4

− (HAsO4
2−) [27–29]

anions. As opposed to strongly acidic or strongly basic ion-exchange resins,
which are traditionally applied to sorption processes, such inorganic materials
as hydrophosphates [30–34] or hydrated oxides of multivalent metals [35–39]
demonstrate high selectivity toward toxic ions. Regarding organic-inorganic ion
exchangers based on the mentioned resins, small size of the embedded inorganic
particles causes rather high sorption rate [23, 40]. The inorganic ion exchangers
are also used for modification of macroporous ceramic membranes [41–43]. As a
result, inert separators are transformed into ion-exchange materials, which can be
used for electromembrane separation. Insertion of nanoparticles into polymer ion-
exchange membranes improves their charge selectivity and accelerates ion transport
particularly due to stability of the composites against fouling with organics [44,
45]. Moreover, the embedded particles prevent fouling of polymer materials during
baromembrane processes [46–48].

Strongly acidic polymers were mainly applied to preparation of organic-
inorganic ion-exchangers. In swollen state, ion-exchange polymers are characterized
by complex porous structure. This structure involves hydrophilic pores (nanosized
clusters and channels), where ions move [49–52]. These pores are formed from
heterogeneities of air-dry polymers [49, 53, 54]. The heterogeneities are caused by
fragments of polymer chains, which contain functional groups. During swelling,
these fragments form so-called gel regions penetrated by a continuous system of
hydrophilic clusters and channels (transport pores). Ion-exchange polymers contain
also hydrophobic pores (voids between gel regions, structure defects). Depending
on location, the embedded particles change size and volume of one or other pores
[23, 40, 55]. This affects functional properties of the composites.

Weakly acidic ion-exchange resins show better selectivity toward toxic ionic
components due to formation of complexes with functional groups [56, 57].
However, the composites based on these resins are practically unknown. The aim
of the research involves obtaining nanocomposite using weakly acidic resin as a
polymer matrix. Another purpose is to compare porous structure and functional
properties of the composites based on strongly and weakly acidic resins.

4.2 Synthesis and Characterization of Nanocomposites

Following cation exchange resins that are produced by Dow Chemical Company
were used for modification with nanoparticles of zirconium hydrophosphate (ZHP):
Dowex MAC-3 (weakly acidic macroporous resin) and Dowex HCR-S (strongly
acidic gel-like resin). The weakly acidic resin is polyacrylic polymer containing
−COOH groups, and the strongly acidic ion-exchanger is styrene-divinylbenzene
polymer with −SO3H groups.

The modification procedure was similar to [40, 55]; it involved impregnation of
a resin with 1 M ZrOCl2 solution followed by treatment with 1 M H3PO4 solution,
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drying at room temperature, and treatment with ultrasound to remove the precipitate
from the outer surface of the grains. ZHP powder, which was obtained by this
manner, was investigated further for comparison. Synthesis of ZHP inside polymers
was carried out one (weakly acidic resin) or eight times (strongly acidic resin). In
the last case, the nanocomposite containing large amount of ZHP shows much faster
proton transport than the pristine resin [55].

TEM images were obtained with a JEOL JEM 1230 transmission electron
microscope (Jeol, Japan). Preliminarily the ion-exchangers were milled and treated
with ultrasound.

A method of standard contact porosimetry (MSCP) [58, 59], which had been
accepted by the IUPAC [60], was applied to study porous structure of the polymers.
Preliminarily the tested samples were dried at 80◦ ´ under vacuum. Water was used
as a working liquid.

4.3 Sorption of Ni2+ Ions and Cationic Dye

Ni2+ cations and cationic dye (Brilliant Green, BG, Fig. 4.1) were used as model
objects to research functional properties of the pristine resins, nanocomposites, and
ZHP. Rate of sorption from one-component solutions containing BG (5 mg dm−3,
i.e., 0.01 mmol dm−3) or Ni2+ (0.2 mmol dm−3) was investigated under batch
conditions. A series of weighted samples (0.2 g) were inserted to flasks, to which
aliquots of the solution were added (20 cm3). The content of the flasks was stirred
intensively using a water bath shaker type 357 (Elpan, Poland). After predetermined
time, the liquid was removed from one flask; at the end of the next period,
the solution was taken away from the second flask, etc. The solutions after BG
adsorption were analyzed using a Shimadzu UV-mini 1240 spectrophotometer
(Shimadzu, Japan) at 625 nm. Ni2+ content was analyzed with an atomic absorption
method using S9 Pye Unicam spectrophotometer (Philips).

In order to obtain sorption isotherms, the ratio of solid and liquid was
0.2 g:10 cm3. Removal of BG from one-component aqueous solution was also
carried out under dynamic conditions. The initial concentration of the dye was
10 mg cm−3. A diameter of the column was 0.7 cm, a volume of the bed was 5 cm3,
and the solution velocity was 5 cm3 min−1.

Fig. 4.1 Structure of
Brilliant Green
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Ni2+ ions were removed from tap water under dynamic conditions. Initial
concentration of the solution was (mmol dm−3) Ni2+− 0.1, Ca2+− 1.3, and
Mg2+− 0.4.

All experiments were carried out at 25◦ C.

4.4 Visualization of Embedded Particles

As seen from the TEM images (Fig. 4.2), the resins contain globular non-aggregated
nanoparticles with size of ≈5–15 nm (Dowex MAC-3) and 4–20 nm (Dowex
HCR-S).

In the case of weakly acidic resin, additionally sorbed electrolyte (ZrOCl2) can
penetrate into clusters and channels, since no dissociation of −COOH groups occurs
in strongly acidic media. Diffusion part of the intraporous electric double layer
(a barrier against additionally sorbed electrolyte) is absent under these conditions.
On the contrary, the process of precipitation inside strongly acidic resin involves
desorption of zirconium hydroxocomplexes sorbed according to ion-exchange
mechanism. Since single nanoparticles are uniformly distributed through the gel
phase, the modified resins can be related to nanocomposites. Larger particles, a
size of which is from several tens to several hundred nanometers, and irregular
formations of micron size are also seen. The particles of different sizes occupy one
or other pores of the resin.

Fig. 4.2 TEM images of ZHP particles embedded to weakly (a, b) and strongly (c, d) acidic resins
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Mass fraction (m) of ZHP was 0.08 (Dowex MAC-3) and ≈0.39 (Dowex HCR-
S). It should be noted that this parameter for one-time modified Dowex HCR-S
is 0.18 [40, 55]. The smaller m value for the weakly acidic resin is due to lower
loading of the weakly acidic resin with acidic ZrOCl2 solution. This solution
penetrates to the grains as an additionally sorbed electrolyte. In the case of strongly
acidic resin, partial substitution of counterions by cations of soluble zirconium
hydroxocomplexes is possible.

4.5 Porous Structure of Polymer Constituent

Since thermal pretreatment before the MSCP measurements provides no dehydra-
tion of ZHP, the results are related only to the polymer constituent. The data of
porosimetric measurements for amorphous ZHP are given in [40]. Mesopores, a
radius of which is 2.5 nm, are dominant.

Integral pore size distributions are plotted in Fig. 4.3a as dependencies of pore
volume (V) on logarithm of pore radius (r). Figure 4.3a illustrates also distributions
of energy of water bonding (E). “Bonded” water is located in clusters and channels;
this region corresponds to E ≥ 1700 J mol−1. This E value is less by approximately
two orders of magnitude than the hydration energy of ions that is comparable with
the energy of hydrogen bonds [50]. Mobility of species is minimal in these pores.
ZHP causes sufficient decrease of bonded water in transport pores due to their
screening with nanoparticles.

Figure 4.3b illustrates differential pore size distributions. No shift of the stripes,
which are related to clusters (logr = 0.5 (nm) for Dowex MAC-3 and 1 (nm) for
Dowex HCR-S) and voids between gel regions (logr = 1 (nm) for Dowex MAC-3
and 1.3 (nm) for Dowex HCR-S), is observed for the nanocomposites comparing
with the pristine resins. The peaks at logr = 3.2–4.2 (nm) are due to structure
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Fig. 4.3 Integral distributions of pore volume and energy of water bonding (a), differential
distributions of pore volume (b)
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Fig. 4.4 Isotherms of water adsorption

defects. Their volume decreases (weakly acidic resin) or increases (strongly acidic
resin) after modification. The largest pores are attributed to voids between grains,
and these pores are not considered.

Earlier the α and γ parameters have been proposed for establishing the relation-
ship between the structure of polymer and ion transport [55]. The α parameter is a
ratio of volumes of transport and non-transport pores, and the γ value is a ratio of
volumes of pores containing only bonded water (r < 1.5 nm) and pores filled with
free water (r > 1.5 nm). Modification increases the γ parameter indicating slower
ion transport. The α parameter remains practically constant (Dowex MAC-3) or
decreases (Dowex HCR-S) due to blockage of clusters.

The isotherms of water adsorption for the composites are slightly shifted to
the region of higher P/Ps values (Fig. 4.4; here P is the pressure of vapor, and
Ps is related to saturated vapor). The shift indicates higher swelling pressure for
the nanocomposites comparing with the pristine resins. The “swelling pressure”
term corresponds to Gregor’s model [61]; it is different from the conventional
characteristic for swollen polymers. According to the change of swelling pressure,
the nanoparticles can be formally considered as a cross-linking agent, which reduces
water content and increases Gregor’s swelling pressure.

An amount of water molecules (n) in hydrate shells of fixed and counterions

(hydration number) was calculated as n = AH2O

ApVH2O(1−m)
(VH2O is the molar volume

(0.018 cm3 mmol−1), Ap is the exchange capacity of pristine polymer, AH2O is water
adsorption in clusters and channels, and V value is expressed as cm 3 cm−3).

It is also possible to calculate a distance between functional groups (L) as√
qS

ApF(1−m)
[62]. Here q is the electron charge, F is the Faraday constant, and S

is the specific surface area of clusters and channels.
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Table 4.1 Structure
characteristics of polymer
constituents

Sample L. nm n α γ

Dowex MAC-3 0.37 4.3 0.40 0.61
Dowex MAC-3/ZHP 0.38 3.9 0.39 0.91
Dowex HCR-S 0.78 10.4 1.71 1.01
Dowex HCR-S/ZHP 0.53 14.9 1.06 1.53

It is necessary to note that the Ap value is overstated for the nanocomposites.
This distortion is stronger for the n parameter, which is inversely proportional to
Ap, and smaller for the L parameter (L ∼ 1√

Ap
). Indeed, the L value is slightly

higher for the nanocomposite based on weakly acidic resin comparing with the
pristine polymer. At the same time, the hydration number is slightly smaller. The
nanocomposite based on strongly acidic resin shows higher n value than the pristine
resin (this indicates stretching of transport pores), but the L parameter is lower. It
means that the hydration number is higher than 14.9 (Table 4.1).

4.6 Sorption Under Batch Conditions

Ni2+→H+ exchange and BG adsorption were investigated. BG is a cationic
triphenylmethane dye, and its topological polar surface area is 2.3 nm2 [63]. Thus, a
radius of the molecule is ≈0.85 nm; its diffusion through the cluster-channel system
is possible. Dyes are adsorbed by hydrophobic [64] and hydrophilic [65] polymers
as well as by inorganic ion-exchangers [66, 67]. For example, the mechanism
of adsorption on metal oxides involves not only electrostatic attraction but also
formation of hydrogen bonds between −OH groups and aromatic rings, as well
as bonds between nitrogen atoms and oxygen atoms [67].

Isotherms demonstrate a growth of capacity followed by plateau (Fig. 4.5a, c).
Only the ascending parts of the curves are given for Ni2+ sorption on the samples

based on weakly acidic resins (Fig. 4.5b). Modification of the resins results in
decrease of capacity toward Ni2+ and improvement of BG adsorption. In the last
case, it is possible to say about synergetic effect, when the polymers and inorganic
ion-exchanger are combined into nanocomposite.

Among known approaches, the Langmuir (BG) and Freundlich (Ni2+) models
[68] were found to be the most suitable to fit the ascending sections of the curves.
The Freundlich isotherm of Ni2+ sorption is described as

A = KFC1/p. (4.1)

Here KF and p are the constants (p < 1), which characterize a slope of the
isotherm. The steepest buildup of the isotherms is for the nanocomposites despite
the lowest KF and p parameters for ZHP (Fig. 4.6a, Table 4.2).
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The Langmuir equation is as follows:

1

A
= 1

KLALC
+ 1

AL
(4.2)
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Table 4.2 Modeling of adsorption isotherms

BG (Langmuir model) Ni2+ (Freundlich model)

AL,× 104 mmol g−1
KL × 10−5,
g mmol−1 R2

AF mmol
g−1 1/n R2

Sample Experimental Calculated

Dowex MAC-3 4.11 5.21 3.81 0.98 238 0.80 0.98
Dowex MAC-3/ZHP 4.89 5.83 4.36 0.97 1818 0.96 0.98
Dowex HCR-S 3.41 5.51 51.19 0.99 214 0.60 0.99
Dowex HCR-S/ZHP 5.55 7.57 27.26 0.99 338 0.77 0.98
ZHP 3.65 5.05 2.19 0.99 36 0,49 0.99

where ´ is the equilibrium concentration, AL is the monolayer capacity, and the
KL constant characterizes energy of interaction of molecules with surface. The AL
values were determined also from the original data by extrapolation of the isotherms
to infinity. The experimental and calculated AL magnitudes are rather close to each
other indicating validity of the Langmuir model for BG adsorption (Fig. 4.6b).

Modification of the weakly acidic resin causes increase of the AL and KLvalues.
In comparison with the pristine strongly acidic resin, its nanocomposite shows
higher monolayer capacity and weaker interaction with BG. ZHP demonstrates the
lowest KL magnitude.

Figure 4.7 illustrates BG and Ni2+ sorption over time (τ ). Among known
approaches, the model of chemical reaction of pseudo-second order [69]

τ

A
= 1

K2A2∞
+ 1

A∞
τ (4.3)

is the most applicable to the data. Here A∞ is the capacity at τ→∞, and K2 is the
rate constants. The A∞ magnitudes are close to each other; moreover, the correlation
coefficients are high indicating validity of the model (Table 4.3).

In all cases, the embedded particles slow down BG adsorption (decrease of the
K2 parameter). The modifier inside the strongly acidic resin retards Ni2+→H+
exchange but accelerates this process on the weakly acidic resin. Chemical inter-
action of sorbed Ni2+ ions with strongly and weakly acidic polymer matrices is
probably redistribution of water molecules between hydrate shells of fixed and
counterions.

The samples were tested in ion-exchange columns. Figure 4.8 illustrates Ni2+
and BG concentration in the solution at the column outlet vs ratio of volumes of
the solution (Vs) and ion-exchanger (Vi). The samples based on strongly acidic
resins remove Ni2+ practically completely. The residual concentration is lower than
0.1 mg dm−3. This is much lower than the maximal allowable concentration for
wastewater, which can be dumped unto sewage (0.5 mg dm−3). Higher Ni2+ content
in the effluent is achieved in the case of the samples based on weakly acidic resin
(about 1 mg dm−3). However, the breakthrough capacity of the nanocomposites is
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Fig. 4.7 Capacity of ion-exchangers toward BG (a, b) and Ni2+ (c, d) as a function of time. The
model of chemical reaction of pseudo-second order was applied (b, d)

Table 4.3 Modeling of sorption rate

A∞,× 102 mmol g−1

Sample Experimental Calculated K2 × 102, g mmol−1 s−1 R2

BG

Dowex MAC-3 4.43 4.21 8.91 0.99
Dowex MAC-3/ZHP 4.60 4.23 3.24 0.96
Dowex HCR-S 1.68 1.75 10.04 0.99
Dowex HCR-S/ZHP 0.80 0.82 3.98 0.99
ZHP 2.23 2.37 1.61 0.99
Ni2+
Dowex MAC-3 0.69 0.84 44.95 0.99
Dowex MAC-3/ZHP 1.04 0.60 102.67 0.99
Dowex HCR-S 0.19 0.13 290.55 0.99
Dowex HCR-S/ZHP 0.28 0.28 153.00 0.99

higher compared with pristine resins and especially with ZHP. It should be stressed
that this value is higher two times for the nanocomposite based on strongly acidic
resin than that for the ion-exchanger based on weakly acidic resin.

Breakthrough capacity is determined by sorption rate, sorption capacity, and
selectivity of the sorbent [61]. Comparing with the pristine strongly acidic resin, the
nanocomposite shows reduced exchange capacity and lower constant of chemical
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reaction (see Table 4.3 and Fig. 4.5). Thus, higher breakthrough capacity of the
nanocomposite is due to its improved selectivity toward transition metal ions [23].
This material better removes Ni2+ ions from water containing also hardness ions.
Regarding the modified weakly acidic resin, its advantage over the pristine resin is
caused by faster sorption and evidently by better selectivity.

Modification decreases breakthrough capacity of the strongly acidic resin toward
BG (due to slower adsorption on the nanocomposite comparing with the pristine
resin) and increases this value for the weakly acidic ion exchanger (this is evidently
caused by higher adsorption capacity and faster adsorption on the nanocomposite).
In order to remove both organic dyes and inorganic anions from mixed solutions
under dynamic conditions, a mixture of the nanocomposites based on strongly and
weakly acidic resins is recommended.

4.7 Conclusions

The modified cation-exchanger contain ZHP particles with size from several
nanometers to several microns. Single nanoparticles are located in pores containing
functional groups; aggregates occupy inert pores. From the formal point of view,
non-aggregated nanoparticles can be considered as a cross-linking agent, which
increases swelling pressure. Swelling pressure provides stretching of transport
pores. As a result, porous structure of the polymer constituent is transformed:
some regions of the polymers, which are able to interact with species, become
unavailable for them. However, embedded ZHP particles evidently expand the range
of pores, where adsorption is possible. This is valid both for BG adsorptions on
weakly and strongly acidic resins. It is the same for Ni2+ ion sorption on strongly
acidic resins. The particles decrease sorption rate by this manner. At the same time,
strong interaction with Ni2+ ions is attributed to the weakly acidic resin. Indeed,
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this material shows higher Freundlich constants comparing with the strongly acidic
resin. Partial screening of the polymer with particles causes acceleration of ion
exchange.
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Chapter 5
Peculiarities of the Crystal-Chemical
Structure of Spinel Ferrites CoxFe3-xO4
(0.25 ≤ x ≤1) Obtained Under the Action
of a Low-Temperature Contact
Nonequilibrium Plasma

L. A. Frolova, O. A. Pivovarov, O. A. Kushnerov, and N. M. Tolstopalova

5.1 Introduction

The interest of researchers in the CoxFe3-xO4 system has grown significantly in
recent decades. This is due to the use of cobalt ferrites for the manufacturing of
high-frequency devices in magnetic resonance imaging and biotechnology and due
to high cubic magnetocrystalline anisotropy, high coercivity, moderate saturation of
magnetization, and its ability to reduce magnetic losses at high frequencies [1–3].
It is on the basis of cobalt ferrite that the systems with special properties have been
developed [4].

One way to improve the magnetic properties of ferrite powders is to improve the
structure of the starting material. Hydrophase synthesis methods, including those
initiated by various physical fields, are the basis for the creation of promising
and high-tech ferrite materials [5], in connection with which the patterns of their
formation are the object of in-depth study. A detailed study of the model reaction
mechanism, which underlies the formation of ferrites, indicates the complex nature
of this process, and the single-phase structure of ferrite is not a guarantee of its
chemical homogeneity. The ability of ferrites to form continuous series of solid
solutions, which also contain a different amount of oxygen and vacancies, leads
to the fact that within the same phase, there can be significant gradients in the
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concentration of constituent components. This is unacceptable for ferrites, the
properties of which are very sensitive to residual chemical in homogeneities. All
this encourages the search for methods of synthesis, different from classical ceramic
technology, and, accordingly, the study of the crystal-chemical structure and the
analysis of the physicochemical characteristics of cobalt ferrites.

A lot of research has been devoted to the formation of the spinel structure. The
solid-phase technologies for the production of cobalt ferrites were considered in
detail in works [6, 7], the concentration dependences of the crystal lattice parameter
and the magnetic saturation moment in the region of spinel solid solutions of ´Ñ3±4
with Fe3O4 were described in [8, 9], and the results of studying the formation
boundaries of single-phase solid solutions in the ´Ñ±-Fe2O3system were analyzed
in [10]. The authors [11–13] studied the conditions for the formation of cobalt-
doped magnetite with a spinel structure in the course of solid-phase synthesis. The
structure and properties of the samples were also studied.

To achieve high homogeneity of nanodispersed-size particles of the synthesized
product, chemical methods of production were used (sol-gel method [14], autoigni-
tion [15, 16], hydrothermal [17], and coprecipitation methods [18]). For example,
in the work [19], ferrite was obtained with the hydrothermal method, which made
possible to achieve/produce uniform sphere-shaped nanopowder sand to increase
the magnetic properties as compared to systems synthesized by the traditional
precipitation method.

The peculiarity of hydrophase synthesis lies in the fact that all the reagents
are mixed at the atomic or molecular level, which ensures high stoichiometry and
homogeneity of the distribution of the final product particles both in size and from
a chemical point of view. No less important advantage of chemical methods of
production is their high efficiency (much lower synthesis temperatures are used
compared to the solid phase) and relatively simple and affordable equipment.

The properties of plasma treatment were used for the synthesis of complex
inorganic compounds [20–22]. The synthesis of ferrites by CNP was considered
in this work [23]. The authors [24] carried out a study of the crystal-chemical prop-
erties of cobalt ferrite compositions under plasma spraying. The paper described
the mechanism of the action of low-pressure plasma with a liquid cathode on
various salt solutions [25]. The authors introduced the technology of obtaining
ferrite nanoparticles by an electrochemical method [26]. The work [15] studied
the influence Cr3+ concentrations of the initial solution on the properties of cobalt
ferrite obtained from the citrate solution. There are not enough works devoted to
the investigation of the CNP influence on the formation of cobalt ferrites. The
possibility of this synthesis was shown in the work [27].

In this paper, we presented the results of further studies in this direction.
The aim of the study was to determine the crystal-chemical parameters of cobalt
ferrites with a spinel structure in the CoxFe3-xO4 system (0.25 ≤ x ≤1) as well
as to establish the dependence of the structure and magnetic characteristics of the
resulting compounds.
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5.2 Methodology of the Experiment

Aqueous solutions of cobalt sulfate hexahydrate and ferrous sulfate hexahydrate
have been used as starting precursors. The preparation of nanosized cobalt ferrite has
been carried out on a laboratory plasma chemical plant, which consists of a single-
stage plasma reactor of a discrete type, a step-up transformer, a transformer-igniter,
and a vacuum pump. The pH of the solution was monitored at regular intervals,
and the product obtained was washed and dried for further investigation. Infrared
(IR) reflection spectra of cobalt ferrites CoxFe3-xO4 (x = 0.25, 0.5, 0.75, 1.0) were
measured within a 400–4000 cm−1 range by employing a Fourier-transform infrared
(FTIR) spectrometer Nicolet iS10. The phase composition and structure of ferrite
samples were studied using X-ray diffractometer DRON-2 with Cu-Kα radiation.
The magnetic properties of the final powder have been studied using a vibrating
sample magnetometer.

5.3 Results and Discussion

It was established [27] that the formation of cobalt ferrites from coprecipitated
hydroxides occurs during CNP treatment for 40 min. According to X-ray phase
analysis, a spinel phase is formed at this time. It should be noted that a single-phase
spinel of a similar composition is formed at 1200–1400 ◦ C in standard ceramic
technology using oxides.

Cationic distributions in cobalt ferrites obtained with the help of different
technologies were considered in [8, 9, 15]. Cobalt (II) ions are known [28] to tend
to tetrahedral positions, which are related to the structure of their electron shell.
With an increase in cobalt content in spinel, cobalt (II) cations are partially oxidized
to trivalent cations. Co3 +cations replace Fe3 +cations in octahedral positions, and
Co2+ cations migrate from tetrahedral to octahedral positions. For 1< x <2 and
2< x <3, the authors [29] proposed structural formulas consistent with the general
cationic distribution:

Fe3+
1−ωCo2+

ω

[
Co2+

1−ωFe3+
2−õ+ω

Ñ ι̂
3+
õ−1

]
O4 1 ≤ x ≤ 2, ω ≤ 1

Fe3+
3−õ−ω

Co2+
õ−2+ω

[
Co2+

3−õ−ω
Fe3+

ω Ñ ι̂
3+
õ−1

]
O4 2 ≤ x ≤ 3, ω ≤ 3 − x

For the products being formed (in the investigated range of composition), studied
in this paper, the use of structural formulas proposed by the authors [28–30] did not
give a positive result. As a consequence, it is assumed that the tetrahedral Co2+
ions are not taken into account because of the strong octahedral preference of these
ions. In addition, X-ray phase analysis data (Table 5.2) indicate the values of the
lattice parameter to be significantly lower than those given in the literature for cobalt
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Table 5.1 Composition of the samples obtained

Code of the sample 1 2 3 4

¸ in the formula CoxFe3-xO4 1.0 0.75 0.5 0.25
Gross formula CoFe2O4 Co0.75Fe2.25O4 Co0.5Fe2.5O4 Co0.25Fe2.75O4

Table 5.2 Average cation-oxygen distances in tetrahedral (dTd) and octahedral (dOh) sites

d(Me-O) bond lengths (A◦) Fe3+ Co2+ Co3+ Fe2+ 	

In tetrahedral site (Td) nm 0.1858 0.1974 0.2003
In octahedral site(Oh) nm 0.2020 0.2123 0.1892 0.215 0.2240

a is the lattice constant (nm)

Table 5.3 Structural
parameters at room
temperature for the samples
CoxFe3-xO4

Ø Ã, nm L1, A M, % D, sm−2

0.25 0.83373 418 4.66·10−4 40.55·1010

0.5 0.83154 481 526·10−4 30.5·1010

0.75 0.83382 460 2.93·10−4 33.3·1010

1.0 0.83401 350 8.64·10−4 8.64·1010

ferrites. This suggests that the spinels formed in the system have a defect structure
similar to that of maghemite. Using this approach, a cationic distribution can be
suggested, for x less than 1, in the form of the following structural formula:

Fe3+
1−x+xω

[
Co2+

x Fe3+
5/3+x/3−xω	1/3−x/3

]
O4 0 ≤ x ≤ 1, 1 ≤ ω

ω is the degree of inversion (the fraction of divalent cations in the octahedral position
or trivalent ones in tetrahedral)

	 – vacancies in the crystal lattice

The dependences of the cation distribution and the crystal-chemical parameters
of cobalt ferrites on the cobalt content in the samples calculated from the diffrac-
tograms are presented in Table 5.2. The lattice constant of the spinel phases was
calculated by the equation:

a = 2.0995dT d +
[
5, 8182

(
d
Îh

)2 − 1, 4107d2
T d

]1/2
(5.1)

where dTd and dOh are the average distances of the oxygen cation in tetrahedral and
octahedral sites, respectively (Table 5.2) (nm).

Table 5.3 shows the results of X-ray phase analysis, where L1 is the crystallite
size, A; M is the degree of micro-stresses, %; D is the dislocation density, sm−2.

Ion-atom tetrahedral and octahedral distances are more often attributed to a
fictitious cation and are a weighted mean value of ion-atom distances of cations
contained in certain positions. With this determining method of the cation distribu-
tion over the sublattice, we minimized the difference between the experimentally
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Table 5.4 Distribution of cations in ferrite determined by the Poix method

Distribution of cations in ferrite Ø ω a, ÐÏ dTd, ÐÏ dOh, ÐÏ

Fe3+
0,919

[
Co2+

0,25Fe3+
1,581	0,25

]
O4 0.25 0.675 0.833735 0.170704 0.214244

Fe3+
0.84

[
Co2+

0.5Fe3+
1.49	0.16

]
O4 0.5 0.68 0.83154 0.156183 0.222508

Fe3+
0.869

[
Co2+

0.75Fe3+
1.297	0.083

]
O4 0.75 0.826 0.833831 0.161553 0.21996

Fe3+
0.855

[
Co2+Fe3+

1.145

]
O4 1.0 0.855 0.83401 0.158339 0.222078

Fig. 5.1 Dependence lattice
parameters of the synthesized
samples on the content of
cobalt cations

(Table 5.3) and theoretically calculated parameters by the Poix (Eq. 5.1) lattice
constants (calculated from the known chemical composition and the characteristic
distances of the anion-cation [28]; Table 5.4).

Figure 5.1 shows theoretically calculated parameters of the synthesized sample
lattice calculated according to the Poix equation (dashed lines) depending on the
content of cobalt cations. Line 3 reflects the change in the lattice parameter in case
of the normal spinel (ω = 0).

Line 1 corresponds to the inverse spinel, (ω = 1). As we can see, the lattice
constant of the synthesized spinel occupies an intermediate position between normal
and inverse one and changes nonlinearly, which is related to the features of ion
distribution over the sublattices and the defectiveness of the ferrite structure. The
dependence of the ferrite-cobalt lattice constant on the cobalt content can be
conditionally divided into two regions: (I) x ≤ 0.5 and (II) 0.5 ≤ x ≤ 1.0.

The change in the characteristics of ferrites in regions 1 and 2 is due to the
change in the chemical composition, the distribution of cations in the sublattice
being inversed. In region 2, while maintaining the general tendency to increase
the lattice constant due to the change in composition, the increase in the degree
of inversion leads to the increase in the lattice parameter comparable to the inverse
spinel.

Analyzing Fig. 5.2, we can say that the interatomic distances change in the
opposite direction: tetrahedral distances decrease, since the content of iron cations
decreases, and the octahedral distances increase due to the increase in the number
of vacancies. Thus, the cell parameter is largely determined by the octahedral
distance. With the decrease in the number of ferric cations in octahedral positions,
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Fig. 5.2 Dependence of the
degree of inversion of spinel
(1), octahedral, and
tetrahedral distances as a
function of x
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Fig. 5.3 XRD patterns of ferrite obtained at different ratios of components (Table 5.1)

the octahedral distances increase, since the cobalt (II) radius is 0.82 A and the iron
(III) is 0.64 A. The spinel degree of inversion is thus increasing.

XRD patterns corresponding to samples 1–4 with different molar ratios x have
diffraction peaks corresponding to spinel oxide systems of cobalt ferrite (Fig. 5.3).
All the main characteristic peaks of spinels are present on the diffractograms (220),
(311), (222), (400), (422), and (511). Moreover, with the increase in cobalt content,
the diffraction peaks are broadened, and their intensity decreases, which is due to
the presence of crystallization water.

There are also peaks corresponding to Fe3O4, for the compositions enriched in
iron. The calculations of the basic crystal-chemical parameters have shown that the
formation of a structure with an iron content higher than stoichiometric takes place
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Fig. 5.4 Magnetization curves for CoxFe3-xO4 samples (Table 5.1)

according to the type of maghemite formation, as evidenced by the value of the
lattice parameter. The structure of the inverse spinel is formed at the stoichiometric
composition.

The magnetization curves of the samples are shown in Fig. 5.4. The synthesized
samples have similar magnetic behavior. The magnetic curves show a high coercive
field due to the high magnetic anisotropy of cobalt ferrite (for x = 1). With the
increase in the iron content, the saturation magnetization increases, and the value of
the coercive force decreases.

Typical IR spectra for the samples under study are shown in Fig. 5.5. The spectra
indicate the presence of absorption bands in the range from 400 to 4000 cm−1,
which is a common feature of spinel ferrite.

The absorption band of the higher frequency (ν1) lies in the range from 500 to
600 cm−1 and is determined by the vibration of the complex of the tetrahedral metal
cation, which consists of the bond between the oxygen ion and the tetrahedral cation
(O-MTet). The absorption band with a lower frequency (ν2) in the range from 400
to 490 cm−1 corresponds to the vibrations of the octahedral metal complex, which
consists of the bond between the oxygen ion and the octahedral cation (O-MOct).

5.4 Conclusion

A comparative study of cobalt ferrites CoxFe3-xO4 with different compositions
(x = 0.25, 0.5, 0.75, 1.0) synthesized with the help of CNP has been carried
out. Compositions other than stoichiometric have a defective structure, which is
confirmed by crystal-chemical calculations. With the increase in cobalt content, the
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Fig. 5.5 IR reflection spectra of samples with synthesized at different cation ratios

inversion of spinel increases, and the number of vacancies decreases. Cobalt ferrite
with a crystallite size of 350 nm and a coercive force of 480 Oe has been successfully
synthesized by the coprecipitation method followed by CNP treatment at a molar
ratio of Co:Fe = 1: 2.
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Chapter 6
The Dynamics of Water Molecules
Confined in the Interior of DMPC
Phospholipid Reverse Micelle

D. Makieła, Przemysław Raczyński, and Zygmunt Gburski

6.1 Introduction

Amphiphilic molecules like surfactants and lipids exhibit a variety of phases in
aqueous environment. They undergo self-association under specific conditions to
form aggregates such as vesicles, bilayers, micelles, etc. [1–5]. The geometrical
form of these aggregates is a consequence of a delicate balance between two
opposing forces. The attractive tail−tail hydrophobic interaction is the driving force
for the aggregation of surfactant molecules, whereas the electrostatic repulsion
between the head group sets a lower limit on the size that an aggregate can attain.
A typical micelle is spherical with the hydrophilic “head” regions in contact with
surrounding environment, sequestering the hydrophobic single-tail regions in the
micelle center. Micelles have been the subject of intense interest for several decades,
both from a fundamental physical chemistry point of view and because of their
widespread applications in detergent, cosmetic, pharmaceutical, and food industries.
In some nonpolar solvents can be formed the spherical aggregates of amphipathic
molecules with the hydrophobic part of each molecule pointing outward. These
aggregates are called reverse micelles because of the reverse of the situation in
normal micelles. Reverse micelles have recently garnered significant attention as
model systems to explore the effects of confinement [6–9]. Confined environments
occur naturally in many biologically important systems as well as a range of
physically interesting materials such as porous glasses. The beauty of the reverse
micelle is that it is easily created, shows substantial stability, and provides a
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well-characterized nanoscale pool for a range of chemistries. In recent years, the
molecular dynamics (MD) computer simulation method has become a popular way
to study micelles [5, 9–31], because of its ability to simulate phenomena at the
atomic scale on very short time periods. In this work we have used MD technique
to detailed study of the dynamics of water molecules confined in spherical reverse
micelle composed of the important living cell biomembrane constituent, namely,
1,2-dimyristoyl-sn-glycero-3phosphocholine (DMPC) molecules.

6.1.1 Simulation Details

Molecular dynamics simulations were performed with NAMD 2.8 simulations code
[32, 33], with the all-atom CHARMM27 force field [34] for modeling DMPC
phospholipid. We used VMD 1.9.2 [35] to visualize the simulated system. The
filled with water spherical reverse micelle, formed from 58 DMPC molecules,
was constructed, and the sample composed of these micelles was simulated with
the periodic boundary condition. The TIP3 [36] model of water was used. The
equilibration process was performed over 8 * 106 time steps with step equal to
1 fs. After that initial simulation, the “production run” was conducted, up to 8 ns.
We kept constant number of particles, constant volume, and constant temperature
(NVT ensemble) for the system studied. During this stage of research, data were
collected every 500 simulation steps for calculating physical observables and
visualization of the systems. The simulations were performed for the temperature
range 280 K ≤ T ≤ 320 K. To better assess the impact of confinement on dynamics
of water molecules, results were compared with the corresponding data for a bulk
(unconfined) water.

6.1.2 Results

In order to visualize the system studied, we present the building block of micelle,
i.e., DMPC molecule (see Fig. 6.1), and an example snapshot of the equilibrium
configuration of the micelle formed from 58 DMPC molecules and filled with water
(see Fig. 6.2).

Note that the interior of micelle happened to be approximately spherical.
First, we have calculated the radial distribution function g(r) of the center of

mass of confined water molecules. The temperature dependence of g(r) is presented
in Fig. 6.3.

Essentially, only one very sharp, pronounced peak connected with the nearest
neighbors distance appears; it is the highest at the lowest temperature. With
decreasing of temperature, the second wide peak is slowly appearing, reflecting the
gradual development of the second coordination sphere of confined water at lower
temperature, where the motion of water molecules slows down.
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Fig. 6.1 The structure of 1,2-dimyristoyl-sn-glycero-3phosphocholine (DMPC) molecule (VMD
software [35] picture)

Figure 6.4 shows for several temperatures the calculated mean square displace-

ment
〈∣∣	

→
r (t)

∣∣2〉
of the center of mass of confined water molecule, where 	

→
r (t) =

→
r (t) − →

r (0) and
→
r is the position of a single molecule mass center.

Figure 6.4 indicates that the displacement
〈∣∣	

→
r (t)

∣
∣2〉

is quite sensitive to the
change of temperature; it substantially increases with increasing temperature of the
sample. Taking into account that the mean square displacement is connected with

the translational diffusion coefficient D, via Einstein relation
〈∣∣	

→
r (t)

∣∣2〉 ≈ 6Dt ,

one can see that nonzero slope of
〈∣∣	

→
r (t)

∣∣2〉
is an indicator of a mobility of

molecules (translational diffusion) [37–39]. The values of D, related to the short-
time translational dynamics of confined water, were estimated from the linear part

of the slope of
〈∣∣	

→
r (t)

∣∣2〉
and are shown in Table 6.1.
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Fig. 6.2 The instantaneous configuration of the reverse micelle formed from 58 DMPC and filled
with water molecules, T = 300 K (VMD software [35] snapshot)

We also calculated the corresponding
〈∣∣	

→
r (t)

∣∣2〉
(see Fig. 6.5) and the diffusion

coefficients D (Table 6.1) for bulk (unconfined) water.

In the comparison of
〈∣∣	

→
r (t)

∣∣2〉
plots presented in Figs. 6.4 and 6.5, as well

as the values of D coefficients from Table 6.1, one realizes the very substantial
difference between dynamics of water molecules confined in reverse micelle and
that in a bulk sample.

For all studied systems, the thermal activation of translational diffusion can be
well described by Arrhenius law:

D = D0 exp

(
EA

KBT

)
,
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Fig. 6.3 The radial distribution function g(r) of the center of mass of water molecules confined in
reverse micelle formed from 58 DMPC molecules

where kB is the Boltzmann constant and EA is the activation energy. Fitting data
using Arrhenius law (see Figs. 6.6 and 6.7) allowed us to estimate the diffusion
activation energy EA and D0 coefficient (Table 6.2), both for confined and bulk
water.

The obtained values of the diffusion activation energy EA for bulk water are
at least two times lower than for corresponding values for confined water. This is
consistent with the obtained values of diffusion coefficients (see Table 6.1).

In conclusion, the simulation results show that the dynamics of water molecules
in reverse micelle 58 DMPC is significantly constrained in comparison to bulk water
sample. Future studies taking into account the reverse micelles of various sizes and
formed from other surfactant aggregates would be of interest.
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Fig. 6.4 The mean square displacement
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of the center of mass of water molecule
confined in reverse micelle formed from 58 DMPC molecules

Table 6.1 The calculated diffusion coefficients D of water confined in reverse micelle formed
from 58 DMPC molecules and for the bulk water sample

Temperature [K]

Diffusion coefficient D of water
confined in reverse micelle
[10−10 m2/s]

Diffusion coefficient D of bulk water
[10−10 m2/s]

280 1.19 61.2
290 1.27 66.4
300 1.6 71.4
310 2.01 76.7
320 2.12 80.4
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Fig. 6.6 Thermal activation (Arrhenius plot) of the translational diffusion of water molecules
confined in revers micelle formed from 58 DMPC molecules
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Fig. 6.7 Thermal activation (Arrhenius plot) of the translational diffusion of water molecules in
bulk system

Table 6.2 The activation energy EA and D0 coefficient of water confined in reverse micelle
formed from 58 DMPC molecules and for the bulk water system

Water confined in reverse micelle Bulk water

D0 [10−8 m2/s] 2.00 5.59
EA [KJ/mol] 12.025 5.14
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Chapter 7
Applications Perspectives
of Nanodispersed Chalcogenides
of Transition Metals in Photocatalysis

Iryna Ivanenko, Tetiana Dontsova, and Yurii Fedenko

7.1 General

7.1.1 Introduction

The scientific-technical progress of modern world requires more careful attention
to environmental protection and rational appliance of mineral and energy resources.
Modern chemical industry has need, first and foremost, for modern, economically
justified and technologically simple methods for purification of industrial water and
waste gases. One of the most promising ways of solving the afore-mentioned prob-
lems is the application of photocatalysis, based on highly effective photocatalysts.

Photocatalytic reactions can occur at room or lower temperature with visible
light. It allows using the sun’s energy for carrying out useful processes. Most
processes occur using heterogeneous photocatalysts, which are semiconductors.
Titanium (IV) oxide is frequently used due to its high catalytic activity, high
chemical stability, low cost, and absence of toxicity. However, photocatalysis with
application of titanium (IV) oxide has a number of significant disadvantages. The
width of bandgap of titanium (IV) oxide is ∼3.2 eV, i.e., light absorption by
titanium (IV) oxide is in the ultraviolet (UV) spectrum, because the efficiency of
photocatalysts with visible light is less than 10%. Quantum yield of photoconversion
that is not very high is also observed, due to the high level of recombination of
charge carriers, low specific surface, and also low absorbability of µiO2.
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In recent years, attention has been directed to graphene-like structures. This is
due to the fact that in 2004 researchers from Manchester university (Novoselov
and Gaym) [1] discovered a simple method of producing graphene and succeeded
in revealing its new properties. Chalcogenides of transition metals fall under the
category of graphene-like structures, the quantity of its investigations continuously
increase.

Chalcogenides of transition are widely investigated and considered for use
in many branches, from producing of new oils to optoelectronics. Given that
chalcogenides of transition metals are semiconductors and chemically inert, there
is interest in them as photocatalysts.

Present-day literature contains conflicting data about the mechanism of pho-
tocatalytic reactions. Moreover, it is the titanium photocatalysts that are mainly
investigated. The mechanisms of reactions on the surface of other photocatalysts
are not investigated enough.

7.1.2 The Mechanisms of Photocatalytic Reactions

One of the well-known photocatalysts in present times is semiconductor titanium
(IV) oxide TiO2 with crystal modification of anatase. It shows high photocatalytic
activity, chemical stability, low toxicity, and comparatively low price. The photo-
catalytic properties of TiO2 are caused features of its electron structure, namely,
existing of the valence band and the conduction band in it. Therefore, the most
appropriate would be to consider the mechanism of reaction under light quanta on
titanium (IV) oxide.

At absorption of light quanta, at titanium (IV) oxide irradiation by volume of
particle, the electron vacation h+ is formed and free electron e− by the route shown
in reaction (7.1):

TiO2 + hν → TiO2
(
e– + h+)

. (7.1)

The vacation h+ and free electron recombine or transit in the body of semicon-
ductor, partly localizing on defective structural centers of its lattice.

As is known, in semiconductor structures electrons can be in two states: free
and bound [2]. In the first case, electrons move around the lattice of titanium (IV)
oxide, formed by Ti4+ cations and ±2− anions. In the second case, electrons, mainly,
bind with any ion of the lattice and take part in formation of chemical bonds. It is
necessary to expend energy equal to the energy of bandgap (for TiO2 it is 3.2 eV)
for transition of electron from bound state into free one [3].

Holes are formed on TiO2 surface reactive particles. The mechanism of hole
formation is not yet clear. Hole reacts with water, or with some adsorbed organic,
sometimes inorganic, compound according to reactions (7.2 and 7.3):
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H2Oads + h+ → OH–
ads + H+; (7.2)

OH–
ads + h+ → OH•

ads. (7.3)

Radical ±°• or ±− are also able to oxidize almost any organic compound. So,
electron is able to interact with oxygen according to reactions (7.4 and 7.5):

e– + O2 → O2–
ads; (7.4)

O–
2 + e → O2

2– → O– + O–. (7.5)

In addition, the peroxide-ion ±2
2−, formed by reaction (7.5), reacts with proton

H+ by reaction (7.6):

O2
2– + 2H++ → H2O2. (7.6)

There are also possible options of electron interactions, reflected in reactions (7.7
and 7.8) [3]:

e– + H → H•; (7.7)

e– + H2O → OH– + H•. (7.8)

However, according to [3], such mechanism of photocatalytic reactions by the
route of reactions (7.7 and 7.8) can be realized only in water solutions and at low
oxygen concentration.

Several mechanisms of photocatalytic transformation have been described to
date, but there are no definitive conclusions or a single model. The reason for
this is the lack of scrutiny of these mechanisms, because is photogeneration of
electric charges in system photocatalyst-adsorbate is in dynamic equilibrium with
its migration and recombination. Analysis of literature concludes that the final
mechanism depends on conditions of reactions (gas or liquid environment), and the
chemical nature of precursors (organic or inorganic substances).

In view of the insufficient knowledge of the mechanism of photocatalytic reac-
tions, there is a large number of possible and not studied photocatalytic structures.
Data about potential photocatalysts for industrial application are practically absent.
Therefore, there is an obvious need to investigate and analyze photocatalysts that
can be used for solving specific problems of chemical technologies [4].
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7.2 Classification of Photocatalysts

Photocatalysts for industrial application must have photo- and chemical stability,
biological inertness, high photosensitivity, developed specific chemically active
surface, ability to adsorp reagents under light quanta, and also to have available
resource base and low price [5]. As is evident, the main property of a photocatalyst
is its photocatalytic activity, which is determined by a combination of factors: type
of material that forms a photocatalyst; type of crystal structure of particles; form of
particles; porosity; concentration of surface hydroxide groups, etc. [6].

Photocatalytic structures can be classified taking into account the above features.
From the technological point of view, the most appropriate is the classification by
the type of solid-state material that forms the photocatalyst. This classification is
presented in Table 7.1.

As apparent from the data (Table 7.1), the majority of materials used as photo-
catalysts are related to transitional d-elements. In its atoms the orbitals of pre-outer
layer filled: cadmium, zinc, titanium, copper, iron, zirconium, wolfram, platinum,
palladium, gold, silver, cobalt, vanadium, niobium, chromium, tantalum, nickel. P-
elements also widely used as composite materials for producing photocatalysts;
them valence electrons and orbitals of it are outer layers of the atom: selenium,
indium, bismuth, bromine, tin, lead, and also carbon, nitrogen, chlorine, sulfur and
oxygen. S-elements (strontium, potassium) and f-elements (cerium, samarium) are
used the least frequently for producing photocatalysts. The solid-state photocatalysts
with different crystal structure of particles can be used in the form of powders and
films [6].

Powder photocatalysts are used commercially as suspensions in water and other
solvents. Methods of obtain powder catalysts are relatively simple and consist of
two stages: direct synthesis of powder and its continued layout.

Film photocatalysts have significant advantages compared with powder in terms
of organization of technological process, especially at photocatalytic oxidation of
volatile toxic compounds. However, such photo catalysts are not used in industrial
conditions due to insufficient knowledge about them.

The substrate material plays a special role in its production, because it can affect
the photocatalytic activity. Optic fiber, glass, quartz, different metals, oxides, etc.,
are used as substrates [4].

7.2.1 Branches of Photocatalysts Applications

Among the publications devoted to photocatalysis, it is possible to single out
a number of articles of practical importance for the specialized application of
synthesized photocatalytic structures [6, 7]. The main areas of application of
photocatalysts in industry are: ecological purification of and industrial wastewaters
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and industrial gas waste; hydrogen production from different raw, CO production in
methanol industry, in solar energy.

Photocatalytic water purification from organic pollutants, such as chlorine
compounds, phenols, different dyes, acetic acid, 4-nitrophenol, isopropanol, etc.,
has the main advantage that during the oxidation process on the photocatalyst,
organic impurities are subjected to complete destruction, forming mineral acids.
Compounds are formed, which are safe for the environment. It should be noted,
the majority of researches, despite them applied nature, had been conducted only
in laboratory. Although, there are some data about industrial tests of purification
devices and water disinfection with using of photocatalysts [8].

In scientific works, there is much description of photocatalytic air purification
from different organic pollutants: toluene, trichloroethylene, acetone, formaldehyde,
etc. [9, 10]. This method allows purifying air from pollutants, noted above, in
industrial and residential areas. In present day there are known developments the
prototypes of photocatalytic air purifiers, the part from them has already launched
into production and realized successfully at modern market.

A single important question concerns photocatalytic air purification from wastes
of diesel motors. Toward this objective, complex laboratory researches are being
conducted to study the possibility of neutralization of CO, hydrocarbons, and nitro-
gen oxides in exhausts by different photocatalysts [11, 12]. At present, conventional
catalytic converters are used [12]. However, they have significant disadvantages:
low purification level, high investment, etc.

One of the major areas of industrial application of photocatalysts is in the
producing of hydrogen from water by decomposition under radiation in the visible
spectrum. A number of studies dedicated to the search for new, renewable energy,
which is an alternative to coal, gasoline, natural gas, and other kinds of fuel,
propose to use hydrogen, extracted by the method noted above [13, 14]. So far,
this process has been successfully achieved in laboratories, with the potential of
hydrogen production on a large scale [4].

There is in future the possibility of application of chalcogenides of molybdenum
(IV) as photocatalyst. For example, in combination with CdS2, MbS2 increases
the speed of hydrogen formation [13]. Few-layer or monolayer molybdenum
(IV) chalcogenides have attracted the attention of researchers and are considered
as potential alternatives to platinum catalysts in reaction of hydrogen evolution
[15–17].

Chalcogenides of transition metals have a number of attractive properties. Their
stable single layers can be used to create new nanoelectronic devices, which, as
expected, have high thermal stability and provide lower energy consumption com-
pared to similar existing devices. Di-chalcogenides of transition metals can be used
together with graphene in optoelectronic devices, having exotic physical properties
of monolayer materials, absent in their volume prototypes. The monolayer MoS2
has already been used to produce low-power field transistors, logic schemes, and
phototransistors. Semiconductor two-dimensional (2D) chalcogenides of transition
metals such as MoS2, MoSe2, WS2, and WSe2 are considered as prospective mate-
rials for a number of applications. For example, MoS2 can find possible application
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in transistor technology, sun batteries, photocatalysis, and optoelectronics. Other 2D
TMDC are promising for tunnel field transistors, sun batteries with single transition,
light diodes, optoelectronic devices, and photoelectric cells. Molybdenum (IV)
sulfide had already been used in thin-layer transistors with ionic dielectric gel. They
had shown excellent zone transport with low-threshold voltage, high mobility, and
the ratio of the currents on and off.

Transistors on MoS2 had demonstrated excellent high mechanic flexibility and
no deterioration of electrical characteristics in bending. Memory devices, based on
MoS2, have also been proposed. Ambipolar field transistors on thin layers of WS2
with ionic liquid as dielectric have been presented too [18].

7.3 The Structure of Chalcogenides of Transition Metals

7.3.1 MoS2

Molybdenum in sulfides exists only in the form of ions Mo (II), Mo (III), Mo (IV),
and Mo (V). Molybdenum sulfides are currently represented by MoS2, Mo2S3, and
a variety of Shevrelya phases enriched with sulfur containing fragments of Mo6S8,
Mo15S19, and amorphous sulfides of MoSx with x ≥ 3.

MoS2 as molybdenite was known to the ancient Romans, who confused it with
graphite and PbS [20]. Differences between molybdenite and graphite had been
found by Scheele in 1778. Later, molybdenite became the base of molybdenum
ore and came to be used as lubricant. After the discovery of fullerene and carbon
nanotubes, the focus was on so-called inorganic fullerenes, which also includes
closed structures of MoS2. After the discovery of graphene, the investigation of
single layers of MoS2 began. This caused to the monolayer transistor producing on
their based.

Molybdenum (IV) sulfide in nature is found in two phases: molybdenite and
X-ray amorphous yordisite, both presented by soft minerals of lead-gray color
[19]. Molybdenum (IV) sulfide has a structure consisting of trigonal prisms
with molybdenum atoms in center, bonded with each other on the verge of
creating a densely packed layer. Only relatively weak forces (van der Waals) are
among layers, explaining the lubricating properties of MoS2, as well as graphite,
shown in Fig. 7.1a. The crystal structure and the lattice parameters of MoS2 are
presented in Fig. 7.1b.

There are three crystal modification of MoS2: hexagonal 2H, rhombic 3R, and
tetragonal 1 T (sulfur polyhedron around molybdenum is formed not as prism, but
as a distorted octahedron [19, 24–26]. Noted modifications are presented in Fig. 7.2.
Besides, there are numerous poly-types that differ from each other by different
packing layers.

The presence of defects in the layers of MoS2 leads to the dependence of their
chemical composition on temperature: at temperature of 750 ◦´ the composition

iranchembook.ir/edu



106 I. Ivanenko et al.

S

S

Mo

a b

Mo

S

a

S

S

S

S

S

S

Mo

Mo

Mo

c

a=3.15Å c=12.30Å

1.54Å

1.54Å

1.54Å

1.54Å

1.54Å

1.54Å

3.08Å

3.08Å

S

Fig. 7.1 Placing of layers in structures MoS2 and graphite (a) [22] and parameters of crystal lattice
of MoS2 (b) [23]

Fig. 7.2 Crystal modifications of MoS2: (a) – hexagonal 2H; (b) – rhombic 3R; (c) – tetragonal
1 T [30]

varies in MoS1,983÷MoS2,0, at 950 ◦´ – from MoS1,978 to MoS2,0. In terms of
electron structure MoS2 is a semiconductor. The bandgap for 2H modifications is
from 0.77 to 1.2 eV for indirect transfer [28] and 1.9 eV for direct transfer [29].
The dispersion of obtained values for electron transfers is caused use of different
measurement methods and calculation of electron structure.
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7.3.2 MoSe2

The investigations review about phase structures of systems MoSe2-x ÷
Mo3Se4 ± x presented in [31]. Formation of two intermediate phases Mo3Se4
and MoSe2 was determined by roentgen method [32]. According to the data,
the compound MoSÈ2, obtained at 1500 ◦´ and pressure 4 GPa, is isostructural to
MoS2 [33].

According to the chart, there are narrow fields of homogeneity in both com-
pounds: Mo3Se4 formed at interaction of solid ¯Ñ and gaseous Se2 at 0.1 MPa and
the temperature (1400 ± 100) ◦´; MoSe2 formed at interaction of solid Mo3Se4
and gaseous Se2 at 0.1 MPa and the temperature (1150 ± 50) ◦´. It is assumed
that at temperatures lower than 527 ◦´, the solubility of SÈ in ¯Ñ is controlled by
defects of lattice [34]. Molybdenum (IV) selenide, like MoS2, is related to TMDC
compounds. According to studies, these two compounds have similar structures, as
shown in Fig. 7.3.

Molybdenum and selenium layers have hexagonal atomic net, and each molyb-
denum atom is in the center of a trigonal prism, formed by six selenium atoms [35].

Layers like Se-Mo-Se with selenium atoms in two hexagonal planes divided by
the plane of molybdenum atoms. The layer SÈ Mo SÈ in turn bonded with neighbor
SÈ Se layers by weak van der Waals forces. Also found in a structure like octahedron
prism [37].

7.4 Properties of Molybdenum (IV) Chalcogenides

7.4.1 Photocatalytic Properties

Photocatalytic properties of MoS2 were investigated by decomposition of methylene
orange. The investigators considered the catalytic effect of microsized and nano-

Fig. 7.3 Parameters of
crystal lattice MoSe2 [36]
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sized MoS2 (nanolayers and nanoballs). Nanosized MoS2 showed very good results
of bleaching solution with methylene orange. The results are presented in Fig. 7.4.

The investigators clarified by IR-spectroscopy that high decolouration level
of methylene orange did not result in its adsorption on surface. These are the
same spectra before and after reaction. This indicates that methylene orange was
adsorbed fully. It had been also decomposed on the surface of nanocatalyst MoS2.
The photocatalytic effect of MoS2 with visible light was related to formation of
surface adsorbed hydroxide radicals •±°. They were formed from adsorbed water.
Photoexcited electron reacts with oxygen in water and, finally, •±° radicals are
formed. They decompose organic substances. The chemistry, in simple terms, is
presented in Eqs. (7.9 and 7.10):

MoS2 · · · H2O + hυ = MoS2 + •OH + H+; (7.9)

•OH + organic molecule = CO2 + H2O. (7.10)

The methylene orange contains sulfur, so reaction causes formation of SO4
2−.

These ions can be determined by precipitation during photocatalytic reaction by
¥Ã´l2. So, the reaction (7.10) becomes like (7.11) in the case with methylene
orange:

•OH + methylene orange = CO2 + H2O + SO4
2−. (7.11)

The photocatalytic activity for MoSe2 was evaluated by decomposition of
tetraethylene rodamine (rodamine B, RhB) in solution at the radiation of visible
light (over 420 nm) [39]. The initial concentration of RhB solution was 200 ppm.
Before radiation, the mixture was kept in the dark during 3 h for achieving sorption

Fig. 7.4 The Curves of
discoloration of methylene
orange on different kinds of
MoS2
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equilibrium. The sample MoSe2 did not show noticeable adsorption. This can be
explained by low specific surface area. The adsorption on mesoporous MoSe2
occurred rather fast and achieved equilibrium for 40 min. This can be seen in
Fig. 7.5a. The concentration of RhB decreased in both cases after the transfer system
in visible light. The dependence from the time is shown in Fig. 7.5b.

This result confirms that mesoporous and macrosized MoSe2 have photocatalytic
properties with visible light. Herewith, the mesoporous material 6,8 times more
active, than macrosized. Increased activity of mesoporous MoSe2 can be explained
by larger surface area and volume of pores [38].

7.4.2 Sorption Properties

Latest investigations have shown that inorganic plate layered compounds have
potential advantages at removing of dyes because of their high specific surface
area and increased surface area between adsorbate and adsorbents, structural
adaptability, chemical stability and structure, which is clearly determined [39–41].
Because MoS2 has similar structure in connection with characteristics, noted above,
it was considered in some works as potential adsorbent for purification of water.
The sorption properties of MoS2, like nanoleaves, were investigated in relation to
organic dyes [40]. Methylene blue, methylene orange, and rodamine B were used
in experiments. The important moment is the separation of photocatalysis from
adsorption, which is why experiments were carried out in the dark.

The results of adsorption of different dyes on MoS2 are presented in Fig. 7.6a.
It is shown in Fig. 7.6a that MoS2 has better selectivity in relation to the methylene
blue with removal degree 98.49% after 300 s. At the same time, the removing of
rodamine B and methylene orange is 76.89% and 34.5%, respectively. This suggests
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that MoS2 can be a highly effective sorbent for removing of methylene blue. Such
selective adsorption can be due to electrostatic attraction between methylene blue
and nanoleaves of MoS2 [41].

Adsorption isotherms of methylene blue on MoS2 are presented in Fig. 7.6b. It
is shown in Fig. 7.6b that initial rates of adsorption are very fast from the beginning
of the stage for all investigated doses. Such high effectiveness in adsorption can
be related to the existence of large number of active centers on the surface of
adsorbent and electrostatic attraction between MoS2 and methylene blue. The
maximal adsorbability of MoS2 nanoleaves was ∼146,43 mg/g [40].

As well known, adsorbent should not only have high sorption effectivity, it should
also have good stability and possibility of recycle use. It should allow decreasing of
the cost of usage. Also it is important for water treatment application. Thus, the
regeneration of MoS2 nanoleaves was investigated after adsorption of methylene
blue [40]. Results had shown that nanoleaves of MoS2 have high stability. They also
keep the removal efficiency more than 80% in four repeat cycles. More importantly,
nanoleaves of MoS2, adsorbed by methylene blue, can be regenerated by simple
washing by deionized water. That is why nanoleaves of MoS2, with excellent
adsorption, stability, and ability to regenerate, can be seen as prospective adsorbents
[40].

7.4.3 Electric Properties

In 1969, a review work was published. The attempt had been done in this work
to explain the electron structure of different layered chalcogenides of transition
metals. It had been done based on their optical absorption, dimensions of electric
conduct, and magnetic susceptibility [28]. The authors had described the main
properties of spectra of optical absorption, displaying features of electron structure.
They summarized data that they had at that moment, giving the start for other
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Table 7.2 Values of the
width of the bandgap,
calculated theoretically for
some chalcogenides of
transferred metals [45]

Material Width of the Bandgap, eV

MoS2 1,84
MoSe2 1,60
WS2 1,97
WSe2 1,66

investigators. Unfortunately, the used them method of powerful bond couldn’t be
able to describe clearly the electron structure of molybdenum (IV) chalcogenides.

In 1973, another work was published. In this work, the authors used the method
of plane waves. The investigation had shown that the bandgap for MoS2 was is not
less than 1 eV and it is not exactly 0,2 eV [29]. It was also shown that exciting
maximums are 2 eV. They are observed in the spectra of optical absorption and
related to d-orbitals of molybdenum. This allowed MoS2 and similar compounds of
the elements of the 4-th group to be classified as a separate class of semiconductors.
These assumptions had been confirmed experimentally with the development of X-
ray methods [42].

The work with the measurement of angle dependence of X-ray spectra of
adsorption was published at the same time along with the work about data on
electron structure of MoS2, MoSe2, and WS2. The data on electron structure had
been obtained by the method of spherical waves [43, 44]. The authors also showed
that MoS2 is a semiconductor with indirect bandgap in deadline.

The values of width of the band gap of some chalcogenides of transition
metals had been calculated theoretically in another work. The data are presented in
Table 7.2.

7.5 Conclusions

Photocatalysis currently is a branch of science that is rapidly evolving and can
contribute to solving many environmental and energy tasks in a world of growing
scientific progress. For this it is necessary to actively explore the properties
of those materials and compositions that can be used for obtaining effective
photocatalysts. Contradictory data have been published concerning the mechanisms
of photocatalytic reactions, and mainly titanium photocatalysts are researched.
Mechanisms of reaction with other photocatalysts have not been studied sufficiently.
Nanodispersed chalcogenides of transition metals in photocatalysis have a broad
range and therefore deserve separate detailed consideration. Special attention in
further studies should be given to obtaining film chalcogenides of transition metals
as the most promising for industrial use.
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Chapter 8
Nanocomposites Based on Thermosetting
Polyurethane Matrix and Chemically
Modified Multiwalled Carbon Nanotubes

L. V. Karabanova, R. L. Whitby, V. A. Bershtein, P. N. Yakushev, A. W. Lloyd,
and S. V. Mikhalovsky

8.1 Introduction

Carbon nanotubes (CNTs), which consist of cylindrical graphene layers, have
attracted considerable attention because of their unique structure and excellent
thermal, magnetic, electric and mechanical properties, in particular extremely high
mechanical strength to density ratio and high chemical stability; this made them the
outstanding candidates as nanofillers for polymers. It has been shown in numerous
studies that incorporation of CNTs into polymer matrices may substantially modify
their properties and lead to the nanocomposites with the enhanced performance
[1, 2]. However, the final effect depends on the type of CNTs, whether as single-
walled (SWCNTs), multiwalled (MWCNTs) and also spiral- and Y-shaped forms,
as well as the physical and chemical state of their surface and the polymer mixing
method utilised. In the direct mixing of pure CNTs into a host matrix, it is often
difficult to separate agglomerated CNTs due to their intrinsic hydrophobic surface
and to obtain a reasonable dispersion quality. Typically, the outer surface of CNTs
contains a π-bond network that tends to promote CNT-CNT π–π interactions to
minimise the surface energy. The agglomeration of CNTs reduces the interfacial
area in the nanocomposites and may lead even to zero or negative impact on the
properties of polymer matrices. Therefore, achieving a homogeneous dispersion of
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CNTs in a matrix (or at least decreasing the extent of CNT aggregation) is a key
requirement for the realization of the desired enhancement in the final properties of
nanocomposites. Additionally, enhancing interfacial interactions between the CNTs
and the polymer matrix will promote efficient energy transfer within the system. To
attain these aims, various methods have been used, in particular sonication at the
mixing stage and also different approaches to chemical functionalization of CNT
surface have been under investigation [1–5].

The most well-known approach to improving interfacial interactions in CNT-
polymer nanocomposites is the chemical functionalization of the outer walls of
CNTs that allows covalent attachment of a polymer directly to the nanotube
framework [5]. The change in surface properties of CNTs also has an advantage
by decreasing the hydrophobic character and improving interaction with different
polar matrices. However, it is also possible that CNTs may become mechanically
weaker after chemical treatment [6], where the reinforcement obtained through the
concentric arrangement of the cylinders decreases through acid-oxidative sidewall
digestion and, if acid oxidation continues over a long period of time, cylinders may
allow slippage.

Polyurethane (PU) materials are extensively used in technical and biomedical
applications, whether in blood contacting applications and organ reconstruction [7],
in skin patches, coatings and catheter applications [8]. PU is seen as an attractive
material with a complicated structure (randomised hard and soft nanodomains) [9];
therefore PU should highlight changes in its properties at the inclusion of CNTs that
possess different surface functionalization. Previous investigations of MWCNT-PU
composites have been focused on thermoplastic systems [10–21], and only a single
piece of work was found in literature for thermosetting systems [22].

In general, the different extents of the improvement of mechanical properties,
by tens of percent, including modulus and stress at break were observed for
thermoplastic PU after its filling with functionalized MWCNTs [11, 14, 15,
17–19] although elongation at break occasionally decreased [19]. The higher
thermal stability with the increased degradation temperature was observed for the
thermoplastic PU-MWCNT nanocomposites [12]. The thermo-responsive shape
recovery (shape memory) [13, 18] and electroactive shape-memory [19] effects
were observed for the surface-modified MWCNT-linear PU nanocomposites. The
PU crystallization was promoted at low contents of MWCNTs due to its action
as a nucleation agent, although at high MWCNT contents, the crystallization
was hindered because of restricting movement of PU chains [13, 18].Targeting
specific aerospace coating applications, CNTs were rigorously dispersed into PU
matrices to produce nanocomposites for electrostatic dissipation and/or de-icing
coatings [17]. The composites under consideration exhibited also good antistatic
properties [15] as well as improved wear resistance, thermal conductivity and
electrical conductivity [10]. The linear PU-MWCNT foams containing 0.1 wt%
highly functionalized nanotubes, possessing carboxyl, hydroxyl or amide functional
groups, manifested improved thermal stability, mechanical properties and acoustic
damping; the nanotubes modified with carboxyl groups were found to have greater
influence compared to the other two functional groups (i.e. lactone and phenol).
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Functionalized graphene sheets (FGSs) were recently used as nanosized conductive
fillers in thermoplastic PU [21]. Therein, the nanocomposite with 1 part of FGSs
per 50 parts of PU had an electrical conductivity of 107 times increase over that of
pristine PU, and DMA showed that the FGSs efficiently reinforced the PU matrix.

Information on molecular dynamics, as estimated from DMA, is rather limited
for thermoplastic PU-MWCNT composites. According to Kwon et al. [15], the
storage modulus and mechanical loss factor peak temperature (the glass transition
temperature Tg) of the nanocomposites increased with increasing functionalized
MWCNT content, whereas Raja et al. [14] found only small changes in the glass
transition or even slight decrease in Tg with increasing carbon nanotubes content
for thermoplastic PU-MWCNT composites as compared with that for the neat
matrix. For the thermosetting PU-non-functionalized MWCNT nanocomposites
with CNT content of 0.1–1 wt%, McClory et al. [22] showed that CNTs were
highly dispersed in the PU matrix, and the substantial enhancements in stiffness,
strength and toughness were found for the nanocomposites compared with unfilled
PU. Meantime, DMA showed only slight changes in glass transition dynamics in
these nanocomposites.

The role of chemical processes at the interfaces and the character of the interfa-
cial interactions are of a special significance in ascertaining the exact mechanism of
nanocomposite performance including thermosetting PU-MWCNT nanocomposites
that undoubtedly requires an in-depth study. Whilst this has been explored in a
cursory sense [23–27], the direct comparison of CNT influence on dynamics of
polymers, when nanotubes were functionalized through van der Waals interactions
with an intermediate bridge to the polymer or those were directly covalently linked
to the polymer, has not been made up to now. The significance of such studies is
conditioned with a following problem. The acid oxidation procedure, as a traditional
way for chemically functionalising CNTs, generates lattice oxidative fragments
that behave similar to fulvic acids. Therein, these species are hydrophobic under
acid conditions and therefore their creation prevents to immediate interaction of
the matrix with the surface of CNTs. These lattice fragments, or fulvic acids, are
connected with CNTs via van der Waals forces but simultaneously are extensively
functionalised with acidic groups, which also participate in chemical reactions at
interfaces and can account for up to 50% of the total number of acidic groups
in oxidized CNT system [24, 25]. Their removal under base washing or reflux
will leave purely covalent sites for target synthesis (direct covalent CNT-polymer
bonding); however, the numerous works on CNT-polymer composites that involved
acid-oxidized CNTs have neglected to include such a purification strategy and
therefore raise questions about the mixture of covalent and van der Waals bonding
at the interfaces and its relation to the final properties of the composite.

The goal of this study is the investigation of the structure and final mechanical
performance of the thermosetting PU-based nanocomposites containing MWCNTs
possessing acidic and other functional groups generated on the MWCNT surface
and attached either through van der Waals forces or covalently bound to the CNT
lattice at low filler content varying from 0.01 to 0.25 wt. %. The investigations of
the thermodynamic parameters of polymer-filler interactions within formation of the
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nanocomposites and also the impact of interfacial chemistry and interactions on the
matrix glass transition dynamics, as estimated by DMA and laser-interferometric
creep rate spectroscopy (CRS) techniques, were of essential interest and have been
performed herein.

8.2 Materials and Testing Methods

8.2.1 Materials

8.2.1.1 Carbon Nanotube Pretreatment

MWCNTs with an outer diameter of 10–30 nm, inner diameter of 5–10 nm and
length of 5–10 μm were purchased from TMSpetsmash (Ukraine), which were
grown using the CVD technique. Pristine MWCNTs (pMWCNTs) were prepared
from raw samples through low-temperature oxidation to remove surface amorphous
carbon and then refluxed in hydrochloric acid (HCl) to remove any residual metal
catalytic particles. Samples were then washed extensively in water and dried at
100 ◦C.

8.2.1.2 Hemin-Coated MWCNTs

Hemin-coated MWCNTs (MWCNT-hemin) were prepared by sonicating pMWC-
NTs in a solution of excess hemin dissolved in tetrahydrofuran (THF). The mixture
was adjusted to pH 1 with the addition of HCl (2 M) and left for 8 hrs. MWCNTs
were separated from solution by centrifugation and washing with acidified methanol
(MeOH)-THF mixture until no further colouration of the supernatant was observed
(confirmed using UV-Vis analysis), then washed with MeOH and dried at 100 ◦C.

8.2.1.3 Acid-Oxidized MWCNTs

Acid-oxidized MWCNTs (MWCNT-ox) were prepared by refluxing MWCNTs in
nitric acid (HNO3, 70%, 6 h) and then washed with water until a neutral pH.
Samples were then refluxed in sodium hydroxide (NaOH, 2 M, 1 h) to remove
surface-immobilised fulvic acids and then washed in NaOH solution until no further
colouration was obtained. The covalently attached surface groups were regenerated
by refluxing in HCl (2 M, 10 min). Samples were finally washed in water till pH 7
and dried at 100 ◦C.
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8.2.1.4 Reduction of MWCNT Surface Acidic Groups

MWCNT-hemin and MWCNT-ox samples (100 mg) were sonicated in dry THF
(50 ml) to obtain a dispersion. Lithium aluminium hydride (LiAlH4) in THF (1 M,
10 ml) was added under a nitrogen atmosphere, and the mixture was refluxed
for 4 hrs. After cooling, excess LiAlH4 was decomposed with careful addition
of MeOH. Reduced samples (MWCNT-hemin-red and MWCNT-red, respectively)
were stirred in HCl in order to remove trace decomposition products and then
washed thoroughly in water and dried at 100 ◦C. Samples were checked for the
generation of additional fulvic acids through the reduction step, but none were
detected.

8.2.1.5 Surface Group Analysis

All samples were titrated according to the Boehm method [11, 17]. MWCNT sam-
ples (50 mg) were sonicated in sodium bicarbonate, (NaHCO3), sodium carbonate
(Na2CO3) and NaOH solution (0.01 M, 20 ml, with 0.1 M NaCl) and stirred for
8 hrs. Samples were separated through centrifugation, and the supernatant was
filtered through 0.2 μm PTFE filters to ensure all MWCNTs were removed. Aliquots
(5 ml) were titrated against HCl (0.01 M, with 0.1 M NaCl) using a pH meter to
monitor the reaction. Titration analysis was repeated three times. Solutions were
stored under nitrogen and were checked to ensure that atmospheric carbon dioxide
had not affected the titration [18].

8.2.1.6 Polyurethane Nanocomposite Preparation

A PU network, to be used as the polymer matrix for nanocomposite preparation,
was synthesised from poly(oxypropylene glycol) (PPG) with Mw = 2.000 g mol−1

and adduct of trimethylolpropane (TMP) and toluene diisocyanate (TDI) using a
two-step method, as described previously [28]. The adduct and PPG were used in a
molar ratio of 2:3. The synthesized PU matrix is depicted by the formula:
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Samples of the nanocomposites were prepared according to the procedures
described in the previous work [26]. To prepare the nanocomposites, MWCNTs, as
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MWCNT-hemin, MWCNT-ox, MWCNT-hemin-red or MWCNT-red (0.01, 0.1 or
0.25 wt. %), were mixed with the PPG and adduct prior to polyurethane synthesis.
The prepared films with 1 mm thickness were post-cured for 2 h at 100 ◦C and then
were held for 36 h at 80 ◦C in vacuum 10−5 Pa to ensure the removal of any trace
gas from the polymer composite.

8.2.2 Testing Methods

8.2.2.1 Vapour Sorption and Thermodynamic Calculations

The dichloromethane vapour sorption by PU samples and by nanocomposite’s
samples was studied using a vacuum installation and a McBain balance [9]. The
changes in partial free energy of dichloromethane by sorption (dissolution) 	μ1
were determined from the experimental data using Eq. 8.1:

	μ1 = (1/M) RT ln (P/P0) , (8.1)

where M is the molecular mass of dichloromethane and P/Po is the relative vapour
pressure.

To calculate the free energy of mixing of the polymer components with the sol-
vent, the changes in partial free energy of the polymers (native PU, nanocomposites)
need 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 (	μ2). 	μ2 for the polymer components were
calculated using the Gibbs-Duhem equation:

ω1d (	μ1) /dω1 + ω2d (	μ2) /dω1 = 0, (8.2)

where ω1 and ω2 are the weight fractions of a solvent and of a polymer. This can be
rearranged to give Eq. 8.3:

∫
d(	μ2) = −

∫
(ω1/ω2)d(	μ1) (8.3)

Equation 8.3 allows the determination of 	μ2 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 and nanocomposites of various compositions for
the solutions of different concentration was then estimated using Eq. 8.4 and using
computational analysis.

	gm = ω1	μ1 + ω2	μ2 (8.4)
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8.2.2.2 Atomic Force Microscopy (AFM)

Surface topography and phase images of PU and nanocomposites were obtained
using a multimode Nanoscope IIIa atomic force microscope. Tapping mode was
employed in air using a 125 μm silicon tip. Topographic and phase images were
obtained simultaneously.

8.2.2.3 Transmission Electron Microscopy (TEM)

To enable TEM investigations, the nanocomposite samples were dehydrated in an
ethanol series, passed through the transition solvent propylene oxide and embedded
in TAAB Low Viscosity resin (TAAB Laboratories Ltd., Aldermaston, UK). Thin
(100 nm) sections were cut on a Leica Ultracut ultramicrotome (Leica Microsystems
[UK] Ltd., Milton Keynes UK), collected on nickel support grids and examined
unstained in a Hitachi-7100 TEM at 100 kV. Images were acquired digitally with an
axially mounted (2 K × 2 K pixel) Gatan Ultrascan 1000 CCD camera (Gatan UK,
Oxford, UK).

8.2.2.4 Scanning Electron Microscopy (SEM)

Electron micrographs were obtained using Hitachi S-4800 CFE scanning electron
microscope. Samples of nanocomposites were fractured in liquid nitrogen and
chemically treated with aqueous iodine and potassium iodide. They were subse-
quently freeze-dried overnight before being examined by electron microscopy. Two
sets of samples were examined: in the first set, samples were sputtered with gold to
avoid electrostatic charging, and in the second set, samples were not coated.

8.2.2.5 Mechanical Testing

Mechanical properties of the nanocomposites were measured using a Series IX
Automated Instron Materials Testing System. The samples were cut into micro
dumb-bell shapes with gauge length of 20 mm, widths between 4–5 mm and sample
thickness between 0.7–0.9 mm. Samples were processed at a continuous strain rate
of 25 mm/min.

8.2.2.6 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical behaviour of nanocomposites was analyzed in tension mode,
basically at 1 Hz, using a Dynamic Mechanical Spectrometer DMS 6100 Seiko
Instruments (Japan) at temperatures from −120 to +190 ◦C. Film samples with
0.6 × 10 mm2 cross-section and 2-cm working length were used. A sample was
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heated at a rate of 3 ◦C min−1. Loss modulus E”, storage modulus (dynamic
modulus) E’ and mechanical loss factor tan δ = E”/E’ as functions of temperature
were measured.

In two cases, for neat PU and for one nanocomposite (PU-MWCNT-ox), the
effective activation energy Q of segmental motion versus temperature dependence
was estimated within the −70 to +150 ◦C range covering the extraordinarily broad-
ened glass transition range. This was determined from the DMA measurements
performed at frequencies of 0.1, 1 and 10 Hz. Typically, Q values are calculated
by the displacement of temperature in the maximum of the relaxation peak with
frequency; where partial overlap of neighbouring peaks occurs, their separation into
Gaussian or Lorentz peaks is analyzed. However, very complicated DMA spectra
in the broad temperature region of the glass transition were observed for the PU
network and PU-based composites (see below) suggesting the substantial overlap-
ping of a few constituent peaks, that is, the pronounced dynamic heterogeneity
within the glass transition range. This prevented the possibility for calculating the
strict Q values. Therefore, we chose the nontraditional way for estimating, semi-
quantitatively, a tendency of changing Q with temperature over the temperature
range of the glass transition. This was performed proceeding from the displacement
of the experimental points in the complicated tan δ spectrum along temperature axis
with frequency at a series of chosen tan δ levels, using the initial equation for a
frequency of relaxation acts (ν = ν0 exp. (−Q/RT)), and the resultant relation:

Q = 0.038T1T2/ (T2 − T1) kJ mol−1 (8.5)

where T1 and T2 (in Kelvin) relate to the temperature points in the DMA spectra
obtained at 0.1 and 10 Hz, respectively, for a chosen mechanical loss level.

8.2.2.7 Laser-Interferometric Creep Rate Spectroscopy (CRS)

CRS, an original high-resolution method of relaxation spectrometry and thermal
analysis, allows the characterization in a discrete way of the dynamics, dynamic
heterogeneity and creep resistance of materials over a broad temperature region; the
CRS setups, experimental technique and numerous possibilities have been described
in detail elsewhere [29]. This technique comprises precise measuring of creep rates
at a constant low stress, much less than the yield stress, as a function of temperature
(creep rate spectrum). To this end, the laser interferometer, based on the Doppler
effect, is used. The time evolution of deformation is registered as a sequence of
low-frequency beats in an interferogram whose beat frequency ν yields a creep rate:

ε̇ = λv

2I0
(8.6)

Here λ = 630 nm is a laser wavelength, and I0 is the initial length of the
working part of a sample. The film samples with 0.6 × 10 mm2 cross-section and
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2-cm working length were used. The creep rate spectra were measured over the
temperature range from −100 to +140 ◦C at the tensile stress of 0.3 MPa. A stress
was chosen in the preliminary experiments as capable of inducing sufficient creep
rates to be measured, whilst maintaining also a high spectral resolution, without
smoothing out and distortion of a spectral contour. At heating with the rate V = 1 ◦C
min−1, every 5 ◦C the sample was loaded, and an interferogram was recorded 10 s
after loading. Then the sample was unloaded, heated to a temperature 5

◦
higher and

loaded again with the same stress; again the interferogram was registered, and the
sample was unloaded and so on. The instrumental error in measuring creep rates
does not exceed 1%, but scattering in the peak height and temperature location may
change by up to 20% and 3–5 ◦C, respectively, when measuring identical samples
[29]. The correlative frequency of the CRS experiments νcorr = 10−3–10−2 Hz.

8.3 Results and Discussion

8.3.1 MWCNT Surface Chemistry for Interaction with PU

A single batch of MWCNTs was used from the supplier to ensure consistency across
the experiments. MWCNTs were modified (Scheme 8.1), where appropriate, to

Scheme 8.1 Chemical groups on MWCNT-ox, MWCNT-red, MWCNT-hemin and MWCNT-
hemin-red are generated for bonding to polyurethane. The first two possess covalent bonding sites
direct to the MWCNT lattice and the latter two involve surface adsorbed (non-covalent bonding)
hemin
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introduce functional groups for the attachment of PU, where the functional groups
were either surface immobilised on or covalently bound directly to the surface
of carbon nanotubes. MWCNT-ox and MWCNT-red both possess covalent sites
directly on the lattice and were purified free of fulvic acids to ensure no competition
with surface-immobilised functional groups resulted. Therein, connecting atomic
units (fragments) of PU network are directly attached to the MWCNT lattice.
MWCNT-hemin and MWCNT-hemin-red also have covalent sites for attachment,
but only through the hemin molecules that decorate the surface of the nanotubes
through non-covalent bonding. Ultimately this approach will facilitate a direct
comparison across the type of MWCNTs to assess which type of interactions
may reflect superior mechanical performance and also elucidate whether acid-
oxidative lattice fragments (fulvic acids) can exert a detrimental effect to the
final mechanical performance of the composite. Moreover, it is recognised that
in chemically modifying the carbon lattice, the surface tension of the MWCNTs
will also change and will alter the dispersibility of MWCNTs into a polymerising
solution/matrix and in turn affect the size and distribution of the hard and soft
domains of PU.

The oxidation of MWCNTs in nitric acid digests part of the outer walls,
introducing acidic groups directly to the lattice, as well as generating fulvic acids,
which are removed through the reflux in alkali solution. The types of groups
identified on the MWCNT surface include carboxylic, lactone and phenolic groups
as the chief moieties. Acid anhydride, carbonyl, alcohol and ether groups may
also be present, though only the first would be accounted in the titrations using
the standard three bases of NaHCO3, Na2CO3 and NaOH [30]. The carboxylic,
phenolic and alcohol groups are of particular interest as they can participate in
the polymerisation reaction with the (di)isocyanate monomers to form an amide
and two urethane bonds, respectively [31]. Therefore, this study may also make
inference to the reactivity comparison of carboxylic and phenolic groups by using
MWCNTs with the same degree of oxidation, where carboxylic acids are predom-
inant in MWCNT-ox and phenolic and alcohol groups are the principal ones in
MWCNT-red.

Titrations of the surface acidic groups show (Table 8.1) the increase in the num-
ber of carboxylic, lactone and phenolic groups when acid-oxidising pMWCNTs.
pMWCNTs exhibit a low number of functional groups, which are recognised as
being generated through their CVD synthesis, representing terminal groups near
lattice vacancies [32]. On reduction of MWCNT-ox to MWCNT-red, the number of
carboxylic groups decreases by around 70%. The increase in the number of lactone
groups may result from the reduction of acid anhydride groups. There was no
increase in the number of phenolic groups; however, it was determined in a previous
study by XPS analysis that aliphatic alcohol groups, undetectable via the titrations
used, are present [33].

Hemin is a polycyclic aromatic hydrocarbon with an Fe3+ core and two
carboxylic groups at the outer edges of the cyclic structure. Its enforced surface
immobilisation (through non-covalent interaction) to the surface of unfunctionalised
carbon nanotubes in the presence of an acid renders the molecule hydrophobic and
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Table 8.1 The number of carboxylic, lactone and phenol groups as determined for MWCNT
samples through Boehm titration assessment

Type of MWCNT surface Number of Groups (meq g−1)
carboxyl lactone phenol

pMWCNT 0.01 0.01 0.02
MWCNT-ox 0.14 0.03 0.18
MWCNT-red 0.04 0.08 0.16
MWCNT-hemin 0.29 0.00 0.01
MWCNT-hemin-red 0.00 0.00 0.00

promotes van der Waals interactions with the π electron network of the MWCNT
surface. The presence of hemin on the surface is detected by the increase in
the number of carboxylic groups. It was possible to elute all hemin from the
surface of MWCNT-hemin and MWCNT-hemin-red using a sodium hydroxide
washing, which protonates the acidic groups on hemin rendering the molecule more
hydrophilic. The number of carboxylic groups present on MWCNT-hemin sample
is greater than that for MWCNT-ox (Table 8.1); however, MWCNTs-ox possess a
higher total number of acidic groups and may also possess undetected additional
alcohol generated by acid oxidation, which the MWCNT-hemin sample will not.
Reduction of MWCNT-hemin to MWCNT-hemin-red decreases the number of
carboxylic groups by 100% and demonstrates the complete chemical availability
of surface immobilised species which is greater than that of the covalently bound
acidic groups in MWCNT-ox. Given that conventional reduction chemistry of a
carboxylic group leads to an aliphatic alcohol, it is reasoned that MWCNT-hemin-
red has followed a similar route where aliphatic alcohol species are undetected using
titration analysis. The presence of lactone and phenol groups on the underlying
nanotube structure (pMWCNT) for MWCNT-hemin and MWCNT-hemin-red may
have been masked by the hemin coating and, therefore, was not recorded in the
titration analysis.

The reaction between the MWCNT samples and PU should occur where
carboxylic, phenolic and alcohol groups are available to form amide or urethane
bonds with the diisocyanate monomer.

8.3.2 Structure of the PU Matrix

The structure of the polyurethane matrix, which was used for nanocomposites
formation, was investigated by small-angle X-ray scattering (SAXS) [34] and is
shown in Fig. 8.1. In the case of native PU, there is a distinct interference maximum
on the I(q) vs q plot at 0.072 Å−1, which corresponds to Bragg periodicity of
87 Å. The existence of such a maximum is connected with a quasiperiodic type of
spatial distribution of hard and soft segments of polyurethane [35], i.e., a microphase
separation within the PU materials. Scheme 8.2 illustrates some ordering of the
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Fig. 8.1 Scattering intensity
I(q) versus scattering vector
q(A−1) curves obtained for
neat PU network. The
intensity values are taken in
relative scale
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Scheme 8.2 A sketch of the polyurethane structure exhibiting hard and soft domains discretely
spaced at distance D

hard and soft segments within the frame of the polyurethane materials. Thus, the
polyurethane matrix consists of ordered parts (black areas) and cross-passing chains.

Embedding MWCNTs into such a polymer matrix could result in the following
situations. The covalent bonding of the MWCNTs (MWCNT-ox) with PU or van
der Waals interactions of the unfunctionalised areas of the MWCNT surface with
polyurethane matrix should lead to improved disagglomeration of the nanotube
bundles and the good dispersibility of MWCNTs in a polymer [23]. At the same
time, however, such interactions that result in a good distribution (dispersion) of the
nanotubes could partly or completely destroy the ordering of hard and soft segments
of the PU matrix. As a result, not only enhancing but also the drop in mechanical
properties of the PU matrix may occur.
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8.3.3 AFM Investigation of the Nanocomposites

In Fig. 8.2 the topography of the PU matrix is presented. The ordering of hard
(dark regions) and soft (light regions) segments of PU, i.e., microphase separation,
is exhibited. This is in agreement with the SAXS investigation of this matrix
(Fig. 8.1).

In Fig. 8.3 the phase images of PU nanocomposites with different loadings of
MWCNT-ox are presented. The MWCNT filler was not observed in the matrix,
but AFM images reveal changes in the structure of PU matrix induced by their
inclusion. For nanocomposites, containing 0.01% MWCNT-ox, the nanodomain
structure of polyurethane is preserved, and the hard and soft domain microphase
separation is observed (Fig. 8.3a, b). Increasing the MWCNT-ox content up to 0.1%
in the nanocomposites results in dramatic changes in the PU structure which exhibits
nearly complete disappearance of the hard and soft domains in the matrix structure
(Fig. 8.3c, d).

When increasing the amount of nanotubes up to 0.25 wt. %, the nanostructure of
polyurethane matrix is partly retained (Fig. 8.3e, f). Therein, the higher loading of
MWCNTs increases the possibility of re-agglomeration which, obviously, entails
poorer dispersibility (which can be observed when comparing TEM images in
Fig. 8.4). It is therefore surmised that some regions of PU are not penetrated by
MWCNTs at high filler contents, thus allowing polymerization with the restricted
influence of MWCNTs and the generation of hard and soft domains.

When small quantities of MWCNTs (0.01%) are used in the preparation of
nanocomposites, the number of nanotubes is insufficient to noticeably influence the
domain structure of PU. When increasing the amount of MWCNTs up to 0.1% and
a good dispersion of nanotubes, the effective surface of MWCNT-ox becomes large
enough to prevent the formation of hard and soft domains. At 0.25% MWCNT-
ox (0.25%), part of nanofiller is present in agglomerates allowing the formation of
the soft and hard domains. Introduction of MWCNT-hemin changed the structure
of polyurethane less dramatically, but the change in the size of the hard and soft

Fig. 8.2 Tapping mode AFM
topography for pure PU
matrix. The size of square is
500 nm
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Fig. 8.3 Tapping mode AFM phase images of nanocomposites based on PU containing (a, b)
0.01, (c, d) 0.1 and (e, f) 0.25% MWCNT-ox

domains of PU was also observed. Thus, it appears that the influence of MWCNT-
ox on PU structure in the nanocomposites does not fully correlate with the amount
of nanotubes in the matrix, though their presence influences noticeably on the matrix
microstructure.
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Fig. 8.4 TEM images of PU nanocomposites containing (a) 0.01, (b) 0.1 and (c) 0.25%
MWCNT-ox

8.3.4 TEM and SEM Analyses of MWCNTs Dispersion in the
PU Matrix

It has been previously demonstrated that the degree of dispersibility of MWCNTs
in polymers affects their final tensile strength [36], where well-dispersed MWCNTs
with sufficient interface with the surrounding polymer can toughen and strengthen
the whole system. Strong adhesion of MWCNTs to the polymer matrix limits their
pull-out, such that crack propagation is hindered by the carbon nanotubes. The high
aspect ratio and large interfacial area of MWCNTs denote greater load transfer
across their length leading to improved strength. However, where agglomeration of
MWCNTs occurs, the real interface area with the surrounding polymer is reduced,
and MWCNTs may then serve as crack initiator sites.

As the carbon nanotubes become less hydrophobic under acid-oxidative func-
tionalisation, the introduction of surface groups on the MWCNTs disrupts the π- π

bond network in the outer layers, which limits van der Waals interactions. Through
the high-temperature action of the oxidative medium, it is possible to promote the
“disentanglement” of the MWCNT bundles and improve their ability to interfacial
interaction with solvent and polymers, which may also retard re-agglomeration.
Figure 8.4 shows the TEM images of the nanocomposites containing MWCNT-
ox. For the nanocomposites with 0.01 wt. % MWCNT-ox, separate nanotubes
could be observed in the matrix (Fig. 8.4a). A good dispersion of MWCNT-ox is
preserved also for the nanocomposites containing 0.1 wt. % MWCNT-ox (Fig. 8.4b).
However, for the nanocomposites containing 0.25 wt. % MWCNT-ox (Fig. 8.4c),
both separate nanotubes and their agglomerates are present; the latter prevents the
complete interaction of the surface of MWCNTs with the matrix.

Similarly, the TEM images of MWCNT-red, MWCNT-hemin and MWCNT-
hemin-red in PU showed that the carbon nanotubes were well dispersed at their
low weight content (0.01 and 0.1 wt. %), but at higher filler percentage (0.25 wt.
%), the extensive agglomeration occurred.
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Fig. 8.5 SEM images of PU with 0.25% MWCNT-ox where the agglomeration of MWCNTs is
revealed (white nanotubes) resulting in areas of nearly pure PU (dark areas). Scale bars are 1 μm
(a), 200 nm (b) and 200 nm (c)

SEM images (Fig. 8.5) show the morphology of PU nanocomposites containing
0.25 wt. % MWCNT-ox, which confirms the results of TEM analysis. Both
individually separated nanotubes (Fig. 8.5a) and their agglomerates (Fig. 8.5b) are
observed. Additionally, nanotubes appear to be well coated by the polymer matrix
(Fig. 8.5c). This means that the covalent bonding of MWCNTs to the polymer
matrix creates a stable interfacial layer on the nanotube surface in order to generate
nanocomposites with improved properties.

8.3.5 Thermodynamics of Polymer-Filler Interactions in the
Nanocomposites

The calculation of the thermodynamic parameters of interaction between MWCNT
with functionalized surfaces and polymer matrix in the created nanocomposites
was carried out. The basis for the calculation of the thermodynamic parameters
was the experimental isotherms of solvent vapour sorption by the samples. The
vapour sorption of dichloromethane at 20 ◦C by samples of polyurethane, fillers
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Fig. 8.6 Isotherms of
dichloromethane vapour
sorption at 20 ◦C by samples:
1, polyurethane; 2,
nanocomposite with 0.1%
MWCNT-ox; 3,
nanocomposite with 0.25%
MWCNT-ox; 4, MWCNT-ox

and nanocomposites was studied using a vacuum installation and a McBain balance
with a sensitivity of 3–4 mg/mm.

Figure 8.6 shows the isotherms of dichloromethane vapour sorption at 20 ◦C by
PU (curve 1), nanocomposites with 0.1% MWCNT-ox (curve 2), 0.25% MWCNT-
ox (curve 3) and nanofiller MWCNT-ox (curve 4). As could be seen from Fig.
8.6, the isotherm of dichloromethane vapour sorption by PU looks like curve
typical for vapour sorption by elastomer sample. PU absorbs a significant amount
of dichloromethane (about 75% by weight). The introduction of MWCNT-ox into
PU leads to decreasing of dichloromethane vapour sorption (Fig. 8.6, curves 2,
3). Moreover, with an increase of amount of nanofiller in the nanocomposite, the
sorption of vapour by nanocomposites, naturally, falls (curves 2 and 3).

It should be noted that the nanofiller also adsorbs the essential amounts of
dichloromethane vapour (Fig. 8.6, curve 4). The reduction of dichloromethane
vapour sorption by nanocomposite samples compared to the native polymer matrix
may indicate the formation of densely packed boundary layers of polyurethane in
samples filled by MWCNT-ox.

Figure 8.7 shows the isotherms of dichloromethane vapour sorption at 20 ◦C
by PU and by nanocomposites containing 0.1% MWCNT-red (curve 2) and 0.25%
MWCNT-red (curve 3) and by nanofiller MWCNT-red (curve 4). As could be
seen, the sorption by nanocomposite samples (Fig. 8.7, curves 2, 3) is smaller
in comparison with the PU matrix. But in this case, the sorption isotherms of
nanocomposites containing different amounts of MWCNT-red are almost identical.
On the qualitative level, the reduction of sorption by nanocomposites compared to
the native polymer matrix can testify in favour of the formation of densely packed
boundary layers of polyurethane in the filled samples containing MWCNT-red. But
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Fig. 8.7 Isotherms of
dichloromethane vapour
sorption at 20 ◦C by samples:
1, polyurethane; 2,
nanocomposite with 0.1%
MWCNT-red; 3,
nanocomposite with 0.25%
MWCNT-red; and 4,
MWCNT-red

the coincidence of sorption isotherms for nanocomposites with different amounts of
nanofiller could mean the worst distribution of MWCNT-red in the polymer matrix
(relatively less of boundary layers in the nanocomposite with increasing amount of
nanofiller).

The using of the thermodynamic methods and calculations based on experimental
data of vapour sorption of dichloromethane by nanocomposites samples allowed
us to estimate a number of characteristics of the systems, namely, the free energy
of interaction of polymers with solid surfaces. In [37] the method calculation
of thermodynamic parameters of the polymer-polymer interaction was proposed.
For this, the approach based on the fundamental assumptions of independence of
thermodynamics enthalpy and free energy of the system from the way of the process
was used [37]. In [38, 39] this approach was applied for polymer-filler systems.
Under this approach, we can calculate the parameters of interaction of polymer
with a filler when parameters of the interaction of each of them and their mixtures
with fluid are known. Based on isotherms of sorption, the change of the partial
free energy of dichloromethane 	μ1 was calculated using eq. (8.1). The change
in the partial free energy of individual polymer and filled systems under sorption
process 	μ2 was determined in accordance with the Gibbs-Duhem Eq. (8.2). Free
energy of mixing of individual polymer and nanocomposites with solvent 	gm was
determined in accordance with Eq. (8.4).

In Fig. 8.8 the calculated values 	gm for neat polyurethane, for nanocompos-
ites and for nanofillers MWCNT-ox and MWCNT-red are shown. It is evident
that all the systems under investigation PU-dichloromethane, nanocomposites-
dichloromethane and nanofillers-dichloromethane are thermodynamically stable
(d2	gm/dW2

2 > 0). Although the affinity of dichloromethane to PU (Fig. 8.8, curve
1) is the highest.
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Fig. 8.8 Free energies of
mixing of polymer and
nanocomposites with solvent
dichloromethane 	gm: 1,
polyurethane; 2,
nanocomposite with 0.1%
MWCNT-ox; 3,
nanocomposite with 0.25%
MWCNT-ox; 4,
nanocomposite with 0.25%
MWCNT-hemin-red; 5,
nanocomposite with 0.1%
MWCNT-red; 6,
nanocomposite with 0.25%
MWCNT-red; 7,
MWCNT-red; 8, MWCNT-ox

With the introduction of carbon nanotubes with functionalized surfaces into the
polymer matrix, the affinity of dichloromethane to the nanocomposites decreases
(Fig. 8.8, curves 2–7). Thus, comparing the nanocomposites with the same amount
of nanofiller (0.25% by weight), we can conclude that affinity of dichloromethane
to the nanocomposites decreases in a row: MWCNT-red > MWCNT- hemin-red >
MWCNT-ox.

Based on the concentration dependence of the average free energy of mixing
of the solvent with PU and with the nanocomposites, the values 	G1 and 	G111
were obtained. 	G1 and 	G111 are the free energies of interaction of polymer and
nanocomposite with lots of solvent [37]. For 	G*

p-f calculation (free energy of
polymer-filler interaction), Eq. (8.7) was used [38]:

	G∗
p−f = 	G1 + n	G11 − 	G111, (8.7)

were 	G11 is the free energy of interaction of the filler with lots of solvent.
The calculation 	μ2 (fil) of filler have been conducted according to the Gibbs-

Duhem equation, as it was done above for polymers. Then Eq. (8.8) was used for
calculation of free energy of interaction of dichloromethane with carbon nanotubes:

	gm = W1	μ1 + W2	μ2(fil), (8.8)
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Table 8.2 The free energy
	G*p-f of interaction of
polyurethane with MWCNTs
with different surface
chemistry in the
nanocomposites

Nanocomposite sample 	G*p-f, J/g polymer

PU + 0.1% MWCNT-ox −1.74
PU + 0.25% MWCNT-ox −3.34
PU + 0.25% MWCNT-hemin-red −3.10
PU + 0.1% MWCNT-red −2.87
PU + 0.25% MWCNT-red −2.43

The dependence 	gm = f (W2) for fillers (Fig. 8.8, curves 7, 8), as well as for
three-dimensional polymers, has the form of curves with a minimum and cut off at
the critical amount of solvent.

Using the obtained values of the free energy of interaction with solvent (	G11),
according to Eq. (8.7), the values of the free energy of interaction of PU with
nanofillers were calculated. The results of such calculations are shown in Table 8.2.

It is evident that the free energy of interaction between carbon nanotubes with
functionalized surfaces and with PU matrix is negative for all types of nanofillers
(Table 8.2). This indicates that thermodynamic stability of filled PU samples
and high adhesion of PU to carbon nanotubes with functionalized surfaces takes
place. The free energy of interaction of MWCNT-ox with polyurethane varies with
concentration: with increasing amount of MWCNT-ox in the nanocomposites, the
value of free energy of mixing increases in magnitude. The latter could mean an
increase in the fraction of surface layers of PU with the content of this nanofiller in
the nanocomposite, which is the result of a uniform distribution of MWCNT-ox in
the polymer matrix.

For the nanocomposites containing MWCNT-red, the value of the free energy
of interaction of PU with the carbon nanotubes virtually remains unchanged with
varying the amount of nanofiller. The latter could mean that with increasing
of MWCNT-red content in the nanocomposites the part of the nanofiller forms
agglomerates and hence the effective fraction of the surface layers decreases. The
result is a reduction of the value of the free energy of interaction of polyurethane
with MWCNT-red in magnitude. That is, it can be assumed that the MWCNT-red
will be worse distributed in the matrix of polyurethane compared to MWCNT-ox.

8.3.6 Investigation of the Nanocomposites by DMA

Figure 8.9a–d presents the temperature dependencies of tangent of mechanical loss
angle (mechanical loss factor, tan δ) obtained under tension mode and a frequency
of 1 Hz over the temperature range between −120 and +180 ◦C for neat PU and
the nanocomposites studied. Generally, the glass transition peaks in all of these
curves are extraordinarily broad and extend between about −70 and +150–170 ◦C.
Besides, their complicated spectral contours, with bends and shoulders, suggest the
presence of a few strongly overlapping constituent relaxation peaks, that is, the
pronounced dynamic heterogeneity within the glass transition range. Thus, three
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Fig. 8.9 (a–d) DMA spectra measured at 1 Hz (tension) for a neat PU network and PU-MWCNT
nanocomposites with different MWCNT filler levels and types of functionalisation

overlapping peaks may be deciphered in the mechanical loss spectrum of neat PU
including peak I (curve bend) at −40 to −50 ◦C, the main peak II (maximum
around 0 ◦C), and a slight tendency to manifestation of peak III at around +60–
70 ◦C. Nevertheless, for neat PU DMA does not allow resolution of the side
relaxation peaks with a certainty. In our previous dielectric relaxation study [40],
it was possible to separate the extraordinarily broad peak of neat PU into two glass
transitions. It was shown that this peak consisted of α1 and α2 relaxations connected
presumably with motion of “soft” poly(propylene glycol) (PPG) segments and
“hard” segments of PU (network junctions), respectively. However, it was possible
to analyze the broad complicated spectral contour of PU glass transition in more
detail in the discrete creep rate spectra only (see next section).

Figure 8.9a–d demonstrates the substantial and quite different impact of MWC-
NTs, at low filler levels, on the glass transition dynamics of PU matrix; these
effects depend on both the filler content and the chemical type of MWCNT
surface, whether MWCNT-ox, MWCNT-red, MWCNT-hemin or MWCNT-hemin-
red. Additionally, the complicated shape of the nanocomposite spectra becomes
more distinctive in some cases. The transformations of the PU spectral contour in
the nanocomposites are due, obviously, to various contributions (intensities) of the
constituent relaxations and changing the temperature location of peaks. Figure 8.9
shows that the main tan δ peak II may shift to higher temperatures, obviously, as
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a consequence of interaction of the PU chains with the surface of nanotubes and
restriction of glass transition dynamics, i.e., prevailing role of interfacial dynamics
(“constrained dynamics” effect, see for example reviews [29, 41]). However, this
peak may also retain the initial temperature position and even slightly shift to
lower temperatures indicating acceleration of glass transition dynamics. As for the
shoulder of tan δ peak located in the region of −40 to −50 ◦C, its contribution to the
intensity decreases in the composites’ spectra, but its temperature position remains
almost unchangeable. It means that the considerable part of the PU nanoregions is
not disturbed by the addition of MWCNTs. As the segments contributing to low-
temperature relaxations are definitely soft poly(propylene glycol) ones, we could
expect that nanotubes are concentrated close to the hard nanodomains of PU matrix
since chemical reaction of functionalised MWCNTs with isocyanate groups occurs.

The impact of nanotubes on the PU dynamics turned out to be minimal for the
nanocomposite with MWCNT-hemin (Fig. 8.9a). After filling with 0.1% nanotubes,
the main tan δ maximum displaces from +10 to −10 ◦C, and the temperature
position of the other constituent relaxations remains almost unchangeable; this is
due apparently to some loosening of the molecular packing in PU. Introducing of
0.25% MWCNT-hemin results in the restoration of the temperature position of the
main tan δ maximum, a small decreasing mechanical losses over −40 to +20 ◦C
range, but a slight increasing of mechanical losses in the temperature region of the
higher-temperature shoulder. The hemin-modified nanotube surface is characterized
with the highest content of functional COOH groups, which act as points for
covalent PU attaching (Table 8.1); however, the hemin coating is immobilized on
the nanotube surface only through non-covalent, van der Waals interactions with the
π electron network of the MWCNTs; this led to decreased interfacial interactions.

After incorporating MWCNT-hemin-red into PU, similar effects of some relax-
ation peak displacement to lower temperatures (loosening molecular packing and
acceleration of dynamics) are observed with nanofiller contents of 0.01 or 0.1%
(Fig. 8.9b). At the same time, using 0.25% of nanotubes resulted in substantial
constraining dynamics: a plateau at 20–60 ◦C arises. The latter effect is registered
despite the total disappearance of carboxyl and phenol functional groups as
“covalent bonding points” at MWCNT-hemin-red surface (Table 8.1). This may be
explained presumably by the above-mentioned fact that aliphatic alcohol groups,
undetectable via the titrations used, are likely to be present in this case on the
MWCNT surface serving as such anchoring sites.

The most dramatic changes are registered, however, in the mechanical loss
spectrum after filling PU with MWCNT-ox (Fig. 8.9c) which possesses a high total
number of covalently bound surface carboxylic and phenol groups (Table 8.1) and
perhaps also undetectable at titration alcohol groups generated by acid oxidation.
The tan δ (T) contour slightly changes at 0.01% nanotubes, but it is strongly
transformed at 0.1 and especially 0.25% nanotubes: the low-temperature shoulder
and main peak II decrease, whereas the high-temperature shoulder increases by far
with the displacement to higher temperatures. The plateau covering the temperature
range from – 60 to +80 ◦C rises at 0.1% nanofiller, which indicates that a good
dispersion of MWCNT-ox in PU matrix [26] led to the formation of a large
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interfacial area. When 0.25% MWCNT-ox is added, the main maximum at 10 ◦C in
the spectrum of neat PU displaces to 90 ◦C in the spectrum of the nanocomposite
and, additionally, the spectral contour shows a tendency to manifest relaxation
(curve bend) at 120–140 ◦C.

Thus, covalent bonding of some isocyanate groups (in fact the PU network
junctions) with the functional groups covalently bound to MWCNT surface provides
the strongest interfacial interactions in the nanocomposites with MWCNT-ox. As a
result, the largest constrained dynamics effect is observed. This was attained even
in spite of some MWCNT aggregation and disrupting of the initial (hard and soft
domains) matrix structure [26].

Figure 8.9d shows that the incorporation of MWCNT-red particles, which have
a strongly decreased number of surface carboxyl groups (Table 8.1), into the PU
matrix results in the reduction of changes in the tan δ (T) curve, probably due
to weakening of the interfacial covalent interactions. It may be also assumed that
carboxylic groups attached to the MWCNT surface are more reactive than alcohol
and phenol groups in the reaction with isocyanate groups. Of interest, in this case
the maximal effect from filling is observed at 0.1% MWCNT-red, whereas at 0.25%
nanofiller effect of constrained dynamics disappears. The latter could, obviously, be
associated with the enhanced nanotube aggregation [26].

Thus, DMA data obtained for neat PU and the studied nanocomposites sug-
gest the pronounced dynamic heterogeneity within their glass transitions. Such
supposition was confirmed by the dependencies of the effective activation energy
Q of segmental motion within the glass transition as a function of temperature,
as obtained from the DMA experiments performed at different frequencies and
also from the discrete creep rate spectra. These results allowed a comprehensive
understanding of the origin of the complicated glass transition dynamics in these
materials to be elucidated.

Figure 8.10 shows the DMA spectra obtained at 0.1, 1 and 10 Hz for neat PU
and for the nanocomposite with 0.25% MWCNT-ox, and Fig. 8.11 presents the
Q(T) dependencies obtained using these experimental data and the calculations
by formula (8.5). In general, the peculiar Q(T) plots directly indicate a very
broad dispersion of the effective activation barriers Q varying from 110 to
300 kJ mol−1, where a few Q levels characterize the glass transitions of neat PU and
the nanocomposite based thereon. This means that the dynamics within their glass
transitions is formed by several constituent relaxations (dynamic modes) over the
temperature range from −60 to +150 ◦C. The substantial discrepancy between both
dependencies obtained is observed only at temperatures between 50 and 150 ◦C.

PU network includes the flexible PPG cross-links with a molecular weight of
2.000 g mol−1, that is, each cross-link includes about five Kuhn segments, and
the more rigid PU network junctions. Judging by the Q and temperature values,
the Q(T) plots manifest the following dynamic modes with increasing temperature.
First, the “normal” cooperative glass transition in PPG moieties between −60
and −50 ◦C is practically undisturbed by the network junctions or being located
at some distance from them. This is confirmed by a high, cooperative value of
Q = 280–300 kJ mol−1 and the temperature position of this relaxation which is
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Fig. 8.10 DMA spectra measured under tension and frequencies of 0.1, 1 and 10 Hz for neat PU
network and PU-MWCNT-ox (0.25%) nanocomposite

Fig. 8.11 Effective activation energy Q of segmental motion (relaxations that comprise the broad
glass transition) as a function of temperature obtained for neat PU and PU-MWCNT-ox (0.25%)
nanocomposite. The Q(T) dispersions were determined from the DMA spectra measured at 0.1, 1
and 10 Hz

close to the glass transition temperature of “free” PPG (around 200 K [42]). Q
levels of 240, 200, 160 and 120 kJ mol−1, calculated for the temperatures of around
−40, 0, 30 and 50 ◦C, respectively, characterize different PPG lower-cooperative
and non-cooperative, Arrhenius segmental motions (last mode corresponds to
Q = 120 kJ mol−1). These motions are defined by reduction of intersegmental
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motional cooperativity due to increasing free volume and loosening segmental
packing with elevating temperature. Coincidence of Q(T) plots below 50 ◦C for neat
PU and for the nanocomposite (Fig. 8.11) confirms the above-mentioned suggestion
that nanotubes are concentrated mainly near the hard nanodomains of PU matrix,
and therefore their presence does not change the activation barriers of motion in the
PPG nanoregions undisturbed by MWCNTs.

However, at higher temperatures the Q(T) plots do not coincide (Fig. 8.11). In
this region, the Q maxima observed are associated with unfreezing of the network-
junction motion and the Q value increases to 160 kJ mol−1 at about 80 ◦C for neat
matrix but up to 260 kJ mol−1 at 130 ◦C for the nanocomposite. Moreover, the
latter peak covers the range from 100 to 150 ◦C, which suggests the occurrence of
complicated dynamics in this region as well. Since the co-reaction of isocyanate
groups in the formation of the PU network with functional groups of MWCNTs
occurs, we assume that the high-temperature dynamics in the nanocomposite glass
transition may be considered as network-junction motions that are hindered to
different extents by their covalent attaching to MWCNTs. The notion about the
complicated glass transition dynamics in the nanocomposites studied over the
temperature range from −60 to 140 ◦C was directly confirmed also from the creep
rate spectroscopy data (see next section).

It had been observed through another studies that varying the surface chemistry
and in turn the interface, albeit in those cases high filler levels of MWCNTs
were used and acid-oxidized-derived fulvic acids were not removed, could lead to
substantial changes in the final composite properties. Therefore, it was anticipated
that even at low filler levels, with a good degree of dispersion and after cleaning
nanotubes from fulvic acids, such changes would reflect more correctly the actual
interface state through the surface chemistry. Ultimately, the peculiar segmental
dynamics in the nanocomposites studied manifested itself indeed in their enhanced
mechanical properties.

Figure 8.12 shows the impact of MWCNTs introduced into PU on the polymer’s
dynamic modulus E’ values when measured at 1 Hz over the broad temperature
range. Figure 8.12a shows a considerable rise of E’ with increasing MWCNT-
ox content, up to three times at 20–100 ◦C at 0.25% nanofiller. Figure 8.12b
compares the E’(T) plots for the nanocomposites with 0.25% nanofiller with
different interfacial chemistry. Again, at van der Waals interfacial interactions (using
MWCNT-hemin or MWCNT-hemin-red), effect is practically absent in comparison
with unfilled matrix (Fig. 8.12b, curves 2 and 3). Whereas covalent interfacial
bonding (using MWCNT-red and especially MWCNT-ox) provides the maximal
enhancing of dynamic modulus of nanocomposites over the whole temperature
range (Fig. 8.12b, curves 4 and 5).
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Fig. 8.12 Dynamic (storage) modulus versus temperature plots obtained for neat PU (curve 1)
and the PU-based nanocomposites. (a) PU-MWCNT-ox with 0.01 (curve 2), 0.1 (curve 3) and
0.25% nanotubes (curve 4); (b) PU-MWCNT nanocomposites at 0.25% loading with different
functionalised nanotubes, MWCNT-hemin (curve 2), MWCNT-hemin-red (curve 3), MWCNT-red
(curve 4) and MWCNT-ox (curve 5)

8.3.7 Creep Rate Spectra

Figure 8.13 shows the creep rate spectra obtained for neat PU and two PU-MWCNT-
ox composites. As can be seen, this high-resolution technique allows the detailed
study in a discrete way of the relaxation events where separate manifestations of a
series of dynamic modes in the anomalously broadened glass transition occur.

It was previously shown for a neat PU network [43] that its creep rate spectrum
located between −60 and + 50 ◦C consists of five partly overlapping peaks with
the maxima at about –40 (I), –30(II), –10(III), 10(IV) and 40 ◦C (V). Under testing
at a chosen tensile stress of 0.3 MPa, the samples broke at 50 ◦C. Peaks I–IV were
assigned to the step-like “unfreezing” of a few segmental dynamic modes within
the five-segmental PPG cross-links. Their manifestation could be explained by the
different positions of segments regarding the network junctions and the operation
of different hindering dynamics by those junctions. Peak V could be assigned to
unfreezing of the network-junction motion.

Figure 8.13 shows that the introduction of 0.1 or 0.25% MWCNT-ox strongly
enhances the mechanical/thermal performance of PU: at the same tensile stress
of 0.3 MPa, sample breakage occurs at 140 ◦C only. The main point herein
is the cardinal changes within the creep rate spectrum. These changes consist
first in a partial suppression of segmental dynamics (decreasing creep rates) at
temperatures below 30 ◦C; the qualitatively similar effects were previously observed
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Fig. 8.13 Creep rate spectra obtained under a tensile stress σ = 0.3 MPa for neat PU (1), PU-
MWCNT-ox (0.1%) (2) and PU-MWCNT-ox (0.25%) (3) nanocomposites

for PU-nanodiamond composites [44]. Secondly, Fig. 8.13 shows that four new
intense peaks with their maxima at about 60–70, 80, 100–110 and 130 ◦C are
recorded in the spectra of the PU-MWCNT-ox nanocomposites. This is surmised
to occur in accordance with the above hypothesis about various constraining of
network-junction dynamics caused by covalent attaching to nanotubes. At last, it
could be seen that increasing nanotube content from 0.1 to 0.25% results in the
larger suppression of dynamics below 30 ◦C and the redistribution of the higher-
temperature peaks’ intensities in favour of the peaks with the maxima at 100 and
130 ◦C characterizing network-junction motions hindered to the largest extent by
their covalent attaching to MWCNTs.

8.3.8 Mechanical Properties of the Nanocomposites

The introduction of MWCNTs into PU alters the stress-strain curves, depending
on the type and amount of MWCNTs used (Fig. 8.14a–d). On the whole, the
tensile strength of nanocomposite films may be increased from 2 MPa to 4–5 MPa
compared with that for neat matrix. With MWCNT-red only the 0.25 wt. % sample
shows a significant increase in tensile strength, by around 100% over native PU
(Fig. 8.15a). MWCNT-hemin-red-containing samples exhibit an improved tensile
strength with increasing content of nanotubes (Fig. 8.15a), whereas introducing
MWCNT-hemin results in the negligibly small changes in strength only. The most
interesting results were obtained for nanocomposites containing MWCNT-ox. Even
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Fig. 8.14 The effects of MWCNT type and content (wt. %) on the tensile stress-strain plots for
neat PU (curve 1) and nanocomposites containing MWCNT-ox (a), MWCNT-red (b), MWCNT-
hemin (c) and MWCNT-hemin-red (d) at their contents of 0.01 (curves 2), 0.10 (curves 3) and
0.25% (curves 4)

at low content of MWCNT-ox (0.01%), the mechanical performance of the PU host
matrix can be enhanced twice (Fig. 8.14a).

The difference in Young’s modulus values is also apparent, with samples
exhibiting an increasing modulus with increasing filler concentration (Fig. 8.15b).
The Young’s modulus for the composites containing MWCNT-ox increased by up to
2–4 times depending on concentration of nanotubes. Such mechanical performance
is probably the result of covalent bonding of MWCNT-ox with PU matrix. The
nanocomposites containing MWCNT-ox, which are covalently bound with the
matrix, exhibit interphase layers connecting the polymer to the surface of MWCNT-
ox. These layers provide additional junctions with the surface of nanofiller and
are stronger in comparison with the free polymer. These interphase layers retard
stretching of the polymer chains when applying the force. As result, the Young’s
modulus values for the nanocomposites containing MWCNT-ox are higher in
comparison with nanocomposites containing mechanically weaker interphase layers
(Fig. 8.15b).

However, non-monotonic increase in Young’s modulus with concentration of
MWCNT-ox was also observed (Fig. 8.15b). For MWCNT-ox at 0.10 wt%, there is
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Fig. 8.15 Comparative effects for (a) stress at break (MPa) and (b) Young’s modulus (MPa) of PU
nanocomposites containing MWCNT-ox, MWCNT-red, MWCNT-hemin and MWCNT-hemin-red
(0.01, 0.10 and 0.25%)
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a noticeable drop compared with 0.01 and 0.25 wt%, which could be connected with
changes in structure of polyurethane matrix induced by the addition of MWCNT-ox
(Fig. 8.3). The presence of 0.1% MWCNT-ox in the nanocomposites results in a
dramatic change in the structure of polyurethane where the complete disappearance
of the hard and soft domains could be observed (Fig. 8.3).

Although the highest additive of MWCNTs studied in our investigation was
0.25 wt. %, our results align well with studies carried out by Wei Chen et al.
[45], where it was found that increasing the MWCNT fraction in a PU matrix
also increased the tensile strength and modulus [45]. However, the authors [45]
used the thermoplastic polyurethane elastomer as a matrix for the generation
of nanocomposites and introduced the minimal amount of MWCNTs 5.6 wt.%.
Significant improvement in Young’s modulus and tensile strength in this work were
achieved for MWCNT content of 9.3 wt.% only [45].

The comparison of covalent and ionic bonding between MWCNTs and PU has
been previously explored by H-C Kuan et al. [46], but their MWCNT-ox did not
include the procedure of removal of in situ generated and surface-immobilised fulvic
acids. In this study, it was found that MWCNT-ox provide the higher Young moduli
than MWCNT-red and also the non-covalent systems, but these results could be
obtained because of the higher content of nanotubes (4%) [46].

McClory et al. [22] used thermosetting PU for synthesizing MWCNT nanocom-
posites with nanotube content up to 1 wt. % and also recorded significant enhance-
ments in stiffness, strength and toughness. Wang et al. [11] created PU-MWCNT
nanocomposites with good mechanical properties due to covalent cross-linking of
MWCNTs to the PU matrix using poly(acryloyl chloride).

Given that hemin interacts with the MWCNT in the same manner as fulvic acids,
generated by the lattice degradation through acid digestion under oxidation, it can
be inferred that the presence of such fulvic acids on improperly treated and purified
MWCNT-ox can lead to a retardation of the mechanical performance of the final
nanocomposites.

In the case of MWCNT-red, the number of available alcohol sites increases
over the number of carboxylic groups for MWCNT-ox, and yet the mechanical
performance, by comparison, diminishes. The number of surface acidic groups on
oxidised and reduced MWCNTs should be approximately the same given that the
lithium aluminium hydride treatment does not exhibit any signs of surface group
removal or lattice degradation and preferentially forms alcohol groups that should
promote connectivity to PU during polymerisation. The increased performance
of MWCNT-ox implies that either carboxylic groups on MWCNT-ox are more
reactive than the alcohol (and phenol) groups on MWCNT-red or the formation of a
urethane group through the now pendant aliphatic alcohol group (on MCWNT-red)
is mechanically weaker than the linkage through the carboxylic group (on MWCNT-
ox) in the reaction of the isocyanate monomer with surface acidic groups.

Given that the number of carboxylic groups on MWCNT-hemin is greater than
MWCNT-hemin-red and MWCNT-ox and between the two hemin species there is
little to separate their mechanical performance, it strongly suggests that mechanical
strength does not solely come from a greater quantity of carboxylic groups, but
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the nature in which those carboxylic groups are arranged and the strength of
their interaction with the MWCNT surface is vitally important. Hemin being non-
covalently bound to the surface of the carbon nanotube solely interacts with the
nanotube surface through van der Waals forces. Whilst immobilised hemin improves
the “functionalisation” equivalent of MWCNT-ox and also their dispersibility and
greater bonding interaction with the PU without sacrificing the structural integrity
of the carbon nanotube, it is apparent that the surface force interaction between the
MWCNT and hemin molecule is weaker than the covalent system of MWCNT-ox.
The underlying mechanical integrity of MWCNTs is therefore not reflected in the
tensile performance of the non-covalent bonded systems.

8.4 Conclusions

Nanocomposites based on PU matrix and MWCNTs, containing carboxyl, lactone
or phenol groups on the surface, were prepared and investigated. MWCNTs were
incorporated into the PU matrix in the process of PU synthesis either through
covalent or van der Waals forces. The structural peculiarities, the thermodynamic
miscibility, dynamic and static mechanical properties and segmental dynamics of
composites have been investigated. Overall, it was found that the functional groups
for PU attachment that were covalently bonded to the MWCNT lattice possessed
superior mechanical performance to those functional groups that were immobilised
through van der Waals forces to the MWCNT surface. The necessity to remove acid-
oxidative lattice fragments (fulvic acids) from MWCNT-ox samples to ensure only
covalent bonding with PU matrix is shown.

The vapour sorption by nanocomposites and by nanofiller was studied, and
thermodynamic affinity of polymer components to the MWCNT was estimated.
It was shown that free energy of interaction between the carbon nanotubes with
functionalized surfaces and with polyurethane matrix is negative for all types
of nanofillers. This indicates the thermodynamic stability of filled polyurethane
samples and suggests high adhesion of polyurethane to carbon nanotubes with
functionalized surfaces.

The dynamics in PU-MWCNT nanocomposites with low filler contents was
performed using a combined DMA-CRS approach. The strong dependence between
matrix dynamics and variations in the nanotube surface chemistry was demon-
strated. It was found that the interface between the nanotube and a van der Waals
immobilized intermediate leads to unchanged dynamics and mechanically weaker
composites. Only direct covalent bonding of matrix to carbon nanotube lattice,
which is free from fulvic acids, results in the dramatic changes in the glass transition
dynamics of PU matrix even at low filler content. As a result, the displacement
of main PU relaxation maxima in the complicated DMA and creep rate spectra,
manifesting a pronounced dynamic heterogeneity within the glass transition, from
around 0 to 80–140 ◦C was shown.
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Due to the change in fundamental interaction at the interface, two- or threefold
enhancement in the dynamic and static mechanical properties is attained for low-
filler content thermosetting PU-MWCNT nanocomposites compared with that of
neat PU matrix.
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Chapter 9
Polymeric Composite Films
with Controlled Release of Natural
Antioxidant Enoxil

Roman Kozakevych, Yulia Bolbukh, Lucian Lupascu, Tudor Lupascu,
and Valentin Tertykh

9.1 Introduction

Among the biologically active plant compounds, one of the first places in the
prevalence is polyphenols, which are an outstanding source of variety of compounds
with extraordinary diverse composition [1, 2]. Several thousand molecules having a
polyphenol structure have been identified in higher plants. These compounds may
be classified into different groups as a function of the number of phenol rings that
they contain and of the structural elements that bind these rings to one another. The
polyphenols fall into the following types of chemical substances: phenolic acids,
flavonoids, stilbenes, lignans, catechins, etc.

In addition, residual materials containing polyphenols are widely available,
which is why it is a very attractive subject for study. Recent interest in food polyphe-
nols has increased greatly, owing to their antioxidant capacity [3] (free radical
scavenging and metal chelating activities) and possible beneficial implications in
human health, such as in the treatment and prevention of cancer, cardiovascular
disease, and Ãntimicrobial activity [4–6].

As is well known, the disruption of normal levels of free radicals and reactive
oxygen species causes damage to organs and tissues [7]. That will, in turn, contribute
to the decreased immunity and a number of infectious diseases. The inflammatory
process is a normal reaction of the mucosa to infection, which usually leads to the
destruction of pathogens. However, the long-term presence of highly active cells
and free radicals in the area of inflammation leads to an uncontrolled reaction and

R. Kozakevych (�) · Y. Bolbukh · V. Tertykh
Chuiko Institute of Surface Chemistry, National Academy of Sciences of Ukraine, Kyiv, Ukraine

L. Lupascu · T. Lupascu
Institute of Chemistry of the Academy of Sciences of Moldova, Chisinau, Republic of Moldova

© Springer International Publishing AG, part of Springer Nature 2018
O. Fesenko, L. Yatsenko (eds.), Nanochemistry, Biotechnology, Nanomaterials,
and Their Applications, Springer Proceedings in Physics 214,
https://doi.org/10.1007/978-3-319-92567-7_9

149

iranchembook.ir/edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92567-7_9&domain=pdf
https://doi.org/10.1007/978-3-319-92567-7_9


150 R. Kozakevych et al.

serious and even irreversible tissue damage due to the destruction of collagen and
the peroxidation of cell membranes. Antibiotics are increasingly used to prevent and
treat bacterial infectious diseases. The stability of pathogenic bacteria is developed
when their application is excessive and uncontrolled. In the future of increasing
antibiotic resistance, the development of new strategies to fight bacteria will be
welcome [8].

Antimicrobial and antiviral properties of plant polyphenols were found in
extracts isolated from various plant objects. The decoction of Cocos nucifera L.
husk fibers has been used in northeastern Brazil traditional medicine for treatment
of diarrhea and arthritis. Water extract obtained from coconut husk fiber revealed
antimicrobial activity against Staphylococcus aureus. One of the fractions rich in
catechin also showed inhibitory activity against acyclovir-resistant herpes simplex
virus [9]. The native tannin also can be used as biologically active materials with
antioxidant and bacteriostatic properties. Oxidized tannins are utilized as effective
biologically active matters in nutritional supplements [10]. The wide distribution of
polyphenol compounds in plants, low toxicity, and high pharmacological activity
may be promising for the development of a number of drugs based on them.

The article [11] presents data about the antimicrobial activity of the
autochthonous compound of tannin source Enoxil. Enoxil preparation was obtained
from wine waste following oxidation of enotannins with hydrogen peroxide. It was
established that the Enoxil compounds suppress activity of Pseudomonas bacteria.

The search for carriers will be promising for this purpose. Further improvement
of the preparations of Enoxil group may be performed by immobilizing such natural
antioxidant on the surface of nonporous nanosilica, allowed for use as food additives
and fillers [12, 13].

Among the polymeric carriers, gelatin stands out strongly due to several key
advantages, namely, this natural polymer is highly biocompatible and biodegradable
in a physiological environment. In addition, release kinetics from gelatin depends
on carrier degradation, which can be tuned by varying gelatin molecular weight,
the extent of material cross-linking, or synergistic use of gelatin with several
other polymeric materials. Gelatin and chitosan form polyionic complexes, and
therefore composite construction, drug release kinetics, and degradation can be
modified. In work [14] gelatin/chitosan sponges have been investigated for use
as release vehicles for wound treatment. In addition to sponges, gelatin/chitosan
microparticles have been successfully designed, with sustained delivery of basic
fibroblast growth factor for over 2 weeks in vitro. In study [15] it was reported on
simultaneous copolymerization of 2-hydroxyethyl methacrylate with gelatin using
blending and casting method, where simultaneous evaporation at room temperature
was the driving force.

The aim of this work was to prepare the silica-Enoxil nanobiocomposites and
Enoxil-polymer films to study the active substance release rate.
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9.2 Materials and Methods

The Enoxil preparation, developed by the Institute of Chemistry of the Academy
of Sciences of Moldova, is a set of biological polyphenols and served as an
antimicrobial agent. It was obtained by extraction from grape seeds using ethanol
p.a. as a solvent. For increasing the solubility in water, enotannins were chemically
treated with H2O2, which has led to depolymerization of catechin and epicatechin
oligomers, and, as a result, novel hydrophilic product (Enoxil) has been obtained.

The composite system of nanosized nonporous hydrophilic fumed silica A-300
(specific surface area of 300 m2/g, Kalush, Ukraine) with Enoxil was performed
by mixing 3 g of silica with 75 mL of Enoxil aqua solution (8.0 mg/mL). After
impregnation, the composite was dried at 80 ◦C.

The Enoxil-silica gel composites were prepared by in situ polycondensation
(gelation) of the precursors tetraethoxysilane (TEOS) or mixture of TEOS and
phenyltrimethoxysilane (PhTMS). In a typical process, initially 0.6 g of Enoxil was
dissolved in 15 ml of a mixture (10 ml H2O + 5 ml C2H5OH) at 40 ◦C under
acidic conditions produced by the addition of 1 mL HCl (0.1 M). A dissolution
was achieved after 1 h of continuous mechanical stirring of the solution. Then,
11 mL TEOS or 5 ml of mixture (2 ml TEOS and 3 ml PhTMS) was added to the
abovementioned solution followed by continuous stirring for another 2 h at 40 ◦C.
And the solution was remained constant over 12 h to aging of a gel. Thereafter, the
solution was treated at 80 ◦C for 4 h. After cooling down to room temperature, the
solid products were washed and dried at 70 ◦C.

Gelatin commercially available and chitosan of low viscosity and deacetylation
degree of 70% (Fluka) were used without addition treatment. The monomers
used 2-hydroxyethyl methacrylate (HEMA), (3-aminopropyl)triethoxysilane, and
triethoxyvinylsilane were purchased from Aldrich with purity ≥99%.

9.2.1 Preparation of Polymeric Composite Films

Various polymers were used to form composite films.
For preparation of gelatin/HEMA (Gel/HEMA) films into the gelatin water

solution were added HEMA and HEMA pretreated with a mixture amino- and
vinylsilane (3-aminopropyl)triethoxysilane and triethoxyvinylsilane) in the 1:1
molar ratio (silica precursor content was 10 wt%) for preparing Gel/HEMA/VA
films.

Gelatin/chitosan films were prepared by a casting solvent evaporation technique.
3 wt % chitosan solution in 1 wt% acetic acid was mixed with 3 wt% gelatin aqueous
solution under stirring at the room temperature. Initial mixture was divided into two
parts, to forming pure (Gel/Chit) and filled with carbon nanotubes (Gel/Chit/NT)
materials. The filling degree was 0.1 wt% MWCN obtained from the Chuiko
Institute of Surface Chemistry of National Academy of Sciences of Ukraine.
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Multicomponent systems, namely, gelatin/chitosan/HEMA (Gel/Chit/HEMA)
and gelatin/chitosan/HEMA composite, cross-linked with mixture of functional
amino- and vinylsilane (Gel/Chit/HEMA/VA) were composed in weight ratio of
polymers 1:1:1.

Then all solutions are left to stand until trapped air bubbles were removed. The
mixtures were poured into a 75 mm petri dish; the dishes were placed in an oven at
70 ◦C for 4 h.

Loading of Enoxil into the composite films was performed by mixing 0.5 g of
dried films with 3 mL of Enoxil solution (33.0 mg/mL). After impregnation for
24 h, the polymer films were dried at 80 ◦C for 2 h.

Infrared (FTIR) spectra were collected using a Thermo Nicolet Nexus 450 from
4000 to 500 cm−1 and resolution of 4 cm−1, using KBr pellets in weight ratio
sample: KBr as 1:20.

The ATR spectra were recorded using spectrometer Bruker (Germany) in the
spectral range of 600–4000 cm−1 with 16 scans per spectrum at a resolution of
4 cm−1.

Differential scanning calorimetry (DSC) was performed under nitrogen atmo-
sphere in the temperature range from 20 to 450 ◦C using a NETZSCH DSC 204F1
Phoenix instrument.

The swelling capacity of the composition films was measured at the room
temperature in the distillate water using gravimetric techniques on three replicas.
For this, the hydrogel samples were dried at 70 ◦C in oven overnight. The drying
procedure was completed upon reaching constant mass loss values.

Then after the samples were immersed in deionized water for 3 days and the wet
weight of each sample was recorded, the percentage of swelling was calculated from
the formula

α = (m−m0/m0) × 100%, where m0 and m are the masses of film before and
after sample swelling.

In vitro Enoxil release test (dissolution test) has been performed according to
the requirements of the State Pharmacopoeia of Ukraine using the rotating basket
method. The distilled water has been used as a dissolution medium; for each
formulation, dissolution test has been conducted on 200 mg of active component
(Enoxil) using 500 mL of dissolution medium. The distance between inside bottom
of dissolution vessel and basket is maintained at 25 ± 2 mm. The release experiment
was performed at 37 ◦C under stirring rate of 100 r/min. Samples for measurement
of drug release were taken in time intervals (shown in experimental). Samples of
2 mL were taken, and each sampling was followed by addition of 2 mL of fresh
medium into dissolution vessels. Enoxil concentration in aqueous solution was
determined spectrophotometrically. Prior to determination of Enoxil concentration,
samples were filtered.

Different dissolution models (such as Higuchi and Korsmeyer-Peppas) were
applied to active compound release data in order to evaluate release mechanisms and
kinetics. A very frequently used and easy-to-apply model to describe drug release is
the so-called Korsmeyer-Peppas equation or power law:
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Fig. 9.1 The calibration curve of spectrophotometrical determination of Enoxil in water at
λ = 310 nm

F = mt/m∞ = ktn, where F is the fractional release of drug; mt and m∞ are the
absolute cumulative amount of drug released at time t and infinite time, respectively;
k is the kinetic release constant incorporating structural and geometrical character-
istics of the dosage form (h-n); t is the elapsed time; and n is the release exponent
describing the drug release mechanism. The release exponent n = 0.5 corresponds
to a fully Fickian diffusion based on transport of drug to the dissolution medium. In
such case, the Korsmeyer-Peppas model would be reduced to the Higuchi equation:

F = kt1/2, where k is the Higuchi dissolution constant.
Criteria for selecting the most appropriate model were based on linearity

(coefficient of correlation).
Determination of Enoxil concentration has been carried out using UV spec-

trophotometer Specord ¯-40 (absorption wavelength 310 nm). The calibration
curve constructed according to experimentally obtained data using the linearization
method is depicted in Fig. 9.1.

As microbial cultures, served several pathogens with severe complications in
many contagious diseases-bacteria, namely, Pseudomonas aeruginosa.

9.3 Results and Discussion

9.3.1 IR Spectral Study

Interaction of Enoxil with silica matrix was performed using IR spectroscopy. IR
spectra of Enoxil, Enoxil-A-300 composite, Enoxil-sol-gel silica composite, and
Enoxil-sol-gel silica with phenyl groups are given in Fig. 9.2. The Enoxil spectrum
(curve 3) shows the broad band with a absorption maximum at 3420 cm−1 due
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Fig. 9.2 FTIR spectra of
Enoxil (3), Enoxil-A-300
composite (2), Enoxil-sol-gel
silica composite (1), and
Enoxil-sol-gel silica with
phenyl groups (4)
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to O–H vibrations and strong hydrogen bindings, the band at 2928 cm−1 related
to the symmetric –C–H stretching vibrations of CH2 and CH3 groups, the band
at 1730 cm−1 that corresponds to C=O stretching vibrations and is associated
with the presence of carboxylic acids (dimers), the band at 1630 cm−1 assigned
to the symmetric –C–O– stretching vibrations in the aromatic rings, and the band at
1400 cm−1 attributed to the deformation vibrations of the C–C bonds in phenolic
groups.

The obtained result testified that Enoxil on the surface A-300 was not sig-
nificantly affected by the functional groups of the silica surface. In contrast, a
capsulation of Enoxil inside silica gel network coursed the stronger silica-Enoxil
interaction. It is confirmed by FTIR spectra (curves 1 and 4). The profile of IR
spectra is changed in the region of carbonyl-carboxyl vibrations.

9.3.2 Enoxil Release from Composite with Silicas

The analysis of the profile release of Enoxil from pristine fumed silica carrier and
silica composites prepared by sol-gel method with different surface functionalities
has shown different regularities. The Enoxil release profiles for silica composite
carriers are presented in Fig. 9.3. The Enoxil contents for all samples under study
were similar.

The Enoxil release from pristine fumed silica is characterized by high initial
rate: 95% of the loaded Enoxil was removed for 15 min. In the case of composite
prepared by sol-gel method with hydrolyzed TEOS leads to slower elimination of
Enoxil. After 15 min of the process, the Enoxil desorption amounted to 17%, and
after 10 h, the release amount reached about 50%. A release rate of Enoxil from the
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Fig. 9.3 Enoxil release from composites with pristine fumed silica (1), sol-gel silica (2), and sol-
gel silica with phenyl groups (3)

Table 9.1 Release kinetics constants for Enoxil immobilized on silica composites

Sample Higuchi model Korsmeyer-Peppas model
k, h−0.5 R2 n k, h−n R2

Pristine fumed silica 2.574 0.911 0.014 1.016 0.999
Sol-gel silica 1.382 0.931 0.283 0.268 0.982
Sol-gel silica with phenyl groups 0.102 0.984 0.643 0.072 0.987

composite after hydrolyzed mixture TEOS-PhTMS during the first 15 min was even
lower, and the quantity of dissolved drug was 5%. After 10 h the release amount
reached about 30%.

9.3.3 Modeling of Drug Release Kinetics

The Korsmeyer-Peppas and Higuchi models fitted to the Enoxil release from the
fumed silica and silica compositions with different functional groups obtained sol-
gel method are presented in Table 9.1.

Higher rate coefficient corresponds to higher release rate of Enoxil from the
pristine fumed silica A-300 and demonstrates the unrestricted diffusion of the active
substance to the dissolution medium due to the high accessibility on the surface of
nonporous silica.

Analyses of the cumulative Enoxil release profiles using the kinetic models reveal
that the lowest rate coefficient is associated with the materials with phenyl groups,
compared to unmodified silica. Phenolic surface moieties of silica materials appear
to reduce the rates of Enoxil release by a combination of electrostatic, hydrophobic,
steric effects and less wettability of the carrier by the release medium that is
worsening washout of the loaded compound.
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The Korsmeyer-Peppas kinetic model for drug release provides complementary
insight about the diffusion of Enoxil molecules within porous silica materials, in
particular whether diffusion occurs by Fickian or non-Fickian processes. Cumula-
tive Enoxil release profiles associated with silica materials are fitted well by the
Korsmeyer-Peppas model, according to the R2 values listed in Table 9.1.

The all-silica samples fitted better with the Korsmeyer-Peppas model that is
based on the power law, which establish an exponential correlation between drug
release and time. For the Korsmeyer-Peppas model, the value of release exponent
(n) correlated with mechanism that drives the drug release process and n release
exponent values of studied samples presented in Table 9.1 that characterize an
anomalous transport for this compositions.

9.3.4 Polymeric Composite Films

ATR spectra of polymer composite films depicted the characteristic absorption
bands of chitosan and gelatin (3200–3450 cm−1 (O–H and N–H stretching),
1030–1100 cm−1 (C–O–C stretching), 1640 cm−1 (C=O stretching), and 1530–
1580 cm−1 (amide II). The absorptions at 2920–2950 (CH2) and 2850–2870 cm−1

(CH3) are attributed to C–H stretching vibrations of methylene in chitosan and alkyl
pendant groups in gelatin. The absorption bands observed at 1700–1600 and 1560–
1500 cm−1 are attributed to C=O stretching of amide I and amide II of type B
in gelatin. The absorptions around 1200 and 3450 cm−1 (N–H) are typical for the
amide III and amide A vibrational modes, respectively. C=O, N–H, and C–N bond
stretching and H–N–C bending usually appear in the amide I, A, II, and III regions,
respectively. The absorption in the range 1550–1500 cm−1 is due to N–H bending
motions (Fig. 9.4).
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Fig. 9.4 ATR spectra of composite films Gel/Chit/HEMA (1), Gel/HEMA (2), Gel/Chit (3),
Gel/Chit/NT (4), Gel/HEMA/VA (5), and Gel/Chit/HEMA/VA (6)
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In spectrum of polymeric films with HEMA, the characteristic vibrations of
ester groups 1100–1300 cm−1 and deformation vibrations of (CH) bonds at 1300–
1500 cm−1 have been detected [16]. The absorption bands at 1079 and 1022 cm−1

corresponded to d(CO) in –O–CH2–(gosh) and d(OH), respectively. The character-
istic bands of HEMA are (–O–C=O) group vibration mode near 1740 cm−1, valence
vibration of CH= in (C(CH3)=CH2) group at 1640 cm−1, as well as double band
of d(C–H) in –CH2–C vibration at 1457 cm−1(bending) and 1488 cm−1(scissoring)
[17].

Samples of 8–16 mg in mass, cut from the produced plate, were closed in
standard Tzero aluminum pans. Cooling and heating rates were 10 ◦C/min. During
the 1st heating scan, the samples stayed at 100 ◦C for 5 min (isothermally) and
during the 2nd heating scan at 20 ◦C for 3 min in order to stabilize the materials.
The DSC curve of first heating (Fig. 9.5) shows smooth heat consumption during the
volatile matter and moisture eliminating with an extremum near 101.5 ◦C (Table 9.2,
Fig. 9.5). During the first heating, the copolymer Gel/HEMA was post-cured, and
on the next heating run, the exothermic band at 161 ◦C was marked that can point
on high crystallinity degree of obtained structure. The crystallization and melting
peaks are only observed for polymers that can form crystals. Most likely the main
contribution to the material structure ordering is made by gelatin, since HEMA
is a glass-like but amorphous polymer. While purely amorphous polymers will
only undergo a glass transition, crystalline polymers typically possess amorphous
domains and will also exhibit a glass transition as seen in Fig. 9.5a, b (samples
Gel/Chit/HEMA and Gel/Chit/HEMA/VA, 2nd heat run curves). For these materials
the exothermic band near 299 ◦C coursed by chitosan presence. The amorphous
portion only undergoes the glass transition, while the crystalline regions only
undergo melting. The melting point for the Gel/HEMA sample was 264 ◦C followed
by an endotherm, which refers to the thermal destruction of the material. In contrast,
a sample of a similar polymer part composition with the addition of organosilanes
(Gel/HEMA/VA) does not have an ordered structure (Fig. 9.5b). At the same time, it
is possible to select on the curve a section related to the glass transition at Tg 83 ◦C.
The subsequent endotherm probably refers to the thermal destruction of the material.
The exact temperatures at which the polymer chains undergo these transitions
depend on the structure of the polymer. Namely, another effect has the presence of
organosilanes on the ternary composite containing chitosan Gel/Chit/HEMA/VA.
The resulting material has an amorphous (Tg) and a crystalline part (Tc). The high
ordering of the structure is indicated by a narrow intense crystallization peak due
to the presence of chitosan. Subtle changes in polymer structure can result in huge
changes in Tg. For the Gel/Chit copolymer, during first heat run, the glass transition
was found at 56 ◦C. After removal of moisture and post-curing during isothermal
stage, the glass transition temperature shifts to 92 ◦C, and a narrow exotherm is
retained at 290 ◦C. The introduction of carbon nanotubes into the material reduces
the crystallinity of the polymer, but the internal architecture of the copolymer in
general is not violated, and only change in the thermal resistance of the material
was noted.
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Fig. 9.5 DSC thermograms 1st and 2nd heat(*) of polymeric composite films: Gel/Chit/HEMA
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Water uptake ability of polymeric composites is represented in Table 9.3.
Introducing HEMA into polymeric composition was found to provide a decrease
in water uptake. In comparison to gelatin-based composition, the films based
on chitosan had higher swelling degree. Additional cross-linking of HEMA with
organosilanes mixture does not significantly reduce swelling behavior of materials.
The higher volume of water uptake was found for composition Gel/Chit, as well as
lowest swelling degree had composition Gel/HEMA.

The Enoxil release from swellable hydrophilic matrices can be controlled by
physical and chemical processes, involving the liquid penetration within the poly-
mer network, the swelling of hydrated polymer, and Enoxil diffusion throughout
swollen matrix and, sometimes, its erosion. In vitro Enoxil dissolution profiles from
composite films are shown in Fig. 9.6.

The analysis of the profiles indicated that the initial Enoxil release rate was higher
for composite film Gel/HEMA/VA, Gel/HEMA, and Gel/Chit/HEMA/VA. But after
1 h, the release rate for film Gel/HEMA/VA is increased, and the release degree

Table 9.3 Swelling degree
of polymeric films

Sample Swelling degree, %

Gel/HEMA 208
Gel/HEMA/VA 263
Gel/Chit 2235
Gel/Chit/NT 2044
Gel/Chit/HEMA 1453
Gel/Chit/HEMA/VA 1324
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Fig. 9.6 Enoxil release from polymeric films: Gel/HEMA, Gel/HEMA/VA, Gel/Chit,
Gel/Chit/NT, Gel/Chit/HEMA, and Gel/Chit/HEMA/VA
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for this material amount of polymeric samples under study becomes the largest.
Desorption of the active compound from the films Gel/Chit/HEMA, Gel/Chit,
and Gel/Chit/NT was found to be complicated due to polymer matrix swelling
during contacting with the release medium, which, undoubtedly, complicates
diffusion both the solvent and the adsorbate. In vitro drug desorption patterns from
Gel/Chit/HEMA and Gel/Chit films are shown in Fig. 9.2 and Table 9.4. It was found
that 30 wt% of Enoxil are released during 5 h of test, while for the Gel/Chit/NT film
for this time, the release quantity was of 20 wt%.

9.3.5 Modeling of Drug Release Kinetics

The mechanism of drug release from hydrophilic matrix tablets after consumption is
complex and based on diffusion of the drug through the outer hydrated polymer on
the surface of the matrix. In the case of a highly soluble drug, this phenomenon may
lead to an initial burst release due to the presence of the drug on the surface of the
polymer film. The gel layer grows with time as more water permeates to the depth
of the composition, thereby increasing the thickness of the gel layer and providing
a diffusion barrier to Enoxil release. The gel layer thickness behavior is crucial in
describing the release kinetics of swellable matrices.

The release profiles of Enoxil from polymeric hydrophilic matrices were fitted to
various models such as Higuchi and Korsmeyer-Peppas to ascertain the transport-
kinetic model of drug release. These results are presented in Table 9.4.

Analysis of n values in Table 9.3 indicated that the mechanism of Enoxil release
from polymer films was anomalous. Both models have better fitting coefficient (R2)
for composite with higher degree of swelling. The Korsmeyer-Peppas model better
describes the complicate diffusion in condition of polymeric structure relaxation.
The increase in coefficient n (Table 9.4) confirms a change in diffusion mechanism
with adsorbate release limitation due to polymeric material swelling. As known, the
Higuchi model better describes the process where the limitation stage of the release
process is simple diffusion. Taking into account the values of both models, we can
conclude that for composites Gel/HEMA, Gel/HEMA/VA, and Gel/Chit/HEMA,

Table 9.4 Release kinetics constants for Enoxil immobilized into polymeric composite films

Sample Higuchi model Korsmeyer-Peppas model
k, h−0.5 R2 n k, h-n R2

Gel/HEMA 0.169 0.853 0.292 0.320 0.937
Gel/HEMA/VA 0.207 0.838 0.280 0.399 0.956
Gel/Chit 0.126 0.976 0.392 0.144 0.949
Gel/Chit/NT 0.094 0.968 0.414 0.124 0.975
Gel/Chit/HEMA 0.174 0.877 0.259 0.315 0.930
Gel/Chit/HEMA 0.128 0.970 0.450 0.146 0.961
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active compound release is complicated less by swelling of matrices. However, for
polymeric composites, understanding for desorption process better described by the
Korsmeyer-Peppas model pointed on decisive role of gel fraction of polymer in
active substrate desorption.

9.3.6 Bactericidal Activity of Polymeric Films

The main parameter for polymeric carriers of biological active matter is stability
toward bacteria pollution. In order to prevent bacteria action, usually medical
composite includes appropriate organic or inorganic compounds. As supposed
the polymeric carriers based on chitosan will have resistance against bacteria
growth. The study was performed using Pseudomonas aeruginosa. It was found that
the more effective bactericide is Gel/HEMA composite material. The composites
Gel/Chit and Gel/Chit/HEMA had worse results but also show a good bactericidal
activity (Fig. 9.7). All other polymeric materials are inactive toward Pseudomonas
aeruginosa. It should be noted that carbon nanotube presence reduces the bacterici-
dal properties of the material.

9.4 Conclusions

Systems based on silica and polymer matrices that can be used as carriers for
biological antioxidant, namely, natural tannin, were synthesized. The release rate
of Enoxil from the fumed silica A-300 that was much higher compared with the
release rate from the composites prepared by sol-gel method was found. The control
of the Enoxil release was achieved using a silica matrix containing phenyl groups
in the surface layer, which makes it possible to consider the developed material as a
promising carrier for biologically active substances.

Among the studied polymeric compositions synthesized polymeric materials the
films containing HEMA has the most rigid structure. Polymeric films based on
gelatin and chitosan were found to show the highest swelling degree and reduced
release. A composite based on gelatin and chitosan is promising, but the best carriers
in this line of samples were Gel/HEMA/VA. According to the results of testing
the synthesized polymer films, the bactericidal activity was found for Gel/HEMA,
Gel/Chit/HEMA, and Gel/Chit composites. The obtained result of biological test
demonstrated that introducing nanotubes into polymeric materials reduced their
bacteriostatic stability. The composites elaborated can be utilized as Enoxil carriers
for oral and transdermal applications.
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Fig. 9.7 Diffusion disc results of polymeric composite films against Pseudomonas aeruginosa
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10.1 Introduction

For the cathodic codeposition of metals, the correspondence of their crystalline
lattices and the difference in their standard electrode potentials are of great
importance. An analysis of the results of studying the electrochemical production of
alloys [1] shows that the “thermodynamic” regime of their formation is observed at
similar deposition potentials of components (≤0.2 V) and that the alloy composition
is independent of the current density over a wide concentration range. For a high
potential difference (>0.2 V), the “kinetic” regime is observed, and the alloy
composition depends weakly on the potential difference. The cathodic codeposition
of molybdenum and rhenium was studied in a chloride melt [2, 3]; they have
crystalline lattices of different types and a high difference in the standard electrode
potentials (0.45 V in a NaCl–KCl melt at 1073 K). In this case, the violation of the
growth of continuous alloy layers was ascribed to considerable diffusion difficulties
in the transport of more electropositive rhenium ions to a cathode.

The cathodic codeposition of molybdenum and tungsten in a chloride melt was
studied in [2]. They have crystalline lattices of the same type and an insignificant
difference in the standard electrode potentials (0.09 V in a NaCl–KCl melt at
1073 K). In this case, no violation was observed for the growth of continuous layers
of molybdenum–tungsten alloys. The cathodic codeposition of molybdenum and
silver, which have different types of crystalline lattices and a considerable difference
in the standard electrode potentials (0.5–0.6 V in a Na2WO4 melt at 1173 K), in a
tungstate melt was studied in [4]. Since molybdenum is virtually insoluble in silver,
the latter exerts an insignificant effect on the electrodeposition of molybdenum
coatings and their properties.

It seems significant from a practical point of view to study the electrodeposition
of alloys whose components have crystalline lattices of different types but similar
electrode potentials. Molybdenum (tungsten) and nickel in a NaCl–KCl melt satisfy
these requirements. They have bcc and fcc lattices, respectively [5], and their
standard electrode potentials differ by 0.14 V in a pure halide–chloride melt based
on NaCl–KCl at 1073 K [2] and by 0.15–0.35 V (depending on the melt basicity)
in a halide–oxide melt NaCl–KCl–Na2MoO4–NiCl2 at 1023 K [5]. As compared to
nickel, the potential of molybdenum (tungsten) in both melts is more positive, and
the compositions of the resulting continuous molybdenum (tungsten), molybdenum
(tungsten)–nickel, and nickel deposits depend on the electrolyte composition and
electrolysis conditions. A protective medium over a bath is necessary in this case.
Connected deposits are formed only on graphite, copper, nickel, and precious metal
substrates.

Oxide tungstate–molybdate melts Na2WO4–MO3, where M is Mo or W, were
used for the electrodeposition of molybdenum (tungsten) coatings [6, 7]. In the
present work, we study the electrochemical behavior of nickel and cobalt in a
Na2WO4 melt and the possibility of electrodeposition of molybdenum (tungsten)–
nickel (cobalt) alloys from this melt. From a practical viewpoint, we are interested
in these alloys due to the use of nickel- and cobalt-based structural materials for
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the electrosynthesis of powders of molybdenum and tungsten carbides and to the
considerable enhancement in the plasticity of molybdenum and tungsten having
nickel and cobalt additions.

Therefore, it is important to study the electroreduction of nickel and cobalt
against the background of tungstate–molybdate melts in both the theoretical and
practical aspects, the more so as, in oxide melts (unlike halide–oxide melts), these
metals are more precious (inert) than molybdenum (tungsten), and, hence, the range
of substrates for deposition becomes larger and includes different steels. Moreover,
these melts need no protective medium over a bath.

10.2 Materials and Methods

The main procedure of the study was chronovoltammetry with potential sweep rates
ranging from 5 × 10−3 to 5.0 V/s. The experiments were carried out in air in a
reactor of quartz or a heat- and corrosion-resistant steel. A platinum crucible served
as an anode and a container for a melt in chronovoltammetric measurements. An
alundum crucible was used in the experiments on alloy deposition. Platinum, nickel,
and cobalt electrodes served as indicator electrodes. A platinum/oxygen electrode
0.8Na2WO4–0.2WO3|Pt, air, was a reference electrode. A thin-walled alundum tube
[8] was used as a membrane separating the melt of the reference electrode from
the melt under study. Sodium tungstate was of special purity grade. Molybdenum,
nickel, and cobalt oxides were of reagent grade. Reagents were dried before use for
10–12 h in vacuo at 200–250 ◦C and then calcined at 400–450 ◦C.

The kinetic parameters of the electrode process were diagnosed and estimated
using the theory of stationary and nonstationary electrode processes [8].

Plates of MPG-7 graphite, nickel, copper, St. 3 steel, and grade 45 steel with
a surface area of 2.0–3.5 cm2 served as substrates for the electrodeposition of
metals and alloys. The deposits prepared were studied by X-ray diffraction, electron
microprobe analysis, and metallography using DRON-4.0, Cameca, and Neophot-
21 instruments, respectively. The microhardness was measured on a PMT-3 device.
The initial electrolyte was purified via electrolysis at 850–900 ◦C using an anode
made of a metal that is like to ions in the melt.

10.3 Results and Discussion

10.3.1 Electrochemical Behavior of Nickel(II) and Cobalt(II)
Against the Background of a Tungstate Melt

The I–V characteristics in the tungstate melt containing nickel(II) or cobalt(II)
oxide exhibit a reduction wave at the potentials ranging from −0.7 to −0.8 V
and from −0.8 to −0.9 V, respectively (Fig. 10.1). An increase in the oxide

iranchembook.ir/edu



168 V. Malyshev et al.

Fig. 10.1 I–V characteristics
of (1) the Na2WO4 melt upon
the addition of oxides
(mol/cm3): (2) 3 × 10−4

NiO, (3) 2.5 × 10−3 CoO, (4)
7 × 10−4 MoO3, and (5)
6 × 10−4 WO3. Platinum
cathode, T = 1173 K, the
polarization rate is 10 V/s

Fig. 10.2 Current peak ip as
a function of the
concentrations of (1, 3, 5)
CoO and (2, 4, 6) NiO in a
tungstate melt at T = 1173 K
and different polarization
rates: (1, 2) 0.2, (3, 4) 1.0,
and (5, 6) 5.0 V/s

concentration results in an increase in the corresponding wave and its shift toward
a positive direction. The reduction process proceeds in one step. An increase in
the polarization rate to 5.0 V/s does not reveal steps in this process. Potentiostatic
electrolysis at the wave potentials detects the only product, namely, nickel or cobalt,
respectively.

The peak current remains directly proportional to the concentration of nickel
and cobalt oxides at different polarization rates at T = 1173 K (Fig. 10.2). The
ratio ip/v1/2 is virtually constant in the interval of polarization rates from 0.05 to
2.0 V/s at T = 1173 K (Fig. 10.3). The mass transfer constant ip/nFC (cm/s),
which characterizes the method of transporting the reactants to the electrode surface,
equals (2.3–2.9) × 10−4 (for NiO used as a depolarizer) and (2.1–2.7) × 10−4

(for CoO as a depolarizer), which agrees with diffusion-controlled transport. The
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Fig. 10.3 Plot of ip/v1/2

versus v1/2 for the
electroreduction of (1, 3, 5)
cobalt- and (2, 4, 6)
nickel-containing melts at
T = 1173 K and different
CMO × 10−4 values: (1, 2)
10, (3, 4) 12.5, and (5, 6)
15.0 mol/cm3

directly proportional dependence of the ultimate current on the oxide concentration,
the ip/nFC ratio constant over a wide interval of polarization rates, and the ip/nFC
value indicate that the electrode process is limited by the diffusion of electroactive
particles to the electrode surface. Therefore, under these polarization conditions, the
rate of formation of electrochemically active particles imposes no restrictions on the
electrode process.

The mechanism of formation of electroactive particles becomes clear when using
the concept of acid–base equilibria in tungstate melts. The following equilibrium
exists in a purely tungstate melt:

2WO4
2– ↔ W2O7

2– + O2–.

The stability constant is

K =
[
WO4

2–
]2

/
[
O2–

] [
W2O7

2–
]

= 1010–12,

and the equilibrium constant of oxygen ions is [O2−] = 10−5 [6, 7]. The addition of
nickel and cobalt(II) oxides increases the activity of oxygen ions and decreases the
potential of the oxygen electrode (Fig. 10.4). A similar dependence is explained by
the occurrence of the reaction

MO ↔ M2+ + O2–
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Fig. 10.4 Equilibrium
potentials of the indicator
platinum/oxygen electrode in
a sodium tungstate melt
versus the concentration of
(1) nickel oxide, (2) cobalt(II)
oxide, (3) cobalt tungstate,
and (4) cobalt molybdate.
T = 1173 K

Fig. 10.5 Equilibrium
potentials of (1, 3) nickel and
(2, 4) cobalt electrodes in a
sodium tungstate melt in the
(1, 2) standard and (3, 4)
logarithmic coordinates
versus the concentration of (1,
3) nickel(II) oxide and (2, 4)
cobalt(II) oxide. T = 1173 K

with the electrode process

M2+ + 2e ↔ M0. (10.1)

According to the dependences of the equilibrium potentials of the nickel and
cobalt electrodes on the oxide concentration in the sodium tungstate melt (Fig. 10.5),
the number of electrons per electroactive particle is 1.91–2.23 and 1.83–2.28,
respectively. Electrode reaction (10.1) corresponds to these values.

To reveal the character of charge-transfer step (1) and to determine the number
of electrons transferred in the electrode process, we analyzed the stationary I–V
characteristics in the semilogarithmic coordinates E – log(i/id – i). The slopes of
these curves for different NiO concentrations are 107–127 mV and n = 1.8–2.1 V.
For different CoO concentrations, the slopes of the curves are 103–122 mV and
n = 1.7–2.1 V. The theoretical value of the slope of the curve for a two-electron
reversible reaction is 112 mV. The experimentally determined slope coincides with
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the theoretical value, which indicates that the charge-transfer step is reversible. The
latter is also confirmed by the following experimental facts: the deposition and half-
wave potentials are independent of the polarization shift rate up to 0.2 V/s, and the
concentration dependence of the equilibrium potential of (1) is described well by
the Nernst equation.

The number of electrons participating in the electrode process was also deter-
mined from the difference in the peak and half-peak potentials of the stationary
I–V characteristics Ep/2 – Ep = 2.2RT/nF. For different oxide concentrations and
polarization rates from 0.05 to 0.2 V/s, we have n = 1.9–2.1 (for NiO) and 1.7–2.0
(for CoO).

A transition from a reversible to a quasireversible electrode process is observed
at a polarization rate higher than 0.5 V/s. This is confirmed by a deviation of the ip –
v1/2 dependence from the directly proportional dependence and by the appearance
of the dependence of the peak and half-peak potentials on the polarization rate.

Thus, the analysis of the experimental data suggests that reversible equilibria and
processes involving nickel and cobalt(II) can occur in the sodium tungstate melt.

10.3.2 Combined Electroreduction of Nickel (Cobalt)
and the Oxide Forms of Molybdenum(VI)
(Tungsten(VI)) from a Tungstate Melt and the Synthesis
of Nickel (Cobalt)–Molybdate (Tungstate) Alloys

The addition of molybdenum(VI) oxide to the nickel-containing tungstate melt
induces the dimolybdate-ion reduction wave

Mo2O7
2+ + 6e → Mo + MoO4

2– + 3O2–, (10.2)

which was studied in detail in [6, 7]. The difference in the potentials of nickel and
molybdenum deposition is 0.09–0.115 V at 1173 K. Unlike halide and halide–oxide
melts, nickel exhibits a more precious behavior than molybdenum in an oxide melt.

A Na2WO4–2.5 mol % MoO3 melt was used as a stock electrolyte to
deposit alloys of various compositions. After the electrolyte had been cleaned by
electrolysis, we electrodeposited molybdenum coatings using a molybdenum anode
in the temperature range 1123–1173 K at a cathodic current density ranging from
0.02 to 0.15 A/cm2 to determine the structure of the molybdenum deposits. It was
found that, at the current density from 0.02 to 0.1 A/cm2, the molybdenum coatings
have a columnar structure, a thickness of 100–150 μm, and a microhardness of 1.8–
1.9 kN/mm2. Further electrolysis does not increase the coating thickness: dendrites
or isolated powdered deposits grow. The depth profiles of the molybdenum and
nickel concentrations in the coating and nickel substrate indicate interdiffusion
of the elements of the coating and substrate, which provides their good adhesion
(Fig. 10.6).

For the cathodic codeposition of metals to form an alloy, the molybdenum anode
was replaced by a more inert nickel electrode, and electrolysis was carried out at
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Fig. 10.6 (a) Trace of an
electron probe on the
polished section of a sample
and (b) the depth profiles of
the molybdenum and nickel
concentrations in the coating
and nickel substrate.
[NiO] = 0.1 mol %,
[MoO3]/[NiO] = 22,
T = 1173 K, ic = 0.1 A/cm2,
and t = 1 h

Table 10.1 Effect of the electrolysis conditions on the composition and structure of the
molybdenum–nickel alloys deposited from a Na2WO4–(1.0–2.5) mol % MoO3–(0.01–1.0) mol
% NiO melt

[NiO], mol % [MoO3]
[NiO] T, K ic, A/cm2 Phase composition H, kN/mm2 Structure

0.01 250 1123 0.100 Mo 1.70 Columnar
0.02 120 1173 0.100 Mo, MoNi 1.80 Columnar
0.1 22 1173 0.075 MoNi 7.15 Layered
0.1 22 1173 0.100 MoNi, MoNi3 — Layered
0.5 4 1173 0.065 MoNi3 5.60 Layered
0.6 8 1173 0.065 MoNi3, MoNi4 4.17 Layered
0.7 2 1173 0.060 MoNi4 3.45 Fine-grained
1.0 1 1173 0.050 Ni 1.15 Columnar

cathodic current densities of 0.05 and 0.1 A/cm2 in the same temperature range
(1123–1173 K). The concentration of MoO3 was maintained at 1.0–2.5 mol%, and
the NiO concentration was varied from 0.1 to 1.0 mol %. The molar ratio of the
molybdenum and nickel ions changed from 250 to 1. The experimental results
are given in Table 10.1. An increase in the NiO concentration or the temperature
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Table 10.2 Effect of the electrolysis conditions on the composition and structure of the tungsten–
nickel alloys deposited from a Na2WO4–(1.0–5.0) mol % WO3–(0.01–1.0) mol % NiO melt

[NiO], mol % [WO3]
[NiO] T, K ic, A/cm2 Phase composition H, kN/mm2 Structure

0.01 500 1123 0.100 W 3.80 Columnar
0.1 50 1173 0.075 W, WNi 9.25 Layered
0.5 10 1173 0.065 WNi3 7.20 Layered
0.7 6 1173 0.065 WNi3, WNi4 5.10 Layered
0.8 6 1173 0.060 WNi4 4.20 Layered
1.0 2 1173 0.050 Ni 1.20 Columnar

and a decrease in the cathodic current density increase the nickel content in the
deposit. Continuous layers of the intermetallics MoNi, MoNi3, and MoNi4 are
sequentially deposited on the cathode at 1123–1173 K from the melts containing
0.1–1.0 mol % NiO. The possibility of formation of these intermetallic compounds
is confirmed by the Mo–Ni phase diagram [9]. All of them have a fine-grained or
a layered structure, and their microhardness H decreases in this series from 7.15 to
3.45 kN/mm2. At current densities up to 0.05 A/cm2, the melts containing no MoO3
form complex nickel layers with a block or columnar–block structure 40–50 μm
thick having a microhardness of 1.15–1.20 kN/mm2. They transform into dendrites
upon the further growth of nickel coatings or an increase in the current density above
0.05 A/cm2.

The introduction of tungsten(VI) oxide into a nickel-containing tungstate melt
produces the ditungstate-ion reduction wave

W2O7
2– + 6e ↔ W + WO4

2– + 3O2–, (10.3)

which was considered in detail in [7]. The difference in the potentials of nickel and
tungsten deposition is 0.13–0.16 V at 1173 K, and this potential is higher for nickel.
The procedure of alloy deposition is similar to the procedure described above, but
the starting melt was the Na2WO4–5.0 mol % WO3 melt. The experimental results
are presented in Table 10.2. In this case, the deposition dependences are similar to
those obtained for the Mo–Ni alloys.

The addition of tungsten(VI) oxide to a cobalt-containing tungstate melt results
in the appearance of the ditungstate-ion reduction wave corresponding to reaction
(10.3). The difference in the potentials of cobalt and tungsten deposition is 0.08–
0.14 V at 1173 K, and, unlike halide and halide–oxide melts, cobalt in the oxide
melt is more inert than tungsten (molybdenum). Cobalt and tungsten (molybdenum)
have crystalline lattices of different types (hexagonal and cubic, respectively) and
have similar electrode potentials (	E0 < 0.2 V). Two intermediate phases can exist
in the Co–W(Mo) systems: CoW (CoMo) and Co3W (Co3Mo) [9].

The Na2WO4–1.5 mol % WO3 melt was used as a stock electrolyte for alloy
deposition. In this electrolyte, tungsten coatings with a columnar structure form
at current densities of 0.04–0.12 A/cm2: they are 0.2 mm thick and have a
microhardness of 3.40–4.20 kN/mm2. For the cathodic codeposition of metals, the
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Table 10.3 Effect of the electrolysis conditions on the composition and structure of the tungsten–
cobalt alloys deposited from a Na2WO4–(0.01–1.0) mol % CoO–(0.1–1.5) mol % WO3 melt

[CoO], mol % [WO3], mol % T, K ic, A/cm2 Phase composition H, kN/mm2 Structure

0.01 1.5 1123 0.12 W 3.72 Columnar
0.1 1.0 1123 0.10 W, CoW 4.11 Columnar
0.1 0.3 1173 0.12 CoW 8.23 Layered
0.5 0.3 1173 0.08 CoW, Co3W 6.56 Layered
0.7 0.2 1173 0.07 Co3W 5.09 Layered
1.0 0.1 1173 0.05 Co 1.56 Columnar

tungsten anode was replaced by a more inert cobalt anode. The experiments were
carried out at cathodic current densities of 0.075–0.12 A/cm2 in the temperature
range from 1123 to 1173 K. The WO3 concentration was maintained at 0.1–1.5 mol
%, and that of CoO was changed from 0.01 to 1.0 mol %. The molar ratio of the
tungsten to cobalt ions was varied from 250 to 1. The experimental results are given
in Table 10.3.

An increase in the CoO concentration, a rise in temperature, and a decrease in the
cathodic current density increase the cobalt content in the deposit. Continuous layers
of the CoW and Co3W intermetallics are sequentially deposited on the cathode at
1123–1173 K from the melts containing 0.1–1.0 mol % CoO. The structures of the
intermetallics are fine-grained or layered. Their microhardnesses exceed those of
the individual components of the alloys, being 8.40 and 5.00 kN/mm2, respectively.
Continuous cobalt deposits 50 μm thick with a microhardness of 1.5–1.8 kN/mm2

form at current densities as high as 75 mA/cm2 from the melts without WO3. They
transform into dendrites with the further growth of the cobalt coatings at current
densities higher than 0.05 A/cm2. The depth profiles of the tungsten and cobalt
concentrations in the coating and nickel substrate indicate interdiffusion of the
elements of the coating and substrate (Fig. 10.7).

The addition of molybdenum(VI) oxide to the cobalt-containing tungstate melt
of MoO3 induces the dimolybdate-ion reduction wave corresponding to reaction
(10.2). The difference in the potentials of cobalt and molybdenum deposition
is 0.06–0.110 V at 1173 K (cobalt is more inert than molybdenum). These
dependences of electrodeposition of tungsten–cobalt alloys are also characteristic of
the deposition of molybdenum–cobalt alloys. Depending on the ratio of the MoO3
and CoO concentrations and the cathodic current density, continuous deposits of
Mo, CoMo, Co3Mo, and Co can be prepared from a Na2WO4–MoO3–NiO melt.

The dependences of electrodeposition of the cobalt–tungsten (molybdenum)
alloys and intermetallic compounds are retained when cobalt tungstate or molybdate
is used as a cobalt source during synthesis.
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Fig. 10.7 (a) Trace of an
electron probe on the
polished section of a sample
and (b) the depth profiles of
the tungsten, cobalt, and
nickel concentrations in the
coating and nickel substrate.
[CoO] = 0.7 mol %,
[WO3] = 0.2 mol %,
T = 1173 K, i = 0.07 A/cm2,
and t = 1.5 h

10.4 Conclusions

Molybdenum (tungsten)–nickel (cobalt) alloys and intermetallics can be deposited
as continuous layers on a cathode from oxide melts. The composition and structure
of the deposits can be controlled by varying the concentration of the corresponding
components in the melt, the temperature, and the cathodic current density. An
increase in the nickel (cobalt) content in an alloy with an increase in its con-
centration in the melt, a decrease in the cathodic current density, or an increase
in the electrolysis temperature are most likely due to an increase in the fraction
of the total current consumed to deposit nickel (cobalt) and to a decrease in the
diffusion retardation for the ions of the more electrochemically negative component
of the alloy.
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Chapter 11
Structure and Electrical/Dielectric
Properties of Ion-Conductive Polymer
Composites Based on Aliphatic Epoxy
Resin and Lithium Perchlorate Salt

Liubov K. Matkovska, Maksym V. Iurzhenko, Yevgen P. Mamunya,
Valeriy Demchenko, and Gisele Boiteux

11.1 Background

Liquid electrolytes are commonly used in lithium or lithium-ion batteries at room
temperature with the ionic conductivity from 10−3 to 10−2 S/cm [1, 2].

It would be useful if the batteries could work at higher temperatures, since
it will be no need to use a separate cooling circuit at the system level, or such
need will be significantly reduced. However, high temperatures create difficulties
because of quick degradation of liquid electrolytes [3]. In addition, there are two
main problems that hinder the development of liquid electrolytes. First, formation
of the lithium dendrites on electrodes leads to serious danger due to the potential
possibility of internal short circuits. Second, the electrochemical instability of the
lithium electrodes causes an insignificant life cycle of batteries during repeated
processes of charging/discharging [4].

In addition, the first generation of batteries prototypes, which used liquid
electrolytes, has a high risk of leaks affecting on the reliability of a device [1]. Safety
is one of the most pressing issues related to the further progress in development
of the next-generation batteries. That makes solid electrolytes one of the most
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promising candidates for replacement of flammable and potentially dangerous liquid
electrolytes [5].

Solid polymer electrolytes (SPE) have been used in different applications as
the ion conductors in various electrochemical devices such as lithium batteries,
ultracapacitors, fuel cells, solar cells, etc. [6]. Rechargeable lithium and lithium-
ion batteries play an important role on the market of electrochemical energy storage
devices, since they are widely used for charging of portable electronic devices and
for autonomous controlling devices [2]. Therefore, recently the development of
new solid polymer electrolytes was an important objective, since optimal balance
between high ionic conductivity and technological conditions of material has not
been still achieved [7, 8]. SPE have such properties as good compatibility with
electrodes, low self-discharging rate, easy processing for various shapes and sizes,
lack of leakage, flexibility, and self-sufficiency for form changes during charge-
discharge cycles [7–10].

Polyethylene oxide (PEO) [11, 12] is one of the mostly studied oligomers, which
are used for SPE creation due to the effective coordinating of metal ions in it because
of the optimum distance and orientation of ether oxygen atoms in its molecular
chains [12]. The disadvantage of PEO is amorphous-crystalline structure [4, 13, 14]
that leads to the conductivity through the amorphous area of a polymer only [11, 15]
above the glass transition temperature Tg [6, 12, 16] and, as a result, PEO has low
ionic conductivity at room temperature because of the presence of high crystalline
phase [4, 14, 17].

Nowadays, as a rule, solid polymer electrolytes include inorganic salts dissolving
in oligomers which, in their turn, form a solid matrix with the ionic conductivity
[10, 12, 18, 19]. Added salt serves as a source of ions and contributes their
movement along the polymer chains, so that plays the crucial role in ions transport
in polymer electrolytes [16]. Hereby, concentration and mobility of ions are
significant parameters affecting the conductivity in polymer electrolytes [14, 17].
Understanding of mechanism of the ion transport in a polymer requires the study of
ion-ion and ion-polymer interactions that is of great interest [10, 14]. Many studies
of ion transport in polymer electrolytes have been conducted using various types
of cations such as Na+, Li+, Ag+, and Mg+ [20]. However, the composites based
on lithium salts are preferably studied, because the Li+ cations are the smallest and
can easily move in a polymer matrix [17, 20, 21]. Another important characteristic
is thermal stability of ions and their inertness to the cell components [22].

In [23] a model of the mechanism of charge transfer that takes into account
the accuracy of ion association in the PEO-salt (PEO-Li+) system was proposed.
According to this model, the charge transport through the polymer matrix can occur
in four ways:

• The lithium cation motion along the single polymer chain of PEO
• The lithium cation motion from one to another polymer chain
• The lithium cation motion along the polymer chain of PEO between ion clusters

(cation-anion)
• Cation motion between ion clusters and the polymer chain
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High ionic conductivity can be achieved by increasing the salt concentration in
polymer [6]; however the authors [9] have shown that conductivity of the composites
based on PEO is limited by certain value of a salt concentration. At higher salt
concentration conductivity decreases because of formation of the ion complexes,
which, in turn, cause reduction of the ionic mobility and the number of charge
carriers [10].

For application as electrolytes, polymers should have certain properties, such as
amorphousness, the presence of ether oxygen in their structure, low glass transition
temperature, high dimensional stability, mechanical strength, and the ability to form
thin films [9, 18].

Thermosetting polymers such as epoxy resins are materials for extensive use
in the aerospace industry, in automobile and marine applications, and in micro-
electronics and food-packaging industries [24–26]. Properties of epoxy resins
depend on specific combination of the used type of epoxy resins and curing
agents [27]. Epoxy resins are important thermoset materials due to their excellent
thermomechanical, barrier, chemical, and electrical properties, low shrinkage upon
cure, and outstanding adhesion to various substrates [25, 26, 28–30]. They are
highly used as matrix in conducting polymer composites [29]. Versatility is one of
the strong features of epoxy polymers [25]. Molecular structure of epoxy resin can
be easily modified for various applications considering its versatile properties [31].
Polymer blending technique is a quick and economic alternative, which has been
widely used for obtaining materials with optimized properties and potentially can
offer easy control of physical properties by compositional change for a wide variety
of application prospects [32, 33]. Adding a more flexible aliphatic epoxy oligomer
while mixing allows changing of thermal and mechanical properties [34].

One of the suitable materials that satisfies these requirements is aliphatic epoxy
oligomer, namely, the diglycide aliphatic ester of polyethylene glycol (DEG-1).
It has similar to polyethylene oxide chain structure (Table 11.1); however it is
amorphous and is able to dissolve the high concentration of lithium perchlorate salt
similarly to PEO.

Therefore, the aim of the present research is synthesis of solid amorphous
polymer composites based on aliphatic epoxy oligomer and the study of influence
of lithium perchlorate salts on their structure and properties.

Table 11.1 Chemical structures of PEO and DEG-1

Code Oligomer name Chemical formula

PEO Polyethylene oxide HO CH2 OCH2 n H

DEG-1 Diglycide aliphatic ester of
polyethylene glycol

CH

O

O CH2CH CH2CH2 CH2 O CH CH2

O
CH2n

Comparison of the chemical structures of PEO and epoxy oligomer of diglycide aliphatic ester of
DEG-1
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11.2 Experimental

Materials and Synthesis The epoxy oligomer (diglycide aliphatic ester of polyethy-
lene glycol, DEG-1), Macromer, Vladimir, Russia, and salt of lithium perchlorate
(LiClO4, Sigma-Aldrich, USA) were used for synthesis of ion-conductive epoxy
polymer composites. These components were previously pre-dried in vacuum at
80 ◦C during 24 hours. After drying, the salt was dissolved in the DEG-1 oligomer.
Solutions of DEG-1-LiClO4 were prepared with LiClO4 content from 0 to 50
phr (parts per hundred) on 100% of polymer matrix. Ten percent of polyethylene
polyamine hardener (PEPA, Chimia, Kharkov, Ukraine) was used as a curing agent
for synthesis of the composites.

Methods The thermal characteristics were studied by differential scanning
calorimetry (DSC) using TA Instruments DSC Q2000 (TA Instruments, New Castle,
DE, USA) in the temperature range from −70 ◦C to +150 ◦C with the heating rate
of 10 ◦C/min. Glass transition temperature (Tg) was determined from the DSC
curves at the second heating. The experimental error of determination of the glass
transition temperatures was ±1 ◦C.

The electrical and dielectric characteristics of the synthesized composites were
investigated by broadband dielectric analyzer Novocontrol Alpha coupled with
Novocontrol Quatro Cryosystem (Novocontrol Technologies, Montabaur, Germany)
that was equipped with a two-electrode circuit, in the frequency range 10−1 to
107 Hz and the temperature range from −60 ◦C to +200 ◦C. The voltage applied
to a sample was equal to 0.5 V. The test samples had diameter of 20 mm and a
thickness of 0.5 mm and were previously coated by aluminum under vacuum. The
obtained data was analyzed using Novocontrol WinDeta 3.8 software.

Structural organization and features of macromolecular ordering of the synthe-
sized polymer systems were investigated by wide-angle X-ray spectra (WAXS)
using X-ray diffractometer DRON-4.07 (Burevestnik, Saint Petersburg, Russia).
X-ray optical scheme was performed by Debye-Scherrer method on passing the
primary beam through the polymer sample using Cu Kα emission (λ = 1.54 Å) that
was made monochromatic using Ni filter. The X-ray tube BSV27Cu (U = 30 kV,
I = 30 mA) was used as a source of characteristic X-ray irradiation. The investiga-
tions were carried out by automatic step scanning in the range of scattering angles
(2θ ) from 2.6◦ to 40◦; the exposure time was 5 s.

Infrared (IR) spectroscopic studies have been performed using spectrometer
with Fourier transformation “Tensor 37” from Bruker Corp. in the range of wave
numbers (600–3800)◦ cm−1. According to the passport of the device, the relative
measurement error is <2%.

Morphological features of the synthesized composites were studied using trans-
mission optical microscopy (TOM) with the microscope Carl Zeiss Primo Star
and reflective optical microscopy (ROM) with Unicorn NJF 120A polarization
microscope at polarization angles 0–90◦. Microphotographs analysis was performed
using Carl Zeiss Imaging Solutions AxioVision V4.7.1 software.
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Structural features of the synthesized composites have been studied using
electron microscopy (SEM) by JEOL 100CX II transmission electron microscope,
equipped with scanning system. Elemental analysis of inclusions was performed
using analytical complex consisting of the scanning electron microscope JEOL
JSM-35CF and X-ray spectrometer with dispersive in energy X-ray quanta (Model
INCA Energy-350 from “Oxford Instruments”). An important feature of such
electron microprobe analysis is its locality: maximum size of the excitation area is
2 μm. According to the morphological characteristics and the chemical composition
basing on the energy dispersive spectral analysis, the automatic separation of
inclusions on types (elemental composition) and measuring of their sizes has been
carried out. The results have been analyzed using a special program for quantitative
phase distribution and inclusions investigation. All results are presented in weight
percent. The experimental error was 0.1%.

WAXS, IR, ROM, and SEM studies and elemental analysis were carried out at
the temperature T = 20 ± 2 ◦C.

All investigations were repeated three times for statistical data manipulation.

11.3 Results and Discussion

The Thermal Characteristics DSC thermogram of the salt of lithium perchlorate
(Fig. 11.1a) has endothermic peaks at 79, 95, 133, and 150 ◦C, which correspond
to different melting of its crystalline structure. In the plot of epoxy system with
different content of LiClO4, a glass transition temperature (Tg) is only present;
thus the composites are amorphous (Fig. 11.1b). The values of the glass transition
temperature derived from the curves of the obtained composites depending on the
content of LiClO4 in the reaction mixture are shown in Fig. 11.2. It is obvious
that the increase of LiClO4 amount in reactive mixture from 0 to 50 phr leads
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Fig. 11.1 DSC thermograms of lithium perchlorate salt (a) [42] and of the composites with
different content (in phr) of LiClO4 (b)
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Fig. 11.2 Dependence of the
glass transition temperature
Tg on LiClO4 salt content
[43]

- 20

0

20

40

60

80

0 20 40
Tg

, 0 C
LiClO4, phr

O

CH2

CH2

O

CH2

CH2

O C
H2

C
H2

O
C
H2

C
H2

O C
H2

C
H2

O-]

O

O-]
C
H2

C
H2

O

CH2

C
H2

O
CH2

C
H2

CH2

C
H2

O C
H2

CH2

O-]

Li

Li

O-]
CH2

CH2

O

CH2

CH2

O

CH2

CH2

O C
H2

C
H2

O
C
H2

C
H2

O-]
Li

[-O
C
H2

CH3

+

+

+
Coordinative 

bonds

Fig. 11.3 DEG/LiClO4 composite consists of DEG polymer chains with coordinative bonds
between lithium cations and ether oxygen [44]

to a linear increase of the glass transition temperature from −10 ◦C to 64 ◦C.
This can be a result of the electrostatic interactions between lithium cations Li+
and the macromolecular chain of DEG-1 with immediate forming of coordinative
complexes, such as {ether oxygen-lithium cations-ether oxygen} (Fig. 11.3), which
are accompanied by displacement of electron density of the oxygen atoms and their
partial polarization [35]. The result is a substantial reduction of segmental mobility
of DEG-1 chains within the complexes formed that shows up in a glass transition
temperature rise of polymer matrix. The linear dependence of Tg on the salt content
testifies that all the lithium ions participate in the formation of coordination bonds.
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The similar dependences were found in various sources [36–38]. In [39] the
growth of Tg from −46 ◦C to −30 ◦C at low salt content of LiClO4 in PEO
(1 mol/kg) and the subsequent slow decrease to −35 ◦C for the concentration
of 7.5 mol/kg was reported. At the same time, according to [9], the addition of
lithium salt LiPF6 in a PEO with high molecular weight reduces both glass transition
temperature and melting point. The injection of another lithium salt LiCF3SO3 in
PEO results in lowering of Tg from −65 ◦C to −71 ◦C [40]. In these cases, the
coordination bonds were absent, and, contrary to DEG-1, the molecular mobility of
the polymer chains increases. According to [41], in the poly(acrylonitrile-co-butyl
acrylate)-LiTFSI systems, the Tg is lowered with the increased salt content: from
+48 ◦C for pure copolymer to −44 ◦C for the electrolyte containing 95 wt.% of
the salt. That can be a result of different strength of interactions between polymer
matrices and salts with no stiffening of chains due to physical cross-linking that
occurs because the solution of salt acts as a plasticizer.

Electrical and Dielectric Properties Figure 11.4 shows the isothermal spectra of
the real part of the conductivity (σ ′) and the complex permittivity (ε′) for different
concentrations of LiClO4 in DEG-1 obtained in the temperature range from −60 ◦C
to 200 ◦C. One can see that values and character of the σ ′ and ε′ curves depend
on two factors: the content of LiClO4 and the temperature of measurements. At
temperatures below the glass transition, the permittivity has low values and hardly
varies with frequency indicating the “blocking effect” of free charge carriers due
to the low mobility of macromolecular chains of the polymer matrix. In the same
temperature range, the values of the real part of the complex conductivity vary
linearly with frequency, i.e., such systems are insulators. At temperatures higher
than Tg, “defrosting” of the polymer chains occurs that leads to the release of lithium
cations and growth of ε′ values. Free lithium cations pass into the conducting band
and begin to move along the polymer chain through the interactions with oxygen
ether atoms, which exist in macromolecular chains (Fig. 11.5). This charge transfer
leads to an increase in the electrical conductivity of the systems and the appearance
of a plateau at low frequencies (the so-called DC conductivity plateau, an isotherms
area, where conductivity values are independent on frequency) on the spectra of
the real part of the complex conductivity. The σ ′ dependence on angular frequency
ω = 2πf is described by the following equation [45, 46]:

σ ′ (ω) = σ0 + Aωs (11.1)

where σ 0 is the conductivity that is independent on frequency, the exponent factor
s equals 0 < s ≤ 1, and £ is a numeric factor. The contribution of the second
part is insignificant at low frequencies, and the conductivity, which is independent
on frequency (plateau on the graph), is associated with the DC conductivity. At
high frequencies above the critical frequency fc, the main role is played by the
second frequency-dependent parameter σ ac(ω)∼ωs that characterizes the jumping
conductivity in a disordered solid state (AC conductivity). The critical frequency
fc and the parameters A and s in the Eq. 11.1 depend on the temperature and the
conductivity of the systems [46].
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Fig. 11.4 Permittivity (Ã, c, e, g) and real part of complex conductivity (b, d, f, h) spectra at
different temperatures (from −60 to +200 ◦C) of the obtained composites with LiClO4 contents:
(a, b) 0; (c, d) 5; (e, f) 10; (g, h) 30 phr
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Fig. 11.4 (continued)
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Fig. 11.5 Transfer of lithium cation along the DEG-1 polymer chain [44]

The values of the permittivity ε′ at frequency 103 Hz are represented in
Table 11.2. The values of the real part of the complex conductivity σ ′ for different
temperatures throughout the range of the lithium salt content in the epoxy resin are
also presented.

A number of free charge carriers, namely, the lithium ions Li+, which overcome
the energy barrier and move into conductive state, grow with further increase of the
temperature (above 40 ◦C to 60 ◦C). This leads to the blocking effect of electrodes
that is caused by the space charge polarization. The blocking effect is manifested in
appearance of a plateau on the ε′ isotherms at low frequencies and falling values of
the real part of the complex conductivity left from plateau of the DC conductivity.
The dominance of the conductivity relaxation is observed at high frequencies.

The frequency dependences of the impedance of the systems studied on temper-
ature were also analyzed. Figure 11.6a shows the isothermal spectra of Ẅ= f (Z′),
where Z′ = M′′/(ω · C0) is the real part of the complex impedance, Z′′ = M′/(ω · C0)
is the imaginary part of the complex impedance, ¯′ and ¯′′ are the real and the
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Fig. 11.6 Z′′/Z′ plots for epoxy system with 5 phr of LiClO4 in the temperature range from −60
to +200 ◦C in double logarithmic coordinates (a) and in Cole-Cole coordinates at 30 ◦C (b) [44]

imaginary parts of electrical modulus, and C0 is the cell capacitance without the
sample in vacuum, in double logarithmic coordinates for the DEG system containing
5 phr LiClO4 in the temperature range from −60 ◦C to +200 ◦C. It is evident that
the Cole-Cole plots (Z′′ = f (Z′)) were built for calculating the DC conductivity σ dc.
Figure 11.6 shows the classical Cole-Cole plots built for the composite of DEG-
1 with 5 phr LiClO4 at temperature 30 ◦C. The dependence Z′′∼Z′ forms a clear
minimum at a certain value of Z′ in Cole-Cole coordinates. Conductivity values
were calculated from the Eq. 11.2:

σdc = 1

Rdc

l

S
(11.2)

where Rdc is a bulk resistance of the system (Ohm) that equals the value of Z′ on
the minimum of the Cole-Cole plot; l is a thickness of the sample (cm), and S is
an area of the sample (cm2). The right part of the curve corresponds to surface
polarization effects, which are observed in the low-frequency region. The left part
of the curve corresponds to volume polarization effects in the high-frequency region.
The calculated values of the conductivity σ dc are presented in Table 11.2. The
identity of the values of the conductivity σ dc calculated with impedance analysis
and the conductivity σ ′ values defined by plateau on the primary experimental
spectra of the real part of the complex conductivity prove the eligibility of such
analysis approaches for studying the behavior of the ion-conductive systems in
wide temperature and frequency ranges and validity of the obtained values of the
conductivity [47].

On the other hand, a high level of the conductivity (approximately
1 × 10−3 S/cm) obtained at 200 ◦C decreases rapidly with cooling so the
conductivity at 100 ◦C is two orders of magnitude lower than at 200 ◦C. Apparently,
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the reason for that is the presence of coordinative bonds between lithium ions and
DEG macromolecules, which are more stable at low temperatures and reduce the
molecular mobility of the polymer chains. This can lead to a drop of “decoupling
index” (index of lithium ion mobility by jumping from one to another oxygen
atom). Also, the formation of ion pairs in the systems with increased contents of
LiClO4 in the epoxy resin (higher than 20 phr) reduces the number of free charge
carriers in the systems and, consequently, decreases the electrical conductivity and
the permittivity. So, the conductivity of the system DEG-1 with 20 phr LiClO4 at
60 ◦C is on the same level as for pure DEG-1. However, this effect is significant
only at temperatures up to 100 ◦C. A rapid growth of the electrical conductivity and
the permittivity due to the destruction of aggregates that is accompanied by release
of charge carriers, namely, lithium cations Li+, occurs when the temperature rises.
The maximum values of the conductivity σ ′ = 1.1 × 10−3 S/cm and the permittivity
ε′ = 6.3 × 105 are attained for the system DEG-1 with 20 phr of LiClO4 at 200 ◦C
(Table 11.2).

Another possible way to improve the electrical characteristics of the synthesized
composites is the incorporation of charge carriers by the phase of ionic liquids
(IL), which is regarded as a promising approach to enhance the ionic conductivity
and electrochemical properties of the SPEs [36]. The Li+ transport is significantly
better in consequence of the plasticizing effect of the IL that decreases the glass
transition temperature and makes easier the polymer chain mobility [48]. The
IL-rich phase accompanies the easiest movement of ions and an increase of the
conductivity is expected [36]. In addition, the injection of ionic liquid leads to a
significant enhancement in a contribution of Li+ ions to the overall conductivity of
the composites with lithium salt [49].

Wide-Angle X-Ray Spectra Analysis of the wide-angle X-ray diffraction patterns
of the systems has shown that all of them are amorphous (Fig. 11.7). In particular,
epoxy oligomer DEG-1 that was cured with polyethylene polyamine is characterized
by short-range ordering in the space translation of molecular fragments of its cross-

Fig. 11.7 Wide-angle X-ray
diffraction patterns of the
lithium perchlorate salt
LiClO4 and composites with
different salt content (shown
near curves) [43]
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site links. That is confirmed by presence of one diffraction peak (calculated from
the angular half-width) of the diffusion type (amorphous halo), in which the angular
position (2\) is about 20.0◦.

The average value of the period (d) of a short-range molecular ordering of DEG-
1 internodal molecular segments in a polymer volume can be calculated using Bragg
equation:

d = λ(2 sin θm)−1 (11.3)

where λ is the wavelength of the characteristic X-ray emission (λ = 1.54 Å for ´u
Kα emission) and it equals to 4.44 Å.

However, the introduction of LiClO4 salt that has a crystalline structure into the
epoxy resin is accompanied by changes in the diffraction pattern. This is evidenced
by the presence of subtle diffraction peak of the diffuse type at 2θm ≈ 12.2◦ on
the background of the amorphous halo, which is similar to the angular position of
the DEG-1 at 2θm ≈ 20.0◦ (d ≈ 4.39 Å). According to [50], this diffraction peak
characterizes the existence of metal-polymer complexes of the donor-acceptor type,
in our case, between central ions (Li+) and ether oxygen of the epoxy chains in the
intermolecular volume of the epoxy resin.

The gradually increasing LiClO4 content from 0 to 50 phr in the volume of
epoxy resin leads to the displacement of the amorphous halo at 2θm ≈ 20.0◦, which
characterizes the short-range order of fragments of the DEG-1 internodal molecular
segments, in the region of large scattering angles. That indicates a tendency to
decrease the Bragg distance between the molecular segments (Table 11.3).

Infrared Spectroscopic Studies Structure of the polymer composites has been
investigated by means of infrared spectroscopy. The main absorption bands of
LiClO4 (Fig. 11.8a), DEG-1 (Fig. 11.8b), and PEPA (Fig. 11.8c) with relevant
groups are presented in Table 11.4. These absorption bands were interpreted in
accordance with [51, 52] and [53], respectively.

As one can see, the characteristic absorption bands of epoxies’ ring are absent in
the spectra (Fig. 11.9, 0 phr LiClO4 content) that indicates the complete curing
of epoxy component. These absorption bands are also absent in the IR spectra
(Fig. 11.9, 5–50 phr) of the cured composites. The absorption bands in the range

Table 11.3 Bragg distances
between molecular segments
of the composites with
different content of LiClO4
[43]

Content of LiClO4, phr 2θm, degreesa d, Å

Pure LiClO4 (for comparison) 20.0 4.44
0 20.0 4.44
5 20.2 4.39
10 20.4 4.35
20 20.4 4.35
50 20.6 4.30

aExperimental error on 2θm was ±0.05◦
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Fig. 11.8 Infrared spectra of LiClO4 (a), DEG-1 (b), and PEPA (c) [60]

of wave numbers 1300–1520 cm−1 and 1000–1190 cm−1, which, respectively,
correspond to fluctuations of -CH2- and (C-O-C and C-NC) groups, expand and
shift to the low-frequency region with LiClO4 content increase. It is known that this
can be associated with the formation of coordination bonds between Li+ cations and
ClO4

− anions and polymer chains [54, 55]. It is generally accepted that Li+ cations
can easily form complexes with polyethylene ether bonds [51, 52, 55–58] as well
as with polyamines [59]. The absorption band at 1637 cm−1 in the IR spectrum of
LiClO4 indicates its undissociated state (Table 11.4) [51, 52]. It should be noted that
this band in the IR spectra of 5–50 samples is absent. This indicates that the pure
(undissociated) form of LiClO4 in the composites is not contained. In accordance to
this, in Fig. 11.10 the possible ion-dipole interactions of Li+ ion with the ether bond
of polyethylene oxide fragment and OH-group of the disclosed epoxy ring of DEG-
1 (Fig. 11.10a–d) and with secondary amine group of PEPA (Fig. 11.10e), with
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Fig. 11.9 Infrared spectra of the composites with different lithium perchlorate salt content
(marked by numbers near curves) [43]

secondary or tertiary amine group and ether bond simultaneously (Fig. 11.10e–g),
are shown. As an example of coordinated ClO4

− ion, Fig. 11.10h represents the
scheme of this anion interaction with positively charged carbon atom that is located
near the electronegative oxygen atom.

It should be noted that in the sample with adding of 5 phr lithium perchlorate and
after solidification a new absorption band at 864 cm−1 appears in its IR spectrum,
which maintains in the samples with 10–50 phr salt content. Considering that the
most of the absorption bands of metal complexes are located in the low-frequency
region [61], it is obvious that this absorption band is associated to complexes
involving Li´lO4. The interaction of PEO and LiClO4 is widely studied in literature,
and in presented materials the absorption band around 860 cm−1 is absent [51, 52,
55–58]. Probably this band refers to formation of lithium amino-complex, whose
presence influences the fluctuations of methylene groups located nearby. That is
confirmed by appearance of a new absorption band in the IR spectrum of composite
with 5 phr of LiClO4 at 1525 cm−1 (Fig. 11.9), which is shifted to the low-frequency
region with increasing of the salt content up to 50 phr. In accordance to [54], this is
due to the increasing number of coordination bonds. It is important to note that when
film samples with 5–50 phr of LiClO4 were crushed into a powder and molded in
the KBr tablets, the described absorption bands at ≤1525 cm−1 and 860–864 cm−1
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Fig. 11.10 Complexes,
which possibly exist in the
composites
LiClO4/DEG-1/PEPA [43]
due to ion-dipole interactions
of Li+ ion with the ether
bond of polyethylene oxide
fragment and OH-group of
the disclosed epoxy ring of
DEG-1 (a-d), with secondary
amine group of PEPA (e),
with secondary or tertiary
amine group and ether bond
simultaneously (e-g), or
coordinated ClO4

– ion with
C+, located near O– (h).

disappeared, since crushing leads to destruction of the weak coordination bonds.
That also confirms the coordination nature of these bands. As an example, Fig. 11.11
shows the IR spectra of the samples with 5 and 30 phr of LiClO4 contents.

Generally, the increasing quantity of LiClO4 leads to the increase of the
coordination bonds, which reduce mobility of macromolecular chains [56]. Figure
11.9 shows a gradual decrease in intensity of the absorption bands associated
with valence fluctuations of OH-, NH-, and -CH2- groups. At the destruction of
coordination bonds in the samples molded in the KBr tablets, these valence bonds
are clearly manifested (Fig. 11.11).

In addition to the coordination bonds, other important factors which influence on
the structure of the obtained composites should be indicated. Thus, the reaction
between DEG-1 and PEPA in the presence of LiClO4 occurs more completely,
apparently (to a certain limit of salt), since it is known that LiClO4 is an effective
aminolysis catalyst of oxiranes ring [62]. Another structure-forming factor can be
realized as a net of hydrogen bonds, including ones with the participation of ´lO4

−
ions [58].

In our case the complexes of Li+ ions with maximum coordination number 2
are presented in Fig. 11.10, but the coordination number of ions can reach 8 [59].
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Fig. 11.11 IR spectra of the composites with different LiClO4 content (marked by numbers near
curves) [43]

Due to small radius (0.6 A), the Li+ ions are highly mobile, so they can create as
well as destroy the complexes easily [57, 59], and because of that it is difficult to
define complex structure involving lithium perchlorate salt that was formed during
the curing reaction.

The Morphological Features Figures 11.12 and 11.13 present the micrographs
of transmission and reflective optical microscopes of the synthesized composites,
respectively, with different content of lithium perchlorate salt. The formation of
ordered structures in the composites with addition of the salt into the system was
observed. In this case the reflective optical microscopy that used polarized mode
revealed the presence of the distributed inclusions, probably, of inorganic nature
with sizes ranging from 2 to 20 μm. In order to confirm the presence of inclusions in
the composites, the structural investigation that used scanning electron microscopy
was conducted. The results are presented in Fig. 11.14. One can see the presence
of the inclusions observed by ROM (for the samples with some LiClO4 content)
and the increase of their number and size with the increase of LiClO4 content in the
composites.

In order to determine the nature of found inclusions, the elemental analysis of
nine different areas of surface of the composite with 50 phr LiClO4 has been fulfilled
(Fig. 11.15). Normalized mass distribution of elements in the microareas shown
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Fig. 11.12 Transmission optical microscopy results of the composites with 0 (Ã), 10 (b), 20 (c),
and 50 (d) phr of LiClO4 salt

in Fig. 11.15 are presented in Table 11.5. It is evident that content of elements in
spectra is different. It is important that the inclusions identified by ROM (Fig. 11.13)
and SEM (Fig. 11.14) are characterized with the decreased content of carbon and
the increased content of oxygen and chlorine, which enter into the composition of
LiClO4 (Spectra 3–5), comparing to the spectra of the polymer matrix (Spectra 7–9).
That can be explained by the oxygen and chlorine atoms aggregation and, perhaps,
also with aggregation of lithium atoms (however it was impossible to determine such
aggregation with the conducted investigations) from the lithium perchlorate salts
dissolved in DEG-1 during its synthesis. The presence of a number of carbon atoms
(even in the Spectra 3–5 of the inclusions) can be explained by the overlapping of
their high content in macromolecular chains of polymer matrix that may partially
cover the inclusions.

The elemental composition of the initial lithium perchlorate salt was also
determined (Fig. 11.16). It was found that the chlorine in salt is 41.61%wt and
oxygen is 58.39%wt. Lithium content could not be determined.

Summary elemental map (Fig. 11.17d) of the composite with 20 phr of LiClO4
was constructed from elemental maps of individual elements (carbon, Fig. 11.17a;
oxygen, Fig. 11.17b; chlorine, Fig. 11.17c) for determination of distribution of
elements on its surface. The calculations have shown that the content of the elements
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Fig. 11.13 Reflective optical microscopy results of the composites with 0 (Ã), 10 (b), 20 (c), and
50 (d) phr of LiClO4 salt [43]

on the surface of the composite is the following: carbon is 51.57 wt.%, oxygen is
43.79 wt.%, and chlorine is 4.64 wt.%, while their distribution coincides with the
ordering of inclusions identified by the means of optical and electron microscopy.
This allows concluding that the nature of these inclusions with oxygen and chlorine
saturation is inorganic.

11.4 Conclusions

The comprehensive study of composites based on aliphatic epoxy oligomer (digly-
cide aliphatic ester of polyethylene glycol, DEG-1) containing different amounts
of LiClO4 salt (0–50 phr.) revealed creation of interactions between lithium
cations Li+ and the macromolecular chain of DEG-1 with forming of coordinative
complexes. It is reflected in a substantial reduction of segmental mobility of
DEG-1 chains within the formed complexes that linearly increase glass transition
temperature Tg of polymer matrix with salt content.
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Fig. 11.14 Scanning electron microscopy results of the composites with 0 (Ã), 10 (b), 20 (c), and
50 (d) phr of LiClO4 salt [43]

Fig. 11.15 SEM of the composite with 50 phr of LiClO4 surface with the appointment of
elemental analysis spectra [43]
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Table 11.5 The mass
distribution (%wt) of elements
in different areas of the
composite surface with 50
phr of LiClO4 [43]

Spectrum C O Cl Total

Spectrum1 68.8 25.2 6.0 100.0
Spectrum2 34.9 62.9 2.2 100.0
Spectrum3 52.8 36.9 10.3 100.0
Spectrum4 61.6 29.8 8.6 100.0
Spectrum5 55.2 39.8 5.0 100.0
Spectrum6 40.9 56.2 2.9 100.0
Spectrum7 55.1 42.9 2.0 100.0
Spectrum8 54.7 41.2 4.1 100.0
Spectrum9 58.8 37.3 3.9 100.0

Fig. 11.16 Elemental spectra of the original lithium perchlorate salts

The synthesis of epoxy polymers in the presence of lithium perchlorate made it
possible to obtain an ion-conductive polymeric material with a high level of ionic
conductivity (∼10−3 S/cm) and the permittivity (6·105) at elevated temperatures
(200 ◦C).

It was found that at higher temperature (200 ◦C versus 60 ◦C) the values of
conductivity σ are three orders of magnitude higher with maximum at 20 phr
of LiClO4. Such conductivity behavior is explained by existence of two opposite
competitive processes, namely, the growth of salt content in composite gives the
increase of carrier number and the raise of conductivity. On the other hand,
the restriction of molecular movements of DEG-1 because of forming of the
coordinative complexes reduces the carrier mobility. At higher temperatures the
raising of molecular movements compensates this mechanism, and conductivity
becomes essentially higher.
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Fig. 11.17 The elemental map of surface of the composite with 20 phr of LiClO4: ´ (Ã), ± (b),
´l (c), and the combined map (d) [43]

The detailed IR spectroscopy study allowed suggesting the scheme of LiClO4
interaction with polymer chains, namely, the possible ion-dipole interactions of
Li+ ion with the ether bond of polyethylene oxide fragment and OH-group of the
disclosed epoxy ring of DEG-1, with secondary amine group or tertiary amine group
of PEPA and ether bond simultaneously.

The results of morphological and structural studies by means of optical and
electron microscopes as well as by elemental analysis have revealed the presence
of inclusions with sizes from nanometers up to ∼ 20 micrometers, probably, of
inorganic nature distributed in the polymer matrix.
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Chapter 12
Mechanical and Thermal Characteristics
of Irradiation Cross-linked Hydrogels

O. Nadtoka, N. Kutsevol, A. Onanko, and V. Neimash

12.1 Introduction

The research and development trend of hydrogels as polymeric transitory dressing
membranes are becoming the main commercial target. Hydrogels meet all the
requirements for wound healing and are necessary for burn patients in the shortest
time possible because of the following justifications: (1) hydrogels control the lost
fluids and liquid from the body, (2) they maintain the wettability and moisture in the
wound zone, and (3) they possess tissue-like structure and compatibility. Hydrogels
are reported to be the best choice compared to other dressing forms because they
have the needed requirements for the ideal wound dressings.

Dressings from hydrogels present as transparent elastic films with thickness
h = 2 ÷ 4 × 10−3 m and consist of 85 ÷ 90% distilled water [1]. They can contain
antiseptic, anesthetic, and hemostatic substances also.

Hydrogels are usually stabilized by means of chemical or physical interactions
among the polymer chains which are known as cross-linking methods. After cross-
linking hydrogels have the ability to retain greatly the absorbed water in their mesh
structure.

The radiation technology employed in the present work has advantage for obtain-
ing wound dressing hydrogel membranes because the cross-linked hydrogel network
is generated and sterilized in a single technological process. This way the product
obtained does not require additional operation process. Examples of polymers cross-
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linked by the radiation method are poly(vinyl alcohol), poly(ethylene glycol), and
poly(acrylic acid) [2–4].

It is shown that the radiation cross-linking of polymers upon irradiation in
aqueous solutions is achieved at lower doses than when the polymer is irradiated
in a solid or molten state, due to the participation in the cross-linking of free OH
radicals formed as a result of radiolysis of water [5].

Hydrogels, particularly highly swollen ones, usually possess poor mechanical
properties. So, the aim of our research focuses on cross-linked PVA to obtain
hydrogels with improved mechanical properties that will be further used as wound
dressing materials. We investigate mechanical and thermal properties of cross-
linked hydrogels depending on the PVA’s concentration.

12.2 Experimental

12.2.1 Hydrogel Synthesis

Polyvinyl alcohol from Fluka with Mw = 4 × 105 g/mol was used for hydrogel
synthesis. Polymer was dissolved in distilled water (T = 70 ◦C); solution was
cooled and kept at room temperature. PVA solutions with concentrations 0.04, 0.06,
and 0.08 g/ml were used for gel preparation. All these concentrations were above
the critical crossover concentration (C*) for PVA sample chosen for this study.
Value of C* was determined by viscometry method [6] and was equal to 0.03 g/ml.
Homogeneous solutions were hermetically placed in PE ziplock packages, and the
thickness of solution in each pack was about 3 mm. Then, samples were irradiated
under electron beam by pulsed electron accelerators of “ARGUS” (the electron
energy Ee = 1 MeV) and “Electronic” (Ee = 4 MeV) models with dose 50 kGy
to become cross-linked [7]. The electron flux intensity was varied within an interval
from 0.1 to 2.5 μA/cm2. The control of the current density in the electron beam
and the integral dose of the irradiation were carried out by the Faraday cylinder
method. Measurement of sample temperature during electron irradiation was carried
out using a differential thermocouple “alumel-chromel.” The required temperature
(25 ◦C) was supported by the balance of heating by the electron beam of the
incandescent lamp and cooling by the air fan. The hydrogels in the final form were
transparent sheets of few millimeters.

12.2.2 Experimental Methods

12.2.2.1 Morphological Analysis

The sample morphology was examined by using a scanning electron microscope
mod, Stereoscan 440 (LEO), Cambridge, UK instrument. This analysis aimed to
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visualize the internal structure morphology. The cryogenically fractured film in
liquid nitrogen was mounted vertically on the SEM stub by silver adhesive paste.
The specimens were sputter coated with gold to avoid electrostatic charges and to
improve image resolution before being examined by the electron microscopy.

12.2.2.2 Mechanical Analysis

The tensile strength of the swollen polymer samples were tested using a modernized
IMASH-20-75 ALA-TOO test machine (Russia) [8]. Measurements of the static
elastic module E, elastic limit σ¨, and yield point σT which were carried out by
stress-strain (σ–ε) diagram at the brief monaxonic extension were plotted.

12.2.2.3 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was done to study thermal decomposition
behavior of dried in vacuum samples using a Q50 TA Instrument (US) in nitrogen
atmosphere at a heating rate of 10 ◦ C × min−1 from 20 to 600 ◦C. Processing of
the results was performed using specialized TA Universal Analysis program.

12.2.2.4 Differential Scanning Calorimetry (DSC)

A differential scanning calorimeter Q2000, TA Instruments (Inc., DE, USA), was
used for study of thermophysical characteristics (glass transition temperature, Tg) of
hydrogels. All the samples were previously dried up to fixed weight in vacuum. The
DSC curves were obtained by sample heating (at 5 ◦C/min) from room temperature
to 200 ◦C, followed by a recooling until reaching 25 ◦C. Rescans were performed
immediately after each scan, in order to erase the thermal history of the samples
and to confirm the location of the Tg, based on the reversibility of this second-order
transition. The melting temperature (Tm) of the samples was also measured. The
results were processed using the TA Universal Analysis program.

12.3 Results and Discussion

12.3.1 Radiation Cross-linked Hydrogels

In the present study, the irradiated hydrogel dressing membranes, prepared by means
of electron beam, were obtained as 2.5–2.7-mm-thick sheets. The irradiation of
aqueous polymer solution initiates the generation of macro-radicals on polymer
chains. Radiolysis of water molecules leads to the appearance of hydroxyl radicals,

iranchembook.ir/edu



208 O. Nadtoka et al.

Fig. 12.1 Sample of
cross-linked hydrogel

which also can attack polymer chains, resulting in the formation of macro-radicals
too. Recombination of the macro-radicals on different chains causes the formation
of covalent bonds (closslinks). Thus a cross-linked structure appears. Additionally,
radiolysis of water leads to the formation of gas substances (molecular oxygen and
molecular hydrogen) that are observed as bubbles in the hydrogel samples (Fig.
12.1) [9].

Obtained hydrogel dressing was flexible and did not dissolve in hot water but had
high sorption capacity. They were easy to handle and pleasant in touch.

It is known that physical and mechanical characteristics of hydrogels are
dependent on its morphology. The morphology of hydrogel samples obtained by
irradiation process is determined by a number of factors: molecular weight and
polymer concentration, the additives used, and radiation-absorbed dose [10].

Increasing the irradiation dose leads to an increase in the gel fraction due to
growth of cross-link density. The dose range of radiation should be the optimal
and limited by sterilizing dose from below and the maximum allowable dose from
above. For medical devices, this range of doses is usually from 15 to 50 kGy. It
is established [11] that a radiation dose of at least 20 kGy is required to form a
polymer base with the necessary structural and mechanical properties. When the
dose exceeds 50 kGy, the mechanical strength and elasticity decreased, and a large
number of gas bubbles are formed inside. So, a radiation dose of 50 kGy was used
in a present study to form cross-linked hydrogels.

12.3.2 Mechanical Properties

The microstructure of radiation cross-linked hydrogels, prepared from water solu-
tion of PVA at different concentration, was examined by SEM. The drastic
difference in internal hydrogels structure was not observed for studied samples.
Images for all tested samples demonstrated internal structure corresponding to
elastomers. Figure 12.2 represents SEM image for hydrogel prepared by irradiation
of PVA solution with C = 0.8 g/ml. The mesh size does not exceed 1000 nm, which
allows liquids or gases to pass through it.
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Fig. 12.2 SEM image of
radiation cross-linked PVA
hydrogel

Fig. 12.3 Diagram of
strain – deformation σ–ε of
cross-linked hydrogels at
different PVA concentrations
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It is known that PVA is a polymer with flexible chains able to form intramolecular
hydrogen bonds. High flexibility of PVA chains between cross-links and hydrogen
bonds between OH groups of PVA moiety can determine the mechanical properties
of prepared hydrogels. Thus, the chemical structure of hydrogel on the one side and
the size of mesh on the other side should affect the amount of hydrogen bonds in the
sample and determine the flexibility of polymer chains. Therefore increasing of the
number t of intra- and intermolecular hydrogen bonds leads to enhance the rigidity
of hydrogel structure. This suggestion is confirmed by data represented in Fig. 12.3
which demonstrated the dependence the stress verse strain for hydrogels prepared
at different PVA concentrations.

Therefore, to break the hydrogen bonds in hydrogel structure, the additional
stress is needed. Thus, mechanical properties are determined by both factors:
amount of cross-links and hydrogen bonds in the samples of hydrogel.

As can be seen in Table 12.1, the elastic modulus ¨, elastic limit σ¨, and yield
point σT increase with increasing of PVA concentration that indicates on improving
of mechanical properties of samples.
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Table 12.1 Elastic module ¨ extension, elastic limit σ¨, and yield point σT, of cross-linked
polymers

CPVA 102, g/ml
Static elastic module ¨ at
extension, -PÃ Elastic limit σ¨, KPa Yield point σT, -PÃ

4 69,0 38 48
6 105,3 43 82
8 272,3 73 108
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Fig. 12.4 TGA (a) and DTG (b) thermograms of PVA hydrogels at different polymer concentra-
tions

12.3.3 Thermogravimetric Analysis (TGA)

The morphology of hydrogel is influenced on its thermal characteristic [12]. TG
curves for analyzed samples revealed four stages of thermal behavior (Fig. 12.4,
Table 12.2). The thermal degradation values such as the initial-final degradation
temperatures (Ti − Tf), temperature interval value (	T), the temperature of
maximum speed (Tmax), and weight loss (W) were analyzed for hydrogels obtained
at various polymer concentrations (Fig. 12.4a, b; Table 12.2) and were given in Table
12.2.

Stage I corresponds to weight loss of samples at the temperature range of 50–
200 ◦C caused by water evaporation. The next three stages of weight loss located
at about 200, 390, and 470 ◦C and related to chemical transformation leading to
thermal degradation of polymer.

The concentration of the polymer before irradiation affects the cross-link density
and mesh size in final hydrogel. It is observed that the concentration of PVA is
inversely proportional to the amount of moisture retained from the sample (Table
12.1, Stage I).

It is known that the thermal chemical degradation of PVA starts between 170
and 200 ◦C [13], and complete pyrolysis of the polymer chain occurs at 500 ◦C.
The analysis of prepared PVA hydrogels demonstrated two regions of weight
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Table 12.2 Thermogravimetric parameters of prepared hydrogels

CPVA, ×102 g/ml Stage (Ti − Tf),oC 	T,oC Tmax,oC W, % Residue

4 I 50–204 154 4.31 1.43
II 204–390 186 342 50.25
III 390–466 76 422 30.82
IV 466–552 86 473 17.5

6 I 50–210 160 4 1.4
II 210–388 178 338 51.16
III 388–475 87 422 31.45
IV 475–560 85 488 15.98

8 I 50–207 157 3.3 1.32
II 207–388 181 342 47.87
III 388–475 87 426 33.87
IV 475–561 86 486 16.94

HO HO HO OH

H
Chain-stripping

Elimination
- n H2O HO

Partial Decomposition Product

HO

- n H2O
Chain-scission

RH

CH3

CH3

Methyl-terminated
Polyene, cis and trans

Polyene

cross-linked PVA

Fig. 12.5 Proposed cross-linked PVA hydrogel pyrolysis reactions

loss about 200 ◦C (Stage II) and 390 ◦C (Stage III) (Fig. 12.4b). Weight loss at
200 ◦C (Stage II) was attributed to the degradation of polymer chain via rapid
chain-stripping elimination of H2O. This process is represented in Fig. 12.5 [14,
15]. This transformation coupled with sample melting caused the material to
foam or intumesces as it decomposes. At 390 ◦C the elimination reaction appears
complete, and the formed polyenes are converted into aliphatic groups. The Diels-
Alder intramolecular cyclization and radical reactions, shown in Fig. 12.5, may be
responsible for this conversion (Stage III).

Stage IV (T > 470 ◦C) was attributed to the decomposition of remaining
materials, which were more thermally stable structures due to cross-linking reaction.
At the last stage of thermal degradation of sample, the following decomposition of
polyenes chains occurs to carbon and hydrocarbons.
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Fig. 12.6 DSC curves of PVA hydrogels. (a) heating process. (b) cooling process

Analysis of data represented in Fig. 12.4b demonstrated that temperature maxima
for all stages are slowly increased with the increasing of polymer concentration.
Enhancement of the thermal resistance with increasing of PVA concentration
may be caused by the formation of more rigid chemical structure during thermal
degradation.

12.3.4 Differential Scanning Calorimetry (DSC)

The thermal behavior of hydrogels prepared at various initial PVA concentrations
was studied by means of DSC measurements (Fig. 12.6). At heating the endothermic
peak in DSC curves at about 67 ◦C marked the transition from the glassy to the
rubbery state (Tg) [16]. The following peaks at 160 ◦C correspond to the melting
points (Tm) of the samples and indicate the existence of crystalline domains [17].
Cooling process reveals a prominent exothermic peak at about 140◦, attributed to
the β-sheet crystallization (Tc) of cross-linked PVA sample.

The DSC data series of hydrogels characterize the typical thermal behavior of
cross-linked polymers (Table 12.3). It should be noted that downward shift of the
glass transition at increasing of PVA concentration was registrated. This effect can
be explained by reduction of segmental motion in polymer chains of mesh. Actually
the significant influence of initial polymer concentration and cross-linking density
on the thermal behavior of the PVA hydrogels in these parameter ranges is not
observed. However evident difference in the region of melting and crystallization
of crystalline domains was observed for various samples. The most crystallization
ability was registered for the sample with lowest cross-link density (Fig. 12.6a, b).
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Table 12.3 DSC data of
thermal behavior of
cross-linked polymers

CPVA 102, g/ml Tg,
◦C Tm, ◦C Tc, ◦C

4 68.8 179 140
6 68.6 179 142
8 67.3 179 143

12.4 Conclusions

Hydrogels based on polyvinyl alcohol were prepared by electron beam radiation
method (irradiation dose was 50 kGy). During synthesis process only, the con-
centration of polymer was varied. It was found that in order to obtain hydrogels
with applicable characteristics for wound dressings the concentrations of PVA
should equal to 8 × 10−2 g/ml. It was shown that the microstructure of hydrogels
corresponds to elastomers.

Analysis of mechanical characteristics of hydrogels proved the effect of two
factors on its elasticity: a number of cross-links and hydrogen bonds of 3D sample
structure.

TGA data demonstrated four stages of thermal behavior of hydrogels. Tem-
perature maxima for all stages were increased with the increasing of polymer
concentration in sample. It was supposed that enhancement of the thermal resistance
with increasing of PVA concentration may be caused by the formation of more rigid
chemical structure during thermal degradation.

Downward shift of the glass transition at increasing of PVA concentration was
registered. The difference in the region of melting and crystallization of crystalline
domains was observed for various samples. The most crystallization ability was
registered for the sample with lowest cross-link density.

This study allows to predict the mechanical properties of hydrogels obtained by
irradiation method.
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Chapter 13
Nanostructural and Nanochemical
Processes in Peloid Sediments Aided
with Biogeocenosis

A. V. Panko, I. G. Kovzun, O. M. Nikipelova, V. A. Prokopenko,
O. A. Tsyganovich, and V. O. Oliinyk

13.1 Introduction

Polymineral iron-oxide-hydroxide-silicate systems (IOHSS) and pelagic sediments
(PS) have important place among natural dispersed mineral formations. Some of
these possess therapeutic properties and they are attributed to so-called peloids.
Such IOHSS, PS, and peloids have always had great importance in biomedical and
colloid–chemical investigations. In the last decades, peloids in IOHSS have been
studied increasingly more widely by physicochemists for the purpose of uncovering
their influence on biocolloid interactions. Such interactions can be explained as
interfacial colloid–chemical transformations in peloid and same disperse systems
under influence of microorganism metabolic processes. However, in various spe-
cific cases observing of such influence on complex polymineral IOHSS and PS
is still not completed due to insufficient definiteness of multipronged physico-
chemical, colloid-chemical, and biocolloid methods of their investigation [1–9].
Today it is known in general that physicochemical, colloid–chemical, nanochemical
transformations, and contact interfacial interactions in IOHSS and PS aided with
microbiological processes result in the forming of new and in many cases at least of
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same complexity polymineral nanostructured materials with new properties [4, 5].
These materials as PS consist of iron, aluminum, and silicon oxides in general, often
in the form of montmorillonite and glauconite clay minerals and also many, but in
fewer quantities, other inorganic and organic components [2–5, 10, 11].

Such materials and disperse systems of IOHSS type, except for PS, which are
being widely used in practice, include iron-oxide-silicate sedimentary ores, iron-
contained bentonitic and other clays, pelitic marine and lake sediments, coastal
and shelf sands, and other sedimentary and solid ore deposits, the total capacity
of which in the Earth’s crust reaches 98%. During their geological history, many
of them were transformed under the influence of microbiological and secondary
tectonic processes. For example, it was recently established that solid iron quartzites
(jaspellites), which are the basis of general iron ore deposits, started to form within
2 billion years till the present as a result of microorganism activity with further
tectonic cementing of formed dispersed formations [12]. Thus, microorganisms play
a significant role in structural formation of different iron-oxide-silicate materials and
including PS.

As the practical importance of PS and other similar nanostructured materials is
increasing constantly, the attention of scientists investigating fundamental microbi-
ological and biocolloid processes is also increasing.

13.2 Methods and Materials

The following study is related to the investigation of deep-water clay-carbonate
pelitic sediments of gigantic peloid deposit, taken in the west region of the
Black Sea from a 2 km depth. Black Sea peloid properties, and peloid specimen
taken from Kuyalnik estuary (Odessa) for comparison, are described in [4, 5].
Bentonitic (montmorillonite) clay and glauconite were used as model specimens,
and hydromica as a comparative specimen.

Chemical composition of studied bentonite is (wt%): 49.52 SiO2; 21.06 Al2O3;
2.72 Fe2O3; 5.70 ´Ã±; 1.61 MgO; 0.37 Na2O; 0.28 -2±; 0.02 ´org. Aqueous
bentonite suspension with 57% water had the following physicochemical indices:
Ó° 7.3; ¨h + 370 mV; shear stress 821 Pa; stickiness 1840 Pa. Clay fraction of
1–10 μm particle size content was 19.10%, and of sizes less than 1–10 μm 2.90%.

Chemical composition of studied bentonite is (wt%): 57.46 SiO2; 7.49 Al2O3;
17.50 Fe2O3; 0.36 Fe±; 0.35 µi±2; 3.06 ´Ã±; 2.41 MgO; 0.07 Na2O; 5.35 -2±.
Aqueous glauconite suspension with 39.5% water had the following physicochem-
ical indices: Ó° 7.7; ¨h + 210 mV; shear stress 405 Pa; stickiness 1250 Pa. Clay
fraction of 1–10 μm particle size content was 22.5%, and of sizes less than 1–
10 μm – 6.8%.

Investigation of the selected materials, partially shown in Figs. 13.1 and 13.2,
was conducted using XRD, sorption, rheological, SEM, chemical and biomedical
methods [3–6, 8]. XRD images were taken on X-Ray diffractometer DRON-UM-
1 with a pair of Soller slits with ´u-α filter. SEM images of samples were
taken on SELMI electron microscope in light field mode and sample morphology
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Fig. 13.1 XRD images of the Black Sea (Ã), Kuyalnik estuary (b), and Azov Sea (c) pelagic
sediments

was studied on JEOL electron microscope JSM6490LV (Japan). Nitrogen sorption
(77 K) isotherms were studied on high-speed gas sorption analyzer NOVA 2200 ¨.
Rheological investigations were conducted on Rheotest-2 unit connected to PC for
data recording. Physicochemical and microbiological testing was done according to
methods described in [13, 14].
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Fig. 13.2 Nitrogen sorption isotherms (a – p/p0) and dependence of pore size (V–r, dV(logr) – r)
for two Black Sea pelagic sediment samples (Ã and b), collected from different distant points

13.3 Experiment and Discussion

According to the data shown in Fig. 13.3, the process of peloid sediment biocolloid
reduction proceeds with symbate changing of process indices: lgCFU, peloid
suspension viscosity, and reduced iron content. The data in Table 13.1 also proves
this conclusion. The indicated correlation of biocolloid reduction indices points out
that the investigated process goes according general complex biocolloid mechanism
under the influence of organisms’ metabolism. Its products have an influence
on the structural and nanochemical transformations of peloid inorganic mineral
components [15]. And the latter respectively influences rheological properties of
tested suspensions, which is proved by preliminary investigations of biocolloid
recovery of pelagic sediments [16].

First of all, a matter concerning microbiological processes – the received
data (Fig. 13.3, Table 13.1) clearly indicate their significant role in formation of
conditions for biocolloid reducing iron contained in peloids. This is also proved by
literature data, showing that bacterial reactions in nature lead to formation of unsta-
ble nanostuctures of layered double hydroxides Fe2+ − Fe3+ (LDX) type or green
rust (GR), which are easily transformed while oxidation in lepidocrocite, hematite,
and magnetite [17–21]. Thus, in [17] the process of chemical transformation GR of
GR(CO3

2-
) and GR(SO4

2-
) types into γ-FeOOH (lepidocrocite) is considered, and

in [18–21] – the processes of phase formation aided with microorganisms. In [20], a
microorganism interaction with minerals and organic matter in natural ecosystems
was studied. It was also established that nonfermentative bacterium are adopted to

iranchembook.ir/edu



13 Nanostructural and Nanochemical Processes in Peloid Sediments Aided. . . 219

Fig. 13.3 Dependence of properties for the Black Sea (a) and Kuyalnik (b) pelagic sediments on
time of their biocolloid treatment: 1 – colony forming unit (lgCFU); 2 –concentration of reduced
iron C(Fe2+); 3 · viscosity (η, Pa·s)

Table 13.1 Average indices changing dynamics for biocolloid recovery of Kyalnik sediments
depending on exposure duration

Exposure
duration, days

Mass fraction
of moisture, % Shear stress, Pa

Concentration
of reduced
iron, CFe

2+ Ó° ¨h, mV

0 53 1211 0.35 6.9 −179
30 53 1164 0.39 6.7 −189
60 53 1149 0.44 6.8 −192
90 53 1128 0.51 6.9 −195
120 53 1187 0.50 6.9 −183
150 53 1196 0.49 6.8 −177

bacterial iron-reducing mechanism suit, which breathe with the help of iron, as well
as fermentative bacterium of IRB, DIRB (dissimilation iron-reducing bacteria). A
complex investigation of processes of reduction, solution, and iron extraction from
mentioned nanodispersed minerals were completed. And the general role of IRB
in GR formation in natural conditions was confirmed [22–25]. Such mechanism
comes to reducing of Fe3+ and interaction of Fe2+ ions with mineral structure. The
processes in seawater have their own features. Bacterial reactions in such conditions
occur both with the aid of iron-reducing bacteria Clostridium sp. uncultured, and
with sulfate-reducing bacteria Desulfovibrio caledoniensis (SRB). Vital activity of
SRB is activated due to pyrite FeS2 particles, with formation of GR(SO4

2−) [21–
24], DIRB decreases this process [25]. In [16, 26], interaction mechanism between
SRB and DIRB is considered. Results from [16] have proved that in the presence
of Shewanella putrefaciens (DIRB), GR(CO3

2−) and GR(SO4
2−) are formed, and

their ratio depends on carbonate and sulfate concentration (C) ratio in solution.
At ´ ≥ 0.17, only GR(CO3

2−) is formed, and at ´ < 0.17 there is a mixture
of GR(SO4

2−) and GR(CO3
2−) [16]. And it follows that if there is a contact of
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solutions with air, then obtaining of pure GR(SO4
2−) structures is a hard task.

The latter can accordingly influence results of kinetic investigations of GR(SO4
2−)

formation in sulfate solutions due to uncontrollable CO2 from air migration into
solution. It also complicates unmistakable modeling of GR formation processes of
some types of microorganisms whose vital activity product is CO2.

Thus, analysis of literature data indicates that GR formation in natural conditions
at oxygen deficit (deep-water processes in seawater, in groundwater) is condi-
tioned by the microorganism vital activity, iron-reducing ones being foremost. In
most cases there are low concentrations of SO4

2− ions then Fe2+-Fe3+ LDX of
GR(CO3

2−) type forms mostly. The latter are unstable substances and so they are
active reductants. Their chemical activity increases also because GR particle sizes
lie within the range of typical nanosized ones (10–100 nm). It is quite possible that
all aforesaid in specific conditions provokes some not yet studied nanochemical
reactions both in IOHSS and in PS along with ferrioxide minerals with other
ferrioxide minerals where metabolism is the prime mover. Thus the drawback of
the investigations made so far could be the lack of proper attention paid to colloid–
chemical mechanisms of transformation processes and their role in formation of
more complex mineral and polymineral iron-oxide-silicate systems and pelagic
sediments.

There are some conclusions could be made relating to experimental data (Figs.
13.1, 13.2, 13.3, 13.4, 13.5, 13.6, 13.7, 13.8, 13.9, and 13.10), which add and
specify known or substantiate new conceptions concerning biocolloid processes in
pelagic sediments. They are being followed by nanochemical, nanostructural and
physical–mechanical interfacial contact interactions, which are being conditioned
by chemical and bacterial processes and reactions [27, 28]:
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(interfacial nanochemical structure polycondensation of silicate nanoclusters and
nanoparticles);
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(iron biocolloid reduction-oxidation aided with biogeocenosis);
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Fig. 13.4 Rheograms of the Black Sea pelagic sediments with 65% moisture mass fraction (a)
and 77% (b); • – straight direction and ◦ – reverse direction of curve

Fig. 13.5 Rheograms of Kuyalnik pelagic sediment sample with 55% moisture mass fraction; • –
straight direction and ◦ – reverse direction of curve
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Fig. 13.6 Rheograms of the Azov Sea pelagic sediment sample with 77% moisture mass fraction;
• – straight direction and ◦ – reverse direction of curve
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Fig. 13.7 Rheograms of bentonite (montmorillonite) clay suspension with 55% moisture mass
fraction; • – straight direction and ◦ – reverse direction of curve

(interfacial nanochemical interaction and structuration in IOHSS aided with nan-
oclusters and nanoparticles of silicon hydroxide, bivalent iron, aluminosilicates
or GR);
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Fig. 13.8 Rheograms of glauconite suspension with 50% moisture mass fraction; • – straight
direction and ◦ – reverse direction of curve

Fig. 13.9 Rheograms of hydromica suspension with 50% moisture mass fraction; • – straight
direction and ◦ – reverse direction of curve
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(interfacial nanochemical contact interaction in IOHSS aided with nanoclusters and
nanoparticles of goethite, which was formed as a result of partial microbiological
oxidation of preliminary reduced bivalent iron hydroxide into GR, and its further
chemical oxidation).
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Fig. 13.10 SEM images of peloid sediments and clays: (a) Black Sea sediment, (b) Kuyalnik
sediment, (Ô) Azov Sea sediment, (d) bentonitic clay, (e) glauconite, (f) hydromica
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As we can see from some shown process and reaction schemes, there are
chemically and microbiologically formed nanoclusters and nanoparticles of silicon
and iron hydroxides, and aluminum silicates involved in interfacial nanochemical
contact interactions [27, 28]. Iron compounds have the general role in those
processes, and it is confirmed by data in Fig. 13.3 and Table 13.1. Besides,
nanocluster structural interactions between separate microparticles according to
Scheme (13.3) are conditioned by -O-Fe-O-Fe-O- bonds, which do not fully
correspond to the character of shear stress curve for peloid dispersion [28], shown
also in Fig. 13.3. Thus, according to the data received, if exposure of dispersion
with biogeocenosis presence increases, then the quantity of reduced iron would
increase, and shear stress of dispersion would increase too. It indicates on presence
of formal dispersion nanostructurization by Scheme (13.3). But more detailed
investigation [28] has shown that concurrent to reduction processes of unstable
Fe(OH)2 and GR nanostructure formation, are the simultaneous processes of their
microbiological and chemical oxidation occur into goethite at the cost of air
oxygen with following contact interactions by Scheme (13.4). According to this
scheme, the quantity of iron–oxygen bonds increases 1.5 times if compared to the
Scheme (13.3), pointing to the higher strength and stability of interfacial contact
nanoctructured bonds in systems of IOHSS type, which include Fe3+ compounds.
At the same time, bonds formed by Scheme (13.3) are intermediate and less
strong. They are less stable, because such structures are liable to transformation
due to oxidation processes, and it weakens contact interactions, i.e., decreases shear
stress. That is why the nanogoethite only participates in contact nanostructured
interfacial processes between separate mineral colloid and microparticles of PS
on final stage of biocolloid interactions. Except for biogeocenosis influence on
complex biocolloid processes in IOHSS and peloid sediments, physicomechanical
nanostructuration processes play important role in those processes. The latter ones
associate with chemicomineralogical composition of PS clay components (Fig.
13.1), their sorption (Fig. 13.2) and rheological properties (Figs. 13.4, 13.5, 13.6,
13.7, 13.8, and 13.9), which are substantially dependent on moisture mass fraction in
composition of the dispersion. Peloid sediment composition includes clay minerals
like kaolinite, hydromica, and montmorillonite as a part of bentonite and glauconite
(Figs. 13.1 and 13.10). Montmorillonite is most capable of nanoparticle formation,
where nanoparticles are being placed in contact zones between colloid particles
(Fig. 13.10d). Hydromica demonstrates same character but with bigger nanoparticle
sizes (Fig. 13.10f). Small colloid particles of glauconite compose aggregates of
nanoparticles and surface of bigger ones are usually partly covered with small
nanoparticles (Fig. 13.10e). Similar structuration character with clay particles are
being observed in the Black (Fig. 13.10a) and Azov (Fig. 13.10c) Sea peloid
sediments.

Kuyalnik estuary peloid sediment in its composition has aggregates of clay
mineral nanoparticles of 30–100 nm sizes, which are firmly connected by phase
[27] contacts (Fig. 13.10b). The above results are also proved by adsorption
data (Fig. 13.2), where distant samples of the Black Sea peloids have relative
structural-sorption properties. Thus, for example, they have effective pore radius
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close to 2.5 nm. According stoichiometric conceptions this witnesses that minimal
nanoparticle sizes approach 4 nm. It is quite possible that they are connected
with phase contacts too, as already indicated for Kuyalnik peloid (Fig. 13.10b).
Physicomechanical properties of IOHSS and PS are most influenced by moisture
mass fraction in their composition. Thus, comparatively low-concentrated Black Sea
peloid suspensions (35% and 23% of solid phase) are characterized by thixotropic
flow mode of those suspensions (Fig. 13.4). Abnormal rheopectic flow mode for
Kuyalnik peloid is observed at solid phase mass fraction of 45% (Fig. 13.5), and,
as already mentioned, it is explained by strong phase nanocontacts in aggregates of
colloid particles (Fig. 13.10b). The Azov Sea pelagic sediment suspensions at 23%
moisture mass fraction have thixotropic flow mode, similar to low-concentrated
Black Sea peloid (Fig. 13.4b). At the same time, flow curves for concentrated
suspensions of bentonite clay (Fig. 13.7), glauconite (Fig. 13.8), and hydromica
(Fig. 13.9) have abnormal character. The same character was also detected for
concentrated suspension of IOHSS from marine PS, where its composition had 16%
of clay components and 84% of goethite [28]. All four specimens had concentrations
close to Atterberg plasticity limit, which separates plastic state from conditionally
solid (semisolid) state. Such results need additional description using conceptions
of classic mechanics.

Figure 13.11 shows material theoretical load and unload curves typical for elas-
toviscous state of tested material. At loading of a specimen (OCA curve segment)
solid material elastic state turns into viscous (OA curve segment). At unloading
(on AD segment), plastic sample properties are disappearing and elasticity usual
for solid (semisolid) material is being back at condition of irreversible process
(point B). At further specimen loading (dashed-line curve BA’) its plastic properties
appear at ££’ segment and disappear at A’D’ segment. Estimated view of viscosity
curve for plastic flow at CAD segment (Fig. 13.11, curves 1 and b) shows that
specimen viscosity change at loading is described by curve 1 at lower shear
stress values than for unloading (curve 2). Those curves (1 and 2) compared with
respective abnormal rheological curves on Figs. 13.7, 13.8, and 13.9, and in [28],
shows first of all that curves have similar curve trend as a result of identical
structures’ plastic flow mechanism. The latter is based upon effect of system
transition from solid-like to plastic state in conditions of phase contacts formation
[27]. Interaction of micro- and colloid particles in phase contacts according to
Rebinder is conditioned by short-range forces of cohesion or adhesion. The latter
ones are realized on surface much bigger than the surface of elemental lattice.
Adhesion of solid-like structures in such conditions is formed from not less than
102–103 of atomic bonds, i.e., on nanolevel or on colloid level with formation of
structural–mechanical barrier according to Rebinder. Such bonds can be seen in
Fig. 13.10, formed with nanoparticle participation. As distinct from coagulation
ones such bonds are dissociated irreversibly, and it can be seen on experimental
curves in Figs. 13.7, 13.8, and 13.9 and theoretical curves in Fig. 13.11. Thus, it
can be considered as proven that abnormal rheological curve trend for concentrated
suspensions of clay minerals, IOHSS, PS, and peloids is conditioned by irreversible
dissociation of phase solid-like contacts built from nanoparticle blocks of silicates,
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Fig. 13.11 Curves of loading (±´£) and unloading (ADB) for elastoviscous material. CAD –
plastic flow area, ±´ and DB – elastic deformation; BAA′B′ – repeated loading and unloading;
η – viscosity; ´£, AD, 1 and 2 – curves for loading and unloading in condition of plastic flow

aluminosilicates, and iron-oxide-silicates. The latter ones, as mentioned above, play
a general role in those processes [reactions (13.1), (13.3), (13.4)] and they are
intensified by metabolism of microorganisms as a part of biogeocenosis – Scheme
(13.2).

Obtained results have not only fundamental, but also practical importance for
scientific usability basis of peloid sediments and their compounds as application
materials for treatment of burnt surfaces, injuries and articulations, in cosmetology,
in ecotechnologies for environmental protection, and for other purposes. It seems
interesting to use general mineral compounds of peloid sediments in pure form –
clay minerals after their processing with biogeocenosis. Most perspective among
such minerals are montmorillonite as the compound of bentonites, and glau-
conite. Tested bentonite for applications had total bacterial count (CFU/g) 1.1·105;
pathogenic staphylococcus, intestinal enterococcus, and blue pus bacillus were
absent – it proves that bentonite is compliant to sanitary needs. Specimen had no
bactericide effect, but they can be used as protection of ecological bacteria from UV-
radiation or from toxic substances due to inorganic nutrients (microelements) and
ability for ion exchange, and also they can be used as minimal vivifying substrate for
bacteria breeding. It was determined, that bentonite gives medioprophylactic effect
at gastric ulcer and hepatosis treatment; those effects originate due to adsorption
and ion exchanging organism detoxification with simultaneous anti-inflammatory
and positive immunodeficiency action, and due to iron-oxide-silicate nanoparticle
action.

Glauconite has displayed moderate bactericide action. The following was deter-
mined in specimen:

1. Saprophytic bacteria presence, which produces catalase
2. Microorganisms, which assimilate nitrogen
3. Microorganisms, which assimilate carbon
4. Heterotrophic bacterium, which produce surface-active amino acids
5. Manganese and iron red-ox bacteria
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There were no mico- and spore-forming bacteria, yeasts, actinomycetes, and
streptomycetes. Glauconite was the most effective for treatment of dexamethasone
arthrosis and endogenic intoxication.

In addition to stated advantages, it was proven that tested clays and peloids with
their content are effective for state correction of hemophilic genic-broken blood
coagulation due to their chemical composition (presence of iron and microelements)
and extremely high adsorption ability [29].

Conducted investigations of bentonite and glauconite in modeling conditions of
their biogeocenosis impacted influence on properties of more complex materials –
peloids and pelagic sediments, allowed to conclude that their physicochemical
properties’ changing correlates with nanostructure-and-nanochemical clay mineral
transformations with oxide and silicate compounds of iron – Schemes (13.1,
13.2, 13.3 and 13.4). The latter ones are connected respectively with changing of
therapeutic properties of peloids and clays in peloid composition.

13.4 Conclusions

Investigation was made of the processes of nanochemical structuration in iron-
oxide-hydroxide-silicate systems aided with biogeocenosis by using peloid sed-
iments, peloids and clays in peloid composition – bentonitic and glauconitic,
using physicochemical, colloid–chemical, and biological methods, and theoreti-
cal concepts of physicochemical and classic geomechanics. It was shown that
nanochemical structuration of such systems and sediments is limited by metabolic
processes of microorganisms, first of all iron-reducing ones and autotrophic bac-
terium producing surface-active substances. These bacterial reactions induce trans-
formation of Fe3+ micro- and macroparticles of iron-contained minerals into
nanoparticles and nanoclusters of Fe2+ hydroxides. The latter are chemically or
microbiologically transformed under the influence of CO2 and ±2 from air into
unstable nanostructured layered double hydroxides (LDX) of Fe2+· Fe3+ (green
rust) of GR(CO3

2−) type. Chemical LDX transformation at further interaction
with O2 from air results in forming of nanogoethite (α- FeOOH), which structures
disperse minerals by general Scheme (13.4) in contact zones of micro- and colloid
particles of silicate or alumino-iron-silicate minerals by interactions (13.1, 13.2, and
13.3). In so doing, there are new iron-oxide-hydroxide systems with new properties
being formed. It is shown that along with the general process there are also clay
minerals contained in iron-oxide-silicate systems, peloid sediments, and peloids
taking part in structure transformations. For bentonite and glauconite the processes
of their structuration in peloid sediment composition were modeled according
to concepts of physicochemical and classical mechanics and geomechanics. It is
shown that rheological processes in concentrated clay and clay–pelloid suspensions
are characterized by abnormal flow character and viscoplastic properties close to
Atterberg plasticity limit. The mechanism of such process was determined. It is
shown that clay minerals not only have influence on properties for practical use of
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peloids, but they can be the basis for creation of antibactericide clay compositions
with special properties, and for creation of antifiltration membranes for designing
different ecotechnologies. The latter needs further investigations.
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Chapter 14
Directional Synthesis of SnO2-Based
Nanostructures for Use in Gas Sensors

Svitlana Nahirniak, Tetiana Dontsova, and Ihor Astrelin

14.1 General

14.1.1 Introduction

Among the wide range of semiconductor metal oxides, a nanocrystalline tin (IV)
oxide is considered as an effective sensor material due to a combination of its
electrophysical parameters. Firstly, SnO2 is a wide-band n-type semiconductor
(	E = 3.6 eV) [1], and therefore its electrical conductivity is extremely sensitive
to the state of the surface just in the temperature range (300 ÷ 800 K), in which
molecules adsorbed on the surface actively engage in chemical reactions. Secondly,
the surface of the tin (IV) oxide has high adsorption properties and reactivity, which
is caused by the presence of free electrons in the conduction band, by surface and
volume oxygen vacancies, and also by active chemosorbed oxygen [2].

Nevertheless, sensors manufactured on the SnO2 basis do not possess sufficient
sensitivity and selectivity [3, 4], which limit their use. To improve these character-
istics, different approaches are used: reducing the particles size of sensitive layers
[5]; modifying [6, 7], doping [8, 9], and creating SnO2 composite structures [10,
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11]; controlling the operating temperature [12]; and using particles of different
morphology [13].

14.1.2 Nanostructured SnO2 Layers for Their Use in Gas
Sensors

Parameters of SnO2-based gas sensors (stability, sensitivity, selectivity, and response
time) can be greatly improved by reducing the size of SnO2 particles to nanometer
dimensions and by using the single-crystalline SnO2 nanoparticles of different
morphology (0D and 1D). The latter will significantly improve the sensor response
due to less defects in crystals, large specific surface area, and bigger surface to
volume ratio of particles.

Nanocrystalline materials are characterized by the highest values of the sensor
signal through the high specific surface area and, thus, higher adsorption capacity
[5]. SnO2 particles with a diameter of 10 ÷ 30 nm are capable to adsorb much larger
number of molecules of different gases than massive materials by reason of more
branched structure of their surface [14].

In addition to the crystallites’ size and the relationship between them, the ratio
of surface area to volume also has a great influence. The increase of it causes
significant changes in sensitivity of the sensor [15]. From this point of view, one-
dimensional (1D) nanostructures deserve special attention [16]. Semiconductor
1D nanostructures represent an important and broad class of nanosized wirelike
structures that can be rationally and predictably synthesized in the same crystalline
form with controlled chemical composition, diameters, length, and high-precision
doping levels [17, 18].

Nanoscale materials, with their large specific surface area and possible quantum
retention effects, show excellent mechanical, thermal, chemical, electrical, and
optical properties in contrast to their bulk analogues. Control of the determined
size, crystallinity, and composition of 1D nanostructures leads to the discovery
of their unique properties, thus enabling different applications that would not be
possible in the case of materials of massive dimension [19]. Among the various
1D nanostructures, semiconductor tin (IV) oxide nanostructures are particularly
interesting through their promising application in optoelectronic and electrical
devices due to good conductivity and transparency in the visible region.

With the use of 1D SnO2 nanostructures as sensitive elements of gas sensors,
the following advantage is predicted: the morphology of one-dimensional materials
provides a high value of the specific surface area while maintaining their sufficient
chemical and thermal stability with minimal energy consumption and low mass.
High values of the specific surface area indicate that a significant part of atoms (or
molecules) will be concentrated on the surface. Thereby, the reaction between the
target gas and the chemically active chemisorbed molecules (O−, O2−, H+, and
OH−) becomes possible at low temperatures.
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14.2 Experimental

14.2.1 The Influence of the Synthesis Method on Structural
Characteristics of Tin (IV) Oxide Samples

As it is known, the properties of the material (in particular, the morphology, the
crystals size, the pore distribution, and microstructure development) extremely
depend on the obtaining method. In this work, the synthesis of tin (IV) oxide was
carried out by three different methods: thermal [20], sol-gel in an alcoholic medium
[21], and the CVD method [22, 23] (Table. 14.1).

14.2.1.1 Electron Microscopy

Particle sizes and morphology of the obtained tin (IV) oxide powders were
determined with a transmission electron microscope TEM 100-01. As one can see
from TEM microphotographs, all three methods allow to obtain nanosized SnO2
particles (Fig. 14.1). SnO2 samples, synthesized by thermal and sol-gel methods,
have almost round shape of the particles. The more crystalline structure is typical
for TSnO2 and 0D SnO2 samples. An average diameter of particles obtained by
these methods is 50–100 nm. In the case of CVD, particles have more elongated
shape. The selected area electron diffraction (SAED) image of the 0D SnO2 particles
(Figs. 14.1, 14.2, 14.3, 14.4, and 14.5, insert) indicated that those are single-
crystalline particles.

14.2.1.2 IR Spectroscopy

The infrared spectra of SnO2 nanostructured samples collected using FTIR spec-
trometer are shown in Fig. 14.2.

According to the presented data, in the spectrum of the TSnO2 sample, there are
only one strong vibration band at 650 cm−1 and a weakly expressed shoulder at
590 cm−1, which correspond to stretching vibration Sn-O of Sn-OH and Sn-O-Sn
bonds, respectively.

Spectra of samples synthesized by sol-gel method in an alcoholic medium
(SESnO2, SPSnO2, and SBSnO2), in addition to vibrations of SnO2 atomic

Table 14.1 Obtained SnO2
samples

Synthesis method Sample

Thermal TSnO2

Sol-gel in ethyl alcohol medium S¨SnO2

Sol-gel in isopropyl alcohol medium SPSnO2

Sol-gel in butyl alcohol medium SBSnO2

CVD 0D SnO2 1D SnO2
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Fig. 14.1 TEM images of SnO2 samples: 1, TSnO2; 2, S¨SnO2; 3, SPSnO2; 4, SBSnO2; 5, 0D
SnO2

structure, contain weak vibration bands in the range of 1630–1640 cm−1 and more
distinct oscillation bands at 3390–3420 cm−1. The first corresponds to deformation
vibrations of the Sn-OH bond, indicating the presence of bound H2O molecules. The
latter relates to the valence oscillations of the Sn-OH bond, which corresponds to the
adsorbed water molecules. Vibrations at 1065, 1387, 1561, 2857, and 2926 cm−1

belong to adsorbed molecules of gases (O2 and CO2) of various forms and are
observed only in the spectrum of the 0D SnO2 sample. This indicates that this
sample is more sensitive to gas molecules and, therefore, is most suitable for use
in sensitive layers of gas sensors.

14.2.1.3 The Specific Surface Area

The specific surface area of the samples was studied by adsorption methods of
benzene vapor and adsorption of toluene from its solutions in isooctane. Determined
values for all synthesized powders show that TSnO2 and SBSnO2 samples are
characterized by the smallest values of the specific surface area. For samples
synthesized by sol-gel method in an alcoholic medium, a significant dependence
of the specific surface area and particle size on the alcohol solubility is observed.
SnO2 sample, obtained by CVD method, has the highest specific surface area (Table
14.2).

Consequently, studies of tin (IV) oxide samples, synthesized by various methods,
have shown that all methods allow to synthesize SnO2 particles of nanometer
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Fig. 14.2 IR spectra of tin (IV) oxide samples: 1, TSnO2; 2, S¨SnO2; 3, SPSnO2; 4, SBSnO2; 5,
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Fig. 14.3 TEM images of SnO2 samples: 1, 1D SnO2; 2, 0D SnO2
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Fig. 14.4 IR spectra of tin (IV) oxide samples: 1, 0D SnO2; 2, 1D SnO2
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Fig. 14.5 I–V curves of SnO2 samples.: 1, 0D SnO2; 2, 1D SnO2

dimensions. However, the most promising is the CVD method, which results in
the obtaining of SnO2 single crystals of high crystallinity degree; the synthesized
powders have higher values of the specific surface area and are characterized by
better adsorption properties.
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Table 14.2 Calculated specific surface area of SnO2 samples

Crystallites’ Specific surface Particles size, calculated by
Sample size, nm area, m2/g d = 6

S·ρsno2
, nm

By benzene By toluene By benzene By toluene

TSnO2 121,7 8,4 8,9 101,9 89,2
S¨SnO2 23,5 13,5 16,1 63,4 53,2
SPSnO2 34,1 13,9 14,6 61,6 58,6
SBSnO2 39,4 3,9 4,5 219,7 190,2
0DSnO2 57,8 17,2 – 49,8 –

14.2.2 Characterization and Comparison of 0D and 1D SnO2
Nanostructures, Obtained by CVD

In order to establish the scientific basis for obtaining of SnO2 nanostructures of
different morphologies, the influence of temperature, gas composition, and heating
rate in the CVD process was investigated. It was found that the pure SnO2 phase is
formed at 1123 K [22]; dosage of 5% vol. oxygen to a carrier gas leads to a change in
morphology of tin (IV) oxide particles from rounded to elongated form [24]; and the
change in the morphology of SnO2 from 0D to 1D nanostructures can be achieved
by reducing the heating rate [13].

14.2.2.1 Electron Microscopy

As seen on electronic microphotograph of 1D SnO2 sample, it has a ribbonlike one-
dimensional structure. The diameters of these ribbons are 100–300 nm and a length
up to 7 μm. A sample of zero-dimensional SnO2 has round and hexagonal shape
of particles with an average diameter of 50–150 nm. The SAEDs of 0D and 1D
structures show the single-crystalline nature of samples (Fig. 14.3).

14.2.2.2 IR Spectroscopy

A further comparison of zero-dimensional and one-dimensional tin (IV) oxide
structures, synthesized by CVD method at a different heating rate, showed that 0D
SnO2 and 1D SnO2 have not only visual differences. The infrared spectra of both
samples are similar and indicate the presence of Sn-O vibrations in Sn-O-Sn and Sn-
OH bonds. However, the IR spectrum of 1D SnO2, in contrast to 0D SnO2, contains
a characteristic feature of 1D SnO2 structures at 563 cm−1 [13] (Fig. 14.4).
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14.2.2.3 I-U Measurements

The study of current-voltage characteristics was carried out by the method described
in [13, 25]. In accordance with obtained results, 0D and 1D tin (IV) oxide
indicate different nature of the curves due to differences in the morphology of
their structures. For zero-dimensional SnO2, I-U dependences are nonlinear at all
temperatures, whereas1D SnO2 is characterized by ohmic current-voltage curves
(Fig. 14.5).

It is known that ohmic behavior of current-voltage dependencies is very impor-
tant for sensing properties of material because the sensitivity is maximal for ohmic
semiconductors [26]. Therefore, one-dimensional SnO2 is more promising for usage
in gas sensors.

Calculated resistance values at different voltages are shown in Fig. 14.6. As
can be observed, zero-dimensional and one-dimensional tin (IV) oxide samples
differ not only in the resistance value but also in the nature of its temperature
dependence. For 0D SnO2, the value of the electric resistance decreases with
temperature increasing, which is typical for semiconductor materials. While the
temperature dependences of the electric resistance of 1D SnO2 pass through the
maximum, the highest values of the electric resistance are observed at 373–423 K.

Considering that for conductor materials electric resistance increases with
increasing temperature and the presence of an extremum on the temperature
dependences may indicate a change in the conductivity type of the material, it
can be argued that the presence of a maximum on the temperature dependences of
resistance for 1D SnO2 sample may be connected with the transition of conductor
properties of this material to semiconductors.

14.2.3 Investigation of Modifier Effect on the Properties of Tin
(IV) Oxide Powders

Doping or modifying of SnO2 powders with platinum metals improves their thermal
stability, sensitivity, and selectivity [27]. These parameters are very important for
the use of SnO2 as a sensitive layer in gas sensors. In this paper, an argentum was
chosen as a modifier, due to its approachability and lesser studying. Samples of
zero-dimensional (0D SnO2) and one-dimensional (1D SnO2) tin (IV) oxides were
synthesized by CVD method at 1123 K and afterward modified by argentum with
different mass contents of the modifier [28].

Optical properties of tin (IV) oxide samples were studied using a two-beam
spectrophotometer Specord 210. The optical band gap of synthesized samples
was determined by graphic method using optical density dependencies of the
suspensions of tin (IV) oxide powders in the range of wavelength λ = 200–
400 nm. Obtained absorption spectra of pure and modified samples of 0D and 1D
SnO2 nanostructures testify that one-dimensional tin (IV) oxide powders absorb
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Fig. 14.6 Temperature dependencies of resistance of SnO2 samples.: 1, 0D SnO2; 2, 1D SnO2

UV radiation more intensively than zero-dimensional SnO2 samples (Fig. 14.7).
The determined values of the band gap width for 0D and 1D SnO2 nanostructures
are in the range 3.85–4.2 eV and from 2.8 to 3.4 eV, respectively. That is, unlike
zero-dimensional tin (IV) oxide samples, 0D SnO2 is characterized by slightly
lower values of the band gap width in comparison with the theoretical value. Thus,
the morphology of the tin (IV) oxide particles has a direct effect on the optical
properties.

For both zero-dimensional and one-dimensional SnO2, the lack of linear regular-
ity between the value of the electrical resistance and the modifier percentage was
detected. With the increase of argentum, content values of resistance for modified
0D tin (IV) oxide powders pass through the maximum. Adding more than 5% of Ag
causes change in the nature of current-voltage curves from non-ohmic to ohmic. In
the case of 1D SnO2 structures, the value of the electrical resistance increases with
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Fig. 14.7 Optical spectra of SnO2 samples.: 1, 0D SnO2; 2, 0D 2AgSnO2; 3, 0D 5AgSnO2; 4, 0D
7AgSnO2; 5, 0D 10AgSnO2; 6, 1D SnO2; 7, 1D 2AgSnO2; 8,1D 5AgSnO2; 9, 1D 7AgSnO2; 10,
1D 10AgSnO2

adding of argentum but does not depend on the percentage of the modifier. Obtained
results indicate that the modification by argentum will lead to improvement of
sensory properties for 0D SnO2 and deterioration of sensing characteristics in the
case of 1D SnO2.

As mentioned above, in order to characterize sensor performance, a set of
parameters is used. The most important of them are sensitivity, selectivity, response
time, detection limit, stability, and recovery time. In this paper the sensitivity of
obtained zero-dimensional and one-dimensional tin (IV) oxide powders toward
acetone was studied. The gas sensitivity (sensor response) was determined by

S = Rg

Ra
·

where Rg is resistance values of gas sensor in gas environment and Ra is resistance
values in air.

As seen from the calculated values of the sensitivity of SnO2 samples (Tables
14.3 and 14.4), one-dimensional tin (IV) oxide shows the best sensitivity to acetone
among unmodified tin (IV) oxide powders.

Among the modified SnO2 powders, the highest sensory response is observed
for zero-dimensional tin (IV) oxide modified by 10% argentum. Modification of
1D SnO2 samples leads to decreasing of sensor response toward acetone. Obtained
data concerning modifier effect on the gas sensitivity toward acetone for pure and
modified tin (IV) oxide samples are completely consistent with electrical properties
of 0D and 1D SnO2 structures.

Since the modification takes into account not only the type of modifier and the
nature of the detected gas but also the optimal percentage of the added modifier, the
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Table 14.3 Sensitivity
values of pure and modified
zero-dimensional SnO2
samples

Sample U, ¥
5 15 30

µ = 323 -
0D SnO2 4, 5 4, 3 4, 2
0D 2AgSnO2 4, 4 4, 6 4, 8
0D 5AgSnO2 1, 5 2, 9 3, 2
0D 7AgSnO2 1, 8 1, 8 1, 7
0D 10AgSnO2 10, 9 10, 4 8, 6
µ = 373 -
0D SnO2 2, 4 2, 1 2, 2
0D 2AgSnO2 3, 0 3, 5 3, 2
0D 5AgSnO2 1, 5 2, 0 1, 9
0D 7AgSnO2 1, 3 1, 4 1, 3
0D 10AgSnO2 10, 7 7, 6 6, 1
µ = 423 -
0D SnO2 1, 4 1, 6 1, 6
0D 2AgSnO2 2, 3 2, 4 2, 3
0D 5AgSnO2 2, 6 2, 5 2, 2
0D 7AgSnO2 0, 8 1, 2 1, 2
0D 10AgSnO2 9, 8 7, 2 5, 8

Table 14.4 Sensitivity
values of pure and modified
one-dimensional SnO2
samples

Sample U, ¥
5 15 30

µ = 323 -
1D SnO2 4, 1 1, 1 1, 3
1D 2AgSnO2 1, 1 1, 1 1, 0
1D 5AgSnO2 1, 1 1, 0 1, 0
1D 7AgSnO2 1, 1 1, 1 1, 1
1D 10AgSnO2 1, 0 1, 0 1, 0
µ = 373 -
1D SnO2 67, 3 1, 3 1, 3
1D 2AgSnO2 1, 1 1, 0 1, 0
1D 5AgSnO2 1, 0 1, 0 1, 0
1D 7AgSnO2 1, 1 1, 1 1, 0
1D 10AgSnO2 1, 0 1, 0 1, 0
µ = 423 -
1D SnO2 8, 5 1, 2 0, 8
1D 2AgSnO2 1, 1 1, 0 1, 0
1D 5AgSnO2 1, 0 1, 0 1, 0
1D 7AgSnO2 1, 0 1, 0 1, 0
1D 10AgSnO2 1, 0 1, 0 1, 0
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decrease in the sensitivity of the modified 1D SnO2 samples may be connected with
the fact that either the Ag acts as a trap for electrons or its optimal percentage lies
in a different range than investigated.

Thus, the best response to acetone among the investigated one-dimensional SnO2
samples is observed for unmodified 1D SnO2.

14.3 Conclusions

The methods of synthesis of tin (IV) oxide powders and the comparison of
physical and chemical properties of the obtained powders were investigated. CVD
as the most rational and promising method for obtaining of SnO2 powders of
nanometer dimensions was chosen. The conditions of directional synthesis of tin
(IV) oxide nanostructures of different morphologies were invented. The comparison
of different properties of 0D and 1D SnO2 nanostructures is presented. It was shown
that morphology and modification have a significant influence on the nature of
current-voltage curves. For zero-dimensional SnO2 samples, I-U curves are non-
ohmic at all temperatures, while one-dimensional SnO2 structures are characterized
by linear current-voltage dependencies. The highest sensor response to acetone
showed unmodified one-dimensional tin (IV) oxide powder.
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Chapter 15
“Polymer–Oxide”
Micro-/Nanocomposites: Background
and Promises

S. G. Nedilko

15.1 Introduction

The small review of published data, the results that have been published recently
by the author’s research team, and our new findings are presented in this chapter.
We deal here mainly with data that are related with optical, especially luminescent,
properties noted in the chapter title materials.

New nanosized materials emerged from the last decade both in traditional and
advanced technologies, e.g., industry of consumer goods, high-tech aircraft industry,
electronics, biomedicine, etc. It is obvious there is now a demand for environmental-
and human-friendly materials. Advanced materials based on polymer matrix and
incorporated with some nanosized particles provide many advantages. Complex
inorganic oxides are considered as important components of polymer composites
which are perspective for many practical applications. Opportunities to use such
composites are related with peculiarities of micro-/nanoparticle confinement in
polymers. As for scientific impact, current and future interest is in touch with effect
of oxide particles on mechanical, thermomechanical properties, as well as their
impact on dielectric and conductivity characteristics. Spectroscopic studies are one
of the most important techniques that allow providing scientifically based prediction
of mentioned material properties. Particularly, when we speak about oxides that
reveal luminescent behavior, luminescent studies are of principal priority.

As the volume of this chapter is limited, we’d like to direct the readers to well-
known reviews where the main features, current status, and recent developments
in the field of polymer matrix micro-/nanocomposites are available [1–5]. In this
introduction, we provide only some definitions and short descriptions related with
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the object under study. First, it should be emphasized that in this work we deal
only with micro- or nanocomposites. These notations mean that one or more of
their components are of sizes in nano- (up to 200 nm) and/or microscale ranges up
to 200 μm [6]. It is known that properties of the super small particles change when
their size is lesser than the so-called critical size. It is of 50 nm when refractive index
changes arise or 100 nm when electromagnetic phenomena changes, strengthening
and toughening occur, or hardness and plasticity are modified [7]. So, if we believe
to find manifestation of processes actual in optics, we have to operate with materials
that contain components of size smaller than 100 nm.

It is important to note when the particle sizes are of nanosized scale, the role of
interface interactions becomes significant that allows enhancement of the composite
properties. In the most experimental cases, we dealt with mixture of micro- and
nanosized components of the composites. So, it could be better to denote them as
micro-/nanocomposites, we suppose.

The micro-/nanocomposite materials can be classified, according to their
matrix materials, in three different types: ceramic matrix micro-/nanocomposites
(CMM/NCs), metal matrix micro-/nanocomposites (MMM/NCs), and polymer
matrix micro-/nanocomposites (PMM/NCs) [1]. We will be in touch here only
with the last ones. The PMM/NCs are of wide applications due to their higher
developed level and specific or sometimes unique properties and characteristics
if compared to metal and ceramic composites. Thus, various types of polymer-
based micro-/nanocomposites containing dielectric or semiconductor nanoparticles
have already been developed for specific applications. As for polymers themselves,
they are widely used in industry and technology due to their easy production and
lightweight and ductile nature as well. However, they possess some disadvantages
such as low modulus and strength compared to metals and ceramics. When the
fibers, whiskers, or particles are added into polymer matrix, then it is an approach
to effectively enhance mechanical and other polymers’ properties. To do it, various
polymers have been filled with some inorganic compounds in order to increase
heat and impact resistance and mechanical strength or to modify their electrical
conductivity or permeability to oxygen and water molecules [8]. Some metal or
ceramic reinforcements opened the way to add new magnetic, electronic, optical,
or catalytic properties possessed to inorganic, e.g., metal and oxide nanoparticles.
Incorporation of these additives allowed improvement of the polymer characteristics
simultaneously keeping their lightweight and ductile nature [2, 9, 10].

Thus, one of the aims of this work was to provide brief summary about
morphology, structure, and optical properties of the PMM/NC incorporated with
inorganic, particularly oxide, compounds which makes them attractive for modern
devices, primarily optical ones. We will compare some of these data with ones
obtained about PMM/NC made by us. Then, we will give a closer look on the
original data concerning, made by us, composites, namely, composites made on the
basis of well-known, but promising in the future, polymer, which is cellulose.

iranchembook.ir/edu



15 “Polymer–Oxide” Micro-/Nanocomposites: Background and Promises 249

15.2 Embedded with Inorganic Oxide Polymer Matrix
Micro-/Nanocomposites as Optical Materials

The wide set of polymers are suitable to be used as matrix components of the
PMM/NC, e.g., vinyl polymers, condensation polymers, polyolefin, and so on. As
for the fillers, various inorganic crystalline compounds have been used. Those were
SiO2, TiO2, and other simple metal oxides, but layered silicates were of the most
attractive some time ago [10, 11]. No doubt they are the most suitable just due to
low particle sizes, peculiarities of surface structure, morphology, and well-known
chemistry of their intercalation [11, 12]. Details of the procedures of the polymer
matrix composites fabrication are the same either for micro- or nanocomposites,
and description of these techniques can be found in [13–18] or elsewhere. The
most important ones are the following: intercalation of the polymer or prepolymer
from solution, in situ intercalative polymerization, in situ polymerization, template
synthesis, melt intercalation, direct mixture of polymer and fillers, and sol–gel
process. It seems the last four of them are more suitable for preparation of the
PMM/NC incorporated with oxide particles, e.g., with TiO2, SiO2, Fe2O3, AgNO3,
NiSO4, and CuSO4. Despite of well elaborated different procedures of the PMM/NC
preparation there are many factors influence of which on the made products is
unforeseen, especially if new “matrix – oxide” combinations are under studies.
Those can be size, morphology of the particles, their optimal concentration, and
distribution over the sample volume and surface. Therefore, composites made by
new methods have to be comprehensively investigated using both experimental
and theoretical approaches, and their mechanical, thermal, electrical, and optical
characteristics have to be evaluated as well.

Micro-/nanosized components of the PMM/NC usually are in the form of
particles, whiskers, fibers, nanotubes, etc. They are classified according to their
dimensions [19]. When all three dimensions are of the same micro- or nanoscale
range, they are called as iso-dimensional particles [19]. The second kind is
constructed from the units that possess two dimensions of the same scale, and the
third dimension is larger. (The carbon nanotubes and cellulose whiskers are the
patterns of this type.) The third type is characterized by only one dimension in
the micro-/nanometer range. In this case, the filler has a view of sheet of one to
a few micro-/nanometers thick and hundreds to thousands micro-/nanometers long.
The PMM/NCs made on the base of such type fillers are called polymer-layered
micro-/nanocomposites [19, 20].

Really, it is difficult to perform composites of perfect structure, e.g., to
polyester/TiO2 [14]. The authors noted that up to the TiO2 concentration 3 vol.
%, the samples showed excellent dispersion of the particles. If concentration was
4 vol. %, a considerable agglomeration took place (see Fig. 15.1a). The similar
is also true for the PMM/NC-K2Eu(PO4)(MoO4) made and studied by author of
this work. A lot of K2Eu(PO4)(MoO4) rodlike particles of sizes near 20–30 nm
cover the surface of the polymer matrix. At the same time, their large agglomerates
of lateral sizes near 1–2 μm and up to 400 nm pierce through composite surface
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Fig. 15.1 SEM (a), AFM (b), and optical microscopy images of the polymer-based composites
containing TiO2 (a) and K2Eu(PO4)(MoO4) (b–d) oxides. The image (c) was taken under incident
white scattered light. The image (d) was taken under incident violet (λex = 405 nm) laser radiation.
(Image (a) is reproduced from [1])

(Fig. 15.1b). Thus, these samples, in fact, were micro-/nanocomposites. Owing
to luminescence properties of such composites, it was possible to illustrate their
heterogeneous distribution in significant limits of the sample (Fig. 15.1c, d).

Many properties of PMM/NC systems are directly related to their structure.
We see manifestation of those relation, e.g., in the luminescence properties of the
poly(styrene-alt-maleic anhydride) (PSM) embedded with CdSe nanocrystals. The
composite emits luminescence light in emission band peaked at 540 nm. As this type
of near-band-edge luminescence is typical for surface-passivated nanoparticles, the
authors concluded that the structure of the nanoparticles surface is modified by PSM
molecules that results in enhancement of luminescence properties [21, 22].

The PMM/NCs of layered structure have attracted great interest as they were able
to reveal new or improved properties, if compared with starting polymers [23].

Despite of the fact that a number of the PMM/NC embedded with inorganic
was made, studied and have been used in practice applications, a few work were
performed in the field of optics of PMM/NC containing inorganic oxides (see e.g.
[24]). It seems undeserved, since firstly oxide compounds have become highly
sought after in modern optical devices and, secondly, due to the mutual influence
of the micro-/nanosized components of the matrix and filler, the optical properties
of PMM/NC can be substantially modified, comparatively with properties of starting
materials.
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As for the first statement, one can point out the very well-known example of
the polymer–oxide composite use. It is related with possible luminescent properties
of some polymer–oxide composites. Luminescent materials are attractive materials
as they show many areas of application. Luminescent modifiers can be introduced
to the various polymer materials and processed by different methods to produce
films, fibers, molded pieces, etc. Despite stated above, there is some information
about polymer matrices incorporated with inorganic compounds containing active
luminescence trivalent rare-earth ions or ions of transition elements (see, e.g.,
[25–28]). The various polymers were used for preparation of the polymer–oxide
composites. Those were nonpolar monofunctional monomer (isooctyl acrylate,
IOA) in combination with a multifunctional low polar monomer (bisphenol A
ethoxylate diacrylate SR349), and they were used in a weight ratio of 20 wt%
SR349:80 wt% IOA [25]. This polymer was incorporated with ZrO2 doped with
Eu3+. The same oxide was taken for preparation of polymer composite with
polyurethane matrix [26]. Methyl methacrylate (MMA) and lauryl acrylate (LA)
polymer matrixes were used for doping by YVO4:Eu vanadate. The obtained
materials were highly transparent (transmission ∼90% at 600 nm) and showed
red photoluminescence upon UV excitation caused by Eu3+ ion emission in the
composite materials [27]. The optical properties of lanthanide oxide nanoparticles
(Gd2O3:Tb) dispersed in the poly(ethylene oxide) (PEO) network as thermally
stable polymeric films were studied in [28]. Obtained films were still transparent
and keep their original mechanical properties.

One more example is a photoluminescence coating (PLC) of UV or blue
LEDs for white LED creation on their base. Indeed, it is a common knowledge
that most commercially attractive WLEDs contain the PLC made on the base of
yttrium aluminum garnet (YAG) doped with cerium, Y3Al5O12:Ce3+ (YAG:Ce) and
dispersed in polymer (silicone) matrix [29]. Similarly, polymer matrix (polymethyl
methacrylate or polyvinyl acetate, etc.) incorporated with YAG co-doped with Pr
and Yb (YAG:Pr-Yb) or with Er and Yb (YAG:Yb-Er) is elaborated as PLC for
solar cells [30, 31].

Some examples of the successful creation of the polymer–oxide composites just
as optical materials are discussed below. So, let’s take a look at the chromium-doped
forsterite (Cr-Mg2SiO4) in the tribromostyrene/naphthyl methacrylate matrix. This
system was directed to the solid-state laser material elaboration, so, polymer matrix
was taken with the average refractive index of forsterite (1.652 at 589.3 nm).
Performed optical measurements on the composite films to examine amplification
behavior showed good results [24]. The Cr diopside (Cr-CaMgSi2O6) is a material
that manifests luminescence in the near-IR range (700–1200 nm). However, a
single crystal of this material cannot be prepared due to incongruent melting.
Composite system similar to described above, but containing Cr-CaMgSi2O6, is
an example of how the PMM/NC can be used to improve the process ability and
functionality of starting material (Cr-CaMgSi2O6), which could not be obtained
by another way [24]. The set of composites based on polymethyl methacrylate
(PMMA) and doped with luminescent particles of the Pr3+:LaAlO3, Pr3+:Y2O3,
and Er3+:Y2O3 were manufactured and characterized [32, 33]. These materials
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keep the luminescent properties of the original oxide nanopowders. In addition,
optimization of the erbium dopant concentration was possible; thus it was found
that PMMA Er3+:Y2O3 composites are available to a limited extent for solid laser
development [32].

We have examined above the cases where a polymer was used only as a matrix for
fixing an active optic component. Thus, interactions between matrix and filler and
their ability to determine the difference between optical properties of the composite
and optical properties of matrix and filler were practically ignored.

Below, we give positive examples of such type issues [34]. So, from the
physics of scintillation point of view, polymer scintillators possess some advantages
such as high operation speed, high light yield, and low cost of their production.
However, if compared with inorganic scintillators, the polymer scintillators due to
low absorption efficiency have to be of large sizes to register high-energy radiation.
Substantial increase of light output can be achieved by the way of embedding into
polymer matrix inorganic nanoparticles which are characterized by high atomic
numbers Z that promote higher efficiency of hard radiation absorption. Then,
excitation energy transfer from nanoparticles to polymer matrix determines larger
light yield of composite scintillator (up to 30 times). Thus, such type of PMM/NC
scintillators combine advantages of both polymer scintillators and scintillators
based on inorganic crystals: high light yield and short times scintillation decay,
respectively. Described possibility goes from overlapping luminescence spectra
with doped Pr3+ ions LaPO4 nanoparticles to absorption spectrum of polystyrene
matrix.

15.3 Cellulose-Based Micro-/Nanoscaled Polymer
Composites Incorporated with Oxide Compounds

There is a great request now to replace materials that are widely used both in
technology and production with newer environmentally friendly, are harmless to
humans, and have simultaneously cheap materials. The PMM/NCs, where polymer
host is micro-/nanocrystalline cellulose and fillers are some inorganic compounds of
micro-/nanoscale, are among them. These PMM/NCs are sustainable and renewable
materials and paid great attention in biomedical technologies (membranes and
filters, scaffolds, antimicrobial films, pharmaceuticals, drug delivery, etc. [35–38])
or as adsorbents for toxic chemical removal [39–41]. Due to their mechanical
flexibility, they can be useful in the manufacturing of electronic and optoelectronic
devices (solar cells, supercapacitors, lithium-ion batteries, “paper” electronics
[42–44], luminescence sensors [45–47]). Incorporated with luminescent oxides,
cellulose-based composites have showed their importance as advanced optical
materials [48–51]. That is why, the next part of this chapter is devoted to description
of the main properties of some cellulose-based materials.
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15.3.1 Optical Properties of the “Pure” Cellulose Materials

Cellulose is a biopolymer built on D-glucose units linked to unbranched chains by
ß-1,4-glycosidic bonds. The microcrystalline cellulose (MCC) is a pure partially
depolymerized cellulose. The linear cellulose chains are connected as microfibrils
spiraled together in the walls of plant cell. Each microfibril shows a high level of
three-dimensional internal bonding resulting in the crystalline phase of cellulose.
Some part of the microfibrils form amorphous phase of the last one [35–38], APP.

Cellulose fibers—both those obtained from vegetable raw materials and the
man-made—are widespread materials available in many areas of life. The ongoing
development of the methods of modifications of cellulose fiber properties and giving
specific functionalities allow finding new uses in many, however not so obvious,
applications such as substrate for electronic component, military industry (e.g.,
paper patching jacketed bullets, filters), aircraft, and cosmic space industry [49, 52].

Manifestations of the various cellulose materials’ photoluminescence (PL) are
known and described long ago [45–47, 53–55]. It is intensive observable lumi-
nescence. Up to now, there are no reliable conclusions about origins of the
cellulose-based materials’ luminescence, but undoubtedly, there are several of them.
Regarding electronic structure of the basic elements of cellulose composition, β-
(1,4)-glycosidic-linked glucose unit, it is hard to think that it was capable to
emit luminescence light. At the same time, these constituents can be involved in
absorption of incident light which exits photoluminescence.

The PL emission of various types of cellulose materials revealed quite similar
luminescence characteristic. So, three different PL bands with peak positions lying
near 370, 430–470, and 505–510 nm were found and then ascribed to three different
luminescence centers in the work [56]. The PL bands with maxima near 420–460 nm
and 495 nm were also described [57, 58]. Above-noted statement concerns the
luminescence of the various cellulose materials, and those are made from different
sources such as bleached craft and sulfite pulps, Whatman filter paper, biomedical
cellulose [58, 59], etc.

We have seen that the physical properties as well as the degree of crystallinity
and chain order of cellulose-based materials depend highly on conditions of the
manufacturing and treatment procedure. Thus, we have performed experiments on
luminescence spectroscopy for our cellulose samples. There were four types of
cellulose samples used for the study. Sample labeled SC or CT was the starting tablet
of chemically pure microcrystalline cellulose (MCC) manufactured at ANCYR-
B, Ukraine. The next samples, CD, were prepared from the CT samples by their
dispersion using mechanical milling of the cellulose tablet followed by ultrasonic
treatment (f = 4:2 kHz). Then, the powder was pressed into a disc using light
pressure.

All, made by us, cellulose samples are characterized with intensive PL. The
widely composed emission band located in the 325–750 nm range is observed in
the PL spectra of cellulose samples SC and CD under excitation in a wide range of
excitation wavelengths, λex = 300–532 nm.

iranchembook.ir/edu



254 S. G. Nedilko

Fig. 15.2 The PL spectra of the starting cellulose samples: CS (CT) (a) and dried powder CD (b);
λex = 300 (a, 1; b, 1), 337.1 (a, 2; b, 2), 345 (b, 3), 370.5 (a, 3; b, 4), 393 (a, 4), 473 (a, 5), and
532 nm (a, 6; b, 5); T = 300 K [41]

The shape, peak position, and intensity of the PL band depend on the λex.
The dependences of the spectra on λex have a similar character for the mentioned
cellulose samples: λex increases as the peak position, λmax, reveals a tendency to the
long wavelength side shifting of the spectra (see Fig. 15.2). Mainly, the component
with the peak position, λmax, near 430–470 nm dominates in the spectra at UV
excitation. It is clearly seen for the dispersed cellulose sample CD (Fig. 15.2b). An
additional band is also observed if visible radiation (λex = 450–530 nm) is used for
PL excitation. The band is situated at longer wavelengths than UV excitation. This
has a range of 500–700 nm, and the λmax of the band is near 680–590 nm (Fig. 15.2,
curves 5) [41].

So, it is reasonable to note it as characteristic luminescence. Therefore, we
suppose that it can be classified as the so-called own photoluminescence (PL).
Own luminescence of some solid-state material is one that occurs without special
incorporation of any additive luminescence agents, but it can be related with
constituents of the lattice or some intrinsic defects of the solid material.

In fact, an absorption band with maximum near 265 nm measured for “pure”
cellulose was assigned to the glycosidic −C=O bonding in groups produced after
isolation and purification of cellulose [57]. In some cases cellulose absorption was
assigned to the energy state aroused as a result of molecular group interaction [60].
The absorbance in the 190–500 nm range of oxidized lignin-free xylan isolated from
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unbleached and ozone-bleached hardwood kraft pulps as well as monocarboxyl
cellulose in NaOH solution was studied in the work [61]. The spectra were obtained
in alkaline media, so the dissociation of carboxyl groups as well as the ionization
followed by the isomerization of keto- and aldo-groups took place. The carried
out study had shown that cellulose demonstrates six intensive absorption bands
and the last ones were proposed to assign as related with absorption transitions in
chromophore composition of oxypolysaccharides as follows: carboxyl and carbonyl
groups absorbing at 200–220 and 270–290 nm, respectively, heteroaromatics of
furan and pyron type absorbing additionally at 230–250 and 290–320 nm, as well
as conjugated heteroaromatics absorbing above 300 nm with maximums at 350–370
and 430–450 nm due to the charge-transfer complexes.

In some cases dependence of the luminescent characteristics (the PL intensity and
peak positions) on the cellulose source was found. Thus, the bleached hardwood
papers chemically modified to increase the carboxylic content in the anhydroglu-
cose, Avicel, cotton linters, sisal holocellulose, and sisal cellulose were made. The
cellulose samples were acetylated in homogeneous solution (DMAc/LiCl) to obtain
soluble polymers in dichloromethane. These soluble samples allowed comparison
of the fluorescence behavior in the solid and liquid states. It was found that the
presence of carboxylic groups in the anhydroglucose units shifts the emission
maxima by 10 nm to shorter wavelength and increases their intensity. Oxidizing
decreased the cellulose PL intensity by creating carbonyl groups. This effect is
common for various cellulose samples regardless of their source [62]. At the same
time, it was observed that position of the PL band (λmax) is not correlated with
either the average molecular weight (Mvis) or with the crystallinity index. In this
regard the following order was observed: λmax cotton linters > λmax mercerized sisal
cellulose > λmax microcrystalline cellulose whereas Mvis mercerized sisal cellulose
> Mvis cotton linters> Mvis microcrystalline cellulose and the PL intensity (I) for
the microcrystalline cellulose IMCC > ICL cotton linters > ISC sisal cellulose. This
indicates that anhydroglucose units emit as single chromophores without strong
interactions between them.

Some reasons were also discussed as those influenced the PL intensity via
emission quenching. For example, cotton linter pulps, wood pulps, and several filter
papers have been evaluated as substrates for room temperature phosphorescence in
the work [45]. The authors concluded that the difference in performance between the
poorest paper and the best paper is considerably less than an order of magnitude.

In contrast, some other researchers stated that aldehyde and ketone carbonyl
groups have a quenching effect on fluorescence, and the formation of carbonyl
groups after oxygen and ozone lignification decreases pulp fluorescence (see also
above noted), while sodium borohydride is able to recover the PL by reducing
carbonyl groups in the cellulose [62, 63].

The sources of the cellulose PL can be related with external factors. We
emphasize here those related with the pulp processing and treatment. Really, the
residual traces of the proteins or lignin, dityrosine, and coumarin acids were
regarded as possible sources of the cellulose PL [62, 64].
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Possible contribution of transition-metal ions such as Cr, Cu, Fe, Mn, Mo, Ni,
and Ti remaining after normal preparation procedures to the cellulose PL was
studied under excitation of emission by power laser radiation of the cotton-derived
samples of cellulose [53]. We think that mentioned impurity impact on the cellulose
luminescence is negligible in the most cases, as the PL of mentioned ions is
quite specific. It concerns both the PL and excitation spectra-specific features and
luminescence decay, as well. That is why manifestations of their PL could be easily
found on the background of own cellulose luminescence. (See, for comparison our
earlier published data, [65–67].)

More information about properties of the cellulose fibers materials doped with
some luminescent inorganic can be found below.

15.3.2 Luminescence of the Cellulose Fibers Embedded
with Oxide Inorganic Compounds

The cellulose fibers contained in their structure-specific chemical luminescent
compounds can be effective modifiers of both textile products and paper documents
and those made of plastic [68]. They can also be helpful in management and control
of production and transport and storage of products (not only the textile ones) [52].
The process of cellulose fiber manufacturing makes it possible to modify them by
introducing materials of various chemical and physical properties and structure that
allow obtaining functional fibers with specific properties [52]. In this way cellulose
fibers with luminescent properties were obtained [68].

The new interest aroused last time in luminescent modifications of cellulose
fibers with three plus rare-earth ions (RE3+) [49, 51, 52, 68]. Such materials have
been studied widely last decade owing to their interesting and important possible
application properties.

Complex inorganic oxides containing europium three plus ions, Eu3+, and doped
with polymers had been intensively studied before [69] (see also References noted
above in the Sect. 15.1). The nanosized zirconium oxide ZrO2 (zirconia) that has
been used as a filler is also a very interesting compound due to its very important
own characteristic, and luminescent ones are among them [51, 70]. The tetragonal
structure of modifier was stabilized by 7 mol% of Y2O3. The concentration of Eu3+
ions in this system was 0.5 mol% per ZrO2.

The luminescent properties of the modified man-made cellulose fibers were
monitored and then compared with the PL properties of pure cellulose fibers, as
well as with the PL properties of the modifier (see Figs. 15.3 and 15.4).

The PL data concerning pure components are consistent with the well-known
literature data, but if characteristics of complex system were observed, then
noticeable differences had been found. So, the excitation spectra of the doped
fibers monitored at the same wavelength are strongly different. The lines are much
broader and a wide maximum near around 240 nm was monitored. The spectral
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Fig. 15.3 Excitation and
emission spectra of pure
regenerated cellulose fibers
[51]

Fig. 15.4 Photoluminescence spectra of pure cellulose fibers, cellulose fibers with 7YSZ-0.5Eu,
and reference powder; the samples were excited by 260 nm wavelength [51]

position of this maximum that differs from the maximum position observed for
pure additive may suggest the presence of energy transfer processes between the
cellulose fiber and the incorporated fillers. The luminescence spectra of the modified
cellulose exhibit several PL peaks associated with the electronic transitions 5D0 ➔
7Fj within Eu3+ ion. Regarding data shown in the Fig. 15.4, it can be concluded that
manifestation of the own cellulose luminescence is minimal [51].
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Fig. 15.5 The TEM images of the cellulose fibers with Ce0.85Tb0.15F3 nanocrystals in cellulose
fiber matrix [50]

The analysis of the spectral PL characteristics of the modified cellulose fibers
showed that the emission intensity depends on the luminescence active particle
concentration in the cellulose matrix, as well as on the exciting photon energy.
Moreover, obtained data confirmed that the particles of the modifier are statistically
distributed within the cellulose matrix. Increase of the modifier concentration as
well as mentioned peculiarity of distribution increases the amount of relatively big
size particles that indicate a tendency of the modifier to agglomeration [51].

The oxyfluoride-based luminophors, like Gd4O3F6:Eu3+ and CeF3:Tb3+, were
chosen for a study as they are promising for industrial applications due to their
effective luminescence as well as high chemical and thermal stability [49, 50].
The luminescence emission spectra of Gd4O3F6:Eu3+ nanopowder incorporated
into a cellulose matrix showed good PL caused by f –f transitions in the europium
ions [49].

The CeF3 doped with 15% of Tb3+ ions was found to be the most promising
system as modifier for cellulose fibers due to suitable morphology of this material.
The structure and morphology of the modified fibers are similar to those of the fibers
made by the same dry–wet spinning method but without modifier. The thickness of
modified cellulose fibers does not exceed several micrometers.

Small sizes of nanocrystals as well as their decreased agglomeration facilitate the
introduction of particles inside the fibers during their synthesis (see Fig. 15.5).

Furthermore, mechanical properties of such fibers are similar to unmodified ones
[50]. This material reveals allowed f-d radiation transitions in the Ce3+ ions which
realize effectively in the range of 200–300 nm of the UV light (Fig. 15.6). The
energy could be transferred to the Tb3+ ions, and as a result the green emission
arises.

The authors of described papers stated that this kind of the innovative materials
seems to be one of the most interesting, and due to their unique properties, it has
many potential applications, for example, paper and clothing protection (the so-
called fingerprint effect), etc. [49–52].

Some suitable amount of the modifier with luminescent properties ensures the
usage of these systems for application as an optical marker, for the protection of
textiles, documents, and various products. One of the most important advantages in
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Fig. 15.6 Luminescent properties of cellulose fibers doped with Ce0.85Tb0.15F3 nanocrystals: (a)
excitation spectra, (b) emission spectra, (c) luminescence decays, and (d) luminescence of fibers
under UV irradiation (λexc = 254 nm) [50]

the case of textiles is that incorporated inorganic modifiers are stable and cannot be
easily removed from the fibers under some treatments [49–52].

We have noted above that cellulose combines crystalline and amorphous parts. It
is easy to imagine that the luminescent properties of a cellulose material can depend
on the degree of its crystallinity. So, it was important for us to examine the properties
of cellulose with a high degree of crystallinity. Such is the so-called microcrystalline
cellulose (MCC). The next part of the chapter is devoted to studying the MCC
luminescence and properties of the composites based on the MCC.

15.4 Structure, Morphology, and Some Physical Properties
of the Composites Based on the Microcrystalline
Cellulose Matrix (MCC) Containing Luminescent
Inorganic Oxide Micro-/Nanoparticles

The set of oxide compounds were used by us as modifiers (fillers). They were doped
with active luminescence samarium or europium three plus ions (Sm3+ or Eu3+)
lanthanum orthovanadate, LaVO4, and potassium lanthanum phosphate–molybdate,
K2Eu(PO4)(MoO4), compounds.
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Described below the MCC composites were prepared by “dry” cool-pressed
methods. Chemically pure microcrystalline cellulose tablets manufactured at
ANCYR-B (Ukraine) were used as starting material for preparation of the composite
samples under study. (Starting cellulose materials are marked below as SC.) First,
cellulose tablets were grinded and dispersed using high-speed rotation mill. Then,
some part of the resulting powder was mixed with a certain amount of the previously
made nanosized oxide powder. (The sample of un-doped micro-/nanocellulose is
marked as C0.) The mix of ∼ 0.5 g mass was dissolved in 50 ml of high purity
ethanol and undergone ultrasonic treatment (frequency, f = 4.2 kHz; time of the
treatment, t = 20 min.). After that, obtained suspense stood for 30 min, and obtained
precipitate was filtered via paper filter. Prepared powder was dried at ambient air
conditions and room temperature (RT) followed by compression at high pressure of
1.8*104 kPa/m2. The samples under experiments were of the discs form of ∼ 10 mm
average diameter. The thickness of the discs was ∼ 1 mm. The amount of oxide
was in the range 1–200 mg for different “dry” samples, while the mass of MCC
was 450 mg for each of those samples. Thus, below we denote the sample only as
mass and formulae of corresponding oxide, e.g., 10-K2Eu(PO4)(MoO4) denotation
means that the sample contains 10 mg of K2Eu(PO4)(MoO4) oxide incorporated
into 450 mg of MCC. Used oxides could be made by three various procedures:
solid-state reaction, coprecipitation, and sol–gel. We have found recently that
luminescence intensity for each oxide depends on the RE ion concentration and
on the way of their synthesis [71, 72]. In fact, we have found that for LaVO4
doped with RE, the average size was 1–2 μm for solid-state way of the synthesis,
0.2–0.5 μm for the coprecipitation, and 0.1–0.2 μm for the sol–gel way. Moreover,
luminescence of these oxides made by sol–gel method was near three times higher
than for the oxides made by coprecipitation and about ten times higher than for the
samples made by solid-state synthesis [71]. So, the samples made by the sol–gel way
were selected for experiments with composites. In this way, that oxide procedure
and that RE concentration which showed higher PL intensity were selected for
composite preparation and further experiments.

As we have noted in the Sects. 15.1 and 15.1.1, the morphology, structure, and
other properties of the PMM/NC samples depend on their composition and on the
way of the sample preparation. Thus, various characteristics had to be studied,
as the samples were made for the first time. This required us to use a variety of
experimental methods. Those were scanning electron microscopy (SEM), chemical
element analysis, X-ray diffractometry (XRD), luminescence spectroscopy, and
dielectric characteristic measurements.

Characterization of the sample topology was performed by means of the scanning
electron microscopy (SEM). Scanning electron microscope JAMP-9500F Field
Emission Auger Microprobe (JEOL, USA) equipped with X-ray microanalyzer
INCA PentaFetx3 (Oxford instruments) was used for SEM measurements. Besides
the SEM imaging, microelement analysis of various areas of the samples was also
performed using the same microscope.

The X-ray diffraction patterns (XRD) were collected using a conventional
powder diffractometer DRON-3 M equipped with BSV-28 tube (λrad = 1.54178 Å)
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and operating in Bragg–Brentano (θ /2θ ) geometry. The XRD patterns were obtained
in the (2θ ) diffraction angle range 10–70◦ at 0.1◦ step.

The Netzsch 402C dilatometer (NETZSCH, Selb, Germany) with 3% accuracy
was used to study thermoexpansion characteristics, and a coefficient of thermal
expansion was measured in the temperature range of 25–110 ◦C. The dilatometric
measurements were carried out along to normal the disc base. The heating rate used
during measurements was 10 ◦C/min.

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)
testing were made using Jupiter STA 449 F3 calorimeter by Netzsch (NETZSCH,
Selb, Germany). The same heating rate was used as in the dilatometric measure-
ments.

The sample for dielectric studies was placed into thermostatic four-electrode cell
that enabled monitoring the sample thickness by means of additional air capacitor.
Measurements of the capacity and dielectric losses index of mentioned cell were
carried out at four fixed frequencies, f = 5, 10, 20, and 50 kHz in the temperature
range −180 ÷ 130 ◦C. The automatic homemade equipment on the base of the
P5083 alternate current bridge was used for noted above measurements.

The PL (photoluminescence) and the PL excitation spectra were measured using
the spectrometric equipment SDL-2 M. The PL emission spectra were analyzed
using a single-grating (1200 grooves/mm) monochromator MDR-23 (linear disper-
sion 0.5 mm/nm) and DFS-12 (linear dispersion 1 mm/nm) equipped with FEU-100
and FEU-79 photomultipliers, respectively. The N2 laser (λex = 337.1 nm), two
diode-pumped lasers (λex = 473 and 532 nm, respectively), and a xenon lamp
(DKsSh-150) were used as sources of PL excitation. The PL spectra were studied
as a function of the exciting radiation wavelength (λex) and were analyzed over
a wide range of excitation and emission wavelengths (200–800 nm) and sample
temperatures (77–300 K).

The samples surfaces were scanned using electron microscopy instruments.
Figure 15.7 shows the typical SEM image (the sample 100-K2Eu(PO4)(MoO4) was
taken as example). A lot of tightly packed grains of 5–10 μm of size can be seen over
there. Usually, they packed into large plates of ∼20–50 μm of size. Some crannies
are also seen between the plates (see, e.g., in the left part and in the center of Fig.
15.7). Other shape pieces also are on this image. They look like different inclusions
on the sample surface (e.g., see rectangles #3 and #4 on Fig. 15.2). Their sizes are in
10–200 nm range. Conglomerates of such particles form larger pieces of 2–10 μm
in size. The largest of them is near rectangle #5 on the Fig. 15.7.

The chemical element analysis was made for some zones of the samples when
SEM studies were carried out. For example, such zones are marked by rectangles
on Fig. 15.7. The average content of carbon (C) atoms (the range of its value is
74–76 at.% for all of the samples under study) and oxygen (O) atoms (25–23 at.%)
was predominant in zones of the plates (e.g., see zones 1 and 2) that allowed us
to conclude that the plates are blocks of the MCC matrix. The results of analysis
also pointed that mentioned above inclusions (e.g., see zones 3, 4, and 5) are the
areas where the oxide particles located, as their composition is close to the chemical
formulas of corresponding oxides. Average content of the chemical elements for the
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Fig. 15.7 The typical SEM image of the cellulose-based composite (the sample 100-
K2Eu(PO4)(MoO4)). The rectangles show areas where chemical analysis was performed

Table 15.1 The average values of the chemical elements content in 10-La0.7Sm0.3VO4, 10-
La0.7Eu0.3VO4, and 100-K2Eu(PO4)(MoO4) composites (in at. %); cellulose crystallinity index
(k); and the value of the reorientation energy barrier (U) (in kJ/mol)

Sample C K La Sm Eu V P Mo O k U

MCC 65.3 – – – – – – – 34.5 66 75
10-La0.7Sm0.3VO4 0.3 – 11.2 5.8 16.9 – – 65.8 57 62
10-La0.7Eu0.3VO4 5.2 – 10.9 – 6.1 16.4 – – 61.4 57 55
100-K2Eu(PO4)(MoO4) 6.5 9.41 – – 6.87 – 6.96 8.31 62.51 58 54

MCC and some composites in the zones of particles inclusions is accumulated in
Table 15.1.

The XRD patterns of the samples under study showed the set of diffraction
peaks related with X-ray scattering on the MCC lattice in the range 10–45◦ of
2θ (Fig. 15.8) [73–75]. The relatively wide intensive peaks are located at 16, 22.5
and 34.5◦ of 2θ . Several features of low intensity also were found as shoulders for
all the samples, and the similar XRD results were obtained for SC and C0 micro-
/nanocellulose samples. Other observed XRD peaks are not related with MCC XRD
scattering. The intensity of those peaks increases when oxide content increases. So,
we concluded that additive peaks are caused by oxide components of composites.
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Fig. 15.8 The XRD pattern of the starting MCC (SC), micro-/nanocellulose (C0), cellulose–oxide
micro-/nanocomposites (MCC-oxide) with oxide concentrations 0.2% (C1), 2.2% (C2), and 18.2%
(C3) samples. The XRD pattern of the K2Eu(PO4)(MoO4) oxide is shown at the top of the figure.
The dotted lines are Gauss curves that approximate contribution of the cellulose amorphous phase
XRD scattering [48]

It was confirmed by those peak positions in comparison with XRD pattern of the
La1−xSmxVO4, La1−xEuxVO4, and K2Eu(PO4)(MoO4) compounds [71, 72, 76].

On the base of the XRD results, index of the cellulose crystallinity (k) was
calculated for all studied samples. For this aim the contribution of the amorphous
phase (Iam) to the overall XRD spectrum (Icryst + Iam), where Icr is an area under
XRD peaks caused by crystal phase of cellulose, was extracted. (This procedure had
been already previously described in details [48].) Thus, the crystallinity level was
evaluated as a ratio:

k = Icr

Icr + Iam
(15.1)

Calculated k values were found to be near 57–58% for the composites, while for
the un-doped micro-/nanocellulose (C0), this value was higher—66% (Table 15.2).
Thus, we can note that oxide particles affect the structure and morphology of the
MCC host and somewhat destroy its crystal lattice. Undoubtedly, future experiments
are needed to clarify a mechanism of this effect. Moreover, as described below the
results of the study of MCC and MCC-oxide composite dielectric properties also
revealed that oxide component influences cellulose characteristics.
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Table 15.2 Lattice periods (dhkl, nm) and crystallinity (k, %) for cellulose samples: starting
microcellulose (SC), un-doped micro-/nanocellulose (C0), MCC-oxide micro-/nanocomposites
with K2Eu(PO4)(MoO4) oxide concentration 0.2% (C1), 2.2% (C2), and 18.2% (C3) [48]

Sample d110 d200 d004 k

SC 5.56 3.95 2.60 66
C0 5.85 4.02 2.62 56
C1 5.79 3.95 2.62 57
C2 5.72 3.98 2.61 58
C3 5.55 3.95 2.60 58
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Fig. 15.9 Dependencies on temperature of the real (a, c, e, g) and imaginary (b, d, f, h) parts of
dielectric permittivity for un-doped cellulose (a, b) and composites (c–h); 10-La0.7Sm0.3VO4 (c,
d), 10-La0.7Eu0.3VO4 (e, f), and 10-K2Eu(PO4)(MoO4) (g, h). Frequencies used at experiments
(in kHz) are marked on the figure

Dielectric properties, in other words, dependences of the real (ε/) and imaginary
(ε//) parts of the complex dielectric permittivity (ε*) on temperature measured for
studied MCC and MCC-oxide at different frequencies of probing electromagnetic
field (EMF), can be seen on the Fig. 15.9. If we compare the dependences taken
for composites with ones obtained for un-doped MCC (Fig. 15.9a, b), it is easy to
find that general view of these curves is similar. At the same time, some differences
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should be noted. First, we see that if an oxide is added, the shape of the ε/ and
ε// curves changes. In fact, relative intensity of the ε/ curves increases in the
range −125–25 ◦C, and the ε// values increase in the whole temperature range.
Especially, it concerns the temperature range 25–125 ◦C, where the ε// values in
the maximum of the curves increase four to six times. We can note that only (ε/,
ε//) value changes occur in the range 25–125 ◦C, if EMF frequency or oxide content
increases and there is no (ε/, ε//) curve shifts in this temperature range. In contrast, it
is easy to see that ε// curves in the range −125–25 ◦C shift to the higher temperature
side when EMF frequency increases. So, we assume that two kinds of impact of
oxide particles on the surface MCC molecular groups take place, and their responses
on this influence are different. Obviously, some amount of water molecules,
hydroxyl groups, and ambient gases had been incorporated into MCC host as associ-
ated with the surface of oxide particles. There they bind to molecular groups on the
surface of MCC microfibrils that promote increasing of the dipole moment (polariz-
ability) of the samples. As a result, ε// values increase when oxide is added (please
compare Fig. 15.9b and Fig. 15.9d, f, h).These changes manifested in the dielectric
permittivity behavior during first heating of the sample in the EMF of lower fre-
quency. The next heating made under action of the higher EMF frequency removes
more water and some ambient gas molecules and leads to the decrease of the (ε/,
ε//) values. These changes noticeably revealed in the temperature range 25–125 ◦C.

Described data correspond to, measured by us, the thermogravimetric analysis
(TGA) data. The TGA curves for the un-doped, C0 sample and C1 intersect at 25
and 125 ◦C, while in the whole temperature range between these points, 25–125 ◦C,
C0 sample curve is higher than C1 curve (Fig. 15.10a). The behavior of these curves
is different: first of them is convex and second is concave. So, the difference between
them is largest in the temperature range near 60–80 ◦C. The TGA curves for C2
and C3 samples show similar temperature behavior, but difference between them
increases when temperature increases. In fact, the difference is near 0.3% at 25 ◦C,
and it is near 0.6% when temperature rises up to 125 ◦C. Thus, we can note that
difference between dependence for the C0 sample, which doesn’t contain oxide
component, and C1 sample, where oxide amount is minimal, is appreciable. The
dependences for C2 and C1 samples are close, while characteristics of the C3 sample
differ considerably from the C2 sample, in spite of the similar difference in the oxide
contents: about ten times in both cases.

The differential scanning calorimetry (DSC) curves (Fig. 15.10b) have demon-
strated similar behavior for the C0, C2, and C3 samples up to temperature near
70 ◦C, when difference has aroused between them. As a result, calorimetric
singularity is near 103, 92, and 98 ◦C for the C0, C2, and C3 samples. A big
difference is observed between the DSC curve for C1 sample and other DSC curves.
Mentioned fact concerns both of the curve shape and singularity positions. The last
one is near 67 ◦C for the C1 sample.

Thus, we can note that considerable difference between characteristics of the
C0 sample, which doesn’t contain oxide component, and C1 sample is obvious.
This difference can be regarded as predicable, as it reflects radical difference in
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Fig. 15.10 Thermogravimetry (a) and differential scanning calorimetry curves (b) for the
cellulose–oxide micro-/nanocomposite: un-doped sample (C0), samples with oxide content 0.22
(C1), 2.2 (C2), and 18.2% (C3) [48]

their composition. At the same time, noticeable similarity of the C0 and C3 sample
properties is unexpected and has to be an object of the future studies [48].

Temperature and frequency behavior of the (ε/, ε//) values in low temperature
range, −125–25 ◦C, are typical for over-barrier reorientations of molecules between
their two equilibrium positions in solid state. We assume that, found by us,
reorientations occur as thermal transitions (from tg to tt conformation) of methyl
groups located on the surface of the MCC microfibrils.
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It is of interest to note that behavior of the (ε/, ε//) in the whole temperature
range is similar to temperature behavior of the viscoelastic characteristics (storage
modulus and tang δ) of hydroxypropyl cellulose composites reinforced with cellu-
lose nanofibers [77–79]. The authors had related, measured by them, dependences
with two types of relaxations both involving large-scale molecular motions [77] and
changes of the amount of crystalline, amorphous, and intermediate-order phases
[77–79]. We suppose similar processes occur in the case of the MCC-oxide which
are under our study. Moreover, we think that relaxations which are realized in
the low temperature range, −125 to 25 ◦C, promote to phase transformations of
mentioned above type, which take place in the higher temperature range 25–125 ◦C.

Fitting of experimental ε/(T, f ) curves with corresponding theoretical dependen-
cies in Debye approximation was performed for the temperature range −125 to
25 ◦C (Fig. 15.9), and the energy barrier between two equilibrium positions, U,
have been evaluated. Corresponding values are accumulated in the Table 15.1. It
is easy to see that U-values show significant influence of the oxide component on
the relaxation conditions in cellulose matrix that confirm the role of the microfibril
surface molecular groups.

It is clear that these issues are far from their total understanding; that is why
further study in this direction has to be performed. Nevertheless, placed below
data concerning effect of oxide particles on luminescence properties of studied
composites confirm the role of the cellulose–oxide interactions.

Photoluminescence (PL) of the MCC and MCC-oxide composites is excited in
the wide spectral range from UV to yellow light (250–570 nm) (Figs. 15.11 and
15.12). The PL spectra consist of wideband that extends from 350 up to 750 nm (Fig.
15.11, curves 1, 2). Besides, the sets of relatively narrow lines are in the spectra of
the composites embedded with oxides doped with RE ions Sm3+ (Fig. 15.4, curve
4) and Eu3+ (Fig. 15.11, curves 5 and 6). Relative intensities of the wideband and
narrow lines depend on the sample composition. So, some traces of the fine structure
can be found in the spectral ranges 560–580, 580–615, and 645–665 nm of the PL
spectra of the 10-La0.7Sm0.3VO4 composites (Fig. 15.11, curve 3). If oxide amount
is higher (100-La0.7Sm0.3VO4 composite), the lines are significantly enhanced (Fig.
15.11, curve 4).

The shape and peak position (λmax) of the wide PL band also depend on the
sample preheating and on the sample composition. Taking into account previously
found results [36, 37, 44], we can conclude that the wideband at least consists of four
strongly superposed components with λmax near 420–430, 505, 565, and 600 nm.
Contributions of these components to the total spectra change in different way after
MCC heating (Fig. 15.11, curve 2) or if oxide is embedded into MCC. The former
leads to the short wavelength side domination in the spectra (Fig. 15.4, curve 2).
As for the last, as a rule, short wavelength luminescence components dominate in
the spectra of composites; however, middle components become predominant when
amount of oxide increases (Fig. 15.11, curve 4).

The spectra of the wideband PL excitation similarly to emission spectra showed
complex structure (Fig. 15.12). As for starting MCC sample, excitation spectra
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Fig. 15.11 The PL spectra of
starting cellulose MCC (1),
MCC heated to T = 130 ◦C
(2), and composites:
10-La0.7Sm0.3VO4 (3),
100-La0.7Sm0.3VO4 (4),
10-La0.7Eu0.3VO4 (5), and
10-K2Eu(PO4)(MoO4) (6);
λex = 405 nm; T = 300 K
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Fig. 15.12 The PL excitation
spectra of the MCC (1, 2) and
composites:
100-La0.7Sm0.3VO4 (3),
1-La0.7Eu0.3VO4 (4), and
10-K2Eu(PO4)(MoO4) (5);
λreg = 460 (2, 3), 475 (4),
580 (1), 612.5 (7), 613.3 (6),
and 644.6 nm (5); T = 300 K
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consist of several overlapping bands lying in the ranges ∼ 250–350, 300–425, 350–
475, and 425–525 nm. Excitation spectra change if wavelength of the PL registration
(λreg) changes. Thus, short wavelength band in excitation (250–350 nm) vanishes if
λreg changes from 580 to 460 nm (Fig. 15.12, curves 1, 2). The same was observed
for excitation of luminescence of the 100-La0.7Sm0.3VO4 composite. We see that
only 300–450 nm range of excitation is actual, while other ones diminished (Fig.
15.12, curve 3).

Our results revealed also correspondence between components in luminescence
and excitation spectra and confirmed that several origins contribute to the lumines-
cence of cellulose matrix. Namely, we can state that the shortwave side of the MCC
luminescence is excited in the bands ranging from 300 to 450 nm. We state also that
both heating and oxide particle action on these sources are selective and different,
which may be due to the features of molecular relaxations and due to features of the
molecular anions of oxides (vanadate, VO4

3−; phosphate, PO4
3−; or molybdate,

MoO4
−) binding with molecular groups on the surface of cellulose microfibrils.

When the PL is registered near the narrow PL lines, new details of the excitation
spectra have been measured (Fig. 15.12, curves 3–5). No doubt, these additives, as
well as narrow lines in the PL spectra, are related with absorption and radiation
transitions in the fn-shells of Sm3+ or Eu3+ ions and O2− ➔ RE3+ charge-transfer
transitions in oxide component of the composites. Really, the positions of these
groups of lines, their shapes, and their intensity coincide with excitation and
luminescence data for corresponding “free” powder oxides taken by us recently
[70–71].

As for composites containing Sm3+ ions, it is easy to conclude that additive
narrow PL lines and lines in excitation spectra are related with f –f transitions in the
electronic shell of the Sm3+ ions. In fact, the positions of these groups of lines, their
shapes, and distribution of their intensity coincide with absorption and emission
lines of the Sm3+ ions in various crystalline [71, 80–82], glasslike hosts [83, 84],
and liquids [85]. So, we can state that observed PL groups of lines are due to
radiation transitions 4G5/2 ➔ 6H9/2, 6H7/2, 6H5/2, from excited 4G5/2 level to the
lowest levels of the ground 6H state.

As for composites containing Eu3+ ions, a comparison of described emission and
excitation spectra with the corresponding spectra of the free K2Eu(MoO4)(PO4)
or La1−xEuxVO4 powder compounds show that the observed PL lines have to be
ascribed to the 5D0 ➔7FJ (J = 1 ÷ 4) radiation transitions in the inner f–f electronic
shells of the Eu3+ ions which are in the composition of oxide compounds [70, 71].

Changes of the shape and decrease of MCC host PL intensity, when content
of the oxide increases, can be related with influence of the oxide particles on the
morphology and dynamics of various cellulose molecular groups located on the
microfibril surface. It is worth to note that distributions of intensity of the Sm3+ and
Eu3+ ion PL lines differ from one corresponding to “free” oxide powders [70, 71].
We have known that these RE3+ ions locate in the volume and on the surface of used
oxide particles [70, 71]. Positions of the lines in the PL and excitation spectra of the
Sm3+ and Eu3+ ions noted “at surface” and “in volume” types of ions are different.
Obviously, “at surface” ions, in the first place, have been sensitive to the influence of
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Fig. 15.13 (a) The view, on the eye, of the blue LED emission; (b) normalized emission spectrum
of the blue LED (1) and the emission spectrum of the system (2); (c) view, on the eye, of the “blue
LED+100-K2Eu(PO4)(MoO4)” composite system emission

the cellulose surface molecular groups. Thus, interaction between surface molecular
groups of cellulose and surface molecular groups of oxide determines peculiarities
of luminescence and dielectric behavior of the studied composites also.

Described luminescence characteristics make studied composites suitable for
transformation of the UV and violet or blue light to the emission of wide spectral
range at longer wavelengths. To combine emission of the LED as excitation light
(Fig. 15.13a) and the luminescence of studied composite, e.g., we will take emission
of complex system “blue LED + oxide composite” (Fig. 15.13b). Spectrum of
this system emission extends from 450 up to 750 nm, and it is a combination of
wideband LED blue emission, wideband green-yellow emission of the cellulose
host, and red emission of the oxide. As a result, we obtained white on the eye
emission of such modeling device (Fig. 15.13c).

15.5 Conclusions

Short review about properties of the polymer incorporated with inorganic, particu-
larly oxide particles, micro-/nanocomposites showed their perceptiveness to be used
as materials for modern optics and optoelectronic devices.

The sets of the new polymer micro-/nanocomposites based on the microcrys-
talline cellulose host and embedded with micro-/nanoparticle of various luminescent
complex oxides La1−xSmxVO4, La1−xEuxVO4, and K2Eu(PO4)(MoO4) were made
by “dry” cool pressing procedure. Their morphology can be described as ensemble
of cellulose plates, and located between them or inside them are oxide particles.

Dielectric and luminescence properties of composites were studied, and their
characteristics were evaluated. It was found that studied micro-/nanocomposites
are not ordinary mechanical mixture of the microcrystalline cellulose and oxide
compound. The luminescence characteristics display effect of cellulose on the
electron-vibration system of the Sm3+ and Eu3+ ions, and, on the other hand, effect
of the oxide particles on the microfibril components of cellulose was showed, too.
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Dependences of the dielectric permittivity of the composites cellulose host also
revealed influence of oxide particles on the characteristics of the microcrystalline
cellulose.

Both wideband and narrow lines of visible luminescence (350–750 nm range)
of the composites are excited in the range 250–550 nm. Spectral characteristics
and high intensity of luminescence determine these composites as perspective for
creation on their base of luminescent covers for ultraviolet and violet LED with the
aim to transform their radiation into white light.
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Chapter 16
Interactions Between Carbon-Based
Nanostructures and Biomembranes:
Computer Simulations Study

Przemysław Raczyński, Mateusz Pabiszczak, and Zygmunt Gburski

16.1 Introduction

The cell membranes were created by nature as efficient protective barriers. An
important functional part of membrane is the phospholipid bilayer, the structure
that protects an interior of the cell from the external factors like uncontrolled
molecules transport from and into the cell [1–3]. Taking into account expansion
of novel fields like nano-medicine, employing nanostructures to deliver cargo to
cells via phospholipid bilayer is of considerable interests. Carbon nanotubes are
recognized as a potential noninvasive vehicle because experimental and theoretical
studies suggest that they are able to quite efficiently penetrate the membrane [4–9].
CNTs can be functionalized with different molecules such as proteins, nucleic acids,
and drugs [10, 11]. The delivered substances can be attached to the outer surface of
nanotube [12] as well as inner surface can be used [12–14]. Optical absorption in the
near-infrared [15], photoluminescence [16], Raman scattering [17], photoacoustic
[18], or echogenic properties [19] can be used to visualize the track of CNT in the
biological milieu [20–23].

In this work, we analyze the interaction mechanism between phospholipid bilayer
and carbon-based nanostructures during its movement via membrane. Besides of
our earlier works [24–27], there are relatively few computer simulation studies that
address the entry mechanism [28–30].

In this work, we present the results obtained for two armchair carbon nanotubes:
(10, 10) and (12, 12). The force required to pierce the membrane and membrane
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deflection is discussed. We compare the results with capped (10, 10) CNT. We
also present results for heterogeneous nanotube, namely, silicon-carbide nanotube
(SiCNT). Recent studies show that SiCNT might have some advantages when
compared to CNTs, because they exhibit larger reactivity and they can be applied
in hydrogen storage components [31, 32]. Also graphene sheet was taken into
consideration as it is a novel material and its interaction with biological samples
is still relatively not well known.

The damage of phospholipid bilayer is equivalent with the death of the cell, and
the nanostructure used during indentation process should not destroy the membrane
if it is to be considered as possible drug carrier. To assess the impact of nanostructure
on the membrane, we performed a set of simulations of removing the (10, 10) CNT
from the membrane. During extraction process, we examined self-sealing abilities
of phospholipid bilayer.

16.2 Materials and Methods

Molecular dynamics simulations were performed with NAMD 2.8 simulations code
[33], with the all-atom CHARMM force field. VMD 1.9.2 was used to visualize the
simulated systems [34]. The studied systems consisted of nanostructure, phospho-
lipid (DMPC), and cholesterol molecules, which play in membrane an important
role in the context of its fluidity [1, 2, 35–37]. Moreover, all simulations were
performed in a water environment (TIP3P adapted CHARMM model of water
[38, 39]).

All systems were initially equilibrated in NPT ensemble. The pressure was set to
1 atm and controlled using Langevin barostat implemented in NAMD. Next the
systems were equilibrated in NVT ensemble, and after these initial runs, where
the nanostructures were kept at constant positions, the indentation simulations were
started. All indentation simulations were performed in NVT ensemble.

Nanoindentation of a phospholipid bilayer was modeled by means of SMD
simulations. In case of nanotubes, the springs were added between the most distant
from bilayer ring of nanotube and imaginary points moving with constant velocity
perpendicularly to bilayer surface. For graphene sheet springs were added at the
closest to bilayer carbon atoms due to the fact that it was difficult to keep the sheet
perpendicularly to bilayer surface when the springs were added to the atoms most
distant from the bilayer.

The simulated systems consist of approximately 130,000 atoms. All simulations
were performed at physiological temperature equal to 310 K. The integration time
step was set to 0.5 fs. During equilibration process, the distance between the
closest to the bilayer nanostructure atoms and average positions of phospholipid
heads was approximately equal to 0.8 nm. All interactions were described with
CHARMM potential. The CHARMM-adapted parameters and topologies for CNTs
and graphene sheet were taken from [40–42] and for silicon-carbide nanotube from
[43]. The atomic charges and model for cholesterol molecule were taken from
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[44]. DMPC molecules were modeled using CHARMM27 force field [45, 46]. To
improve the sampling of state space, all simulations were repeated several times, and
the results presented in this work are the averages over all independent simulation
runs.

The simulations were performed as follows:

1. Firstly indentation using two armchair CNTs (10, 10) and (12, 12) was executed
with the speed equal to 1.5 m/s.

2. Next part of simulations was to use capped (10, 10) CNT as a nanoindenter. The
CNT was moving through bilayer with the speed v = 2 m/s.

3. Thirdly we used heterogeneous (10, 10) SiCNT nanotube, which pierced the
membrane with speed equal to 1.5 m/s.

4. We also used 56 × 32 Å graphene sheet. The graphene sheet was moved with the
speed equal to 2 m/s.

5. Last part of our simulations was extraction process for the open-ended (10, 10)
CNT with the pullout speed equal to 1.5 m/s.

The results of these simulations are presented and discussed in the above order.

16.3 Results

16.3.1 Indentation of the Membrane by (10, 10) and (12, 12)
CNTs

Figure 16.1 shows the initial configuration (Fig. 16.1a) for the (12, 12) CNT and the
final configuration of this system (Fig. 16.1b).

In the Fig. 16.1b, one can observe that some lipids were pulled out of the
membrane, but its consistency is saved. Moreover, the deflection of the membrane
is observed after indentation process. Figure 16.2 presents the average dislocation
of C2 carbon atoms from the phospholipid glycerol backbones with respect to the
distance from nanotube main axis. The bending was calculated with respect to the
positions of glycerol backbone C2 atoms at the edges of simulation cell. In case of
nanotube with larger diameter, the deflection is larger because it is more difficult
to accommodate the change imposed by moving (12, 12) CNT. In case of (12, 12)
CNT, the C2 atoms located close to the nanotube surface were displaced about 2–
3 Å deeper into the bilayer comparing to (10, 10) CNT. The C2 atoms located close
to the CNT surface experience larger dislocation comparing to these located at the
edges of simulation cell.

The average force required to insert the nanotube into bilayer, as a function of
the indentation depth, is shown in Fig. 16.3. It can be seen that force required to
indent phospholipid bilayer is larger in case of CNT with larger diameter. The
higher amount of the force required is clearly observed mainly in the last part of
indentation process where the bilayer is almost pierced by CNT. The maximums of
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Fig. 16.1 The initial (a) and final (b) configuration of the system consisted of (12, 12) CNT and
bilayer

Fig. 16.2 The comparison of average dislocation of the C2 DMPC atoms

the curves are located between 18 and 20 Å. This indentation depth can be associated
with CNTs pressing apart the strongly interacting and meshed hydrocarbon tails of
phospholipids. After crossing this part of bilayer, the force begins to diminish.
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Fig. 16.3 The comparison of average force required to insert CNT into bilayer

16.3.2 Comparison Between Capped and Uncapped (10, 10)
CNT

In this part of simulations, the indentation speed was equal to 2 m/s. Direct
comparison between force profile for open-ended and capped CNT is shown in
Fig. 16.4. The average force acting on open-ended CNT is higher comparing to
the capped nanotube. Although the maximal force required to penetrate membrane
is similar for both CNTs, the average force decays faster in case of capped nanotube.
This leads to the conclusion that the capped CNT penetrates the phospholipid bilayer
less invasively than their open-ended counterpart. Moreover, analysis of Figs. 16.3
and 16.4 allows to conclude that higher indentation speed means higher force
required to pierce the membrane and, consequently, larger membrane damage.

16.3.3 Nanoindentation of the Membrane by Heterogeneous
Nanotube

In this part of simulation, we have used silicon-carbide nanotube which pierced
phospholipid bilayer with speed equal to 1.5 m/s. Figure 16.5 shows the comparison
between forces required for indentation process in case of (10, 10) SiCNT and (10,
10) CNT. The required force is smaller for the heterogeneous nanotube. The bonds
between silicon and carbon atoms are longer than between carbon-carbon. This
causes that SiCNT deforms easier and more readily adapts to bilayer. It diminishes
mutual interactions between nanotube and bilayer, and the average force is smaller
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Fig. 16.4 The comparison of average force required to insert open-ended and capped nanotube
into bilayer

Fig. 16.5 The comparison of average force required to insert CNT and SiCNT into bilayer

than in case of pure CNT. Note that average force for SiCNT is smaller despite the
fact that it has larger diameter, and as one can see from Fig. 16.3, for homogeneous
nanotubes, the required force increases with the diameter.
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Fig. 16.6 The average force required to insert graphene sheet into bilayer

16.3.4 Indentation with Graphene Sheet

The results shown in Fig. 16.6 were obtained for 56 Å width and 32 Å height
graphene sheet which pierced the bilayer with speed equal to 2 m/s. Note that in
case of this part of our studies, the springs were added to the carbon atoms closest
to the membrane. The shape of force plot is similar to the curves obtained for other
discussed systems. At the first part of diagram, the force required for the indentation
process grows. The maximum force is about 2.5 nN, and it is connected with the
region where graphene sheet presses apart the glycerol backbones or hydrocarbon
tails of phospholipids (between 12 and 16 Å). Next, the force starts to diminish.

16.3.5 Extraction and Self-Sealing Processes

The last part of our studies was performed for open-ended (10, 10) CNT. The
pulling speed was equal to 1.5 m/s. Figure 16.7 shows the average force required
for extraction process. This chart should be analyzed from right to left.

The average force required to pull CNT out of the membrane is significantly
lower comparing to the nanoindentation process (see Fig. 16.3). After the initial
part of extraction, where the force grows to, approximately, 0.5 nN, the maximum
width can be observed. It is wider compared to the indentation example, because the
opposite to deflection process occurs and, firstly, CNT overcomes the deflection and,
next, it “raises” whole membrane up. At the last part of extraction process, where
the membrane is not able to accommodate changes caused by nanotube, CNT starts
to leave the membrane definitely, and the force starts to diminish.
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Fig. 16.7 The average force required to pull CNT out of the membrane

Fig. 16.8 The snapshot of
membrane self-sealing
process

During extraction process, the self-sealing process occurs. Figure 16.8 presents
the snapshot of final configuration (after extraction process) when the nanotube left
the membrane permanently (bottom view). There are no water molecules remaining
in the membrane after nanotube extraction process and no defects through which
water could easily penetrate the membrane. For the studied extraction speed, the
self-sealing process occurs almost instantaneously.
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16.4 Conclusions

We have performed a series of computer experiments on nanoindentation process.
The pure CNTs, heterogeneous silicon-carbide nanotube, and graphene sheet were
used to deeply examine the indentation process. Our simulations show that the
larger diameter of CNT means higher force required to pierce the membrane.
The membrane also experienced larger deflection when (12, 12) CNT was used.
The capped CNT is less invasive comparing to open-ended. Heterogeneous SiCNT
requires smaller force to pierce the membrane comparing to its homogeneous carbon
counterpart. The nature of nanoindentation with graphene sheet is somehow similar
to indentation with nanotubes because the shapes of force are congruous. The
average force required to pull CNT out of the membrane is smaller than in case
of indentation, and effective self-sealing process of the bilayer occurs.

Our findings might contribute to the quest for effective drug delivery into the
interior of the mammals cells and can be helpful in future real-life experiments.
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Chapter 17
Percolation Threshold
of 5-Cyanobiphenyl Mesogene Phases
Between Graphene Planes: Computer
Simulation Study

Violetta Raczyńska, Krzysztof Górny, Przemysław Raczyński,
and Zbigniew Dendzik

17.1 Introduction

Liquid crystals (LCs) combine the mobility of an isotropic liquid with the long-
range orientational order normally associated with crystalline solids and have been
used for applications that rely on their anisotropic electrooptical properties. The
series of n-cyanobiphenyls (nCB; 4-n-alkyl- 4′-cyanobiphenyl) exhibit liquid crys-
talline phases at the temperatures near room temperature and have been intensively
studied through experiment and with the use of computer simulation methods. 5-
Cyanobiphenyl (5CB) was synthesized in 1972 as an outcome of research aiming at
finding a mesogen for use in liquid crystal displays.

Ordering of the mesogene layers anchored at different substrates strongly
depends on substrate morphology and homogeneity [1]. Because of this, anchoring
of mesogenes at their interfaces with such substrates as graphene [2], carbon nan-
otubes [3], or polymer nanofibers [4] proved to significantly affect their electrooptic
and dielectric properties and has been studied for fundamental scientific reasons as
well as because of potential applications, such as designing and optimizing a variety
of devices ranging from displays to organic field-effect transistors [5]. Graphene is
one of the most promising substrates due to its unique 2D structure and mechanical,
electrical, and optical properties. Aromatic nature of graphene and presence of
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two benzene rings in 5CB structure lead to the formation of planar alignment of
anchored mesogene molecules.

17.2 Simulation Details

The model of 5CB mesogene, which has been proved to well describe the
isotropic−nematic phase transition temperatures and the appropriate values of the
order parameter assigned to these phases, has been adopted from the CHARMM-
type united atom potential developed by Tiberio and co-workers [6].

Interactions between the mesogens have been described taking into account
electrostatics and van der Waals forces modeled with Lennard-Jones 12–6 potential
with Lorentz−Berthelot mixing rules and cutoff of 12 Å. Interactions between
graphene sheets and 5CB molecules have been described with a model that
accounts for van der Waals interactions modeled with Lennard-Jones 12–6 potential.
Periodic boundary conditions (PBC) were applied and long-range interactions were
calculated using particle mesh Ewald (PME) summation technique with grid spacing
of 1.5 Å. Equations of motion were integrated for 20 ns, using the Brunger-
Brooks-Karplus (BBK) scheme implemented in NAMD 2.9 [7] with the time
step of integration of 1 fs. The simulation was performed in NVT ensemble, for
temperature T = 270 K, controlled with Langevin thermostat (damping coefficient
γ = 5.0 ps − 1). Visualizations were prepared with the use of VMD software [8].

The simulated system was composed of 63 5CB molecules located between two
parallel graphene sheets (approx. 70 × 70 Å). The distance between the sheets
varied from 9 Å to 18 Å. The simulation cell was set to 70.7 × 72.4 × 90.0 Å.
The value of z-component of simulation cell was large enough to minimize the self-
interaction component of long-range electrostatic interaction between the primary
layer and its PBC image. The remaining x- and y-components were selected to
accommodate for the periodicity of the graphene sheets. Figure 17.1 shows the
snapshot of the instantaneous configuration of 5CB mesogene phase between the
graphene sheets at the lowest studied distance – 9 Å, forming single homogeneous
layer.

17.3 Results and Discussion

We have studied the properties of the phases of 5CB embedded between two parallel
graphene sheets. Geometrical constraints and anchoring effects moderate strongly
structure and inner dynamics of the mesogenes. The accessible volume per 5CB
molecule varies from 0.7 to 1.4 nm3 for different distances between graphene planes
(9–18 Å). Taking into account only the geometrical constraints, one would expect
that dynamics of the system should significantly accelerate. Figure 17.2 shows
calculated values of the Lindemann index δL defined as [9].
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Fig. 17.1 The instantaneous configurations of 5CB mesogene phase between the graphene sheets
at the distance 9 Å: (a) side view; (b) top view
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where rij is the distance between the center of mass of ith and jth molecules.
Lindemann index can be related to the mobility of the molecules, and it seems

too reasonable to expect that it will raise with the increasing value of the distance
between the graphene planes. We can observe that the values of δL are increasing
up to the distance of 14 Å, but it decreases in the case of larger distances. This
phenomenon can be explained in terms of physisorption (or anchoring) of the
mesogenes at the graphene [10].
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Fig. 17.2 Lindemann index
of the 5CB mesogenes
located between graphene
sheets, for different values of
the distance between sheets

Fig. 17.3 5CB density profiles along z-axis calculated for different values of the distance between
the graphene sheets: (a) 9 Å, (b) 11 Å, (c) 14 Å, (d) 16 Å, and (e) 18 Å

In order to confirm this, we calculated density profiles along z-axis using the
VMD density profile plug-in [11]. Figure 17.3 shows the density profiles determined
for different values of the distance between the graphene planes.
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Fig. 17.4 The visualizations
of 5CB structure for different
values of the distance
between the graphene planes:
(a) 13 Å, (b) 14 Å, and (c)
18 Å

The density profiles suggest that the increase of Lindemann index at interplanar
distances d < 14 Å can be attributed to the splitting of the single 5CB layer into
two incomplete layers anchored on opposite graphene planes and frustration of
5CB molecules (Fig. 17.3b) – the molecules jump between two equivalent energy
minima located in the vicinity of each graphene plane. For the distance d = 14 Å,
we can observe formation of additional residual intermediate layer (Fig. 17.3c). This
configuration leads to the relaxation of this frustration. The molecules “choose” one
out of two local minimas located near each graphene surface. This, in turn, leads to
formation of single layer at randomly selected graphene plane (Fig. 17.3d, e).

These findings are supported by the visual inspection of 5CB configurations.
Figure 17.4 presents the instantaneous configurations of the mesogenes located
between graphene sheets. In Fig. 17.4a we can observe two incomplete layers
formed at the interplanar distance of d = 13 Å. In the next snapshot (Fig.
17.4b), these mesogene layers start to break apart and form the residual, highly
unstable layer. Finally, the configuration shown in Fig. 17.4c represents relaxed 5CB
structure, formed at interplanar distance d > 16 Å.

The relaxation of the frustration process leading to the formation of single
mesogene layer results with reduced molecular mobility reflected in the observed
decrease of the Lindemann index (Fig. 17.2). Some residual remnants of the second
layer (approx. 10% of the total number of mesogenes) still exists near the opposite
graphene layer that can still be observed (Fig. 17.4c). The obtained density profiles
and their evolution with the distance between restraining substrate surfaces suggest
that the effect of anchoring is predominant in the formation of 5CB mesogene
phases.
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17.4 Conclusions

The process of forming 5CB mesogene phases anchored between graphene sheets
is an outcome of a counterbalance between the interaction of the graphene surfaces
with mesogene molecules and the volume accessible for the mesogenes. The
increase of the distance between the planes while keeping the constant number
of the mesogenes leads to the frustration of the system, relaxed eventually by
further reduction of the mesogene density induced by further increase of the distance
between the substrate surfaces. The reduction of mobility reported for the systems
with higher distance between graphene planes can be attributed to the breaking of
balance between the layers located near the opposite graphene sheets and rebuilding
its structure as a single layer.
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Chapter 18
The Ultrasonic Treatment as a Promising
Method of Nanosized Oxide CeO2-MoO3
Composites Preparation

V. A. Zazhigalov, O. V. Sachuk, O. A. Diyuk, V. L. Starchevskyy,
S. V. Kolotilov, Z. Sawlowicz, S. M. Shcherbakov, and O. I. Zakutevskyy

18.1 Introduction

The mixed systems based on cerium and molybdenum oxides were applicated
as photocatalysts for organic dyes degradation [1–3], catalysts supports, and also
effective catalysts for environment protection, namely, oxidation CO [4], selective
reduce of nitrogen oxides to ammonia [5, 6], etc. The number of publications
connected with the use of Ce-/Mo-containing catalysts for acetaldehyde production
from ethanol as an intermediate product for the synthesis of other chemicals such
as acetic acid, acetic anhydride, ethyl acetate, butyl aldehyde, crotonaldehyde,
pyridine, peracetic acid, and vinyl acetate exists, also [7–11].

The synthesis of Ce(x)/MoO3 microparticles by impregnation method was
presented in [1], and their agglomeration was shown. The mesoporous materials
in highly dispersed state for this system were prepared by coprecipitation method
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with high-temperature treatment [4]. The MoO3:CeO2 nanofibers were obtained by
a combination of sol-gel method and electrospinning technique [2] in water-ethanol
solution with citric acid and polyvinyl alcohol addition. It is necessary to note that
all known traditional methods of preparation of CeO2-MoO3 compositions used the
salts (NH4)6Mo7O24 × 4H2O and Ce(NO3)3 × 6H2O as raw materials.

In this study the ultrasonic treatment as alternative method for nanocomposites
preparation in Ce/Mo-O system was used. The commercial oxides of Ce and
Mo were utilized as raw materials which permit characterizing this method as
“environmentally clean” technology by the absence of harmful substances in
production and the possibility to simplify of synthesis realization. It is possible to
note that this technique was utilized for Ce(MoO4)2 nanoparticles preparation [3],
but the cerium and molybdenum salts and glucose as surfactant were used.

In this work the effect of sonochemical treatment on the properties of CeO2-
MoO3 mixtures with different composition (CeO2/MoO3 = 15:85, 25:75, 50:50,
75:25, molar ratio) was studied, and the structural, morphological, catalytic, and
sorption properties of the prepared samples were determined.

18.2 Experimental

18.2.1 Sample Preparation and Synthesis

The preparation of the initial cerium-molybdenum oxide compositions with a
molar ratio of CeO2/MoO3 = 15:85, 25:75, 50:50, and 75:25 was realized by
mixing of CeO2 and MoO3 powders in agate mortar. All reagents employed were
commercially available and directly used without further purification. For the
sonochemical modification of composites, a dispersant UZDN-2 was used. The
powder mixture (10 g) was placed in glass reactor and irradiated in aqueous medium
during 1 h in effect of acoustic cavitation at a frequency of 22–40 kHz and a load
of 3 W/cm2. The temperature of the reaction medium was maintained at 80 ◦C by
circulating cold water around the reactor. Obtained suspensions were filtrated and
dried in the air at 120 ◦C.

18.2.2 Characterization Methods and Techniques

Powder X-ray diffraction measurements were carried out on a diffractometer PW
1830 (Philips) with monochromatic Cu Kα-radiation (λ ≈ 0.154 nm) in the range
from 10◦ to 90◦ (2�). The average crystallite sizes (L) were estimated by using Eq.
(18.1), which is known as the Scherrer formula:

L = Kλ

β cos �
(18.1)
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where β represents the constant of FWHM, λ is the wavelength of the Cu Kα

radiation, K is the constant parameter connecter with crystal form and is 0.9, and �

is the diffraction angle.
FT-IR spectra (4500–400 cm−1) of the prepared samples were recorded on

a “Spectrum-One” (Perkin-Elmer Instruments) spectrometer to use powder KBr
(mass ratio sample/KBr = 1:20). EPR spectra were obtained on a Bruker Elexsys
E580 FT/C at room temperature at a frequency of 9.2–9.9 GHz. Nitrogen physisorp-
tion experiments were carried out in a NOVA-2200 Gas Sorption Analyzer by
Quantachrome. The measurement was performed at the boiling point of liquid
N2 (77 K). The surface area was calculated according to the BET equation.
Scanning electron microscopy was performed to use of Jeol JSM-6490 instrument
in conjunction with an energy-dispersive spectrometer after deposition on a gold
monolayer. TEM images were obtained with JEM-1230 (JEOL) high-resolution
transmission electron microscope with an 80 kV accelerating voltage. Catalytic
activity of the samples in the ethanol oxidation was tested in a flow fixed-bed
stainless microreactor at atmospheric pressure in the temperature range of 25–
300 ◦C. The catalyst (V = 0.5 cm3 with fraction 0.25–0.50 mm) was loaded into
a reactor. Gas mixture containing 1 vol % C2H5OH in air was passed through the
reactor at a total flow rate of 20 cm3/min. Initial components and reaction products
have been analyzed by online gas chromatography, with flame ionization (FID) and
thermal conductivity detectors (TCD). The reaction of ethanol partial oxidation to
acetaldehyde occurs to the equation:

CH3CH2OH + 1/2O2 → CH3CHO + H2O (18.2)

The ethanol conversion, acetaldehyde selectivity, and its yield were according to
the following formulas:

XEtOH (%) = (CEtOH (in) − CEtOH (out))

CEtOH (in)
× 100%, (18.3)

SAc (%) = CAc

(CEtOH (in) − CEtOH (out))
× 100%, (18.4)

YAc (%) = XEtOHSAc

100
(18.5)

where ¸EtOH, ethanol conversion %; SAc, selectivity of acetaldehyde; YAc, acetalde-
hyde yield %; ´EtOH (in), initial ethanol molar concentration; ´EtOH (out), ethanol
molar concentration after reactor; and ´Ac, acetaldehyde molar concentration after
reactor.

The adsorption properties of obtained samples were studied in sorption organic
dye safranin-T by the method [12]. The equilibrium concentration of safranin-T was
determined by spectrophotometric method on the UV-2450 Shimadzu instrument.
The initial ratio of the solid sample mass to volume solution was 1:4 (12.5 mg:
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50 ml). The sorption degree (S) and adsorption capacity (a) were calculated by the
Eqs. 18.6 and 18.7:

S =
(
C0 − Cp

)

C0
× 100%, (18.6)

a =
(
C0 − Cp

) × V

mc
, (18.7)

where Ã, adsorption capacity, g/l; C0, initial concentration of dye solution, g/l; CÓ,
equilibrium concentration, g/l; V, solution volume, ml; and mc, sorbent mass, g.

18.3 Results and Discussion

Figure 18.1 shows the XRD patterns of CeO2-MoO3 samples with different CeO2
and MoO3 content after sonochemical modification and initial composition CeO2-
MoO3 = 50:50 for comparison. Any new reflexes were observed in diffractograms.
The XRD patterns exhibit sharp peaks of crystalline α-MoO3. It was established
that treatment leads to an increase of MoO3 reflex intensity and changes the ratio of
intensity of the main peaks of MoO3 for the planes (020) and (040). The last reflex
is dominant for the samples after treatment in comparison with initial mixtures.
The intensity of all reflexes connected with CeO2 decreases after UST. As result
after treatment, the ratio between intensity of the crystallographic planes of MoO3
(040)/CeO2 (111) increases and in major degree for the sample Ce/Mo = 50:50
where the change from 3.44 up to 13.2 was observed. The calculation of the particle
dimensions shows that after UST, the crystallite size of CeO2 decreases for all
compositions from 53–56 nm up to 35–45 nm. The most complex situation was
observed for MoO3 (Table 18.1). The treatment leads to a decrease of particle
dimensions according (020) to the plane and their sizes according (040) to the
plane rest practically without change (or little increase of the size was observed).
The obtained results permit to conclude that the chaotic destruction of CeO2 and
anisotropic deformation of MoO3 proceed at sonochemical treatment of the oxides
mixtures. The chemical reaction between components reported in [3] was not
observed which can be connected with different raw materials used.

On the other hand, the destruction of initial oxides can be accompanied by
formation of defects in their structure. This fact confirms by EPR data which
demonstrate an appearance of Ce+3 signal with g = 1.96 on the background of the
singlet signal with g = 1.98 which can assigned to Mo5+ in MoO3 for the samples
after treatment.

The dimension of the oxides particles size leads to an increase of the samples
specific surface area in 2–4 times (Table 18.1). Analogous changes in value of SSA
were observed after sonochemical treatment of ZnO-MoO3 system [13, 14].
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Fig. 18.1 Diffractograms of the composition ´È±2-MoO3: initial composition (Ce/Mo = 50:50)
(a), after UST for the compositions with ratio of Ce/Mo = 15:85 (b), 25:75 (c), 50:50 (d), 75:25
(e) • MoO3, * CeO2

The data of CeO2-MoO3 samples study by FT-IR method was presented in Fig.
18.2. It is necessary to note that presented spectrum of initial Ce/Mo = 50:50 com-
position (Fig. 18.2a) is a characteristic for all other initial samples. This spectrum
contains the wavenumbers at 933, 830, 804, 670, 626, and 416 cm−1 which can
be attributed to the Mo = O vibrations [15], νs O-Mo-O symmetric stretching of
the distorted octahedral [MoO6] units [16], ν Mo-O vibrations [17], symmetric
stretching vibrations in bridging νs Ce-O-Ce linkages, distorted octahedral [MoO6]
units assigned as an asymmetric stretching νas O-Mo-O, and νas Ce-O terminal
bonds of stretching modes, respectively.

It was found that UST leads to a change of samples spectra (Fig. 18.2b–e). The
shift of the terminal νMo = O band from 933 cm−1 up to 954 cm−1 which is
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Table 18.1 Particles size of MoO3 (XRD) and specific surface area (SSA) of ´ÈO2-¯Ñ±3
samples

Parameters State of the sample Molecular ratio CeO2/MoO3

15:85 25:75 50:50 75:25

L α-MoO3, 020/040, nm Initial 95/62 90/61 93/61 96/60
a.t.a 78/60 69/65 70/66 77/58

SB¨µ, m2/g Initial 1.5 1.5 1.7 2.0
a.t. 3.2 3.6 5.5 6.6

aa.t. after treatment

Fig. 18.2 FT-IR spectra of the composition ´È±2-MoO3: initial composition (Ce/Mo = 50:50)
(a), after UST for the compositions with ratio of Ce/Mo = 15:85 (b), 25:75(c), 50:50 (d), 75:25 (e)

characteristic for layered, orthorhombic MoO3 phase was observed. The peaks at
830, 804, and 626 cm−1 connected with O-Mo-O and Mo-O-Mo bonds have very
little intensity (exclusion is sample Ce/Mo =75:25). These changes well correspond
with proposed from XRD data anisotropic deformation of MoO3 and formation of
defects which will be confirmed by SEM and TEM study (see below). The shift in
different direction of the bands for Ce-O-Ce and Ce-O bonds can testify the chaotic
destruction of this oxide as result of treatment corresponding to XRD data.

The surface morphology of the compositions according to SEM data on example
of the most typical sample with Ce/Mo = 50:50 is presented in Fig. 18.3. The initial
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Fig. 18.3 SEM images of CeO2-MoO3 composition: initial (a) and after UST during 1 h (b)

Table 18.2 Analysis of the Ce/Mo = 50:50 composition by EDS method

Sample Ce/Mo = 50:50 Analysis site Element content, at.%
Ce Mo

Initial A 3.47 96.53
B 100 –

UST 1 h A – 100
B 95.97 4.03
All surface 48.94 51.06

sample (Fig. 18.3a) is heterogeneous and contents two types of particles: big oblong
particles (A) which according to EDS data (Table 18.2) can be destined to MoO3 and
most finely dispersed particles (B) which correspond to CeO2. The sonochemical
treatment of the sample leads to a decrease of the dimensions of two types of
particles (Fig. 18.3b). For CeO2 particles after UST, the same irregular shape (B) is
observed. In contrary, MoO3 particles (A) change their habitus; more regular oblong
platelet structures form. It is necessary to note that analogous change of MoO3 was
observed at UST of ZnO-MoO3 system [13]. These results well correspond to data
obtained by XRD method (see above) and confirm the chaotic destruction of CeO2
particles and anisotropic deformation of MoO3.

The results of the samples study by TEM method were presented in Fig. 18.4. It
can see for initial sample (Fig. 18.4a) presence of two types of particles: big oblong
particles and more little particles with not defined shape, which can be determined
in accordance with XRD and SEM data as MoO3 and CeO2, respectively. The UST
all samples (Fig. 18.4b–d) lead to a decrease of the dimensions of two types of
particles and their habitus. The more determined oblong-like particles and rounded
nanoparticles formed as result of treatment. The observed particles size practically
corresponds to the data obtained from XRD (Table 18.1).

So, the different methods used for the UST sample properties study have shown
the common results. The treatment was accompanied by a decrease of the initial
oxides particles size and changed their habitus, but chemical reaction between
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Fig. 18.4 TEM images of CeO2-MoO3 compositions: initial (Ce/Mo = 50:50) (a), after UST
(Ce/Mo = 15:85) (b), (Ce/Mo = 50:50) (c), and (Ce/Mo = 75:25) (d)

oxides was not placed. On the other hand, the formation of structure defects was
observed and not possible to exclude the presence of the more dense surface contact
between oxides. These facts can influence on catalytic and adsorption properties of
synthesized composites.

It is well known that the acetaldehyde production from ethanol has carried out
Wacker’s process with Pd and Cu chlorides as catalysts. The most promising method
of acetaldehyde preparation is catalytic oxidative dehydrogenation of ethanol [18]
or bioethanol as a renewable raw material. Some best-known results and catalysts
for this reaction are presented in Table 18.3.

The study of the catalytic properties of CeO2/MoO3 samples prepared by UST in
this process shows that the better is composition with CeO2/MoO3 = 50:50. So, the
temperature dependences of ethanol conversion and selectivity toward acetaldehyde
and by-products (CO, CO2, C2H4) for initial CeO2/MoO3 = 50:50 composition
and after its UST are presented in Fig. 18.5. It is necessary to note that any other
oxygen-containing products such as acetic acid, acetic anhydride, and ethyl acetate
were observed in reactor outlet.
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Fig. 18.5 Temperature dependences of ethanol conversion (open symbols) and selectivity toward
acetaldehyde and by-products (full symbols) for initial CeO2/MoO3 = 50:50 composition (a) and
after its UST (b)
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Table 18.3 Comparison of the catalysts properties in the gas-phase oxidation of ethanol to
acetaldehyde

№ Catalysts µ, ◦´ ¸¨tOH, % S£Ô, % Y£Ô, % References

1 Silver grid (industrial catalyst) 500 70 97 68 [10]
2 Mo-oxide/TiO2 200 85 90 77 [7]
3 CeO2 350 44 82 36 [11]
4 Ce/Mo–Sn–O 180 95 70 66 [9]
5 ´ÈO2/MoO3 = 50:50, initial 300 100 92 92 This paper
6 ´ÈO2/MoO3 = 50:50, UST 200 100 96 96 This paper

Fig. 18.6 Temperature dependences of acetaldehyde yield for CeO2-MoO3 = 50:50 samples
before and after UST

The presented results (Fig. 18.5) show that the sample after UST demonstrates
the better catalytic properties than initial composition: the full ethanol conversion
is observed at lower reaction temperature (	T = 100 ◦C), and the selectivity
to acetaldehyde is higher in this case (see Table 18.3, also). The dependence of
acetaldehyde yield from temperature reaction presents in Fig. 18.6. It is shown that
sample after UST at 200 ◦C permits to obtain the yield about 96%, while the initial
composition demonstrates 4% only.

The increase of catalytic activity in accordance with literature data (e.g., [19, 20])
can be connected with an increase of specific surface area and decrease of particles
size of the CeO2/MoO3 composition (Table 18.1 and Fig. 18.4) as result of UST.
On the other hand, the appearance of structural defects and more precise contacts
between oxides can play role in an increase of catalytic effectiveness. The obtained
results show (Fig. 18.7) that the yield of acetaldehyde remains without change after
15 h of operation.
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Fig. 18.7 Influence of time operation on acetaldehyde yield. Reaction temperature is 200 ◦C.
Catalyst – CeO2/MoO3 = 50:50 after UST

The comparison of the obtained results with known literature data connected
with oxidative dehydrogenation of ethanol to acetaldehyde (Table 18.3) shows that
the CeO2/MoO3 composition after sonochemical treatment demonstrates the better
catalytic properties. This catalyst permits to obtain the high yield of acetaldehyde at
low temperature reaction and demonstrate catalytic stability.

The adsorption of dye safranin-T from water solution on CeO2/MoO3 samples is
presented in Fig. 18.8. The obtained results show that linear dependence observes
between adsorption capacity and specific surface area of the samples. All samples
after UST demonstrate the higher adsorption compare with initial mixtures that is
connected with an increase of specific surface area after treatment. The practically
constant value of adsorption capacity determined to specific surface area (0.04–
0.05 mg/m2) of the samples confirms this assumption. The maximal quantity of
dye adsorbed was observed for the sample with CeO2/MoO3 = 75:25. The removal
efficiency of the dye in a series compositions Ce/Mo = 25:75, 50:50, and 75:25 is
equal to 90, 94, and 97%, respectively.
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Fig. 18.8 Dependence of safranin-T adsorption from specific surface area of the ´È±2-¯Ñ±3
samples

18.4 Conclusion

The presented results show that ultrasonic treatment of oxide CeO2-MoO3 com-
positions leads to a decrease of molybdenum and cerium oxides particles size,
without chemical reaction between them, as result of chaotic destruction of CeO2
and anisotropic deformation of MoO3. An increase of specific surface area, the
formation of structural defects (appearance of Ce3+ and Mo5+ ions), and possible
strong surface interaction between oxides as result of treatment led to an essential
activity of the treated samples in oxidative dehydrogenation of ethanol to acetalde-
hyde and high adsorption capacity for dye removal from water solutions.
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Chapter 19
High-Temperature Electrochemical
Synthesis of Nanopowders of Tungsten
Carbide in Ionic Melts
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Oleksandr Ishtvanik, and Marcelle Gaune-Escard
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19.1 Introduction

In [1, 2], it is shown that it is theoretically possible to achieve high-temperature
electrochemical synthesis of highly dispersed powders of tungsten monocarbide.
Lengthy experiments with high-temperature electrochemical synthesis of tungsten
carbides have demonstrated significant variation in both the composition of the
electrolyte and in the phase composition of the cathode deposit due to loss of some
of the electrolyte with formation of a carbide-salt “bulb” (> 90% salt phase) and
thermal decomposition and evaporation of the components of the melt. Adjustment
of the melt and washing of the tungsten carbide free from electrolyte are, therefore,
critical problems.
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19.2 Materials and Methods

To investigate the conditions under which tungsten carbide is synthesized, elec-
trolyte having the following composition was selected, expressed in terms of mole
percent, Na2WO4, 36.8; Li2WO4, 43.2; and Li2CO3, 20.0, or scaled on the basis of
elements and oxides and expressed in terms of weight percent, Na, 7.18; Li, 3.72;
WO3, 78.21; and CO2, 3.73. Sodium tungstate and lithium tungstate and lithium
carbonate are carefully dried at T = 200–250 ◦C for 3–4 h and mixed in an agate
mortar. The prepared electrolyte is held in a platinum beaker at temperatures of 500,
800, and 900 ◦C until it attains a constant mass. At specified intervals of time, the
beaker is removed from the furnace, cooled in a desiccator, and weighed. Once a
constant mass is achieved, the melt is cooled and weighed and a sample selected for
analysis in order to establish the content of Li, Na, WO3, and CO2.

Determination of the thermal stability of lithium carbonate and the dynamic
course of variation of the concentration of lithium carbonate in the course of
electrolysis is performed by means of chemical and thermogravimetric methods on
the basis of the content of carbon dioxide in the electrolyte [3, 4]. The chemical
method presupposes gasometric determination of the volume of CO2 released in
the decomposition of a suspension of electrolyte by means of hydrochloric acid;
the concentration of carbon dioxide is calculated in light of the dependence of the
volume of the gas on temperature and atmospheric pressure.

The content of tungsten in the electrolyte is determined by the chemical method
of acidic hydrolysis [5]; tungsten oxide formed as a result of decomposition by
means of a mixture of HNO3-HF (4:1) is subjected to calcination prior to analysis
at a temperature of 750 ◦C.

The content of Li and Na in the melt is estimated by means of atomic absorption
spectroscopy [6] on a Pye-Unicam instrument; the percentage content of the
elements was estimated from the intensity of waves of specific length from the given
element upon combustion of the investigated solution in the flame of an air-acetylene
or ethylene-oxide burner.

19.3 Results and Discussion

19.3.1 Variation of Composition of Electrolyte in Isothermal
Heating

At a temperature of 800 ◦C and higher, lithium carbonate simultaneously evaporates
(in the form of Li2CO3) and decomposes with the release of CO2 until some
steady state is attained. The latter steady state is established after 2–3 h under
heating conditions at T = 800–900 ◦C and after 30–35 h at T = 500 ◦C (see Fig.
19.1). The maximum loss of the mass of electrolyte in the course of calcination
is at most 4.5% (by weight). It is evident from the data of chemical and atomic
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Fig. 19.1 Loss of mass of
electrolyte in calcination as a
function of length of process.
1, Na2WO4-Li2WO4
(53.6 M-%), T = 900 ◦C; 2,
3, 4, Na2WO4-Li2WO4
(eutectic)-Li2CO3 (20 M-%),
T = 500 ◦C (2), T = 800 ◦C
(3), T = 900 ◦C (4)
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τ, h

Δm, %
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absorption analyses (Table 19.1) that loss of mass of a lithium tungstate or sodium
tungstate eutectic is at most 0.5%. At the same time, lithium carbonate in Na2WO4-
Li2WO4 decomposes into 80–90% of the initial mass, with the concentration of
Li2O remaining practically constant. It may be supposed that in isothermal heating,
free alkali (Li2O), a product of thermal decomposition of lithium carbonate, builds
up in the melt.

Prior to melting down, the electrolyte contains 6.26% lithium carbonate, the
source of carbon, or, scaled on the basis of CO2, 3.73%, for use in synthesis of
tungsten monocarbide. Once a steady state is attained at the electrolysis temperature,
no more than 0.4% CO2 remains in the melt, 0.16% of which is consumed in the
course of synthesis with optimal current conditions. In lengthy electrolysis, it is
necessary to maintain a constant concentration of lithium carbonate to obtain a
carbide with the stoichiometry of tungsten carbide. This requires analysis of the
above data to determine the composition of the adjusting addition agent.

19.3.2 Influence of Length of Electrolysis on Composition
of Bath and Cathode Deposit

Through the study of the dynamic nature of the development of the composition
of the electrolyte in the course of electrolysis, it becomes possible to assess the
overall process occurring in the electrolyte. Such a study also provides information
necessary for determining the composition of the adjusting addition agent. Inves-
tigations were performed with an electrolyte having the composition given above
with cathode current density 1.5 A/cm2 and temperature 850 ◦C [2, 7].

A graphite crucible served as the anode and container for the melt. The
composition of the salt component of the cathode deposit and of the electrolyte
sample before and after electrolysis was studied by means of methods of chemical
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Table 19.2 Variation of electrolyte composition in the course of electrolysis without adjustment
of electrolysis

Composition of electrolyte, %
ia × 102, A/cm2 Electric charge transmitted, A × h/l Na Li WO3 CO2

2.51 0 3.55 6.47 62.50 2.76
15.0 3.41 6.64 63.50 1.80
28.9 2.90 7.30 60.45 1.38
0 3.47 6.20 59.74 1.60

4.80 28.0 3.32 7.79 60.75 2.30
52.0 2.97 7.60 61.22 2.00
72.0 2.63 – 62.63 1.60
92.0 2.07 7.78 61.10 1.45
0 4.05 6.81 61.12 2.06

10.0 60.0 2.78 7.12 60.59 2.05
105.0 2.14 8.31 60.84 0.65

and atomic absorption analysis. In this study, as the electric charge transmitted
through the melt is increased, it is found that the lithium and CO2 concentration
in the electrolyte decreases and the relative fraction of sodium decreases, while
the content of tungsten remains practically constant (Table 19.2). This trend in the
variation of the ratios between the concentrations of the components is characteristic
of the entire range of anode current densities that were studied. The variation
in the composition of the melt leads also to a qualitative variation in the phase
composition of tungsten carbide (Table 19.3). It should be noted that the CO2
concentration in the melt in the graphite crucible is significantly higher than in
the platinum beaker (see Table 19.1) due to thermal oxidation of the graphite to
CO2. From the data of Table 19.2, it also follows that at an anode current density
1 · 10−2 A/cm2, it is possible to achieve stabilization of the CO2 content in the
melt and, consequently, that of the Li2CO3 content as well. Thus, through the use
of the selected electrolysis parameters, it is possible to maintain a constant flux
of electrolytic reducing components of the synthesis, a necessary condition for
sustaining the lengthy process of producing tungsten carbide.

The variation in the phase composition of the cathode deposit points to the sig-
nificant role played by the lithium content in the melt; as the lithium concentration
in the melt falls down to 2.5%, a W2C phase appears in the cathode deposit, and
it becomes necessary to adjust the melt with respect to lithium content. The data
of Table 19.4 show that the lithium concentration in the salt component of the
cathode deposit is roughly twice as high as in the melt; this supports the hypothesis
of an electrochemical mechanism of synthesis described in [2, 7]. Moreover, the
fact that the sodium content is insignificant may be ascribed to “mechanical” loss of
Na2WO4 from the melt.

On the basis of the data that have been obtained here, the composition of the
adjusting addition agent needed to achieve an optimum electrolysis regime may be
calculated; thus T = 850 ◦C, ic = 1.5 A/cm2, ia = 0.1 A/cm2, and electrolysis
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Table 19.3 Dependence of composition of cathode deposit on anode current density

Test no. ia × 102, A/cm2 Electric charge transmitted, A × h/l Phase composition

1 2.51 15.0 WC
2 13.9 WC
3 12.8 WC, W2C
4 12.0 WC, W2C
1 4.8 28.0 WC
2 24.0 WC
3 20.0 WC
4 20.0 W2C
5 18.8 WC, W2C
1 10.0 60.0 WC
2 45.0 WC

Table 19.4 Composition of salt component of cathode deposits

Composition of salt phase
Test no. ia × 102, A/cm2 Electric charge transmitted, A × h/l Li Na W CO2

1 4.8 28.0 4.75 1.06 56.7 0.6
2 24.0 8.12 0.94 53.5 0.65
3 20.0 7.63 0.95 62.6 0.50
4 20.0 7.69 1.62 64.8 0.45
1 10.0 60.0 7.74 0.63 53.64 0.4
2 45.0 7.10 0.97 64.76 0.6

time τ = 1 h. The adjusting addition agent constitutes a mixture of the following
composition: Li2WO4, 86.45%; Li2CO3, 13.55%, and the initial electrolyte. The
quantity of the mixture of lithium tungstate and lithium carbonate introduced into
the electrolyte in the indicated ratio corresponds to the mass of the carbide-salt
“bulb” removed from the melt. The mass of the initial electrolyte is determined
from an analysis of the reduction of the level of the melt down to thebreak initial
level.

The reliability of the calculated composition of the adjusting addition agent
was repeatedly verified under laboratory conditions using the optimal electrolysis
parameters presented above. The results of the analysis of the electrolyte in the
course of electrolysis and the phase composition of the synthesis products show that
it is possible to conduct long-term electrolysis in which a single-phase synthesis
product is obtained, i.e., tungsten carbide (Table 19.5).
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Table 19.5 Phase composition of electrolysis products in melt Na2WO4-Li2WO4-Li2CO3 with
adjustment of electrolyte

Test no.
Electric charge
transmitted, A × h/l

Tungsten
concentration in
product, %

Lithium
concentration in
melt, %

1 20.0 82.3 3.66
2 18.4 84.6 –
3 17.0 86.7 3.37
4 20.0 85.9 –
5 18.4 89.9 –
6 16.6 89.8 2.73
7 20.0 88.9 –
8 18.0 89.8 3.42

Note. T = 850 ◦C, ic = 1.5 A/cm2, ia = 0.1 A/cm2, product: tungsten carbide

19.3.3 Technology of Washing Highly Dispersed Tungsten
Monocarbide Cathode Powders from Electrolyte

In high-temperature electrochemical synthesis of tungsten carbides, the cathode
deposit constitutes a mixture of the target product with a salt phase. A technology
for washing monocarbide from saline inclusions was developed. The conditions for
washing were tried out with samples that had been synthesized under laboratory
conditions. In this technology, the cathode deposits are added together with the
electrodes and pulverized in order to accelerate their dissolution into heated water
(T = 70–80 ◦C) with constant stirring. Following dissolution of the “bulb,” the
sediment is filtered and washed in dilute hydrochloric acid to remove insoluble
carbonates. Tungsten oxide and lithium carbonate are reclaimed from the filter
(see next section). The deposit obtained following HC1 treatment contains lowest
tungstates and tungsten (VI) oxide that are poorly dissolved in water. These
components are washed in alkaline solutions of sodium or ammonium hydroxide.
When NaOH is used, the sediment is washed in a 10% solution heated to T = 60–
70 ◦C and then in heated water (60–70 ◦C) until Na+ is absent from the wash water.
In the second variant, the deposit is washed in ammonium hydroxide, first in a
concentrated (1:1) solution and then in a dilute 2.5% solution. Note that NH4OH
proves to be more preferable, since in the course of washing the target product free
of Na+, a portion of the deposit is lost as a result of peptization. The degree of
washing of the deposit from Na+ and Li+ is adjusted on the basis of the content
of these elements in the wash water. After having been washed free of salts, the
tungsten monocarbide deposit is dried at T = 100–130 ◦C to a constant mass. At
higher temperatures, the sediment is rapidly oxidized from the oxygen in the air
and may ignite. The conditions under which tungsten monocarbide is washed are
presented in Table 19.6.
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The dried tungsten monocarbide is analyzed to determine the content of tungsten,
bound carbon, and impurities, such as sodium, lithium, iron, nickel, copper,
molybdenum, etc.; the content of impurities and of tungsten carbide is found at
the level of several hundredths of a percent while that of free carbon 2–7% of the
target product. The recommended regime of washing tungsten monocarbide free of
the salt phase is as follows: leaching of the bulb of heated water (T = 70–80 ◦C) at
a ratio W/S = 1:8 and total yield of hydrochloric acid (1:1) 0.3 l and of ammonium
hydroxide (1:1) 1.5 l per kilogram of cathode deposit. The yield of the target product
amounts to 8–9% of the mass of the bulb.

Purification of tungsten monocarbide from free carbon is an important step. Free
carbon may be removed from the carbides by annealing in a hydrogen medium [8, 9]
at a temperature in the range 800–1000 ◦C. However, application of this annealing
regime to powders measuring 0.1–0.5 μm in dimension obtained by means of high-
temperature electrochemical synthesis leads to removal of the carbon bound to the
carbide even at temperatures of 700–800 ◦C. Positive results on purification of
tungsten monocarbide were obtained by the present authors in [10, 11] in the course
of annealing tungsten carbide in an activated hydrogen medium. The use of this
strategy made it possible to remove free carbon and to reduce the content of sorbed
oxygen down to 0.2–0.3%.

19.3.4 Recovery of Tungsten and Lithium from Spent
Electrolyte and Carbide-Salt Deposits

In a carbide-salt bulb, the total mass of Na2WO4, lithium tungstate, and lithium
carbonate significantly exceeds the mass of the target product. It is thus useful
to recover these components of the synthesis for subsequent reuse. Electrolyte
remaining in the electrolysis bath following conclusion of the synthesis process may
also be subjected to reprocessing. Lithium is recycled into lithium carbonate. For
this purpose the filtrate obtained following leaching of the cathode deposit or the
electrolyte, which contains Na2WO4 and Li2WO4, is concentrated by evaporation,
and Li2CO3 is deposited as sodium carbonate:

Li2WO4 + Na2CO3 → Li2CO3 + Na2WO4. (1)

As a consequence of its low solubility in the water (not more than 7.3 g/l at
T = 100 ◦C), lithium carbonate separates out into the deposit and passes readily
through a filter. Following repeated washing in heated distilled water, Li2CO3 is
dried and repeatedly reused. 54% of the lithium contained in the salt phase of
the cathode deposit is recovered. More complete deposition of Li2CO3 requires
multistage concentration by evaporation of the filtrate and sedimentation, which is
not cost-effective.
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Following separation of Li2CO3 from the solution, tungsten is isolated in the
form of tungstic acid. After leaching of the cathode deposit, the filtrate contains
60–80 g/l tungsten. Prior to deposition, the solution is concentrated by evaporation
to 100 g/l W. Hydrochloric acid is used to produce the deposit. The nature of the
deposit thus obtained depends on the concentration of the initial solution and the
method of deposition employed. Poorly filtered deposits of white tungstic acid, i.e.,
hydrated tungsten trioxide, are obtained from cold and dilute solutions. To obtain
easily filtered yellow tungstic acid (H2WO4) heated to T = 60–80 ◦C, a concentrated
solution of tungstates is poured into a boiling HC1 solution (1:1) to which a small
quantity of HNO3 is added to prevent partial reduction of the tungsten. The quantity
of hydrochloric acid is calculated on the basis of the fact that the concentration of
free HC1 in the final solution must be in the range 7–10%. After the entire solution
has been mixed together, the pulp is poured through a filter. The H2WO4 deposit
is washed in a filter in a 2% HNO3 solution until it produces a negative reaction to
chlorine ions.

The washed H2WO4 deposit is dried and calcined to a constant mass at
T = 500 ◦C. At this temperature, tungstic acid completely loses all water in the
course of being turned into tungstic acid anhydride:

H2WO4 → WO3 + H2O. (2)

The yield of WO3 amounts to 97–98% of the computed quantity in the electrolyte
or bulb. Recycled lithium carbonate and tungsten trioxide are employed as reusable
reagents for preparing adjusting addition agents.

19.4 Conclusions

1. It is established that free alkali Li2O, a product of thermal decomposition of
lithium carbonate, accumulates in the course of isothermal heating in a Na2WO4-
Li2WO4-Li2CO3 melt.

2. In lengthy electrolysis of tungstate-carbonate melts for the purpose of producing
carbide with the stoichiometry of tungsten carbide, a constant concentration of
the carbonate in the melt must be maintained.

3. It is shown that the phase composition of the cathode deposit is determined
largely by the content of lithium carbonate in the melt.

4. Methods were developed in the study for use in washing cathode deposits and in
recovery of tungsten and lithium from spent electrolyte and carbide-salt deposits.
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Chapter 20
Magnetic Memory of Antitumor
Magneto-sensitive Nanocomplex

V. Orel, A. Shevchenko, O. Rykhalskyi, A. Romanov, A. Burlaka, and S. Lukin

20.1 Introduction

Drug delivery and release are important to improve the therapeutic effects of drugs
and reduce toxic side effects during cancer chemotherapy [1]. Drug release and
delivery into tumor can be improved using nanotechnology based on the utilization
of the antitumor magneto-sensitive nanocomplex (AMNC) with magnetic memory
effect. The magnetic memory effect is the ability of magnetic material (e.g., AMNC)
to remember the magnetic field strength at which its shape was mechanically
deformed [2].

Iron oxide nanoparticles (NPs) with spinel structure such as magnetite (Fe3O4)
are often used in antitumor treatment as AMNC placed in biocompatible magnetic
fluids since they have a low toxicity and peculiar magnetic properties [3]. In recent
years, a hybrid method of combined ultrahigh-field magnetic resonance imaging
(MRI) with controlled and localized radio-frequency heating in the tumor has been
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proposed. However, this type of therapy requires a sufficient tumor area to be
covered by the NPs for successful treatment. But this can be difficult to achieve
in real clinical practice. Also, hematogenous dissemination of metastatic tumors is
also the one of the challenges for treatment by magnetic NPs [4, 5].

In order to overcome the above issues, we have proposed the magnetic resonance
nanotherapy with magneto-mechano-chemically synthesized AMNC that have a
magnetic memory effect. In our previous studies [6], it was shown that the treatment
by AMNC consisted of iron oxide Fe3O4 NPs and antitumor drug doxorubicin
(DOXO) with simultaneous electromagnetic radiation using the magnetic resonance
effect during moderate hyperthermia of Lewis lung carcinoma had the highest
antitumor effect compared to the conventional DOXO or AMNC without elec-
tromagnetic radiation. This opens new prospects for development of personalized
and individually optimized nanotechnology-based treatment protocols to be imple-
mented in clinics for cancer patients at higher risks of tumor dissemination.

Furthermore, personalized synthesis of AMNC with manageable magnetic prop-
erties is a key component in the nanotechnology approach. It was earlier shown
that the radio-frequency electromagnetic radiation in shortwave range and constant
magnetic fields impact on magnetic memory (the magnetic properties) of magneto-
mechano-chemically synthesized AMNC [7, 8].

In view of the previously found correlation between mechanical stress and
magnetic properties in nanometer Fe films [9], this paper sheds new light on under-
standing the nonlinear interactions of mechanical and electromagnetic phenomena
in AMNC. Therefore, we have studied the influence of mechanical vibration and
electromagnetic irradiation on the AMNC magnetic properties during magneto-
mechano-chemical synthesis.

20.2 Materials and Methods

20.2.1 Magneto-Mechano-Chemical Synthesis

Fe3O4 NPs (International Center for Electron Beam Technologies of E.O. Paton
Electric Welding Institute, Ukraine) with diameters in the range of 20–40 nm and
DOXO (Actavis, Romania) were processed in a high-precision magneto-mechanical
milling chamber (NCI, Ukraine), which was designed according to a typical
scheme for the magnetic resonance apparatus. The samples of Fe3O4 and DOXO
were placed in the diamagnetic chamber together with metallic balls. Mechanical
processing was performed by vertical vibrations of the chamber at frequencies 15,
20, 25, 30, and 35 Hz and an amplitude of 9 mm for 5 min. Simultaneously, ER
with frequency 42 MHz and output power of 2 W for 5 min in combination with
constant magnetic field with induction 8 mT was applied. In addition, we have
investigated the magnetic properties of magneto-mechano-chemically activated iron
oxide NPs (without DOXO), mechano-chemically synthesized AMNC without
electromagnetic radiation, and a mixture of DOXO and Fe3O4 NPs without any
influence.
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20.2.2 Magnetic Studies

The magnetic properties were studied though magnetometry using the “Vibrating
Magnetometer 7404 VSM” (Lake Shore Cryotronics Inc., USA) with magnetic
fields up to 13 kOe. The magnetometer’s sensitivity was 10−7 emu which allowed
measuring the magnetic moment of samples weighing milligrams. The mass was
determined by the electronic microbalance AB135-S/FACT with auto-identification
(Mettler Toledo, Switzerland) which had a sensitivity of 10−5 g.

20.2.3 Electron Spin Resonance (ESR) Spectroscopy

ESR spectra were recorded with the spectrometer R¨1307 at liquid nitrogen
temperatures (77 K) in a cylinder resonator with the mode H011 and frequency
9.15 GHz. The power of microwave radiation was 40 mW, and the magnetic field
modulation frequency was 100 kHz. The samples were placed in a quartz Dewar
flask with an inner diameter of 4.5 mm.

20.3 Experimental Results

20.3.1 Magnetic Studies of Fe3O4 Nanoparticles

The results of magnetic studies of magneto-mechano-chemically activated Fe3O4
NPs are shown on Fig. 20.1 and Table 20.1.

The data analysis testifies that parameters of the samples exposed to various
vibration frequencies had a significant quantitative difference in comparison to the
sample exposed to ER only and the sample without any influence. The studies found
a negative correlation (r = −0.63) between the saturation magnetic moment ms
and vibration frequency f. It is known that the coercivity Hc is the intensity of an
applied magnetic field required to reduce the magnetization of the material to 0
after the magnetization of the sample had been driven to saturation. Thus, coercivity
measures the resistance of a ferromagnetic material to demagnetization. The greater
the coercivity, the higher the specific absorption rate (SAR) of electromagnetic
field is detected [10]. In our experiments, all samples had low coercivity Hc and a
small area of the hysteresis loop S that can be classified as soft magnetic materials.
The changes of coercivity Hc and area of the hysteresis loop S in NPs after
magneto-mechano-chemically activation did not have any correlation with vibration
frequencies.
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Fig. 20.1 The hysteresis loops of magneto-mechano-chemically activated Fe3O4 NPs at 300 K:
(a) 1, without influence; 2, ER. (b) 3, mechanical vibration 15 Hz and ER; 4, mechanical vibration
20 Hz and ER; 5, mechanical vibration 25 Hz and ER. (Ô) 6, mechanical vibration 30 Hz and ER;
7, mechanical vibration 35 Hz and ER. ER in all experiments: 42 MHz and induction of constant
magnetic field 8mT
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Table 20.1 Magnetic properties of magneto-mechano-chemically activated Fe3O4 NPs.
T = 300 K

Sample
Vibration frequency, f,
Hz

Saturation magnetic
moment ms, emu/g

Coercivity
Hc, G

Area of the
hysteresis loop
S, erg/g

1 Without
influence

51.30 6.12 3721

2 ER 59.70 4.29 1008
3 15 48.42 45.69 23,544
4 20 49.49 34.40 23,671
5 25 34.16 22.90 5653
6 30 48.89 9.02 4742
7 35 46.44 17.42 3821
Pearson correlation coefficient r
(samples 2–7) with vibration
frequency −0.63 0.04 −0.09

20.3.2 Magnetic Studies and ESR Spectroscopy of AMNC

The magnetic studies and ESR spectroscopy of AMNC are given in Figs. 20.2 and
20.3 and Table.20.2.

The analysis of the presented data reveals that all investigated properties of
samples 3–7 after synthesis under the influence of fixed vibration frequencies and
ER differed from the values of similar magnetic properties in control samples 1
and 2. The saturation magnetic moment ms and area of the hysteresis loops S were
found to have larger values in magneto-mechano-chemically synthesized AMNC.
The saturation magnetic moment ms had a positive correlation (r = 0.8) with
vibration frequencies. The coercivity Hc on the contrary showed smaller values
in magneto-mechano-chemically synthesized AMNC with a negative correlation
(r = −0.87) with vibration frequencies. A relative intensity ESR of magneto-
mechano-chemically synthesized AMNC had a positive correlation (r = 0.63) with
vibration frequencies.

20.4 Discussion

The saturation magnetic moments ms of the iron oxide NP samples were higher
than in corresponding AMNC samples. However, Pearson correlation coefficient of
this parameter with the vibration frequency was negative (r = −0.63) for NPs and
positive (r = 0.8) for AMNC. On contrary, coercivity Hc in AMNC had a negative
correlation (r = −0.87) with the vibration frequency. The AMNC had a smaller area
of the hysteresis loop S than the NPs.
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Fig. 20.2 The hysteresis loops of magneto-mechano-chemically synthesized AMNC of Fe3O4
NPs and DOXO at 300 K: (a) 1, without influence; 2, ER. (b) 3, mechanical vibration 15 Hz and
ER; 4, mechanical vibration 20 Hz and ER; 5, mechanical vibration 25 Hz and ER; 6, mechanical
vibration 30 Hz and ER; 7, mechanical vibration 35 Hz and ER. ER in all experiments: 42 MHz
and induction of constant magnetic field 8mT

Thus, a logical question arose: Why did the iron oxide NPs and antitumor
drug doxorubicin cause such changes compared to the conventional NPs in our
experiments?

The obtained results can be explained by Villari (the magnetoelastic) effect and
the influence of magnetic fields on physicochemical reactions. Villari effect can be
observed as a result of the change in magnetic field strength achieved within the
nanocrystalline core of the iron oxide NPs due to mechanical stress. According to
Hooke’s law, the stress tensor is described by the following equation:

σij = dF ij /dSij , (1)

where Fij is the surface force and Sij is the surface area.
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Fig. 20.3 The ESR spectrum
of magneto-mechano-
chemically synthesized
AMNC at 300 K: 1,
mechanical vibration 15 Hz
and ER; 2, mechanical
vibration 20 Hz and ER; 3,
mechanical vibration 25 Hz
and ER; 4, mechanical
vibration 30 Hz and ER; 5,
mechanical vibration 35 Hz
and ER; 6, without influence;
7, ER. ER in all experiments
42 MHz and induction of
constant magnetic field 8mT

Table 20.2 Magnetic properties of AMNC (Fe3O4 NPs and DOXO) after MMCS

Sample

Vibration
frequency,
Hz

Saturation
magnetic
moment ms,
emu/g

Coercivity
Hc, G

Area of the
hysteresis
loop S, erg/g

Relative
intensity
ESR, arb.
units g-factor

1 Without
influence

0.54 55.94 148 1.67 2.47

2 ER 0.76 57.96 189 0.49 2.42
3 15 10.67 51.22 2058 0.57 2.46
4 20 6.75 16.65 372 0.64 2.70
5 25 9.85 21.88 201 0.33 2.41
6 30 7.39 9.99 455 0.93 2.48
7 35 13.94 18.17 1777 1 2.45
Pearson correlation
coefficient r (samples
2–7) with vibration
frequency 0.8 −0.87 0.26 0.63 –

In paper [11] it was theoretically shown the mechanical interaction between the
electromagnetic field and the nanoscopic thin film near electronic resonance by
calculation of Maxwell’s stress tensor. The expression of the Maxwell stress tensor
illustrates that the electric and magnetic fields have quite a different behavior under
mechanical deformation, although they are both vector fields:

σij = ε0EiEj + 1

μ0
BiBj − 1

2

(
ε0E

2 + 1

μ0
B2

)
δij , (2)

where ε0 is the electric constant and μ0 is the magnetic constant, E is the electric
field, B is the magnetic field, and δij is Kronecker’s delta.
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In our experiments under fixed frequency vibration during magneto-mechano-
chemical synthesis, we had differences in the magnetic memory response for
conventional iron oxide NPs (Fe3O4) and nanocomplex from the core (Fe3O4) –
shell (oxide film and DOXO). It may be assumed that the difference in the magnetic
memory response is related to the spin-dependent radical pair states on the surface
layers of conventional iron oxide NPs and NPs loaded with DOXO. The magnetic
memory effect originates from the interaction of a magnetically ordered layer in the
magnetite shell and the spins located at the interface Fe3O4/DOXO.

This can be explained with well-known effect of the Zeeman spectral line
splitting on several components for paramagnetic centers (free radicals) in the
presence of a constant magnetic field. Then a resonant radio-frequency irradiation
under fixed vibration frequency can cause the transition from one electron spin state
to another switching between a spin forbidden, nonreactive triplet spin state of a
radical pair and a spin-allowed, chemically reactive singlet state [12, 13]. These
phenomena are based on the magnetic nuclear and electron spin resonance [14].

The probability of a transition between singlet and all three triplet states of the
radical pair under the influence of an electromagnetic field Hi(τ), associated with
electronic transitions during resonance, could be determined by modified equation
[15]:

P = 1

2

(
gβ

�

)2 H 2
1 (τ )

1 + (gβ/�)2(H0 − H res
0

)2
, (3)

where g is Lande g-factor, β is the Bohr magneton, H0 is the external constant
magnetic field strength, H0 is the external resonance constant magnetic field
strength, Hi is the external resonance electromagnetic field strength, τ is the lifetime
of a radicals pair, and � is the reduced Planck constant.

Ability to control the concentration of paramagnetic centers via mechanical,
magnetic, and electromagnetic can help to increase the activity, concentration, and
lifetime of paramagnetic centers (free radicals), which might cause oxidative stress,
genetic mutation, and/or apoptosis of tumor cells [16].

20.5 Conclusion and Future Perspectives

This paper shows the impact of combined mechanical vibration and electromagnetic
irradiation on the magnetic memory effect during the magneto-mechano-chemical
synthesis of the AMNC. This research opens the future way for remote control of
redox reactions within the tumor based on the magnetic memory effect in AMNC
without changing standard treatment doses for widely used chemotherapeutic
agents. Furthermore, limitation side effects of magnetic nanoparticle hyperthermia
[17] associated with high temperature may be avoided in clinical practices due to
decreased upper temperatures reached by the proposed approach in the treatment of
deep-seated malignant tumors.
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Chapter 21
Nonlinear Optical Properties of Polymer
Nanocomposites with a Random and
Periodic Distribution of Silver
Nanoparticles

T. N. Smirnova, V. I. Rudenko, and V. O. Hryn

21.1 Introduction

Nanocomposites based on optically transparent matrices with embedded noble
metal nanoparticles (NPs) have become an important research subject for the
development of new materials for photonics, since these materials possess unique
optical and electronic properties. Their specific properties are mainly attributed
to the quantum and dielectric confinement effects and excitation of local surface
plasmons in the metal NPs [1–4] that is accompanied by the appearance of plasmon
absorption bands in the optical region of the spectrum.

Irradiation of composites with high-power light pulses at frequencies close to
plasmon resonance leads to a significant enhancement of local electric field near
the surface of metallic NPs that is the main cause of the giant nonlinear response
of metal-containing nanocomposites. The high values of nonlinearity and velocity
of nonlinear response of nanocomposites make them promising materials for the
creation of high-speed nonlinear devices, for example, optical limiters and ultrafast
optical switches [5–7].

Doped-glass and polymer-based nanocomposites, being the most widely used
optical materials, exhibit particularly promising features for the application in linear
and nonlinear optics, laser physics, and optoelectronics [2, 3]. In addition to the
high flexibility of their structure and properties, polymers are relatively cheap and
simple to manufacture as compared to glasses. Polymers can also act as effective
stabilizers of metallic NPs, preventing their aggregation. And finally, the use of
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photopolymerizable composites opens the possibility to create periodic distribution
of NPs in polymer matrix by a simple one-step holographic polymerization method
[8, 9].

Due to the limited size of NPs, their electron dynamics differs substantially
from the case of bulk medium and is governed by the laws determined by both
the properties of individual metallic nanoparticles and their spatial organization
and the properties of the dielectric matrix [10–14]. This opens up the possibility
to control the nonlinear properties of nanocomposites, which is easier to implement
when using polymer matrices.

One of the ways to control the plasmon properties of nanocomposites is sub-
micrometer scale structuring [15, 16]. Ordered structures with a submicron period
can be used for the creation of optical memory and neural networks [17], as sensors
[18], diffraction elements of a new type with ultrahigh spectral dispersion [19, 20],
or distributed feedback cavities of waveguide lasers [21].

Nowadays, nonlinear properties of NPs of various sizes and shapes are being
investigated, starting from metal clusters comprising several atoms to nanoparticles
consisting of tens of thousands of atoms. Theoretical description of the properties of
systems of different sizes requires different approaches and does not always allow
to explain and even more so to predict the results of the experiment.

Thus, despite many years of research of metal-doped nanocomposites, this
direction remains relevant both from the point of view of further development of
theory of nonlinear processes and seeking technologically simple and economically
expedient methods to create structures with required properties.

Nanocomposites are most often created using silver, gold, and copper nanopar-
ticles. Silver NPs are of particular interest, because their absorption bands in the
optical spectral region are characterized by higher oscillator strength than that
of Au and Cu NPs [22] and references in it. Thus higher nonlinear absorption
coefficients can be expected for Ag nanoparticles compared to Au and Cu NPs under
equal conditions. In addition the overlapping of plasmon and interband absorption
bands is less pronounced for Ag nanoparticles. For them, the energy of interband
transition is of about 4 eV (the energy of plasmon resonance is approximately
2.8 eV), whereas for Au and Cu NPs, the interband transition energy is 2.3 and
2.6 eV, respectively. This allows investigating nonlinear optical processes caused
solely by surface plasmons at moderate excitation intensities.

A large number of works are devoted to the study of Ag-doped nanocomposites,
for example, [22–39], and references therein. An exhaustive bibliography of
researches performed before 2004 is given in [26]. The nonlinear properties of Ag
NP colloidal solutions [26, 27, 29], layers of Ag NPs applied to various substrates
[25], or nanoparticles incorporated in various inorganic matrices [22–24, 28, 30] and
polymers [31–38] are explored.

While earlier studies paid more attention to nonlinear properties of nanocompos-
ites based on “neutral” matrices, characterized by extremely low nonlinear response,
recent works concentrate on the development and study of multicomponent com-
posites, where metal NPs are used to further enhance the nonlinear response,
luminescence efficiency, and other properties. As mentioned above, polymers open
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up great possibilities for varying the composition of nanocomposite. The rare earth-
doped borate nanocrystallites embedded in polyvinyl alcohol polymer matrices with
Ag NPs [35], polydiacetylene–silver nanocomposite [36], and liquid crystalline
elastomer nanocomposite with embedded Ag NPs [37] can serve as examples. The
introduction of Ag NPs in azobenzene polymer film does not only significantly
enhance the nonlinear response of the composite but also increases the reorientation
rate of azo polymer [38].

The distribution of Ag NPs in the matrix was random in all the abovementioned
nanocomposites. In our work we investigated the influence of Ag NPs ordering in
a polymer matrix on the nonlinear properties of a nanocomposite. We used the
photopolymer composite developed by us, which allows producing periodic Ag
NPs–polymer structures by holographic lithography method. The nonlinear optical
properties of the random and ordered structures were measured by the Z-scan
method using radiation with a wavelength (λex) of 532 nm and a pulse duration
(τ) of 20 ns, as well as radiation with λex = 800 nm and τ = 180 fs.

21.2 Experimental Details

Nonlinear optical characteristics of the composites were measured by Z-scan
technique using the nanosecond and femtosecond lasers. The basic experimental
scheme is shown in Fig. 21.1. In a nanosecond time range, measurements were
performed at the wavelength of the second harmonic of a pulsed Nd:YAG laser
with the following output characteristics: pulse duration τ = 20 ns, wavelength
λex = 532 nm, and repetition rate f = 0.5 Hz. The parameters of the measurement
scheme were the lens focal length, 10 cm; the aperture diaphragm diameter, 1 mm;
the aperture transmittance S = 0.14; and the beam diameter in focal plane, 68 μm.
The intensity of the laser beam in focus was I0 = 5 MW/cm2.

In the femtosecond experiment, the titanium–sapphire laser Mira 900F with a
wavelength λex = 800 nm was used; the pulse duration was 180 fs, and repetition
rate was of about 75 kHz. The laser beam was focused by a lens with a focal length

Laser beam

Beam splitter 1 Beam splitter 2
Lens 1

Lens 2

Aperture
Sample

D1

D2

0

F
+z–z

D3

Fig. 21.1 Scheme of the Z-scan setup (D1, D2, D3 – photodetectors)
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of 35 cm. The diameter of the beam in the focus was 58 μm; aperture transmittance
was 0.36. The intensity of the laser beam in the focus was I0 = 0.14 GW/cm2.

The real (Re) and imaginary (Im) parts of the complex third-order susceptibility
χ(3), the nonlinear absorption coefficient β, and the nonlinear refractive index n2
were calculated by the method proposed by Sheik-Bahae et al. [40].

The mentioned laser radiation parameters were chosen to avoid the influence
of thermal accumulative effect on experimental results. The measurements were
repeated several times to ensure the reproducibility of the results. In our exper-
iments, there were no irreversible changes in the transmission. The repetition of
measurements for a pure matrix showed an absence of nonlinear response under the
same conditions.

21.3 Results and Discussion

21.3.1 Production and Characterization of the Samples

Previously, we proposed so-called in situ method for the formation of periodic
polymer–metal NP structures [41]. The initial composite for holographic patterning
is a homogeneous mixture containing monomers, photoinitiator of polymerization,
and metal precursor solution. During the first step – photopolymerization in the
interference pattern – a stable volume grating polymer–metal precursor is formed.
Reduction of the precursor and formation of metal NPs occur mainly during the
second stage of photo- or thermo-processing. The optimal proposed composition
includes two copolymerized monomers, which form a cross-linked polymer network
and solution of AgNO3 in acetonitrile as an Ag NP precursor. Michler’s ketone
and camphorquinone were used as the components of the photoiniating system for
photo-induced radical polymerization of monomers. Camphorquinone provides the
sensitivity of the composition in the range of 440–500 nm. A standard two-beam
interference scheme based on the Ar–ion laser, operating at λrec = 488 nm, was used
for the holographic recording.

The reactive samples for the holographic patterning were prepared by sandwich-
ing a drop of the initially liquid composites between two glass slides separated by
spacers with a thickness of about 10 μm. Then a half the sample surface was exposed
to an interference pattern. UV flood exposure of the sample after holographic
illumination was carried out to provide curing of residual monomers and formation
of a random structure in the film area outside the grating (Fig. 21.2).

The mechanism of the grating formation was discussed in [41]. It was established
that during photopolymerization in the periodic light pattern, both main compo-
nents, the monomer and the metal precursor solution, take part in the irreversible
photo-induced mass transfer, providing the stability of the resulting structure. The
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Fig. 21.2 Photo of sample
with random and ordered NP
distribution (d = 10 μm, Λ =
380 nm)

(a) (b)

Fig. 21.3 TEM image of the 1D structure of NPs (a) and size distribution of NPs in polymer layer
(davg = 5 nm, (sd)2 = 1.9) (b)

precursor solution is forced out from the forming polymer network and located
mostly in the fringes of the grating corresponded to the low-intensity areas of the
interference pattern. Full polymerization of the composite provides a formation of
high-efficient volume structure consisted from the periodicity of polymer and metal
precursor-containing regions. A subsequent thermo-treatment of the grating causes
the solvent evaporation and reduction of silver salt to Ag nanoparticles selectively
in the areas of the film containing metal precursor.

The periodic distribution of NPs in the polymer matrix was directly confirmed
by TEM measurements of a 1D grating. It can be seen that the spherical NPs with
an average particle diameter of about 5 nm are located in the fringes of the grating
(Fig. 21.3). The formation of Ag NPs is also confirmed by the changes in absorption
spectra of the gratings. Figure 21.4 shows stationary absorption spectra of a random
and a periodic structure. The band with a maximum of 450 nm corresponds to the
excitation of local surface plasmons in the Ag NPs. The band at 360 nm corresponds
to Michler’s ketone absorption.
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Fig. 21.4 Absorption
spectra of polymer
nanocomposite containing Ag
NPs with random (1) and 1D
ordered (2) structure. The
upward arrows indicate
excitation wavelengths:
dashed arrow corresponds to
λ = 532 nm, hν = 2.33 eV;
solid arrows correspond to
λ = 800 nm, hν =1.55 eV

(a) (b)

Fig. 21.5 Nonlinear response of Ag nanocomposite at 532 nm excitation (τ = 20 ns, f = 0.5 Hz,
I0 = 5.11 MW/cm2): open-aperture (a) and closed-aperture (CA/OA) (b) Z-scan results for random
(open circles) and ordered (black squares) structures. The lines are the theoretical fits

21.3.2 Nonlinear Optical Properties of the Nanocomposites

Open-aperture Z-scan transmittance curves measured at I0 = 5.11 MW/cm2 are
shown in Fig. 21.5a. The normalized transmission increases in the focal point
(z = 0 mm) indicating the nonlinear saturation of absorbance for both random
and ordered structures. The decrease in absorption under strong optical radiation
corresponds to the negative values of Im χ(3) and β for the stated I0 of radiation.

Transmittance curves reflecting a pure nonlinear refractive effect are shown in
Fig. 21.5b. They are obtained with the closed-aperture Z-scan scheme. The character
of the curves indicates the self-focusing of laser radiation in the layer of Ag-doped
polymer nanocomposite, i.e., the positive value of nonlinear refractive index.
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The observed asymmetry of Z-scan transmittance curves may be the result of a
large nonlinear phase shift induced by a pulsed laser [42] that requires additional
analysis and verification.

Under femtosecond excitation at a wavelength of 800 nm, the nonlinear absorp-
tion is absent in the random structure and decreases in the ordered one (Fig. 21.6a).
Unlike the nanosecond experiment, the sign of Im χ(3) changes from negative
to positive under femtosecond excitation of ordered structures. This transforma-
tion reveals that another nonlinear effect such as reverse saturated absorption or
two-photon absorption determines the nonlinear response of the nanocomposite.
Transmittance curves reflecting a purely nonlinear refractive effect indicate a neg-
ative value of the nonlinear refractive index in both chaotic and ordered structures
(Fig. 21.6b).

By using the mentioned fitting [40], we calculated the values of Im χ(3), Re
χ(3), nonlinear absorption coefficient β, and nonlinear refractive index n2 for
random and ordered structure. They are given in Tables 21.1 and 21.2. In both
cases of nanosecond and femtosecond excitation, we found a significant increase in
transmission, absorption, and nonlinear refraction for ordered structures compared
to disordered ones.

We have compared the values of nonlinear parameters of the proposed nanocom-
posite with the results obtained by other authors under similar experimental

(a) (b)

Fig. 21.6 Nonlinear response of Ag nanocomposite at 800 nm excitation (τ = 180 fs, f = 75 kHz,
I0 = 0.142 GW/cm2): open-aperture (a) and closed-aperture (CA/OA) (b) Z-scan results for random
(open circles) and ordered (black squares) structures. The lines are the theoretical fits

Table 21.1 Nonlinear parameters calculated for random and ordered structure (λex = 532 nm, τ =
20 ns, f = 0.5 Hz)

Structure α, I0, n2, β, Re χ(3), Im χ(3), |χ(3)|,
type cm−1 MW/cm2 cm2/W cm/W esu esu esu

Random 1381 5.11 3×10−10 −1.13×10−4 1.36×10−8 −2.88×10−8 3.19×10−8

Ordered 1381 5.11 1.14×10−9 −1.77×10−4 5.17×10−8 −4.52×10−8 6.87×10−8
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Table 21.2 Nonlinear parameters calculated for random and ordered structure (λex = 800 nm, τ =
180 fs, f = 75 kHz)

Structure α, I0, n2, β, Re χ(3), Im χ(3), |χ(3)|,
type cm−1 GW/cm2 cm2/W cm/W esu esu esu

Random 50 0.14 −3.57×10−11 – −1.6×10−9 – –

Ordered 50 0.14 −4.08×10−11 6.5×10−7 −1.8×10−9 2.42×10−10 1.8×10−9

conditions. The comparison showed that the values given in the tables coincide in
order of magnitude [23, 24, 31] and in some cases [25, 26, 32, 33] exceed by one
or two orders of magnitude the nonlinear characteristics obtained in the works cited
above.

It should be noted that the ordering of nanoparticles in the matrix does not
only enhance the nonlinear response but also affects the dynamics of electronic
excitations in the structure. Previously we found out that sub-wavelength ordering
of Ag NPs significantly influences the values of induced changes of intensity and
shape of plasmonic band as well as relaxation times of electron subsystem [43].
The relaxation times in the vicinity of induced absorption increase significantly as
the symmetry varies from 1D to 2D tetragonal and 2D hexagonal structures. For
example, τ1 ∼= 1.1 ps and τ2 ∼= 12 ps for random and 1D structure with Λ = 900 nm;
τ1 ∼= 1.8 ps, τ2 ∼= 16 ps for 1D structure with Λ = 380 nm; and τ1 ∼= 2.7 ps,
τ2 ∼= 131 ps for 2D structure with square grating (Λ = 370 nm).

Thus, the correlation of changes of the nonlinear response and the electron
dynamics indicates that the ordering of Ag NPs in nanocomposites substantially
affects their properties. In the studied structures, Ag NPs are synthesized from metal
precursor in the matrix after structure formation. Change of the size and symmetry
of regions where precursor is localized may alter the conditions of NP formation
and, respectively, alter their size and concentration, thus strongly influencing the
nonlinear response of a nanocomposite. It can be also assumed that the decrease
of size of Ag NP location zones stimulates the occurrence of collective effects
upon excitation of the electron subsystem by powerful laser radiation. Our further
research will be aimed at confirmation of the stated assumptions.

We can explain the mechanism of nanocomposite optical nonlinearity from the
point of view of electronic transitions in Ag NPs. The energy level diagram proposed
in [44] is shown in Fig. 21.7. Noble metals possess a valence band formed by fully
populated d states and a conduction band formed by the s-p states and populated up
to the Fermi level. For Ag NPs, the interband transition energy is of about 3.99 eV
(310 nm), and p → s distance between the occupied p-states and unoccupied s-
states is of about 3.85 eV (322 nm). The plasmon band of metal NPs is determined
by dipolar oscillations of free electrons in the conduction band that occupy energy
states near the Fermi level. The plasmon resonance energy of our nanocomposite is
2.87 eV.

In our Z-scan experiment, the excitation energies were 2.33 eV (532 nm) and
1.55 eV (800 nm) that are obviously smaller than the energies of interband and p → s
transitions. Thus, under used experimental conditions, the nonlinear response of
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Fig. 21.7 Energy level
diagram explaining the
mechanism of Ag
nanocomposite optical
nonlinearity

the studied structures is the result of an intraband transition with the local surface
plasmon excitation. The wavelength of 532 nm, shown in Fig. 21.4 with a dashed
arrow, lies near the plasmon resonance. Therefore, one-photon excitation of hot
electrons at a wavelength of 532 nm causes the saturated absorption. The latter is
confirmed by the measurement of differential absorption spectra of 1D and 2D Ag-
doped structures with “pump–probe” method [43]. At femtosecond excitation, the
wavelength of 800 nm was located far from plasmon resonance (solid arrows in
Fig. 21.4). The nonlinear absorption in this case can be attributed to the two-photon
excitation of free electrons in conduction band.

21.4 Conclusions

Under nanosecond excitation at a wavelength of 532 nm, the nonlinear response
of the nanocomposite is determined by the saturated absorption. The nonlinear
refractive index has a positive sign that causes self-focusing of laser radiation in
the nanocomposite layer.

Under femtosecond excitation at a wavelength of 800 nm, nonlinear absorption
increases with the increase of laser radiation intensity indicating the contribution of
two-photon absorption to the nonlinear response of the nanocomposite. The sign of
the nonlinear refraction index, unlike in the nanosecond experiment, is negative that
leads to self-defocusing of laser radiation.

The analysis of nature of nonlinear response in Ag NP-doped photopolymer
matrix reveals that the main mechanism of nonlinearity at 532 and 800 nm is
related to the local electric field enhancement due to one- and two-photon electron
excitation in a conduction band.

In both cases of nanosecond and femtosecond excitation, the values of nonlinear
characteristics of ordered structures exceed the values obtained for disordered
structures. This indicates the influence of the nanocomposite ordering on the
size, shape, or concentration of Ag NPs, which are formed in a composite from
a periodically or randomly distributed precursor of the metal. This assumption
requires further investigation and confirmation.
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M, Jaroszewicz LR, Pępczyńska M, Wojciechowski A (2015) δ−BiB3O6:Pr3+: polymer
nanocomposites deposited on substrates with silver nanoparticles for nonlinear optics. J Mater
Sci Mater Electron 26:7134–7139

36. Bhushan B, Stalwar S, Kundu T, Singh BP (2016) Synthesis, characterization and third-
order nonlinear optical properties of polydiacetylene nanostructures, silver nanoparticles and
polydiacetylene–silver nanocomposites. Pramana J Phys 87:56

37. Bi M, Shao Y, Wang Y, Zhang J, Niu H, Gao Y, Wang B, Lishow C (2017) Liquid crystalline
elastomer doped with silver nanoparticles: fabrication and nonlinear absorption properties. Mol
Cryst Liq Cryst 652:41–50

38. Yan D, Jing S (2010) Photoinduced reorientation process and nonlinear optical properties of
Ag nanoparticle doped azo polymer films. Chin Phys Lett 27:024204

iranchembook.ir/edu



344 T. N. Smirnova et al.

39. Zhang Y, Wang Y (2017) Nonlinear optical properties of metal nanoparticles: a review. RSC
Adv 7:45129–45144

40. Sheik-Bahae M, Said AA, Wei TH, Hagan DJ, Van Stryland EV (1990) Sensitive measurement
of optical nonlinearities using a single beam. IEEE J Quantum Electron 26:760–769

41. Smirnova TN, Kokhtych LM, Kutsenko AS, Sakhno OV, Stumpe J (2009) Fabrication of
periodic polymer/silver nanoparticles structures: in situ reduction of silver nanoparticles
from precursor spatially distributed in polymer using holographic exposure. Nanotechnol-
ogy 20:405301

42. Chen S-Q, Liu Z-B, Zang W-P, Tian J-G, Zhou W-Y, Song F, Zhang C-P (2005) Study on
Z-scan characteristics for a large nonlinear phase shift. J Opt Soc Am B 22:1911–1916

43. Smirnova TN, Yezhov PV, Tikhomirov SA, Buganov OV, Ponyavina AN (2016) Time-
dependent absorption spectra of 1D, 2D plasmonic structures obtained by the ordering of Ag
nanoparticles in polymer matrix. In: Fesenko O, Yatsenko L (eds) Nanophysics, nanophotonics,
surface studies, and applications. Springer proceedings in physics, vol 183. Springer, Cham, pp
131–141

44. Rosei R, Culp CH, Weavert JH (1974) Temperature modulation of the optical transitions
involving the Fermi surface in Ag: experimental. Phys Rev B 10:484–488

iranchembook.ir/edu



Chapter 22
The Nanocomposite Diffusion Coating
of Details Prepared of Boriding

Andrew Stetsko

22.1 Introduction

It is advisable to change the sample surface areas for a large number of parts. For this
purpose a promising technology is developed with strengthening boriding backcoat
(local boriding), which takes place between the interim boriding of powders and
melts.

Boriding is used to increase the durability of plugs oil pump, exhaust, bending
and forming dies, parts, and machines for injection molding, heavy duty friction
hinge, and etc. The stability of these parts after boriding increases by two to ten
times.

Objective: Create a new economic method for strengthening steel surfaces of
friction pairs by diffusion boriding that provides selective strengthening of them (in
the areas of load) and simultaneously is economically feasible to manufacture or
restore relevant details.

22.2 Materials and Methods

As you know, boriding is called chemical-thermal treatment, which is a diffusion
saturation of the surface layer of boron steel by heating in an appropriate environ-
ment [1]. Like other treatments involving diffusion, the treated substrate must be in
contact with a boronaceous substance in the form of a solid powder, paste, liquid,
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Fig. 22.1 Borovan layer on
the steel (1%C) obtained by
diffusion boriding gas at
950 ◦C for 3 h.

or gas and held at high temperatures (700–1200 ◦C). Under these conditions, boron
atoms diffuse from the surface into the metal lattice, forming borides with the atoms
of the substrate and alloying elements, promoting the formation of the borided layer.
Fluidized bed techniques can also be used for boriding. Other means to promote
boride layer deposition without using thermochemical activation are plasma vapor
deposition (PVD), ion implantation, and plasma spray.

The thickness of the diffusion layer is 100–200 microns (Fig. 22.1). Borovan
layer has high hardness HV 1800–2000 (18000–20,000 MPa), durability (mainly
abrasive), corrosion resistance, cinder resistance (to 800 ◦C), and heat resistance.

The same as many other surface treatments, hard boride layers with attractive
physical and chemical properties can be developed on most metals and engineering
alloys.

In the study, AISI P20, H13, and D2 steels were pack borided at 900 and
950 ◦C for retention times of 2, 4, and 6 h [2]. The boride layer thickness values
changed depending on the chemical composition of the steels. The hardness values
of borides that formed on the surface of AISI P20, AISI H13, and AISI D2 steels
were 1897 HV(50 g), 1989 HV(50 g), and 1916 HV(50 g), respectively. On the
other hand, the Vickers hardness values of the untreated steels were 532 HV(50 g),
485 HV(50 g), and 408 HV(50 g), respectively. According to the adhesion and wear
test results, the adhesion and wear resistance of the boride layer decreased with the
increase in the boriding temperature and time.

Other authors [3] apply ultrafast surface hardening of low carbon steel that
is introduced via the application powder-pack boriding process in a hot isostatic
pressing special fixture. Boriding (boronizing) powder consisting of boric acid and
borax mixture is utilized in 50 wt. % boric acid and 50 wt. % of borax. Low carbon
steel sample packed with boric acid and borax is heated at 1050Â◦C for 30 min
and then tempered at 900 ◦C for 30 min in a special fixture sealed with a 10
ton pressure. The surface boride layer as FeB and Fe2B phase with the hardness
about ∼1800 HV and depth of 130–180 μm is achieved and compared to untreated
base metal of 123 HV. Alloy segregation along with delocalized zone of interest is
achieved with different boron content 1.77 wt. % along grain boundaries, 3.93 wt.
% leading phase, and 7.86 wt. % trailing phase at the sample surface. This process
provides high performance and high thickness of coatings and can be used fast
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and economically if compared to traditional processes with less emission. From
economic and environmental points of view, it is highly desirable to develop and
implement novel surface treatment technologies that are quick, cheap, clean, and
energy efficient.

In this [4] study, new results about the practical adhesion resistance of boride
coating/substrate system formed at the surface of AISI 316 L steel and improved
by means of a diffusion annealing process are received. First, the boriding of AISI
316 L steel was performed by the powder-pack method at 1173 K with different
exposure times (4–8 h). The diffusion annealing process was conducted on the
borided steels at 1273 K with 2 h of exposure using a diluent atmosphere of
boron powder mixture. The mechanical behavior of the boride coating/substrate
system developed by both treatments was established using Vickers and Berkovich
tests along the depth of the boride coatings, respectively. Finally, for the entire
set of experimental conditions, the scratch tests were performed with a continu-
ously increasing normal force, in which the practical adhesion resistance of the
boride coating/substrate system was represented by the critical load. The failure
mechanisms developed over the surface of the scratch tracks were analyzed; the
FeB-Fe2B/substrate system exhibited an adhesive mode, while the Fe2B/substrate
system obtained by the diffusion annealing process showed predominantly a
cohesive failure mode.

In work [5], a kinetic model was suggested to evaluate the boron diffusion
coefficient in the Fe2B layers grown on the Armco iron substrate by the powder-
pack boriding. This thermochemical treatment was carried out in the temperature
range of 1123–1273 K for treatment times ranging from 2 to 8 h. The boron
diffusion coefficient in the Fe2B layers was estimated by solving the mass balance
equation at the (Fe2B/substrate) interface with an inclusion of boride incubation
time. To validate the present model, the simulated value of Fe2B layer thickness was
compared with the experimental value obtained at 1253 K for a treatment time of
5 h. The morphology of Fe2B layers was observed by SEM and optical microscopy.
Metallographic studies showed that the boride layer has a sawtooth morphology in
all the samples.

In work [6], the EN-GJS-400-15 cast iron was pack-borided in a powder mixture
composed of 5% B4C, 5% NaBF4, and 90% SiC at the three temperatures: 900,
950, and 1000 ◦C for 2, 4, and 6 h, respectively. The pack-borided EN-GJS-400-
15 cast iron was characterized by the following experimental techniques: optical
microscopy, XRD analysis, and microhardness Vickers tester. The growth kinetics
of boride layers was also investigated. As a consequence, the boron activation
energy was found to be 212.28 kJ mol−1 for the EN-GJS-400-15 cast iron.

In study [7] the behavior of the borided 316 L stainless steel and 1018 steel is
evaluated under micro-abrasion wear. The boriding was carried out at 1223 K over
6 h of exposure time, resulting in a biphase layer composed of FeB/Fe2B phases.
In order to evaluate Fe2B phase with no influence from FeB phase, AISI 1018 steel
samples were borided at 1273 K for over 20 min and then diffusion annealed at
1273 K over 2 h to obtain a Fe2B monophase layer. The obtained wear rates for FeB
and Fe2B phases and for the 316 L stainless steel were compared. Wear resistance
of 316 L stainless steel increases after boriding.
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The study [8] reports on the kinetics of borided Nickel 201 alloy. The thermo-
chemical treatment of boronizing was carried out in a solid medium consisting
of B4C and KBF4powders mixture at 1123, 1173, and 1223 K for 2, 4, and 6 h,
respectively. The boride layer was characterized by optical microscopy, X-ray
diffraction technique, and microhardness Vickers tester. X-ray diffraction analysis
revealed the existence of NiB, Ni2B, Ni3B, and Ni4B3 compounds at the surface
of borided Nickel 201 alloy. The thickness of the boride layer increased with an
increase in the boriding time and the temperature. The hardness of the nickel borides
formed on the surface of the nickel substrate ranged from 1642 to 1854 HV0.05,
whereas the Vickers hardness value of the untreated nickel was 185 HV0.05.

Pack boronizing and rare-earth (RE)-borosulphurizing of high-carbon steel (T8)
were conducted at 950 ◦C for 6 h [9]. Different from the BL layer, the RBSL layer
is compact, continuous, and flat. The formation of FeS, Fe2B, and FeB phases
on the substrates was confirmed by Auger electron spectroscopy analysis. The
wear resistance test indicated that within a certain range, the abrasion resistance
of the RBSL layer is better than that of the BL layer, especially under high-load
conditions. The corrosion resistance test using the weight loss method has shown
that the corrosion resistance of the RBSL layer is better but decreases faster with
time extension than that of the BL layer.

From the analyzed work, we can draw the following conclusions.
The surface layers are covered by hard phase-type borides, nitrides, etc. It is

very difficult to provide high efficiency across a large number of defects that
cause significant stress concentration. In addition, boride surface layer has a small
thickness, which is not enough for abrasion wear. So, there is a need to use new
method of hardening machines, which would give an opportunity to get hardened
layers of increased thickness were quite plastic, in the process of strengthening
economic, and allowed to re-recovery of such parts.

22.3 Discussion

It is suggested to apply borage with paste.
In study [10], the AISI 440C steel was plasma paste borided in a gas mixture

of 70%H2–30%Ar using borax paste as a boron source. This thermochemical
treatment was carried out at three temperatures of 700, 750, and 800 ◦C for 3, 5,
and 7 h. The morphology of the formed boride layers was studied by scanning
electron microscope. An identification of iron borides was performed using an X-
ray microanalyzer, equipped with energy-dispersive X-ray spectroscopy. The phases
present in the boride layer were identified by means of X-ray diffraction analysis. In
addition, the glow discharge optical spectroscopy analysis was performed in order
to determine the concentration profiles of elements. The wear resistance of plasma
paste-borided AISI 440 C steel (at 800 ◦C for 3 h) was also investigated. As a result,
the value of boron activation energy for the AISI 440C steel was found to be equal
to 134.62 kJ mol−1 on the basis of our experimental results.
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In the study [11], AISI 8620 steel was plasma paste borided by using various
B2O3 paste mixture. The plasma paste boriding process was carried out in a dc
plasma system at temperatures of 973, 1023, and 1073 K for 2, 5, and 7 h in a gas
mixture of 70% H2–30% Ar under a constant pressure of 10 mbar. The properties
of the boride layer were evaluated by optical microscopy, X-ray diffraction, Vickers
microhardness tester, and the growth kinetics of the boride layers. X-ray diffraction
analysis of boride layers on the surface of the steel revealed FeB and Fe2B phases.
Depending on temperature and layer thickness, the activation energies of boron in
steel were found to be 124.7 kJ/mol for 100% B2O3.

In the study [12], AISI 8620 steel was plasma paste boronized by using various
borax paste mixtures. The plasma paste boronizing process was carried out in a
dc plasma system at a temperature of 973, 1023, and 1073 K for 2, 5, and 7 h,
respectively, in a gas mixture of 70% H2–30% Ar under a constant pressure of
10 mbar. The properties of the boride layer were evaluated by optical microscopy,
X-ray diffraction, the microhardness Vickers tester, and the growth kinetics of the
boride layers. The thickness of the boride layers varied from 14 to 91 μm depending
on the boronizing time and temperature. X-ray diffraction analysis of boride layers
on the surface of the steel revealed the formation of FeB and Fe2B phases.

Technology hardening of paste (coating) involves the following operations:
Before the pouring process, the chemical coating of the Ni-Co-P of different ten

recipes is applied to the parts of Tables 22.1 and 22.2. The main components of the
paste (Table 22.3.) are thoroughly mixed in a special mixer and diluted with binder
component to the desired consistency (Fig. 22.2). As a binding material, hydrolyzed
ethyl silicate, liquid glass, sulfite-alcohol bard, a solution of glue BF-2 in acetone,
glue, etc. are used. The consistency of the paste is mainly determined by the selected
technology application in its detail: spraying, brush, or diving.

The thickness of the coating should be at 1.5–2.5 mm, which, if necessary, can
be applied to multiple coating steps.

Table 22.1 Elements of
chemical Ni-Co-P
sedimentation and diffusion
boriding

Chemical element #1 #2 #3 #4 #5

CoCl2 (g/l) – 15 15 30 –
NiCl2 (g/l) – 30 30 30 –
NÃ3´6°5±7 (g/l) 84 100 100 80 –
NÃ°2P±2 (g/l) 30 20 60 10 25
N°4´l (g/l) – 50 50 50 50
´Ñ´±3 (g/l) 7 – – – –
´ÑSO4 (g/l) – – – – 30
NiSO4 (g/l) 15 – – – 30
´°3´±±NÃ (g/l) – – – – 100
°2S±4 (g/l) 15 – – – –
NH4OH (ml) 90 60 60 60 50

iranchembook.ir/edu



350 A. Stetsko

Table 22.2 Elements of
chemical Ni-Co-P
sedimentation and diffusion
boriding

Chemical element #6 #7 #8 #9 #10

CoCl2 (g/l) 15 30 – – –
NiCl2 (g/l) 30 30 – – –
NÃ3´6°5±7 (g/l) 90 – – – –
NÃ°2P±2 (g/l) 25 25 25 30 –
-2°2P±2 (g/l) – – – – 30
N°4´l (g/l) – 50 50 45 –
´Ñ´±3 (g/l) – – – 15 –
Ni´±3 (g/l) – – – 30 –
´ÑSO4 (g/l) – – 20 – –
NiSO4 (g/l) – – 30 – –
Co(NO3)2 (g/l) – – – – 18
Ni(NO3)2 (g/l) – – – – 30
´°3´±±NÃ (g/l) – 90 – 90 –
(CHCOONa)2 (g/l) – – 90 – –
C4H6O6 (g/l) 15 – – – –
´°2N°2´±±° (g/l) 25 – – – –
Na2C4H4O4 (g/l) – – – – 100
NH4OH (ml) 50 50 50 50 60

Table 22.3 Elements of paste for boriding

#3 #2 #1 # Backcoat

55–60 65–75 45 to −51 Boron carbide
15 to −18 Cryolite

15–20 3–6 Iron oxide
1–3 7–9 2–5 Sodium fluoride

5–15 Liquid glass
7–9 Graphite
1 to −3 Copper

8–12 Charcoal
8–10 Glue BF
3–5 Acetone

10–14 5–30 Solution 90% glue BF and 10% acetone
1150–1200 1100–1200 1100–1200 Temperature, ◦´
20–25 25–35 30–40 Dwell time, s
200 180 160 Thickness, microns
10000 9000 8000 Microhardness layer, MPa
70 80 100 Continuity of coverage, %

Acetone-based coating is characterized by high evaporation rate, so it should be
dried at room temperature. In case of saturation for the implementation of other
bonding materials, use a drying cabinet.

The case of studies to strengthen the samples of boron coating technology with
heating by high-frequency current is investigated [13–16]. Strengthening of steel
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Chemical coating

Cooling and cleaning parts of paste

Heat and endurance prepared according to the details given
saturation modes

Application of coating and drying strengthening

Preparation of the surface reinforcing parts to saturation in
pastes (coating)

Preparation of coating

Fig. 22.2 Operations of boriding

Fig. 22.3 Consolidated borovan layer obtained is an economical way to strengthen steel (0.45%C)

(0.45%C) is carried out by drawing on previously cleaned and degreased surface
coating and drying by air. Then strengthening detail with image coating is heated at
a temperature of 1150–1200 ◦C by high frequency.

The existing structure is reinforced with white layers containing borides and has
a thickness of 160 microns and microhardness of 9000 MPa (Fig. 22.3).

Boriding for coating consists of basic parts and connections. Experiments have
shown that the using of hydrolyzed ethyl silicate is not always justified, as the
temperature increases this connection “swells” blown away and detached from the
surface of the sample, or at high power settings microwave, baked on its surface.
Therefore, the studies used glue BF-2 and acetone as the communication solution.

In preparation for the strengthening of surfaces, it is needed first to determine
their shape and configuration. As the gap between the fixing piece and the inductor
should be at a certain value, the inductor configuration is repeated reinforcing
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1

1
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3

4

Fig. 22.4 Scheme boriding diffusion of pastes and backcoat microwave by heating parts of bodies
of rotation 1, strengthened detail; 2, coating; 3, inductor; 4, the gap between the workpiece and
inductor

Fig. 22.5 Scheme boriding
diffusion of pastes and
microwave backcoat when
heated flat parts 1,
strengthened detail; 2,
coating; 3, inductor

surface configuration details. Often, reinforcing surface is divided into three groups:
surface rotation, planar surfaces, and surfaces of complex configuration (shaped).
The inductor should be chosen for each type of strengthened surface for repeating
its profile.

Often changing rotation surface (Fig. 22.4) and planar surface (Fig. 22.5), this
surface friction pairs “shaft-hub” or “slide-guide.”

For surfaces with complex configurations that are much rarer, inducers should
be made according to their profile and size. In the manufacture of inductors (Figs.
22.4 and 22.5), it should be taken into account the condition that this method of
strengthening is often used to enhance surface details not all but only its working
surfaces (work surfaces). Also it is important to note the inductor type fastened to
the microwave installation and the amount and type of coolant given through the
cavities of the inductor.

Strengthening of the research sample (Fig. 22.6) made of steel (0.45%C) is made
by drawing on previously cleaned and degreased surface coating, comprising (wt.%)
boron carbide, 48; cryolite, 16; iron oxide, 4; sodium fluoride, 4; liquid glass, 8; and
solution of 90% glue BF and 10% acetone, 20 of coating, and drying it by air.
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Fig. 22.6 Sample steel
(0.45%C), reinforced
diffusion boriding with
heating microwave: 1, sleeve;
2, contains boron coating; 3,
skirting

Fig. 22.7 Structure borides hardened layer obtained in steel (0.45%C)

Then the strengthened detail with the covered coating is set in the rotational
installation centers of microwave and heat at 1150 ◦C during 35 s by the high-
frequency power 100 kW and frequency 0.066 MHz.

The finished hardened bushing is fixed in the hole of the hub of a renewable
detail. If necessary, the finishing processing of the work surface assembled parts is
performed.

Formed reinforced layer (Fig. 22.7) has a structure of white layers and contains
borides and has a thickness of 200 microns and microhardness of at least 9000 MPa.

In the study of the morphology of hardened covering, the diffusion of individual
boriding backcoat with heating by high-frequency current was revealed that cov-
erage is not continuously strengthened across the whole surface. The structure of
the coating was not solid but “spotted.” Borides strengthen the coverage of about
90–95% of the surface. This structure of hardened layers speaks about the selective
saturation of backcoat adopted by modes. This may be a slight blowing of coating
during the heating by high frequency and, therefore, lack of source diffusion element
in these places.

This hardened layer structure during conjugate machine parts will be realized by
the random wearing on the work surface – softer the hardness areas. Formed worn
areas will serve as reservoirs for oil and also for product wear collecting. Such an
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Fig. 22.8 Microhardness boron hardened layer obtained in steel (0.45%C)

implementation scheme is similar to wear composite material, which is currently
the most promising.

Boron refers to the elements with a small atomic radius (0,91 Å), which
contributes the diffusion of boron in to steel. The small atomic radius (0,91 Å)
of Boron is playing important role in the boron diffusion into steel. Researchers
are inclined to think that the boron solution forms a substitution of α-iron and
appearance solution of γ-iron.

The solubility of boron in α-iron and γ-iron is low. After saturation of iron by
boron, the reaction of diffusion layer zone is seen under microscope (zone borides).
In the system B-Fe reaction diffusion is carried out mainly by diffusion of boron
through the borides layer to the main front of the reaction, which are posted on
the phase boundaries between iron-Fe2B borides and boride Fe2B-boride FeB.
Obviously, boron diffuses through the lattice borides in the form of positive ions.

Microhardness of the hardened layer (Fig. 22.8), received on steel (0.45%C), is
at least 9000 MPa. The thickness of the diffusion hardened layer is 200 microns.
The roughness is 1,6–1,25 microns.

These figures show hardened layer obtained by boriding from coating and heating
by high-frequency current are sufficient to strengthen the overwhelming amount
of machine details wearing and as a result their, reliability and durability of parts,
reinforced by this way.

The thickness of the resulting hardened layer can be used to the method of repair
sizes significantly which simplifies and reduces the cost of repeated restoration and
repairment.

22.4 Conclusions

1. Use of boriding diffusion in coating with heating by high-frequency current due
to physical and chemical properties of the boron element is a promising method
of surface hardening of machines.
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2. Application of connection: 90% of glue BF and 10% acetone in almost all cases
give a positive effect. Using other recipes connection causes coating sticking to
strengthening backcoat surface, or vice versa, by blowing them off on the stage
of heating by high-frequency current.

3. Being activators is the important role played by the following components of
the primary coating. Experiments have shown that they significantly affect the
thickness of boron layer. The most effective was NaF. Activators NaCl and Al2O3
do not give the desired effect.

4. Use of high-frequency settings gives a positive result. This reduces the duration
of boriding to tens of seconds. This significantly increases the speed of heating,
providing fine-grained structure of steel of austenite. This structure increases the
penetration of boron diffusion in to the core metal and its strength as a whole.
Accelerating of heating rate and therefore heating exposure time allows to raise
the temperature of heating to 150–200 ◦C without the threat of metal structure
change.

5. The greatest effect is achieved in unalloyed carbon steel that gives reduced cost
of parts, significantly improving their basic characteristics.

6. By adjusting the heating mode, it is possible to get nonsolid (“spotted”) boron
hardened layer that will work well in heavy wear (thickness of 200 microns and
microhardness of at least 9000 MPa). Wearing of the soft surface phase will be
more intensive that will create worn niches where grease and food deterioration
will be accumulated.

7. This method of strengthening makes it possible to strengthen when necessary
only the separate working surfaces of details, including the large parts.

8. The method is economical because the use of microwave heating provides fast
(tens of seconds) heating without requiring special training of details from
previous coating for protection against oxidation.
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Chapter 23
Ni Addition Induced Changes
in Structural, Magnetic, and Cationic
Distribution of Zn0.75−xNixMg0.15
Cu0.1Fe2O4 Nano-ferrite

Manvi Satalkar, Shashank Narayan Kane, Tetiana Tatarchuk,
and João Pedro Araújo

23.1 Introduction

Nano-magnetic material with spinel structure containing two sub-lattices, tetrahe-
dral A and octahedral B site, has become an important matter of study because of its
variety of industrial and biomedical applications [1–8]. Spinel ferrites (SF) have turn
into a prominent material of research mainly for addressing the basic correlation
between the spinel crystal structure and magnetic properties. This basic relation
between structural and magnetic properties can be studied via cationic distribution
at A and B site [9, 10]. Distribution of cations on A and B site depends on the
valency, ionic radii, presence of different cations (Zn2+, Ni2+,Mn2+, Co2+, Fe3+),
synthesis method, synthesis parameters [11], etc., which plays a decisive role in
determining structural and magnetic properties [12] of SF.

Cationic distribution can be effectively used in tuning the magnetic properties of
SF. The magnetization behavior of SF can be elucidated either by Néel’s collinear
two-sub-lattice model or by Yafet-Kittel three-sub-lattice model. According to
Néel’s model, the cationic magnetic moments on A and B sites are allied antiparallel
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to each other forming a collinear structure [13, 14] with certain resultant magneti-
zation M = MB−MA, where MA and MB are, respectively, magnetic moment of A
and B site. But, according to Yafet-Kittel (Y-K) model, B sub-lattice can be divided
into two sub-lattices, B1 and B2, having equal magnitude of magnetic moments,
each canted oppositely at identical angle, αY-K. In this way, two sub-lattices B1 and
B2 have triangular spin arrangement which becomes more significant with changing
concentration and cationic redistribution.

Among other SF, most of the literature reports electromagnetic properties of
Ni-Zn-Mg-Cu ferrite [15–19], but the magnetic properties of Zn-Ni-Mg-Cu spinel
ferrite are less explored [16, 19–24]. Sujatha et al. [16] investigated Mg substituted
ann. (powder, 500 ◦C/3 h.; pellets, 950 ◦C/1 h.) Ni-Cu-Zn ferrite. The results depict
enhanced permeability, decrease in saturation magnetization (Ms), and dielectric
losses at higher frequencies with Mg substitution in Ni0.5−xMgxCu0.05Zn0.45Fe2O4
(x = 0.1, 0.2, 0.3, 0.4). Coercivity (Hc) and anisotropy constant (K1) increase
up to x = 0.2 and then reduce with increasing Mg content. Maximum initial
permeability (μi) was obtained for x = 0.1. Abdullah Dar et al. [19] examined
Ni0.5−xCu0.2Zn0.3MgxFe2O4 (x = 0.0–0.4) (900 ◦C/5 h) ferrite system, synthesized
by sol-gel method. Results showed increased electrical resistivity, reduced Hc,
and dielectric losses with Mg substitution. Mg doping leads to increase in Ms
up to x = 0.2, and thereafter it starts to decrease with increase in Mg content.
Sujatha et al. [20] explored Mg substituted ann. (powder, 500 ◦C/3 h.; pellets,
950 ◦C/1 h.) Ni0.5Cu0.05MgxZn0.45−xFe2O4 (x = 0.09, 0.18, 0.27, 0.36, 0.45).
Results reveal decrease in Ms, μi and increase in Hc, K1, Curie temperature (Tc) with
increasing Mg content. Sujatha et al. [21] studied co-substitution effect of Mg, Zn of
ann. (powder, 500 ◦C/3 h.; pellets, 950 ◦C/2 h.) Ni0.5−2xMgxCu0.05Zn0.45+xFe2O4
(x = 0.0, 0.04, 0.08, 0.12, 0.16) ferrite. Results demonstrate gradual decrease
of Ms, Hc, K1, dielectric constant, dielectric loss factor, improved permeabil-
ity, and enhanced resistance of samples. Satalkar et al. [22] studied the syn-
thesis, structural and soft magnetic properties, and cation distribution of as-
burnt Zn0.8−xNixMg0.1Cu0.1Fe2O4 (x = 0.0–0.8) ferrites prepared by sol-gel auto-
combustion method. The paper reports increase in 50 Hz and quasi-static coercivity
and anisotropy constant values with nickel content. Best magnetization value of
25.04 emu/g was obtained for x = 0.60. Kane et al. [23] demonstrate the corre-
lation between magnetic properties and cationic distribution of ann. (500 ◦C/3 h)
Zn0.85−xNixMg0.05Cu0.1Fe2O4 (x = 0.0–0.8). The paper depicts decrease in exper-
imental, theoretical lattice constant (aexp., ath.), specific surface area (S), and the
distances between cations (Me-Me) (b, c, d, e, f) with increase in Ni doping.
Hc and Ms of Zn-Ni-Mg-Cu ferrite ranges between 0.97–167.5 Oe and 47.63–
136.93 Am2kg−1, respectively, signifying the soft character of annealed samples.
The paper shows similar trend of Ms, Néel/experimental magnetic moment (nB

N,
nB

e) with Ni content (x) which establishes the Néel’s two-sub-lattice model of
ferrimagnetism in ann. (500 ◦C/3 h) Zn0.7−xNixMg0.2Cu0.1Fe2O4 nano-ferrite.
Furthermore the role of cationic distribution in determining magnetic properties
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of Zn0.7-xNixMg0.2Cu0.1Fe2O4 (x = 0.0–0.7) nano-ferrite is presented in [24]. The
magnetic properties Ms (43.2–69.9 Am2/kg) and nB

N (1.74–2.86 μB) increase up
to x = 0.42, but at higher values of Ni content (0.42 < x ≤ 0.70) Ms and nB

N

decrease, but coercivity (16.3–131.1 Oe) increases constantly with increasing Ni
content. Zero values of Yafet-Kittel angle (αY-K) suggest the presence of Néel-type
magnetic ordering in Zn0.7−xNixMg0.2Cu0.1Fe2O4.

The above available literature [16, 19–24] on Zn-/Mg-doped mixed Zn-Ni-Mg-
Cu SF explains the variation of magnetization with the doping content on the basis
of Néel’s two-sub-lattice model of ferrimagnetism, but up till now no literature on
Ni-doped Zn-Mg-Cu SF is available which shows the presence of Yafet-Kittel three-
sub-lattice model. Some reports are available [25–30] which shows the presence of
Y-K type of magnetic ordering for high doping content. Thus, magnetic ordering
also depends on the effect of doping concentration of the cation as also observed in
[25–30]. Hence, it becomes important to study the effect of dopant on the structural,
magnetic properties of SF.

Therefore, the aim of the present work is to look into the effect of Ni content
on structural, magnetic properties of Zn0.75−xNixMg0.15Cu0.1Fe2O4 ferrite, synthe-
sized by sol-gel auto-combustion.

23.2 Materials and Methods

23.2.1 Materials

AR-grade zinc nitrate, Zn(NO3)2.6H2O; nickel acetate, Ni(CH3COO)2.4H2O; mag-
nesium acetate, Mg(CH3COO)2·4H2O; copper nitrate, Cu(NO3)2.3H2O; and ferric
nitrate, Fe(NO3)3.9H2O, were used for the synthesis of Zn0.75−xNixMg0.15Cu0.1Fe2O4
(x = 0.00, 0.15, 0.30, 0.45, 0.60, and 0.75) spinel ferrite.

23.2.2 Material Synthesis

Zn0.75−xNixMg0.15Cu0.1Fe2O4 ferrites were synthesized by sol-gel auto-
combustion method. Stoichiometric amounts of citrate-nitrate/acetate precursors
were mixed with citric acid (in the molar ratio 1:1). Citric acid has a dual function:
initially it acts as a chelator and then as a fuel [31]. Synthesis was done by
dissolving all the precursors in stoichiometric ratio in deionized water, and then
ammonia solution (NH4OH) was added to maintain the pH at 7 by continuous
stirring. Now the solution was heated at 120 ◦C in air till the loose powder (fluffy)
was formed called as “dry gel or as-burnt powder” which was then annealed at
500 ◦C for 3 h in air.
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23.2.3 Characterizations

Room temperature structural properties of annealed powders were examined by X-
ray diffraction (XRD) using Cu-Kα radiation (wavelength ‘λ’ =0.1540562 nm) in
θ–2θ configuration (step size of 0.019◦ and a scanning rate of 1.14 degree/minute),
equipped by a fast counting Bruker LynxEye detector, with silicon strip tech-
nology. Elemental, quantitative analysis of surface morphology of Zn-Ni-Mg-Cu
ferrite samples was performed by energy-dispersive X-ray analysis (EDAX, INCA-
OXFORD) and scanning electron microscope (SEM, JEOL JSM-6390LV). Room
temperature magnetization studies were done via SQUID magnetometer (Quantum
Design MPMS-5S) with a maximum applied field (Hmax.) of ± 5 tesla. The magnetic
properties, saturation magnetization (Ms), squareness ratio/reduced magnetization
(Mr/Ms), and coercivity (Hc), have been elucidated from hysteresis loops.

23.3 Results and Discussions

23.3.1 Structural Properties

X-ray diffraction (XRD) patterns of Ni2+-doped annealed 500 ◦C/3 h Zn0.75−xNix
Mg0.15Cu0.1Fe2O4 (x = 0.00–0.75) ferrite system is depicted in Fig. 23.1a. Figure
23.1b, c, respectively, illustrates the Rietveld refinement for the composition
x = 0.00 and x = 0.75, done via MAUD (Material Analysis Using Diffraction)
software [32]. XRD confirms the single-phase spinel structure (JCPDS card No. 08-
0234), signifying the cations solubility within their individual lattice sites. Structural
parameters, experimental lattice parameter (aexp.), Scherrer’s grain diameter (D),
hopping length at A (LA) and B (LB) site, and specific surface area (S) of the
studied samples, were calculated as described in [22, 33] and are specified in
Table 23.1. Observed changes in aexp. LA and LB can be accredited to difference
in ionic radii of Zn2+ (0.060 nm) and Ni2+ (0.055 nm) ion. Lattice parameter of
Zn0.75−xNixMg0.15Cu0.1Fe2O4 ferrite system initially increases for x = 0.15 and
decreases up to x = 0.60 and again increases for x = 0.75. The value should decrease
with the substitution of larger Zn2+ (0.060 nm) ion by smaller Ni2+ (0.055 nm) ion.
But in present system, aexp. of Ni2+ substituted Zn-Mg-Cu ferrite shows a non-
monotonic behavior (common in systems which are not entirely normal or inverse
[34, 35]) with increasing Ni2+ content, violating Vegard’s law [36]. Scherrer’s grain
diameter (D) of the nano-phase synthesized particles initially increases for x = 0.15,
decreases up to x = 0.45, and thereafter again increases up to x = 0.75. Though the
synthesis was done under same conditions, the observed grain size is not same for
all Ni2+-doped samples. Such non-monotonic behavior of D with increasing Ni
concentration may be due to reaction condition, which initially favored the particle
growth, and when Ni content is increased further, the creation of new nuclei occurs
without any increase in particle size. At higher Ni content (0.45 < x ≤ 0.75),
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Fig. 23.1 (a) XRD pattern of
annealed
Zn0.75−xNixMg0.15Cu0.1Fe2O4
system. Representative
Rietveld refinement for (b)
x = 0.00 and (c) x = 0.75

10 20 30 40 50 60 70 80

x = 0.75

x = 0.60

x = 0.45

x = 0.30

x = 0.15

x = 0.00

44
0

53
3

51
1

42
2

40
0

22
222

0

11
1

31
1

2 q (Degree)

(a)

20 30 40 50 60 70 80

Yobs. - Ycalc.
Bragg Position

2 q (Degree) 
62

253
3

62
0

44
0

51
1

42
2

40
0

22
2

22
0

(x = 0.0)
(b) 31

1

In
te

ns
ity

 (A
rb

. U
ni

ts
)

In
te

ns
ity

 (A
rb

. U
ni

ts
)

 Yobs.
Ycalc.

20 30 40 50 60 70 80

Yobs. - Ycalc.
Bragg Position

2 q (Degree) 

62
253
3

62
0

44
0

51
1

42
2

40
022

2

22
0

31
1

(x = 0.75)
(c)

In
te

ns
ity

 (A
rb

. U
ni

ts
)  Yobs.

Ycalc.

again the reaction condition favors the particle growth, attributed to different dry
gel formation time. High specific surface areas (S) of particles are tremendously
important for assorted catalytic processes. In general, high surface areas suggest
small particle sizes. The smaller the particle size, the larger the surface area. S
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Table 23.1 Lattice parameter (aexp.), hopping length for A site (LA) and B site (LB), Scherrer’s
grain diameter (D), specific surface area (S), and uniform strain (εu) with Ni content (x) of ann.
500 ◦C/3 h Zn0.75−xNixMg0.15Cu0.1Fe2O4 spinel ferrite

x a (nm) LA (nm) LB (nm) D (nm) S (m2/g) εu × 10−3

0.00 0.8380 0.3629 0.2963 41.40 27.35 –
0.15 0.8397 0.3636 0.2969 50.89 22.48 1.9786
0.30 0.8385 0.3631 0.2965 49.67 23.04 3.9573
0.45 0.8349 0.3615 0.2952 47.09 24.09 −3.9573
0.60 0.8328 0.3606 0.2944 54.99 20.56 −6.3316
0.75 0.8336 0.3610 0.2947 56.73 20.08 −5.5402

of Zn-Ni-Mg-Cu ferrite system initially decreases for x = 0.15, increases up to
x = 0.45, and again decreases thereafter. Increase and decrease in S can be ascribed
to decrease and increase of D, respectively. Annealed particles are less suitable
for catalytic application than the as-burnt particles (without any thermal/sintering
treatment) because of their larger grain size. The uniform strain (εu) for the studied
samples was calculated using the expression [37]. Table 23.1 depicts the presence of
compressive and tensile strain in the annealed Zn-Ni-Mg-Cu ferrite. The variation
in the strain value can be attributed to the crystallinity of the synthesized samples.

23.3.2 Cationic Distribution

Cationic distribution of all the studied samples was determined by analyzing the
XRD pattern, employing Bertaut method [38–41]. Cationic distribution of such
mixed ferrite determined from the XRD intensities is also reported earlier in many
reports [22–24, 42–46]. XRD intensity depends on the atomic position in spinel
unit cell, whereas XRD peak position relies on size and shape of unit cell. This
method uses a pair of reflections, 400/422 and 220/400, according to expression:
I obs

hkl

I obs
h′k′l′

= I cal
hkl

I cal
h′k′l′

where Ihkl
obs and Ihkl

cal are, respectively, the observed and calculated

intensities for the reflection (hkl). These ratios were evaluated for several combina-
tions of cationic distribution at A and B sites as described in [41]. The finest cationic
distribution among A and B sites for which theoretical and experimental ratios agree
clearly was taken. Cationic distribution of Zn0.75−xNixMg0.15Cu0.1Fe2O4 spinel
ferrite and calculated, observed intensity ratio for the planes, 400/422 and 220/400,
are given in Table 23.2. Close matching of observed and calculated intensity ratio
of 400/422 and 220/400 suggests an appropriate distribution of cations among A
and B site. Table 23.2 also summarizes the occupation of Zn2+, Ni2+, Mg2+, Cu2+,
and Fe3+ ions on A and B site. Cationic distribution of Mg2+ ions on A and B site
is independent of Ni doping. Cu2+ ions are present only at B site for all values of
x, but, for x = 0.00, Cu2+ ions are equally distributed at A and B site. Ni2+ ions
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Table 23.2 Cation distribution (for A and B site) and observed, calculated intensity ratios for
I400/422, I220/400 of Zn0.75−xNixMg0.15Cu0.1Fe2O4 as a function of Ni content (x)

I400/422 I220/400

x Cation distribution Cal. Obs. Cal. Obs. rA (nm) rB (nm)

0.00 (Zn2+
0.07Cu2+

0.05Fe3+
0.88)A

[Zn2+
0.68Mg2+

0.15Cu0.05Fe3+
1.12]B

1.70 1.72 1.61 1.60 0.0502 0.0685

0.15 (Zn2+
0.1Ni2+

0.15Fe3+
0.75)A

[Zn2+
0.5Mg2+

0.15Cu0.1Fe3+
1.25]B

1.44 1.41 1.67 1.65 0.0510 0.0679

0.30 (Zn2+
0.06Ni2+

0.2Fe3+
0.74)A

[Zn2+
0.39Ni2+

0.1Mg2+
0.15Cu2+

0.1Fe3+
1.26]B

1.59 1.59 1.78 1.73 0.0509 0.0676

0.45 (Ni2+
0.33Fe3+

0.67)A

[Zn2+
0.3Ni2+

0.12Mg2+
0.15Cu0.1Fe3+

1.33]B

1.65 1.63 1.79 1.76 0.0510 0.0672

0.60 (Ni2+
0.25Fe3+

0.75)A

[Zn2+
0.15Ni2+

0.35Mg2+
0.15Cu0.1Fe3+

1.25]B

1.69 1.68 1.65 1.63 0.0505 0.0669

0.75 (Ni2+
0.05Fe3+

0.95)A

[Ni2+
0.7Mg2+

0.15Cu2+
0.1Fe3+

1.05]B

1.74 1.75 1.71 1.71 0.0493 0.0671

occupy only A site for x = 0.15, but, with further increase in doping content (x),
Ni2+ ions occupy both A and B site. Also the concentration of Ni2+ ions increases
on A site with x; however, for x = 0.60–0.75, Ni2+ ions decrease. Ni doping also
decreases Zn2+ ions on B site. Zn2+ ions are present both at A and B site, except
for higher values of Ni content (0.45 ≤ x ≤ 0.75) where Zn2+ ions are completely
migrated to B site. Ni doping also decreases Fe3+ ions on A and increases on B
site up to x = 0.45 and then increases for A and decreases for B site thereafter. The
cationic distribution in the present system shows the same trend as observed earlier
[22–24, 47–50]. Using the obtained cation distribution, A and B site ionic radii
(rA, rB) were calculated using the relation given in [41]. Ni content dependence of
A (rA) and B (rB) site ionic radii is depicted in Table 23.2. Not much change is
observed in the values of rA except for x = 0.15 which can be accredited to the
sudden increase in larger Zn2+ ion (0.06 nm) by a large amount and decrease of
smaller Fe3+ (0.049 nm) ions on A site. But the values of rB show considerable
changes with Ni content (x). Observed decreases in rB with x are due to continuous
decrease in larger Zn2+ ion (0.074 nm) and increase of smaller Ni2+ ion (0.069 nm)
on B site.

For a better understanding of Zn-Ni-Mg-Cu ferrite, spinel structure tetrahedral
and octahedral bond length (RA, RB), oxygen parameter (u43m), shared tetrahedral
edge length (dAE), and shared and unshared octahedral edge length (dBE, dBEu) were
also calculated and are given in Table 23.3. Oxygen positional parameter or anion
parameter (u43m) is calculated using rA and aexp. values via the expression [43].
Oxygen parameter represents the movement of O2− ion due to substitution of Ni2+
cation at A site. u parameter reflects modification of the spinel structure to adjust
differences in the radius ratio of the cation in A and B sites. Values of u43m parameter
calculated for different compositions specified in Table 23.3 show an increase with x
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Table 23.3 Ni content dependence of oxygen positional parameter (u43m), shared tetrahedral edge
length (dAE), shared (dBE) and unshared octahedral edge length (dBEu), and tetrahedral (RA) and
octahedral bond length (RB) for ann. (500 ◦C/3 h) Zn0.75−xNixMg0.15Cu0.1Fe2O4 system

x u43m dAE (nm) dBE (nm) dBEu (nm) RA (nm) RB (nm)

0.00 0.3796 0.3073 0.2853 0.2964 0.1882 0.2056
0.15 0.3799 0.3086 0.2851 0.2970 0.1890 0.2058
0.30 0.3800 0.3084 0.2845 0.2966 0.1889 0.2054
0.45 0.3807 0.3086 0.2818 0.2953 0.1890 0.2040
0.60 0.3806 0.3078 0.2811 0.2946 0.1885 0.2035
0.75 0.3797 0.3058 0.2835 0.2949 0.1873 0.2045

up to x = 0.45 and reduces for 0.45 < x ≤ 0.75. For ideal cubic closed packed spinel
structure, uideal

43m = 0.375 [43]. The calculated u parameter values are greater
than the ideal value (uideal

43m = 0.375) for entire Zn0.75−xNixMg0.15Cu0.1Fe2O4

nano-ferrite revealing distortion in the spinel structure. u43m and aexp. values were
also utilized in the calculation of other cation distribution parameters, demonstrated
in Table 23.3: dAE, dBE, dBEu, RA, and RB using the relations [51]. The observed
variation in tetrahedral bond length (RA) and shared tetrahedral edge (dAE) is in
accordance with the changes in the ionic radii of A site (rA) with Ni content (x).
Decrease in octahedral bond length (RB) and shared and unshared octahedral edge
(dBE, dBEu) with Ni doping is accredited to the replacement of larger ion (Zn2+) by
smaller ion (Ni2+).

23.3.3 SEM, EDAX

Representative low-magnification (LM) and high-magnification (HM) SEM images
for the composition x = 0.00 and x = 0.45 shown in Fig. 23.2 depict difference
in surface morphology, porosity, and particle agglomeration with diverse shapes
and sizes. This difference signifies that presence or absence of Ni ion in Zn-Mg-
Cu ferrite plays an imperative role in microstructure of prepared spinel ferrite.
The encircled area of SEM images represents the magnified region of the image.
The non-connected spherical pores are noticeably visible in the LM and HM SEM
images of x = 0.00 with dissimilar pore sizes (555.70, 768.37, and 1.30 μm), which
are missing for x = 0.45. The HM SEM image of the sample with x = 0.45 shows
large particle clusters with a planar and homogeneous surface. Pores present in
sample, x = 0.00, are accredited to the liberation of large quantity of gases during
combustion process [52], which would also get influenced by different amounts
of nitrate/acetate salts of Zn, Ni, Mg, Cu, and Fe ions and citric acid used for
synthesizing the studied samples [53], leading to changes in the pore sizes. Pores
affect saturation magnetization (Ms), grain size (D), and surface area (S) of the
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Fig. 23.2 SEM microstructures and EDAX of Zn0.75−xNixMg0.15Cu0.1Fe2O4 system for x = 0.00
and 0.45

sample [54, 55]. The sample with x = 0.00 shows the lowest value of Ms (27.22
Am2/kg), and the sample with x = 0.45 exhibits the highest Ms (69.78 Am2/kg).
Pores operate as pinning core for electron spins and work as a demagnetizing field
generator and, hence, reduce Ms as reported in earlier studies [54]. Occurrence
of pores in the sample: x = 0.00 decreases D and increases S of the particles as
compared with that of the sample: x = 0.45 (which is clearly seen in Table 23.1).
Low value of D (for x = 0.00 than for x = 0.45) is due to the presence of pores
which neutralizes the driving force for grain boundary movement and increases
thickness of the grain boundary, and, hence, D decreases and S increases. Such
porous structure with large surface area can be used in catalytic applications and
as adsorbents [54, 56].

Elemental and quantitative analysis of the composition with x = 0.00 and
x = 0.45 has been done using EDAX technique. EDAX spectra represented in
Fig. 23.2 confirm the existence of all elements (Zn, Ni, Mg, Cu, Fe, O) in samples.
The EDAX results distinctly indicate that all the precursors are very well reacted
with each other to finally form the desired ferrite composition. The quantitative
analysis of elements obtained from EDAX spectrum shows atomic and weight
percentages of Zn, Ni, Mg, Cu, Fe, and O in Table 23.4. The close values of
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Table 23.4 Weight %,
atomic %, experimental
Me/Fe molar ratio
(Me/Fe)exp, and theoretical
Me/Fe molar ratio (Me/Fe)th.

of the elements Zn, Ni, Mg,
Cu, Fe, and O present in
Zn0.75−xNixMg0.15Cu0.1Fe2O4
(x = 0.00, 0.45) system
obtained from EDS analysis

Element Weight % Atomic % (Me/Fe)exp. (Me/Fe)th.

x = 0.0
O 27.90 56.64 – –
Mg 1.54 2.43 0.08 0.08
Fe 47.52 28.94 1 1
Zn 20.28 10.60 0.37 0.38
Cu 2.76 1.39 0.05 0.05
Total 100.00 100.00
x = 0.45
O 28.61 57.13 – –
Mg 1.56 2.03 0.07 0.08
Fe 48.12 28.70 1 1
Ni 11.18 6.25 0.22 0.23
Cu 2.26 1.54 0.05 0.05
Zn 8.27 4.35 0.15 0.15
Total 100.00 100.00

experimental and theoretical Me/Fe molar ratio (shown in Table 23.4) further
confirm the homogeneous distribution of all the elements in the sample.

23.3.4 Magnetic Properties

Figure 23.3 shows room temperature hysteresis loops of the studied samples.
Saturation magnetization (Ms) of Zn-Ni-Mg-Cu spinel ferrite is determined from
M-H curve. But Ms for x = 0.00 and 0.15 is obtained by plotting M versus 1/H
curve and extrapolating the data to 1/H = 0 [11] as samples are not saturated even
at Hmax. of 5 tesla. The superparamagnetic behavior observed for x = 0.00 and 0.15
samples signifies that the magneto-crystalline anisotropy energy has been overcome
by thermal energy. The samples are able to sustain magnetic ordering and show soft
ferrimagnetic behavior due to enhancement of the magneto-crystalline anisotropy
by the substitution of soft magnetic Ni2+ ions. Similar soft magnetic behavior in
Zn-Ni-Mg-Cu ferrites has also been reported in literature [23, 24].

The magnetic parameters, Néel and experimental magnetic moment (ne
N , ne

B)
μB, saturation magnetization (Ms), and Yafet-Kittle angle (αY-K), are illustrated in
Table 23.5. Magnetization is influenced by both extrinsic and inherent parameters
such as magneto-crystalline anisotropy constant, grain size, A-B exchange interac-
tions, and site occupancy of cations [57]. Fluctuation in grain size also influences
the magnetization due to domain wall movement under the action of magnetic field.
The overall value of magnetization obtained is a result of the contribution of all the
factors depending upon ferrite composition.
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Fig. 23.3 Variation of room
temperature magnetization
with applied magnetic field
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Table 23.5 Variation of magnetic parameters: Néel and experimental magnetic moment (ne
N,

ne
B) μB, saturation magnetization (Ms), and Yafet-Kittel angle (αY-K) with Ni content (x) for

Zn0.75−xNixMg0.15Cu0.1Fe2O4 (ann. 500 ◦C/3 h) system

x ne
N (μB) ne

B (μB) Ms (Am2/Kg) αY-K (degree)

0.00 1.20 1.14 27.22 7.48
0.15 2.30 2.11 50.49 13.38
0.30 2.50 2.35 56.41 11.52
0.45 2.98 2.90 69.78 7.78
0.60 2.80 2.58 62.55 13.60
0.75 1.90 1.49 36.11 19.93

Perusal of Table 23.5 shows that Néel and experimental magnetic moment
(calculated by using the expression [13]) and saturation magnetization initially
enhance with Ni content up to x = 0.45 and then decrease for 0.45 < x ≤ 0.75,
accredited to the occupation of cations as also explained earlier in [22–24, 51].
Magnetization of Zn-Ni-Mg-Cu ferrite mainly resides on the Ni2+ (2μB) and Fe3+
(5μB) ions because Zn2+ and Mg2+ ions are diamagnetic with 0 magnetic moment,
and the percentage of occupied Cu2+ (1μB) ions is constant at B site as the dopant
(Ni(x)) is introduced in the spinel structure. With increasing Ni, up to = 0.45,
Ni2+ ions force Fe3+ ions to migrate from A to B site; thus, Fe3+ ions on B site
increase which in turn increase B site magnetic moment (MB) and decrease A
site magnetic moment (MA), and therefore, the magnetization increases. Thus the
saturation magnetization of Zn-Ni-Mg-Cu ferrite linearly depends on the content of
Fe3+ ions on B site (shown in Fig. 23.4). Highest value of magnetization (69.78
Am2/kg) is obtained for x = 0.45. When Zn2+ are completely substituted by Ni2+
ions (for x = 0.75), Ni2+ ions push Fe3+ ions from B to A site, resulting in decrease
of Ms of the system.
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Fig. 23.4 Variation of
saturation magnetization (Ms)
with Fe3+ ions on B site
(Fe3+(B)). Inset: variation of
Ms with oxygen parameter
(u43m)
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The magnetization behavior with different Ni concentration can also be
explained by Yafet-Kittel three-sub-lattice model. The non-zero Y-K angles for
Zn0.75−xNixMg0.15Cu0.1Fe2O4 ferrite given in Table 23.5 suggest the presence
of non-collinear spin structure on B site, i.e., existence of Yafet-Kittel model [58].
According to Yafet-Kittel model, the octahedral lattice (B) of spinel can be separated
into two sub-lattices, B1 and B2, with equal magnitude of magnetic moments,
canted oppositely at the identical angle αY-K, known as Y-K angle and calculated
as given in [26]. In this way, two sub-lattices, B1 and B2, have the triangular spin
arrangement. Non-collinear magnetic ordering is also reported earlier for different
systems [25–30]. αY-K initially increases for x = 0.15, decreases up to x = 0.45, and
then finally increases for 0.45 < x ≤ 0.75 with increase in Ni content (x). Decrease
in Y-K angle signifies decrease in spin canting at B site because of increase in A-B
super exchange interaction, and increase of Y-K angle suggests increases of B-B
interaction due to increase in spin canting at B site.

Observed linear variation (represented in Fig. 23.4 inset) of Ms with u43m can also
be attributed due to changes in u43m values. Based on the linear variation between
Ms and u43m, one can propose the following empirical relations: Ms = Au43m + B
[59], where A and B are fitting constants with values, respectively, 12,186 and
−32,193. This variation noticeably illustrates that u43m also contributes resolutely in
determining Ms of the studied Zn-Ni-Mg-Cu ferrite. It is worth noting that increase
of Ms with u43m is ascribed to higher distortion in the spinel structure, expected to
affect the magnetization.
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Fig. 23.5 (a) Ni content dependence of remanent magnetization (Mr) and squareness ratio
(Mr/Ms). (b) Ni content dependence of coercivity (Hc) and magneto-crystalline anisotropy
constant (K1) for Zn0.75−xNixMg0.15Cu0.1Fe2O4

Variation of squareness ratio or reduced remanent magnetization (Mr/Ms) and
remanent magnetization (MR) with Ni content is specified in Fig. 23.5a. Mr/MS
and MR values, respectively, range between 0.01–0.26 and 0.11–13.47 Am2/kg.
Mr/MS values increase continuously with Ni content. MR increases up to x = 0.45
and decreases thereafter. The variation in MR is attributed to the changes in
magnetization of the system [52], and it can be explained on the basis of cationic
redistribution among A and B site [60] (as described for Ms). Variation of magnetic
parameters, magneto-crystalline anisotropy constant (K1) and coercivity (Hc), is
given in Fig. 23.5b. The coercivity of polycrystalline ferrite depends on K1. When
Zn2+ ions are replaced by Ni2+ ions, magneto-crystalline anisotropy increases
because the anisotropy constant value of Ni-ferrite is greater than Zn ferrite [13],
and hence, Hc increases. Since K1 of NiFe2O4 is greater than ZnFe2O4 [13] and
when Zn2+ ions are replaced by Ni2+ ions, increase in K1 is observed (clearly seen
in Fig. 23.5b). But for 0.45 < x ≤ 0.75, K1 decreases, which can be elucidated
by single-ion anisotropy model [52]. According to this model, Fe3+ ions on A
and B site contribute to anisotropy energy. K1 value is then given by comparative
combination A site Fe3+ ions with positive anisotropy which is compensated by B
site Fe3+ ions with negative anisotropy. For 0.45 < x ≤ 0.75, negative contribution of
B site Fe3+ ions increases, and positive contribution of A site Fe3+ ions decreases,
which in turn decreases K1.
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23.3.5 Antistructural Modeling

Antistructural modeling is a new approach, which lets us predict the nature of the
active surface centers. It is based on the superposition of the crystal structure with
spinel antistructure V′′

A

[
V′′′

2

]
B(V4

••)O, where V ′′
A is negatively charged tetrahedral

cationic vacancy, V′′′
B is negatively charged octahedral cationic vacancy, and V••

O
is positively charged oxygen vacancy. The markings '', ''' (negative charge) and
•• (positive charge) correspond to the electronic charge of the species as regards
the sites in the spinel lattice. So each cation from A site interacts with tetrahedral
cationic vacancy V′′

A, each cation from B site interacts with octahedral cationic
vacancy V′′′

B , and oxygen anions interact with oxygen vacancy V••
O . Antistructural

modeling can be used for describing solid-solid interactions [61–63], for explana-
tions of the defects in the ferrites system irradiated by γ-rays [64], for catalysts [65,
66], etc.

Detail explanation of the interaction between metal cations, oxygen anions, and
spinel vacancies, respectively, can be written as Me2+

A +V′′
A → Me×

A; Me3+
A +V′′

A →
Me•

A; Me2+
B +V′′′

B → Me′
B; Me3+

B +V′′′
B → Me×

B ; O2- +V••
O → O×

O, where × is an
effective zero charge. The positive effective charges for electron neutrality reason
must be balanced by the equivalent concentration of negative effective charges. In
our case, the antistructural modeling, for example, for Ni-doped Mg-Zn-Cu ferrite
with x = 0.45 can be written as follows:

( ) [ ] ( ) [ ] ( )

( ) [ ] ( )
���������� ����������� ��

�� ��� ��

ferriteCuMgZndopedNi

O4B33.110.015.012.030.0A67.033.0

ureantistructspinel

O4B2AO
2
4B

3
33.1

2
10.0

2
15.0

2
12.0

2
30.0A

3
67.0

2
33.0

OFeuCgMiNnZFeNi

VVVOFeCuMgNiZnFeNi

---

´´·´

··-+++++++

¢¢¢¢®

®¢¢¢¢¢+

centresactive

The antistructural modeling for Ni-doped zinc-magnesium-copper ferrites shown
in Table 23.6 gives us new information about the active centers on the ferrite surface.
As can be seen from Fig. 23.6, the concentration of positively charged ferric ions in
tetrahedral A sites Fe•

A versus nickel ions content first decreases and then increases;
the concentration of Zn′

B decreases, while the Ni′B increases with the Ni content.
Antistructural modeling provides us new information about surface-active centers
(Table 23.6): FeA

3+, ZnB
2+, MgB

2+, NiB2+, and CuB
2+ will be active centers in

any chemical processes, while ZnA
2+, CuA

2+, NiA2+, and FeB
3+ cations will not

be active centers due to their effective zero charge in the crystal lattice.
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Table 23.6 Donor and acceptor active centers on the surface of the Zn0.75−xNixMg0.15Cu0.1Fe2O4
system

Ni (Ø) Chemical formulae Crystalloquasichemical composition

0.00 Zn2+
0.75Mg2+

0.15Cu2+
0.10Fe3+

2.0O2-
4

(
Zn×

0.07Cu×
0.05Fe•

0.88

)
A

[
Zn′

0.68Mg′
0.15Cu′

0.05Fe×
1.12

]
B

(
O×

4

)
O

0.15 Zn2+
0.60Ni2+

0.15Mg2+
0.15Cu2+

0.10Fe3+
2.0O2-

4

(
Zn×

0.10Ni×0.15Fe•
0.75

)
A

[
Zn′

0.50Mg′
0.15Cu′

0.10Fe×
1.25

]
B

(
O×

4

)
O

0.30 Zn2+
0.45Ni2+

0.30Mg2+
0.15Cu2+

0.10Fe3+
2.0O2-

4

(
Zn×

0.06Ni×0.20Fe•
0.74

)
A

[
Zn′

0.39Ni′0.1Mg′
0.15Cu′

0.10Fe×
1.26

]
B

(
O×

4

)
O

0.45 Zn2+
0.30Ni2+

0.45Mg2+
0.15Cu2+

0.10Fe3+
2.0O2-

4

(
Ni×0.33Fe•

0.67

)
A

[
Zn′

0.30Ni′0.12Mg′
0.15Cu′

0.10Fe×
1.33

]
B

(
O×

4

)
O

0.60 Zn2+
0.15Ni2+

0.60Mg2+
0.15Cu2+

0.10Fe3+
2.0O2-

4

(
Ni×0.25Fe•

0.75

)
A

[
Zn′

0.15Ni′0.35Mg′
0.15Cu′

0.10Fe×
1.25

]
B

(
O×

4

)
O

0.75 Ni2+
0.75Mg2+

0.15Cu2+
0.10Fe3+

2.0O2-
4

(
Ni×0.05Fe•

0.95

)
A

[
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0.10Fe×
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]
B

(
O×

4
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O

Fig. 23.6 Concentration of active surface centers in tetrahedral A sites (Fe) and octahedral B sites
(Zn, Ni) as a function of the Ni2+ content (x) for Zn0.75−xNixMg0.15Cu0.1Fe2O4 samples

23.4 Conclusions

Ni addition induced changes in structural, magnetic properties, morphology, and
cationic distribution of ann. Zn-Ni-Mg-Cu ferrite is studied in this paper. X-ray
diffraction pattern of annealed (500 ◦C/3 h) Zn0.75−xNixMg0.15Cu0.1Fe2O4 ferrite
with x = 0.0, 0.15, 0.30, 0.45, 0.60, and 0.75 synthesized by sol-gel auto-combustion
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technique gives a clear indication of formation of cubic spinel phase with Scherrer’s
grain diameter (D) ranging: 41.40–56.73 nm. Lattice parameter (aexp.) and hopping
length for A and B site (LA, LB) decrease with Ni addition, accredited to the
replacement of Zn2+ by Ni2+ ions. Ni addition induced variation in tetrahedral
bond length (RA) and is in agreement with changes in the ionic radii of A site (rA).
Decrease in octahedral bond length (RB) and shared and unshared octahedral edge
(dBE, dBEu) with Ni addition is accredited to the replacement of larger ion (Zn2+)
by smaller ion (Ni2+). SEM images clearly show porous structure of the sample:
x = 0.00. With Ni addition, coercivity (Hc) and squareness ratio (Mr/Ms) increase.
The magnetic parameters, Néel and experimental magnetic moment (ne

N, ne
B) μB,

saturation magnetization (Ms), and magneto-crystalline anisotropy constant (K1),
increase for lower Ni content (0.00 ≤ x ≤ 0.45) and reduce for higher Ni content
(0.45 < x ≤ 0.75). Non-zero Yafet-Kittel angle (αY-K) suggests presence of Yafet-
Kittel type of magnetic ordering in Zn0.75−xNixMg0.15Cu0.1Fe2O4 (ann. 500 ◦C/3 h)
system. A new antistructural modeling for describing active surface centers for Ni-
doped zinc-magnesium-copper ferrites system is discussed for the first time.
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Chapter 24
Dielectric Properties and AC
Conductivity of Epoxy/Hybrid
Nanocarbon Filler Composites

Ludmila L. Vovchenko, Ludmila Yu. Matzui, Yulia S. Perets,
and Yurii S. Milovanov

24.1 Introduction

Discovery of nanoscaled carbon materials such as carbon nanotubes (CNTs),
graphite nanoplatelets (GNPs), and graphene and the development of nanocarbon-
based polymer composites open new era in material science and technology
[1]. Nanoscaled carbon fillers exhibit a range of remarkable properties, such
as exceptional Young’s modulus, high tensile strength, excellent thermal and
electrical conductivity, and high surface area [2, 3]. Graphene, which consists
of several stacked graphene sheets, shows many extraordinary properties such as
high carrier mobility, mechanic stiffness, and fascinating electromagnetic response
[4, 5]. Compared with graphene, GNPs exhibit good mechanical and electrical
properties [6] and have much lower production cost and better stability. Due to
these outstanding properties, nanocarbon materials are the most promising fillers
to improve mechanical and physical properties of composites. In particular, the
incorporation of highly conductive nanocarbon particles into different polymers
(epoxy, polypropylene, poly(vinylidene fluoride), polystyrene, etc.) [6–8] allows to
create the new nanocomposites with tunable electrical properties. The most impor-
tant feature of reported composites is very low percolation threshold in electrical
conductivity due to high aspect ratio of carbon nanoparticles and easy formation
of conductive network in composite. Furthermore, nanocarbon-based polymer
composites are very perspective for applications in electromagnetic shielding and
high-energy-density capacitors, owing to unique property of dramatic increase in
their dielectric constants near the percolation threshold.
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Nanocomposites are heterostructures with a large number of interphase bound-
aries of carbon nanotubes/polymers with a certain spatial distribution of the
disperse phase (1D or 2D nanocarbon particles) in the polymer matrix; both the
microstructure of such composites and their properties are significantly depen-
dent on the content of nanofillers. So, as it was shown in [9] at studies of
graphene/poly(vinylidene fluoride) composites, there are still some challenges
in development of nanocarbon/polymer composites. First, it is difficult to tailor
the dielectric properties of the composites by changing the volume fraction of
nanocarbon, since a small change in the conductive filler content would cause a
dramatic variation of percolation network near the percolation threshold. Second,
the dielectric loss in the conductive filler/polymer composites always appears to
be very large due to the leakage current in composites after percolation threshold.
Third, poor compatibility between the nanocarbon and polymers prevents the
formation of a homogeneous composite that leads to the harmful agglomeration
of nanocarbon particles. To solve these problems, it is obvious that the controllable
dispersibility of nanocarbon particles in polymer matrix should be primarily realized
since the nanofiller dispersion is decisive to the electrical, mechanical, thermal, and
other properties of nanocomposites.

The electrical transport and propagation of electromagnetic waves in composite
heterostructures is a field of great fundamental importance in diverse applications,
with potential in aeronautics, space, and telecommunications [4, 10]. Achieving
an understanding of the properties and behavior of a wide range of composite
heterostructures has therefore become one of the main themes in material research.
Inhomogeneity and boundary conditions in heterogeneous media strongly influence
on effective properties of composite such as electrical conductivity, dielectric
permittivity, and magnetic permeability. As it was noted in [4, 11] at modeling and
calculation of physical properties of mentioned composites, it is necessary to take
into account the collective effects that are operative at high concentrations of filler
particles and consider the complicated microstructures of real composite materials
for obtaining of predictive values of effective parameters of composites [12].

In recent years in many studies [13–16], it was shown that multicomponent
composites have advantages in mechanical property and electrical and thermal
conductivities. Multiphase composites with several different fillers in the matrix are
very interesting in order to find the so-called synergy effect. Often, the distribution
of different fillers within the polymer matrix can be favorable, and electrical
transport can occur in different filler networks together. When this occurs, the
percolation threshold can decrease dramatically. Many investigations of synergy
effects were performed in CNT/CB composites, and a significant decrease in the
percolation threshold, in comparison with CB composites, was observed [17, 18].

However, it is not clear whether multicomponent composites also have the
advantage in preparing materials with high tunable dielectric permittivity, because
dielectric property and conductivity have a fundamental difference. Specifically, the
dielectric property reflects the ability to store and consume electrostatic energy in an
alternating electric field of a material, while the electric conductivity of a material
refers to the ability of transporting electric charges. For a conductor/polymer
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composite, when a perfect conductive network is formed, continuously increasing
the content of electric conductors will lead to increased electric conductivity,
declined dielectric constant, and significantly increased dielectric loss. Therefore,
it is interesting and necessary to reveal the origin of the dielectric properties of the
multicomponent composites. So, in [15] at study of broadband dielectric/electric
properties of composites filled with 12 wt.% of CNT, onion-like carbon (OLC), and
mixed CNT/OLC composites, it was demonstrated that the dielectric and electric
properties with OLC inclusions can be substantially improved with the addition of
CNT.

The aim of this study is to investigate the influence of hybrid nanocarbon filler
on dielectric properties and AC conductivity of epoxy-based composites in the
frequency range 1 kHz–2 MHz and reveal the peculiarities of the electrical transport
in these composites.

24.2 Experimental

Multiwalled carbon nanotubes (CNTs) and graphite nanoplatelets (GNPs) were used
as filler in polymer composites. CNTs (average outer diameter 10–30 nm, length
10–30 μm, purity >90.0%) were purchased from Cheap tubes Inc., USA. Graphite
nanoplatelets (diameter 0.2–30 μm, thickness 5–65 nm) were prepared according to
a scheme described in [19]. Figure 24.1 presents the electron microscopy images
of carbon filler particles, and Table 24.1 summarizes the data on the size and
morphology of filler particles.

Epoxy resin Larite 285 with low viscosity (600 ÷ 900 mPa·s at 25 ◦´) was used
as polymer matrix at composite fabrication. 0–7 wt.%. GNP- and GNP/CNT/L285
composite samples were fabricated by ultrasound mixing of the components.
Namely, mixture of L285 epoxy resin and nanocarbon component of the filler was

Fig. 24.1 SEM images of nanocarbon fillers: (a, b) graphite nanoplatelets, (c) carbon nanotubes
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Table 24.1 Morphology of
the polymer composite fillers

GNPs CNTs

Shape of particles Plates Cylinders
Length of particles 10–30 μm
Diameter 0.2–30 μm 10–30 nm
Thickness 5–65 nm
Aspect ratio AR 40–460 1000
Packing factor F 0.05 0.06

Table 24.2 Phase composition of epoxy composites

Type of composite nanocarbon/L285 Total content of filler, wt.%

GNP:CNT 1:0 1; 2; 4; 6; 7
GNP:CNT 3:1 1; 2; 3; 4
GNP:CNT 1:1 0,3; 2; 3; 4

subjected to ultrasound action (in BAKU 9050 ultrasonic cleaner, 40 kHz, 50 W), for
15 min in the case of GNP filler and for 45 min in the case of MWCNT filler. After
H285 hardener (based on polyamine) was added to the liquid composite mixture of
0–7 wt.%, GNP- or GNP/CNT/L285 and carefully mixed and then poured into a
mold made of a nonmagnetic polymer material. The curing of the composite was
performed in two stages: under normal conditions in air during a day with next final
drying of cured composite sample at stepwise increasing temperature from 40 to
80 ◦´ during 5 h.

Table 24.2 presents the composition of carbon filler in fabricated epoxy compos-
ites.

Scanning electron microscopy (SEM) images were performed by using Mira3
TESCAN technique.

The electrical properties of epoxy composites were studied by measuring
impedance spectra at room temperature using Z-2000 impedance meter at ac current
mode in the frequency range from 1 kHz to 2 MHz.

24.3 Results and Discussion

24.3.1 Microstructure of Nanocarbon/Epoxy Composites

It is obvious that the microstructure of developed composites strongly depends on
the content and structure/morphology of filler particles. Figure 24.2 schematically
presents the spatial distribution of nanocarbon filler particles in epoxy matrix before
and after percolation threshold.

As it is seen, GNP particles become uniformly distributed in the bulk of the
epoxy matrix (Fig. 24.2a), and great quantity of contacts between graphite particles
through polymer interlayer appears in the infinite cluster form of GNP particles
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Fig. 24.2 Schematic presentation of nanocarbon-filled epoxy composites: (a, d) GNP filler, (b, e)
CNT filler, (c, f) hybrid GNP/CNT filler

at GNP content increase (Fig. 24.2d). Volume distribution of CNT constituent in
CMs is nonuniform due to both high CNT aspect ratio and high level of CNT
agglomeration (see Fig. 24.2b, e), because the ultrasonic dispersion is insufficient
to separate strongly twisted CNTs in such materials. Such structure of CNTs is
favorable for the formation of CNT infinite cluster (grid) even at low concentrations
in the epoxy CM. In a case of hybrid filler CNT/GNP after the percolation threshold,
the additional noncontinuous chains of agglomerates of CNTs and GNPs are formed
that lead to increase of electrical conductivity (Fig. 24.2f).

24.3.2 Impedance Analysis for CMs GNP/CNT/L285

Figures 24.3, 24.4, and 24.5 show the Nyquist diagram for complex impedance Z*

of CMs filled with single GNP and hybrid GNP/CNT fillers. Complex impedance
may be presented as [20]:

Z∗ = Z′ − i·Z′′, (24.1)

where Z
′

and Z′′ are real and imaginary parts of impedance.
The measured impedance decreases as the carbon filler concentration increases.

The decrease in impedance indicates that the composite material becomes more
conductive. Also, when the frequency was high enough, some gaps in the nanocar-
bon chains became conductive, and the carbon chains with small gaps became
conductive. The conductive modes include tunneling or hopping.

Electron conduction in the carbon-filled composites occurred along carbon
particles contacting each other or carbon nanoparticles particles separated by very
small gaps in the composites. The gaps could be considered as potential barriers for
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Fig. 24.3 Nyquist diagram
for complex impedance Z* of
CMs filled with 1 wt.% of
hybrid GNP/CNT filler at
various weight ratios between
GNP and CNT
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Fig. 24.4 Nyquist diagram for complex impedance Z* of CMs filled with 2 wt.% of hybrid
GNP/CNT filler at various weight ratio between GNP and CNT

Fig. 24.5 Nyquist diagram
for complex impedance Z* of
CMs filled with 2 wt.% of
hybrid GNP/CNT filler at
various weight ratios between
GNP and CNT
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electrons to hop by the tunneling effect. Reducing the numbers or widths of gaps
in the nanocarbon chains could enhance the free flow electrons and decrease the
macroscopic electrical volume resistivity.
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The Nyquist diagram exhibits a semicircle for CMs with single GNPs only at
GNP content in 7 wt.%, while in a case of CMs with hybrid filler, GNP/CNT
semicircle dependence Z′′(Z′

) appears for the lower content of carbon filler and
means that conductive pathways have been formed, and there are currents and
polarization among conductors [21]. Such difference in Nyquist diagram behavior
for GNP- and GNP/CNT/L285 composites is explained by lower percolation
threshold for CMs filled with CNTs and CNT content in 1–2 wt.% and is sufficiently
bigger than the Ccr for CNT/L285 CMs. Data on σDC for these composites were
presented in our previous paper [22]. Because of the large aspect ratio, CNTs are
easy to curl and form coil structures and thus producing an inductance. As the
content of CNTs increases, CNTs tend toward aggregate, resulting in increase of
the inductance [23].

In order to obtain more detail information about properties of the developed com-
posites, different circuits are considered for analysis of actual complex impedance
spectra [23, 24]. All composites have microcapacitor structures, and thus a capacitor
exists in their equivalent circuits. In addition, at high content of conductive filler,
equivalent circuit of composite has an inductance. However, it is worth pointing
out that CMs with various content and type of filler have greatly different values of
equivalent circuit elements because of different spatial distribution and dispersion of
GNP and CNTs in composite. Figure 24.6 shows the variation of the imaginary part
(Z′′) of the impedance as a function of frequency for some specimens with various
types of filler and its content.

It was found that for the majority of investigated samples of nanocarbon/L285,
there is an absence of any relaxation peak in the measured frequency range. Only
for CM with 7 wt.% GNPs and for CMs with hybrid filler GNP/CNT where CNT
content-rich 1–2 wt.% Z′′ values reach a maximum peak (Z′′

max) and then decrease
with increasing frequency indicating the presence of dipolar relaxation in these
nanocomposites [25].
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Fig. 24.6 Imaginary part Z′′ of the complex impedance for different GNP and GNP/CNT
concentrations in epoxy-based composites
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24.3.3 Dielectric Properties of CMs GNP/CNT/L285

The dielectric constant ε′
r is a measure of the amount of energy stored, and the

dielectric loss ε′′
r is a measure of the amount of energy dissipated in the dielectric

material under an applied electric field, and complex dielectric constant can be
presented as ε∗

r = ε′
r − i · ε′′

r [20].
Using the data of impedance spectroscopy, we determined the real and imaginary

parts of permittivity and AC electrical conductivity using the following relations:

ε′
r = −Z′′

2πf ε0
[
(Z′)2 + (Z′′)2] · l

A

ε′′
r = Z′

2πf ε0
[
(Z′)2 + (Z′′)2] · l

A
(24.2)

where f is the frequency of AC current, ε0 is the permittivity of free space, and l and
A are sample thickness and sample cross section, relatively.

Dissipation factor determined as:

tan δ = ε′′
r /ε′

r (24.3)

Electrical conductivity related with frequency and dielectric loss by following
expression:

σAC = 2πf ε0ε
′′
r (24.4)

The variations of the real and imaginary parts of permittivity with frequency
and filler content for L285 epoxy-based composites with hybrid filler GNP/CNT at
various weight ratios between GNP and CNT are shown in Figs. 24.7, 24.8, and
24.9.

A common feature that can be seen in all figures is that the addition of GNPs
or GNP/CNT increases the dielectric permittivity of epoxy resin. The carbon is
a conductive material and does not work as dielectrics by itself. If it is covered
with insulation materials, however, it shows a dielectric property by generating the
space charge polarization at the interfaces. The promotion in dielectric permittivity
can be mainly attributed to a gradual formation of microcapacitor networks in the
epoxy matrix as the volume fraction of conductive nanofiller increases. The local
microcapacitors consist of GNP or CNT particles separated by a thin insulating
epoxy layer. This gives rise to a substantial increase in the intensity of local electric
field around the fillers GNP and CNT, which subsequently promotes the charge
carriers to migrate and accumulate at the interface of electrodes. This leads to
the strong Maxwell-Wagner-Sillars (MWS) polarization (due to large difference of
dielectric constant and in Fermi levels or chemical potential between the insulator
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Fig. 24.7 Real (a) and imaginary (b) parts of dielectric permittivity and dielectric loss tangent
tanδ (c) of epoxy composites 1 wt.% nanocarbon/L285 versus frequency
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Fig. 24.8 Real (a) and imaginary (b) parts of dielectric permittivity and dielectric loss tangent
tanδ of epoxy composites 2 wt.% nanocarbon/L285 versus frequency

0 2 4 6 8
0

10

20

30

40

50

e/ r

(GNP/CNT)/L285 

(a)

C, wt.%

 GNP/0CNT
 3GNP/1CNT
1GNP/1CNT
 0.5GNP/xCNT

f=10kHz

0 2 4 6 8
0

1

2

3

4

5 f=10kHz

(GNP/CNT)/L285 

(b)

ta
nd

C, wt.%

GNP/0CNT
 3GNP/1CNT
 1GNP/1CNT
 0.5GNP/xCNT
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nanocarbon/L285 at frequency 10 kHz versus hybrid nanocarbon filler content
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polymer matrix and conductive filler) [26] and thus causes the increase in the
dielectric constant, especially in low-frequency range [26, 27].

Furthermore, a thin insulating layer of epoxy resin is combined with the GNP or
CNT particles to form a nanoscale structure in the polymer nanocomposites. This
structure can fully realize the advantages of GNPs and CNTs (i.e., large specific
surface area and high aspect ratio) and result in a huge interfacial area between
nanocarbon filler and epoxy in the nanocomposite [28]. This provides a large
number of sites for this interfacial polarization and significantly enhances MWS
effect.

For the composites filled with conductive fillers, the percolation theory depicts
that the variations of dielectric constant with frequency follow a power law as the
filler content approaches percolation threshold [29]:

εeff = εm · (φc − φ)−s (24.5)

where εeff is dielectric constant of composite; εi and εm are dielectric constants of
nanocarbon filler and epoxy matrix, accordingly; φ is volume fraction of filler; and
s is critical index.

Initially, when small amount of fillers are incorporated into the matrix, i.e.,
at dilute concentration, the distance between fillers is large, and there is a little
possibility for tunneling activity and also for the formation of microcapacitors.
With increase of nanocarbon content in the polymer matrix, the distance between
neighboring fillers is continuously reduced, resulting in a network of virtual
microcapacitors to be slowly built up throughout the nanocomposite. However, near
the percolation threshold, the distance between the nanocarbon fillers is greatly
reduced. As a consequence, the capacitance of microcapacitors undergoes a sharp
increase, and the tunneling activity also will become intense. Above the φc, the
distance between the fillers gets closer, so that even some fillers get in direct contact
with each other due to their high aspect ratio.

Accordingly, new microcapacitor structures with high virtual capacitance are
formed by those GNP or CNT fillers which are not yet in contact with each other.
Meanwhile, the electron tunneling still takes place between neighboring fillers and
clusters. In view of that, after the percolation threshold, the tunneling activity and
microcapacitor effects will continue to be at high level.

The formation of microscale capacitors can be modeled as an additional contri-
bution to interfacial permittivity of fillers, through the observation that the charge
carriers accumulate at the fillers’ interface due to abovementioned microcapacitor
effect. According to (24.5) a divergence of the permittivity seemed to occur below
the threshold as revealed by a sharp increase for filler content near percolation
threshold Ccr. Above Ccr, however, a decrease of permittivity to an asymptotic
value was expected. Instead, permittivity kept on increasing with increased filler
content higher than the percolation concentration for these CMs. Similar results
have been described in polymers filled with carbon black and carbon nanotubes [30,
31]. The one of the reasons of such behavior of ε′

r(C) dependence as proposed in
[31] is related to presence of polymer layers between carbon fillers that promotes
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the creation of microcapacitors which prevail over structural formation of the filler
network. In other words, the percolating network also induces a capacitive effect
that is stronger than the loss of capacitance associated with the reduction of the
correlation length. In addition, the part of filler clusters is not directly integrated
to the percolation network and is likely to participate in the permittivity of the
composite [29].

So, near the percolation threshold, conductive GNP or CNT particles are almost
touching each other but still remain isolated due to the existence of epoxy space
layer. That is why we observed the broad maximum on ε′

r(C) dependence around
percolation threshold and slight decrease of dielectric permittivity with increase of
nanocarbon content. It is important to note that the position of maximum on ε′

r(C)

dependence (see Fig. 24.9a) fully correlates with the percolation threshold in σ dc
conductivity for these composites (the percolation threshold Ccr for each series of
nanocarbon/L285 composites is indicated in Fig. 24.11 by dashed lines).

The dielectric constant of the composites decreases with increasing frequency.
The decrease of relative permittivity with frequency could be attributed to the
insufficient time for dipoles to align before the field changes direction; in other
words incapability of the dipole to follow the field variations at high frequency and
the displacement or orientation of bound charge carriers may also play a role in this
dispersion. At low frequency, the energy gap is wider than at high frequency; thus,
the capacitance at low frequency is higher than at high frequency. The smaller is the
distance between conductive particles, the lower is the frequency for the conduction.
Therefore, with the increase of frequency, the capacitive resistance will greatly
decrease, and some microcapacitors even become conductive, leading to decreased
dielectric constant.

Apparently, the dielectric permittivity of CMs with higher content of carbon filler
shows an even more serious frequency dependence behavior, suggesting that there
should be a stronger MWS polarization.

With regard to a conductor/polymer composite, its dielectric loss mainly consists
of the loss of electric conduction, dipolar loss, and the loss of interfacial polarization
[32]. As the volume fraction of nanocarbon filler increases, the number of conduc-
tive paths will increase, leading to increased loss of electric conduction; therefore,
the dielectric loss of GNP- and GNP/CNT/L285 composites increases as the content
of nanocarbon increases. On the other hand, at relatively low frequency, the loss of
electric conduction makes more contribution to dielectric loss than that of interfacial
polarization, so the dielectric loss of composites decreases with the increase of fre-
quency as shown in Figs. 24.7 and 24.8. As we can see from Fig. 24.9, the increase
of CNT in hybrid filler promotes the high increase of dielectric permittivity and
dissipation factor tanδ (compare samples of series 1:0; 3:1; 1:1; 0.5:x with hybrid
filler content) and, accordingly, shift of the maximum of permittivity and dielectric
loss into lower concentration of filler. So, maximum dielectric loss was observed for
CMs series 0.5:x with 0.5wt.%GNP/1.5wt.%CNT, while the dielectric permittivity
for this composite is the same as for samples filled with 1wt.%GNP/1wt.%CNT,
3wt.%GNP/1wt.%CNT, and 6wt.%GNP with much lower values of dielectric loss.
Such behavior agreed with lower percolation threshold for CNT-based CMs related
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to higher aspect ratio of CNT compared with GNPs and better ability to form carbon
network in epoxy matrix. The presence of GNP in hybrid filler GNP/CNT expands
the filler concentration range before percolation for increasing of the number of
carbon filler particles acting as “artificial dipoles” and leading to increased dielectric
permittivity. In addition, GNP particles with the large diameter/thickness ratio make
it difficult for CNT on one side to bypass the graphite sheet and tangle with another
CNT on the other side, consequently blocking the aggregation of CNTs [33]. This
may improve the dispersion of CNTs promoting their de-agglomeration that also
leads to increase of the number of formed microcapacitors and enhances dielectric
permittivity. The presence of aggregates and agglomerates with shape irregularities
in random packing causes the number of contacts to increase with increasing
inclusions concentration and will eventually affect the conduction threshold. As it
was shown in [34], ternary composites expanded graphite–carbon nanotube/cyanate
ester (EG–MWCNT/CE) with very small contents of conductors can simultaneously
have remarkably higher dielectric constant and lower dielectric loss, indicating that
the weight ratio between EG and MWCNT is an important factor of determining
the dielectric properties of the ternary composites. This is attractive for practical
application of these composites for storing energy and homogenizing electric field.
In our case it may be concluded that optimal ratio between GNP and CNT in hybrid
is 3:1, when material is characterized by relatively high value of permittivity and
low dielectric loss.

24.3.4 AC Conductivity of CMs GNP/CNT/L285

Figure 24.10 displays the frequency dependence of alternating current (AC) conduc-
tivity of developed nanocomposites GNP- and GNP/CNT/L285 with filler contents
1 and 2 wt.% at various GNP:CNT ratios. As expected, the variation of AC
conductivity with frequency is the reverse of dielectric constant ε′

r. Figure 24.11
depicts the data on AC conductivity versus nanocarbon content at the frequency
10 kHz. It can be clearly seen that all composite systems show typical percolation
transition as CNT content in CMs increases. For GNP/L285 nanocomposites, the
conductivity shows dependence on frequency at 1 wt.% content owing to the
insulating nature.

The conductivity of CMs with increased content of CNT in hybrid GNP/CNT
displays a conducting characteristic which remains nearly frequency-independent
(up to onset frequency fc) when the GNP/CNT loading exceeds the percolation
threshold (see Figs. 24.9a and 24.10b, sample 0.5GNP/1.5CNT). So, in this case
DC electrical conductivity is large, and overall conductivity σ (f ) may be expressed
as [15]:

σ(f ) = σDC + σAC = σDC + A · ωu (24.6)

iranchembook.ir/edu



24 Dielectric Properties and AC Conductivity of Epoxy/Hybrid Nanocarbon. . . 389

Fig. 24.10 AC conductivity
of epoxy composites with 1
(a) and 2 (b) wt.% of hybrid
nanocarbon filler versus
frequency for various ratio
GNP/CNT
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where ω = 2π f is angular frequency and A is a filler content and temperature-
dependent constant.

Therefore, AC conductivity can be recognized as the combined effect of DC
conductivity (f = 0 Hz) caused by migrating charge carriers and frequency-induced
dielectric dispersion. In this case, a large DC conductivity caused by formation
of conducting pathways significantly dominates the transport behavior in a broad
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frequency range (up to 1.5*105 Hz) as seen the plateau region in Fig. 24.10b for the
sample 0.5wt.%GNP/1.5wt.%CNT/L285.

The frequency-independent conductivity is commonly regarded as direct cur-
rent DC conductivity. As it was mentioned above, electron conduction in the
nanocarbon-filled composites occurred via two mechanisms: along carbon particles
contacting each other (leakage current) or carbon particles separated by very small
gaps in the composites (tunneling current) [35]. The gaps could be considered as
potential barriers for electrons to hop by the tunneling effect. Generally, being
higher the leakage current makes more contribution to conductivity than tunneling
current. Hence for the leakage current, the content of filler should be high so
that a network is formed in the matrix. Thus, the conduction mechanism of the
composites is closely related to both the dispersion and the content of conductors.
Specifically, when the content of GNP and CNT is very small, that is, the content
of nanocarbon particles in the composites is not sufficient to make the connecting
networks, hence, their conduction mechanisms are due to the tunneling of electron.
In the frequency range higher onset frequency fc, electrical conductivity increased
since the frequency was high enough, and some gaps in carbon pathways became
conductive, and the nanocarbon chains with small gaps became conductive first.
The smaller is the distance between conductors, the lower is the frequency for the
conduction. Therefore, with the increase of frequency, the capacitive resistance will
greatly decrease, and some microcapacitors (formed between conducting particles
or clusters) even become conductive, leading to decreased dielectric constant and
increased electrical conductivity.

24.4 Conclusion

It was found that dielectric permittivity and electrical conductivity increase with
increasing content of hybrid carbon filler and are characterized by percolative
behavior. In composites with high nanocarbon content, the Nyquist diagram
exhibits a semicircle dependence Z′′(Z′

) indicating that conductive pathways
have been formed and there are currents and polarization among conductive filler
particles.

It was shown that substitution of GNP particles by carbon nanotubes promotes
the shift of percolation threshold into lower filler content and enhances the electrical
conductivity, permittivity, and dielectric loss (tanδ) of these CMs compared with
CMs filled only with GNPs. The increase of dielectric permittivity can be mainly
attributed to a gradual formation of microcapacitor networks in the epoxy matrix as
the volume fraction of conductive nanofiller increases. The microcapacitor network
is an additional contribution to interfacial permittivity of fillers, due to charge carrier
accumulation at the fillers’ interface. It was shown that dependence of dielectric
permittivity versus nanocarbon filler content ε′

r(C) exhibits the broad maximum
around percolation threshold, and its position fully correlates with the percolation
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threshold in σ dc conductivity for these composites. It was found that the increase
of CNT in hybrid filler promotes the high increase of dielectric permittivity and
dissipation factor tanδ and, accordingly, shift of the maximum of permittivity and
dielectric loss into lower concentration of filler. It was concluded that the presence
of GNP in hybrid filler GNP/CNT expands the filler concentration range before
percolation and blocks the aggregation of CNTs that leads to increase of the number
of formed microcapacitors and enhances dielectric permittivity.

The mechanism of electrical conductivity in these CMs is electron tunneling
between neighboring fillers and/or clusters. The increase of CNT content in CMs
increases the electrical conductivity and weakens its dependence on frequency
(related to electron tunneling transport process in CMs) due to more effec-
tive formation of a continuous carbon network and turning of diffusive electron
transport.
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Chapter 25
Obtaining of the Modified NH4NO3
Granules with 3-D Nanoporous
Structure: Impact of Humidifier Type
on the Granule’s Structure

A. E. Artyukhov, J. Gabrusenoks, and P. C. Rossi

25.1 Introduction

Ammonium nitrate with advanced porous surface, so-called porous ammonium
nitrate (PAN), is a necessary component of simplest industrial explosives. A
promising method of PAN producing is combination of heat treatment method and
hydration of granules in small vortex granulators [1, 2].

Hydrodynamic conditions of continuous and dispersed phases motion in the
vortex granulator workspace were described in detail in [3, 4], while the model
of moisture removal process from the granule to form a porous surface layer was
described in studies [5, 6].

Estimation of granulated porous ammonium nitrate (PAN) quality, which is
generated for mining industry, is carried out by the following factors [7–10]:

1. Absorptivity – amount of diesel fuel distillate (in percentage terms from gran-
ule’s total weight), which is absorbed by PAN after humidification with the diesel
fuel distillate
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2. Retentivity – amount of diesel fuel distillate (in percentage terms from granule’s
total weight) which remains in the granule after its transportation and surplus
runoff

3. PAN granule firmness

Absorptivity is defined by the total volume of pores (their form and nature are not
taken into account; the decisive factor is their size) and by the developed nanoporous
surface structure, which mostly consists of macropores (size is over 50 nm).
The retentivity normative indicator is provided by the internal “modification”
nanoporous structure. This structure includes mainly wavy mesopores (size 2–
50 nm). Firmness of the granule is defined by the core destruction degree (or
integrality). Low firmness of the granule has a negative impact on the production
ecological indicators (great deal of dust) and leads to the granules sealing. Thus,
a nanoporous structure must be developed on the granule surface and in its near-
surface layers.

Results of previous studies [11, 12] have shown that modification of ammonium
nitrate granules by humidification and subsequent heat treatment leads to changes
in the parameters of crystal lattice of samples. The porous surface of granules in this
case consists primarily of macropores, the presence of which allows to open access
to internal mesopores (which were also formed during the modification process).

The main objective of the work is to study the impact of humidifier type and
the number of humidification cycles on the surface and internal structure of PAN
granule nanopores and its quality indicators (holding and absorption capacity).

25.2 Description of Object and Methods of Research

As humidifier in research, of such variants were used:

• Water
• Aqueous urea solution
• Aqueous ammonium nitrate solution

The following samples were prepared to study nanoporous structure of PAN
granules and humidifier’s impact on the granule structure:

1. Granules of ammonium nitrate moistened with water and dried at a temperature
of 230–240 granules to a moisture content of 0.002 kg of moisture/kg of material

2. Granules of ammonium nitrate moistened with urea solution and dried at a
temperature of 230–240 ◦F to a moisture content of 0.002 kg of moisture/kg
material (composition of the humidifier solution – 50% of carbamide and 50%
of water)

3. Granules of ammonium nitrate moistened with a solution of ammonium nitrate
and dried at a temperature of 230–240 ◦F to moisture content of 0.002 kg of
moisture/kg of material (the composition of the humidifier solution is 40% of
ammonium nitrate and 60% of water)

At the first stage of the experiment, the moistened granules of ammonium nitrate
underwent heat treatment after humidification with various solutions. After this, an
analysis of their nanoporous structure was carried out.
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Fig. 25.1 Ammonium nitrate original granules (from original packing)

Tools and facilities:

• Thermoanemometer TES-1340 – to define hydrodynamic peculiarities of flow
motion

• Thermocouple instrument TC10-C – to measure temperature in calorifer, poten-
tiometer recorder-controller -´P-3

• Thermal viewer Fluke Ti25, pyrometer Victor 305B – to measure temperature in
the working area of granulator

• Multimeter DT-838 – to measure moisture of granule and air
• Microscope KONUSPIX-450X KONUS, scanning electronic microscope SEM –

100 U and X-ray spectrometer with energy dispersion, to study microstructure of
granules

25.3 Visualization of Results and Discussion

The granules were exposed to single humidification and were dried in previously
defined [5] optimum thermodynamic conditions.

Analysis of experiments results (Figs. 25.1, 25.2, 25.3, and 25.4) has shown that
various types of humidifiers can form various kinds of pores after drying according
to the classification [8]:
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Fig. 25.2 Sample 1

• Cracks, chips, and cavities – “mechanical” pores
• Channels of various shapes – “modification” pores (micro-, meso-, and macrop-

ores)

Some of these pores were formed as a result of thermal stresses and inadequate
core strength of initial granule (“mechanical” pores), some directly into granules
during the drying process after humidification (“modification” pores).

After humidification with water, the granule is characterized mostly by linear
shallow macropores.

After humidification with ammonium nitrate solution, deep wavy meso- and
micropores are mostly formed.

After humidification with carbamide solution, surface and near-surface layers of
granules are characterized with mesopores, configuration of which practically in
equal parts has a form of linear and wavy pores.
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Fig. 25.3 Sample 2

The results, presented in Figs. 25.5, 25.6, 25.7, 25.8, and 25.9, led us to make the
following conclusions:

• Number of pores in the original sample depth is reduced.
• After humidification with all solution types, micropores are mostly formed on

the granule surface; however, their number depends on humidifier type.
• Humidification with water is reasonable to implement for the granule surface. In

this case, formed linear meso- and macropores enable free penetration of diesel
fuel distillate into the granule.

• Humidification with ammonium nitrate solution lets us receive a number of wavy
micropores in the near-surface layers of the granule. As a result, diesel fuel
distillate is kept in the granule and does not flow out during its transportation.
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Fig. 25.4 Sample 3

25.4 Conclusions

Various types of humidifiers also have significant effect on the ratio of values of
“mechanical” and “modification” pores.

The obtained results allow to select the optimal humidifier composition, which
promotes the formation of significant amount of macropores on surface and
mesopores of near-surface areas.

The task of further research is to study PAN quality under conditions of repeated
humidification with various solutions (generation of multilayer granules with fixed
structure of every layer).
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Fig. 25.5 Number and size of pores per surface square unit. Original granules (from package): (Ã)
surface; (b) near-surface layers
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Chapter 26
Bifunctional Silicas with Immobilized
Lignin

Yulia Bolbukh, Stanislav Sevostianov, Beata Podkoscielna, Dariusz Sternik,
Panagiotis Klonos, Polycarpos Pissis, Barbara Gawdzik, and Valentin Tertykh

26.1 Introduction

In the recent time, most interest takes renewable sources as raw materials for many
practical applications. Lignin is a multi-tonal waste of pulp production. This natural
polymer determines the mechanical strength of wood. Softwood contains it in 18–
25 wt% and hardwood in 27–33 wt% [1]. Lignin is not an individual substance, but
a mixture of biopolymers with different structures is typical for different types of
wood. Generally, it is composed of three basic units: p-coumaryl alcohol, coniferyl
alcohol, and sinapyl alcohol [2]. It is an irregular network biopolymer that was
made up of oxidative coupling of the three major units linked by ether and carbon–
carbon bonds. Today, most of lignin is utilized as solid fuel for power plants, heating
boilers, fireplaces, etc. Meanwhile, lignin is a valuable chemical raw material used
to produce functional biopolymers, dispersants [3], sorbents [4, 5], and biologically
active additives. Unfortunately, the widespread uses of lignin as an available raw
material for the industry are limited by the properties of this polymer. Different from
most other natural polymers (such as cellulose and hemicellulose), lignin is difficult
to use for the preparation of composite materials without additional processing due
to its bond types and irregular linked ways.
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As lignin has different functional groups in its structure, it has become an inter-
esting material with prospects of application in many areas, including adsorption
of heavy metals [6], as a substrate for the synthesis of low molecular organic
compounds [7] and, in particular, as an active component of biocomposites [8, 9].
Moreover, lignin strongly participates in water economy and helps with water and
nutrient transport. The presence of various functional groups (aliphatic and aromatic
OH groups) makes lignin a suitable substance for chemical syntheses. The amounts
of functional groups depend on the source of the lignin, the process used to extract
it, and/or posttreatment. Kraft lignin is a by-product of kraft pulping of wood.
Kraft lignin contains a greater amount of phenolic groups, due to the extensive
cleavage of b-aryl bonds during kraft pulping, some biphenyl units, as well as
other condensed structures as a result of the severe cooking conditions [10]. The
phenolic and aliphatic hydroxyl groups present in the lignin structure can be used
for chemical modifications. Based on the reaction parameters and the reactants
used, esterification is one of the easiest methods of the chemical modification
of lignin. Depending on the type of new introduced groups, the properties of
lignin, such as hydrophobicity, solubility, and thermal behavior, can be significantly
changed. Esterification reactions have also been applied to increase lignin reactivity
by introducing new active sites into the lignin macromolecule that are able
to copolymerize with other monomers [11]. The lignin derivatives with acrylic
functionality and containing reactive vinyl groups through esterification reactions
have been successfully copolymerized with styrene (St) and divinylbenzene (DVB)
to produce functional porous microspheres for use as specific sorbents in solid-phase
extraction [12].

With an esterification reaction when a carboxylic acid is treated with an alcohol
and an acid catalyst, an ester is formed (along with water). However, this reaction
can be used not only to introduce new active sites into the polymer structure
but also to immobilize the polymer on the inorganic carrier. Organic/inorganic
hybrid materials combine most applicable properties for practical using. One of
the most popular inorganic components for such materials is silica. There are a
lot of studies for lignin/silica hybrid materials, but it used few main methods to
obtain the samples, such as sol–gel synthesis with tetraethoxysilane (TEOS) [13–
15] and precipitation in a nonpolar or polar medium using sodium silicate [16].
An advanced functional silica/lignin material was obtained when silica was initially
modified with N-2-(aminoethyl)-3-aminopropyltrimethoxysilane [5] to activate the
carrier surface. In order to activate the lignin, an oxidation process was carried
out using sodium iodate. The activation of lignin and initial functionalization of
silica made possible the chemical combination of the precursors to produce a
functional SiO2/lignin sorbent. In [17] the silica/lignin interaction was achieved due
to silica surface functionalization with aminosilane and then modified with kraft
lignin preliminary activated with sodium periodate solution. In other work the key
parameter of silica/lignin interaction was lignin modification with periodate [18].

So, the production of novel inorganic/organic composites with specific applica-
tion possibilities has recently become a pressing need. The use of organic products
of natural origin, including biomass in the broad sense of the word, is of particular
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interest. The successful combination of silica with a natural biopolymer, such
as lignin, can provide new products with unique dispersive, morphological, and
physicochemical properties. In this connection it is important to study the interaction
of polymer carrier at the interface and their mutual effect on properties of the
composite. In our study as an inorganic matrix, we used pyrogenic silica with
attached amino, silicon hydride, or methyl groups in mono- or bifunctional (methyl-
hydride, methyl-amino, amino-hydride) layer. Modification of silica surface was
carried out to impart different hydrophobic/hydrophilic properties and chemical
activity of the surface. Impregnation of water-soluble lignin on silica bearing various
functional groups was carried out to study the effect of the functionalized silica
surface on structure and properties of lignin.

26.2 Experimental Section

26.2.1 Materials

Fumed silica with a specific surface area of 300 m2/g (Kalush, Ukraine) was used
as initial hydrophilic filler. 3-Aminopropyltriethoxysilane (APTES), triethoxysilane
(TES), and hexamethyldisilazane (HMDS) (Sigma-Aldrich) were used without
additional treating. The water-soluble commercially available kraft lignin from
softwood was obtained from Sigma-Aldrich.

26.2.2 Silica Surface Modification

Modification of silica surface was carried out on a well-known standard method
liquid-phase processing using appropriate organosilane in toluene solution [19].
Briefly, modification of silica surface with 3-aminopropyltriethoxysilane (A300-
NH2) and triethoxysilane (A300-SiH) was performed by liquid-phase process.
Toluene solution of alkoxysilane-required concentration was added to silica. The
mixture was kept in the thermostat for 24 h at 60 or 80 ◦C for amino or silicon
hydride group attaching, respectively. Then, modified silica was washed and dried at
low pressure and heating. The modification with hexamethyldisilazane (A300-CH3)
was performed by the gas-phase process at room temperature using a leak-proof
reactor with stirring at 25 ◦C for 24 h. After modification the methyl-containing
silica was heated at 150 ◦C for 30 min. Silica with grafted methylsilyl and
silicon hydride groups (methyl-hydride-containing silica) as well as methylsilyl and
aminopropyl groups (methyl-amino-containing silica) was prepared by interaction
of the methyl-containing silica with triethoxysilane or 3-aminopropyltriethoxysilane
in toluene at 80 ◦C for 24 h. The modification degree for all types of silicas
was 30 and 100%. The concentration of the attached groups in the bifunctional
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layer was maintained at 30% of each type of group. The degree of substitution of
isolated silanols on the silica surface with functional groups was controlled by IR
spectroscopy.

26.2.3 Preparation of Silica/Lignin Composites

For the silica impregnation, the water-soluble lignin (150 mg) was dissolved in
deionized water (20 ml) and then mixed with dry powder (500 mg) at room
temperature. Obtained paste was left without disturbing overnight and dried at 80 ◦C
for 12–17 h. The polymer content in organic/inorganic composite was 20 wt%. The
sample description is presented in Table 26.1.

26.2.4 Analytic Technique

Fourier transform infrared (FTIR) spectroscopy (Thermo Nicolet Nexus FTIR) has
been used to characterize the silica surface. The dispersed samples were mixed with
KBr (1:100). The FTIR spectra were obtained by recording 50 scans between 4000
and 400 cm−1 with a resolution of 8 cm−1.

The UV–vis absorption measurements were performed with a UV–vis spec-
trophotometer Cary 4000 (Varian, Australia). Deionized water was scanned at the
same wavelength as a baseline.

Infrared spectra ATR was carried out on a STA 449 Jupiter F1, NETZSCH
(Germany). Spectra were recorded in the spectral range of 600–4000 cm−1 with
16 scans per spectrum at a resolution of 4 cm−1 and have been used to characterize
the silica/lignin composites.

Thermal properties and stability of the surface layer were studied using differen-
tial scanning calorimetry (DSC) that was performed under nitrogen atmosphere in
the temperature range from 20 up to 480 ◦C using a NETZSCH DSC 204F1 Phoenix
instrument (Germany). Samples of ∼8–16 mg in mass were closed in standard Tzero
aluminum pans. Cooling and heating rates were 10 ◦C/min. During the first heating
scan, the samples stayed at 120 ◦C for 5 min (isothermally) and during the second
heating scan, at 20 ◦C for 3 min in order to stabilize the materials.

Relaxation process and phase transitions in the polymer immobilized on the silica
surface were investigated in nitrogen atmosphere in the temperature range from −50
to 350 ◦C using a Perkin Elmer Pyris 6 DSC instrument, calibrated with indium for
temperature and enthalpy. Samples of 8 mg in mass were closed in aluminum pans.
Cooling and heating rates were fixed to 20 K/min. A first heating scan (heating 1)
from room temperature (30 ◦C) to 150 ◦C was performed for evaporating water and
remaining solvents. Then the sample was cooled to −50 ◦C, and then, the second
DSC scan (heating 2) up to 350 ◦C was performed. For pure lignin additional scans
were performed (up to 150 to 250 and to 350 ◦C) on a second fresh sample.
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Table 26.1 Lignin-containing sample description and acronyms

N0 Sample name Description Structure of silicas’ surface layer

1 LigA1 Lignin + SiO2 (A-300) Pristine silica

Si
O

Si

Si
O

OH
Si

OH

O
Si

O

O
H

H

O

H HHO

2 LigA2 Lignin + SiO2–CH3 (100%) Methylated silica

Si
O

OH
Si Si

O

OH
Si

O
Si
OH

O

CH3
H3C Si CH3

O

CH3H3C
Si CH3

O

3 LigA3 Lignin + SiO2–CH3 (30%)
4 LigA4 Lignin + SiO2–H (100%) Hydride silica

HH

Si
O

Si Si
O

Si
O

O O
SiHO

O O
Si OC2H5

5 LigA5 Lignin + SiO2–NH2 (100%) Aminated silica

Si
O

Si Si
O

OH
Si

O

O O
Si

CH2

CH2CH2

NH3+
O–

HO

6 LigA6 Lignin + SiO2–CH3 (30%)–NH2 (30%) Combination of different groups
including OH

7 LigA7 Lignin + SiO2–CH3 (30%)–H (30%)
8 LigA8 Lignin + SiO2–NH2 (30%)–H (30%)
9 LigA9 Lignin + SiO2–H (30%) Combination of silicon hydride

groups and OH
10 LigA10 Lignin + SiO2–NH2 (30%) Combination of amino groups and

OH

26.3 Results and Discussion

Ensuring interaction between the silica surface and the polymer is a main task
when creating organic/inorganic materials. In spite of the presence of different types
of functional groups, lignin is a low reactive polymer, and providing interaction
with the matter introduced has some difficulties. As was mentioned above, lignin
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is a complex molecular structure containing cross-linked polymers of phenolic
monomers especially p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol.
It is well known that amino-silica-based stationary phase is widely utilized to
carbohydrate separation. The interaction is primarily due to the reactivity of amino
group and can be implemented via hydroxyl groups of the polymer. In the presence
of carboxyl or carbonyl groups, the reaction with amino groups proceeds under mild
conditions to form silica/polymer bonds. The choice of the silicon hydride group is
primarily due to the possibility of chemically grafting the polymer as a result of the
reaction of the silicon hydride group with the C=C groupings of the polymer. In
addition, at a pH above 7, the hydrogen of the silicon hydride group is cleaved to
form an active site on silicon atom. The presence of methyl groups provides a change
in the hydrophobic/hydrophilic characteristics of the surface, which in turn provides
a change in the structure of the surface layer of the polymer and the orientation of the
macromolecules near the surface and inside the layer. The combination of amino and
hydride groups, along with a change in the hydrophobic/hydrophilic characteristics
of the filler surface, was expected to allow the chemical immobilization of lignin
under mild conditions.

So, silica surface chemistry (Table 26.1) can determine the structure of the
composite material. Interaction of the polymer with functional groups on the
silica surface determines the mechanism of macromolecule immobilization, namely,
physical adsorption or chemisorption as well as structure of polymer layer due to
influence on a macromolecule orientation relative to each other and to the silica
particles.

The infrared spectra (FTIR) of silica with the relatively chemically inert or with
chemically active groups in the surface layer are represented in Fig. 26.1a. Pristine
(unmodified) silica contains on surface isolated hydroxyl groups (3745 cm−1,
stretching vibrations of O–H in silanol groups), the OH groups perturbed with
hydrogen bonds (3660 cm−1), as well as physically adsorbed and strongly bound
water with a broadband with maximum absorption at 3450 cm−1. The presence of
adsorbed water is additionally evidenced by the band at 1639 cm−1. The bands at
1126 and 820 cm−1 are assigned to the stretching symmetric (νs) and asymmetric
(νas) vibrations of Si–O–Si grouping, band 980 cm−1 is attributed to the stretching
symmetric vibrations of Si-OH, and absorption at 474 cm−1 is attributed to the
bending vibrations (δ) of Si–O bonds. For the silica with substitution of surface
silanols with trimethylsilyl groups (SiO2 CH3), the band of hydroxyl group at
3745 cm−1 disappeared, and bands of stretching vibrations of methyl groups at 2970
and 2935 cm−1 are present (Fig. 26.1a, spectrum 2). The presence of silicon hydride
groups on the silica surface is confirmed by the band of the stretching vibrations of
Si–H bonds at 2250 cm−1 (Fig. 26.1a, spectrum 3). For the silica with bifunctional
surface layer (SiO2 CH3 SiH), the spectra revealed the presence of methylsilyl and
silicon hydride groupings (Fig. 26.1a, spectrum 4). As known, grafted aminopropyl
radicals can form bridge-like structures via interaction of amine groups with protons
of surface hydroxyl groups or adsorbed water molecules. Because of this the surface
layer of aminosilica (SiO2 NH2) contains NH2 groups with different protonation
degrees (1643 and 1560 cm−1).
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Fig. 26.1 (a) FTIR and (b) ATR spectra of silicas. The illustrations a show the spectra of pristine
silica (1); silica with attached trimethylsilyl -CH3 (2) and silicon hydride ≡ Si–H (3) or amino
groups –NH2 with modification degree 100% (4); and silica with bifunctional methyl-hydride
modified layer (a4) with both group contents of 30% (5). Figure b presented ATR spectra of pristine
silica (1) and pure lignin (2)

IR analysis using the spectrometer equipped with an attenuated total reflection
(ATR) attachment was carried out to verify the composite preparation and to
identify the characteristic groups present in the structure of silica, lignin, and
SiO2/lignin biocomposites. The disturbances at 2200–1900 cm−1 in the spectra
were assigned to the presence of a diamond in the ATR attachment [15]. The IR
spectrum of kraft lignin [18] (Fig. 26.1b) shows the following bands: O–H stretching
vibrations (phenolic –OH and aliphatic –OH) in the range 3600–3200 cm−1 and
C–H stretching vibrations at 2930 cm−1 (CH3 and CH2), 2837 cm−1 (OCH3) and
low intensity band at 3008 cm−1. Bands in the range 1760–1300 cm−1 correspond
to overlapping of the stretching vibrations C–C of the aromatic skeleton at 1580,
1500, and 1450 cm−1 and the deformation vibration of the nonconjugated group
C=O. In the spectrum of lignin, there are also bands at 1363, 1261, and 1210 cm−1,
attributed to stretching vibrations of C–O, C–O(H), and C–O(Ar) of phenol groups
and ether bonds, which are an important type of bonds in lignin. The presence of
the ether bonds C–O–C is also indicated by the band corresponding to the stretching
vibrations C–O at 1040 and 1080 cm−1. The other band characteristics of lignin
correspond to in-plane deformation δip Ar C–H at 1134 cm−1 and out-of-plane
deformation δop Ar C–H, appearing at 850 and 780 cm−1 [18] (Fig. 26.1b, spectrum
2). The ATR spectrum of unmodified silica shows a broadband at 3430 cm−1 (νO–H,
H2O) and 1620 cm−1 (δH-OH) and bands corresponding to typical vibrations of
silica, Si–O–Si (νs, 1093 cm−1; νas, 800 cm−1), Si–OH (ν 960 cm−1), and Si-O
(δ, 790 and 462 cm−1). As can be seen, there is overlapping of the characteristic
bands in the regions 3670–2400 cm−1 and 1250–860 cm−1.

iranchembook.ir/edu



414 Y. Bolbukh et al.

Figure 26.2 presents the ATR spectra of the silica/lignin biocomposites obtained,
evidencing the presence of band characteristics of appropriate functional groups
both silica and lignin. Taking into account equal content of the polymer in samples,
the increasing (or decreasing) intensity of bands with changing of surface chemistry
of the silica matrix confirms different structure of the polymeric immobilized layer.
A band appearing in the spectra of samples with lignin in the range 950–720 cm−1

can be attributed to structure-sensitive one.
For the sample Lig-A1 with totally methylated silica, the bands 835 and

750 cm−1 appeared in spectra. These bands are characteristic for pure lignin and
attributed to guaiacyl units [20]. This means that on the hydrophobic surface, the
structure of the adsorbed layer is identical to the polymer structure in volume.
For samples Lig-A4 and Lig-A8 based on hydride- and amino-hydride-containing
silicas, respectively, the bands of stretching vibrations of C–H bonds intensified,
while the band at 940 cm−1 became more intensive in spectrum for the sample
Lig-A9 (contains 30% of silicon hydride groups), where the bands of stretching
vibrations of C–H bonds are less visible. Preliminarily, it can be concluded that the
silicon hydride groups on the silica surface have the greatest effect on the structure
of the immobilized polymer layer.

The UV–vis absorption spectra of dispersed samples at pH 7 are represented
in Fig. 26.3. The absorption bands located at 240 and 280 nm are assigned to K-
and B-bands of π−π* transitions of the aromatic rings in lignin linked by ionized
phenolic hydroxyls and carboxylic groups [21]. After immobilization on silica, the
K-band disappears and the B-band shifts to 285 nm with decreased absorption
intensity. It is a result of change in protonation of phenolic hydroxyls. Exceptions are
samples Lig-A3, Lig-A5, and Lig-A10. Combining the results of UV analysis and
IR spectroscopy, one can conclude that a dense polymeric layer with a low degree of
freedom of –CH3 (CH2) groups (weak intensity of the bands in the region of 3000–
2800 cm−1) and a changed protonation degree of phenyl groups (Fig. 26.3, Lig-A1)
is formed on the hydrated surface of pristine silica; with a fully methylated surface
(Lig-A2), the interaction is carried out through the benzene rings of the polymer,
which changes the energy state of the phenolic groups, whereas the deformation
vibrations of the CH3 (CH2) groups are not hindered (Fig. 26.2, spectrum 2); on
a partially methylated surface (SiO2 CH3 30%), phenolic groups are not involved
in the interaction, which indicates a change in the orientation of macromolecules
depending on the degree of methylation of the silica surface.

The spectra of samples Lig-A5 and Lig-A10 (Fig. 26.3) indicate the presence
of K- and B-bands at 235 and 288 but with a significant decrease in intensity,
which indicates the interaction of the amino groups of silica with the acidic phenolic
groups of the polymer. In addition, for sample Lig-A5, relative intensification of the

�
Fig. 26.2 (continued) and aminated silica with modification degree 100% (5, Lig-A5); silica with
bifunctional amino-methyl (6, Lig-A6), hydride-methyl (7, Lig-A7), and hydride-amino surface
layer (8, Lig-A8); and silica with modification degree 30% with silicon hydride (9, Lig-A9) and
amino groups (10, Lig-A10). Sample description is present in Table 26.1
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Fig. 26.3 The UV–vis absorption spectra of lignin and silica/lignin composites (see Table 26.1).
Illustration shows changes in the UV–vis absorption of the lignin (Lig-pure) after immobilization
on the pristine silica (Lig-A1) and methylated silica with modification degree 100 (Lig-A2) and
30% (Lig-A3); on the hydride-contained silica (Lig-A4) and aminated silica with modification
degree 100% (Lig-A5); on silica with bifunctional amino-methyl (Lig-A6), hydride-methyl (Lig-
A7), and hydride-amino surface layer (Lig-A8); and on the silica with modification degree 30%
with hydride (Lig-A9) and amino groups (Lig-A10)

bands is observed in the valence vibration region of CH3 (CH2). In other words,
as the degree of surface modification increases, the intensity of interaction with
phenolic groups increases ensuring the definite orientation of the macromolecules
in the surface layer, predominantly, loosening of the polymer layer.

For analysis of thermal behavior of immobilized lignite, several DSC techniques
were applied: for degradation and relaxation processes’ investigation.

From results of DSC analysis (Figs. 26.4 and 26.5), after first heating circle
(first heat) carried out for the evaporation of water (Fig. 26.4a, b), we can see
that all the curves were initiated with endothermic regions due to the required
heat for evaporation of residual or internal moisture before the heat flows turned
from endothermic to exothermic. Analysis of DCS curves at first heating circle
(Fig. 26.4a, b) shows water evaporation temperature (Tev) decreases in general
by 10–15 ◦C. This could have been caused by a change in the macromolecule’s
packing density. The greatest decrease in Tev was noted for the sample Lig-A2
based on completely methylated silica (SiO2 CH3 100%). It indicates a weakening
of interaction between absorbed water and immobilized lignin in the silica surface
layer.
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Fig. 26.4 The DSC curves for composites based on modified silica and lignin. Illustration
demonstrates the heat behavior of the lignin (Lig-pure) and composites silica/lignin (see Table
26.1) at the first heating run from 20 to 120 ◦C (a, b) and DSC curves for pure lignin (c) obtained
at the different heating regimes: 1.1, first heat from 20 to 140 ◦C,and 1.2, second heat from −50 to
350 ◦C; 2.1, first heat from 20 to 100 ◦C, and 2.2, second heat from −20 to 500 ◦C; 3.1, first heat
from 20 to 120 ◦C, and 3.2, second heat from 20 to 480 ◦C

In order to confirm the attribution of a first endotherm, the study of pristine lignin
at the different DSC analysis conditions was carried out. In this context, it may be
regarded that moisture elimination was most complete when first heat circle was
carried out from 20 to 140 ◦C. When the final temperature on the first heat was
lower, the residual moisture coursed the shifting of the endotherm’s extremum in the
interval 20–200 ◦C to low temperatures. In addition, the endotherms with maxima
at 175 and 250 ◦C have the same intensity, which was not observed on DSC curves
obtained under other regimes.

According to literature data [22], lignin is slowly decomposed in a wider
temperature range starting from 180 ◦C, that can be explained by the fact that lignin
contains many aromatic rings with various branches, and the activity of the chemical
bonds and functional groups in lignin covers an extremely wide temperature range.
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Fig. 26.5 DSC curves of silica/lignin composites. Figures represent DSC curves of the composites
with lignin immobilized on pristine silica (1, Lig-A1); methylated silica with modification degree
100 (2, Lig-A2) and 30% (3, Lig-A3); hydride-contained silica (4, Lig-A4) and aminated silica
with modification degree 100% (5, Lig-A5); silica with bifunctional amino-methyl (6, Lig-
A6), hydride-methyl (7, Lig-A7), and hydride-amino surface layer (8, Lig-A8); and silica with
modification degree 30% with silicon hydride (9, Lig-A9) and amino groups (10, Lig-A10). Sample
description is present in Table 26.1

In [23], it was shown that the major pyrolysis occurred between 200 and 450 ◦C,
and in the temperature range from 290 ◦C to about 430 ◦C, the lignin has a higher
thermal degradation rate with extremum at 360 ◦C. In this interval mass loss is
related to the complex thermal decomposition of lignin, involving the formation of
new bonds as a consequence of cross-linking reactions.

On DSC curve for lignin under study (Fig. 26.4c), endothermic events take place
at 155, 247 and 322 ◦C up to 350 ◦C; above the curve exhibits an exothermic
character followed by an exo-/endothermal transition and an endotherm at 427 ◦C.
According to [24] lignin decomposition was associated with exothermic heat flow.
The authors consider the interval on DSC curve of 320–480 ◦C as an exothermic
event and linked it to the viscosity due to the inner frictions in the structure. They
explain the exothermic effect (closely to 360 ◦C) by pyrolysis of lignin with the
formation of plastic phase by crazing, which releases, during its damage, all the heat
necessary to its formation and to its development. Also, authors indicate the different
phases of the pyrolysis of lignin. Other explanation of exothermal character of DSC
curve is the effect appearing at 320–460 ◦C is related to either the decomposition
of bridge linkages with evolution of the CO2 that can promote the thermooxidation
process or the condensation of the aromatic rings.
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Considering all extrema as endothermic ones, we can correlate them with the
following processes: the effect appearing at 427 ◦C is related to degradation of
the aromatic ring; the peaks near 150 and 250 ◦C can correspond to destruction
of different links in macromolecules. Namely, the syringyl, as well as the guaiacyl
units, is built into the lignin macromolecule mainly by ether bonds, and the
ether bonds between syringyl units are easier to split than those between guaiacyl
units [23]. Moreover, the guaiacyl units easily undergo condensation and coupling
reactions. The thermal effect at 320 ◦C occurred due to destruction of main lignin
chain. It should be noted that the highest degradation rate of lignin is observed over
the temperature range from 290 to 430 ◦C where the DSC curve has both the endo
and the exo direction [24]. And the endo-/exothermal transitions with extrema at
427 and 473 ◦C can be attributed to lignin carbonization (Fig. 26.4c).

The differences in the inherent structures of lignin could account for the
diversities of thermal degradation behaviors. For lignin immobilized on silica,
the curves differ significantly from the curve of the initial polymer: only two
intense peaks of about 200 and 320 ◦C were detected (Fig. 26.5). It is known that
the destruction of the cross-links in the lignin structure leads to a displacement
of the basic extrema to the lower temperatures, which allows us to assume the
inverse effect will be observed at formation of additional bonds. The DSC data
obtained were accumulated in Table 26.2. As can be seen, the first endotherm of
the decomposition is broadened, while the endothermic process at 320 ◦C passes
with the same enthalpy. A general tendency is violated by samples based on silicon
hydride-containing silica. The DSC curve for Lig-A4 demonstrates β-relaxation at
114 ◦C appeared during sample heating. This conformation transition (β-relaxation)
is the local rotational motion of the segments of the flexible macromolecules in the
interlayer between lamellar phases. At the stronger macromolecules, bending this
transition is more significant and appears at the lower temperature. For composites
under study, β-relaxation was found also for sample Lig-A8 but less apparent and
at the lower temperature, 107 ◦C. In the absence of local tension, this transition
was not observed, the endotherm being narrower. For the Lig-A10 the narrow
endothermal peak at 156 ◦C occurred which can be corresponded to the melting
process. Moreover, the endotherm has extremum at the lowest temperature and
includes two overlapped bands which can be caused by degradation of new bonds
formed in the polymer or with the silica surface. The endotherm’s broadening
usually occurs when polymer structure becomes loose. In this case we can assume
that the polymeric surface layer is structured. A possible explanation is that the
less homogeneous structure of the sample was caused by different orientation of
macromolecules near the particle surface and in the bulk. This leads to discreteness
of the thermodynamic and thermokinetic parameters of structure.

In order to investigate self-organized structures on the silica surface, the DSC
study was carried out in the interval −50–350◦C with the different heating regimes.
When the components of the lignin sample are amorphous or semicrystalline
polymers during the degradation process, the melting point at 250 ◦C depression is
indicative of favored breakage interactions between the polymer chains. The lower
	H and Tendo values may also be associated with the breakup of aromatic polymers
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Fig. 26.6 DSC curves of lignin. Figures (a) represent the common heating-cooling program with
two runs that was applied for lignin microstructure investigation. Figure (b) demonstrates DCS
curve of lignin on second and third heating runs: Sample 1, first heat, 20–150◦◦C; second heat,
−50–250 ◦C; and third heat, −50–350 ◦C. Sample 2, first heat, 20–150◦◦C; second heat, −50–
350 ◦C; and third heat, −50–350 ◦C

chains [25]. The three heating–cooling runs confirm the degradation nature of all
endothermic processes (Fig. 26.6a, b). Namely, when after first cooling, the second
heating run was from −50 to 250 ◦C, on DSC curve of the third heating, endotherms
at 255 and 322 ◦C that are not affected by the presence of water were detected.
In turn the water contents are controlled by temperature on the first heating run
(Fig. 26.4c) and have strong influence on the first (closely to 180 ◦C) endotherm’s
position. After heating of the lignin to 350 ◦C on next cycle DSC curve, all bands
were absent. A comparison of the DSC results at different temperature on the first
heat and results obtained at stable temperature on first heat allows to conclude that
the first heat to 150 ◦C promotes not only the removal of water bonded on the lignin
surface but also ether links inside the macromolecules.

At heating to 250 ◦C on the second run (Fig. 26.6b), on the curve of the third
run, the endotherm at this temperature is fixed, which may indicate the presence
of pseudocrystalline structures in the material. It should be noted a decrease in
the intensity of this peak; the degradation of the propanoid side chain can also
occur at this temperature. The peak at 325 ◦C that related to the complex thermal
decomposition of lignin (especially the β–β and C–C bonds between lignin basic
units) [20], involving the formation of new bonds as a consequence of cross-linking
reactions, does not change.

Analysis of silica/lignin composite DSC curves (Fig. 26.7) shows that functional
groups of silica surface promote formation of polymeric layer with different
structure that reflects the intensity and position of endotherm in the interval 180–
300 ◦C. For materials based on pristine and totally methylated silicas, the lowest
endotherm was observed. The lowering of the endotherm intensity for composite
based on pristine silica (Lig-A1) can be caused by polymer amorphization. From
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Fig. 26.7 DSC curves of silica/lignin composites. Figures represent DSC curves of the second heat
run obtained in two cycles of heating/cooling measurement at temperatures −50–350C. The first
heating run (not presented) was conducted at T = 20–150C. Illustration shows the thermal behavior
of lignin immobilized on pristine silica (1, Lig-A1); methylated silica with modification degree 100
(2, Lig-A2) and 30% (3, Lig-A3); hydride-contained silica (4, Lig-A4) and aminated silica with
modification degree 100% (5, Lig-A5); and silica with bifunctional amino-methyl (6, Lig-A6),
hydride-methyl (7, Lig-A7), and hydride-amino surface layer (8, Lig-A8). Sample description is
represent in Table 26.1

the other side, 30% of the methyl groups on silica surface promotes increase of
enthalpy of process at 227 ◦C (Table 26.3). A more intensive endotherm and highest
value of the enthalpy (	H2) were marked for samples based on aminated silica
(Lig-A5). It should be noted that the presence of silicon hydride groups on silica
surface reflected endotherm narrowing that indicates the compressing of polymer
layer near the surface. For bifunctional silicas, more structured layer was obtained
on amino-silicon hydride-containing surface.

The enthalpy of endothermic process (Table 26.3) during degradation of polymer
layers on totally methylated silica (Lig-A2) is significantly lower than for samples
with silicon hydride (Lig-A4) or amino groups (Lig-A5) with the same modification
degree. Obviously, the hydrophobicity of the silica surface has a significant effect
on the structure of the polymer layer formed. If a fully hydrophilic surface of the
pristine silica contributes to the amorphization of the polymeric layer structure,
a reverse effect from a completely hydrophobic surface (methylated silica with
modification degree 100%) should be expected. However, the highest enthalpy
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was found for endothermic process on the partially methylated surface (methylated
silica with modification degree 30%) and for composite based on aminated silica
with a modification degree of 100% (Table 26.3). Both these samples are partially
hydrophobic. And taking into account that on the methyl-aminated surface the
enthalpy of endo-effect decreases, it can be assumed that there is a certain optimum
of the hydrophilicity degree, which ensures the structuring of the polymer layer.

26.4 Conclusion

In general, the results characterizing the silica/lignin composites indicate that
formation of the adsorbed polymer layer can be controlled by functionality of
the carrier surface. It was found that characteristics of the lignin immobilized on
silica surface are differing from lignin in volume. The parameters of degradation,
relaxation, and phase transitions are determined by structure and functionality of the
silica surface layer. Silica with silicon hydride groups promotes a structuration and
compression of the polymer layer; on the other hand, amino groups caused the layer
loosening. Analysis of DSC data using the different techniques confirms the strong
influence of moisture inside lignin and water on the silica surface on the structure of
immobilized polymer, especially on hydrated silica surface and methylated silicas.
The presence of functional groups that can chemically react with lignin has great
impact on degradation process that can be used in the future for elaboration of the.
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Chapter 27
Cooperative Phenomena in
Spin-Crossover Molecular Crystals

Iurii Gudyma, Artur Maksymov, and Kateryna Polonska

27.1 Introduction

Spin-crossover (SCO) systems are relatively rare class of transition metal com-
plexes that display molecular magnetic bistability and interconverted reversibility
upon external stimuli. Under normal conditions, these complexes can exhibit spin
crossover, that is, the entropy-driven thermal transition from a low-spin (LS) state,
populated at low temperatures, to a high-spin (HS) state, populated at higher
temperatures. The observed spin state depends on the balance between maximizing
the number of parallel spins/unpaired electrons (Hund’s rule of maximum multi-
plicity) and having the lowest electronic energy by populating the lowest energy
orbitals. For a free atom or ion, or ionic compound, the normal spin state is that
of maximum multiplicity, in accordance to the first Hund’s rule; however, for
sufficiently large ligand field, one obtains a low-spin ground state. By the influence
of external physical field (light irradiation, temperature, pressure, and others), it is
possible to bring into the system additional energy that could increase spin-pairing
repulsion of the electrons. Due to equalization between spin-pairing energy and
ligand field splitting energy, the favorable conditions for transition are established.
Besides the changes of magnetic moment of the molecule, the spin transition is
also accompanied by the changes in the molecular volume for different states. For
spin-crossover materials are found a great variety of spin transition curves that
were characterized as follows: sharp transitions often accompanied by hysteresis,
more or less gradual transitions, and sometimes incomplete transitions with residual
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dia- or paramagnetism. The cooperative behavior of the spin transition in the
solid spin-crossover materials demands an interaction between their molecules.
The largest class of SCO complexes are the Fe(II) SCO complexes. In octahedral
symmetry Oh, the ferrous iron molecular complexes can be converted between
diamagnetic LS (e0

gt
6
2g) and paramagnetic HS (e2

gt
4
2g) states, which leads to a

significant change in the metal-ligand bond length. SCO materials are known to have
potential applications such as reversible high-density memories, ultrafast switches
(at the nanoscale), sensors of temperature and pressure, fundamental elements in
display technologies, etc. Consequently SCO systems have been studied extensively
both theoretically and experimentally. We will not here recall all the properties of
the SCO systems, since extensive literature exists on the subject (see, e.g., [1–5]).

If solids shrink to the nanoscale, the surface-to-volume ratio increases, and
the surface-environment interaction becomes a major factor for affecting mate-
rial behavior. The control over functionalities at the nanoscale (in nanoparticles,
nanopatterns, thin films, and, ultimately, single molecules) appears as a cornerstone
in the elaboration of advanced materials for many very important above technolo-
gies. The individual nanoparticles possessing an abrupt transition with a thermal
hysteresis loop are appealing because they can be used for information storage
at the nanometric level. Such effects are ambiguous or beneficial, depending on
environmental conditions and material application. These properties are very sen-
sitive to changes in external environment. The surface exhibits some disorganized
fluctuations which usually are ascribed to environmental randomness [6]. However
the rational control of the behavior of these materials on a nanometric scale is
highly required, especially when they are integrated into functional devices. The
investigation of surface-environment effects can be realized by modern experiments
with a comprehensive suite of surface-sensitive spectroscopy and microscopy
tools [7]. One of the major challenges of modern technology is to stabilize
the nanoparticles and the surface in order to minimize its interaction with the
environment. It is obvious that surface-environment distribution can be neglected in
the thermodynamic limit, but on the other hand, a molecule must always be viewed
as part of its environment [8].

The current review addresses mainly the role of surface-environment effects of
spin-crossover nanocrystals in the occurrence of phase transition in the material.
The important issue is to understand the interplay of cooperativity of the system and
the fluctuations of its environment. It is almost obvious that molecules on surfaces
have different SCO properties than the inner molecules [6, 9]. This may influence
the properties of the whole particle in this very low size range [10]. The transition
metal ions can be seriously altered at the surface of the particle. It is very likely,
particularly in the case of small particles with high specific surface areas, that these
Fe(II) ions “feel” considerable differences in bond strength or even suffer from
coordinative defects and consequently do not exhibit SCO [11]. We are interested
in phenomena that are associated with the emergence of disorganized random
fluctuations in the state of the system under influence of surrounding environment.
This chapter is organized as follows: In Sect. 27.2, we outline the Hamiltonian and
its application to the Ising-like model of spin-crossover nanocrystal interacting with
the surroundings; in Sect. 27.3, we discuss the results; and finally, in Sect. 27.4, we
present our conclusions.
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27.2 Ising-Like Model of Spin-Crossover Nanocrystal
Interacting with the Surroundings

With the achievement of nanoscopic sizes of spin-crossover nanocrystals, the
dynamics of surface molecules becomes relevant and can influence the phase
stability and transformation kinetics of entire solids. Despite the variety of the
models that are able to describe the physical processes at microscopic space and
time scales, there is a lack of descriptions which account for linkage between the
surface of the crystal and its volume. Since the sizes of solid nanocrystals decrease,
the increase in surface area-to-volume ratio makes the surface-environment effects
become more pronounced. Therefore the importance of theoretical model that could
explain the role of surface of separate spin-crossover nanocrystal is evident. Phe-
nomenologically, the interactions between any spin-crossover nanoparticles located
into the lattice can be modeled in a simplest way by the Ising-like Hamiltonian

H = −
b∑

<ij>

J b
ij sisj −

s∑

<ij>

J s
ij sisj −

s−b∑

<ij>

J s−b
ij sisj −h0

∑

i

si−
s∑

i

hi(t)si . (27.1)

Here si is a fictitious spin (pseudospin) operator which has two eigenvalues ±1,
corresponding to the HS and LS states of respective i-s molecule, and < ij >

denotes the summation over all nearest neighboring spin pairs. The Ising-like
Hamiltonian describes the elastic interaction between spin states via the near-
neighbor coupling of two-level units. We based our study on 3D crystal lattice
with open boundary conditions. In this case it is obvious that depending whether
the particle is located on the surface or inside the crystal, the number of bonds
associated to it is different. In framework of mean field approximation, it means
that the interacting force between the sites on the surface and inside the volume is
not the same. The intersite short-range coupling constants Jα

ij , measured in energy
units, are parameters of the theory, where an index α = b, s, b − s corresponds
to occupied pairs of bulk sites, surface sites, and bulk surface sites. The schematic
illustration of the model composed of a bulk sites which are surrounded by a surface
of one site thick is shown in Fig. 27.1. In this figure are displayed only two kinds
of bonds: one for surface sites and another one for bulk sites since the interaction
between the surface sites and bulk sites is considered the same as for the sites inside
the lattice, i.e., the b − s = b which leads to the decomposition of the Hamiltonian
into bulk and surface parts [6].

The effective external field describing the result of surrounding action of crystal
on single molecular magnet is

h0 = −1

2
(Δ − kBT ln g), (27.2)

where Δ stands for the energy difference between HS and LS states (the enthalpy
change associated with the LS → HS conversion) for an individual spin-crossover
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Fig. 27.1 The spatial configuration of a three-dimensional SCO system where the difference is
shown between the interactions of magnetic molecules situated on the surface and inside the lattice

molecule, g = gHS/gLS is the degeneracy ratio between HS and LS energy levels,
and kB is Boltzmann’s constant. It is considered that the value Δ is fully formed by
the ligand environment of the transition metal ion; this is why it is called the ligand
field. In this version the external field is homogeneous but it depends on temperature.
Thus in noninteracting system, the equilibrium temperature T 0

eq at which mole
fractions of the LS and HS states are equal corresponds to a zero effective field, and
consequently T 0

eq = Δ/(kB ln g). It is important to note for our study that T 0
eq coin-

cides with the transition temperature in the bulk material. The Hamiltonian (27.1)
describes in a convenient way the behavior of spin-crossover system where the
control parameter is a temperature T . If the critical temperature in purely Ising
model is smaller than the equilibrium temperature in noninteracting model, then a
gradual spin transition from LS to HS takes place by increasing the temperature.
Otherwise, the spin transition is discontinuous and is associated to a first-order
phase transition. In turn, hi(t) is seen to correspond to the randomly fluctuating
ligand field. The hi(t) is the random field only at site i on the ideal (sharp) surface
of the bulk material. Indeed, the ligand field as function of the molecule positions
in the lattice is the key point of examination of surface effects leading to unusual
size dependence of the thermal hysteresis behavior in spin-crossover nanoparticles
[12]. Linares et al. [12] included the interaction between the edge molecules and
the environment as a negative (but nonuniform) pressure on the system through the
interaction of surface atoms with their nearest neighboring atoms situated inside
the lattice. The local pressure acting on the edge spin-crossover molecules from the
matrix side during transition from HS to LS states was considered in paper [13].
This idea arises from the mechanoelastic model where local pressure changes at
the edge molecules are taken into account by missing springs [14]. The same idea
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was used by Tissot et al. [15] to explain the experiments of control of the thermal
hysteresis of the prototypal spin transition in FeII (phen)2(NCS)2 compound via
the microcrystallite environment. Muraoka et al. [16] considered the edge molecules
as inactive HS ones, whereas all inside molecules are active in the framework of the
Ising-like model. We proceed somewhat differently. Since a Gaussian stochastic
process is archetypical for contact with thermal surrounding system, we use the
statistical characteristic of the fluctuating external field as follows:

〈hi(t)〉 = 0, (27.3)
〈
hi(t)hj (t

′)
〉 = ε2δ(t − t ′). (27.4)

Here < . . . > represents an ensemble average over all realizations of the fluctuating
field. Besides ε is a measure of the strength of random surface fields, and δij is the
Kronecker delta symbol. The basic idea behind Langevin approach is to assume that
the fluctuations on each atomic site can be represented by a Gaussian white noise
term. Stronger fluctuations lead to increasing the width of the Gaussian distribution.

In the usual consideration, each molecule on surface is assumed to be instan-
taneous coupled to a thermal reservoir, and heat currents may arise between
the reservoirs in the stationary state scenario. The surface itself provides a new
intrinsically low-symmetry environment that can trigger structural distortions and
modify the ligand field. Thus the order parameter is sensitive to the stochastic
environment process with respond to the system, acting as a disorder force. In
fact, the surrounding environment is the main factor governing the spin transition
behavior of spin-crossover materials. Inasmuch as spin crossover is an inherently
ligand field problem that this coupling is through random variations of the field.

27.3 Monte Carlo Simulation of Magnetic Behavior in
Spin-Crossover Nanocrystals

For the spin-crossover system described by the Hamiltonian (27.1), we have
provided a series of three-dimensional (3D) Monte Carlo (MC) simulations based
on the Metropolis algorithm. The MC Metropolis algorithm provides a natural
way to simulate temperature effects where dynamics are not required due to the
rapid convergence to equilibrium and relatively simple implementation. In order to
reproduce the experimental situations, we have used for simulations 3D cubic lattice
with size L3, where L is the length of each side, and open boundary conditions.
For simulations the following parameters of the system were fixed: The intersite
interaction of inside molecules is chosen at J b = 85, the degenerating ratio is
g = 150, and the energy gap is Δ = 900. In this way we characterize the behavior
of temperature transition curves which are the main characteristic for this type of
Ising-like model. The numerical solutions of Hamiltonian (27.1) were obtained for
5000 MC steps assuming that the coupling of bulk sites with the surface ones is the
same like for the bulk sites, i.e., J bs

ij = J b
ij .
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Fig. 27.2 The schematic
representation of the analysis
of magnetization dynamics
for the molecules on the
surface and inside the crystal

In our study we are interested on how much the magnetization dynamics of entire
crystal depends on surface effects. For this reason, the degree of changes in the
intermolecular interaction on the surface with respect to the bulk one was fixed
by relationship which describes the weakening of cooperativeness as J s = ηJ b,
where 0 < η ≤ 1. In order to understand the impact of molecules from the surface
on magnetization behavior of entire solid, we analyzed separately the temperature
transition curves of the surface of one molecule thick and of the remaining (bulk)
part of the crystal. The way we interpreted the entire solid as the two subsystems,
the surface of the crystal and its bulk part, illustratively is shown in Fig. 27.2. The
resulting magnetization has been averaged over last 3000 MC steps after reaching by
the system its steady state at certain temperature. For the simulation of the thermal
transition, we start at high temperature where all the molecules are in the HS state,
i.e., the HS configuration has been used as the initial state of the cooling branch of
the hysteresis loop.

In Fig. 27.3 are shown the several transition curves for various interactions of
magnetic molecules on surface sites (its values are indicated in the caption of the
figure) obtained for SC molecules from entire 3D lattice (which are displayed in
Fig. 27.3a) and for bulk and surface sites separately (which are plotted in Fig. 27.3b,
respectively). The lattice side of the system was chosen to be L = 12.

At this step the randomness of fields on surface has been omitted; therefore the
Hamiltonian (27.1) is considered without fluctuations in ligand field, i.e., hi(t) = 0
for all surface sites. The results from Fig. 27.3 demonstrate the contributions of the
coupling of surface spins into resulting bistability of spin-crossover system. The
narrowing of hysteresis with decrease of surface spin coupling which is shown
in Fig. 27.3a is probably related to the reduction of their degree of cooperativity.
But this effect is observed only for a certain range of surface interaction. In the
case when J s < 0.5J b, no longer changes of hysteresis width take place, which
happens because of too weak influence of surface effects on magnetization behavior
of the lattice of this size. However, it is quite remarkable that the hysteresis loop
area decreases. This is due to the increase in the residual magnetization and the
degree of incompleteness of spin transition. However such movement is limited
since with decreasing of the coupling of surface molecules, the hysteresis gradually
becomes controlled by the molecules inside the lattice. Figure 27.3a shows the
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(a) (b)

Fig. 27.3 The simulated temperature-induced hysteresis for several values of intermolecular
interaction on the surface: J s = J b (black [squared] curves), J s = 0.5J b (red [circled] curves),
and J s = 0.25J b (blue [triangled] curves) (a). The transition curves calculated only for magnetic
molecules inside the lattice (gray [open squared] curve) and only for molecules on the surface are
shown in (b). The values of intermolecular interaction and the marking of transition curves for
molecules on the surface are the same like in (a)

relationship between the state of the molecules on the surface of solid nanoparticles
and processes which take place in the entire crystal matrix. It is obvious that with
the weakening of the surface intermolecular interaction, the saturation point of
hysteresis loop moves slowly to the equilibrium point. Figure 27.3b is plotted for
surface spins with several fixed values of coupling: J s = J b (black [squared] curve),
J s = 0.5J b (red [circled] curve), and J s = 0.25J b (blue [triangled up] curve). The
number of lattice sites belonging to different regions is N = 1000 for bulk sites and
N = 728 for surface ones. The hysteresis only for molecules inside the lattice is
additionally plotted (gray [open square] curve). As it is observed from Fig. 27.3b,
the decreasing of surface coupling shifts the surface magnetization of the lattice
toward non-hysteretic transition; therefore the competition between the hysteretic
behavior of molecules inside the lattice and non-hysteretic ones of molecules on
the surface appears. This is the main reason for the narrowing of hysteresis of entire
lattice with decreasing of surface coupling which is displayed in Fig. 27.3a. Here we
are not especially interested in the dependence of system behavior on its size, but the
effects of size which lead to narrowing of hysteresis are reported in [9, 10, 17, 18],
the ones which give the residual magnetization are reported in [9, 10, 17], and the
ones leading to shifting of transitions temperature are reported in [10, 17, 18].

In an effort to understand how the transition process occurs in the lattice, the
spin configurations at several points on cooling branch of temperature transition
curve have been examined. In this calculation we have analyzed the spin config-
urations of the system starting from ordered HS state and finishing with the spin
configuration at equilibrium temperature Teq of cooling regime which corresponds
to nHS = 0.5. Such range has been chosen because it gives principal variants of
spin configurations. This part of cooling branch of temperature transition curve
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Fig. 27.4 The spin configurations of the lattice at indicated values of high-spin fraction nHS for
two values of surface coupling J s = J b (a) and J s = 0.5J b (b). The red circles indicate the
molecules with HS configuration, whereas the blue ones correspond to LS configuration

represents decay of HS phase states. In our simulations we assumed that physical
picture is symmetrical for LS and HS states; however in more rigorous approach,
some asymmetry could be observed. Several spin configurations for the first half of
cooling branch are displayed in Fig. 27.4 for J s = J b (Fig. 27.4a) and J s = 0.5J b

(Fig. 27.4b). As in previous figures, this analysis is provided for lattice side L = 12
which gives 1000 bulk sites and 728 surface sites, respectively.

As we can see from the figure, the transformation from one state to another (here
from HS to LS state) is initiated on the surface and is propagating inside the lattice.
The similar propagation effect is observed in 2D mechanoelastic models where the
spin transition starts at the corners and is propagating inside the lattice [5, 19] in
contrast to classic Ising models in which clusters start from anywhere inside the
lattice. In order to have a better understanding how switching occurs, for each spin
configuration in Fig. 27.4 we have quantitatively analyzed the number of molecules
on the surface and inside the lattice that remain in HS state and are contributed to
the total magnetization of the system. It is worth to remind that for the chosen Fe(II)
SCO systems, the HS molecule is characterized by the total spin number S = 2,

iranchembook.ir/edu



27 Cooperative Phenomena in Spin-Crossover Molecular Crystals 435

whereas the LS configuration is not magnetic (S = 0). Therefore, such analysis
also sheds light on the system’s magnetization and its variation during transition.
For the temperature at which the molecules inside the lattice are almost completely
switched, the switching of molecules on the surface is incomplete which is related
to smaller surface coupling and is the main reason of residual magnetization. The
spin configurations for nHS = 0.99 and nHS = 0.98 in Fig. 27.4a, b, respectively,
are obtained at relatively high temperature T = 240 which ideally should provide
the ordered HS configuration over entire lattice. However, only 1713 molecules for
J s = J b and 1697 molecules for J s = 0.5J b from total number of 1728 sites are
in HS state. Since the HS molecules are characterized by a magnetic moment, these
numbers of HS sites contribute to the total fictitious magnetization of studied Ising-
like model m, and therefore the mentioned values of HS fraction (nHS ≈ 0.99 and
nHS ≈ 0.98) are obtained according to the relations m = 2nHS − 1. For this certain
case, the number of HS molecules inside the lattice is 993 for J s = J b and 998
for J s = 0.5J b; therefore one can conclude that the main difference between the
magnetization of analyzed configurations is provided by molecules from the surface.

The smaller surface coupling also provides different starting points for the
switching (here from HS to LS state). From displayed spin configurations, one
can see that for nHS ≈ 0.95 at which the switching for the spin-crossover lattice
with J s = 0.5J b is just starting (see Fig. 27.4b at nHS ≈ 0.95), the switching
for the lattice with J s = J b has already begun and is propagating inside (see
Fig. 27.4a at the same value of nHS). The corresponding numbers of HS molecules
from the surface and inside the lattice which provide the value of HS fraction
nHS = 0.95 in Fig. 27.4 are 670 and 985 for Fig. 27.4a vs 650 and 997, respectively,
for Fig. 27.4b. For J s = 0.5J b the number of HS molecules inside the lattice for
two consequent spin configuration (at nHS ≈ 0.99 and nHS ≈ 0.95 in Fig. 27.4a)
is almost unchanged, whereas the bulk HS sites for J s = 0.5J b and the same
spin configuration (at nHS ≈ 0.98 and nHS ≈ 0.95 in Fig. 27.4b) are changed
more pronounced. The next spin configurations in Fig. 27.4a, b are obtained for
the same values of HS fractions; therefore in order to understand what molecules
contribute to the HS states, we just enumerate the pair of molecules on the surface
and inside the lattice in the form (number of surface sites; number of bulk sites)
for both surface coupling indicated in the caption of Fig. 27.4. For J s = J b the
numbers of HS molecules on the surface and inside the lattice are (615; 905),
(530; 762), (463; 613), and (365; 497) for spin configurations at nHS ≈ 0.875,
nHS ≈ 0.75, nHS ≈ 0.62, and nHS ≈ 0.5 in Fig. 27.4a, respectively. For
J s = 0.5J b the numbers of HS molecules on the surface and inside the lattice
are (532; 979), (464; 837), (404; 679), and (342; 523) for spin configurations at the
same values of HS fraction in Fig. 27.4b. For smaller intermolecular interaction, the
magnetization which corresponds to HS fractions nHS is determined mostly by the
molecules inside the lattice (the number of HS molecules in this case is greater for
all-spin configurations), whereas for the homogeneous intermolecular interaction
over entire lattice (like in Fig. 27.4a), there are no prevailed contributions into total
magnetization from molecules on the surface and inside the lattice.
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Additional important information about the evolution of magnetization can be
extracted from the analysis of the Monte Carlo trajectories. From entire range
of temperature for which the transition curves have been calculated, we have
checked the evolution of the system magnetization at three most relevant values
of temperatures: the magnetization dynamics at transition temperature and at
temperatures where the system magnetization becomes saturated which correspond
to HS and LS ordered states. In Fig. 27.5 are shown the trajectories that describe the
evolution of magnetization at indicated values of temperatures on cooling branch
of transition curve separately for bulk and surface sites. Notice that the surface
sites form the surface magnetization of spin-crossover nanocrystal. We analyzed
only the cooling branch of transition curve since due to the symmetry reason, the
dynamics for cooling and heating physically is similar with only difference that
it occurs in opposite direction so the opposite physical processes can be observed
(e.g., instead of relaxation, one can see the excitation and so on). As it is observed
from the comparison of Fig. 27.5a, b which are calculated for bulk and surface
sites only with J s = J b, the relaxation of HS fractions on the surface takes place
with lower rate than the one for the HS molecules inside the crystal. It can serve
additional argument about smaller degree of cooperativity of surface sites. As it is
shown in Fig. 27.3b, the decrease of coupling of surface molecules shifts the surface
magnetization into non-hysteretic region with the gradual transition between the
states. The MC trajectories that correspond to that cases do not show the relaxation
dynamics but evolves around the value of magnetization which corresponds to
certain temperature (see Fig. 27.5c, d). However the smaller values of coupling
of surface molecules decrease the saturated magnetization of the surface which is
clearly seen from Fig. 27.5d where additionally the mean values of magnetization
of HS and LS states obtained at the same temperature for J s = 0.5J b (green dashed
lines) and J s = 0.25J b (yellow dashed lines) are indicated, respectively.

In more rigorous approach, we should consider the contact of the system with
environment. Usually this is made by the accounting of the random disordering
of effective field on system’s surface [18, 20, 21] (see also Sect. 27.2). In order
to analyze the system’s behavior for fluctuating effective ligand field, we have
followed its description given by Eq. (27.2) with condition (27.4). We have confined
to the description with fluctuating ligand field only for molecules on the surface,
since these molecules directly interact with environment including the control field
which here is temperature. For the next molecules inside the lattice, we assumed
that fluctuations caused by the external environment are completely vanished.
The comparison of temperature transition curves for fluctuationless lattice and the
system with fluctuations with different strengths is given in Fig. 27.6.

Due to fluctuating behavior manifested only in the case of surface coupling,
we have analyzed separately the temperature transition curves of molecules on the
surface from Fig. 27.3b for several fixed values of fluctuation strength. The increase
of the random field on the surface enlarges the hysteresis of 3D spin-crossover
lattice, despite the fact that only surface molecules fluctuate. It is important to notice
that the thermal hysteresis loop progressively increases similar to the results of the
work of [12], but the equilibrium temperature does not undergo a shift. It shows
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Fig. 27.5 The evolution of magnetization in ordered HS and LS states and at transition temper-
ature for surface and bulk sites. The trajectories are obtained for cooling branch of temperature
transition curve which corresponds to the bulk sites only (a) and surface sites only with J b = J s

(b), J b = 0.5J s (c), and J b = 0.25J s (d). Other parameters are the same like for Fig. 27.3b

both similarities and differences in these two approaches. On the other hand, this
behavior contrasts with the classical behavior of the thermal hysteresis with particle
size, where indeed it monotonously vanishes at small sizes. In Fig. 27.6a is analyzed
the entire 3D spin-crossover lattice without fluctuations (black [squared] curve) and
for the following fixed values of fluctuation strength: ε = 100 (red [circled] curves),
ε = 200 (blue [triangled up] curve), and ε = 300 (magenta [triangled down] curve).
For the same fluctuation strength, the behavior of surface magnetization for intersite
coupling J s = J b, J s = 0.5J b, and J s = 0.25J b is displayed in Fig. 27.6b–
d, respectively. As we can see from the figure, the presence of fluctuations is able
to shift the surface magnetization from non-hysteretic phase to hysteretic one and
to contribute to reach the saturated magnetization which corresponds to completed
transition to HS and LS states. As a consequence, the hysteresis loop area as the
main characteristic of first-order phase transition increases. In other words, despite
that the fluctuations are present only in surface molecules, they anyway tend to
shift the system toward first-order phase transition with complete interconversion of
system’s sites.

Similar to the detailed analysis of magnetization dynamics of lattice sites for the
fluctuationless system displayed in Fig. 27.4, we provided the spin configurations
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(a) (b)

(c) (d)

Fig. 27.6 The behavior of temperature-induced hysteresis for fluctuationless spin-crossover sys-
tem and system with fluctuations for entire lattice with J s = 0.5J b (a) and for surface molecules
only with surface coupling J s = J b (b), J s = 0.5J b (c), and J s = 0.25J b (d). For all cases the
black [squared] curve is for fluctuationless system, and the red [circled] curve, the blue [triangled
up] curve, and the magenta [triangled down] curve are for the values of fluctuation strengths
ε = 100, ε = 200, and ε = 300, respectively. The interaction of molecules inside the lattice
is fixed at the value J b = 85

for the case with nonzero fluctuations of ligand field for surface sites at three points
on the first half of cooling branch of temperature transition curve for J s = 0.5J b

shown in Fig. 27.6a. The spin configurations for the values of HS fractions which
correspond to the chosen points are shown in Fig. 27.7. In comparison to the
fluctuationless case, now there is no evident border dividing the regions with HS and
LS molecules, and switching between HS and LS states takes place randomly over
all lattice. However by comparing Figs. 27.7 and 27.4, it is observed that the total
spin of the molecules from the surface is not strongly ordered but rather randomly
oriented which one can suppose that for the system with fluctuations, the residual
magnetization is also contributed by the molecules from the surface. The value of
residual magnetization in this case is bigger in comparison to the fluctuationless
system not only due to the weaker bounding of molecules on the surface but also
due to the disorder induced by the fluctuations of the external filed.
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Fig. 27.7 The spin configurations of the lattice at indicated values of high-spin fraction nHS for
the value of surface coupling J s = 0.5J b and fluctuation strength ε = 100. The red and blue
circles indicate the molecules in HS and LS states, respectively

As was mentioned, for our analysis, we have considered the system with fixed
size; however the role of fluctuations in magnetization behavior for open finite
system is highly impacted by its size. For the system far from thermodynamic limit
which takes place for small number of its sites (e.g., for N < 40 as is shown
in [20]), the variation of ratio between system size and fluctuation strength may
scale the system’s properties in the nonlinear manner, which sometimes are very
different from the fluctuationless case. The analysis of magnetization behavior of
small finite-sized Ising-like system of general form on noise strength is partially
shown in the work of [22], where the noise strength is contributed by decreasing
of system size. In mentioned work it was shown that the presence of fluctuations
in the system can be a reason for residual magnetization, which is in agreement
with the results obtained in current work. The detailed explanation of the impact of
system’s size on the dynamics of surface magnetization in presence of fluctuations
and different couplings for the sites inside the lattice and on the surface is still under
consideration.

27.4 Conclusion

We have presented a study of thermal reversal properties of the spin-crossover solids
related to the surface-environment effects using Monte Carlo method. The modified
Ising-like model of spin-crossover solids with the ligand field as function of the
molecule positions and random component on surface was used.

The investigation shows that the decreasing of surface coupling, as a consequence
of the destruction of molecular bonds at the surface, leads to narrowing of the
temperature hysteresis and is the main reason of residual magnetization. As it is
seen from spin configurations for smaller surface coupling, the magnetization of
molecules inside the lattice is prevailed in comparison to the ones from the surface.
Apparently this effect is related to the weakening of cooperativity of surface sites in
comparison to the bulk ones.

The shapes of the loops and the loop area depend on the values of surface
intermolecular interaction as well as on the strength of ligand field fluctuations
of spin-crossover particle. The interplay between the surface random ligand field
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variation and the cooperativity explains the enhancement of the width of the thermal
hysteresis loop. The randomness of ligand field shifts the system toward hysteretic
phase and decreases the residual magnetization of the system. Surface effects are
becoming also increasingly important at reduced scales.
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Chapter 28
Copper Nucleation on Nickel from
Pyrophosphate-Based Polyligand
Electrolyte

Antonnia Maizelis and Boris Bairachniy

28.1 Introduction

The copper nucleation on foreign substrates is a subject of great technological
interest. The process of copper thin film deposition has been widely used in
electronic industry for interconnects, manufacturing of printed circuit boards,
and multilayer sandwiches of GMR read heads for hard disk. It is also used
as commercial catalysts in fuel cells and in hydrogenation process [1]. The
electrodeposition of thin metal films is a viable alternative to vacuum-based
deposition processes, such as sputtering, plasma deposition, or chemical vapor
deposition [2]. The major advantages offered by the electrodeposition among several
deposition techniques are their simplicity, compatibility of the processing at room
temperature, and controllability of the thin film properties [3]. One-dimensional
(1D) nanostructured metallic materials (e.g., nanowires, nanorods, nanotubes, and
nanocones) [4], nanoparticles incorporated in conducting polymer films [5] and the
ones deposited on foreign substrates [3, 6], have attracted great attention, due to
their unique properties and potential applications in microelectronic interconnec-
tion, electrocatalysts, transparent electrodes, nanoprobes, solar cells [7], etc. As a
sensing material for electrochemical detection, copper nanostructures have many
unique properties such as the enhanced mass-transport rate, high surface-to-volume
ratio, and improved signal-to-noise ratio in electroanalytical measurements [8].
Managing the process of copper nucleation and growth is important in through-
mold electrodeposition, such as that used by LIGA (lithographie, galvanoformung,
abformtechnik) microfabrication [9]. The kinetics of crystal formation and growth
is one of the determining factors in the formation of copper, copper-containing
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alloys, and multilayer coatings of high quality. Even though the deposition time for a
commercial copper electrowinning circuit is around 1 week, it is critically important
to control the nucleation, growth, and nature of the initial deposit [10, 11].

The nucleation and growth of copper nuclei were studied for different substrates:
Au [12–14], Pt [15], Ru [16], Pd [17], Ni [18, 19], W [20], Ta [21], RuTa seeded
substrate [22], Ti [23], TiN [24], stainless steel [10, 25], passivated chromium [26],
anodized thin-film aluminum [9], titanium oxide films [27], Si [28–30], immiscible
liquid-liquid interface [31], and various forms of carbons used as electrodes
including glassy carbon [2, 7], pencil graphite [32], graphene [33], boron-doped
diamond [3], and conductive polymers [34]. We chose nickel substrate because it
is important for the micro-component industry, in multilayer coating formation.
Moreover, nickel is used in industry as an underlayer before copper layer deposition.

Copper nucleation was studied in different electrolytes, both nonaqueous [19]
and aqueous electrolytes, such as sulfate [8, 10, 15, 25], chloride [35], perchlo-
rate [3, 36, 37], tetrafluoroborate [38], methanesulfonate [39], as well as complex,
EDTA [40], glycinate [18], tartrate [41], pyrophosphate [9, 42, 43], and ammo-
nia [2]. The nucleation processes in polyligand electrolytes [20, 44], which are an
active instrument to influence the coating properties [45–47], have been studied a
little.

In this chapter we analyze the process of copper nucleation and growth in
additive-free polyligand pyrophosphate-ammonia electrolyte. Pyrophosphate-
ammonia copper-containing component was used in the development of electrolyte
for copper-nickel multilayer coating formation. Such polyligand electrolyte has
high buffer capacity, good throwing power, and the ability to deposit on an
electronegative substrate and produce coatings that simultaneously possess high
mechanical and anticorrosive properties [48, 49].

28.2 Experimental

All solutions were prepared from analytical grade chemicals and distilled water
without further treatment. Pyrophosphate-ammonia polyligand electrolyte for the
copper deposition contained 0.1 mol L−1 CuSO4 · 5H2O, 0.22 mol L−1 K4P2O7,
and 0.77 mol L−1 NH3(NH+

4 ). The pH of solution was adjusted to 9.25 by H2SO4
and KOH solutions.

Electrochemical measurements were carried out in the three-electrode cell using
a potentiostat PI-50.1. The results were transferred from analogue form to digital
by means of the two-channel voltmeter and TeleMax program for PC (100 signals
per second). Cyclic voltammograms (CVA) were obtained at a potential scan rate of
50 mV s−1. The working electrodes were made of nickel. Before each measurement,
the electrode surface was updated by the treatment with carbide-silicone paper
(500, 1000, 2000, and 3000 grit, sequentially), cleaned by sonication in distilled
water and cathodically polarized to obtain reproducible results in the range of the
potentials corresponding to the surface oxide reduction process. The Pt electrode
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was used as counter electrode. Saturated Ag/AgCl reference electrode was used in
the measurements, and all the potentials are given in the reference to this electrode.

28.3 Experimental Results and Discussion

28.3.1 Cyclic Voltammetry Study

Cyclic voltammetry study was performed in the potential range from −0.2 to
−1.5 V on Ni electrode from week alkaline electrolyte, containing ammonia and
pyrophosphate ions as ligands. The potential scan was initiated in the negative
direction from the open circuit potential (EOCP ) to different switching potentials
Eλ. In forward scanning copper deposition on nickel begins at a potential of −0.55 V
(Fig. 28.1a). At a potential of −0.7 V, the cathode process speed begins to be
substantially limited by the lack of discharging copper ions in the near-electrode
layer. The current rise at the cathode branch at a potential of −1 V is due to
beginning of simultaneous hydrogen evolution and copper deposition. The copper
ion reduction in the process of backward scanning occurs at a slower rate. However,
on the layer of deposited copper, they continue reduction at potentials greater than
−0.55 V too. Two crossovers (ECO and EN ) are observed on CVA, a feature that
is characteristic of a new phase formation. The crossover EN at the potential of
−0,65 V is just a crossover potential at which nucleation and growth take place with
a measurable rate [43]. The crossover ECO at the potential of −0,3 V is associated
with potential of reversible metal/ion reaction, if it does not change position with
shifting the scan border [50]. As it is shown in Fig. 28.1a, the value of ECO and EN

is independent of the Eλ value. It is possible to estimate the nucleation overvoltage
out of the difference between the EN and ECO potentials [18, 19], which is 0.35 V
in this case. At the anodic branch of the CVA, the deposited copper layer dissolves;
therefore, in the second cycle, the cathode branch is reproduced. Shifting the cathode
border of the potential scan to the negative side up to −1.2 V leads to the change in
the ratio of the anode peak height. This may be due to a change in the structure of
the copper layer deposited at different potential values. When the scan direction was
reversed in the switching potential Eλ = −1.5 V (Fig. 28.1b), the copper deposit
accumulates on nickel electrode during the first cycle. It does not have time to
dissolve during the anode part of the cycle. Therefore the copper deposition on the
second cycle starts on the surface of oxidized deposit at a larger potential. In the
case of obtaining CVA only in the cathode region (Fig. 28.1c), the deposition in the
second cycle also starts not on nickel but on the surface of copper deposit from the
ECO potential.
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Fig. 28.1 CVA on nickel substrate in pyrophosphate-ammonia electrolyte: 1, first cycle; 2, second
cycle

28.3.2 Chronoamperometry Study

The nucleation kinetics and growth of copper onto Ni electrode were studied with
the chronoamperometry technique. This technique gives an idea of the possible
mechanism of nucleation and growth by interpreting “current transients,” the
dependence of current density on time when the potential step from a stationary
value to a given value, in different coordinates.

Figure 28.2 shows a set of potentiostatic current transients recorded during the
electrochemical deposition of copper in the wide potential range that corresponds
to both deposition of copper from −0.5 to −0.75 V and formation of alloys with
electronegative metals, e.g., nickel and zinc (cathodic potential large than −0.75 V).
The potentiostatic transients, except the one obtained at −0.5 V, have maximum
whose intensity (jmax) increases with the potential step, whereas the corresponding
maximum time (tmax) decreases. The formation of copper nuclei begins at potential
of −0.6 V. The current transient obtained at −0.6 V has two maxima, which suggests
electrocrystallization by two mechanisms. The maximum, which is associated with
crystal nucleation and growth processes, is followed by a decaying in the cathodic
current, converging to the limiting current. The shape of transients is similar to that
observed for nucleation with diffusion controlled growth. The transient obtained at
−1.2 V has higher value of the limiting current too, since it also contains a fraction
of the current for simultaneous hydrogen evolution.

Diffusion-limited current obeys Cottrell equation:

j (t) = nFD1/2c0

π1/2t1/2 , (28.1)

where n is ion charge; F is Faraday constant, As mol−1; c0 is bulk concentration of
discharging ions, mol cm−3; and t is time, s.
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Fig. 28.2 Current transients
obtained at potentials from
−0.5 to −1.2 V

Fig. 28.3 Cottrell plots
corresponding data from
related chronoamperograms
of Fig. 28.2

Fig. 28.4 Dependencies of
copper ion diffusion
coefficient on copper
deposition potential: 1, using
Eq. (28.4) for 3DI nucleation
model; 2, using Eq. (28.4) for
2DI+3DI nucleation model;
3, using Eq. (28.1)

Current transients obtained at potentials from −0.6 to −1.1 V are linearized in
j−t−0.5 coordinates (Fig. 28.3). This indicates that nucleation process is limited by
diffusion. The diffusion coefficients of discharging ions for each electrode potential
calculated out of the slope of the dependencies in the Cottrell coordinates are shown
in Fig. 28.4, curve 3).
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Analysis of the transients was performed by comparing the experimental tran-
sients to the dimensionless theoretical curves for instantaneous and progressive
3D nucleation and growth with diffusion control proposed by B. Scharifker and
G. Hills [51], in order to determine the nucleation mechanism. The models for
instantaneous and progressive nucleation are given by Eqs. (28.2) and (28.3),
respectively [50]:

j2

j2
max

= 1.9542

t/tmax
{1 − exp[−1, 2564(t/max)]}2, (28.2)

j2

j2
max

= 1.2254

t/tmax
{1 − exp[−2, 3367(tmax)

2]}2, (28.3)

where j and jmax are the current density at current time and maximum current
density on the current transients, mA/cm2, and t and tmax are the current time and
the time corresponding to the current maximum, s. The current transients from
Fig. 28.2 were plotted along with the theoretical current transients to identify the
3D nucleation mode (Fig. 28.5).

Diffusion coefficients [51] were calculated out of Eq. (28.4)

D = j2
maxtmax

0.1629(zFc0)2
, (28.4)

and are presented in Fig. 28.4, curve 1.
Comparison between the curves obtained, for example, under potential of −0.6,

−0.8, and −1.0 V and the Scharifker and Hills theoretical transients is valid only for
the curve obtained under −0.6 V after the maximum value. This transient partially
corresponds to the mechanism of instantaneous nucleation of 3D crystals.

The initial section of the current transient obtained at −0.6 V has a sharp peak,
i.e., the process quickly (in less than 0.2 s) begins, reaches its maximum, and decays.
Such a shape of the curve allows one to assume the 2D nucleation and growth. First,

Fig. 28.5 Nondimensional
current transients in
comparison with Scharifker’s
Eqs. (28.2) and (28.3)
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the current rises sharply due to the rapid increase in the area of nuclei, which grow
only parallel to the substrate. Then the current drastically decreases and becomes
zero when the entire electrode surface is covered by a monolayer of deposited
metal. For nucleation and growth of 2D crystals, the dependencies j/jmax on t/tmax
(dimensionless coordinates) are proposed:

instantaneous

j

jmax
= (

t

tmax
)exp[−1

2
(
t2 − tmax

t2
max

)], (28.5)

and progressive

j

jmax
= (

t

tmax
)2exp[−2

3
(
t3 − t3

max

t3
max

)] (28.6)

mechanism as cited in [52].
The current transients for copper deposition from pyrophosphate-ammonia

electrolyte in dimensionless coordinates for 2D nucleation are shown in Fig. 28.6.
The initial sections correspond quite accurately to the theoretically predicted
dependencies for mechanism of instantaneous 2D nucleation.

The deviation of the experimental dependencies from the theoretical ones with
nucleation time increase is obviously connected with overlap of the process of
3D crystal formation and an increase in the working surface of electrode. That is,
the theoretical models for 2D and 3D nucleation separately are not applicable to
these curves as the experimental transients reflect the behavior of parallel processes.
Therefore, the mechanism of copper nucleation and growth on nickel substrate from
pyrophosphate-ammonia electrolyte is not of Volmer-Weber mechanism, formation
of three-dimensional (3D) and Frank-van der Merwe mechanism, and formation
of epitaxial two-dimensional (2D) layers. It is a Stranski-Krastanov mechanism,
according to which the formation of one or several 2D layers and further nucleation
and growth of 3D crystallites occur [53].

Fig. 28.6 Comparison of
theoretical dependencies
according to Eqs. (28.4)
and (28.5) and experimental
data from Fig. 28.2 in
dimensionless coordinates for
2D nucleation
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28.3.3 Modeling the Current Transients

Theoretical transients and the experimental data were compared using a nonlinear
fitting approach, and the contribution of the different processes involved was
determined. The best fit for all the transients studied was obtained on using
Eq. (28.7):

j = j2DI + j3DI , (28.7)

This equation includes the j2DI summand describing the instantaneous nucle-
ation and 2D growth (the rate-determining step is incorporation of atoms or
molecules at the expanding periphery of the centers [37], as predicted from the BFT
theory [54]):

j2DI = k2D1 t exp(−k2D2 t
2), (28.8)

and the j3DI summand describing the instantaneous 3D nucleation with diffusion
control [51]:

j3DI = k3D1 t
−1/2[1 − exp(−k3D2 t), (28.9)

where k2D1 , k2D2 , k3D1 , and k3D2 are the coefficients obtained out of the fitting.
Fitted current transients obtained from Eqs. (28.7), (28.8), and (28.9) with

contributions of different processes are represented in Fig. 28.7:
For 2DI process the fitting parameters [55]

k2D1 = 2πzFMh2Dk2
diskN0

ρ
, (28.10)

k2D2 = −πM2k2
diskN0

ρ
(28.11)

where F is Faraday constant, A s mol−1; M is the atomic mass of the deposited
metal (copper), g mol−1; h2D is the height of the deposited layer (disk), cm; kdisk is
the constant of horizontal growth, mol cm−2 s−1; N0 is the number of the active site
density, cm−2; and ρ is metal density, g cm−3. The obtained parameters k2D1 and
k2D2 are presented in Table 28.1.

The calculated values of the charge spent for the copper layer deposition Q2D

and kinetic parameter k2
diskN0 using fitting parameters k2D1 and k2D2 are presented

in Table 28.1. The height h2D of nuclei in the form of disk is shown in Fig. 28.8.
The average height of 2D crystals is greater than the copper monolayer height in
the entire potential range. That is, the surface of the nickel electrode is completely
covered by 2D layer of copper nuclei.
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Fig. 28.7 Numerical fit line calculated according to Eqs. (28.7), (28.8), and (28.9) of the
experimental current transients (dots) recorded at −0.6 V (a), −0.7 V (b), −0.8 V (c), −0.9 V (d),
−1.0 V (e), and −1.1 V (f)

Table 28.1 Parameters of
2DI copper nucleation and
growth

k2D1 k2D2 Q2D k2
diskN0

E, V mAcm−2s−1 s−2 mC cm−2 mol2cm−6s−2

−0.6 172 77.21 1.11 0.485

−0.7 24.3 4.81 2.51 0.030

−0.8 205.2 17.48 5.87 0.110

−0.9 487.4 25.38 9.60 0.159

−1 606 31.14 9.73 0.196

−1.1 521 39.88 6.53 0.251
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For 3DI process the fitting parameters [56]

k3d1 = zFD1/2c

π1/2 , (28.12)

k3d2 = N0π(
8πcM

ρ
)1/2 (28.13)

are presented in Table 28.2.
Values of the diffusion coefficients calculated using the fitting parameters

according to Eq. (28.4) are shown in Fig. 28.4, curve 2. These values of the diffusion
coefficients are close to those obtained using the slopes of the current transients in
Cottrell coordinates (curve 3). Besides that, these values are between the known
ones for ammonia [2, 57, 58] and pyrophosphate [9, 42, 43] electrolytes (taking
into account the difference in the copper ion concentrations and pH of these
electrolytes).

The semilogarithmic dependence of nuclei number on deposition potential is
shown in Fig. 28.9. Increase in the polarization up to deposition potential of −0.8 V
leads to the sharp increase in nuclei number. Since the height of 2D copper nuclei
layer increases at the same time (Fig. 28.8), the continuous copper films form at the

Table 28.2 The fitting
parameters of 3DI copper
nucleation and growth

E, V k3D1 , mAcm−2s1/2 k3D2 , s−1

−0.6 15.9 2.14

−0.7 18.9 3.18

−0.8 20.6 5.66

−0.9 20.3 5.75

−1.0 21.5 6.87

−1.1 24.2 7.60

Fig. 28.8 Copper layer
height dependence on
deposition potential
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Fig. 28.9 Dependence of
density of copper nuclei sites
on the deposition potential

minimum thickness. The nuclei number decreases at potential of −1.1 V, and the
deposit growth at the limiting current is due to increase in the copper crystal size,
which is accompanied by loosening of the surface.

28.4 Conclusions

The Stranski-Krastanov mechanism of copper nucleation and growth on nickel
substrate from pyrophosphate-ammonia electrolyte is realized. In the potential range
from −0.6 to −1.1 V, the two-dimensional copper nuclei are instantaneously formed
simultaneously with the instantaneous nucleation of the three-dimensional nuclei on
the surface of the nickel electrode when the current is switched on. The parameters
of formation and growth nuclei determined from the mathematical model indicate
a change in the conditions of copper film formation with the change in electrode
potential. When the cathode potential is increased above −0.8 V, the height of the 2D
layer of copper nuclei and the number of simultaneously formed 3D nuclei increase
substantially, which leads to the formation of continuous copper films of minimal
thickness. This is especially important in the process of formation of multilayer
coating containing not only copper layers but also layers of copper alloys with more
electronegative metals.
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Chapter 29
Structural Study of the Modified
Cu0.4Co0.4Ni0.4Mn1.8O4
and Cu0.1Ni0.8Co0.2Mn1.9O4 Ceramics
Using Combined Methods

H. Klym, I. Hadzaman, A. Ingram, O. Shpotyuk, I. Karbovnyk, Yu. Kostiv,
I. Vasylchyshyn, and D. Chalyy

29.1 Introduction

Temperature-sensitive spinel ceramics based on transition metal manganites with
topologically disordered structures is one of the perspective materials for tempera-
ture sensors and other practical applications [1–3]. The main structural elements in
these materials are grain, grain boundaries, and pores depending on technological
procedure of ceramic sintering [4, 5]. Understanding of correlation between grain-
porous and free-void structures as well as physical properties of such materials
is still in focus of scientific and commercial interests for scientists across the
globe [6, 7].

In ceramics, depending on the sintering temperature, shrinkage of the atomic
structure occurs, eventually leading to more or less complex pore topology [8–10].
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These pores along with specific vacancy-type defects within individual crystalline
grains and grain boundaries represent free-volume structure of ceramics. In addi-
tion, previous investigations have shown that in temperature-sensitive spinel-type
ceramics, the quantity of the additional phase and its distribution in bulk and on the
surface of ceramic samples are essentially influenced by temperature-time sintering
regimes [5, 11].

But technological modification of spinel ceramics results in stabilization of
functional properties of ceramics. So, in Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics, metallic
additives located in intergranular regions closely to grain boundaries diminish
thermally activated aging phenomena owing by stabilizing the cationic distribution
within individual ceramic grains. As a result, the chemically modified ceramics
show higher stability in comparison with non-modified ones [4, 12].

Because of significant complications in the structure of spinel-type ceramics
revealed at the levels of individual grains, grain boundaries, and pores [13], the
further progress in this field is dependent to a great extent on the development of new
characterization techniques, which can be used in addition to traditional ones (scan-
ning/tunneling electron microscopy, porosimetry methods, etc.). This concerns, in
part, the positron annihilation lifetime (PAL) spectroscopy, the alternative method
only recently applied to fine-grained powders, nanostructured glasses, and ceramics
[14, 15]. In general, the PAL reflects a so-called free-volume distribution within
structural network of solids.

It was shown previously [16–18] that in the case of ceramics, PAL data are
determined mainly by crystallographic features of individual grains, while structural
disturbances due to grain contacts inside ceramics were a subject for additional
complications. This is why the measured positron lifetime spectra for sintered
ceramics can be adequately explained within a unified positron annihilation model
involving discrete positron trapping and ortho-positronium (o-Ps) decay modes,
the best fitting being achieved using at least three independent components in the
resolved lifetime spectra (two for positron trapping and one for o-Ps decaying)
[11, 16–19]. In terms of this model, the second positron trapping component with
lifetime τ 2 is attributed to free-volume defects such as neutral or negatively charged
vacancies especially near grain boundaries. The shortest component named the
reduced bulk positron lifetime τ 1 is mainly due to annihilation in defect-free bulk
with small mixing from other positron trapping channels. The largest component
at the level of a few nanoseconds is responsible for a so-called o-Ps “pick-off”
annihilation [18, 20].

The main aim of this work is structural study of the technologically modified
Cu0.4Co0.4Ni0.4Mn1.8O4 and Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics using alternative
PAL technique in comparison with scanning electron microscopy (SEM) and
porosimetry methods [8, 21].
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29.2 Preparation of Modified Ceramics

Macro- and micro-modified Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics was obtained via
traditional ceramic technology as was described in greater details elsewhere [4, 12,
16, 20, 22]. Equal molar amounts of initial powders were mixed in a planetary ball
mill for 96 h in an environment with acetone to obtain mixture. The aqueous solution
of polyvinyl alcohol was used for obtaining of the molding powder. Bilateral com-
pression was performed in steel molds. After pressing these samples were sintered
in a furnace at maximal temperature (Ts) 1100 Ñ´ for 2 h. To validate PAL investiga-
tions performed, we divided the Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics into two groups
presumably not affecting lifetime spectra – the Cu0.4Co0.4Ni0.4Mn1.8O4-micro- and
Cu0.4Co0.4Ni0.4Mn1.8O4-macro-modified ceramics prepared by preliminary sifting
of powder through fine (with 0.1 mm pores) and more rough sieve (0.5 mm pores). In
both cases, the sizes of intrinsic pores are too large to change significantly positron
annihilation spectra [20].

To preparation of Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics, the precise amounts of high
purity and previously tested carbonate salts were weighted and wet mixed. This
mixture was thermally decomposed in the air at 700 ± 5◦C for 4 h [12, 16]. Then
the obtained powders were milled, blended with organic binder, and pressed into
the disks of approximately 10 mm in diameter and 1 mm in thickness. The prepared
four batches of blanks were sintered in the air in respect to the time-temperature
regimes (see Fig. 29.1).

It should be noted the sintering route of ceramics was performed to ensure
all necessary conditions for inhibition effect in degradation [23], the content of
additional NiO phase with NaCl-type structure having decisive role in the final
ceramic structure. In fact, we deal with Ni-deficient ceramics in respect to stoichio-
metric Cu0.1Ni0.8Co0.2Mn1.9O4 composition taken as start one in disproportionality
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Fig. 29.1 Time-temperature sintering regime for Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics [16]
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calculations. Four batches of Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics with 1–12% of NiO
phase were prepared owing to different amounts of thermal energy transferred
during the sintering (batch No. 1–1% NiO, batch No. 2–8% NiO, batch No. 3–10%
NiO, batch No. 4–12% NiO). The latter was numerically determined as square value
restricted by temperature-time curve above straight line corresponding to 920 ◦C,
which is the temperature of monophase Cu0.1Ni0.8Co0.2Mn1.9O4 ceramic formation
[16, 23].

29.3 Experimental Details

Structures of grains, grain boundaries, and pores for micro- and macro-modified
Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics were studied using LEO 982 microscope [20,
24]. Pore size distribution in the region from 2 to 300 nm was investigated with
Hg-porosimetry (POROSIMETR 4000) [11, 20, 21].

Microstructure of the Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics was probed using elec-
tron microscope JSM-6700F, cross sections morphology of the samples being tested
near surface (0–70 μm depth) and chip centers.

PAL measurements for all samples of ceramics were performed using ORTEC
spectrometer at temperature of 20 ◦C and relative humidity of ∼35% [11, 16–18,
25]. The isotope 22Na was used as positron source. The two identical samples of
ceramics were placed in the both sides of the source. The PAL spectra were treated
by LT computer program [26]. For each pair of ceramic samples, we used three
measured positron annihilation spectra. The best results were obtained at three-
component fitting procedure with parameters of each components (τ 1, I1), (τ 2, I2),
and (τ 3, I3) for micro- and macro-modified Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics and
two-component component fitting procedure with parameters (τ 1, I1), (τ 2, I2). Such
parameters as average positron lifetimes τ av, positron lifetime in defect-free bulk
τ b, and positron trapping rate in defects κd were calculated using two-state positron
trapping model [26, 27]. The difference (τ 2 − τ b) can be accepted as a size measure
of extended defects where positrons are trapped, and the τ 2/τ b ratio represents the
nature of these defects [28].

29.4 Results and Discussion

29.4.1 Micro- and Macro-modified Cu0.4Co0.4Ni0.4Mn1.8O4
Ceramics

According to our X-ray diffraction investigations, the micro- and macro-modified
Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics are preferentially of single spinel phase with
lattice parameter of a = 8.365 Å [4, 20]. The XRD patterns for the micro- and
macro-modified Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics are shown in Figs. 29.2 and 29.3.
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Fig. 29.2 Experimental (rings), theoretical (line), and difference XRD pattern (down) for micro-
(a) and macro-modified (b) Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics (row of reflexes is the basic spinel
phase)

In respect to SEM investigations, the Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics con-
tained large grains (∼10 mm) as well as relatively sharp grain boundaries. So-called
“closed” pores have a spherical form and are located mainly near grain boundaries.
As it is obvious from electron micrographs (Fig. 29.4), micro- and micro-modified
Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics differ only by pores [20]. The neatly shaping
grains with comparatively tiny pores (∼1 mm) are characteristic for micro-modified
Cu0.4Co0.4Ni0.4Mn1.8O4 samples, while macro-modified Cu0.4Co0.4Ni0.4Mn1.8O4
ceramics contain similar crystalline grains with larger pores (reaching in size up to
∼10 mm).
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Fig. 29.3 Comparison of experimental XRD patterns for crystalline phase of micro- (a) and
macro-modified (b) Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics

Fig. 29.4 Scanning electron micrographs for micro- (a) and macro-modified (b)
Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics

Open pore size distributions for micro- and macro-modified Cu0.4Co0.4Ni0.4
Mn1.8O4 ceramics are shown in Fig. 29.5. Such distributions cover significant
amount of charge-transferring nanopores depending on sintering procedure and
small amount of communication mesopores [11, 20]. In contrast to humidity-
sensitive MgAl2O4 ceramics, temperature-sensitive Cu0.4Co0.4Ni0.4Mn1.8O4
ceramics practically do not possess outside-delivering macropores depending
on specific surface area of initial powder [5]. Thus, Cu0.4Co0.4Ni0.4Mn1.8O4
ceramics prepared at 1100 ◦C exhibit so-called one-modal pore size distribution
with maximum position near 2 nm and double-maximum near 2.3 and 5.5 nm for
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Fig. 29.5 Pore size distributions of micro- (a) and macro-modified (b) Cu0.4Co0.4Ni0.4Mn1.8O4
ceramics

micro- and macro-modified Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics, respectively (Fig.
29.5).

Let’s try to discuss the results (Table 29.1) obtained within positron trapping
model by accepting that structural peculiarities of spinel ceramics are associated
mainly in the first PAL component (τ 1, I1). The second component (τ 2, I2)
corresponds directly to free-volume positron traps (voids in the form of vacancy-
like clusters, agglomerates, etc.) located near grain boundaries [11, 16, 20]. It means
that input of the first component in the PAL spectra will be, in part, a determinant
of the average electron density distribution reflected structural compactness of
the testes network. The τ 2 lifetime is associated with the size of voids and the
intensity I2 is proportional to the amount of voids in the case of the same defect-
free bulk annihilation lifetime [16, 20]. The third component (τ 3, I3) corresponds
to o-Ps annihilation in nanopores. In spite of small value of I3 intensity (2%),
this component cannot be removed without losses in the quality of the fitting
procedure. The similar component was detected in many porous materials with
different structural type [16, 29]. In addition, the third component can be related
with o-Ps “pick-off” annihilation in water absorbed by materials [29]. We don’t
exclude the meaning of other positron annihilation channels in this PAL component
too, such as para-positronium (p-Ps) decaying with character lifetime of 0.125 ns
[14]. But their influence is negligibly small, if the above requirement on close
positron affinity will be more or less kept within a whole positron trapping
medium [30].

As it was shown in Tables 29.1 and 29.2, micro- and macro-modification of
Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics during preparation does not influence their fitting
parameters. As a result, such positron trapping modes as positron lifetime in defect-
free bulk τ b, average positron lifetime τ av., positron trapping rate of defect κd, size
of extended defects, where positrons are trapped (τ 2 − τ b), and ratio represents
the nature of these defects (τ 2/τ b) [14, 21] remain unchanged. Obviously, pores
of large examination by SEM and Hg-porosimetry do not modify significantly
the measured positron lifetime spectra, testifying in a favor of correctness of the
performed measuring and fitting procedures.
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Table 29.1 Fitting parameters of LT computer program describing positron annihilation in the
micro- and macro-modified Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics

Fitting parameters Component input
Sample τ 1, ns I1, a.u. τ 2, ns I2, a.u. τ 3, ns I3, a.u. τ 1I1, ns τ 2I2, ns τ 3I3, ns

Cu0.4Co0.4
Ni0.4Mn1.804
(macro)

0.21 0.78 0.37 0.20 1.85 0.02 0.16 0.07 0.04

Cu0.4Co0.4
Ni0.4Mn1.804
(micro)

0.22 0.77 0.38 0.21 1.83 0.02 0.17 0.08 0.04

Table 29.2 Positron trapping modes in the micro- and macro-modified Cu0.4Co0.4Ni0.4Mn1.8O4
ceramics calculated within two-state positron trapping model and free-volume characteristics

Free-volume characteristics Positron trapping modes

Sample
Rocta,
Å

Rtetra,
Å

R (Tao-Eldrup),
nm

τ av.,
ns

τ b,
ns

κd,
ns−1

τ 2 − τ b,
ns τ 2/τ b

Cu0.4
Co0.4
Ni0.4
Mn1.804
(macro) 0.69 0.64 2.74 0.24 0.23 0.4 0.14 1.6
Cu0.4
Co0.4
Ni0.4
Mn1.804
(micro) 2.72 0.25 0.24 0.4 0.14 1.6

As was shown early in [20], the potential positron traps in functional spinel-type
ceramics are tetrahedral and octahedral cation vacancies. The average volume of
these tetrahedrons Vtetra and octants Vocta can be selected as free-volume parameters
for spinel-structured ceramics.

The radii of tetrahedral and octahedral sites in a spinel structure can be calculated
using lattice parameter a [20]:

Rtetra = √
3

(
u − 1

4

)
a − R0, (29.1)

Rocta =
(

5

8
− u

)
a − R0 (29.2)

where u is oxygen parameter and R0 is oxygen atom with radius of 1.32 Å.
The oxygen parameter u in oxide spinels is near 0.385 and insignificantly

depends on cation type [4, 16]. The radius of tetrahedral vacancies in
Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics is 0.64 Å, which gives Vtetra in spherical
approximation ∼1.10 Å3. The volume of octahedral vacancies Vocta is ∼1.37Å3.
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As it was noted [20], positrons have a preference to annihilate in octahedral
vacancy sites as it follows from charge density distribution in partially
inverted spinel structures. But the calculated ratio between the first component
inputs in the PAL spectra for previously studied MgAl2O4 ceramics [20, 31]
and Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics (0.78) is closer to the ratio between
corresponding volumes of tetrahedral vacancies (0.76) rather than octahedral
ones (0.69). Consequently, in the studied Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics in
contrast to nanocrystalline ferrites [14], positron trapping in tetrahedral vacancies
predominates in the first PAL component. The positron trapping in octahedral
vacancies is character to inverse spinel structure.

It is evident that octahedral monovacancies themselves do not play a decisive
role in the second component of PAL spectra. This component is associated with
more extended agglomerates such as vacancy-like clusters and nanovoids. They
appear, as a rule, near grain boundaries, where ceramic structure is more defective.
The characteristic volumes of these clusters are larger in ceramics with a more
stretched pore structure. In seats where ceramics are composed of very small grains
with divaricated grain boundaries and tiny pores, the positrons are prepped more
effective.

Recently, PAL spectroscopy started to be used as an alternative porosimetry
technique to characterize the local free volumes first of all in both open and closed
nanopores [14, 32, 33–35]. The PAL method is particularly effective when Ps is
formed. In disordered solids, Ps is usually organized in two ground states (p-Ps and
o-Ps) and localized in the pores and free volumes [33–35]. Usually, quantification
is based on the analysis of o-Ps lifetime (the lifetimes of the third component
τ 3 in Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics correspond to o-Ps lifetime). The o-Ps
“pick-off” annihilation depends on the size of holes and gives additional important
information on the void structure of the materials [35]. Despite small I3 intensity for
Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics, it is possible to estimate the average nanopore
size from o-Ps lifetime in a given material [51]. Assuming approximately spherical
shape of the free volume, the o-Ps lifetime (τ o-Ps) in oxide materials can be related
to the average radius of pores (R) by semiempirical Tao-Eldrup equation [36, 37]:

τo−Ps =
[

2

(
1 − R

R + 	R
+ 1

2π
sin

(
2πR

R + 	R

))
+ 0.007

]−1

, (29.3)

where 	R is the empirically determined parameter (in the classical case 	R ≈
0.1656 nm), describing effective thickness of the electron layer responsible for the
“pick-off” annihilation of o-Ps in the pore [36, 37].

In functional Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics, there is one o-Ps PAL compo-
nent with small intensity (2%). Therefore, τ 3 lifetime can be related to correspond-
ing pores via Tao-Eldrup model. The τ o-Ps value of around ∼1.8 ns (τ 3 in Table
29.1) corresponds to nanopores with radius (R) distribution centered near ∼0.27 nm.
This result is addition to Hg-porosimetry measurements. In addition, it should be
noted that porosimetry methods are limited to open pores, which should have an
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access to the environment to be determined. On the other hand, PAL spectroscopy
can probe both open and closed pores in functional oxide ceramics of sizes ranging
from atomic scale to several tens of nanometers.

29.4.2 Technologically Modified Cu0.1Ni0.8Co0.2Mn1.9O4
Ceramics

In respect to the results of microstructure characterization with X-ray diffractometry
method, the lattice constant of the main spinel was slightly grown from 8.38 ÇÑ
8.41 Å without significant changes in the parameter of additional NiO phase (at the
level of 4.17–4.19 Å) despite increase in the content of this phase from 1 to 12%
[16].

To explain the above phenomena, microstructure of the prepared ceramics
was studied. As it follows from Fig. 29.6, the prepared ceramic samples differ
significantly by their grain-pore microstructure.

The samples of batch No. 1 (Fig. 29.6a) are characterized by fine 1–3 μm grains.
The numerous intergranular pores are small enough in these samples, their sizes not
exceeding 1–2 μm. White film, which can be attributed to additional NiO phase
extractions, weakly appears in these ceramics mainly near intergrain boundaries;
sometimes it partially fills of pores. The samples of batch No. 2 (Fig. 29.6a) are
characterized by larger grains with sizes near 5–7 μm, some of them achieving
10 μm. The white NiO film appears in these ceramics only in the regions of
grain boundaries. The grain structure of the samples of batch No. 3 (Fig. 29.6c)
gradually changes. The corresponding chip structure of these ceramics is more
monolithic, it being characterized only by separate pores with 1–3 μm in sizes.
White NiO film appears as bright layer of 10 μm thickness on the grain surface
of these samples. In contrast, the grain structure of the samples of batch No. 4
(Fig. 29.6d) attains fully monolithic shape. Only some individual pores of relatively
large sizes (near 3–5 μm) are observed in these ceramics, the NiO appearing as
uniform layer on the whole ceramic surface. The observed additional NiO phase
is nonuniformly distributed within ceramic bulk, being more clearly pronounced
near grain boundaries. These phase extractions serve as specific trapping centers for
positrons penetrating ceramics.

Investigation of element composition of grain for Cu0.1Ni0.8Co0.2Mn1.9O4
ceramics specifies on their stoichiometry (Fig. 29.7). However basic influence on
the structural processes in material open and closed pores formed by modification
on the stage of sintering is realized.

By accepting two-state positron trapping model [27, 28], for spinel-type ceramic
materials, the first component of spectra was connected with main spinel structure
and the second one – with extended defects located near grain boundaries in the
vicinity of additional extracted phases. The intensity I1 corresponds to the amounts
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Fig. 29.6 Microstructure of modified Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics: (a) batch No 1 (1 %
NiO), (b) batch No 2 (8 % NiO), (c) batch No 3 (10 % NiO), (d) batch No 4 (12 % NiO)
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Fig. 29.7 Elemental composition of grain for Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics
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Fig. 29.8 Defect-related component and positron trapping rate in defects as a function of amount
of NiO in the studied Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics

of the main spinel phase, while the I2 intensity to the amount of addition NiO phase
near grain boundaries.

The lifetime of the first and second components for Cu0.1Ni0.8Co0.2Mn1.9O4
ceramics is typically for spinel-structured materials and equals ∼ 0.37 and 0.20 ns,
accordingly (Table 29.3). The lower τ 1 value in the batch No. 2 (0.17 ns) well
correlated with Ni content in different crystallographic positions. Since the amount
of grain/pores in the sample of batch No. 2 was greater, the process of positron
trapping in these ceramics was more intensive (the positron trapping rate of defects
increased from 0.48 to 0.62 ns−1).

The intensity of the second component for samples of batch No. 1 is 18% (Table
29.3, Fig. 29.8), although amount of additional NiO phase in this batch is small
(1%). This additional phase is localized near grain boundaries and partly fills pores.
In samples of batch No. 2, the intensity I2 increases to 21% correspondingly to
amount of NiO phase.

In batch No. 3 ceramics, the grain-pore structure was not developed because of
occurred monolithization process accompanied by surface extraction of additional
NiO phase. The same was character for batch No. 4 ceramic samples.

iranchembook.ir/edu



29 Structural Study of the Modified Cu0.4Co0.4Ni0.4Mn1.8O4. . . 471

Ta
bl

e
29

.3
PA

L
ch

ar
ac

te
ri

st
ic

s
of

C
u 0

.4
C

o 0
.4

N
i 0

.4
M

n 1
.8

O
4

ce
ra

m
ic

m
at

he
m

at
ic

al
tr

ea
tm

en
tw

ith
in

tw
o-

co
m

po
ne

nt
fit

tin
g

pr
oc

ed
ur

e

Sa
m

pl
e

ba
tc

h
Fi

tti
ng

pa
ra

m
et

er
s

C
om

po
ne

nt
in

pu
t

Po
si

tr
on

tr
ap

pi
ng

m
od

es
τ

1
,n

s
I 1

,a
.u

.
τ

2
,n

s
I 2

,a
.u

.
τ

av
.1

,n
s

τ
av

.2
,n

s
τ

av
.,

ns
τ

b
,n

s
κ

d
,n

s−
1

τ
2

−
τ

b
,n

s
τ

2
/τ

b

N
o.

1
0.

19
0.

82
0.

38
0.

18
0.

16
0.

07
0.

23
0.

21
0.

48
0.

17
1.

8
N

o.
2

0.
17

0.
79

0.
36

0.
21

0.
14

0.
07

0.
21

0.
19

0.
62

0.
17

1.
9

N
o.

3
0.

20
0.

86
0.

37
0.

14
0.

17
0.

05
0.

22
0.

21
0.

34
0.

16
1.

7
N

o.
4

0.
21

0.
84

0.
37

0.
16

0.
18

0.
06

0.
23

0.
22

0.
33

0.
15

1.
7

iranchembook.ir/edu



472 H. Klym et al.

These transformations were in good agreement with positron trapping rate in
defects (Table 29.3, Fig. 29.8). Nevertheless, there were no significant changes in
τ av., τ b, τ 2/τ b, and (τ 2 − τ b). In all cases, the same type of positron trapping
center is formed. The character size of these extended positron traps near grain
boundaries estimated due to (τ 2 − τ b) difference is close to single-double atomic
vacancies [16].

29.5 Conclusions

Structural peculiarities of temperature-sensitive Cu0.4Co0.4Ni0.4Mn1.8O4 ceramics
caused by micro- and macro-modifications as well as Cu0.1Ni0.8Co0.2Mn1.9O4
ceramics related with monolithization processes were studied using traditional
structural methods in comparison with PAL technique. It is shown that adequate
characterization methodology for free-volume defects in the modified spinel ceram-
ics can be developed in terms of positron trapping model. The first component
on the positron lifetime spectra has shown microstructure specificity of the spinel
ceramics with octahedral and tetrahedral cation vacancies. The extended defects
near grain boundaries (voids) are reflected by the second component. The small third
component is due to “pick-off” annihilation of o-Ps in the intergranular nanopores.
The observed o-Ps lifetime ∼1.8 ns is related to the nanopores with radius of
∼2.7 nm based on classic Tao-Eldrup equation. The reported data gives additional
information to Hg-porosimetry and SEM results.

In the case of Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics, the results of PAL measure-
ments confirm the interphase mass transfer processes caused by monolitization
processes in ceramics during technological modification and owing to optimal
content of additional NiO phase. Obtained results are in well agreement with
microstructural X-ray diffractometry and electron microscopy data, confirming the
structural changes in these ceramics caused by their technological modification.

Acknowledgments H. Klym thanks the Ministry of Education and Science of Ukraine for support
(grant No 0116 U004411).
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Chapter 30
Effect of a Hydrogen Sulfide-Containing
Atmosphere on the Physical
and Mechanical Properties of Solid Oxide
Fuel Cell Materials

B. D. Vasyliv, V. Ya. Podhurska, O. P. Ostash, and V. V. Vira

30.1 Introduction

Fuel cells are electrochemical devices that transform the chemical energy of fuel
into electric energy or heat without intermediate stage of combustion. They have
much higher efficiency than the energy-transforming systems and a much lower
level of emission than internal combustion engines. Therefore, fuel cells are ideal
energy sources for transport, stationary power plants, and mobile power plants.
At present, solid oxide fuel cells (SOFCs), due to their versatility (they use all
known types of fuel and are only slightly affected by the purity of fuel), reveal
high economic indices. The problems of degradation of the properties of individual
elements of a SOFC and optimization of their structure as layered macrocomposites
still remain the key problems whose solution is urgently required [1, 2]. To improve
the efficiency of a SOFC, it is necessary to reduce its operating temperature
down to 550–600 ◦C and increase the electrochemical (electrical conductivity) and
mechanical (strength and a lifetime) characteristics of materials [3–7].

The poisoning effect of sulfur by chemisorption on Ni catalysts is well known
[8]. It is reversible, and a temperature-dependent threshold exists below which no
effect is observed [9]. At 700 ◦C the threshold is about 1 ppm, and at 1000 ◦C
the extrapolated value is of the order of 50 ppm. Poisoning by sulfur has been
investigated on YSZ–Ni cermet anodes in H2 + 3% H2O by several groups [10–
12]. In amounts from 5 to 105 ppm, an increase of about a factor of 2 in polarization
resistance has been observed. The effect at 5 ppm H2S [11] is in contradiction with
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the reported limit for degradation of Ni catalysts’ performance, and no additional
effect is seen applying 105 ppm. At 35 ppm the effect was found to be reversible and
to be constant with temperature from 700 to 1000 ◦C, with or without passing anodic
current and equal for low-performance porous Ni anodes and high-performance
YSZ–Ni cermets [10]. The effect was found not to be reversible at 105 ppm [12].

Assuming that sulfur chemisorbs exclusively to the Ni surface, the data indicate
that the Ni surface is either the location of rate-limiting reactions or that it provides
a limiting species to the rate-determining reaction. It would appear that the role of
the Ni surface is fairly constant with temperature and passing of current under the
given circumstances.

Considering the impedance of a full SOFC at 1000 ◦C, the effect of 69 ppm
sulfur is about 5% on the cell voltage, and at 800 ◦C 10 ppm, sulfur causes about 2%
reduction of the cell voltage [11]. These observations are partially affected by the
anode usually not being the most significant limitation for well-performing SOFC.
The fuel cells with YSZ–Ni cermet anodes have been operated with up to 2000 ppm
sulfur at 950 ◦C, maintaining output stability [10].

The aim of this work is to study the effect of hydrogen sulfide content in a
hydrogenous atmosphere on the structure, physical, and mechanical properties of
SOFC anode materials.

30.2 Materials and Methods

In order to investigate the effect of hydrogen sulfide content in a hydrogenous
atmosphere on the structure, physical, and mechanical properties of SOFC anode
materials, and based on our experience of studying such materials in atmospheres
with water vapor admixtures [13], a special experimental stand has been developed
(Fig. 30.1).

A ceramic disk or prismatic specimen (Fig. 30.1) is fixed by the holder in the
working space of a cylindrical quartz chamber, which passes through a cylindrical
furnace. The chamber allows reaching the gas pressure up to 0.5 MPa at a
temperature of 600 ◦C. The temperature control and support are carried out thanks
to the heating system, which contains a heating unit connected to the furnace and
a thermocouple that comes in contact with the specimen. The gas supply system
contains gas cylinders (hydrogen of 99.99% purity, Ar-5 vol% H2, argon), a vacuum
pump for degassing, and a Kipp generator for the production of hydrogen sulfide.
A flask filled with water is provided for recycling of exhaust gas. The indicated
parts of the experimental stand are connected to the network by plastic tubes with
corresponding one- and three-way taps. A general view of the experimental stand is
given in the photo (Fig. 30.2).

We prepared a quartz chamber, providing a pressure of 0.0133 Pa with a vacuum
pump, and then ran hydrogen sulfide and additional gas in the required proportions.
Exhaust gas was disposed by passing it through a flask with water. The quartz
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Fig. 30.1 A diagram of the experimental stand with supplementary equipment

chamber and the network were purified from the residue of the working gas mixture,
by blowing with argon at a pressure of 0.1 MPa.

The technique was worked out on 10Sc1CeSZ-50NiO ceramics in a mixture of
argon with hydrogen (Ar-5 vol% H2) at a temperature of 600 ◦´. The physical
and mechanical characteristics of the material obtained after processing in this
atmosphere coincided satisfactorily with the set of characteristics for the same
material, obtained earlier [3–6].

Anode materials for SOFCs have been investigated. In order to study a pure effect
of an environment on nickel-containing anode materials, we used porous metallic
Ni as a model material. The porosity of the material was 1.6%. We also studied the
behavior of the YSZ–NiO anode ceramics (ZrO2 stabilized by 8 mol% Y2O3 with
the addition of 50 wt% NiO) prepared by sintering at the temperature 1450 ◦C. The
resulting grain size of the ceramics was in the range of 1–2 μm, and the porosity
was 29%.
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Fig. 30.2 A general view of
the experimental stand

Fig. 30.3 The scheme of the
one-time reduction of
materials in a hydrogenous
environment

A series of specimens of porous metallic Ni and YSZ–NiO ceramics of
1.5 × 5 × 25 mm in size were prepared. In order to obtain the corresponding
YSZ–Ni cermet structure, specimens of the YSZ–NiO anode ceramics were singly
reduced in hydrogenous atmosphere (either Ar–5 vol% H2 mixture or hydrogen of
99.99 vol% H2 purity) for 4 h at 600 ◦C under the pressure of 0.15 MPa (Fig. 30.3).
A part of the specimens of each series was then aged in “hydrogen sulfide in Ar–5
vol% H2 mixture” atmosphere for 4 h at 600 ◦C under the pressure of 0.15 MPa.
According to a test mode, the atmosphere contained 7 or 18 vol% °2S. In order
to reach the pressure of 0.15 MPa, the test chamber was degassed and filled with
hydrogen sulfide of certain volume and then filled up to the pressure of 0.15 MPa
with Ar–5 vol% H2 mixture.

The mechanical properties of the material were studied in air at 20 ◦´ under
three-point bending of beam specimens (Fig. 30.4).
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Fig. 30.4 Geometry of the
specimens tested and the
loading mode

Fig. 30.5 The
“stress–flexure” diagrams for
the materials in modes 1–10
(see Table 30.1). The
magnified initial part of the
graph contains horizontal
lines indicating stress levels
at a certain flexure, for
estimation of the values of a
relative stiffness E/E0

The fracture stresses were determined from the “stress–flexure” diagrams at
P = Pmax for the materials in the initial state (σ f0) and after the corresponding
treatments (σ f) by the relation

σf = 1.5 · Pmax · L

b · t2 ,

where Pmax is the load, N; L is the span between two supporting rollers, mm;
and b and t are the specimen width and thickness, mm. In case of a significant
plasticization of material, we used for this purpose the parameter of ultimate elastic
stress which corresponds to the end of a linear domain of a “stress–flexure” diagram
(Fig. 30.5).

Five samples of each series were used to define the average values of the fracture
stresses. The error margins were about ±5% of the corresponding values.

The relative stiffness E/E0, where E is Young’s modulus, was estimated by
the ratio between tangents of the slopes of linear domains of the corresponding
“stress–flexure” diagrams for the material after treatment and in the initial state (see
magnified initial part of the graph in Fig. 30.5).
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Fig. 30.6 Dependences of the relative strength on the relative stiffness for the investigated
materials: (1) porous Ni, (2) YSZ–Ni cermet, (A) as-received materials. The coordinates of the
points correspond to the data in Table 30.1. The arrows show the tendencies of change of the
characteristics while hydrogen sulfide content increases

Based on the obtained data of the relative strength and relative stiffness of mate-
rials in modes 1–10 (Table 30.1), certain features of changes in their mechanical
behavior were studied.

The specific electrical conductivity σ was determined in air at 20 ◦´ by the
four-point scheme [14]. For the microstructural and quantitative analysis of element
distribution, we applied a Carl Zeiss EVO-40XVP scanning electron microscope
(SEM) with an INCA Energy 350 system for energy-dispersive X-ray (¨DX)
microanalysis.

30.3 Results and Discussion

A significant plasticization of specimens of porous Ni after their exposition in
hydrogenous environments at 600 ◦´ has been revealed. The “stress–flexure”
diagrams displayed a drastic drop of the elasticity modulus along with the ultimate
elastic stress for the material treated (Fig. 30.5). It was stated that the higher is a
content of hydrogen in a gaseous atmosphere, the lower are these characteristics
and the higher is the hydrogen-assisted plasticization of nickel in general.

Based on the characteristics of relative stiffness and strength, it was revealed that
hydrogen sulfide does not do any discernible influence on mechanical behavior of
porous Ni (Fig. 30.6). Neither 7 nor 18 vol% °2S affects plasticity and strength
of the material. It can be suggested that only a content of hydrogen in a gaseous
atmosphere, at the same treatment mode, i.e., holding at the temperature 600 ◦C
and pressure 0.15 MPa for 4 h, affects these characteristics. The estimated values
were in the ranges of 21.1–13.9% (relative strength) and 76–59% (relative stiffness),
while a content of hydrogen in a gaseous atmosphere was changed in the range of 5–
99.99 vol % (see Table 30.1). A general tendency of change of these characteristics,
while hydrogen sulfide content increases, is indicated by the arrow along curve 1
(see Fig. 30.6).
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No changes in the electrical conductivity of porous Ni were found for all the
treatment modes (see Table 30.1). Even a relatively high concentration of hydrogen
sulfide (18 vol%) in a hydrogenous environment did not cause a formation of a
protective surface layer which could decrease surface conductivity of the material.

The YSZ–NiO anode ceramics, depending on a content of hydrogen in a gaseous
atmosphere, displayed quite different mechanical behavior as compared to porous
Ni (Fig. 30.5). Based on previously obtained data [5, 7], it was stated that after a
single exposure of the YSZ–NiO ceramics in Ar–5 vol% °2 gas mixture, only the
surface layers of the particles of nickel oxide are reduced, and after exposure in
hydrogen, the particles are reduced completely what causes the substantial growth
of electrical conductivity of the material (up to (2.1–2.7)·106 S/m).

As a result of complete reduction of the nickel phase in pure hydrogen followed
by a significant plasticization of reduced Ni, the relative stiffness decreased to 62%.

The local EDX analysis (with dispersion of energy, W) of the zirconium and
nickel phases of the YSZ–Ni cermet after aging in hydrogenous atmospheres
containing 7 and 18 vol% H2S did not detect sulfur in both these phases and within
their boundaries (see spectra No. 1–6 in Tables 30.2 and 30.3). However, during
the EDX analysis of the entire areas on the cross-sectional surfaces of the aged
specimens, from 0.12 to 0.27 wt%, sulfur was found (see Tables 30.2 and 30.3). In
the core of all specimens, its content did not exceed 0.12 wt%.

However, in near-surface layers (Fig. 30.7a, b), the sulfur content depended on
the concentration of hydrogen sulfide admixture and was, respectively, 0.14 wt% (at
a concentration of 7 vol% H2S) and 0.27 wt% (18 vol% H2S).

Table 30.2 The data of the EDX spectra of the YSZ–Ni cermet specimen after aging in Ar–5 vol%
°2 gas atmosphere with an admixture of 7 vol% H2S

Spectrum 1
(Ni-phase)

Spectrum 2
(Zr-phase)

Spectrum 3
(boundary)

Specimen
surface layer

Specimen
core

Chemical
element and
X-ray series wt% at% wt% at% wt% at% wt% at% wt% at%

O K 25.62 55.82 28.06 68.39 24.09 60.63 19.20 51.04 14.41 42.71
S K – – – – – – 0.14 0.18 0.12 0.18
Ni K 74.38 44.18 3.25 2.15 23.67 16.24 43.08 31.21 43.88 35.43
Y L – – 8.29 3.64 5.75 2.61 3.92 1.88 4.50 2.40
Zr L – – 60.40 25.82 46.49 20.52 33.66 15.69 37.09 19.28

Table 30.3 The data of the EDX spectra of the YSZ–Ni cermet specimen after aging in Ar–5 vol%
°2 gas atmosphere with an admixture of 18 vol% H2S

Spectrum 4
(Ni-phase)

Spectrum 5
(Zr-phase)

Spectrum 6
(boundary)

Specimen surface
layer

Specimen
core

Chemical
element and
X-ray series wt% at% wt% at% wt% at% wt% at% wt% at%

O K 25.96 56.26 28.71 69.11 26.02 64.35 17.14 47.53 14.49 42.82
S K – – – – – – 0.27 0.37 0.12 0.18
Ni K 74.04 43.74 3.03 1.99 20.33 11.36 44.15 33.36 44.24 35.62
Y L – – 7.99 3.46 6.81 3.24 4.07 2.03 4.24 2.25
Zr L – – 60.27 25.44 46.84 21.05 34.37 16.71 36.91 19.13
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Fig. 30.7 The EDX spectra of surface layers of YSZ–Ni cermet specimens after aging in Ar–
5 vol% °2 gas atmosphere with an admixture of 7 vol% H2S (a) and 18 vol% °2S (b) (see Tables
30.2 and 30.3)

Fig. 30.8 SEM images of the microstructures (a, c) and microfractograms (b, d) of YSZ–Ni
cermet specimens after aging in Ar–5 vol% °2 gas atmosphere with an admixture of 7 vol%
H2S (a, b) and 18 vol% °2S (c, d)

On the basis of microstructural analysis of the YSZ–Ni cermet specimens
after aging in hydrogenous atmospheres containing 7 and 18 vol% H2S, certain
features of changes in their structure and fracture micromechanisms were revealed
(Fig. 30.8). Taking into account the abovementioned peculiarities of the distribution
of sulfur in the volume of treated samples and its insignificant content, even in near-
surface layers of specimens, it can be assumed that the material degrades mainly
due to the action of high-temperature H2S gas, which reacts with reduced nickel.
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The observed tendency to reduce the amount of oxygen in the near-surface layers
indicates that hydrogen sulfide, at its high concentration, improves the reduction of
the nickel phase. It is likely that both of these processes (more active reduction and
interaction of nickel with high-temperature hydrogen sulfide gas) occur mainly on
the three-phase boundaries (pores–nickel phase–zirconium phase), resulting in the
concentration of sulfur as a product of the reaction in these places, i.e., in the pores
and near them.

First of all, the degradation of the structure is manifested through the discon-
tinuity of the “zirconium phase-nickel phase” and “nickel phase-nickel phase”
bonds. This does not violate the integrity of the YSZ ceramic skeleton in the
cermet at concentrations up to 7 vol% H2S. With the increase of the hydrogen
sulfide concentration followed by the improvement of the nickel phase reduction,
a larger amount of completely reduced small nickel particles is formed (Fig. 30.8c
as compared to Fig. 30.8a). These particles interact actively with hydrogen sulfide
and weaken their bonds with the particles of the zirconium phase. Such structural
transformations are followed by a change of fracture micromechanisms prevailing
in a cermet: from the mixed one containing both the elements of the cleavage
and intergranular fracture along the cracked boundaries (Fig. 30.8b) to completely
intergranular fracture (Fig. 30.8d). As a result, the cermet strength is reduced to 61%
of the initial state (Table 30.1).

The arrow along the deviated branch of curve 2 (see Fig. 30.6) indicates a general
tendency of change of the relative strength and stiffness of the YSZ–Ni anode
cermet while hydrogen sulfide content in high-temperature hydrogenous atmosphere
increases. It can be marked that the arrow direction differs from that for porous Ni.

Unlike mechanical behavior, the electrical conductivity of YSZ–Ni cermet after
aging in a hydrogenous atmosphere at a concentration of 7 and 18 vol% H2S is (5.5–
6.5)·105 S/m, which does not differ from the value for one-time reduced cermet
(Table 30.1). Thus, the YSZ–Ni anode material is not sensitive to high-temperature
hydrogenous atmosphere with an admixture of 7 vol% H2S. The little drop of the
relative stiffness (see Fig. 30.6) is probably connected with a slight improvement
of the reduction of the nickel phase by hydrogen sulfide, as compared to pure
Ar–5 vol% °2 atmosphere. This concentration of hydrogen sulfide in the SOFC
operating environment does not lead to a significant decrease in its strength at a
stable high electrical conductivity.

30.4 Conclusions

The certain features of changes in the structure and physical and mechanical prop-
erties of porous nickel and the YSZ–Ni anode cermet caused by high-temperature
hydrogenous atmospheres with and without an admixture of H2S, were revealed.
It was found that exposition of porous Ni for 4 h in a hydrogenous atmosphere at
the temperature 600 ◦´ causes its significant plasticization. The relative strength
and stiffness of the material decrease with increasing hydrogen concentration and
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can reach 13.9 and 59%, respectively, after the treatment in pure hydrogen. Neither
7 nor 18 vol% °2S in a hydrogenous atmosphere affects plasticity, strength, and
electrical conductivity of the material.

The hydrogenous atmosphere containing up to 7 vol% °2S does not affect
the strength and electrical conductivity of the YSZ–Ni cermet. Increased content
of °2S (18 vol%) causes some changes in the YSZ–Ni cermet structure due to
improvement of the reduction process and formation of a large number of fully
reduced tiny nickel particles which react with hydrogen sulfide. Multiple breaking
of the zirconia–nickel bonds occurs that results in reduced strength of the cermet
(by 39% as compared to as-received YSZ–NiO ceramics).
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Chapter 31
Influence of Annealing in Vacuum
on Dispersion Kinetics of Titanium
and Zirconium Nanofilms Deposited onto
Oxide Materials

Y. V. Naidich, I. I. Gab, T. V. Stetsyuk, B. D. Kostyuk, O. M. Fesenko,
and D. B. Shakhnin

31.1 Introduction

Joining ceramics and other nonmetal materials with metals using solder and metal
deformable gaskets is widely used in modern technology. For such joints making,
thin metal films are often used as they are widely applicable in various fields of
science and technology.

The thickness of films deposited onto metallic and nonmetallic materials may be
within a wide range: from a few nanometers till tens of microns. For technological
purposes, metal films are often used with different thicknesses deposited by various
methods (plasma sputtering, magnetron sputtering, chemical and electrochemical
methods, electron-beam sputtering, etc.) onto nonmetallic parts to join them with
each other or with metals by brazing or pressure welding [1–6].

A special role in joining such different materials is played by adhesively active
metals including titanium, zirconium, niobium, hafnium, and others. These metals
are either added to metallic solders composition or used as coatings, particularly in
the form of thin films at the surfaces of joined materials; and using pressure welding
joints of different materials may be obtained through deformable gaskets made of
these metals. These metals have good adhesion to both nonmetallic and metallic
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materials and provide good spreading of metal solders and their interaction at the
interface “solder – hard surface to be joined.”

Since, during the process of brazing or pressure welding, metalized nonmetallic
parts must be heated to very high temperatures (1300–1600

◦
C), studying pro-

cesses of fragmentation-coagulation occurring during the annealing of these metal
nanofilms is not only of cognitive interest but also of practical importance for the
development of technological modes of joining nonmetallic materials.

We have previously studied the kinetics of the fragmentation during anneal-
ing in vacuum of niobium and hafnium nanofilms deposited onto oxide and
non-oxide nonmetallic materials such as sapphire, ceramics based on ZrO2, and
others [7, 8].

The aim of this work was to study the kinetics of fragmentation during
the annealing of titanium nanofilms deposited onto some oxide and non-oxide
materials.

31.2 Materials and Experimental Methods

Titanium and zirconium nanofilms 100 nm thick were deposited onto nonmetallic
substrates 4 × 4 × 1 mm made of leucosapphire (single crystal alumina) and
zirconium dioxide by electron-beam sputtering method [9]. Substrates were made
of materials which are either the most widely used in industry, particularly leucos-
apphire, or the matrix of high-temperature ceramics. Metallic films were deposited
onto polished surfaces of substrates. The parameter of surface roughness Rz was
equal to 0,03 ÷ 0,05 microns.

The polished substrate surfaces were degreased by acetone and ethanol, after
which they were annealed in air at 1200

◦
C for 2 h, and then these substrates

were annealed in vacuum not worse than 2 × 10−3 Pa at the same temperature
for 1 h. The 100 nm thickness of the metal nanofilms was chosen taking into
account the fact that such films are solid, completely covering the oxide surface,
have good adhesion to it, and provide good solder spreading [10]. Thicker films
have the ability to exfoliate due to the presence in them of residual stresses as a
result of growth tensions occurrence during the multilayer deposition and because
of the large difference between thermal coefficients of linear expansion (TCLE)
of film metal and substrate material. Films were deposited during 10–15 min onto
the substrates whose temperature was about 100

◦
C, and the films’ thickness was

determined using a special device with a quartz sensor.
Films were deposited onto all substrates under the same conditions, and their

quality was monitored by metallographic microscope XJL-17.
Annealing of nonmetallic samples coated by metal films was performed in a

vacuum chamber during various time periods from 2 up to 20 min at different
temperatures (1200 ÷ 1600

◦
C) in vacuum not worse than 2 × 10−3 Pa.
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Annealed samples were examined using scanning electron microscopes JCM-
6700 and JCM-5000 and an atomic force microscope Nanoscope III A with
micrograph recording. The Raman spectra of titanium and zirconium nanofilms
were obtained using a Renishaw inVia Raman microscope (Renishaw plc, Wotton-
under-Edge, UK) at an excitation wavelength of 633 nm.

Using these micrographs, the area of substrate surface coated with metal film
islands was calculated by planimetric weighting method, i.e., by weighting of metal-
coated sample parts images cut from micrographs [2]. The data obtained by this
method were analyzed as the dependence of sample surface area covered with metal
film fragments after annealing on annealing parameters (annealing temperature and
time).

31.3 Results and Discussion

Original titanium and zirconium films on both substrates were solid, without any
significant defects, and micrographs obtained using electronic scanning micro-
scopes show only the uniform dark gray field.

During annealing of titanium film on the leucosapphire surface, at first, minor
signs of changes in the structure of the film appeared only as a result of its 2-
min heating up to 1300

◦
C. As a result of further exposition at this temperature for

5 min, film began to blister in part without losing its integrity, and the process rate is
slightly increased after a 10-min annealing (Fig. 31.1a), but the film still remained
solid. With increased exposition time up to 20 min at 1300

◦
C, the film is rapidly

disintegrated into large pieces. The similar pattern was observed with increase of
annealing temperature up to 1400

◦
C: the film is partially started to blister after

the 2-min exposition without losing its integrity; after a 5-min annealing, process
greatly intensified, and the film even started to crack (Fig. 31.1b). With further
exposition at this temperature for 10 min, quite long and wide cracks appear in the
film; and, finally, after a 20-min annealing, film completely disintegrated into large
fragments between which significant parts of free leucosapphire surface appear.
Annealing at 1500

◦
C has speeded up significantly the process of the titanium

film disintegration. Thus, after the 2-min annealing, film blistered intensively and
lost its integrity; after the 5-min exposition, it is cracked significantly; during
further exposition time increase of up to 10 min, film disintegrated into large
fragments (Fig. 31.1c); and after 2-min annealing at this temperature, there were
only some film fragments on the leucosapphire surface covering no more than 40%
of it (Fig. 31.1d).With the annealing temperature increase up to 1600

◦
C, the film

began to disintegrate already after a 2-min exposure (Fig. 31.2); further increase
of annealing time up to 5 min led to a complete decomposition of the film covering
only about 10% of the leucosapphire surface which was almost completely free after
10-min annealing.
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Fig. 31.1 SEM image titanium film 100 nm thickness onto leucosapphire which was annealed in
vacuum, ×3000: (Ã) 1300

◦
´, 10 min; (b) 1400

◦
´, 5 min; (c) 1500

◦
´, 10 min; (d) 1500

◦
´,

20 min

It should be noted that, at all stages of annealing, rounded remains of films were
not found which was observed by us earlier for disintegration on oxide substrates
of metal films which, unlike titanium, are not adhesively active metals and does not
wet the surface of the nonmetallic substrate.

Figure 31.3 shows diagrams for kinetics of disintegration of titanium film
on the leucosapphire surface during its annealing at different temperatures
(1300 ÷ 1600

◦
C) with exposition at each temperature from 2 up to 20 min.

Continuous titanium film at the zirconium dioxide surface was more refractory
than the same film on leucosapphire and remained unchanged even after a 20-
min annealing at 1300

◦
C. Two-minute annealing at 1400

◦
C caused also no

change in the structure of the film, and only after the 5-min exposure, the
first cracks were observed in it. With increase of annealing time up to 10, and
especially up to 20 min, the film shows significant changes and starts to lose its
integrity (Fig. 31.4a).
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Fig. 31.2 Titanium film 100 nm thickness onto leucosapphire which was annealed up to 1600
◦
C

during 2 min in vacuum: (a) SEM image, ×3000; (b) three-dimensional AFM images; (c) AFM
images of intersections on which the film profilogram was measured; (d) the film profilogram

Two-minute annealing at 1500
◦
C caused significant blistering of the film without

losing its integrity; with a further exposition prolongation up to 5 min, the film began
to crack and to fragment into pieces; after 10-min annealing, the film is rapidly
divided into large fragments, which in turn were fragmented into smaller particles
(Fig. 31.4b). As a result of a 20-min annealing, only a small number of pieces of the
film of different sizes and irregular shapes remained.

As a result of annealing at 1600
◦
C, already after the 2-min exposition, all the

film was blistered and began to crack (Fig. 31.4c). After 5- and 10-min exposure at
1600

◦
C, the film was completely disintegrated into small fragments of irregular

shape forming conglomerates of various sizes (Fig. 31.4d); and after a 20-min
annealing, only some crystals remained (Fig. 31.4e) which were apparently formed
as a result of titanium film particles recrystallization at a temperature equal to 96%
of the melting point of titanium.
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Fig. 31.3 Leucosapphire area covered by titanium film dependence on annealing time at various
temperatures (1300–1600

◦
´)

Figure 31.5 shows diagrams for kinetics of disintegration of titanium film
deposited onto zirconium dioxide surface during its annealing at different tempera-
tures within 1400 ÷ 1600

◦
C range with exposition at each temperature from 2 to

20 min.
During the annealing of a zirconium film at a leucosapphire surface, the first

changes in the structure of the film in the form of small cracks appeared only after 5-
min annealing at 1400

◦
C. The number of cracks increased after 10 min of exposure

at that temperature, and, after 20-min annealing, the zirconium film was already
noticeably dispersed (Fig. 31.6a). After 2-h annealing at 1500

◦
C, the film began to

disperse, and, at the same time, long but not wide cracks appeared in it. A further
increase of the annealing time at this temperature up to 5 and 10 min intensified the
process of cracking and dispersion of the nanofilm which significantly intensified
after a 20-min exposure (Fig. 31.6b). As a result of annealing at 1600

◦
C, the film

began to be dispersed vigorously from the first minutes of annealing, i.e., from 2 to
5 min of exposure. After 10 min of annealing at 1600

◦
C, the film was dispersed

almost completely (Fig. 31.6c), and the process of its decomposition after 20-min
exposure was completed when the film residues covered only about 20% of the
surface of the leucosapphire (Fig. 31.7).

Figure 31.7 shows diagrams for kinetics of disintegration of zirconium film
on the leucosapphire surface during its annealing at different temperatures
(1400 ÷ 1600

◦
C) with exposition at each temperature from 2 up to 20 min.

The initial zirconium film at the zirconium dioxide (single crystal) surface
remained solid up to 5-min annealing at 1400

◦
C, with only isolated cracks in it

apparently due to the difference in the thermal coefficients of the linear expansion
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Fig. 31.4 SEM image titanium film 100 nm thickness onto zirconia which was annealed in
vacuum, ×3000: (Ã) 1400

◦
´, 20 min; (b) 1500

◦
´, 10 min; (c) 1600

◦
´, 2 min; (d) 1600

◦
´,

10 min; (e) 1600
◦
´, 20 min
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Fig. 31.5 Zirconia area covered by titanium film dependence on annealing time at various
temperatures (1400–1600

◦
C)

of the zirconium (5 × 10−6 1/
◦
C) and of the single crystal of zirconium dioxide

(11 × 10−6 1/
◦
C). After 10 min of annealing at 1400

◦
C, certain changes appeared

in the nanofilm structure, and it began partially to blister and crack. After 20-min
exposure, the entire film began to be dispersed (Fig. 31.8a).

Already during the first minutes of annealing of the film at 1500
◦
C, the beginning

of its dispersion was discovered. This process was intensified with a further increase
in the exposure time up to 10 min. After 20-min annealing, the film was substantially
dispersed, but it covered still about 83% of the surface of the single crystal of
zirconia (Fig. 31.8b).

Changes in the structure of the film were also detected after 2-h annealing at
1600

◦
C. After a 5-min exposure, the film was largely blistered and began to crack.

After 10 min of annealing, the film began to intensively disperse (Fig. 31.8c). A
20-min exposure resulted in a strong disintegration of the film, with its elements
appearing to some extent interconnected, and not completely isolated, covering
about 68% of the surface of the single crystal of zirconia (Fig. 31.9). It was shown
that changes in the structure of titanium and zirconium nanofilms are correlated with
changes in Raman spectra of these nanofilms.

Figure 31.9 shows diagrams for kinetics of disintegration of titanium film
deposited onto monocrystal zirconium dioxide surface during its annealing at
different temperatures within 1400 ÷ 1600

◦
C range with exposition at each

temperature from 2 to 20 min.
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Fig. 31.6 SEM image zirconium film 100 nm thickness onto leucosapphire which was annealed
in vacuum, ×3000: (Ã) 1400

◦
´, 5 min; (b) 1500

◦
´, 20 min; (c) 1600

◦
´, 10 min

Fig. 31.7 Leucosapphire area covered by zirconium film dependence on annealing time at various
temperatures (1300–1600

◦
´)
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Fig. 31.8 SEM image zirconium film 100 nm thickness onto zirconia which was annealed in
vacuum, ×3000: (Ã) 1400

◦
´, 20 min; (b) 1500

◦
´, 20 min; (c) 1600

◦
´, 10 min

Fig. 31.9 Zirconia area covered by zirconium film dependence on annealing time at various
temperatures (1400–1600

◦
C)
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31.4 Conclusions

It was found that fragmentation of 100 nm thick titanium nanofilms deposited onto
leucosapphire and zirconium dioxide surfaces is characterized by approximately the
same course: during short-time annealing (2–5 min) at 1400

◦
C, they are still almost

continuous; with increase of annealing time at this temperature film, disintegration
process is intensified although the film fragments cover more than 70% of the
substrate surface even after a 20-min exposition; and, thus, under these conditions,
the film is quite suitable for use in high-temperature brazing of these oxides. With
increase of the annealing temperature up to 1600

◦
C, the film fragmentation rate is

growing rapidly. The film disintegrates completely after a 10-min exposition at this
temperature; therefore, it is not suitable for brazing.

During the study of kinetics of dispersion of zirconium nanofilms 100 nm thick
at the surface of leucosapphire and single crystals of zirconium dioxide, it was
determined that, up to 1400

◦
C, with short-term annealing (2–5 min), the film is

still practically continuous.
Besides, it was found that the process of dispersion of zirconium nanofilms at

the surface of leucosapphire and zirconium dioxide is intensified with increase of
the annealing time at 1400

◦
C, but, even after a 20-min annealing, films were still

covering a significant part of the surface of oxides. Approximately the same results
were obtained for annealing of films at both oxides’ surface at 1500

◦
C which makes

it possible to use zirconium coatings on these materials for further soldering of them
at temperatures up to 1500

◦
C. With annealing temperature increase up to 1600

◦
C,

the films begin to disperse intensively from the first minutes of annealing, and this
dispersion process is rapidly activated with an increase of the annealing time, which
makes it impossible to solder these oxides at the temperature.

Thus, using all the obtained data in graphic representation, it becomes possible
to find the necessary parameters (temperature and time) of the soldering process for
the studied nonmetallic materials metallized with zirconium nanofilms.
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Chapter 32
Grain Porous Structure and Exploitation
Properties of Humidity-Sensitive
Magnesium Aluminate Spinel-Type
Ceramics

H. Klym, I. Hadzaman, O. Shpotyuk, and A. Ingram

32.1 Introduction

Nanostructured functional spinel-based MgAl2O4 ceramics is considered very
interesting material when it comes to applications as active elements for humidity
sensors [1–3]. It is established that sensing functionality of these materials is
determined largely by the microstructure of ceramics grains, grain boundaries, and
pores [4]. These elements are strongly dependent on ceramics sintering route [5].
Therefore, the correlation between sintering temperature of the abovementioned
ceramics, its porous structure, and exploitation properties should be carefully taken
into account.

The microstructure of ceramics is typically probed with conventional X-
ray diffractometry (XRD) and scanning electron microscopy (SEM) and using
porosimetry methods [6, 7]. In order to obtain more information on sintering effects
in MgAl2O4 ceramics, the approach should be extended based on new methods of
structural characterization. Those include the techniques that yield independent data
on phase composition of ceramics bulk and small (1–2 nm) pores corresponding
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to capillary condensation processes in ceramics. One of such methods is called
positron annihilation lifetime (PAL) spectroscopy [8, 9]. This is an experimental
technique used to study extended defects and nanosized free-volume entities in
solids despite their structural hierarchy [10].

It is well known that exploitation electrical properties of humidity-sensitive
elements based on MgAl2O4 ceramics depend on sorption processes of active
materials [11]. Therefore, the actual task appears in relation to modification of
porous materials with controlled microstructure, firstly, with large specific surface
area, high open porosity, and controlled and optimal pore size distribution [12, 13].

In this work, we present an attempt to investigate grain porous structure of
humidity-sensitive MgAl2O4 and modified MgO-Al2O3 ceramics using combined
XRD, Hg-porosimetry, and SEM with PAL methods and influence of technological
modification on exploitation properties of the studied ceramics.

32.2 Preparation of Magnesium Aluminate Ceramics

The traditional ceramic technology was used for preparation of spinel MgAl2O4 and
MgO-Al2O3 ceramics, as was described in greater details elsewhere [14–18]. The
samples of ceramics under study were prepared at maximum sintering temperatures
Ts of 1200, 1300, and 1400 ◦C. Total treatment duration was 2 h. For preparation
of MgAl2O4 ceramics, initial fine-dispersed powders of Al2O3 with specific surface
area of 12.4 m2/g and MgO with specific surface area of 10.7 m2/g were used as
starting components in conventional ceramics technology route [14].

For preparation of modified MgO-Al2O3 ceramics, equimolar amounts of initial
powders (Al2O3 with specific surface area of 67 m2/g and 4MgCO3·Mg(OH)2·5H2O
with specific surface area of 12.8 m2/g) were mixed in a planetary ball mill for 96 h
in an environment with acetone to obtain mixture. The aqueous solution of polyvinyl
alcohol was used for obtaining of the molding powder. Bilateral compression was
performed in steel molds. After pressing, the samples were sintered also in a furnace
at 1200, 1300, and 1400 ◦C for 2 h [16, 17].

Electrical contacts on the planar surface of all ceramics were formed by screen
printing using Ru-contained paste and Pt contacts [19, 20]. Pre-dried layers of paste
were sintered at 850 ◦C with an exposure of 10 min [21, 22].

32.3 Experimental Details

The phase composition of the studied ceramics was determined by XRD method.
The XRD patterns were recorded at room temperature using HZG-4a powder
diffractometer with CuKα radiation. This equipment was calibrated with NIST
SRM-1976 and Si standards. The measurements were carried out with the 2θ step
of 0.05◦ with variable scanning rate, depending on the sample quality. The profile
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analyses were performed using X-ray reflections approximation method by pseudo-
Voigt function. The lattice parameters and crystal structures of phases were refined
using the Rietveld method [23] and WinPLOTR software [24, 25].

The grain porous structure of ceramics was studied using scanning electron
microscopy (SEM) with LEO 982 field emission microscope [14, 16, 17]. The pore
size distribution of MgAl2O4 ceramics in the region from 2 to 1000 nm was studied
using Hg-porosimetry (Porosimetr 4000, Carlo Erba Strumentazione) [26, 27].

The PAL measurements with a full width at half maximum of 270 ps were
performed with the ORTEC spectrometer using 22Na source placed between two
sandwiched samples as it was described in more details elsewhere [14, 16, 28–34].
In order to study the influence of the sintering temperature on the size of nanopores
in ceramic bulk, the PALS investigations were performed at 22 ◦C and RH = 35%
after 7 days of exposure in water (vapor in desiccator at RH = 100%) and further
drying in vacuum at 120 ◦C during 4 h. The obtained spectra were analyzed with LT
9.0 computer program [35, 36], and the best fitting results were obtained using four-
component fitting procedures. Each of these spectra was processed multiple times
owing to slight changes in the number of final channels, annihilation background,
and the time shift of the spectrum. Then, the variance of statistically weighted least-
squares deviations between experimental points and theoretical curve was taken into
account to compare the obtained results. Only the results having deviations close
to 1.0 (the optimal deviation typically ranges from 0.95 to ∼1.1–1.2 [37]) were
selected for further consideration. In such a manner, we obtained numerical PAL
parameters (positron lifetimes τ 1, τ 2, τ 3, and τ 4 and intensities I1, I2, I3, and I4)
which correspond to annihilation of positrons in the samples of interest [14, 16, 34].

The positron trapping modes in the studied ceramics were calculated using a
known formalism for two-state positron trapping model [9, 38]:

τav. = τ1I1 + τ2I2

I1 + I2
, τb = I1 + I2

I1
τ1

+ I2
τ2

, κd = I2

I1

(
1

τb
− 1

τ2

)
(32.1)

where τ b is positron lifetime in defect-free bulk, τ av. is average positron lifetime,
and κd is positron trapping rate of defect. In addition, the (τ 2 − τ b) difference was
accepted as a size measure for extended free-volume defects where positrons are
trapped (in terms of equivalent number of monovacancies), and the τ 2/τ b ratio was
taken in a direct correlation to the nature of these defects [39].

Assuming approximately spherical shape of the free volume, the o-Ps lifetime
(τ 3 and τ 4) in oxide materials can be related to the average radius of pores (R) by
semiempirical Tao-Eldrup equation [40, 41]:

τo−Ps =
[

2

(
1 − R

R + 	R
+ 1

2π
sin

(
2πR

R + 	R

))
+ 0.007

]−1

, (32.2)
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where 	R is the empirically determined parameter (in the classical case 	R ≈
0.1656 nm), describing effective thickness of the electron layer responsible for the
“pick-off” annihilation of o-Ps in the hole [40].

The humidity sensitivity of ceramics was determined by measuring the depen-
dence of electrical resistance R on relative humidity RH of environment. The
electrical resistance of the studied ceramics was measured in the heat and humidity
chamber PR-3E “TABAI” at 20 ◦C in the region of RH = 20–99%. The electrodes
were attached to the connecting cables of M-Ohmmeter. Electrical measurements
were made at fixed frequency of 500 Hz to avoid of polarization of adsorbed water
molecules. The maximal overall uncertainties in the electrical measurements did not
exceed approximately ±(0.02–0.04) M-Ohm in electrical resistance. The confidence
interval in RH measuring bar restricted by equipment accuracy was no worse than
±1%. In addition, the degradation transformation at 40 ◦C and RH = 95% for 240 h
was induced in samples in order to study their stability in time [14, 16, 17].

32.4 Results and Discussion

32.4.1 Spinel MgAl2O4 Ceramics

With respect to our XRD measurements, the ceramics sintered at 1200 ◦C has a
three-phase composition with the lattice parameter Ã = 8.07996(3) Å (see Fig. 32.1).

In contrast, the ceramics sintered at 1300 ◦C contains only two phases, the main
spinel-type (lattice parameter Ã = 8.0822(2) Å) and MgO phases (the remainders
of α-Al2O3 phase disappear). The ceramics sintered at Ts = 1400 ◦C in addition
to the main spinel phase with lattice parameter Ã = 8.0828(1) Å has a small
quantity of MgO phase as compared to the ceramics sintered at Ts = 1300 ◦C
(corresponding contents of MgO phase in the above ceramics are 3.48% and 1.54%,
respectively) [14]. Thus, it can be concluded that there is a different amount of
additional MgO/Al2O3 phases in the studied MgAl2O4 ceramics (see Fig. 32.1 and
Table 32.1).

The obtained trimodal pore size distributions of spinel MgAl2O4 ceramics
sintered at 1200, 1300, and 1400 ◦C are shown in Fig. 32.2. These distributions
describe the charge-transferring micropores with radius r1 depending on sintering
conditions, water-exchange inside-delivering or communication mesopores (r2), and
water-exchange outside-delivering macropores (r3) depending on specific surface
area of milled MgO-Al2O3 powder [14, 26]. Maximum peak positions (r1, r2, and
r3) and intensities (Ir1, Ir2, and Ir3) of the pore size distribution for studied ceramics
are summarized in Table 32.2. The obtained results indicate that the sintering
temperature influences the porous structure of ceramics. It is shown that the radius
of micropores r1 in MgAl2O4 ceramics slightly increases from 3.2 nm for samples
sintered at 1200 ◦C to 3.5 nm for ceramics obtained at 1300 ◦C. Position of the first
peak Ir1 decreases from 5% to 3% for ceramics sintered at 1100–1200 ◦C and is
stabilized at that level in ceramics obtained at 1300–1400 ◦C (Fig. 32.2b, c).
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Fig. 32.1 Experimental (rings), theoretical (line), and difference XRD pattern (down) for
MgAl2O4 ceramics sintered at 1200 ◦C (a), 1300 ◦C (b), and 1400 ◦C (c) (row of reflexes is
the basic spinel phase)

Table 32.1 Phase compositions of MgAl2O4 ceramics obtained by XRD method [14]

Phase composition/space group
MgAl2O4/Fd3m α-Al2O3/R3c MgO/Fm3m

Ts, ◦C
Lattice
parameter, Å

Weight
fraction, %

Lattice
parameter, Å

Weight
fraction, %

Lattice
parameter, Å

Weight
fraction, %

1200 Ã = 8.0796(3) 88.12 Ã = 4.7585(5),
Ô = 12.991(2)

6.06 Ã = 4.2112(2) 5.82

1300 Ã = 8.0822(2) 96.52 – – Ã = 4.2114(3) 3.48
1400 Ã = 8.0828(1) 98.46 – – Ã = 4.2117(7) 1.54

The radius r2 substantially rises from 28 to 97 nm with increasing Ts. The peak
width narrows and the intensity Ir2 is near 2.5–4%. At the same time, the second
peak is shifted toward the third peak. Obviously, such changes can be attributed
to the expanding of the contact area between grains during the initial stage of
sintering. Spherical pores are transformed into cylindrical. Subsequent confluence
of these pores is accompanied by diminishing of their surface and volume. There
is an intensive growth of grains and forming of a small number of large pores. The
radius r3 slightly rises from 310 to 400 nm with increasing Ts. The intensity of the
third peak Ir3 increases from 11% to 23% [14].
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Fig. 32.2 Pore size distributions of MgAl2O4 ceramics sintered at 1200 ◦C (a), 1300 ◦C (b), and
1400 ◦C (c) [14]

Table 32.2 Peak positions of
the pore size distribution for
MgAl2O4 ceramics sintered
at 1200–1400 ◦C [14]

Tc, ◦´ r1, nm Ir1, % r2, nm Ir2, % r3, nm Ir3, %

1200 3.2 3 28 2.5 310 11
1300 3.5 3 43 4 320 15
1400 3.0 3 97 3 400 23

As it follows from visual examination of SEM images shown in Fig. 32.3, the
structure of grains in ceramics sintered at 1200 ◦C is incomplete (Fig. 32.3a).
Average grain size is nearly 200 nm. In ceramics sintered at 1300 ◦C and 1400 ◦C,
the contact region between grains is increased (Fig. 32.3b, c). At that, the grains are
integrated into agglomerates. Pores tend to shape into spherical and then cylindrical
forms and locate near grain boundaries. Average grain size for these ceramic
samples increases to ∼300–500 nm. At the same time, the so-called “closed”
porosity (not involved in absorption-desorption processes) is formed.

According to Kelvin equation [42, 43], cylindrical pores with radii between 1
and 20 nm are required for capillary condensation of humidity in ceramics at room
temperature in the investigated range of RH (20–99%). Such a region includes a
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Fig. 32.3 Scanning electron micrographs of MgAl2O4 ceramics sintered at 1200 ◦C (a), 1300 ◦C
(b), and 1400 ◦C (c) [14]

pore distribution peak at r1 and a secondary peak at r2. Meso- and macropores
with larger radius (>20 nm, the second and the third peak) are not involved in
the capillary condensation process, but they ensure the effective transfer of water
into ceramic bulk. However, by using traditional porosimetry equipment, we were
not able to obtain the information about pores that are smaller than 1–2 nm and
other free-volume entities in ceramics. Therefore, alternative methods, such as
PAL technique, are needed for the deeper understanding of adsorption/desorption
processes in porous materials.

It should be noted that PAL is especially sensitive to tiny intrinsic nanopores and
small free-volume entities with geometrical sizes less than ≤20 Å [8] because of
the small size of Ps. Moreover, a possibility of the Ps formation should be taken
into account, as it was demonstrated previously for some other kinds of glass-like
[44–47] powders and fine-grained porous materials [31, 39]. As confirmed by SEM,
a variety of positron trapping sites, such as grain boundaries, intrinsic surfaces of
pores, incomplete contacts between some grains with pores of different geometrical
sizes and shapes, etc., exist in ceramic samples.
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Table 32.3 Fitting parameters for MgAl2O4 ceramics obtained according to four-component
fitting procedure [14]

Ts, ◦C τ 1, ns I1, a.u. τ 2, ns I2, a.u. τ 3, ns I3, a.u. τ 4, ns I4, a.u.

1200 0.164 0.73 0.443 0.24 2.347 0.011 70.51 0.020
1300 0.155 0.82 0.414 0.16 2.426 0.008 68.74 0.014
1400 0.152 0.88 0.388 0.11 2.504 0.007 62.32 0.008

According to SEM data, the observed phases are nonuniformly distributed within
ceramics bulk, being more clearly pronounced near grain boundaries (see Fig. 32.3).
These phase extractions serve as specific trapping centers for positrons penetrating
ceramics. By using PAL technique in addition to XRD and porosimetry methods,
we have made an attempt to study more carefully the chemical characteristics of
these extracted phases in MgAl2O4 ceramics sintered at different Ts. We aim also
to estimate the size of nanopores in ceramics bulk, where capillary condensation
processes occur.

It has been shown already that for MgAl2O4 ceramics two of positron annihi-
lation channels should be considered – the positron trapping with shortest τ 1 and
middle τ 2 lifetimes and o-Ps decaying (“pick-off” annihilation) with the longest τ 3
and τ 4 lifetimes [14, 16].

Assuming the two-state positron trapping model for spinel ceramics [8, 9, 38],
four components in the fit of the experimental PAL spectra can be associated
with the microstructure peculiarities of the spinel. This microstructure exhibits
characteristic octahedral and tetrahedral cation vacancies (τ 1, I1), positron trapping
extended defects located near grain boundaries, and positron traps in the free-
volume entities (τ 2, I2). O-Ps decay in the water-filled nanopores of ceramics is
described by τ 3, I3 and τ 4, I4. Within the formalism of this model, the open volume
entities free of the electron density are treated as “defects,” while hypothetical
structure without these entities is treated as the “defect-free” bulk (represented by
τ b value).

It is shown (see Table 32.3) that the lifetime τ 1 of this first component decreases
with Ts, while the intensity I1 increases in accordance with the amount of the main
spinel phase. Smaller τ 1 lifetime reflects more perfect ceramics structure prepared
at higher Ts. The second component with τ 2 lifetime is directly related to size of
free-volume entity (trapping center) and extended defects near grain boundaries.
The intensity I2 is proportional to the number of such “defects.”

Positrons are trapped more strongly in the spinel-type ceramics obtained at lower
Ts, as reflected in the values of the middle component of the lifetime spectra. As
it follows from Table 32.3, the fitting parameters of this lifetime component (τ 2
and I2) significantly decrease with Ts. Consequently, the corresponding positron
trapping modes of extended defects near grain boundaries will also change (see
Table 32.4). Indeed, the values of such parameters as τ av., τ b, and (τ 2 − τ b)
decrease with Ts in good accordance with the amount of MgO/Al2O3 phases in
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Table 32.4 Positron trapping modes and calculated free volume for MgAl2O4 ceramics

Positron trapping modes Free-volume (nanopores) radius

Ts, ◦C τ av., ns τ b, ns κd, ns−1 R3,
′

Å R4,
′

Å

1200 0.232 0.19 0.94 3.19 18.52
1300 0.197 0.17 0.66 3.25 18.18
1400 0.178 0.16 0.44 3.31 17.01

ceramics. Thus, the size and the number of free-volume entity and extended defects
near grain boundaries in MgAl2O4 ceramics decrease with sintering temperature.
The characteristic size of these extended positron traps is close to that of single-
double atomic vacancies. Hence, the obtained PAL results agree well with phase
composition study of MgAl2O4 ceramics by XRD method.

The third and the fourth longest components in lifetime spectra are due to the
“pick-off” annihilation of o-Ps atoms in nanopores. Despite small I3 intensity, these
components cannot be eliminated without significant losses in the quality of the
fitting procedure. Similar components were detected in different porous substances
with different structural type [39, 48]. It can be surmised that these components are
related to predominant o-Ps “pick-off” decay in nanopores. The τ 3 lifetime of the
third component increases with Ts. At the same time its intensity I3 decreases. These
changes correspond to increased nanopore size and smaller amount of nanopores.
But size and amount of smaller nanopores in ceramics bulk decrease with Ts which
is manifested in changes of τ 4 lifetime and I4 intensity.

The radius of free volumes of nanopores in MgAl2O4 ceramics was calculated
using Tao-Eldrup model [40, 41] considering o-Ps “pick-off” lifetimes of the third
and fourth components with lifetimes τ 3 and τ 4. With increasing of ceramics
sintering temperature, the free-volume radius R3 increases from 3.19 to 3.31

′
Å and

R4 decreases from ∼18.5
′

Å to 17
′

Å (Table 32.4). Thus, the MgAl2O4 ceramics
with more perfect structure is characterized by larger nanopores needed for effective
capillary condensation process.

Changes caused by different pore size distribution and amount of these pores in
all regions were reflected in humidity sensitivity of the studied MgAl2O4 ceramics.
In spite of small amount of transporting pores, ceramics sintered at 1200–1300 ◦C
are characterized by a short linear dependence of electrical resistance R vs. RH
with an noticeable hysteresis in absorption-desorption cycles (Ts = 1200–1300 ◦C).
However, after the degradation transformation, these ceramic samples show linear
dependences in the region of RH = 30–95% (Fig. 32.4a, b). After 240 h at 40 ◦C
and RH = 95%, the profiles of these dependences are changed and shifted. In
ceramics sintered at 1400 ◦C with optimal pore size distribution and necessary
number of nanopores tested by PAL method, the dependence R vs. RH is practically
linear in all studied RH regions without hysteresis before and after the degradation
transformation [14].
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Fig. 32.4 Exploitation properties of MgAl2O4 ceramics sintered at 1200 ◦C (a), 1300 ◦C (b), and
1400 ◦C (c) [14]

32.4.2 Modified MgO-Al2O3 Ceramics

Our results obtained with XRD method testify that ceramics sintered Ts = 1200–
1400 ◦C contain two phases: the main spinel-type MgAl2O4 phase (space group
Fd3m) and some additives of additional MgO (space group Fm3m) (see Fig. 32.5).
The phase composition and lattice parameter values of MgO-Al2O3 ceramics
obtained with XRD method are shown in Table 32.5.

Thus, increase in the sintering temperature from 1200 to 1400 ◦C leads to the
formation of spinel phase; the corresponding lattice parameter slightly increases
within this process being at the level of 8.08 Å (see Table 32.5). So, we can
conclude that in magnesium aluminate ceramics, the same spinel-type phase is
formed regardless of Ts like in [14].

The pore size distributions of technologically modified MgO-Al2O3 ceramics
obtained at 1200, 1300, and 1400 ◦C are shown in Fig. 32.6. Such distribution covers
the charge-transferring nanopores with r1 radius depending on sintering conditions,
water-exchange inside-delivering or communication mesopores (r2 radius), and
water-exchange outside-delivering macropores (r3 radius) depending on specific
surface area of milled MgO-Al2O3 powder. Maximum peak positions (r1, r2, and
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Fig. 32.5 Observed and calculated XRD profiles for MgO-Al2O3 ceramics sintered at 1200 ◦C
(a), 1300 ◦C (b), and 1400 ◦C (c); the overhead row of reflexes is spinel phase; the lower row of
reflexes is MgO phase [16]

Table 32.5 Phase composition of the modified MgO-Al2O3 ceramics [16, 17]

Main MgAl2O4 phase Additional MgO phase
Tc, ◦´ Lattice parameter, Å Weight fraction, % Lattice parameter, Å Weight fraction, %

1200 8.0809(2) 93.63(0.78) 4.2124(4) 6.37(0.27)
1300 8.0812(2) 94.12(0.80) 4.2145(4) 5.88(0.30)
1400 8.0808(1) 94.05(0.78) 4.2169(4) 5.95(0.34)

r3) and intensities (Ir1, Ir2, and Ir3) of pore size distribution for studied ceramics
prepared at 1200, 1300, and 1400 ◦C are shown in Table 32.6.

Ceramics sintered at 1200 ◦C exhibit trimodal pore size distribution with max-
imum position of r1, r2, and r3 near 2.3, 35, and 160 nm, respectively (Table 32.6
and Fig. 32.6a). It is established that large open pores with size near 100–300 nm
correspond to open surface pores in ceramics. They are involved in absorption-
desorption process of water from environment. Pores centered near 35 nm are
so-called transporting pores providing the effective passing of water into ceramic
body [14, 17].
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Fig. 32.6 Pore size distributions of MgO-Al2O3 ceramics sintered at 1200 ◦C (a), 1300 ◦C (b),
and 1400 ◦C (c) [16, 17]

Table 32.6 Peak position of
pore size distribution for
modified MgO-Al2O3
ceramics sintered at
1200–1400 ◦C

Tc, ◦´ r1, nm Ir1, % r2, nm Ir2, % r3, nm Ir3, %

1200 2.3 4.5 35 3.4 160 6.9
1300 2.9 3.2 – – 270 9.1
1400 2.5 6.0 – – 380 10.3

According to Kelvin equation [40, 41], the open cylindrical nanopores with a
radius from smaller 1 nm to 20 nm are required for capillary condensation processes
of humidity in ceramics at room temperature in the range of relative humidity of 30–
98%. Such region includes peak with radius r1 and partly peak with radius r2. Meso-
and macropores with radius more than 20 nm (the second and the third peak) are not
involved in capillary condensation process, but they are needed for effective passing
of water into ceramic body.

The obtained results indicate that the sintering temperature influences the porous
structure of ceramics. It is shown that radius of nanopores r1 in studied ceramics
slightly increases from 2.3 nm for samples sintered at 1200 ◦C to 2.9 nm for
ceramics obtained at 1300 ◦C (Fig. 32.6a, b). Intensity of the first peak Ir1 changes
from 4.5% to 3.2% for ceramics sintered at 1200–1300 ◦C with further growth
to 6% in ceramics obtained at 1400 ◦C (Fig. 32.6c). The position of the second
peak with radius r2 is observed in ceramics sintered at 1200 ◦C. At the same
time, it is shown that this peak is shifted in the direction of the third peak. In
ceramics sintered at 1300 and 1400 ◦C, the clear peak position corresponding to
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Fig. 32.7 SEM micrograph of the modified MgO-Al2O3 ceramics sintered at 1200 ◦C (a),
1300 ◦C (b), and 1400 ◦C (c) [16, 17]

radius r2 cannot be resolved. But some amount of open mesopores still remains.
Thus, trimodal pore size distribution is transformed into bimodal, similarly to [26].
Obviously, such changes can be attributed to the growth of grains during sintering
at high temperature with future decreasing of size and amount of pores. Subsequent
confluence of pores is accompanied by diminishing of their surface and volume.
There occurs an intensive growth of grains and forming of large pores. As a result,
the pore size distribution is translocated to macropores region (Fig. 32.6b). Radius
r3 substantially rises from 160 to 380 nm with Ts of ceramics obtained from 1200
to 1400 ◦C. The intensity Ir3 of the third peak increases from 6.9% to 10.3%
(Table 32.2 and Fig. 32.6b, c).

Evolution of porous structure is confirmed by the results of SEM investigations.
It is shown that structure grains and pores in ceramics sintered at 1200 ◦C are
not well formed. Average grain size is about 200 nm. Additional MgO phase is
unevenly distributed in the volume of studied ceramics and mostly located near
grain boundaries bordering the pores (Fig. 32.7a). With increasing of sintering
temperature to 1300 ◦C, the contact area between grains grows, specific surface area
increases, the grains are combined into agglomerates, and the amount of open pores
increases. Such pores adopt initially spherical and then cylindrical shapes being
located on the grain boundaries (Fig. 32.7b). Average grain size increases to 300–
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Table 32.7 Fitting parameters of modified MgO-Al2O3 ceramics mathematically treated with
four-component fitting procedure

Tc, ◦´ τ 1, ns I1, a.u. τ 2, ns I2, a.u. τ 3, ns I3, a.u. τ 4, ns I4, a.u.

1200 0.16 0.65 0.38 0.33 2.03 0.010 48.4 0.011
1300 0.15 0.67 0.35 0.32 1.98 0.007 40.8 0.005
1400 0.15 0.67 0.35 0.31 1.94 0.008 42.4 0.005

500 nm. These ceramic samples have better developed porosity. Along with this,
closed porosity is formed due to the growth of small pores. These closed pores are
not involved in the sorption processes in the studied ceramics [17]. In ceramics
sintered at 1400 ◦C, the grain structure continues to take shape showing their
intense coagulation. The average size of the grains is near 600–3000 nm. However,
the porous structure is modified mainly due to increasing of closed porosity and
reduction of channel transport pores (Fig. 32.7c).

As it follows from XRD measurements, the studied MgO-Al2O3 ceramics have
a different amount of additional MgO phase. In accordance with SEM data, the
observed additional phases are nonuniformly distributed within the ceramics bulk,
being more clearly pronounced near grain boundaries (see Fig. 32.7). These phase
extractions serve as specific trapping centers for positrons penetrating the ceramics.
So, by using PAL method, we shall try to study more carefully chemical charac-
teristics of these extracted phases and nanosize free-volume entities (nanopores) in
MgO-Al2O3 ceramics sintered at different Ts.

As it was shown early, in the case of MgAl2O4 ceramics, two independent
channels of positron annihilation should be considered – the positron trapping with
short τ 1 and τ 2 lifetimes and o-Ps decaying with longer τ 3 and τ 4 lifetimes.

Taking into account the model described in [8, 9, 38], the shortest lifetime
component (the first channel of positron annihilation) in the studied ceramics
reflects mainly the microstructure specificity of the spinel with characteristic
octahedral and tetrahedral cation vacancies. It is shown (see Table 32.7) that the
lifetime τ 1 of this first component slightly decreases with Ts, while the intensity I1
increases in accordance with the amount of the main spinel phase (see Tables 32.5
and 32.7). Apparently, the decreasing of τ 1 lifetime reflects more perfect ceramics
structure prepared at higher Ts. By accepting two-state positron trapping model
[38], the longer τ 2 lifetime can be treated as defect-related one, these positron
trapping defects being located near grain boundaries [16]. According to our XRD
measurements, in the studied MgO-Al2O3 ceramics, the amount of additional
phases is dependent on Ts (see Table 32.5). Thus, the positrons are trapped more
strongly in the spinel-type ceramics obtained at lower Ts, which is reflected in the
middle component of lifetime spectra. As it follows from Table 32.3, the fitting
parameters of this lifetime component (τ 2 and I2) significantly decrease with Ts.
Consequently, the corresponding positron trapping modes of extended defects near
grain boundaries will be changed as well.

Indeed, the values of such parameters as τ av., τ b, τ d, and (τ 2 − τ b) decrease
with Ts in good accordance with the amount of additional MgO phase in the studied
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Table 32.8 Positron trapping modes and free-volume radius in the modified MgO-Al2O3
ceramics

Free-volume (nanopores) radius Positron trapping modes
Tc, ◦´ R3, nm R4, nm τ av., ns τ b, ns κd, ns−1 τ 2 − τ b, ns τ 2/τ b

1200 0.291 1.459 0.24 0.20 1.07 0.18 1.89
1300 0.286 1.328 0.22 0.19 0.85 0.20 2.03
1400 0.282 1.357 0.22 0.19 0.81 0.21 2.10

ceramics (see Table 32.8). But in all cases, the same type of positron trapping center
is formed since τ 2/τ b values are near 2.0. The characteristic size of these extended
positron traps near grain boundaries estimated from (τ 2 − τ b) difference is close to
single-double atomic vacancies [14].

The third and the fourth longest components in the resolved lifetime spectra are
due to “pick-off” annihilation of o-Ps atoms in the intergranular pores. It can be
surmised that these components are owing to predominant o-Ps “pick-off” decaying.
The τ 3 and τ 4 lifetimes of these components decrease with Ts. These changes are
connected with more branched structure of the open pores of the ceramics sintered
at higher Ts (1300 and 1400 ◦C). With Ts increased, the o-Ps “pick-off” decaying
occurs preferentially in the nanopores filled by absorbed water, while the ceramic
samples sintered at relatively low Ts (1200 ◦C) show this process in both water-filled
and water-free nanopores.

Recently, PAL spectroscopy started to be used as an alternative porosimetry
technique to characterize the local free volumes, first of all in both open and
closed nanopores. The PAL method is particularly effective when Ps is formed.
In disordered solids, Ps is usually organized in two ground state (p-Ps and o-Ps)
and localized in the pores and free volumes. Usually, quantification is based on
the analysis of o-Ps lifetime (the lifetimes of the third and fourth components τ 3

and τ 4 in MgO-Al2O3 ceramics corresponds to o-Ps lifetime). The o-Ps “pick-off”
annihilation depends on the size of pores and gives additional important information
on the void structure of the materials. Despite small I3 and I4 intensities for MgO-
Al2O3 ceramics, it is possible to estimate the average nanopores size from o-Ps
lifetime in a given material.

In MgO-Al2O3 ceramics, there are two o-Ps-related PAL components. Therefore,
τ 3 and τ 4 lifetimes can be related to corresponding pores via Tao-Eldrup model. The
nanopores radii R3 and R4 calculated using corresponded τ o-Ps values are shown
in Table 32.8. The τ o-Ps value of around ∼40 ÷ 48 ns corresponds to nanopores
with radius (R4) distribution centered near ∼1.3 ÷ 1.5 nm. Most probably, these
pores correspond to the empty volumes associated with mismatches in the packing
of extended atomic group (clusters, fractals, etc.). The similar lifetime τ 3 ≈ 2 ns
was also observed in MgO-Al2O3 ceramics, and its origin was associated with
fine pores of R3 ∼ 0.3 nm. Fraction of nanopores associated with o-Ps lifetimes
can be estimated by the intensities of corresponding long-lived components (I3
and I4). However, contrary to the short-lifetime components, annihilating almost
entirely via two-quantum annihilation, substantial part of o-Ps annihilates also
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via three-quantum process, which is completed by the “pick-off” annihilation
process [49–51]. Different efficiency of the registration for two- and three-quantum
processes can distort the proportion between observed o-Ps annihilation intensities
(I3 and I4) introducing uncertainty into the estimation of the number of pores. In
addition, it should be noted that porosimetry methods are limited to open pores,
which should have an access to the environment to be determined. These PAL results
are complementary data to Hg-porosimetry measurements. On the other hand, PAL
spectroscopy can probe both open and closed pores in functional humidity-sensitive
ceramics of sizes ranging from atomic scale to several tens of nanometers.

Changes caused by sintering temperature on pore size distribution were reflected
in humidity sensitivity of MgO-Al2O3 ceramics. Hence, ceramics sintered at low
temperature (1200 ◦C) has enough of open pores in all regions. Such behavior
of pore size distribution is manifested in electrical properties of ceramic samples.
They have good sensitivity (changes of electrical resistance ∼4 orders) between
average values of relative humidity (33–95%) and minimal hysteresis of resistance
dependence in adsorption-desorption cycles (Fig. 32.8a).
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Fig. 32.8 Exploitation properties of the modified MgO-Al2O3 ceramics sintered at 1200 ◦C (a),
1300 ◦C (b), and 1400 ◦C (c) [16]
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In spite of a small amount of transporting pores, ceramics sintered at 1300 ◦C
are characterized by linear dependence of electrical resistance R vs. RH in the
entire studied region without significant hysteresis in absorption-desorption cycles
(Fig. 32.8b). But after degradation tests there is a drop in sensitivity down to
35%. However, studied characteristics before and after degradation does not change
substantially.

In contrast to other ceramic samples, ceramics sintered at 1400 ◦C have a small
amount of macropores centered near r3 = 380 nm. Humidity sensitivity of these
ceramics is characterized by linearity but with appreciable hysteresis (Fig. 32.8c).

Thus, humidity sensitivity in ceramics sintered at low 1200 ◦C and recoverability
of electrical characteristic in adsorption-desorption cycles are obviously connected
with sufficient amount of open pores with different size from all pore size
distribution region. Increasing of humidity sensitivity and stability of ceramics
sintered at 1300◦C results in increased amount of open water-exchange outside-
delivering macropores. They provide efficient sorption processes of water through
small amount of communication mesopores [16, 17].

Bimodal pore size distribution of ceramics sintered at 1400◦C continues to
be modified. Capillary condensation processes effectively occur due to increasing
of amount of transferring nanopores. Hysteresis in absorption-desorption cycles
becomes larger due to the reduction of pores with radius r3.

32.5 Conclusions

It is shown that the structure of humidity-sensitive spinel MgAl2O4 ceramics is
improved with the increase of the sintering temperature, which mainly results
in the transformation of the pore size distribution and decreasing of amount of
MgO/Al2O3 phases located near grain boundaries. Positrons are trapped more
intensively in the spinel ceramics obtained at lower temperature. This is reflected
in the second component of the lifetime spectra. The third and the fourth longest
components of the spectra are due to “pick-off” annihilation of o-Ps atoms in
nanopores. Tao-Eldrup model can be applied in order to calculate of nanopore size
in ceramic materials.

It is established that the sintering temperature allows to change the porous struc-
ture of ceramic materials. Evolution of pore size distribution in humidity-sensitive
spinel MgAl2O4 ceramics leads to corresponding changes in water-sorption pro-
cesses in these materials. Degradation transformations at 40 ◦C and RH = 95%
result in the increased humidity sensitivity of ceramics in all studied regions with
minimal hysteresis. Such changes confirm the active work of transporting pores after
the full saturation of some nanopores by water is reached.

The sintered temperatures allow to refine the most significant changes in free-
volume (porous) structure of modified MgO-Al2O3 ceramics and to decrease the
amount of additional phases located near grain boundaries. Evolution of pore size
distribution from tri- to bimodal in the studied ceramics leads to corresponding
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changes in pore-related water-sorption processes. The increase of humidity sensi-
tivity in ceramics sintered at 1300 ◦C is related to the fact that close to optimal
pore size distribution is achieved. It is shown that in all sintered samples there are
pores with radii larger than 10–20 nm, which do not participate in the processes of
capillary condensation, although their presence is needed to support fast response
of humidity-sensitive elements to the change of relative humidity. Positrons are
trapped more strongly in the spinel-type ceramics obtained at lower temperature,
and this is reflected in the second component of lifetime spectra. The third and the
fourth longest components in the resolved lifetime spectra are due to “pick-off”
annihilation of o-Ps atoms in the intergranular pores. The observed o-Ps lifetimes
are related to the nanopores with radius of ∼0.3 and ∼1.3÷1.5 nm based on classic
Tao-Eldrup equation. The reported data were confirmed by Hg-porosimetry and
SEM results.
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