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The article discusses the modern methods of fabrication of iron powders, 
carries out their classification, analyses the analytical data about powders 
made from various types of raw materials. The kinetic regularities of the 
reduction of iron oxides are analysed from the point of view of the ad-
sorption–autocatalytic theory. The structure and mechanical properties of 
iron powders are considered. The morphology, structure, phase and ele-
mental compositions of the mill scale of the Uzbek Metallurgical Plant are 
analysed. Technology for the recovery of scale is developed, including the 
following stages: drying at 250–340C, grinding in a ball mill for 2 hours, 
magnetic separation, sieving through a 40-mesh sieve, mixing the charge, 
recovery for 2 hours in H2 at the temperatures: 650–700С (I zone), 950–
1000С (II zone). 

У статті розглядаються сучасні методи виготовлення залізних порош-
ків, проводиться їх класифікація, аналізуються аналітичні дані про 
порошки, виготовлені з різних видів сировини. Кінетичні закономірно-
сті відновлення оксидів Феруму аналізуються з точки зору адсорбцій-
но-автокаталітичної теорії. Розглянуто структуру та механічні власти-
вості порошків заліза. Проаналізовано морфологію, структуру, фазовий 
і елементний склади вторинної жужелиці Узбецького металурґійного 
заводу. Розроблено технологію відновлення жужелиці, що включає на-
ступні етапи: сушка при 250–340C, шліфування в кульовому млині 
протягом 2 годин, магнетне збагачення (відокремлення), просіювання 
через 40-коміркове сито, змішування шихти, відновлення протягом 2 
годин у H2 за температур у 650–700C (I зона) і 950–1000C (II зона). 

Key words: iron powder, kinetics, reduction, iron oxide, adsorption, 
structure, mechanical properties. 
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1. INTRODUCTION 

The most important task of the economic and social development of 
the Republic of Uzbekistan is the acceleration of scientific and 
technological progress in all branches of industrial production 
through the use of new materials, progressive technologies, and 
processes that ensure the predominant output of products with a 
decrease in material consumption per unit of consumer properties of 
machinery and equipment. 
 Powder metallurgy, which is one of the promising technologies of 
metallurgical and machine-building production, is of great im-
portance in solving the problems posed, the methods of which make 
it possible not only to create materials with new quality and 
strength characteristics, but also to introduce waste-free or low-
waste technologies for the production of powder metal materials 
and products of various appointments based on them. 
 If in the manufacture of parts by traditional methods (casting, 
forging, stamping followed by mechanical processing) the metal uti-
lization factor is 0.4–0.6, then powder metallurgy allows increasing 
it to 0.95–0.97 [1, 2]. 
 Powder metallurgy processes, as a rule, proceed at temperatures 
lower than in large metallurgy (0.7–0.8 from the melting point), 
thereby providing energy savings. The energy consumption of pow-
der metallurgy is 29 MJ/kg and is significantly lower than the en-
ergy consumption of foundry (34–38 MJ/kg), cold stamping (41 

MJ/kg), hot stamping (46–49 MJ/kg), cutting (66–82 MJ/kg) [4, 5]. 
 Powder metallurgy has one more advantage—environmental one, 
because it is not associated with the release of harmful products 
that pollute the environment. 
 A feature of powder metallurgy—the possibility of creating com-
pact materials from mixtures of powders, bypassing the stages of 
melting and casting, opens up broad prospects for the development 
of new powder metal materials with a variety of properties inherent 
both in components of a metallic and non-metallic nature, and aris-
ing from the interaction of heterogeneous nanodispersed systems. 
 Using the methods of powder metallurgy, it is possible to obtain 
composite products from so-called ‘pseudo-alloys’, the components 
of which either sharply differ in melting temperature, or do not 
fuse at all (tungsten–copper, tungsten–silver, copper–molybdenum, 
etc.), but are widely used in electrical and radio engineering, elec-
tronics. 
 Powder metallurgy methods have created a large group of new 
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composite materials, which include dispersion-hardened, antifriction 
and frictional, cermets, fibre-reinforced materials, etc. Structurally, 
this group of materials is a plastic metal matrix that cements the 
inclusions of the hardening phase. 
 The development of fundamental and theoretical foundations and 
new technologies created the prerequisites for expanding the range 
and scope of powder products. If 20–25 years ago the bulk of pow-
der products was represented by parts of friction units (antifriction 
and frictional), now more than 60% of manufactured parts are 
structural, operating under conditions of complex stress and shock 
exposure, elevated temperatures, corrosive environments, etc., when 
high strength, density, impact strength, special properties are re-
quired from parts [6, 7]. 

2. THE RELEVANCE OF THE PROBLEM 

At present, powder metallurgy is a rapidly developing industry, in-
cluding the production of powders, metals, and alloys with particles 
of different dispersion, granules, threads, and other shapes; pro-
duction of various machine parts and devices, tools, and special-
purpose items; development and creation of metallic powder materi-
als and non-metallic substrates; strengthening and restoration of 
machine parts and devices, as well as imparting increased mechani-
cal or special physicochemical properties to the surface of products 
by methods of coating with powder composite materials. 
 In this regard, new promising processes for obtaining powder 
products are being introduced into practice, as well as new types of 
high-performance equipment; great attention is paid to scientific 
developments in the field of powder metallurgy and materials based 
on them [8]. 
 Among the technological methods for the production of structur-
al products, the method of cold pressing in closed moulds with sub-
sequent sintering has the greatest application [9, 10]. 
 The advantage of obtaining parts in this way is, first of all, high 
productivity and the possibility of their mass production without 
using or with the use of minor mechanical processing, which reduc-
es waste and metal losses by 10–15 times in the manufacture of 
even products with complex shapes [11, 12]. 
 This technology retains inexhaustible possibilities for the crea-
tion of new materials based on iron powders with the additional use 
of alloying and heat treatment methods [13, 14]. 
 In recent years, hot pressing technology has been rapidly develop-
ing, which consists of the simultaneous pressing and sintering of 
powders, which makes it possible to obtain a dense product with a 
certain level of mechanical properties. With hot pressing, it is pos-
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sible to significantly reduce the temperature process and thereby 
slow down the recrystallization process that ultimately leads to the 
formation of a fine-grained structure and an increase in mechanical 
properties in the low-temperature region [15, 16]. 
 In contrast to conventional sintering, the methods of hot mould-
ing of blanks and products are carried out on equipment that is 
more complex, require special preparation of the tooling, and are 
inferior to it in performance. However, the effect in terms of 
strength properties and wear resistance is fully justified from both 
the technical and economic points of view. Methods of hot working 
with pressure are especially effective in the manufacture of large 
products, using difficult to sinter or substandard powders when it 
is necessary to obtain high density and strength of products, which 
are unattainable under the conditions of conventional sintering. 
 Large losses of metal occur from corrosion and wear of structures 
and machine parts. In this regard, a new direction of powder metal-
lurgy is acquiring great importance in increasing wear resistance 
and corrosion resistance by applying powder materials to the sur-
face of products [17, 18]. 
 Various methods of applying layers (surfacing, plasma spraying, 
electrophoresis, vapour deposition, detonation spraying, etc.), as 
practice shows, due to the small thickness of the coating, cannot 
always be effectively used to protect the working surfaces of 
equipment parts, tools and technological equipment operating in 
hydroabrasive and aggressive environments, at high pressures and 
elevated temperatures. Therefore, there is a need for a broad devel-
opment of work on the creation and implementation of technologies 
for applying layers of more than 2 mm to ensure reliably a long 
service life of equipment units. 
 In this respect, powder metallurgy methods are promising (cen-
trifugal, sintering, pressing with subsequent sintering, electrical 
contact sintering, hot pressing, etc.), which make it possible to ob-
tain layers with high physical, mechanical and operational proper-
ties, and a given structure. 
 Among these methods, preference should be given to the hot 
pressing method, since the application of pressure accelerates the 
compaction process and the formation of strong contacts of the 
powder coating with the substrate. 
 However, to solve the problem of strengthening the working sur-
faces of machine parts and mechanisms by applying layers by hot 
pressing, it is necessary to study the physical and mechanical prop-
erties of powder layers on a compact basis, to identify the mecha-
nisms of compaction and formation of a joint depending on the pa-
rameters of hot pressing (temperature, pressure, isothermal hold-
ing). 
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 Thus, based on the analysis of literature data, it can be concluded 
that the development of new technological solutions for the pro-
cessing of iron powders obtained from production of waste is possi-
ble only after a wide range of studies of their morphology, struc-
ture, physicochemical and technological properties, since, ultimate-
ly, they determine the conditions for forming and sintering, as well 
as the mechanical and operational characteristics of materials based 
on iron powders. 
 To develop technology for producing layers from powder materi-
als, it is necessary to study the kinetics of changes in the density of 
the layer and the strength of its connection with the substrate, de-
pending on the type of starting materials and the main parameters 
of hot pressing: temperature, pressure, isothermal holding. 

3. RESEARCH METHODS 

Metallographic, x-ray phase, and electron-microscopy analyses; test 
for mechanical properties. 

4. STUDY RESULTS 

Methods for Obtaining Metal Powder Materials. To obtain iron 
powders, a wide variety of methods are used that is explained not 
only by the need for powders for various purposes but also by the 
search for technologies, which would ensure the production of the 
cheap and high-quality powders [19, 20]. The classification of 
methods for producing iron powders is shown in Fig. 1. 
 In terms of composition, all iron powders can be classified into 
two groups: low-carbon (iron powders proper) and alloyed iron pow-
ders [21–23]. 
 The first group should include iron powders containing perma-
nent, hidden, and accidental impurities. Permanent impurities in-
clude sulphur, phosphorus, manganese, and silicon, which are pre-
sent in any steel, scale, or ore that can be the starting material for 
producing iron powder. The content of these elements in powders is 
usually in the range, wt.%: sulphur 0.01–0.04, phosphorus 0.01–
0.05, manganese 0.3–0.7, silicon 0.2–0.4. 
 Latent impurities (oxygen, hydrogen, nitrogen) present in the 
feedstock for the production of iron powder in various quantities, 
ranging from fractions of a percent in steels, and ending in percent 
in scale and ores and remaining in small amounts in iron powders. 
 Accidental impurities are entering the starting materials for the 
production of iron powders from steels, ores, scrap, and scrap met-
al. 



784 Kh. M. MAMARAKHIMOV and Kh. Kh. SIROJEV 

 The presence of the listed impurities is an inevitable consequence 
of the technological process of producing iron powder from carbon 
steels, scales, and ores. 
 The second group should include iron powders containing alloying 
elements in quantities exceeding impurity and introduced into the 
powder particles by one of the following methods: 
1. alloyed iron powders obtained by grinding or spraying alloy 
steels, as well as their waste, followed by reduction annealing of 
raw materials. 
2. alloyed iron powders obtained by surface alloying of powder par-
ticles. 
3. naturally alloyed iron powders obtained by reduction of naturally 
alloyed ores, pulverized raw materials, or mill scale of alloyed 
steels, or from shavings formed during the mechanical processing 
of these steels. 
 Powders of this group obtained by various methods have the fol-
lowing composition, mass.%: iron 98.0–99.0, oxygen 0.02–1.0, car-
bon 0.005–0.12, silicon 0.006–0.64, phosphorus 0.001–0.5, manga-
nese 0.002–0.03, and sulphur 0.005–0.003. 
 For comparison, we note that the average content of impurity el-
ements in iron powders and cast steels (hot-rolled, carbon engineer-
ing) is approximately the same, except for the manganese content, 
which in steels is brought to 0.9 mass.%. 
Production of Iron Powders by the Reduction Method. A compari-
son of methods for the production of the iron powder allows us to 
conclude that the oxide reduction process is the most promising 
method for the production of cheap universal-purpose powder. Giv-

a

 

Fig. 1. Classification of methods for producing iron powders. 
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en the high productivity of the recovery process, the use of cheap 
raw materials and high-quality reductants, ensuring the complete-
ness of recovery, correct engineering design, and full automation of 
technological cycles, it can be argued that the recovery process is 
the most profitable from a technical and economic point of view for 
obtaining cheap iron powders [24, 25]. 
 The development of the industrial production of iron powders by 
the reduction method was preceded by the development of the theo-
retical foundations of this process. 
 The kinetics of the reduction of iron oxides were studied, the 
equilibrium constants of the ongoing reactions were determined, 
and kinetic equations were derived, taking into account the influ-
ence of factors such as the rate of diffusion and chemical reactions 
on the process rate [26, 27]. 
 The existing methods for the reduction of iron oxides are classi-
fied according to the reductant used, the type of charge and the 
method of feeding it into the reduction zone, the pressure of the 
reducing gases, and the process temperature. 
 The reduction can be both an independent technological process 
for obtaining iron powders (the raw material is scale, ore), and the 
final part of the technological process in the production of powders 
by crushing steel melts with water or compressed air, in which iron 
particles are oxidized. 
 The process of reduction of iron oxides with hydrogen can be de-
scribed by the following chemical reactions: 

3Fe2O3Н22Fe3O4Н2О5.2 kcal, 

Fe3O4Н23FeOН2О15.2 kcal, 

FeOН2FeН2О6.7 kcal, 

Fe3O44Н23Fe4Н2О43.4 kcal. 

 According to the adsorption–autocatalytic theory, the reduction 
process consists of the adsorption of a reducing gas on the oxide 
surface, the destruction of the oxide crystal lattice, the formation 
of intermediate oxide phases, and, at the last stage, the metal 
phase, desorption of gaseous reaction products from the surface of 
particles [28]. 
 The detachment of oxygen atoms from oxides during their reduc-
tion is thermodynamically easier than dissociation because, in the 
course of the reaction, the energy of binding of oxygen with a re-
ducing agent is released. As a result, either the activation energy of 
the reaction decreases, and the process is accelerated at a given 
temperature, or the reaction becomes possible at lower tempera-
tures. 
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 The acceleration of the chemical interaction of oxides with a re-
ducing agent is also stimulated because the boundary between the 
oxide and the metal reduced from it in most cases is a catalyst for 
the process, as a result of which, it becomes autocatalytic one. For 
this reason, the dependence of the free energy of the formation of 
oxides on temperature makes it possible to estimate the relative 
thermodynamic strength of these oxides upon reduction [29]. 
General Principles for the Recovery of Mill Scale. One of the ur-
gent problems of ferrous metallurgy is the use of secondary raw 
materials and production wastes in the national economy, which are 
not used in the smelting of high-quality metal in open-hearth and 
electric arc furnaces. 
 Such production wastes include scale, which is formed during the 
rolling of boiling carbon steels, containing 70–75% iron in the form 
of oxides. In the rolling shops of metallurgical plants, tens of thou-
sands of tons of scale are accumulated, the chemical composition of 
which depends on the operation of the rolling technological process, 
at which it was formed. The purest scale is formed during the cool-
ing of rolled products in cold spans; it is not clogged with oxides 
difficult to recover, does not require magnetic separation, and is 
cheap and enough clean raw material source for obtaining iron pow-
ders. 
 Usually, mill scale is heavily contaminated with mechanical im-
purities, unstable in particle size distribution and bulk density, 
which greatly complicates its use. Therefore, the scale is first sub-
jected to screening to separate large mechanical inclusions (14 mm3) 
from it, then dried at a temperature of 350–500C. In this case, the 
scale is freed from oils and other combustible impurities [30]. A 
dried scale with a moisture content of no more than 0.5% is sub-
jected to magnetic separation to remove non-metallic inclusions, 
mainly, silica. Then, the scale is milled in mills to a particle size 
of1.0 mm. 
 For the reduction of scale with hydrogen, continuous muffle or 
tube furnaces with external heating are used. The dross is placed in 
trays or boats that move continuously through the hot zone of the 
oven. Hydrogen is supplied from the side of the refrigerator and 
the counter-flow principle ensures the most complete recovery. The 
time required for complete-scale recovery depends on its type, par-
ticle size, layer thickness, temperature, pressure, and humidity of 
hydrogen, and other factors. 
 According to one of the options [31], the reduction is carried out 
in a tubular two-zone furnace at 650–700C (I zone) and 700–800C 
(II zone). 
 In another embodiment [32], the reduction is carried out in a 
continuously operating conveyor furnace at 980C. The recovery 
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time is of about 5 hours, and furnace productivity is 90 kg/h. 
There is a known method of reducing iron oxides by converted nat-
ural gas at 1100–1150C [33]. 
 It is proposed to make briquettes from scale and carry out reduc-
tion with natural gas conversion products at 900–950С (stage 1). 
Then, the obtained sponge iron (the degree of recovery is 90–96%) 
is ground and additional reduction is carried out in hydrogen at 
950–1000C (stage 2) [34]. 
 The work [35] presents the results of experimental studies of the 
reduction of iron oxides with wet hydrogen at normal pressure and 
isothermal conditions in the range 390–500C. As a result of exper-
iments, it was found that the rate of reduction in the kinetic region 
of reaction at normal pressure linearly depends on the concentration 
of water vapour in the gas mixture at their low content, which can 
be explained by a simple blocking of the active surface of the solid 
phase by water molecules. 
 Complete reduction of fine fractions of iron oxides with moist 
hydrogen is practically impossible due to the adsorption of water 
vapour on their surface. Therefore, the reduction of iron oxides is 
advisable to be carried out at moderate temperatures with complete-
ly dried hydrogen in installations operating on the counter-flow 
principle. 
 Experiments have shown that under these conditions, fine oxide 
particles with a large specific surface area also have a high reduc-
tion rate at low temperatures. 
 At the same time, an increase in the specific surface area of par-
ticles by several times does not entail the same increase in the re-
duction rate, which indicates a large influence of the internal poros-
ity of oxides on the reduction process. 
 Besides, an increase in the reduction temperature to 600–800C 
leads to a sharp decrease in the rate of the process due to recrystal-
lization of the metal powder, and the time required for the complete 
reduction of fine oxides (0.05 mm) with hydrogen is longer than 
the time required for the recovery of larger particles of 0.3–0.4 

mm. 
Study of the Morphology, Structure, Phase and Elemental Compo-
sitions of Mill Scale of the Uzbek Metallurgical Plant. Considering 
that steel at the plant is smelted from scrap metal, one should ex-
pect the presence of a wide range of impurity elements in various 
concentrations. Therefore, comparative studies of the morphology 
and chemical composition of mill scale and iron oxide grade pure 
for analysis (P.F.A.) were presented. 
 It has been shown that iron oxide particles have a generally 
spherical shape, which is typical for -Fe2О3 [16]. The scale under-
study is granules of various sizes (up to 10 mm) of arbitrary shape 
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with a porous structure (Fig. 2) [16]. 
 As can be seen from the x-ray diffraction pattern (Fig. 3), the 
scale contains wüstite (FeO) [0.248, 0.215, 0.151, 0.129, 0.123 
nm3], magnetite (Fe3О4) [0.248, 0.148 nm3], and there are traces of 
hematite (-Fe2О3) [0.252, 0.148, 0.110 nm3] (Fig. 3). 
 A comparison of the chemical composition of the scale of the 
Uzmetkombinat with the results of the analysis of the scale of the 
Orsk-Khalilovsk metallurgical plant (Table 1) indicates a significant 
difference in their chemical composition. 
 The scale of Uzmetkombinat is a powder of low-alloy steels. 
 Before the investigation, the scale was dried at 300–400C, 
grinding in a ball mill at a ratio of the mass of raw materials and 
steel balls of 1:1 for 1.3 and 6 hours. 
 After grinding, magnetic separation of the powder was carried 
out on a belt transport shown in Fig. 4. 

  
                         a                                                b 

Fig. 2. Microstructure of the initial scale (a, 150) and electron-
microscopy structure of milled scale (b, 17.500). 

 

Fig. 3. Section of the x-ray diffraction pattern of mill scale. 
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 The scale powder is loaded in portions into the receiving hopper 
(1), from which it is poured out by gravity in a layer of 0.5–1.0 cm 
onto a conveyor belt (2) made of thin vacuum rubber. The conveyor 
belt is driven by two rollers (3) and (4), one of which (4) is a per-
manent magnet. The rolls are driven by an electric motor with a 
drive. The powder, moving along the conveyor, reaches the opposite 
end, and its non-magnetic fraction is dumped down into the hopper 
(5), and the magnetic fraction, as the effect of the magnetic field 
weakened, is dumped into the hopper (6). Together with the parti-
cles of the magnetic fraction, 0.05–0.1 mass.% of non-magnetic 
particles are entrained by mechanical adhesion, but their concentra-
tion does not significantly affect the quality of the final product. 
 The average chemical composition of the scale is given in the Ta-
ble 1. 
 After magnetic separation, the powder is poured into steel and 
graphite boats in weights of 0.5, 1.0, 1.5 kg. In this case, the 
height of the powder layer was of 10–30 mm. 
 The reduction was carried out in a stream of hydrogen in a sin-
gle-zone industrial furnace at 600, 700, and 800C for 1 hour. 

 

Fig. 4. Installation of magnetic separation. 

 

Fig. 5. X-ray diffraction pattern of reduced iron powder at different tem-
peratures: а—600С; b—700С; c—800С. 
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 The reduction of scale at 600С leads to the formation of -Fe 
(40%), FeO (38%), [0.248, 0.153 nm3] FeO* (11%), Fe3O4 
[0.297, 0.161 nm3] (11%). The total iron content in the samples is 
80 wt.% (Fig. 5, a). The reduction of scale at 700C forms the 
system -Fe (55%), Fe2O3 [0.250, 0.116 nm3], FeO [0.151, 0.123 
nm3] (23%), FeO* (15%), Fe3O4 [0.161 nm3] (7%). The total 
iron content in the samples is 87 wt.% (Fig. 5, b). The reduction 
of scale at 800C leads to the formation of the -Fe (70%), FeO 
[0.151, 0.124 nm3] (30%), FeO* (30%). The total iron content in 
the samples is 94 wt.% (Fig. 5, c). 
 The FeO* phase present in all samples contains 48.5% Fe and 
corresponds to the formula Fe0.35О and corresponds to the prepara-
tion obtained by the decomposition of FeС2О4 at 800C (ASTM, 6-
0711) [37]. FeO* in terms of d(hkl) values differs from FeO present 
in the initial scale and is, apparently, a solid solution FeO–Fe3O4 
[0.368, 0.251, 0.220, 0.183, 0.163, 0.153 nm3] (based on FeO), 
which is usually written as FexO (x0). To compare the results ob-
tained, we also analysed samples of iron oxide (P.F.A.) reduced at 
800C (Fig. 6, a). 
 However, due to the high chemical activity of the obtained ultra-
granular iron powders, the presented diffractogram (Fig. 6, b) de-
termines the phase composition of the already oxidized product. It 
includes -Fe, FeO [0.248, 0.215 nm3] and Fe3O4. 
 The spectral analysis of the samples obtained by reducing the 
scale at 700C is presented in Table 2. 
 A comparison of the results obtained with the results of the anal-
ysis of the content of impurities in the initial scale (Table 1) shows 
that its reduction at 700C leads to an increase in the concentration 
of practically all the elements present. However, in reality, this is 

  
                         a                                                 b 

Fig. 6. X-ray diffraction pattern of initial iron oxide (a) and reduced iron 
at 800С (b) for 1 hour. 
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due to the analysis methodology, which does not take into account 
the reduction in the volume of dross after its recovery. Neverthe-
less, it can be argued that under the selected reduction conditions, 
no significant refining of the product occurs [38]. 
 As can be seen in Fig. 2, the results of electron-microscopy stud-
ies of the reduction products of scale, milled to different degrees of 
fineness (10–500 m), showed that finer iron powders are obtained 
from more dispersed scale, the pyrophoricity of which increases 
with a decrease in the reduction temperature that is manifested in 
terms of the thickness of the oxide film on the surface of particles. 
 Under the accepted experimental conditions, the lower layers of 
the scale powder are not completely restored due to insufficient re-
covery time (600 and 700C) or the difficulty of hydrogen penetra-
tion due to the formation of a dense surface crust by sintered iron 
particles (at 800C). 

TABLE 2. Average chemical composition (wt.%) of the iron powder ob-
tained by reduction of scale at 700C. 

Element Si Al Ca Mg Ba Sr Mn Ti Cr Ag Pb 

Mass.% 2.0 2.0 0.06 0.2 0.02 0.02 0.50 0.03 0.08 0.0001 0.006 

Element Zb Ni Co Mo Sn Nb La Zr Ga Cu other 

Mass.% 0.008 0.20 0.01 0.01 0.003 0.007 0.007 0.004 0.0004 0.15 — 

 

Fig. 7. X-ray diffraction pattern of iron samples obtained by reducing 
scale in two stages: 1—650С (1 hour); 2—800С (1 hour). 
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 Based on the data obtained, it was concluded that the reduction 
process must be carried out in two stages at 600–700C and 800C. 
It is necessary to add a baking powder to the scale composition—
soot or iron powder. 
 Based on these prerequisites, a series of experiments were carried 
out to restore scale, ground in a ball mill for 1 hour, in a two-phase 
furnace at temperatures: I zone—650C; II zone—800C. 
 For the study, steel and graphite boats were used, and the scale 
powder was mixed with 5% graphite or 5–10% iron powder. The 
charge was poured both into clean boats and onto a thin layer of 
iron powder. 
 The results obtained allowed us to conclude that under the select-
ed reduction conditions, soot practically does not contribute to the 
reduction process and remains in the charge in a free state. 
 The best option is to recover the charge, which consists of a mix-
ture of scale (90%) and iron (10%) powders. However, the iron 
powder sticks to the steel boat. Therefore, in terms of technology, 
preference should be given to graphite boats. The results of x-ray 
phase analysis of the product obtained by reducing a mixture of 
scale (90%) and iron (10%) in graphite boats in two stages (1 hour–
650C, 1 hour–800C) showed that the resulting powder is 98% 
from -Fe [0.253, 0.248, 0.215, 0.129 nm3] (Fig. 7). 
 However, during storage, there is the slow oxidation of iron 
powder, [0.244, 0.212, 0.150, 0.128 nm3]; therefore, experiments 
proved the need to increase the temperature of the II stage of re-
duction to 950–1000C (Fig. 8). 
Technological Scheme of Obtaining Iron Powders by Reducing 
Scale. Preparation of raw materials. If the scale is taken from per-
ennial dumps located in an open area, then it is preliminarily sub-
jected to screening and flotation with running water to remove 
pieces of silica and alumina. The scale in the spans of rolling mills 
is not subjected to such an operation. 
 The scale is dried at 250–340C to remove moisture, oil, etc. Mill-
ing of scale is carried out in a ball mill at a ratio of the mass of raw 
materials and steel balls 1:1 for 2 hours. 
 After grinding, the powder is magnetically separated on a belt 
conveyor equipped with an electromagnetic system to remove parti-
cles of impurities. The yield of the non-magnetic fraction is 3–10%, 
depending on the scale contamination. 
 The powders are sieved through a 40-mesh sieve to remove coarse 
fractions, which are resent for grinding. The amount of the coarse 
fraction usually does not exceed 3–5%. 
Batch Preparation. To accelerate the reduction process and facili-
tate the circulation of hydrogen, 8–10 wt.% iron powder is added 
to the scale powder. The batch is mixed in a mixer or ball mill for 1 
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hour. 
Scale Recovery. The charge is poured into standard graphite boats 
with a layer thickness of 25–30 mm, which are placed in the muf-
fles of an industrial furnace consisting of two zones, and a refrig-
erator, and are continuously advanced using a pusher. 
 The temperature of zone I of the furnace is 650–700C, zone II is 
950–1000C. Hydrogen is supplied from the side of the refrigerator 
and the counter-flow principle ensures the most complete recovery. 
The residence time of boats with a charge in each temperature zone 
is 1 hour, i.e., the restoration process is carried out in 2 hours. 
Grinding of the Sponge Iron. The resulting iron sponge (Fig. 9) is 
subjected to grinding in a ball mill for 2 hours. 
 After grinding, the powder is sieved through a 60-mesh sieve. 
Coarse fractions of the powder are returned to the initial cycle for 

 

Fig. 8. X-ray diffraction pattern of iron samples obtained by reducing 
scale in two stages: 1—650С (1 h); 2—1000С (1 h). 

 

Fig. 9. The microstructure of an iron sponge was obtained by reducing the 
mill scale, 1000. 1—-Fe. 
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batching the scale. 
 The technological scheme for obtaining iron powders from the 
scale of the APO Uzmetkombinat is shown in Fig. 10. 
 Composition and properties of iron powders. The iron powder ob-
tained by this technology is -Fe and has the chemical composition 
shown in Table 3. The results of studying the technological proper-
ties of iron powders are presented in Table 4. 

 

Fig. 10. Technological scheme for obtaining iron powders from the scale of 
the Uzmetkombinat. 



796 Kh. M. MAMARAKHIMOV and Kh. Kh. SIROJEV 

5. CONCLUSION 

The modern methods of obtaining iron powders are considered, their 
classification is carried out, and analytical data of powders made 
from various types of raw materials are given. 
 The kinetic regularities of the reduction of iron oxides are ana-
lysed from the point of view of the adsorption–autocatalytic theory. 
The principles of reduction of mill scale with hydrogen are general-
ized, the influence of external factors on the reduction process is 
considered. 
 The structure and mechanical properties of iron powders are con-
sidered. 
 As concluded, regardless of the production method and raw mate-
rials, iron powders have different properties with the same chemical 
composition. 
 The morphology, structure, phase and elemental compositions of 
the mill scale of the Uzbek Metallurgical Combine are analysed. It is 
concluded that it is a powder of low alloy steels. 
 The dependence of the change in the phase composition of iron on 
the temperature and time of scale reduction is investigated. As a 
result, an optimal mode of obtaining iron powder was developed, 
the characteristics of which meet the GOST 9849-86 requirements. 
 The scale recovery technology has been developed, which includes 
the following stages: drying at 250–340C, grinding in a ball mill 
for 2 hours, magnetic separation, sieving through a 40-mesh sieve, 
mixing the charge, recovery for 2 hours in H2 at a temperature: I 
zone—650–700С, II zone—950–1000С. 

TABLE 3. Iron powder chemical composition. 

Element Fe Si Al Mg Mn Ba Ti Cr 

Content, mass.% 98.9 0.3 0.1 0.01 0.2 0.009 0.001 0.05 

Element Zr S C O2 Ca Ni Co other 

Content, mass.% 0.001 0.03 0.05 0.2 0.008 0.1 0.04 0.15 

TABLE 4. Technological properties of iron powders. 

Particle size, mm 0.16–0.20 0.10–0.16 0.063–0.10 0.05–0.063 
not less 

than 0.05 

Grading, % 1.5 10–30 20–35 20–30 15–30 

Bulk density, g/sm3 2.2–3.0 

Fluidity, s/50 g 40 

Compressibility at 

P700 MPa, g/sm3 
6.5–7.0 
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PACS numbers: 61.05.cp, 61.43.Gt, 62.20.Qp, 68.37.Hk, 81.07.Wx, 81.20.Ev, 81.65.Ps 

Effect of Production Methods on the Microstructure, 
Phase Composition, and Properties of Hard Alloy VK8 with 
Submicron Grain 
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and O. I. Khovavko2 
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The effect of manufacturing process on the microstructure, phase compo-
sition, and properties of hard alloy VK8 that can be used for the cores of 
small armour-piercing ammunitions is revealed. According to the results 
obtained by scanning electron microscopy, x-ray phase analysis, and du-
rometry, the sintering kinetics of the hard alloy VK8 allows forming a 
fine-grained microstructure with different levels of microstresses, depend-
ing on the production technique, which affects the mechanical properties 
of the material. 

Встановлено вплив методів одержання на мікроструктуру, фазовий склад 

і властивості твердого сплаву ВК8, що може використовуватися в якості 
матеріялу для бронебійних сердечників стрілецької зброї. Методами рас-
трової електронної мікроскопії, рентґенофазової та дюрометричної аналіз 

встановлено, що кінетика процесу спікання твердого сплаву ВК8, залеж-
но від методу одержання, уможливлює сформувати дрібнозернисту стру-
ктуру з різним рівнем мікронапружень, що формує механічні властивості 

матеріялу. 

Key words: hard alloy, tungsten carbide, spark plasma-enhanced sintering, 
electron beam-assisted sintering, radiation sintering, hardness, mi-
crostresses. 

Ключові слова: твердий сплав, карбід Вольфраму, іскроплазмове спі-
кання, електронно-променеве спікання, радіяційне спікання, твердість, 
мікронапруження. 
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1. INTRODUCTION 

The use of materials in the arms industry requires the development of 

high performance alloys with a given level of properties. The cores of 

small armour-piercing ammunitions are the parts to which high re-
quirements are set; they should have a high penetrating ability, which 

is provided by high kinetic energy and intactness of the core after 

piercing. This problem is possible to solve by using for the core a mate-
rial with high strength, hardness, and specific weight. The combina-
tion of these characteristics can be achieved by using hard tungsten 

carbide alloys. However, the use of standard hard alloy manufacturing 

technologies does not provide maximum hardness and strength due to 

the growth of tungsten carbide grains during sintering [1–3]. 
 Currently, a mixture of WC–Co fine powders with a particle size of 

about 1 m is used in order to provide high mechanical performance of 

the hard alloys. One of the ways to create a fine-grained microstruc-
ture consists in the use of nanosize and submicron hard alloy powders 

[4–6]. However, the production of nanosize powders is accomplished 

by their difficult stabilization and requires energy-consuming grind-
ing in planetary mills or attritors that results in contamination of the 

mixture, as well as intense deformation that increases absorbed energy 

and ultimately leads to particle growth. A partial solution to this prob-
lem consists in manufacturing carbide nanoparticles by synthesis in 

gas phase chemical reactions, or plasma chemical synthesis, which en-
sures a narrower particle size distribution and reduces excess energy 

[7]. However, another problem of nanostructure formation in carbide 

materials is the process of particle consolidation during sintering. The 

sintering in the presence of a liquid phase leads to fast grain growth 

caused by intensive mass transfer [8]. The diffusion processes can be 

retarded in solid-phase sintering; however, this makes impossible to 

get rid of residual porosity. 
 Traditional vacuum technologies of free sintering are not effec-
tive for producing hard alloy materials with nanostructures or fine 
structures. One way to inhibit grain growth in hard-alloy mixtures 
consists in applying pressure during sintering, which allows reduc-
ing the consolidation temperature. Such methods include hot static 
(HP) and hot isostatic pressing (HIP) technologies [9–11]. However, 
the disadvantage of these methods is the high probability of for-
mation of residual porosity in the material, because the consolida-
tion is performed mainly in the conditions of solid-phase sintering. 
A promising method of forming non-porous hard alloys with fine 
microstructure is spark plasma sintering (SPS), which implements 
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rapid heating with a rate of about 400–500 degrees per minute [11–
13]. Heating with high rate, as well as applied pressure, allow to 
reduce the sintering temperature to 1200–1300С. Thus, it is neces-
sary to study in more detail the features of consolidation of the 
WC-based hard alloys under the conditions of rapid sintering tech-
niques, including those with electron beam application. 
 The goal of the work is to establish the effect of sintering condi-
tions on the microstructure, phase composition, and properties of a 
hard WC-based alloy with 8% Co (VK8). 

2. EXPERIMENTAL TECHNIQUES 

As the object of research, a mixture of VK8 consisting of tungsten 
carbide (92%) and cobalt bond (8%) with an initial average particle 
size of 5.5–6.0 m (determined at laser diffraction analyser Mal-
vern Mastersizer 2000, UK) was selected (Fig. 1, a). Since the par-
ticle size of the hard-alloy mixture should be less than 1 m, that is 
necessary to activate sintering, the mixture was ground in a drum 
ball mill with ethyl alcohol in a ratio of 1:4 for 120 hours. The av-
erage particle size after grinding was 0.80–085 m (see particle size 
distribution in Fig. 1, b). 
 After grinding, a part of the mixture was mixed with a plasticizer 

(solution of rubber in gasoline) in order to provide formability. After 

mixing with the plasticizer, the mixture was dried in a drying cabinet 

at 80С for 3 hours to remove moisture. Then, granulation was per-
formed by rubbing the mixture through a sieve to ensure formability. 

The formation of the mixture was carried out by static pressing in a 

hydraulic press under a pressure of 50–100 MPa, using the scheme of 

bilateral pressing, which is necessary for producing parts with a ratio 

H/D2. After forming, the samples were dried in a drying cabinet at 

80С for 3 hours to remove residual moisture. 
 The compacts were sintered in different ways: sintering in a vacuum 

  
a      b 

Fig. 1. Particle size distribution of VK8 particles: initial mixture (a); after 
grinding for 120 h (b). 
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furnace, electron beam sintering, and spark plasma sintering. Vacuum 

furnace sintering was performed in a vacuum electric resistance fur-
nace in graphite backfill (fraction –1063) at 145010С with iso-
thermal annealing for 60 min; the samples were heated with a rate of 

200С/h up to 400С in order to remove gradually the plasticizer; then, 
the heating rate was increased to 400С/h. 
 Electron beam sintering was performed at ELA-6 unit, which al-
lows implementing sintering of cylindrical samples in both manual 
and fully automatic mode with rotation around vertical and hori-
zontal axis. The advantage of electron beam heating is the ability to 
change gradually and in a wide range the quantity of applied heat, 
as well as the configuration of the heating zone. The unit is 
equipped with vacuum equipment of Pfeiffer Vacuum GmbH (Ger-
many). Electron beam sintering was performed for 60 seconds in 
different regimes, depending on the current (4–6 mA). 
 Spark plasma sintering was carried out in graphite moulds using 
the unit of KSE®-FCT HP D 25-SD type (Germany) equipped with a 
25-ton press and a vacuum chamber (with the possibility of using 
inert gas). The mixture in a graphite mould was heated with a rate 
of 300С/min at a pressure of 25 MPa up to 1380С and annealed at 
this temperature for 3 min. 
 The microstructure of the samples was studied using a scanning 

electron microscope REM-106I SELMI (Ukraine). X-ray studies of 

phase composition were performed at a RIGAKU ULTIMA IV diffrac-
tometer (Japan) using the Rietveld and Reference Intensity Ratio 

(RIR) methods with CuK1,2 (СuK10.1541 nm). The microstresses 

were determined by the Stokes–Wilson method using the software of 

RIGAKU ULTIMA IV diffractometer [14]. The HRA (Rockwell) hard-
ness was measured at TK-2 unit by indenting the sample surface by a 

diamond cone according to the standard ІSО 4498. The microhardness 

was measured by the Vickers method on a microhardness tester LHVS-
1000Z (China) with a diamond indenter at a load of 1000 g. 

3. RESULTS 

The studies of the microstructure of the samples produced by different 

methods showed that the porosity was below 0.5% (Figs. 2, 3) that was 

confirmed by the results of density measurements by means of hydro-
static weighing; the density of sintered samples was of 14.6 g/cm3

 that 

corresponds to the theoretical density of the VK8 alloy. 
 The studies of microstructure also showed that the samples pro-
duced by furnace sintering contained small amount of -phase 
(Co3W3C) inclusions, which was confirmed by the results of local 
EDS and x-ray phase analyses (Fig. 3). 
 The hardness of the samples was in the range of 88–94 HRA. The 
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lowest values corresponded to the samples produced by radiation 
sintering (88–89 HRA); the samples sintered by electron beam and 
spark plasma methods had the hardness not less than 93–94 HRA. 
 The studies of microhardness showed that after furnace sintering 
the microhardness was about 15.0–15.5 GPa, whereas rapid meth-
ods led to its increase up to 17.5–18.0 GPa (Fig. 4). 
 The microstresses in different phases of the samples produced by 
different techniques were also determined (Table). 

4. DISCUSSION 

The results of metallographic studies revealed that the sintering 
conditions, namely the kinetics of the process, has a significant im-
pact on the formation of the structure of the hard alloy. For exam-
ple, furnace sintering leads to the formation of a structure with an 
average grain size of 2–4 m (Fig. 2, a), i.e., grain growth occurs 
due to recrystallization processes activated by long exposure at high 
temperatures. Another feature of the microstructure formed upon 
furnace sintering is the precipitation of a certain amount of the -

  
a      b 

 
c 

Fig. 2. Microstructure of VK8 alloy produced by different methods: vacuum 

furnace sintering (a); electron beam sintering (b); spark plasma sintering (c). 
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phase that is caused by the processes of partial decarburization of 
the samples. The microstructures of the VK8 alloy after spark 
plasma and electron beam sintering are somewhat similar to each 
other (see Figs. 2, b, c): the grain size is about 1 m, i.e., almost the 
same as the size of the particles in the initial powder mixture. It 
should be also noted that the increase of exposure time during elec-
tron beam sintering up to 2 minutes can also lead to the formation 
of a small amount of the -phase. 
 The absence of the -phase after spark plasma sintering (con-
firmed by the results of x-ray phase analysis; see Fig. 3, b) is ex-
plained by the fact that the process was performed in a graphite 
mould, that prevented decarburization. 
 The results of durometry confirmed the dependence of the prop-
erties on the sintering kinetics: the values of hardness and micro-
hardness fully correlated with the grain size, so the highest hard-
ness and microhardness (93–94 HRA and 17.518.0 GPa, respec-
tively) were measured on fine-grained samples after electron beam 
and spark plasma sintering. At the same time, furnace sintering 
caused grain growth that resulted in lower hardness and micro-
hardness (88–89 HRA and 15.215.5 GPa, respectively). 
 The level of microstresses is one of the characteristics, which deter-
mines the physical and mechanical properties of a material. The meas-
urements of microstresses in the produced samples showed that the 

highest compressive stresses were observed after spark plasma and 

 
No. W Co 

1 82.45 16.91 
2 99.83 — 
3 28.93 65.28 

  
a      b 

Fig. 3. Results of EDS and x-ray phase analyses of VK8 alloy: microstruc-
ture and local chemical composition after vacuum furnace sintering (a); 
diffractograms after vacuum furnace and spark plasma sintering (b). 
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electron beam sintering (see Table). Higher microstresses appeared due 

to higher sintering rates, which were accompanied by nonequilibrium 

processes; after electron beam sintering, compressive microstresses in 

the WC phase reached 10.23 GPa. The lowest microstresses of 4.002 

GPa were predictably observed after vacuum furnace sintering with a 

long isothermal exposure, which is explained by the fullness and com-
pleteness of the processes of grain consolidation and partial relaxation 

of microstresses during slow cooling. 

5. CONCLUSIONS 

The effect of sintering regimes on the microstructure, phase composi-
tion, and properties of the hard alloy VK8 has been studied. It is shown 

that the conditions of rapid sintering methods, such as spark plasma 

and electron beam sintering, provide the formation of fine-grained mi-

 

Fig. 4. Microhardness (at load of 1000 g) of VK8 alloy produced by differ-
ent techniques: vacuum furnace sintering (1); electron beam sintering (2); 
spark plasma sintering (3). 

TABLE. Microstresses in the phase constituents of VK8 alloy produced by 
different techniques. 

No. Sintering method 

Phase  
composition, % 

CSR* size, Å 
Microstresses  
in phases, GPa 

WC Co WC Co WC Co 

1 
Furnace sintering, expo-
sure time 60 min 

94 6 150 235 4.002 0.164 

2 
Electron beam sintering, 
exposure time 1 min 

89 11 365 248 10.23 0.69 

3 
Spark plasma sintering, 
exposure time 3 min 

92 8 101 89 6.22 2.66 

Note: *Coherent scattering region. 
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crostructure, high hardness and microhardness in the hard alloy VK8. 

The features of the microstructure formation, namely the precipita-
tion of small amount of the -phase with increasing exposure time dur-
ing electron beam sintering, are revealed for rapid methods. The corre-
lation between the sintering kinetics and the microstresses in the phase 

constituents of the hard alloy VK8 is shown. 
 The studies have shown the prospects of rapid sintering tech-
niques for hard alloys and their advantage over traditional furnace 
sintering. The results can be used in the development of the cores 
of small armour-piercing ammunitions. 
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PACS numbers: 65.40.gd, 75.30.Sg, 75.40.Cx, 75.60.Ch, 75.60.Ej, 75.75.Fk, 81.07.Gf 

Вплив теплового руху доменної стінки на термодинамічні 
властивості залізного циліндричного нанодроту 

А. Б. Шевченко, О. В. Олійник 

Інститут металофізики ім. Г. В. Курдюмова НАН України,  
бульв. Академіка Вернадського, 36,  
03142 Київ, Україна 

Досліджено вплив теплового руху доменної стінки (ДС) на ентропію та 

тепломісткість електронної, магнонної та фононної (Дебайової компонен-
ти) підсистем залізного циліндричного нанодроту. З’ясовано, що ентропія 

та тепломісткість, спричинені динамікою ДС, можуть бути одного поряд-
ку з відповідними термодинамічними характеристиками вказаних вище 

підсистем. Визначено критичні параметри (діяметер нанодроту, темпера-
туру), за яких має місце таке становище. Запропоновано механізм збіль-
шення критичного діяметра нанодроту шляхом зменшення його намагне-
тованости. Встановлено, що величина діяметра залізного нанодроту, за 

якого поздовжня ДС трансформується у ДС у вигляді Блохової точки, 

складає 38 нм. 

The effect of the thermal motion of a domain wall (DW) on both the entropy 

and the heat capacity of the electron, magnon and phonon (Debye component) 

subsystems of cylindrical iron nanowire is investigated. As found out, the 

entropy and the heat capacity caused by the DW dynamics can be of the same 

order of magnitude with the corresponding thermodynamic characteristics of 

above-mentioned subsystems. The critical parameters (nanowire diameter, 

temperature) for such a circumstance are determined. The method of the crit-
ical nanowire diameter increase by means of the decrease of nanowire mag-
netization is proposed. As ascertained, the iron-nanowire diameter value, at 

which the transition from the longitudinal DW to the domain wall in the 

form of a Bloch point occurs, is equal to 38 nm. 

Ключові слова: залізний нанодріт, намагнетованість, доменна стінка, те-
пломісткість, ентропія. 

Key words: iron nanowire, magnetization, domain wall, heat capacity, entropy. 
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1. ВСТУП 

Однією з актуальних задач фізики нанорозмірних систем є ви-
вчення властивостей феромагнетних нанодротів (ÔÍ), застосу-
вання яких має відіграти важливу роль у перспективних нано-, 
біо- та медичних технологіях. Так, наприклад, ÔÍ розглядають 
як багатообіцяючі матеріяли для доставки лікарських препара-
тів, лікування онкологічних захворювань, розігріву кріоконсер-
вованих органів і біологічних тканин [1–5]. Приваблює застосу-
вання ÔÍ у пристроях зберігання даних і наносенсориці [6–8]. 
 Важливою проблемою, вирішення якої істотно розширює поте-
нціял впровадження ÔÍ, є пошук механізмів керування їхніми 
фізичними властивостями. Однією з відповідей на поставлену за-
дачу може стати контрольована динаміка магнетних домішок. В 
якості означених об’єктів перспективним виглядає використання 
доменних стінок (ДС), що формуються в нанодротах. Такі систе-
ми являють собою стійкі наноутворення, які поділяють магнетну 
структуру ÔÍ на області з протилежними напрямками вектора 
намагнетованости. Оскільки всередині ÔÍ практично немає де-
фектів (відволікаємося від неоднорідностей їхніх поверхонь, вва-
жаючи останні досконалими), то адекватним видається модель 
ДС, що перебувають у стані теплового руху, середня швидкість 
якого визначається температурою ÔÍ. 
 Виходячи із даного моделю, в роботах [9, 10] досліджувався 
вплив поздовжньої ДС (магнетна структура якої визначається 
конкуренцією обмінної та магнетостатичної енергій ÔÍ) у ферит-
ґранатовому та ніклевому циліндричних нанодротах на їхні тер-
модинамічні властивості. Було показано, що ентропія та тепломі-
сткість, зумовлені динамікою ДС, можуть бути одного порядку з 
аналогічними характеристиками фононної (Дебайової компонен-
ти), магнонної й електронної (для ніклевого нанодроту) підсистем 
ÔÍ. Більш того, в статтях [9, 10] передбачено, що в слабких ма-
гнетних полях (значно менших за 2M, М — намагнетованість 
нанодроту) в розглянутих системах має місце неґативний магне-
токалоричний ефект, тобто відбувається зменшення температури 
нанодроту зі збільшенням зовнішнього магнетного поля. Даний 
результат узгоджується із фундаментальним принципом саморе-
ґульовних термодинамічних систем — принципом Ле Шательє–
Брауна [11]. Íаведені факти свідчать про можливість викорис-
тання чинника ДС для впливу на термодинамічні стани ÔÍ. 
 Слід зазначити, що проведені в наведених вище роботах дослі-
дження показали зменшення впливу ДС на ентропію та тепломіс-
ткість ÔÍ із збільшенням їхніх діяметрів. Було також встанов-
лено залежність відповідних критичних діяметрів dcr (максима-
льний діяметер нанодроту, за якого є актуальним чинник ДС) не 
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тільки від температури нанодроту T, але й від величини його на-
магнетованости M. Ó зв’язку із цим становить інтерес розгляд 
аналогічної задачі для залізного нанодроту, намагнетованість 
якого помітно перевищує намагнетованість ферит-ґранатового та 
ніклевого дротів. Ó даному випадку слід очікувати більш харак-
терні температурні залежності dcr(M), особливо в Дебайовій обла-
сті температур. Êрім того, важливість розгляду зазначеної про-
блеми визначається також і тим фактом, що залізні нанодроти є 
менш токсичним матеріялом, аніж ніклеві [12], що робить їх 
більш привабливими для застосування в таких областях медици-
ни, як магнетна терапія, адресна доставка ліків, протезування, 
нанонагрівання. 
 Запропонована робота стосується дослідження актуальности 
впливу теплового руху поздовжньої ДС на ентропію та тепломіс-
ткість складових підсистем (електронної, магнетної, фононної) 
залізного циліндричного нанодроту, а також знаходження відпо-
відних умов реалізації даного явища. 

2. ВИРІШЕННЯ ПОСТАВЛЕНОЇ ЗАДАЧІ 

Виходячи із результатів [9], ентропію SDW і тепломісткість cDW, 
зумовлену рухом ДС вздовж довгої осі циліндричного нанодроту, 
можна записати у вигляді: 

     


(1 )(1 ln 0,5ln ) 0,5
2

a

DW B

c
S Nk e a D a , 

(1) 

 
      

 

2
0,5 (1 ln 0,5ln )

2

aDW
DW B

S c
c a Nk e a a D a

a
, 

де   2 3
(4 )N d L c  — кількість фононів нанодроту, c — стала ґра-

тниці заліза, L — довжина нанодроту, d — діяметер нанодроту, 
kB — Больцманнова стала,  ( )DW Ba E k T ,   2

DWE Ad  — пове-
рхнева енергія ДС, А — стала обміну,    2 1 2

( )A M  — ефектив-
на ширина ДС,  2 1 2

(2 2 )D d A ,     7 1 1
2 10 Е c  — гіромагне-

тне відношення,  — Планкова стала. 
 Зазначимо, що вектор намагнетованости циліндричного нанод-
роту, через його аксіяльну симетрію, визначається особливостями 
магнетної структури ДС, самоорганізації якої відповідає ряд фо-
нонів у поздовжньому напрямку нанодроту. В цьому випадку йо-
го середня намагнетованість    1

DWM V F H  (FDW — вільна 
енергія, обумовлена тепловим рухом ДС,   2

4V d L  — об’єм на-
нодроту) має бути нормована на  2 2

(4 )d c  — кількість фононів у 
поперечному напрямку. Ó той же час, термодинамічні потенція-
ли FDW, SDW та тепломісткість cDW залежать від загального числа 
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фононів ÔÍ, що й відображено у формулах (1). 
 Íаша аналіза внеску ДС у термодинамічні властивості залізно-
го нанодроту полягатиме в порівнянні значень, які визначаються 
з виразів (1), з відповідними співвідношеннями для його елект-
ронної, магнонної та фононної підсистем. 
 Спочатку врахуємо електронну провідність нанодроту. Для 

нього тепломісткість електронів має вигляд [13]: 
2

B
e B

F

k T
c Nk

E


 , 

де EF — енергія Ôермі. Виражаючи в даному співвідношенні те-

мпературу T через змінну a, останню формулу перепишемо таким 
чином: 

 



2

e B

F

B
c Nk

E
, (2) 

де  3 2 1 2 2B A Md a . 
 Аналіза виразу (2) показує, що вираз для ентропії Se електрон-
ної підсистеми ÔÍ має вигляд: 

 

Рис. 1. Температурні залежності відносної ентропії   ( )
e e DW e

S S S  
електронної підсистеми для різних значень діяметра залізного цилінд-
ричного нанодроту: 1 — de1 нм, 2 — de1,5 нм, 3 — de2 нм, 4 — 
de2,5 нм, 5 — e 0,667.1 
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2

e B

F

B
S Nk

E


 . (3) 

 Результати обчислень за формулами (1)–(3) залежностей 
  ( )e e DW eS S S  і   ( )e e DW ec c c  від змінної а для параметрів 
заліза:   3

1,7 10  ¥ сM ,   8
2,866 10 смc ,   12

17,784 10 ергFE , 
  6
е2 10 мрг сА  наведено на рис. 1 і 2. Будемо надалі вважати, 

що термодинамічний внесок ДС є актуальним при e DWS S , 
 3e DWc c  (див. прямі e, e0,667 на рисунках). Тоді для відпо-

відних температурних інтервалів ентропії 
,e ST  і тепломісткости 


,e cT  маємо: de1 нм, 1,043103

 Ê∆Te,S120,68 Ê, 1,043103
 Ê 

∆Te,c89 Ê; de1,5 нм, 1,043103
 Ê∆Te,S305,015 Ê, 1,043103

 Ê 
∆Te,c218,94 Ê; de2 нм, 1,043104

 Ê∆Te,S597,654 Ê, 1,043103
 Ê 

∆Te,c418,57 Ê; de2,5 нм, 1,043103
 Ê∆Te,S1018,48 Ê, 1,043103

 Ê 
∆Te,c696,7 Ê. 
 Зважаючи на те, що температура Êюрі заліза TC1043 Ê, вер-
хні границі температурних інтервалів ∆Te,S та ∆Te,c обмежені TC. 

 

Рис. 2. Температурні залежності відносної тепломісткости   ( )
e e DW e

c c c  
електронної підсистеми для різних значень діяметра залізного цилінд-
ричного нанодроту: 1 — de1 нм, 2 — de1,5 нм, 3 — de2 нм, 4 — 
de2,5 нм, 5 — e 0,667.2 
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З наведених співвідношень видно, що зі збільшенням діяметра 
нанодроту зростають значення нижніх границь інтервалів ∆Te,S і 
∆Te,c, тобто має місце зменшення внеску теплового руху ДС в йо-
го ентропію та тепломісткість. 
 Зауважимо, що наведені вище значення ∆Te,S і ∆Te,c істотно менші 
за температуру виродження електронної підсистеми (EF/kB105

 Ê), 
що узгоджується з вимогою застосовности формул (2), (3). 
 Враховуючи [14], вирази для магнонного внеску ентропії Sm і 
тепломісткости cm можна записати у вигляді: 

 
3 2

3 2

5 (5 2)( )

16

B B c
m

Nk B k T
S





, 

3 2

3 2

15 (5 2)( )

32

B B c
m

Nk B k T
c





, (4) 

де (x) — Ріманова дзета-функція. 
 Результати проведених у відповідності до формул (1), (4) роз-
рахунків функцій ( )m m DW mS S S    і ( )m m DW mc c c    наведено 
на рис. 3 та 4. Як і у випадку електронної підсистеми, спостері-
гається зменшення діяпазонів актуальних температурних інтер-

 

Рис. 3. Температурні залежності відносної ентропії ( )
m m DW m

S S S    ма-
гнонної підсистеми для різних значень діяметра залізного циліндричного 

нанодроту: 1 — dm1 нм, 2 — dm1,5 нм, 3 — dm2 нм, 4 — m 0,667.3 
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валів ентропії ∆Tm,S і тепломісткости ∆Tm,c зі збільшенням діяме-
тра нанодроту. Дійсно, для dm1 нм 1,043103

 Ê∆Tm,S137,94 Ê, 
1,043103

 Ê∆Tm,c102,46 Ê; для dm1,5 нм, 1,043103
 Ê∆Tm,S 

410,6 Ê, 1,043103
 Ê∆Tm,c284,34 Ê; для dm2 нм, 1,043103

 Ê 
∆Tm,S1030,54 Ê, 1,043103

 Ê∆Tm,c632,4 Ê. 
 Зазначимо, що застосовність формул (4) визначається умовою 
T1 Ê (див. [9]), яка, як легко бачити, добре виконується. В 
той же час, в області температур T1 Ê слід враховувати кван-
товий характер динаміки поздовжньої ДС, яка являє собою маг-
нетний солітон типу ‘kink’ (див. роботи [15–18]). Позаяк для ма-
гнетних наноструктур слушним є квазикласичне наближення 
[19], то в цьому випадку для знаходження статистичної суми та 
відповідних термодинамічних потенціялів (вільної енергії, ентро-
пії, Ґіббсова потенціялу), зумовлених тепловим рухом ДС, є слу-
шним застосування формалізму, викладеного в [9]. При цьому 
сам рух ДС має бути «проквантованим» у циліндрі довжиною L. 
 Ó відповідності до [13], вирази для ентропії Sph і тепломісткос-
ти cph фононної підсистеми (Дебайової компоненти) залізного дро-

 

Рис. 4. Температурні залежності відносної тепломісткости ( )
m m DW m

c c c    

магнонної підсистеми для різних значень діяметра залізного циліндрично-
го нанодроту: 1 — dm1 нм, 2 — dm1,5 нм, 3 — dm2 нм, 4 — m0,667.4 
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ту запишемо наступним чином: 

 
4 3

4 ( )

5

B D
ph B

B k T
S Nk


 , 

4 3
12 ( )

5

B D
ph B

B k T
c Nk


 , (5) 

де TD464 Ê — Дебайова температура заліза. 

 Зазначимо, що в області температур 1 КDT T   ентропія та 

тепломісткість фононної підсистеми істотно перевищують відпо-
відні характеристики електронної та магнонної компонент. Дійс-

но, виходячи з формул (2)–(5), знаходимо, що: 
e phS S  та й 

2

2 1
10 10e D B

ph F

c T k T

c T E

  
 

 
; m

ph

S

S
 і 

3 2 3

1 1
10 10m D

ph D

c T T

c T T

    
   

  
. В 

такому випадку можна передбачити, що значення діяметрів залі-
зних нанодротів, які забезпечують актуальні температурні інтер-
вали, є на порядок меншими за відповідні величини його елект-
ронної та магнонної підсистем. 

 

Рис. 5. Температурні залежності відносної ентропії ( )ph ph DW phS S S    
фононної підсистеми для різних значень діяметра залізного циліндрич-
ного нанодроту: 1 — dph0,3 нм; 2 — dph0,35 нм; 3 — ph0,667; 4 — 
dph,crS

0,3803 нм.5 
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 Обчислення, проведені у відповідності до формул (1), (5) (див. 
також рис. 5, 6), узгоджуються із зазначеним вище припущен-
ням: dph0,3 нм, 67,44 Ê∆Tph,S11,38 Ê, 45,29 Ê∆Tph,c9,11 Ê; 
dph0,35 нм, 57,55 Ê∆Tph,S20,44 Ê, 43,38 Ê∆Tph,c 15,43 Ê; 
dph0,38 нм, 40,62 Ê∆Tph,S36,50 Ê, 38,65 Ê ∆Tph,c22,47 Ê. 
 Вочевидь, що наведені величини діяметрів, в силу їхньої порі-
внянности з постійною ґратниці заліза, треба розглядати виклю-
чно як оціночні, проте, такими, що вказують на тенденцію зміни 
інтервалів ∆Tph,S і ∆Tph,c із збільшенням dph. Слід зазначити, що 
граничні значення ∆Tph,S і ∆Tph,c є істотно меншими за Дебайову 
температуру заліза, що узгоджується з наближенням, закладе-
ним у формулах (5), (6). 
 В заключній частині цього розділу зауважимо, що оцінки, 
проведені для области температур TTD (a 1), вказують на сла-
бкий вплив теплового руху ДC на ентропію та тепломісткість за-
лізного нанодроту в даному температурному діяпазоні — DW phS S  

 

Рис. 6. Температурні залежності відносної тепломісткости ( )ph ph DW phc c c    

фононної підсистеми для різних значень діяметра залізного циліндрич-

ного нанодроту: 1 — dph0,3 нм; 2 — dph0,35 нм; 3 — dph0,38 нм; 4 

— ph0,667; 5 — dph,crS
0,39 нм.6 
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і 2
10DW phc c  , де 3 (1 ln )ph B DS Nk T T  , 3ph Bc Nk . 

2. ОБГОВОРЕННЯ РЕЗУЛЬТАТІВ 

Вище було встановлено зменшення діяпазонів актуальних темпе-
ратурних інтервалів зі збільшенням діяметра нанодроту. Ìакси-
мально можливе значення цього параметра будемо розглядати в 
якості критичного діяметра dcr. Оскільки верхньою границею 
∆Te,m,S і ∆Te,m,c є температура Êюрі TC заліза, то буде природньо 
для електронної та магнонної підсистем нанодроту визначати dcr 
з умови рівности нижніх границь зазначених інтервалів тій же 
температурі TC. В такому разі обчислення показують, що 

,
2,52 нм

Se crd  , ,
3 нм

сe crd   і ,
2,01 нм

Sm crd  , ,
2,33 нм

cm crd   
відповідно. Вочевидь, що критичною температурою розглянутих 
явищ (максимально можливою температурою, за якої чинник ДС 
є актуальним) виступає 1043 К

C
T  . 

 В той же час, у випадку фононної підсистеми, значення обох 
границь інтервалів ∆Tph,S і ∆Tph,c менші за TD. Тому коректним 
буде визначати критичний діяметер із наступних умов: 

, , min
( ) 0,667

Sph S ph crd   і , , min
( ) 0,667

cph c ph crd  . Виходячи з наведе-
ного, знаходимо ,

0,3803 нм
Sph crd   ,

( 38,55 К)
Sph crT   (див. рис. 5, 

криву 4) і ,
0,39 нм

cph crd   
,

( 31 К)
cph crT   (див. рис. 6, криву 5). 

 Порівняння одержаних даних з аналогічними характеристика-
ми ніклевого нанодроту [10] показує зменшення значень критич-
них діяметрів підсистем, що складають залізний нанодріт. Такий 
результат є наслідком більшої величини M останнього. Справді, 
збільшення намагнетованости приводить до зростання поля зне-
магнетування ÔÍ (на одиницю площини), яке, в свою чергу, має 
відповідати нанодроту з меншим діяметром, що й виявляється в 
одержаних нами критичних значеннях цього параметра. 
 Важливо зазначити, що змінна величина a являє собою відно-
шення енергії поздовжньої ДС, яка дорівнює 

2Ad   (див. фор-
мулу (1)), до енергії теплових коливань системи kBT. Згідно з ро-
зрахунками, критичні значення a знаходяться в інтервалі 3,64–
8,24, що вище за 1. Даний результат вказує на можливість впли-
ву чинника ДC на термодинамічні властивості нанодроту. 
 Встановлена вище особливість поведінки dcr(M) уможливлює за-
пропонувати простий механізм збільшення критичних діяметрів 

підсистем залізного нанодроту шляхом зменшення його намагнето-
ваности. Так, зменшення M до 103

 ¥с приводить до: ,
3,13 нм

Se crd   

,
( 1043 К)

Se crT  , ,
3,73 нм

сe crd   ,
( 1043 К)

ce crT  , ,
2,4 нм

Sm crd   

,
( 1043 К)

Sm crT  , ,
2,78 нм

cm crd   ,
( 1043 К)

cm crT   і ,
0,46 нм

Sph crd   

,
( 33,2 К)

Sph crT  , ,
0,48 нм

cph crd   ,
( 26,67 К)

cph crT  . 
 При M10 Ґс ,

8,34 нм
Se crd   ,

( 256 К)
Se crT  , ,

10,74 нм
сe crd   

,
( 226 К)

ce crT  , ,
5,85 нм

Sm crd   ,
( 92,3 К)

Sm crT  , ,
6,58 нм

cm crd   
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,
( 72,34 К)

cm crT  , ,
2,35 нм

Sph crd   ,
( 8,5 К)

Sph crT  , ,
2,4 нм

cph crd   

,
( 6,8 К)

cph crT  . 
 Легко бачити, що зменшення намагнетованости залізного на-
нодроту до M10 Ґс приводить до істотного збільшення критич-
них діяметрів його складових підсистем. 
 Слід також зазначити, що значення критичних температур для 
електронної та магнонної підсистем для M103

 Ґс, які дорівню-
ють 1043 Ê, є наближеними (до цілих). Вони обумовлені близькі-
стю ентропії та тепломісткости ДС (за даних параметрів) до ана-
логічних характеристик для M1,7103

 Ґс. Як показують обчис-
лення, подальше зменшення намагнетованости приводить до зна-
чень ентропії та тепломісткости, значно менших за початкові. В 
свою чергу, таким термодинамічним станам відповідають більш 
низькі температури. Цей факт і відображується у значеннях кри-
тичних температур для M10 Ґс, істотно менших за відповідні 
величини залізного нанодроту з намагнетованістю M1,7103

 Ґс. 
 Зазначимо, що поздовжня ДC утворюється в достатньо тонких 
нанодротах. Збільшення діяметра нанодроту приводить до транс-
формації даної ДС у Блохову точку, яка являє собою магнетну 
синґулярність («магнетний їжак»). Її намагнетованість можна 

представити у вигляді ( ) M
r


r

M r  (r — радіюс-вектор, проведе-

ний з центру Блохової точки у довільну точку ефективної сфери, 
що обмежує її магнетну структуру) [20]. Відповідно, енергія Бло-
хової точки визначається обмінною взаємодією та становить 

 
2

2
( ) 8тB

r d

W AM d Ad



    r M r . Порівняння цього виразу з 

енергією EDW показує, що у ÔÍ, діяметер яких d8 (для заліза 

d38 нм), реалізується ДC у вигляді Блохової точки. 
 Íаприкінці зазначимо, що наявність у магнетних солітонів 
ефективної маси [21–23] уможливлює розглядати поздовжню ДC 
і Блохову точку як квазичастинки. Тоді, враховуючи, що симет-
рія магнетної структури Блохової точки «вище» симетрії поздо-
вжньої ДC, за аналогією з результатами роботи [24], слід очіку-
вати більш слабкий вплив теплового руху ДC у вигляді Блохової 
точки на термодинамічні та магнетокалоричні властивості ÔÍ. 

3. ВИСНОВКИ 

Встановлено, що ентропія та тепломісткість, спричинені тепло-
вим рухом поздовжньої ДС, можуть бути одного порядку з ент-
ропією та тепломісткістю електронної, магнонної та фононної 
(Дебайової компоненти) підсистем залізного циліндричного нано-
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дроту. 
 Визначено критичні значення діяметрів і температур нанодро-
ту, які відповідають зазначеному становищу. 
 Показано, що зменшення намагнетованости нанодроту посилює 
чинник впливу ДС на ентропію та тепломісткість його складових 
підсистем. 
 Передбачено більш слабкий вплив теплового руху ДС у вигляді 
Блохової точки на термодинамічні та магнетокалоричні власти-
вості феромагнетних нанодротів. 
 Розглянуті в роботі явища можуть знайти практичне застосу-
вання в технологіях, що ґрунтуються на термодинамічних влас-
тивостях феромагнетних нанодротів, які містять ДС. 
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PACS numbers: 72.80.Ey, 73.20.Hb, 73.40.Kp, 73.40.Lq, 81.15.Jj, 85.60.Bt, 85.60.Dw 

Фоточутливі діоди Шотткі графіт/n-Si, виготовлені методом 
електронно-променевого випаровування 

М. М. Солован1, Г. М. Ямрозик1, А. І. Мостовий1, В. В. Брус2, 

П. Д. Мар’янчук1 

1Чернівецький національний університет імені Юрія Федьковича, 
 вул. Коцюбинського, 2, 
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2Nazarbayev University, 
 53, Kabanbay Batyr, 
 010000 Nur-Sultan City, Kazakhstan 

Вперше виготовлено фоточутливі діоди Шотткі графіт/n-Si шляхом 
електронно-променевого випаровування графіту на підкладинки з Si n-
типу провідности. Показано, що створені фоточутливі діоди Шотткі 
графіт/n-Si мають висоту потенціяльного бар’єру у 0,46 еВ і такі фото-
електричні параметри: напруга холостого ходу Voc0,33 В, струм коро-
ткого замикання Isc0,38 мА, коефіцієнт заповнення FF0,35 за осві-
тлення у 80 мВт/см2. Їхні чутливість до електромагнетного випромі-
нення та чутливість щодо виявлення знаходяться на рівні світових 
аналогів; тому такі діоди Шотткі можуть бути успішно використані 
для виготовлення фотоприймачів. 

This paper presents the results of studies of the physical properties of 
photosensitive Schottky graphite/n-Si diodes fabricated by deposition of 
the thin graphite films by the electron beam evaporation in a universal 
vacuum system Leybold–Heraeus L560 from compressed pellets of graph-
ite powder onto the substrates of n-type Si. The current–voltage charac-
teristics (at different temperatures) are measured. The dominant mecha-
nisms of the current transfer through the Schottky diodes in forward bi-
ases are determined. As revealed, the dominant current-transport mecha-
nism is conditioned by the generation–recombination processes. The pho-
tosensitive Schottky graphite/n-Si diodes possess produce a maximum 
short-circuit current Isc0.38 mA, an open-circuit voltage Voc0.33 V, 
and a fill factor FF0.35 under standard illumination conditions (80 
mW/cm2). The sensitivity (R) and detectivity (D*) are determined. As es-
tablished, the studied Schottky graphite/n-Si diodes can be successfully 
used as ultraviolet-radiation detectors in the photodiode mode of opera-
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(Отримано 4 січня 2021 р.) 
  

1. ВСТУП 

Принциповими засадами технічного проґресу є розвиток енерге-
тики, автоматизація виробництва та розробка нових матеріялів. 
Такі нові матеріяли мають відповідати складним вимогам сучас-
ної техніки стосовно або окремих, достатньо чітко виражених ха-
рактеристик, або комплексів властивостей. 
 Карбон — це один з найпоширеніших елементів у Всесвіті за 
масою після Гідроґену, Гелію й Оксиґену. Також це — один з 
найпоширеніших елементів на нашій планеті. Атоми Карбону 
мають властивість гібридизації своїх електронних орбіталей у 
формуванні хемічних зв’язків, що приводить до наявности різ-
них його алотропних форм. Найпоширенішими з них є графіт та 
діямант, які мають кардинально різні фізичні властивості. 
 Графітові стрижні використовувалися у кристалічних детекто-
рах примітивних радіоприймачів. Однак широке застосування 
вуглецевих і вуглецевмісних матеріялів в електроніці й оптоеле-
ктроніці розпочалося після відкриття сімейства вуглецевих на-
номатеріялів: фуллеренів, вуглецевих нанотрубок і графенів, за 
що було присуджено дві Нобелівські премії з фізики в 1998 та 
2010 роках. 
 Створення напівпровідникових приладів зі стабільними пара-
метрами та відтворюваними характеристиками пов’язане з вибо-
ром матеріялів, що відповідають певним вимогам [1, 2]. 
 Недавно графіт було використано для виготовлення новітніх, 
екологічно чистих і дешевих наноструктурованих тонкоплівко-
вих компонентів електронних приладів нового покоління [3, 4]. 
 Більше того, нещодавні дослідження морфологічних і структу-
рних властивостей нарисованих графітових плівок показують, що 
вони складаються з розупорядкованих зв’язаних графітових мік-
ро- та наночастинок і нанопластівців з моно- та кількох графено-
вих шарів. Тому такі плівки є двовимірними наноструктурова-
ними об’єктами [5]. 
 Наші попередні дослідження показали, що робочі елементи 
електронних пристроїв можуть бути створені на основі тонких 
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плівок графіту. Зокрема, ми показали можливість виготовлення 
тонких плівок графіту двома методами: простим методом перене-
сення графітової плівки, нарисованої на соляній (NaCl) підкла-
динці, для виготовлення високоякісних фоточутливих бар’єрних 
структур «олівець на напівпровіднику» [6, 7] та методом елект-
ронно-променевого випаровування [7, 8]. Цими методами нами 
було виготовлено фоточутливі структури графіт/SiC [9, 10] і гра-
фіт/CdTe [11, 12]. 
 Оскільки силіцій є основним матеріялом сучасної напівпровід-
никової електроніки, силової електроніки та геліоенергетики, ак-
туальним є завдання створити діоди Шотткі графіт/Si і дослідити 
їхні електричні та фотоелектричні властивості. 

2. ЕКСПЕРИМЕНТАЛЬНА ЧАСТИНА 

Для виготовлення діод Шотткі використовували монокристаліч-
ний силіцій n-типу провідности з орієнтацією поверхні (100) то-
вщиною у 330 мкм. Значення питомого опору та концентрації 
носіїв заряду для цих кристалів за кімнатної температури (295 
К) становили 6 Омсм і n7,41014

 см
3 відповідно. Глибина за-

лягання рівня Фермі для базового матеріялу (EсEF0,27 еВ) 
визначалася з виразу для концентрації рівноважних електронів:

 2 3/2
2(2 ) exp ( ) ( )n c Fn m kT h E E kT    . Щоб уникнути рекомбі-

нації на тиловій стороні n-силіцію та забезпечити хороше зби-
рання фотоґенерованих носіїв заряду, ми використовували підк-
ладинки, які вже мали тиловий контакт із вбудованим внутріш-
нім полем, що був виготовлений шляхом напорошення шару вла-
сного гідроґенізованого аморфного силіцію (a-Si:H) товщиною у 
10 нм для пасивації поверхні підкладинки. Наступний шар си-
льнолеґованого Фосфором гідроґенізованого аморфного силіцію 
n

 (a-Si:H) товщиною у 20 нм був нанесений для створення ізо-
типного переходу з висотою бар’єру у 0,1 еВ на задній стороні 
Si, а останнім наносили шар Аl методом термічного випаровуван-
ня. 
 Виготовлення діод Шотткі графіт/n-Si було проведено оса-
дженням тонкої графітової плівки на підкладинку Si(100) розмі-
ром 550,33 мм в універсальній вакуумній установці Leybold–
Heraeus L560 шляхом випаровування електронним пучком чис-
того масивного полікристалічного графіту. Інтенсивність пучка 
електронів, швидкість осадження та товщина плівки контролю-
валася за допомогою контролера осадження INFICON XTC. Óпро-
довж процесу осадження залишковий тиск у вакуумній камері 
був близько 510

5 мбар. Процес осадження тривав 1,5 хв. із сере-
дньою швидкістю осадження у 0,27 нм/с (товщина плівки скла-
дала близько 25 нм) за температури підкладинки у 723 К. Тонкі 
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графітові плівки одночасно наносили на скляну підкладинку для 
аналізи їхніх електричних і оптичних властивостей. Електричні 
та кінетичні параметри тонких графітових плівок вимірювали за 
допомогою чотирьох і шістьох зондових методів відповідно. 
 Спектер пропускання тонких графітових плівок на скляних 
підкладинках вимірювали за допомогою спектрофотометра СФ-
2000. Експериментальні дані були виміряні в діяпазоні довжин 
хвиль від 200 до 1100 нм з кроком у 1 нм. 
 Спектер пропускання тонких графітових плівок лінійно зрос-
тає від 60 до 85% із збільшенням довжини хвилі від 300 до 1100 
нм. 
 Для тонкої графітової плівки питома електрична провідність, 
концентрація електронів і їхня Голлова рухливість були виміряні 
за кімнатної температури: 5,8 Ом

1cм
1, n51020

 cм
3, H610

2
 

cм2В
1с

1 відповідно. Чистий полікристалічний графіт, викорис-
таний в якості мішені для електронно-променевого випаровуван-
ня, має на два порядки вищу Голлову рухливість електронів у 
7,9 cм2В

1с
1. 

 Вольт-амперні характеристики досліджуваних діод Шотткі ви-
мірювали за стандартною методикою з використанням точного 
фемто/піко-амперметра Keysight B2985A із вбудованим джерелом 
(1000 В); в якості вольтметра використовували Agilent 34410A. 

3. РЕЗУЛЬТАТИ ТА ЇХ ОБГОВОРЕННЯ 

На рисунку 1 показано темнову ВАХ діоди Шотткі графіт/n-Si за 
кімнатної температури. Досліджувані діоди Шотткі графіт/n-Si 
мали яскраво виражені діодні характеристики з коефіцієнтом 
випрямлення RR5102. 

 

Рис. 1. Вольт-амперні характеристики діод Шотткі графіт/n-Si, виміря-
ні за кімнатної температури. На вставці — прямі гілки ВАХ діод Шот-
ткі графіт/n-Si у напівлогаритмічному масштабі.1 
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 Висота потенціяльного бар’єру 00,46 еВ (0eVbi, де Vbi — 
контактна ріжниця потенціялів) діод Шотткі графіт/n-Si оціню-
валася шляхом екстраполяції прямолінійної ділянки ВАХ до пе-
ретину з віссю напруги. 
 Для встановлення домінувальних механізмів струмоперенесен-
ня в діодах Шотткі графіт/n-Si проаналізовано температурні за-
лежності ВАХ (вставка на рис. 1). Аналіза прямих гілок ВАХ ді-
од Шотткі графіт/n-Si, побудованих у напівлогаритмічному мас-
штабі, показала, що на залежності lnIf(V) спостерігаються пря-
молінійні ділянки, що свідчить про експоненційну залежність 
струму від напруги. 
 В даному випадку виміряні ВАХ описуються за допомогою 
стандартної формули: 

 
0
exp

qV
I I

nkT

 
  

 
, (1) 

де I0 — струм наситу, n — коефіцієнт неідеальности, k — Больц-
маннова стала, Т — абсолютна температура. 
 Значення коефіцієнта неідеальности n (ln(I)/(V)e/(nkT)) 
змінюється від 2,5 до 2,25 (3kT/e V 0,5 В) з підвищенням тем-
ператури від 294 до 320 К. Значення показника неідеальности, 
близькі до 2, дають можливість припустити, що основний меха-
нізм струмоперенесення визначається ґенераційно-
рекомбінаційними процесами в області просторового заряду, а 
саме значення n змінюється від 2,5 до 2,25 з підвищенням тем-
ператури в інтервалі 295–320 К (вставка на рис. 1). Це свідчить 
про те, що у вище запропонований домінувальний механізм 
струмоперенесення, який зумовлений ґенераційно-
рекомбінаційними процесами в області просторового заряду, роб-
лять внесок електрично активні поверхневі стани, розміщені на 
металурґійній роздільчій межі досліджуваної діоди [13]. 
 Дослідженнями освітлених ВАХ показано, що такі діоди Шот-
ткі є фоточутливими, як видно з рис. 2, при освітленні білим сві-
тлом інтенсивністю у 80 мВт/см2; зворотній струм Ilight зростає в 
порівнянні з його величиною у темряві Idark майже на два поряд-
ки. 
 Четвертий квадрант освітленої ВАХ є найбільш важливим, 
оскільки він визначає всі фотоелектричні параметри (рис. 3); з 
нього видно, що діоди Шотткі графіт/n-Si мають такі фотоелект-
ричні параметри: напруга холостого ходу Voc0,33 В, струм коро-
ткого замикання Isc0,38 мА, коефіцієнт заповнення FF0,35 за 
інтенсивности освітлення у 80 мВт/см2. 
 Оцінити продуктивність фотоприймача більш кількісно можна 
за допомогою визначення чутливости до електромагнетного ви-
промінення (R) і чутливости щодо виявлення (D*), які відобра-
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жають чутливість фотоприймача до падного випромінення [14]: 

 ( )light dark optR I I P  , (2) 

 
*

(2 )darkD R A qI , (3) 

де А — активна площа фотоприймача. 
 На вставках до рис. 4, а, б наведено R f(Vrev) і D

* f(Vrev); з 
них видно, що чутливість (R) при збільшенні зворотнього змі-
щення Vrev плавно збільшується, що зумовлено розширенням об-
ласти просторового заряду (збільшенням висоти потенціяльного 
бар’єру), унаслідок чого зростає ефективність розділення фотоґе-
нерованих електрон-діркових пар, а чутливість щодо виявлення 
(D*), яка описує нормовану потужність опромінення, потрібну 
для одержання сиґналу від фотоприймача на рівні шуму, змен-
шується, що зумовлено зростанням темнового зворотнього струму 
Idark, який є електричним шумом у даному випадку. 
 Варто зазначити, що значення чутливости щодо виявлення, 

 

Рис. 2. Темнова та світлова (інтенсивність освітлення у 80 мВт/см2) 
ВАХ діод Шотткі графіт/n-Si.2 

 

Рис. 3. Четвертий квадрант освітленої ВАХ діод Шотткі графіт/n-Si.3 
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одержане для даних діод Шотткі, не поступається значенням, які 
одержано для фотодіод на основі InGaAs, PbS, PbSe, а також на 
декілька порядків перевищує відповідні значення для фотодіод 
на основі HgCdZnTe [15]. 

4. ВИСНОВКИ 

Вперше виготовлено фоточутливі діоди Шотткі графіт/n-Si мето-
дом електронно-променевого випаровування. 
 Встановлено, що виготовлені фоточутливі діоди Шотткі гра-
фіт/n-Si мають висоту потенціяльного бар’єру у 0,46 еВ, а домі-
нувальні механізми струмоперенесення за прямих зміщень добре 
описуються в рамках ґенераційно-рекомбінаційного моделю за 
участю поверхневих станів. 
 Показано, що створені методом електронно-променевого випа-
ровування фоточутливі діоди Шотткі графіт/n-Si мають такі фо-
тоелектричні параметри: напруга холостого ходу Voc0,33 В, 
струм короткого замикання Isc0,38 мА, коефіцієнт заповнення 
FF0,35 за освітлення у 80 мВт/см2, а їхня чутливість до елект-
ромагнетного випромінення та чутливість щодо виявлення знахо-
дяться на рівні світових аналогів. Тому такі діоди Шотткі мо-
жуть бути успішно використані для виготовлення фотоприйма-
чів. 
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1 Fig. 1. Current–voltage characteristics of the Schottky graphite/n-Si diodes measured at 

room temperature. The inset shows the forward I–V characteristic of the Schottky graph-

ite/n-Si diodes on semi-logarithmic scale. 
2 Fig. 2. Dark and light (with illumination intensity of 80 mW/cm2) I–V characteristics of the 
Schottky graphite/n-Si diodes. 
3 Fig. 3. The fourth quadrant of the illuminated I–V characteristic of the Schottky graph-

ite/n-Si diodes. 
4 Fig. 4. Dependences of sensitivity (R) and detectivity (D*) on voltage for the Schottky 
graphite/n-Si diodes at reverse bias mode. 
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with CoFe2O4 Nanoparticles for Optoelectronics Applications 
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Magnetic films of the polyethylene oxide (PEO) and cobalt ferrite nanoparticles’ 
(CoFe2O4 NPs) nanocomposites are fabricated for magnetic, electronic, and op-
tical applications with low cost and low weight. The structural and optical prop-
erties of PEO/CoFe2O4 nanocomposites are investigated. The results indicate 

that the absorbance (A), absorption coefficient (), extinction coefficient (k), 
refractive index (n), real (1) and imaginary (2) parts of dielectric constant, and 

optical conductivity () of PEO are increased with increasing of the CoFe2O4 

NPs content, while the transmittance (T) and energy band gap (Eg) are de-
creased as CoFe2O4 NPs concentration increases. Finally, the results show that 

PEO/CoFe2O4 nanocomposites may be used for the flexible optoelectronics 

fields. 

Магнетні плівки нанокомпозитів з оксиду поліетилену (ПЕО) та наночасти-
нок кобальтового фериту (CoFe2O4 НЧ) виготовляються для магнетних, еле-
ктронних і оптичних застосувань з низькою вартістю та низькою вагою. До-
сліджено структурні й оптичні властивості нанокомпозитів ПЕО/CoFe2O4. 
Результати показують, що спектральна поглинальна здатність (A), коефіці-
єнт поглинання (), коефіцієнт екстинкції (k), показник заломлення (n), 
реальна (1) й уявна (2) частини діелектричної константи, а також оптична 

провідність () ПЕО збільшуються зі збільшенням вмісту CoFe2O4 НЧ, тоді 
як коефіцієнт пропускання (T) та ширина забороненої енергетичної зони 

(Eg) зменшуються у міру збільшення концентрації CoFe2O4 НЧ. Нарешті, 
результати показують, що нанокомпозити PEO/CoFe2O4 можуть використо-
вуватися для областей трансформовної (гнучкої) оптоелектроніки. 

Key words: polyethylene oxide, ferrite, nanocomposites, absorbance, energy 

gap, optoelectronics. 

Ключові слова: оксид поліетилену, ферит, нанокомпозити, спектральна по-
глинальна здатність, енергетична щілина, оптоелектроніка. 
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1. INTRODUCTION 

Nanocomposites are a relatively new class of materials with ultrafine 

phase dimensions, typically of the order of a few nanometres. The objec-
tives for preparation of enhanced performance nanomaterials are to ob-
tain a homogeneous distribution of the nanoparticles within the polymer 

matrix, and to promote a strong interfacial adhesion between the matrix 

and the nanofiller. Nanocomposites could dramatically induce im-
provements in mechanical and electrical properties, heat resistance, ra-
diation resistance and other ones because of the nanometre-size disper-
sion of the inorganic fillers in the organic matrix. An immense amount 

of research and development has been devoted to characterizing and un-
derstanding the mechanical and physical properties of such nanocompo-
sites. In recent years, studies on the optical, thermal and electrical prop-
erties of polymer nanocomposites have attracted much attention in view 

of their important applications in optical devices. The optical properties 

of polymers can be enormously modified by addition of nanoparticles, 

which react effectively with the host matrix due to their very large sur-
face areas with respect to macro- and microparticles [1]. 
 Organic polymers show ample evidence of optical, electronic and op-
toelectronic properties and are at length used in optical devices like 

lenses, optical waveguides, optical switches, light emitting diodes and 

nonlinear optical applications extended use of optical polymers; there-
fore, it is advantageous to have polymers with a property, like refrac-
tive index, within a certain range [2]. 
 Polyethylene oxide (PEO) is a linear and semi-crystalline polymer. 

Because PEO is a linear polymer, the regularity of structure unit per-
mits a high crystallinity degree. The chemical structure of PEO con-
tains of polar group –O– that can interact/associate with the cations of 

metal salt. Thus, PEO can solvate different types of salts. However, 
the reactivity is very low because of its structural unit has C–H, C–C, 
C–O bonds. Due to this, it is stabilized chemically and electrochemical-
ly. However, a high concentration of crystalline phase within PEO pol-
ymer confines the conductivity [3]. 
 Recently, attention in nanosize spinel ferrites has significantly in-
creased due to their importance in understanding the fundamentals in 

nanomagnetism. Ferrite with remarkable magnetic and microwave ab-
sorbing properties has been widely used in the fields of data storage 

devices, magnetic sensors, actuators, biotechnology, and audio tapes. 

Ferrite properties strongly depend on the chemical composition, cation 

distribution, sintering temperature and time, additive amount of the 

cations and methods of preparation [4]. 
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 CoFe2O4 has received special attention because of its chemical stabil-
ity, large magnet astrictive coefficient, mechanical hardness high co-
ercivity, moderate saturation magnetization, and large magnetocrys-
talline anisotropy. The magnetic properties are dependent to the parti-
cle size. The energy of a magnetic particle was overall associated on the 

uniaxial anisotropy, magnetization direction, and easy axis aligned 

with the direction of external field. CoFe2O4 is a hard magnetic materi-
al with high coercivity and suitable magnetization. These characteris-
tics, along with their tremendous physical and chemical stability, 
make CoFe2O4 nanoparticles suitable for applications such as high-
density digital recording disks and lithium batteries [5]. This paper 

aims to investigate a new type of nanocomposites to use it for semi-
conductors and optoelectronics applications. 

2. MATERIALS AND METHODS 

Magnetic nanocomposites samples of polyethylene oxide (PEO) and co-
balt ferrite nanoparticles (CoFe2O4 NPs) nanocomposites were fabricat-
ed by using casting technique. The PEO solution was prepared by dis-
solving 0.4 gm in 50 ml of distilled water by using magnetic stirrer. The 

CoFe2O4 NPs were added to the PEO solution with different weight per-
centages: 1.5, 3 and 4.5 wt.%. The optical properties of PEO/CoFe2O4 

nanocomposites were measured by using the double beam spectropho-
tometer (Shimadzu, UV-1800Å, Japan) in wavelength 200–800 nm. 

3. RESULTS AND DISCUSSION 

The variation of optical absorbance of PEO/CoFe2O4 nanocomposites as 

function of wavelength is shown in Fig. 1. The optical absorption anal-
ysis is an important tool to obtain optical band gap energy of crystal-
line matter, corresponds to the electron excitation from the valence 

band to the conduction band, and can be used to determine the nature 

and value of the band gap. The PEO/CoFe2O4 nanocomposites showed 

high absorbance in UV region due to the behaviour of CoFe2O4 nanopar-
ticles, which are may be used as UV shielding and low-weight electron-
ics applications. An amount of CoFe2O4 nanoparticles is required to re-
duce the value of gap energy in nanocomposites, and it has different 

effect depending on type of polymer matrix. The insertion of the 

CoFe2O4 nanoparticles into the PEO films has a double effect because it 

increases the energy of the CoFe2O4 gap and decreases that of the poly-
mer and increase in charge-carriers’ numbers [6–15]. The absorption 

coefficient () of nanocomposites is determined by [16]: 

 2.303A/t, (1) 
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where A is the absorbance of sample, and t is the sample thickness. 
 Figure 2 shows the variation of absorption coefficient for 

PEO/CoFe2O4 nanocomposites with photon energy of the incident light. 
As shown in this figure, the absorption coefficient of PEO/CoFe2O4 

nanocomposites is high at high energies. This means that the electron 

transition has high possibility; i.e., the energy of incident photon is 

enough to transit the electron from the valence band to the conduction 

band, which due to the energy of the incident photon is greater than the 

energy band gap. When the values of the absorption coefficient of ma-
terial are high 104

 cm
1, it is expected that direct transition of elec-

tron. While, when the values of the absorption coefficient of material 
are low (104

 cm
1), it is expected that indirect transition of electron. 

The values of absorption coefficient of PEO/CoFe2O4 nanocomposites 

 

Fig. 1. Variation of optical absorbance of nanocomposites as function of wave-
length. 

 

Fig. 2. Variation of absorption coefficient for nanocomposites with photon 

energy. 
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are low (104) cm
1; the transition of electron is indirect. The absorp-

tion coefficient of nanocomposites increases with the increasing of the 

concentrations of CoFe2O4 nanoparticles. This is attributed to increas-
ing number of charge carriers [16], as shown in Fig. 3, and, hence, in-
crease the absorbance and absorption coefficient. 
 The non-direct transition model for amorphous semi-conductors is 

defined as follows [17]: 

 ( )
r

gh B h E     ; (2) 

 

Fig. 3. Microscope images of PEO/CoFe2O4 nanocomposites (10): a—for PEO; 
b—for 1.5 wt.% CoFe2O4 NPs; c—for 3 wt.% CoFe2O4 NPs; d—for 4.5 wt.% 

CoFe2O4 NPs. 

 

Fig. 4. Values of energy band gap for allowed indirect transition. 
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here, B is a constant, h is the photon energy, Eg is the energy band gap, 

and r2 or 3 for allowed and forbidden indirect transition, respectively. 
 Figures 4 and 5 show the values of energies band gap for allowed and 

forbidden indirect transition, respectively. These figures show that 

the values of energy gap for allowed and forbidden indirect transition 

decrease with increasing CoFe2O4 nanoparticles’ concentration; this 

decrease is due to CoFe2O4 nanoparticles’ content, which is responsible 

for the formation of some defects in the films. These defects produce 

the localized states in the optical band gap and overlap. These overlaps 

give an evidence for decreasing energy band gap, when the CoFe2O4 na-
noparticles’ content is increased in the polymeric matrix. In other 

words, the decreased optical gap reflects the increase in the degree of 

disorder in the films [17, 18]. The extinction coefficient k is given by 

 

Fig. 5. Values of energy band gap for forbidden indirect transition. 

 

Fig. 6. Variation of extinction coefficient for nanocomposites with wavelength. 
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using the equation [18]: 

 k/(4). (3) 

The refractive index n can be calculated by using the equation [19]: 

 1/2 1/2
(1 ) (1 )n R R   . (4) 

 Figure 6 shows the variation of extinction coefficient for PEO/CoFe2O4 

nanocomposites as a function of wavelength. This figure shows that the 

extinction coefficient of PEO increases with the increasing of the CoFe2O4 

nanoparticles’ concentration; this is due to the increase in optical absorp-
tion and photon dispersion in the polymer matrix [19]. 
 The refractive index of PEO/CoFe2O4 nanocomposites as a function 

of wavelength is shown in Fig. 7. As shown in this figure, the refrac-
tive index of PEO increases with the increasing of the CoFe2O4 nano-
particles concentrations. It is decreased with the increase of the wave-
length. This behaviour is attributed to the increase of the density of 

nanocomposites. 
 When the incident light interacts with a sample, it has high refrac-
tivity at UV-region; hence, the values of refractive index will be in-
creased [19]. 
 The real (1) and imaginary (2) parts of dielectric constant of 

PEO/CoFe2O4 nanocomposites are given by the following equations [20]: 

 1n
2k2, (5) 

 22nk. (6) 

 The dielectric constant (with real and imaginary parts) of 

PEO/CoFe2O4 nanocomposites is shown in Figs. 8 and 9. From these 

figures, it is clear that the increase in CoFe2O4 concentration leads to 

increase of absorption coefficient and refractive index and subsequent-
ly leads to increase of the real and imaginary parts of dielectric con-
stant of PEO [20]. 
 The optical conductivity of PEO/CoFe2O4 nanocomposites is deter-
mined by the equation [21]: 

 (4 )nc    . (7) 

 Figure 10 shows the variation of optical conductivity with the wave-
length for the PEO/CoFe2O4 nanocomposites. This figure shows that 

the optical conductivity of PEO/CoFe2O4 nanocomposites is decreased 

with the increase of the wavelength; this behaviour attributed to the 

optical conductivity depends strongly on the wavelength of the radia-
tion incident on the samples of nanocomposites; the increased optical 
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conductivity at low wavelength of photon is due to high absorbance of 

nanocomposites in that region and, hence, increase of the charge 

transfer excitations. 
 The optical conductivity spectra indicate that the samples are trans-
parent within the visible and near infrared regions. In addition, the 

optical conductivity of PEO is increased with the increase of CoFe2O4 

nanoparticles’ concentration. This behaviour is related to the creation 

of localized levels in the energy gap; the increase of CoFe2O4 nanoparti-
cles’ concentration increase the density of localized stages in the band 

structure. Hence, increase of the absorption coefficient consequently 

increases the optical conductivity of PEO/CoFe2O4 nanocomposites 

[21–24]. 

n
 

 

Fig. 7. Refractive index of PEO/CoFe2O4 nanocomposites as a function of 

wavelength. 

 

Fig. 8. Real dielectric constant of PEO/CoFe2O4 nanocomposites. 
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4. CONCLUSIONS 

In this work, the structural and optical properties of PEO/CoFe2O4 

nanocomposites have been investigated to use in optoelectronics appli-
cations such as sensors, solar cells, capacitors, transistors, diodes, etc. 
 The results indicated to the absorbance, absorption coefficient, ex-
tinction coefficient, refractive index, dielectric constant parts and op-
tical conductivity of PEO, which are increased with the increase in 

CoFe2O4 nanoparticles concentration, while the transmittance and en-
ergy band gap are decreased with the increase in CoFe2O4 nanoparti-
cles’ concentration. 
 The PEO/CoFe2O4 nanocomposites have higher absorbance in the 

UV-region. 

 

Fig. 9. Imaginary dielectric constant of PEO/CoFe2O4 nanocomposites. 

 

Fig. 10. Variation of optical conductivity with the wavelength of nanocompo-
sites. 
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This paper is focused on the structural, electronic, and spectroscopic 
properties of PVA–PEG–Yttrium oxide blend (64 atoms), by using density 
functional theory (DFT) at the B3LYP level with 6-311G basis set. All cal-
culations are performed with Gaussian 09 program and Gaussian view 
5.0.8 program. The geometric properties include improving geometric op-
timization of bonds and angles. As the electronic properties, there are 
considered such as ionization potential, electron affinity, chemical hard-
ness, chemical softness, electronegativity, total energy, cohesive energy, 
energy gap, electrophilicity, and density of states (DOS). In addition, the 
spectral properties are involved (IR, Raman, NMR, and UV-Visible). The 
results show that the 6-311G basis sets are efficient and strongly suggest-
ed for heavy metals and give good relaxation for the structure. The re-
sults state that the yttrium oxide has the low LUMO–HOMO energy gap, 
and it gives more biological activity ratios. The obtained results indicate 
that the PVA–PEG–Yttrium oxide blend can be used in different fields 
for electronics and photonics applications. 

Цю статтю зосереджено на структурних, електронних і спектроскопіч-
них властивостях суміші полівініловий спирт (ПВС)/поліетиленгліколь 
(ПЕГ) із домішкою Y2O3 (64 атоми) із використанням теорії функціона-
лу густини (ТФГ) на рівні B3LYP із базисним набором 6-311G. Всі роз-
рахунки виконуються за допомогою програми Gaussian 09 і програми 
Gaussian View 5.0.8. Геометричні властивості включають поліпшення 
геометричної оптимізації зв’язків і кутів. В якості електронних влас-
тивостей розглядаються: потенціял йонізації, спорідненість електронів, 
хемічна цупкість, хемічна м’якість, електронеґативність, повна енер-
гія, когезійна енергія, енергетична щілина, електрофільність і густина 
електронних станів. Крім того, задіяні спектральні властивості (ІЧ, 
Раманові, ЯМР і у видимому й ультрафіолетовому діяпазонах світла). 
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Результати показують, що базисні набори 6-311G є ефективними та 
настійно пропонуються для важких металів і дають хорошу релаксацію 
для структури. Результати показують, що оксид Ітрію має низьку ене-
ргетичну щілину LUMO–HOMO, і він дає більше коефіцієнтів біологіч-
ної активности. Одержані результати свідчать про те, що суміш оксиду 
ПВС–ПЕГ–оксид Ітрію може використовуватися в різних областях для 
застосування електроніки та фотоніки. 

Key words: PVA/PEG blend, Y2O3 admixture, NMR, spectral properties, 
DFT, 6-311G basis, electronics. 

Ключові слова: суміш полівініловий спирт/поліетиленгліколь, домішка 
Y2O3, ЯМР, спектральні властивості, ТФГ, 6-311G-базис, електроніка. 
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1. INTRODUCTION 

Yttrium oxide is promising for chemical catalysis devices and for 
optoelectronics. It is used for biological imaging applications [1]. 
Yttrium oxides are the two most important ceramic materials, 
which have wide technological applications ranging from electron-
ics, optics, and mechanical engineering to catalyst support [2]. Yt-
trium and yttrium oxide has been studied both experimentally and 
theoretically owing to their possible applications [3]. Nanocompo-
sites are a new-fangled class of materials made with nanosize fill-
ers. Nanosize inorganic particles mixed with organic polymer are 
called organic–inorganic hybrids [4]. Polymer matrixes reinforced 
with nanosize phase (nanofillers) such as nanoparticles, nanotubes, 
nanosheets, and nanofibers, etc., called polymer nanocomposites, 
have the physical properties of these composites mainly depending 
on the contact of polymer molecules with nanofillers [5]. Transition 
metal oxides are known for their great change in effects of chemical 
and physical properties. Several of those materials undergo phase 
transitions with interesting structural, electronic, and magnetic be-
haviours [6]. In nature, there is a water-soluble and easily degrada-
ble material; it is polyvinyl alcohol (PVA). Hence, it acts as an eco-
friendly polymer [7]. It may be applied naturally to create thin 
films with metal oxide. Strong absorption properties are revealed 
for PVA polymer in the range 300 to 500 nm in the ultraviolet (UV) 
spectra [8]. There are many studies on some properties of doped 
polymers like structural, optical, electrical, and electronic proper-
ties [9–36]. DFT is proven as very successful in calculating the 
structural properties of condensed systems and electronic properties 
of simple metals [37]. That distinguishes the method of density 
functional theory is choosing the shape of function to compute the 
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energy of bonding and exchange [38]. 

2. THEORETICAL PART 

The total energy for a system is the sum of total kinetic and poten-
tial energies at the optimized structure such that the total energy 
of the molecule must be at the lowest value because the molecule is 
at the equilibrium point. This means the resultant of the effective 
forces is zero. Cohesive energy is defined as ‘the energy necessary 
to detaching the condensed material into separated atoms’. The re-
lation (1) is used to compute the cohesive energy, which means ‘the 
difference between energy per atom of the bulk material at equilib-
rium and energy of a free atom in its ground state’ [39]: 

 
coh 0

tot
free

E
E E E

n

 
   
 

, (1) 

where Etot is the total energy, Efree is the free-atoms’ energy, n is 
number of atoms, E0 is the vibrational energy of ground states (ze-
ro-point). 
 The HOMO (the molecular orbitals of highest energy that is occu-
pied by electrons) and LUMO (the molecular orbitals of lowest ener-
gy that is not occupied by electrons) are main orbitals in calcula-
tions of such properties as the molecular interaction and the ability 
of molecule to absorb a light. According to Koopmans’ theorem, the 
band gap is given as follows [40]: 

 EgELUMOEHOMO. (2) 

 For the molecule, there is the magnitude of energy needed to 
eliminate the electron from atom or isolated molecule and identified 
as energy difference between the positive charge energy E(+) and 
neutral one E(n) by the following relation: 

 IPE()E(n). (3) 

When electrons are additional to neutral atoms to form a negative ion, 

it is stated as ‘the energy difference between the neutral energy E(n) 

and the negative charge energy E()’ by the following relation: 

 EAE(n)E(). (4) 

 In molecular orbital (MO) theory within the limitation of 
Koopmans’ theorem, the orbital energies of the frontier orbitals are 
given as follow: 
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 IPEHOMO, (5) 

 EAELUMO. (6) 

 The chemical hardness () is a measure of the range of resistance 
to the transfer of charges [40, 41]. It is theoretically defined as ‘the 
second derivative of electron energy in relation to the number of 
electrons N’ for a constant external potential V(r) [41]: 

 
2

2

1 1 1

2 2 2V VV

E X

N NN

      
               

. (7) 

 Finite-difference approximation for the chemical hardness gives: 

 
2

IP EA
  . (8) 

 The chemical softness, S, is a ‘property of molecules that 
measures the degree of chemical reactivity’. It is the converse of 
the chemical hardness () [42]: 

 
2

2

1

2
VV

N N
S

E

    
        

. (9) 

 The fundamental variation principle within the density functional 
theory is the electron chemical potential, where the reactivity indi-
cator is related to how the electron energy E of molecules is 
changed with changing the number of electrons (N) and the external 
potential. Chemical potential  is defined as [43]: 

 
V

E

N

 
    

, (10) 

where V is the potential of nuclei. 
 Then, we might define the electronegativity: ‘It is well-defined as 
the force of an atom in a molecule to pull electrons to itself by Pau-
ling’ as the negative of the electron chemical potential [41]: 

 
V

E
X

N

 
      

. (11) 

R. Mulliken indicates electronegativity as ‘the average energy of 
the ionization and electron affinity’ as follows [39]: 

 
2

IP EA
X


 . (12) 

According to Koopmans’ theorem, ‘it is defined as the negative val-
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ue for average of the energy levels of the HOMO and LUMO’ [37]: 

 HOMO LUMO

2

E E
X


 . (13) 

 A measure of the stabilization in energy when the structure ob-
tains the added electron charges from the environment is defined as 
electrophilicity [43]: 

 (2 )    . (14) 

3. RESULTS AND DISCUSSION 

Figure 1 shows the ‘optimized structure’ of PVA–PEG–Yttrium ox-

 

Fig. 1. Optimizing geometries of PVA–PEG–Yttrium oxide (64 atoms). 

TABLE 1. Average bond lengths in [Å] and angles in [degrees]. 

Values The optimizable bonds The geometric parameters 

1.53851 (C–C) 

Bonds, Å 
1.47131 (C–O) 

1.09826 (C–H) 

1.01348 (O–H) 

2.31069 (Y–O) 

67.13225 (O–Y–O) 
Angles, deg. 118.26195 (C–C–C) 

105.47317 (C–O–H) 
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ide, which obtained by the ‘DFT method’ with using ‘three-
parameter hybrid-functional’ of Becke B3LYP with 6-311G basis 
sets. 
 Table 1 shows the geometric parameters of PVA–PEG–Yttrium 
oxide (64 atoms) including the bond length in [Ångström] and bond 
angle in [degrees] by the Gaussian 09-programs by using the DFT 
with the B3LYP/6-311G level. The calculated values of bonds in 
present work are in a well agreement with previous theoretical stud-
ies [44, 45]. 
 Figure 2 and Table 2 show the results of FTIR obtained by using 
the Gaussian view 5.0-program and density functional theory (DFT) 
with 6-311G basis sets. Yttrium oxide produces variations in spec-
trum of PVA–PEG that comprises variation in the intensities and 
shift in several bonds. These changes are credited to bindings of Yt-

  

Fig. 2. IR spectrum of PVA–PEG–
Yttrium oxide (64 atoms) at the 
B3LYP/6-311G basis set. 

Fig. 3. Raman intensities of PVA–
PEG–Yttrium oxide (64 atoms) as a 
function of vibrational frequency 
using DFT/6-311G. 

TABLE 2. IR frequencies with their assignments of PVA–PEG–Yttrium 
oxide. 

Assignment Type of vibrational mode Frequency, cm
1 

Typical vibrational 
frequency, cm

1 

Y–O stretching 200–390 200–400 [42, 43] 

C–C stretching and bending 730–1560 700–1600 [46] 

C–O stretching 1140 1000–1280 [47] 

C–O–C bending 1250 1238–1291 [47] 

–CH2 in-plane bending 1355 1340–1465 [47] 

C–H symmetric stretching 3055–3046 3020–3080 [48] 

O–H stretching 3226–3631 3200–3640 [49] 
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trium oxide with polymers. 
 Figure 3 shows the Raman spectrum of PVA–PEG–Yttrium oxide 
(64 atoms). It is shown in this figure that the active region in IR 
spectrum is similar with less activity in Raman spectrum [45]. In-
tensities in Raman spectrum rely on probability that a particular 
wavelength photon will be absorbed. 
 Gauge-Independent Atomic Orbital (GIAO) method is used in the 
present NMR calculations, and chemical shifts of the structure are 
calculated at the same level. Absolute isotropic magnetic shielding 
is converted into chemical shifts by referencing to the shielding of a 
standard compound TMS computed at the same level. The chemical 
shifts are stated in p.p.m. relation to TMS for 1H spectra as shown 
in Fig. 4. 
 Figure 5 shows the visible and ultraviolet spectra reliant on upon 
the electronic structures of the molecule. In Figure 5, absorption 
intensity of PVA–PEG–Yttrium oxide (64 atoms) has high UV-Vis 
spectra because adding the oxide leads to an increase in intensity of 
absorbance. As a result, this is due to moving electrons from va-
lence level to the conduction band at these energies. 
 Table 3 shows the energy gap for PVA–PEG–Yttrium oxide (64 
atoms). This result is in a good agreement with that in Refs. [44, 

  

Fig. 4. Nuclear magnetic resonance 
of PVA–PEG–Yttrium oxide (64 at-
oms) in infrared spectrum as a func-
tion of vibrational frequency. 

Fig. 5. UV-Vis spectrum for PVA–
PEG–Yttrium oxide (64 atoms) us-
ing B3LYP/6-311G. 

TABLE 3. The values of energy gap in [eV] for the studied structures. 

PVA–PEG–Y2O3 (64 atoms) 

EHOMO, eV ELOMO, eV Eg, eV 

3.02 0.008 3.028 
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46] and refers that PVA–PEG–Yttrium oxide needs high energy to 
donating or accepting an electron. Figure 6 illustrates the 3D dis-
tribution of HOMOs and LUMOs for the studied structures. From 
these results, the calculated energy gap decreases with increasing 
the number of atoms. 
 Table 4 illustrates the results for the total energy Etot in [a.u.] 
and some electronic properties. The total ground state energy Etot 

 

Fig. 6. The distribution of HOMO (up) and LUMO (down) for PVA–PEG–
Yttrium oxide blend containing 64 atoms. 

TABLE 4. The values of some electronic properties in [eV] of the studied 
structures. 

Property PVA–PEG–Y2O3 (64 atoms) 

total energy 1347.381 
cohesive energy 7.8947 

ionization potential 3.02 

electron affinity 0.008 

electronegativity 1.514 

chemical hardness 1.506 

chemical softness 0.33 

chemical potential 1.514 
electrophilicity 0.760 

polarizability, a.u. 213.58 
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for PVA–PEG–Yttrium oxide is approximated by the summation of 
all Etot for all atoms in the structure. It is identified that the fron-
tier molecular orbitals, the high occupied molecular orbitals HOMO, 
and the low unoccupied molecular orbitals LUMO, show an im-
portant part for the reactant molecules in chemical reactions. It 
may be concluded that less negative Ecoh value for structures might 
be concerned with its higher LUMO energy level because it does not 
need high energy to lose electrons from external orbitals. An inter-
esting conclusion may be drawn from these investigations, namely, 
this factor can affect the value of cohesive energies. Here, the sys-
tem with larger Ecoh is more stable. The ionization energy IE and 
electron affinity EA for PVA–PEG–Yttrium oxide are calculated ac-
cording to Koopmans’ theorem. These values show that the PVA–
PEG–Yttrium oxide needs to high energy to donating or accepting 
an electron to become cation or anion because of the high value of 
IE and low value of EA. The calculated values of electronegativity 
EN and electrochemical hardness H show that structures have small 
capability to electron transfer. The low value of the electronic soft-
ness S is a reflection to the large separation between the valence 
band and conduction band. High hardness refers to high excitation 
energies required to electron transfer for PVA–PEG–Yttrium oxide. 
 In Table 4, PVA–PEG–Yttrium oxide has large absolute value of 
chemical potential with low value of . Therefore, these are weak 
nanocomposites to interact with other surrounding species or mole-
cule. The nanocomposites, which have high values of polarizability, 
will be more effective, less stable, more softness and will have small 
energy gap. 

   
a      b 

Fig. 7. The electron density distribution for PVA–PEG–Yttrium oxide con-
taining 64 atoms. 
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 Figure 7 illustrates the three-dimensional shape of electron densi-
ty (ED) distribution surfaces for the structures. The ED is distrib-
uted owing to distribution of all atoms in the space of the nano-
composites giving the total density of the electrons. 
 Figure 8 illustrates the electrostatic potential (ESP) distribution 
surfaces for PVA–PEG–Yttrium oxide calculated from the total 
self-consistent field approximation. The ESP distributions for the 
structures are caused by repulsive forces or by attracting regions 
around each nanocomposite. In general, the ESP surfaces for PVA–
PEG–Yttrium oxide (64 atoms) are dragged toward the positions of 

  
a      b 

Fig. 8. The electrostatic potential distribution surface for PVA–PEG–
Yttrium oxide (64 atoms) (left: counter 2D; right: 3D). 

 

Fig. 9. Electron density of states as a function of bond length for PVA–
PEG–Yttrium oxide (64 atoms). 
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negative charges in each molecule, which are the oxygen atoms of 
high electronegativity (of 3.5 eV). 
 Further studying the strength of the reactions can be done by an-
alysing the orbital interactions between the PVA–PEG–Yttrium ox-
ide blend atoms in expression for the DOS, as shown in Fig. 9. The 
high density of states at a specific energy level refers to the many 
cases in the structure available for occupations. 

4. CONCLUSIONS 

The B3LYP/6-311G density functional theory validity is proved in 
studying the geometry optimization and calculating the geometrical 
parameters. 
 Energy gap is a useful inclusive property. Soft molecules have 
small energy gaps and their electron density changes more easily 
than in hard molecules. 
 The ESP is dragged towards the active sites in PVA–PEG–
Yttrium oxide structures. 
 The PVA–PEG–Yttrium oxide structures can be used for differ-
ent optoelectronics applications. 
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Preparation and Characterization of Zinc Oxide Nanoparticles 
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Zinc oxide nanoparticles are successfully synthesized via a thermal decomposi-
tion of the Schiff base complexes [)bis-N-(4-metoxy-benzylidene)-2-nitro-1,4 

diaminobenzene( Zn(II)], [D1, Zn()] as precursor via calcification at the temper-
ature of 600C for 3 hours in an electrical furnace and the air in the presence of 

non-ionic surfactant [secondary alcohol ethoxylate (TERGITOL™ 15-S-40 

(70%)] and polymer polyvinylpyrrolidone )PVP). ZnO nanoparticles are obtained 

with average size of the crystals of 36.8 nm. The as-synthesized products are 

characterized by powder x-ray diffraction (XRD), scanning electron microscopy 

(SEM), Fourier transform infrared spectroscopy (FT-IR); elemental analysis of 

the particles is performed by energy dispersive x-ray spectroscopy (EDX). 

Наночастинки оксиду Цинку успішно синтезуються за допомогою теплового 

розкладання комплексів Шиффових основ [(біс-N-(4-метоксі-бензиліден)-2-
нітро-1,4 діамінобензол) цинк(II)], [D1, Zn(II)] як провісника через кальци-
фікацію за температури у 600C протягом 3 годин в електричній печі та пові-
трі в присутності нейонної поверхнево-активної речовини [вторинний спир-
товий етоксилат (TERGITOL™ 15-S-40 (70%)] і полімерний полівінілпірро-
лідон (ПВП). Наночастинки ZnO одержують із середнім розміром кристалів у 

36,8 нм. Щойно синтезовані продукти характеризуються порошковою рент-
ґенівською дифракцією (XRD), сканувальною електронною мікроскопією 

(SEM), інфрачервоною спектроскопією на основі перетвору Фур’є (FT-IR); 
елементна аналіза частинок проводиться за допомогою рентґеноспектраль-
ної спектроскопії на основі методи енергетичної дисперсії (EDX). 

Key words: thermal decomposition, Schiff base complexes, Zinc oxide na-
noparticles, Schiff bases of p-anisaldehyde. 
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1. INTRODUCTION 

Recently, syntheses of materials of nanosizes have attracted atten-
tions attributed to their unique mechanical, physical, optical, and 
magnetic properties [1]. The properties of nanomaterials stimulate 
various applications in different technological fields such as elec-
tronics, catalysis, magnetic data storage, energy storage, structural 
components, and ceramics [2]. Among inorganic material, Zinc oxide 
(ZnO) [3] is semiconducting material with direct band gap of 3.3 eV 
at room temperature and with unique properties such as optical 
transparency, electric conductivity, piezoelectricity and near-UV 
emission [4]. This metal oxide has a variety of applications including 
chemical sensors [5], catalysts [6], UV light-emitters [7], photovolta-
ics [8], and cantilevers [9]. Several approaches have been engaged to 
synthesize ZnO nanocrystals such as thermal methods [10], electro-
chemical methods [11], sol–gel methods [12], solid-state reactions 
[13], chemical reduction and decomposition route [14], sonochemical 
methods [15]. Most of these approaches require tedious processes, 
expensive substrates, sophisticated equipment and rigorous experi-
mental circumstances. Recently, metal oxides’ nanoparticles have 
been synthesized via thermal decomposition method of Schiff base 
complexes [16] that returns to this method not only avoided usage of 
the template and complex apparatus, but also affectivity in the 
shape control of the preparation product. By selecting a proper pre-
cursor with a rational calcining procedure, products with unique size 
and shapes could be obtained. This method also has extra ad-
vantages, including operational simplicity, high purity and high 
yield of product, low-energy consumption and no special equipment 
required [17]. However, in this work, ZnO nanoparticles have been 
synthesized via thermal decomposition of Schiff base complexes [D1, 
Zn(II)] as precursor by calcification in electrical furnace with non-
ionic surfactant and polymer polyvinylpyrrolidone (PVP). 

2. EXPERIMENTAL PROCEDURE 

2.1. Materials 

Zinc nitrate 6-hydrat (10196-18-6), ethanol solution (16368), 2-nitro-
1,4-phenylenediamine (N21200), p-anisaldehyde (A88107), non-ionic 

https://www.sigmaaldrich.com/catalog/search?term=10196-18-6&interface=CAS%20No.&lang=en&region=US&focus=product
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surfactant [secondary alcohol ethoxylate (TERGITOL™ 15-S-40 
(70%)] (STS0003) and polymer polyvinylpyrrolidone (PVP40), all 
the chemical reagents, were obtained from Sigma-Aldrich. 

2.2. Preparation Ligand [Bis-N-(4-Metoxy-Benzylidene)-2-Nitro-1,4 
Diaminobenzene] 

The symmetrical Schiff base (D1) was prepared by refluxing (0.05 
mole) of p-anisaldehyde and (0.025 mole) of 2-nitro-1,4-phenylene-
diamine in (30 ml) of dried ethanol for 4 h and cooling the reaction 
mixture. The Schiff base was separated as orange needles and was 
recrystallized twice from methanol (yield 90%). The compound is 
stable at room temperature. 
 Figure 1 shows the chemical preparation of ligand (D1): 

 

Fig. 1. 

2.3. Preparation of [D1, Zn()] Complex 

Ligand D1 (2 mmole) was dissolved in 15 mL of ethanol, mixed with 
Zn(NO3)26H2O (2 mmole, in ethanol) at 100C and stirred for 2 h. 
The dark orange precipitates were washed several times using dis-
tilled water and dried in the air. 

2.5. Synthesis of ZnO Nanoparticles 

Ligand D1 (2 mmole) was dissolved in 15 ml of ethanol, mixed with 
Zn(NO3)26H2O (2 mmole, in ethanol) at 100C and stirred for 30 
min. Then, we added 7 gr of non-ionic surfactant and stirred con-
tinuously for 1 h. Finally, we add 3 gr of polymer polyvinylpyrroli-
done (PVP). ZnO nanocrystals were produced by subjecting the pre-
vious prepared complex [D1, Zn(II)] to thermal treatment at a rela-
tively low temperature (600C) in the air, and after keeping the 
thermal treatment at 600C for 3 h. The white nanocrystals of ZnO 
were cooled at room temperature, and then washed with ethanol and 
distilled water for three times and dried in the air. 
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3. RESULTS AND DISCUSSION 

3.1. Characterization by Using FT-IR Spectroscopy 

Compounds have been clearly characterized by using Fourier trans-
form infrared spectroscopy (FT-IR). The structure of Schiff base lig-
and was confirmed with disappearance of the amine and aldehyde 
group and in the oxides; the corresponding peaks appeared in Fig. 
2, a show FT-IR spectra of the precursors. Characteristic peaks at 
1.635 cm

1 are attributed to the C=N stretching, and 1560, 1348 
cm

1 belongs to nitrogroup NO2. The strong broad peak around 3463 
cm

1 belongs to N–H group as result of tautomeric isomerism, and 
at 3136 cm

1, due to aromatic C–H. 
 FT-IR spectra of prepared nanoparticles are given in Fig. 2, b. 
Strong broad peak around 479 cm

1 shows a distinct stretching 
mode of ZnO crystal. The broad absorption band of O–H stretching 
(3500 cm

1) is due to adsorbed water on the external surface of 
the samples during handling to record the spectra. 

 
a 

 
b 

Fig. 2. FT-IR spectra of Schiff base ligand [D1] (a); FT-IR spectra of ZnO 
nanoparticles (b). 
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3.2. UV-Vis Spectroscopy 

The complexes have been confirmed by UV-vis spectroscopy, which 
show shifts in the absorption peaks between ligand and their com-
plexes because of differences in electronic transitions. 
 In Figure 3, there are line (A) of UV-vis spectra of Schiff base 
ligand [D1], and line (B), i.e., line (A) for [D1, Zn(II)] complex. The 
ligand displays typical ligand-centred *-transitions at 325 nm. 
Upon co-ordination with Zinc ions, there are minor changes of these 
bands. The visible spectra of complexes are clearly shown with line 
(B); for Zn(II) complex, absorption appears at 465 nm, and they can 
be assigned to dd-electron transition or metal to ligand charge 
transfer (MLCT). 

3.3. Thermogravimetric Analysis of the Schiff Base Complexes 

In Figure 4, the thermal behaviour of Zn(II) complex has been stud-
ied (by means of the TGA) under N2 atmosphere from room temper-
ature to 950C with the heating rate of 10C per minute. We can 
observe that the thermal decomposition ends at 600C for the Zn(II) 
complex. There is no mass loss up to 250C for confirming the ab-
sence of any crystalline water (solvent) molecules in the complexes, 
Zn(II) complex loses 99% of its weight via two thermal stages. 
The increasing weight after thermal decomposition temperature is 
definitely due to formation of Zinc oxide. 

 

Fig. 3. Line (A)—UV-vis spectra for Schiff base ligand [D1]; line (B)—UV-
vis spectra for [D1, Zn ()] complex. 
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3.4. X-Ray Structural Analysis for the Oxides 

The phase identification of crystalline structure of the nanoparti-
cles was characterised by x-ray powder diffraction. The synthesized 
sample was analysed by the CuK x-ray diffractometer for confirm-
ing the presence of ZnO and identification of the structure. 
 Figure 5 shows the XRD patterns of ZnO nanoparticle synthesized. 
The different peaks are observed at 231.94 (100), 34.55 (002), 

 

Fig. 4. TGA curve for Zn(II) complex. 

 

Fig. 5. XRD spectrum for Zinc oxide. 
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36.45(101), 47.65 (102), 56.75(110), 62.95 (103), 66.45 (200), 

68.10 (112) and 69.20 (201), which are indexed to the hexagonal 
wurtzite structure (COD Card No. 96-900-8878) (space group: P63m) 
with lattice constants ab3.2494 Å and c5.2054 Å. The presence 

of the (100), (002) and (101) planes in XRD patterns indicates the for-
mation of high purity of the ZnO nanoparticles. Further, no peaks due 

to impurities were observed. Strong intensity and narrow width of the 

ZnO diffraction peaks indicate that the resulting product was highly 

crystalline [18]. Average size of ZnO nanoparticles can be estimated 

using the Debye–Scherrer equation, which gives a relationship be-
tween peak broadening in XRD and particle size that is demonstrated 

by the following equation: ( cos )cD k    , where Dc is the crystal na-
noparticle size, k is Scherrer’s constant (0.89),  is x-ray wavelength 

(0.15406 nm),  is the width of the XRD peak at half height, and  is 

the Bragg diffraction angle [19]. By Match program [20] and using the 

Scherrer’s equation, the average crystalline size of ZnO nanoparticles 
is found of 38.22 nm. 

3.5. Energy Dispersive X-Ray Spectrometry (EDX) 

The chemical stoichiometry of ZnO nanoparticle was investigated 
with EDX. This analysis was performed on three different areas 
randomly across the investigated sample to determine the Zinc and 
Oxygen ratio. Figure 6 shows the content of Zn, O and C elements 
in the sample. As detected, it is indicating the high purity of the 
synthesized ZnO. The Oxygen-to-Zinc weight ratio was found quan-
titatively from 1 to 4, and atomic ratio was found from 1 to 1, 
respectively, indicating the stoichiometric formation of ZnO, while 
4% Carbon weight ratio attributed to EDX sample holder. 

3.6. Scanning Electron Microscopy (SEM) Measurement 

The SEM image of prepared nanoparticles is given in Fig. 7. The 
diameter of the nanoparticles is found to be in the range of 16–60 
nm, and they are nearly spherical in shape. 

4. CONCLUSION 

In summary, we have synthesized ZnO nanoparticles using direct 
thermal decomposition method. The preparation process of ZnO na-
noparticles is quite facile. XRD pattern indicates the formation of 
ZnO nanoparticles of pure hexagonal wurtzite structure with aver-
age particle size found to be of 38.22 nm. Here, we report a simple, 
green, low-cost, and reproducible process for the synthesis. In this 
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process, surfactant (C12-14-secondary alcohol ethoxylate) was used 
as both the medium and the stabilizing reagent, while polyvinylpyr-
rolidone (PVP) can serve as a surface stabilizer, growth modifier, 
and nanoparticle dispersant. 

5. HIGHLIGHTS 

The XRD pattern confirmed the crystalline nature of ZnO nanopar-
ticles.  As revealed from FT-IR pattern, the ZnO bonding and the 
functional groups responsible for reduction of ZnO nanoparticles 

 

Fig. 6. Energy dispersive spectrum indicating the chemical composition of 
freshly prepared for ZnO nanoparticles. 

   

Fig. 7. SEM image of ZnO nanoparticles. 
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are presented. Structural morphology of ZnO nanoparticles was 
studied by SEM analysis. 
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In this work, new types of nanocomposites are fabricated from SrTiO3-
doped PVA–PAA blend for a high-sensitivity, flexible, high corrosion-
resistance, and low-cost pressure sensor. The microscopy images, FT-IR 
studies and pressure-sensor application of PVA/PAA/SrTiO3 nanocompo-
sites are examined. The PVA/PAA/SrTiO3 nanocomposites are tested for 
pressure sensor with range from 80 bar to 160 bar. The results indicate 
that the PVA/PAA/SrTiO3 nanocomposites have high sensitivity for pres-
sure. 

У цій роботі нові типи нанокомпозитів виготовлено із суміші полівіні-
ловий спирт (ПВС)–поліакриламід (ПАА), леґованої SrTіO3, для деше-
вого давача тиску високої чутливости, гнучкого, високого опору коро-
зії. Перевірено зображення мікроскопії, дослідження інфрачервоною 
спектроскопією на основі перетвору Фур’є (FT-ІR) і застосування для 
давача тиску нанокомпозитів ПВС/ПАА/SrTіO3. Нанокомпозити 
ПВС/ПАА/SrTіO3 випробувано для давача тиску з діяпазоном від 80 
бар до 160 бар. Результати вказують на те, що нанокомпозити 
ПВС/ПАА/SrTіO3 мають високу чутливість щодо тиску. 

Key words: polymer blend, PVA, SrTiO3, nanocomposites, pressure sensor. 

Ключові слова: полімерна суміш, полівініловий спирт, SrTiO3, наноко-
мпозити, сенсор тиску. 
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1. INTRODUCTION 

Nanotechnology is promising as a fast growing area with its techno-
logical application for the reason of developed new substance in na-
nosize. It can be proved a boon, because it has a large possibility to 
get benefits in fields as information and communication technology, 
drug improvement, water decontamination [1]. In the class of new 
materials, polymer nanocomposites have grabbed more attention due 
to their enhanced electrical, optical and magnetic properties. These 
materials possess increased modulus and flame resistance, and are 
capable to preclude oxidation and agglomeration. These enhance-
ments in properties are due to interaction between nanoparticles 
and polymer matrix. Addition of nanoparticles in polymer matrix 
improves lifetime of nanoparticles, modifies the surface of nanopar-
ticles by passivation defect states, provide low cost, ease of device 
fabrication and tuneable optical and electronic properties [2]. Poly-
mers have stability after chemical and physical doping with high 
mechanical properties [3]. Integration of macro- and nanocomposites 
has led to the development of a new class of nanocomposite materi-
als, which find vital approach in medicine, biology, industry and 
defence. Polymers and organic materials have been receiving a great 
deal of attention for their unique features offering to realize light-
weight, environmental friendly, flexible and cost effective electron-
ic devices [4]. Polyvinyl alcohol (PVA) is a polymer with carbon 
chain backbone attached with hydroxyl groups. These OH groups 
can be a source of hydrogen bonding and hence assist in the for-
mation of polymer blends. PVA is non-toxic, water-soluble synthetic 
polymer, which is widely used in the polymer blends due to its good 
physical and chemical properties, excellent film forming character-
istics, emulsifying capability, non-carcinogenic, biodegradable and 
biocompatible qualities. These unique characteristics enable it for 
its applicability in pharmaceutical fields, as drug coating agents, 
material for surgical structures and cosmetic industries [5]. This 
work aims to prepare of PVA/PAA/SrTiO3 nanocomposites for low-
cost pressure sensors. 

2. MATERIALS AND METHODS 

In this work, the materials used are PVA (88 wt.%) and poly-
acrylamide (PAA) (12 wt.%) in a polymer blend and the SrTiO3 na-
noparticles as additive. To get a homogeneous solution PVA–PAA 
blend, magnetic stirrer is used in mixing process when each of the 
PVA and PAA polymers are dissolved in distilled water. SrTiO3 na-
noparticles are added to solution with concentrations of 0, 1.8, 3.6, 
5.4 and 7.2 wt.%. To prepare the PVA/PAA/SrTiO3 nanocompo-
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sites, the casting method is used. Films of PVA–PAA/SrTiO3 nano-
composites are prepared by dissolving 1 g of PVA and PAA with 
88:12 ratio in 30 ml of distilled water. The sample is placed be-
tween copper plate, and load is applied on two plates where sample 
between them. The capacitance for different applied load in a range 
80–160 bar is measured by using LCR meter type HIOKI 3532-50 
LCR HI TESTER at 100 Hz, which locally manufactured. 

3. RESULTS AND DISCUSSION 

Figure 1 shows microscopy examination of PVA/PAA/SrTiO3 nano-

 

Fig. 1. Microscopy images (10): (a) pure blend; (b) 1.8 wt.% SrTiO3 nano-
particles; (c) 3.6 wt.% SrTiO3 nanoparticles; (d) 5.4 wt.% SrTiO3 nanopar-
ticles; (e) 7.2 wt.% SrTiO3 nanoparticles. 
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composites. The microscopy examination shows the distribution of 
the SrTiO3 nanoparticles in the polymer PVA–PAA blend. When 
adding the SrTiO3 nanoparticles to the polymer PVA–PAA blend, 
the concentrations of the charge carriers, which are absorbing the 
photons, will increase as shown in Fig. 1, a, b, c, d and e. 
 Figure 1 shows that the SrTiO3 nanoparticles are aggregated as 
clusters at lower content. When increasing the ratio of SrTiO3 na-
noparticles, they form paths network inside the PVA/PAA blend. 
 Figure 2 shows the FT-IR spectra of PVA/PAA/SrTiO3 nanocom-

 

Fig. 2. FT-IR spectra of PVA/PAA/SrTiO3 nanocomposites: (a) pure blend; 
(b) 1.8 wt.% SrTiO3 nanoparticles; (c) 3.6 wt.% SrTiO3 nanoparticles; (d) 
5.4 wt.% SrTiO3 nanoparticles; (e) 7.2 wt.% SrTiO3 nanoparticles. 
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posites. 
 The FT-IR studies of nanocomposites manifest the interactions in 
nanocomposites. They show broad bands at 3237.97 cm

1. The large 
bands observed between 3550 and 3200 cm

1 are linked to the 
stretching O–H from the intermolecular and intramolecular hydro-
gen bonds. The vibrational band observed between 2840 and 3000 
cm

1 refers to the stretching C–H from alkyl groups. This correla-
tion was calculated through the ratio of the intensities associated 
with vibrational bands of C–O (1710 cm

1) and bending vibrations 
related to CH2 groups at 1460 cm

1 that remains almost constant 
[6]. The peaks at 1418–1424 cm

1 were assigned to the C–O groups 
of polymers matrix. The band observed at 2920 cm

1 is characteris-
tic of an asymmetry-stretching mode of CH2 group. The strong band 
around 1086–1090 cm

1 for all samples of nanocomposites is at-
tributed to the stretching mode of C–O group. The two strong bands 
observed at around 1420 cm

1 and 841 cm
1 are attributed to the 

bending and stretching modes of CH2 group, respectively [7]. 
 As noted from the FT-IR studies, there are no interactions be-
tween PVA–PAA blend and SrTiO3 nanoparticles. 
 Figure 3 shows a variation of the electrical capacitance for 
PVA/PAA/SrTiO3 nanocomposites with the pressure for different 
concentrations of SrTiO3 nanoparticles. 
 As shown, the electrical capacitance of PVA–PAA blend increases 
as the pressure increases. There is an explanation of this behaviour: 
the SrTiO3 nanoparticles are aggregated as clusters in the 

 

Fig. 3. Variation of the electrical capacitance for PVA/PAA/SrTiO3 nano-
composites with the pressure for different concentrations of SrTiO3 nano-
particles. 
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PVA/PAA blend and, hence, the electrical resistance is high. Apply-
ing the pressure causes a decrease in the distance between filler 
particles inside the matrix and an increase in the number of con-
ductive paths that leads to decrease in the resistance of composites. 
Hence, the resistance is low, and the electrical capacitance of 
PVA/PAA/SrTiO3 nanocomposites will increase [8–14]. 

4. CONCLUSIONS 

In the present work, synthesis of PVA/PAA/SrTiO3 nanocomposites 
has been investigated. 
 The microscopy images, FT-IR analysis and pressure sensor appli-
cation were examined. 
 Finally, the results show that the electrical capacitance of 
PVA/PAA/SrTiO3 nanocomposites increases with the rise in pres-
sure that makes the PVA/PAA/SrTiO3 nanocomposites useful for 
pressure sensors’ applications with low cost, lightweight and high 
sensitivity. 
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In this paper, preparation of new pressure sensors with low cost and 
lightweight, and their structural and dielectric properties are investigat-
ed. The pressure sensors are prepared from polyvinyl alcohol (PVA; 50 
wt.%) and carboxyl methylcellulose (CMC; 50 wt.%) with different con-
centrations (1, 2 and 3 wt.%) of titanium-carbide nanoparticles. The die-
lectric properties are measured in the frequency range from 100 Hz to 5 
MHz. The experimental results show that the dielectric constant and die-
lectric loss of PVA–CMC–TiC nanocomposites are decreased with increase 
in frequency of applied electric field. The A.C. electrical conductivity in-
creases with increasing the frequency. The dielectric constant, dielectric 
loss, and A.C. electrical conductivity of PVA–CMC blend are increased 
with increase of concentration of TiC nanoparticles. The results of pres-
sure sensor application show that the electrical resistance of PVA–CMC–
TiC nanocomposites decreases with increase in pressure. 

У цій роботі досліджено приготування нових датчиків тиску з низькою 
вартістю та невеликою вагою, а також їхні структурні та діелектричні 
властивості. Датчики тиску готуються з полівінілового спирту (ПВС; 50 
ваг.%) і карбоксильної метилцелюлози (КМЦ; 50 ваг.%) з різною кон-
центрацією (1, 2 і 3 ваг.%) наночастинок карбіду Титану. Діелектричні 
властивості вимірюються в діяпазоні частот від 100 Гц до 5 МГц. Екс-
периментальні результати показують, що діелектрична проникність і 
діелектричні втрати нанокомпозитів ПВС–КМЦ–TiC зменшуються зі 
збільшенням частоти прикладеного електричного поля. Електропровід-
ність змінного струму збільшується зі збільшенням частоти. Діелект-
рична проникність, діелектричні втрати й електропровідність змінного 
струму суміші ПВС–КМЦ збільшуються зі збільшенням концентрації 
наночастинок TiC. Результати застосування датчика тиску показують, 
що електричний опір нанокомпозитів ПВС–КМЦ–TiC понижується зі 
збільшенням тиску. 
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1. INTRODUCTION 

Recently there has been a constant search for new materials that 
possess high dielectric permittivity and good mechanical properties 
for important technological applications. Polymers are materials 
with low-density flexible, easy to fabricate and superior in dielectric 
breakdown strength and mechanically more compliant than the ce-
ramics, but its dielectric values are much lower than those of the 
ceramics [1]. 
 The addition of inorganic nanoparticles to polymers allows the 
modification of the polymer physical properties as well as the im-
plementation of new features in the polymer matrix. With decreas-
ing particle size, the ratio of surface/volume increases, so that sur-
face properties become crucial. Smaller the particles are, more im-
portant will be the surface properties, thereby influencing interfa-
cial properties, agglomeration behaviour, and the physical proper-
ties of the particles. The intensity of these properties changes de-
pending upon the nature, composition, concentration and size of the 
nanoparticles [2]. 
 Addition of small amount of nanomaterial could improve the per-
formance of polymeric materials due to their small size, large spe-
cific surface area, quantum confinement effects, and strong inter-
facial interactions. Among these polymers, polyvinyl alcohol (PVA) 
is a polymer that has been studied intensively due to its good film 
forming and physical properties, high hydrophilicity, processability, 
biocompatibility, and good chemical resistance. Polyvinyl alcohol is 
a good insulating material with low conductivity; hence, it is very 
useful in microelectronic industry. Its electrical conductivity de-
pends on the thermally generated carriers and the addition of suita-
ble dopants. Moreover, the PVA polymer extends the industrial ap-
plications in optical, pharmaceutical, medical, and membrane fields. 
PVA is a semi-crystalline material with several interesting physical 
properties, which are very useful in technical applications [1, 3]. 
Polymer nanocomposites containing semiconductor nanoparticles are 
shown to be significant for building electronic and optoelectronic 
devices, such as solar cells, light-emitting diodes, optical limiters, 
and various types of sensors [4–6]. 
 Many of the modern technologies require materials with unusual 
combinations of properties that cannot be met by conventional met-
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al alloys, ceramics and polymers. Nanocomposite development pro-
vides for new technologies and business opportunities in many sec-
tors of aerospace, automobile, electronics and biotechnology indus-
tries. 
 Titanium carbide (TiC) is widely used as a reinforcing particle to 
produce metal matrix composites due to its hardness, chemical iner-
tia, high melting point and stability. Composites comprising titani-
um carbide metal matrix can be characterized by a good wear re-
sistance with a relatively low coefficient of friction [7]. 

2. EXPERIMENTAL PART 

The nanocomposites of PVA–CMC–TiC were prepared by dissolving 
1 gm of PVA–CMC blend in 20 ml of distilled water with concentra-
tion: 50 wt.% PVA and 50 wt.% CMC by using magnetic stirrer to 
mix the polymers for 1 hour to obtain solution that is more homo-
geneous. The TiC nanoparticles were added to polymers’ mixture 
with different concentrations (1, 2 and 3 wt.%). The casting meth-
od is used to prepare the samples of PVA–CMC–TiC nanocomposites 
in the template (Petri dish has diameter of 10 cm). The samples 
were prepared with thickness range 117–140 m. 
 The dielectric properties of PVA–CMC–TiC nanocomposite sam-
ples are studied with frequency range from 100 Hz to 5106 Hz by 
using LCR meter type (HIOKI 3532-50 LCR HI TESTER). The pres-
sure sensor of samples is investigated by measuring the resistance 
between two electrodes on the top and bottom of the sample for dif-
ferent pressures’ range 80–200 bar. 
 The dielectric constant, , of nanocomposites is defined by using 
the following equation [8]: 

 
p

o

C

C
  , (1) 

where Cp is parallel capacitance and Co is vacuum capacitor. 
 The dielectric loss, , of nanocomposites is written by following 
equation [8]: 

 D, (2) 

where D is dispersion factor. 
 The A.C. electrical conductivity is defined by following equation [9]: 

 A.C.w0, (3) 

where w is the angular frequency. 
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3. RESULTS AND DISCUSSION 

The FT-IR spectra for pure polymer blend and PVA–CMC–TiC 
nanocomposite films are shown in Fig. 1. In the spectra of nano-
composites, the broad and strong band centred at 3366 cm

1 is as-
signed to the stretching vibration of hydroxyl group OH. The band 
observed at 1601 cm

1 is assigned to the stretching vibrational band 
of C=O. The two bands observed at 1416 and 1356 cm

1 are assigned 
as CH3 bending vibration and CH2 stretching, respectively. The 
band at 1056 cm

1 arises from the C–O stretching vibration, while 
the band at 917 cm

1 results from CH2 rocking vibration [10]. The 
TiC nanoparticles cause changes in spectra of PVA–CMC, which in-
clude shift in some bonds and change in the intensities. These 
changes attributed to interactions of nanoparticles with polymers. 
The FT-IR studies show the non-interactions between PVA–CMC 
polymer matrix and TiC nanoparticles [11]. 
 The variation of dielectric constant for PVA–CMC–TiC nanocom-
posites with frequency at different concentrations of TiC nanoparti-
cles is shown in Fig. 2. 
 The polarized molecules or atoms in dielectric medium can align 
in accordance with the applied electric field, which implies electro-

 

Fig. 1. FT-IR spectra for PVA–CMC–TiC nanocomposites: a) pure 
blend; b) 1 wt.% TiC nanoparticles; c) 2 wt.% TiC nanoparticles; d) 
3 wt.% TiC nanoparticles. 
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magnetic energy to be transferred into materials. In Figure 2, the 
behaviour of frequency-dependent dielectric constant of PVA–CMC–
TiC nanocomposites at room temperature is illustrated. The plot in-
ferred that the value of dielectric constant has a strong influence in 
radiofrequency region. At lower frequencies, high values are no-
ticed that indicates that the four polarizations are active, whereas 
at higher frequencies, due to the high periodic field reversal result-
ing in inertia of the dipolar moments, causes the reduction in the 
values. An independent frequency trace is noticed beyond 1 kHz but 
a substantial modification is achieved by the incorporation of TiC 
nanoparticles in the matrix. A giant polarizability is noticed be-
cause the particles are relatively free to move in extended trajecto-
ries between the electrodes. The TiC exhibits a strong ionic polari-
zation due to the titanium and carbon ions and has a high value of 
static permittivity, so that the increment in the values of relative 
permittivity for the composites due to these mobile charge carriers 
is expected. 
 Figure 3 shows the frequency-dependent dielectric loss of PVA–
CMC–TiC at room temperature. This curve possessed a similar trace 
as the plot of dielectric constant, and the changes in steepness are 
observed at the same frequency region. This phenomenon can be 
identified as interfacial polarization (IP) where the high values are 
presented at the low-frequency region. At higher frequencies, the 
dipoles cause an inertia results from the electrical heterogeneity 
known as Maxwell–Wagner–Sillars effect [12]. 
 As shown in Figures 2, 3, the dielectric constant of PVA–CMC 
blend increases with increase in TiC nanoparticles’ concentration; 
this behaviour could be interpreted from both interfacial polariza-
tion inside the nanocomposite in applied alternating electric field 

 

Fig. 2. Variation of dielectric constant for PVA–CMC–TiC nanocomposites 
with frequency at room temperature. 
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and increase of the charge carriers. 
 The dielectric loss increases with increase in concentrations for 
nanoparticles. The increase of dielectric loss of PVA–CMC blend 
with increase in TiC nanoparticles’ concentration for related to the 
increase of the number for charge carriers. At low concentrations of 
TiC nanoparticles, they are formed as clusters; when the concentra-

 

Fig. 3. Variation of dielectric loss for PVA–CMC–TiC nanocomposites with 
frequency at room temperature. 

 

Fig. 4. Photomicrographs (10) for PVA–CMC–TiC nanocomposites: a) for 
pure; b) for 1 wt.% TiC nanoparticles; c) for 2 wt.% TiC nanoparticles; d) 
for 3 wt.% TiC nanoparticles. 
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tion of TiC nanoparticles increases, the nanoparticles form a con-
tinuous network in the nanocomposite [11], as shown in Fig. 4. In 
Figure 4, the TiC nanoparticles’ arrangement in PVA–CMC polymer 
matrix is shown at magnification power (10). The TiC nanoparti-
cles are aggregated as clusters at low concentrations. When increas-
ing the concentrations of TiC nanoparticles, the nanoparticles form 
a continuous network inside the PVA–CMC blend [11]. 
 The variation of A.C. electrical conductivity for PVA–CMC–TiC 
nanocomposites with frequency for different TiC nanoparticles’ con-
centrations is shown in Fig. 5. The increase in A.C. conductivity is 
due to increase in the composition of the TiC nanoparticles’ concen-
tration in polymer matrix resulting in relatively more number of 
free charges carries. These charge carriers move in the amorphous 
polymer matrix, and hence the conductivity increases. Thus, there 
is a relation between the amorphous nature of the polymer film and 
the conductivity [13]. 
 In addition, the A.C. conductivity increases as TiC nanoparticles’ 
concentration increases. This result can be attributed to an increase 
in the conductivity because of the increase in the charge carrier 
density in the polymer blend and the increase of the free charge 
carrier number [14]. 
 Figure 6 shows variation of resistance for PVA–CMC–TiC nano-
composites with compression stress. Pressure sensors, which are 
widely applied in automation equipment, robot arms, touch panels, 
and cell phones, have been developed on the basis of piezoresistive, 
piezoelectric, and capacitive principle. Pressure sensors need high 
sensitivity and strong discriminatory abilities for wide applications 

 

Fig. 5. Variation of A.C. electrical conductivity for PVA–CMC–TiC nano-
composites with frequency at room temperature. 
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[15]. As shown in Figure 6, the resistance for PVA–CMC–TiC nano-
composites decreases with increases in compression stress. This be-
haviour can be explained as follows: when stress is applied, it will 
change the local dipole distributions and induce an electric field; 
the induced electric field accumulates the charges at both the top 
and the bottom of the sample [16]. 

4. CONCLUSIONS 

The dielectric constant, dielectric loss, and A.C. electrical conduc-
tivity of PVA–CMC blend increase with increasing titanium carbide 
nanoparticles’ concentration. 
 The dielectric constant and dielectric loss of PVA–CMC–TiC 
nanocomposites decrease with increase of the frequency. 
 The A.C. electrical conductivity increases with increase of the 
frequency. 
 The PVA–CMC–TiC nanocomposites films have high sensitivity 
for pressure. 
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Synthesis and Characterization of Novel PVA–Starch–Y2O3 
Bionanocomposites for Pressure Sensors 
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Synthesis of the polyvinyl alcohol (PVA)–starch (ST)–yttrium oxide (Y2O3) 
nanocomposites and studying their structural and dielectric properties are 
considered for the sake of high-sensitive pressure sensors. The nanocom-
posites are prepared by casting method. The PVA–ST blend is prepared 
with following concentrations: 85 wt.% polyvinyl alcohol, 15 wt.% 
starch. The effect of yttrium-oxide nanoparticles’ concentration on the 
structural and dielectric properties of PVA–ST blend is studied. The die-
lectric properties of PVA–ST–Y2O3 nanocomposites are examined in fre-
quency range from 100 Hz to 5 MHz. The results show that dielectric 
constant and dielectric loss of nanocomposites are decreased with increase 
in frequency of applied electric field. The A.C. electrical conductivity in-
creases with increase in frequency. The dielectric parameters (dielectric 
constant, dielectric loss, and A.C. electrical conductivity) of PVA–ST 
blend are increased with increase in yttrium-oxide nanoparticles’ concen-
tration. The PVA–ST–Y2O3 nanocomposites are tested for pressure-sensor 
application. The results show that the electrical resistance of PVA–ST–
Y2O3 nanocomposites decreases with increase in pressure. 

Синтеза нанокомпозитів полівініловий спирт (ПВС)–крохмаль (К)–
оксид Ітрію (Y2O3) та вивчення їхніх структурних і діелектричних вла-
стивостей розглядаються заради високочутливих датчиків тиску. На-
нокомпозити готують методом лиття. Суміш ПВС–К готується з насту-
пними концентраціями: 85 ваг.% полівінілового спирту, 15 ваг.% кро-
хмалю. Досліджено вплив концентрації наночастинок оксиду Ітрію на 
структурні та діелектричні властивості суміші ПВС–К. Діелектричні 
властивості нанокомпозитів ПВС–К–Y2O3 досліджуються в діяпазоні 
частот від 100 Гц до 5 МГц. Результати показують, що діелектрична 
постійна та діелектричні втрати нанокомпозитів зменшуються зі збі-
льшенням частоти прикладеного електричного поля. Електропровід-
ність змінного струму збільшується зі збільшенням частоти. Діелект-
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ричні параметри (діелектрична константа, діелектричні втрати та елек-
тропровідність змінного струму) суміші ПВС–К збільшуються зі збіль-
шенням концентрації наночастинок оксиду Ітрію. Нанокомпозити 
ПВС–К–Y2O3 тестуються на застосування датчиків тиску. Результати 
показують, що електричний опір нанокомпозитів ПВС–К–Y2O3 спадає 
зі збільшенням тиску. 

Key words: conductivity, structure, Y2O3, nanocomposite, pressure sensor. 

Ключові слова: електропровідність, структура, Y2O3, нанокомпозит, 
датчик тиску. 
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1. INTRODUCTION 

Organic–inorganic nanocomposites are extremely promising for ap-
plications in light-emitting diodes, photodiodes, photovoltaic cells, 
smart microelectronic device, and gas sensors among others. The 
properties of nanocomposites films can be adjusted by varying the 
composition. Their fabrication shares the same advantages of organ-
ic device technology such as low-cost production and the possibility 
of device fabrication on large area and flexible substrates. 
 PVA is a potential material having high dielectric strength, good 

charge storage capacity and dopant-dependent electrical and optical 
properties. It has carbon chain backbone with hydroxyl groups at-
tached to methane carbons. These OH groups can be a source of hydro-
gen bonding and hence assist the formation of polymer composite [1]. 
 Starch is the most abundant carbohydrate reserve in plants and is 
found in leaves, flowers, fruits, seeds, different types of stems and 
roots. Starch biochemical chain responsible for starch synthesis in-
volves glucose molecules produced in plant cells by photosynthesis. 
Starch is formed in the chloroplasts of green leaves and amylo-
plasts, organelles responsible for the starch reserve synthesis of ce-
reals and tubers [2]. 
 Yttrium oxide, as an important member among rare-earth com-
pounds, has been actively studied in the recent years. It is one of 
the most promising elements for the fabrication of optoelectronics 
devices and chemical catalysis. Y2O3 can be used as high-efficient 
additives and functional composite materials like yttria-stabilized 
zirconia films. This material could be synthesized via several meth-
ods, including cathodic electrodeposition, gas-phase condensation, 
precipitation, sol–gel, pyrolysis, solvothermal and hydrothermal 
syntheses [3]. The addition of inorganic nanoparticles to polymers 
allows the modification of the polymer physical properties as well as 
the implementation of new features in the polymer matrix [4]. 
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 Pressure sensors have a great significance for industrial equip-
ment, and they are widely used for the control and monitoring of 
thousands of applications such as biomedical, environment, space, 
and automobiles. Furthermore, piezoresistive pressure sensors have 
been proposed to detect the strain by applying pressure to change 
the resistance of test patterns. Materials typically used for piezore-
sistive pressure sensors are silicon, polysilicon thin films, bonded 
metal foils, sputtered thin films, and inkjet printing films. General-
ly, piezoresistive pressure sensors are the most commonly employed 
technology in the pressure sensor market owing to their advantages 
of high sensitivity and low cost [5]. 
 The idea of connecting two or more different constituents into 
one substance gives almost infinite possibilities to create new engi-
neering materials characterized by variety of different properties. 
Composite materials, because of these diverse properties, are suc-
cessfully used in almost all areas of industry and science [6–9]. One 
advantage of nanoparticles as polymer additives appearing to have 
is that compared to traditional additives, namely, loading require-
ments are quite low [10]. 

2. THEORETICAL PART 

The dielectric constant, , of PVA–ST–Y2O3 bionanocomposites is 
defined by the following equation [11]: 

 p oC C  , (1) 

where Cp is parallel capacitance and Co is vacuum capacitance. 
 The dielectric loss, , of PVA–ST–Y2O3 bionanocomposites is 
written by the equation as follows [12]: 

 D, (2) 

where D—dispersion factor of PVA–ST–Y2O3 nanocomposites. 
 The A.C. electrical conductivity of PVA–ST–Y2O3 bionanocompo-
sites is determined by the equation [12]: 

 A.C.w0, (3) 

where w—the angular frequency. 

3. EXPERIMENTAL PART 

The nanocomposite films are prepared from PVA–ST blend with dif-
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ferent of yttrium-oxide nanoparticles’ concentrations by casting 
method. The PVA–ST blend is prepared by dissolving 1 gm of poly-
vinyl alcohol and starch in 20 ml of distilled water with concentra-
tions: 85 wt.% PVA and 15 wt.% ST by using magnetic stirrer to 
mix the polymers for 1 hour to obtain solution that is more homo-
geneous. The Y2O3 nanoparticles added to polymers’ mixture with 
different concentrations 1, 2 and 3 wt.%. The samples of PVA–ST–
Y2O3 nanocomposites are casted in the template (Petri dish has di-
ameter of 10 cm). The samples are prepared with thickness range 
120–142 m. 
 FT-IR spectra (Fig. 1) were tested in wave number range 500–
4000 cm

1 by FT-IR (Bruker Company, German origin, type Vertex-
70). The nanocomposites’ samples are examined by using the optical 
microscope (supplied from Olympus name (ToupView) type (Nikon-
73346)) with magnification (10). The dielectric properties of PVA–
ST–Y2O3 nanocomposites’ samples are tested within the frequency 
range from 100 Hz to 5106 Hz by using LCR meter type (HIOKI 
3532-50 LCR HI TESTER). The pressure-sensor application of nano-
composites is investigated by measuring the resistance between two 
electrodes on the top and bottom of the sample for different pres-
sures’ range 80–200 bar. 

4. RESULTS AND DISCUSSION 

The FT-IR spectra of PVA–ST–Y2O3 nanocomposites are shown in 
Fig. 1. As shown in Fig. 1, the broad peak around 3250 cm–1 indi-
cates stretching of hydroxyl groups (O–H). The peak at 1087 cm–1 is 
due to the C–O stretch of secondary alcoholic groups [13]. 
 Figure 2 shows the dependence of real dielectric constant on the 
frequency at room temperature. It verifies that value of dielectric 
constant for PVA–ST–Y2O3 nanocomposites is high at low frequen-
cies since electric dipoles have enough relaxation time to be sup-
ported with the field. Thus, there is a high dielectric constant. 
However, relaxation time decreases with increase in frequency as 
dipoles do not get sufficient time to be supported with the field, 
and the dielectric constant decreases. The values of dielectric con-
stant for PVA–ST–Y2O3 nanocomposites rise with a dopant concen-
tration of yttrium-oxide nanoparticles. 
 This rise in dielectric-constant values could be ascribed by Max-
well–Wagner interfacial polarization [14] and increasing number of 
charge carries as shown in Fig. 3. This figure shows that the Y2O3 
nanoparticles are aggregated as clusters at low concentrations. 
When increasing the concentration of Y2O3 nanoparticles, the nano-
particles form a paths’ network inside the PVA–ST blend. 
 The variation of dielectric loss for PVA–ST–Y2O3 nanocomposites 
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with frequency at room temperature with different concentrations 
of yttrium-oxide nanoparticles is shown in Fig. 4. It is clear from 
the graph that loss decreases with frequency. The higher value of 
the dielectric loss for PVA–ST–Y2O3 nanocomposites at the higher 
concentration of yttrium-oxide nanoparticles can be understood re-
garding electrical conductivity, which is related to the dielectric 
loss. Moreover, polyvinyl alcohol is polar polymer with polar bonds 
and shows flexible polar groups since the bond rotating having in-
tense dielectric -transition [14]. 
 Figure 5 shows the variation of A.C. electrical conductivity for 
PVA–ST–Y2O3 nanocomposites with frequency at room temperature. 
As the yttrium-oxide nanoparticles’ concentration is increased, the 
inorganic filler molecules start bridging the gap separating the two 
localized states and lowering the potential barrier between them, 
thereby, facilitating the transfer of charge carriers between two lo-
calized states. 

 

Fig. 1. FT-IR spectra for PVA–ST–Y2O3 nanocomposites; a—pure blend; 
b—1 wt.% Y2O3 nanoparticles; c—2 wt.% Y2O3 nanoparticles; d—3 wt.% 
Y2O3 nanoparticles. 
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 The frequency-dependent conductivity is conditioned by the hop-
ping of charge carriers in the localized state. The term hopping re-
fers to the sudden displacement of charge carriers from one position 

 

Fig. 2. Variation of dielectric constant for PVA–ST–Y2O3 nanocomposites 
with frequency at room temperature. 

 

Fig. 3. Photomicrographs (10) for PVA–ST–Y2O3 nanocomposites: (a) for 
pure blend; (b) for 1 wt.% Y2O3 nanoparticles; (c) for 2 wt.% Y2O3 nano-
particles; (d) for 3 wt.% Y2O3 nanoparticles. 



 SYNTHESIS AND CHARACTERIZATION OF NOVEL PVA–STARCH–Y2O3 889 

to another neighbouring site and, in general, includes both jumps 
over a potential barrier and quantum mechanical tunnelling [15]. 
 Figure 6 shows the variation of electrical resistance for PVA–
ST–Y2O3 nanocomposites with compression stress. From the figure, 
the electrical resistance of nanocomposites decreases with increasing 
the pressure. Typical piezoelectric polymers have a crystalline re-
gion that has an internal dipole moment. These dipole moments are 
randomly oriented without any mechanical or electrical poling pro-
cess, and the net dipole moment is zero in these conditions. When 
stress is applied to the stacked polymer chain region, it will change 

 

Fig. 4. Variation of dielectric loss for PVA–ST–Y2O3 nanocomposites with 
frequency at room temperature. 

 

Fig. 5. Variation of A.C. electrical conductivity for PVA–ST–PbO2 nano-
composites with frequency. 
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the local dipole distributions and induce an electric field in the 
stack. The induced electric field accumulates the charges at both 
the top and the bottom of the film [16]. 

5. CONCLUSIONS 

The dielectric properties (dielectric constant, dielectric loss, and 
A.C. electrical conductivity) of PVA–ST–Y2O3 nanocomposites in-
crease with an increase the yttrium-oxide nanoparticles’ concentra-
tion. 
 The dielectric constant and dielectric loss of PVA–ST–Y2O3 nano-
composites are decreased with an increase of the frequency, while 
the A.C. electrical conductivity increases with an increase of the 
frequency. 
 The electrical resistance of PVA–ST–Y2O3 nanocomposites de-
creases with an increase in pressure, and these samples have high 
sensitive for pressure. 
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Humidity Sensing Performance of Polymer Blend–Titanium 
Nitride Nanocomposites: Structural, Electrical, and Optical 
Properties 

Ahmed Hashim and Zinah Sattar Hamad 
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Synthesis of new nanocomposite films of both the PVA–PAA blend and 
the PVA–PAA blend doped by titanium nitride nanoparticles is investi-
gated for the sake of humidity sensors with low cost, light weight, flexi-
bility and high sensitivity. The structural, electrical, and optical proper-
ties of PVA–PAA–TiN nanocomposites are studied. The results concern-
ing electrical properties of PVA–PAA–TiN nanocomposites show that the 
electrical conductivity of PVA–PAA blend increases from 4.310

11 S/cm 
to 6.110

9 S/cm, if the titanium-nitride nanoparticles’ concentration in-
creases to 6 wt.%. In addition, the electrical conductivity of all samples 
of PVA–PAA–TiN nanocomposites increases by one order, when tempera-
ture increases from 50C to 80C. The activation energy for PVA–PAA 
blend decreases from 0.57 eV to 0.29 eV, when titanium-nitride nanopar-
ticles’ concentration increases. The optical-properties’ results show that 
the transmittance of PVA–PAA blend decreases (to 83.5%) with increas-
ing the titanium-nitride nanoparticles’ concentration. The results concern-
ing PVA–PAA–TiN-nanocomposites’ applications for the sake of humidity 
sensors show that the PVA–PAA–TiN nanocomposites have high sensitivi-
ty for relative humidity. 

Синтеза нових нанокомпозитних плівок як суміші полівініловий спирт 
(ПВС)–поліакрилова кислота (ПАК), так і суміші ПВС–ПАК, леґованої 
наночастинками нітриду Титану, досліджується заради датчиків воло-
гости з низькою вартістю, невеликою вагою, гнучкістю та високою чу-
тливістю. Досліджено структурні, електричні й оптичні властивості 
нанокомпозитів ПВС–ПАК–TiN. Результати щодо електричних власти-
востей нанокомпозитів ПВС–ПАК–TiN показують, що електропровід-
ність суміші ПВС–ПАК збільшується з 4,310

11 См/см до 6,110
9 

См/см, якщо концентрація наночастинок нітриду Титану збільшується 
до 6 ваг.%. Крім того, електропровідність всіх зразків нанокомпозитів 
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ПВС–ПАК–TiN збільшується на один порядок, коли температура під-
вищується від 50C до 80C. Енергія активації суміші ПВС–ПАК змен-
шується від 0,57 еВ до 0,29 еВ, коли концентрація наночастинок ніт-
риду Титану збільшується. Результати щодо оптичних властивостей 
показують, що прозорість суміші ПВС–ПАК понижується (до 83,5%) зі 
збільшенням концентрації наночастинок нітриду Титану. Результати 
щодо застосування нанокомпозитів ПВС–ПАК–TiN заради датчиків во-
логости показують, що нанокомпозити ПВС–ПАК–TiN мають високу 
чутливість до відносної вологости. 

Key words: humidity sensors, nanocomposites, titanium nitride, conduc-
tivity, transmittance. 

Ключові слова: датчики вологости, нанокомпозити, нітрид Титану, 
електропровідність, прозорість. 
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1. INTRODUCTION 

Humidity has an important influence on several industrial processes 
such as electronic, food or pharmaceutical manufacturing, food 
storage, etc. All these processes, which can be affected by humidity, 
require continuous monitoring of air humidity. In addition, proper 
humidity levels can be critical to the quality of the product and 
having the right humidity level can contribute to diminishing ener-
gy consumption [1]. Humidity sensors have gained advanced appli-
cations in industrial processing and environmental control. For 
manufacturing, highly sophisticated integrated circuits in semicon-
ductor industry, humidity levels are constantly monitored in wafer 
processing. There are many domestic applications, such as intelli-
gent control of the living environment in buildings, cooking control 
for microwave ovens, and intelligent controller. In automobile in-
dustry, humidity sensors are used in rear window defoggers and 
motor assembly lines. In medical field, humidity sensors are used in 
respiratory equipment, sterilizers, pharmaceutical processing, and 
biological products. In agriculture, humidity sensors are used for 
greenhouse air conditioning, plantation protection (dew prevention), 
soil moisture monitoring. In general industry, humidity sensors are 
used for humidity control in chemical gas purification, dryers, ov-
ens, film desiccation, paper and textile production, and food pro-
cessing. Humidity sensor plays an important role in every part of 
the Earth and automated industrial processes [2]. 
 Several kinds of humidity sensors are available based on different 
transduction principles, such as resistive, capacitive, optical, and 
surface acoustic wave. However, resistive-type sensors have the ad-
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vantage to be cheaper and easier to read out over the other ones. 
Typically, rigid substrates like ceramic, glass, or silicon are used as 
the fundamental building blocks of humidity sensors; but, recent 
advancements in the field of printed electronics show increased po-
tential for the substitution of rigid substrates by flexible ones, 
since the latter potentially reduce the cost of sensors and offer good 
mechanical flexibility. Examples of flexible sensors integrating ad-
ditional electronic functions like readout electronics, thermal com-
pensation systems, and other sensors have opened a new route to-
wards multifunctional sensors fabricated on flexible substrate [3]. 
Inorganic–organic nanocomposites are extremely promising for ap-
plications in light-emitting diodes, microelectronic packaging, au-
tomobiles, medicine, drug delivery, injection moulded products, op-
tical integrated circuits, sensors, fire-retardants, membranes, aero-
space, coatings adhesives, packaging materials, consumer goods, 
etc. [4–10]. 
 The properties of nanocomposites films can be adjusted by vary-
ing the composition. Their fabrication shares the same advantages 
of organic device technology, such as low cost production and the 
possibility of device fabrication on large area and flexible sub-
strates. Polyvinyl alcohol (PVA) is a potential material having high 
dielectric strength, good charge storage capacity and dopant-
dependent electrical and optical properties. It has carbon chain 
backbone with hydroxyl groups attached to methane carbons. These 
OH groups can be a source of hydrogen bonding and hence assist 
the formation of polymer composite [11]. Polyacrylic acid (PAA) is 
a non-toxic, hydrophilic and biocompatible superabsorbent polymer 
with a three dimensional (3D) network. PAA was chosen as a host 
polymer in this research due to its fascinating behaviours such as 
excellent stability in acidic and basic media, high ionic conductivi-
ty, strong adhesive properties, superior selectivity and permeability 
and high ability to associate with a variety of multivalent metal 
ions in solution. PAA can suppress the crystallization and form sta-
ble complexes with metal. The main reason for choosing PAA as a 
host polymer is because of its high charge density based on carbox-
ylic (–COOH) functional group. This functional group favours the 
bond formation, for example, ionic, covalent, hydrogen and co-
ordination ones, which can be used to form complexation with the 
nanoparticles [12]. Lim et al. [13] studied the polyvinyl alcohol 
nanocomposites containing reduced graphene oxide coated with tan-
nic acid for humidity sensor. The results showed that the PVA 
nanocomposites showed excellent humidity sensing properties over 
the wide relative humidity range and the long-term stability due to 
the conductive property of the reduced GO and the enhanced me-
chanical strength by the effective incorporation of rGO-TA into the 
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PVA matrix [13]. 

2. MATERIALS AND METHODS 

Nanocomposites films of polyvinyl alcohol–polyacrylic acid blend 
and polyvinyl alcohol–polyacrylic acid blend doped with titanium 
nitride nanoparticles were prepared by using casting method. The 
films of PVA–PAA–TiN nanocomposites were prepared by dissolv-
ing 1 gm of PVA and PAA in 30 ml of distilled water with concen-
trations 85 wt.% PVA and 15 wt.% PAA by using magnetic stirrer 
to mix the polymers for 1 hour to obtain solution that is more ho-
mogeneous. The TiN nanoparticles were added to PVA–PAA blend 
with concentrations 1.5, 3, 4.5 and 6 wt.%. The samples of nano-
composites were prepared with thickness range 115–122 m. The 
D.C. electrical conductivity of films was measured by measuring the 
D.C. electrical resistance by using the Keithley electrometer type 
2400 source mater at different temperature 50–80C. The optical 
properties of PVA–PAA–TiN nanocomposites were measured by us-
ing the double beam spectrophotometer (Shimadzu, UV-1800Å) in 
wavelength 240–820 nm. The each one of PVA–PAA–TiN nanocom-
posites samples was placed in box and the water vapour was used as 
a source of humidity. The control network monitored and controlled 
variations in humidity. The electrical resistance of PVA–PAA–TiN 
nanocomposites for different-humidity range 40–90% was measured 
by using the Keithley electrometer type 2400 source mater. 
 The D.C. electrical conductivity () of PVA–PAA–TiN nanocom-
posites can be calculated by using the equation [14]: 

 L/(RS), (1) 

where S—the open cross-sectional area, L—the length, and R—the 
electrical resistance of a sample. 
 The electrical conductivity of PVA–PAA–TiN nanocomposites in-
creases with increasing temperature according to the relation [15]: 

 
0
exp a

B

E

k T

 
    

 
, (2) 

—conductivity at temperature T, 0—conductivity at absolute 
temperature zero, Ea—activation energy, kB—Boltzmann constant. 

3. RESULTS AND DISCUSSION 

Figure 1 shows the variation of D.C. electrical conductivity of 
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PVA–PAA blend with concentrations of TiN nanoparticles at 50C. 
The D.C. electrical conductivity of PVA–PAA blend is increasing 
with the increase in TiN nanoparticles’ concentration and is notice-
ably increasing, when the concentration of TiN nanoparticles reach 
to 4.5 wt.%. 
 The increase of electrical conductivity with increasing TiN nano-
particles’ concentration is attributed to the increase of the charge-
carriers’ number with increasing TiN concentration [16]. When the 
concentration of TiN nanoparticles reaches to 4.5 wt.%, the TiN 
nanoparticles form a continuous network in the nanocomposite as 
shown in Fig. 2. At low concentrations of TiN nanoparticles (1.5 
wt.% and 3 wt.%), the nanoparticles are located in clusters, the 
clusters are contacted at concentration of 4.5 wt.% for PVA–PAA 
nanocomposites [17]. 
 The effect of temperature on the D.C. electrical conductivity of 
PVA–PAA–TiN nanocomposites is shown in Fig. 3. This figure 
shows that the electrical conductivity of all samples is increased 
with increase the temperature. The behaviour of electrical conduc-
tivity with temperature attributed to the increase the mobility and 
number of charge carriers inside the PVA–PAA–TiN nanocompo-
sites [18], where PVA–PAA chains and TiN nanoparticles could act 
as traps for the moving charge carriers by hopping process, the in-
crease in temperature causes to moving the polymers chains and re-
leasing the trapped charges [19]. So, the increase of current in 
PVA–PAA–TiN nanocomposites with the increase of the tempera-
ture is attributed to two parameters: mobility and number of charge 
carriers. The increase is exponential [20]. 
 Figure 4 shows the variation of ln with 1000/T for PVA–PAA–
TiN nanocomposites to calculate the activation energy for nanocom-

 

Fig. 1. Variation of D.C. electrical conductivity of PVA–PAA blend with 
concentration of TiN nanoparticles at 50C. 
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posites. The experimental results show that the activation energy 
values are ranging from 0.576 eV to 0.295 eV for PVA–PAA–TiN 
nanocomposites. The high value of activation energy for PVA–PAA 
blend attributed to existence of free ions in the polymers. The de-
crease of activation energy of PVA–PAA–TiN nanocomposites with 
the increase of the nanoparticles’ concentration related to increase 
in localization of charge carriers causing higher electrical conduc-
tivity that is attributed to effect of space charge contribution, 
which may play an important role in the charges’ transport [21, 
22]. 
 The variation of activation energy with TiN nanoparticles con-
centration is shown in Fig. 5. The activation energy of PVA–PAA–
TiN nanocomposites decreases with the increase of the TiN nanopar-
ticles’ concentration for all samples of nanocomposites. This behav-

 

Fig. 2. SEM images of PVA–PAA blend and PVA–PAA blend doped with 
titanium-nitride nanoparticles: (a) pure PVA–PAA blend; (b) 1.5 wt.% 
TiN nanoparticles; (c) 3 wt.% TiN nanoparticles; (d) 4.5 wt.% TiN nano-
particles; (e) 6 wt.% TiN nanoparticles. 
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iour is due to creating local energy levels in the energy gap, which 
act as traps for charge carriers [22]. At high TiN nanoparticles’ 
concentration, the activation energy has lower values, which are 
attributed to formation a continuous network of nanoparticles in 
the nanocomposite [23]. 
 Figure 6 shows the variation of transmittance for PVA–PAA–
TiN nanocomposites with wavelength of the incident light. The fig-
ure shows that decrease in transmission of all samples at UV re-
gion; this is due to the excitations of donor level electrons to the 
conduction band at these energies. 

 

Fig. 3. Effect of temperature on the D.C. electrical conductivity of PVA–
PAA–TiN nanocomposites. 

 

Fig. 4. Variation of ln with 1000/T for PVA–PAA–TiN nanocomposites. 
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 The low transmittance of samples at UV region is attributed to 
the energy of photon enough to interact with atoms; the electron 
excites from a lower to higher energy level by absorbing a photon of 
known energy. The changes in the absorbed and transmitted radia-
tion can decide the types of possible electron transitions [24]. 
 At visible and near infrared regions, the transmittance of all 
samples has high values. This behaviour attributed to the energy of 

 

Fig. 5. Variation of activation energy with TiN nanoparticles’ concentra-
tion. 

 

Fig. 6. Variation of transmittance for PVA–PAA–TiN nanocomposites with 
wavelength of the incident light. 
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incident photons does not enough in energy to interact with atoms. 
Thus, the photons will be transmitted when the wavelength increas-
es [25]; hence, the transmittance increases. 
 In addition, Figure 6 shows that the transmittance decreases with 
increase in TiN-nanoparticles’ concentration; this is due to the ag-
glomeration of nanoparticles with increasing concentration and in-
crease of the number of charge carriers [26]. 
 Figure 7 shows the variation of electrical resistance for PVA–
PAA–TiN nanocomposites with humidity at room temperature. 
From the figure, the electrical resistance decreases with increase in 
humidity. This behaviour may be attributed to the following possi-
bilities. (i) At low RH, mobility of TiN ions in the composite is re-
stricted due to curling up of polymer chains. As humidity increases, 
polymer chain uncurls and becomes aligned by absorbing water mol-
ecules paving way for faster hopping of charge carriers, resulting 
in increased sensing response of the composite. (ii) Porosity of the 
polymers may facilitate absorption of water molecules as RH in-
creases causing a decrease in the impedance of the composite [27]. 
The resistance changes with increasing the humidity levels occur 
because of adsorption and capillary condensation of water. At low 
humidity levels, chemisorption takes place leading to the formation 
of two surface hydroxyls with the charge transport occurring by the 
hopping mechanism, while, at high humidity levels, water is phy-
sisorpted on the top of the chemisorbed layer. When water mole-
cules are available at low humidity, they chemisorb on grain surfac-
es of the ceramic to form hydroxyl groups as surface charge carri-
ers. When initial water molecules are adsorbed, each water molecule 

 

Fig. 7. Variation of electrical resistance for PVA–PAA–TiN nanocompo-
sites with humidity at room temperature. 
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is hydrogen-bonded to two hydroxyls, and the dominant surface 
charge carriers will be H3O


. When still more water is adsorbed, 

clustering of the water molecules takes place, forming a liquid-like 
multilayer film of hydrogen bonded water molecules, where each 
water molecule is only singly bonded to a hydroxyl group. Since 
dissociation of H3O

+ into H2O and H

 is energetically favourable in 

liquid water, the dominant charge carrier in high moisture envi-
ronment is H


 [28–30]. 

4. CONCLUSIONS 

The D.C. electrical conductivity of PVA–PAA blend increases with 
an increase in TiN nanoparticles concentration and temperature. 
 The activation energy of PVA–PAA blend decreases with an in-
crease in titanium-nitride nanoparticles concentration. 
 The optical transmittance of PVA–PAA blend decreases with an 
increase in titanium nitride nanoparticles concentration. 
 The PVA–PAA–TiN nanocomposites have high sensitivity for 
relative humidity with low cost and low weight. 
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In this paper, fabrication of new polymer blends for water absorption in crude 

oil is used. The polymer blends are prepared from polyvinyl alcohol (60 wt.%) 
and polyethylene glycol (40 wt.%) with different concentrations of polyvinyl 
pyrrolidone (10, 20, 30 wt.%). The structural, swelling and water absorption 

properties of PVA–PEG–PVP blends are studied. The results show that both 

the swelling ratio and the water absorption of PVA–PEG blend increase with 

increase in PVP concentration. In addition, the PVA–PEG–PVP blends have 

good swelling and water-absorption ratio with the time. 

У роботі використовується виготовлення нових полімерних сумішей 
для водопоглинання в сировій нафті. Полімерні суміші готуються з по-
лівінілового спирту (ПВС; 60 ваг.%) і поліетиленгліколю (ПЕГ; 40 
ваг.%) з полівінілпірролідоном (ПВП) різною концентрацією (10, 20, 
30 ваг.%). Досліджено структурні, набрякні та водопоглинальні влас-
тивості сумішей ПВС–ПЕГ–ПВП. Результати показують, що коефіцієнт 
набрякання та гігроскопічність суміші ПВС–ПЕГ збільшуються зі збі-
льшенням концентрації ПВП. Крім того, суміші ПВС–ПЕГ–ПВП мають 
хороше співвідношення набрякання та водовбирання з часом. 

Key words: polymer blend, crude oil, water absorption, swelling. 

Ключові слова: полімерна суміш, сирова нафта, водопоглинання, на-
бряклість. 
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1. INTRODUCTION 

The term ‘hydrogel’ is used to describe materials, which are three 
dimensional, hydrophilic, high-molecular-weight polymeric networks 
capable usually for imbibing large amounts of water or biological 
fluids or aqueous solutions within their structure near equilibrium 
without dissolution. The interactions responsible for water sorption 
by hydrogels are due to hydrophilic nature of functional groups on 
the polymer backbone, which can be non-ionic (OH, O, NH2, 
CONH, CHO) or ionic (SO3H, COOH, –COONa, COONH4, 
NR2HX, etc.), and the existence of capillary areas and differences 
in osmotic pressure. The forces, which make hydrogel dissolution 
impossible, are presented by covalent bonds between individual pol-
ymer chains, hydrophobic and electrostatic interactions. Hydrogels 
have numerous functional properties such as high water absorptiv-
ity, optical clarity, inherent compatibility in biological (aqueous) 
fluids (i.e., biocompatibility), soft tissue-like behaviour, oxygen 
permeability and elasticity, etc. Because of these versatile proper-
ties, they are important in different fields including pharmaceuti-
cals, biotechnology, agriculture, food processing and electronics. 
Recently many researchers have focused on modifying hydrogels 
with a view to enhance their water absorbency, gel strength, and 
absorption rate [1]. 
 In recent years, polymeric gels are the objects of intensive stud-
ies. Highly swollen polymers or copolymers are highly hydrophilic, 
three-dimensional crosslinked polymeric structures, which are able 
to swell in the aqueous environment. Hydrogels have found numer-
ous uses ranging from daily life applications, mainly due to their 
high water absorption capacity to the development of new materials 
for many different purposed applications. Hydrogels are inherently 
soft, hydrophilic, porous, and elastic polymeric systems. The use of 
polymer hydrogels as biopotential sorbent or carriers for the remov-
al of the model molecules from aqueous solutions or controlled re-
lease studies of them has been continued to attract considerable at-
tention in recent years. Hydrogels are polymers in three-
dimensional network arrangement, which are able to retain large 
amount of water. In order to keep the spatial structure, the polymer 
chains are usually physically or chemically crosslinked. Due to their 
swelling capacity, hydrogels can be easily rinsed to remove reagents 
residues. On the other hand, the big water content that makes hy-
drogels such a special class of materials. The importance of hydro-
gels in the biomaterial field is justified by some unique characteris-
tics: the elastomeric and soft nature of the hydrogels. Crosslinked 
polymers capable of imbibing large volumes of water have found 
widespread applications in bioengineering, biomedicine, and food 
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industry and water purification and separation process. Due to its 
swelling ability in water, hydrophilicity, biocompatibility, and no 
toxicity, hydrogels have been utilized in a wide range of biological, 
medical, pharmaceutical, environmental applications [2]. 
 By the most used definition, hydrogels are polymer networks, 
which are capable of absorbing and retaining large amounts of water 
and biological fluids. The physical and chemical features of hydro-
gels are extremely important for choice of their specific applica-
tions. Normally, the behaviour of hydrogels depends on external 
conditions, in which such materials are exposed. Thus, it is im-
portant to characterize the hydrogel properties in conditions similar 
to that it will be applied. Important characteristic of hydrogels is 
the biocompatibility. Because of this, hydrogels had been applied in 
biomedical field. For instance, as prolonged or controlled drug deliv-
ery systems, contact lenses, biosensors, catheters, and tissue engi-
neering and organ reconstruction scaffolds are exceedingly common. 
Hydrogels can be formed by either chemical or physical crosslinking 
process or just by entangling of polymer chains. Galactomannan, 
dextran, alginate, pectin, and chondroitin sulphate are good exam-
ples of natural polymers applied on hydrogel formulations. Among 
the synthetic ones, polyvinyl alcohol (PVA), polyhydroxyethyl meth-
acrylate (polyHEMA), polyethylene oxide (PEO) and poly-N-isopropyl 
acrylamide (PNIPAAm) may be cited from a plenty of others [3]. 
 PVA is a non-toxic, water-soluble synthetic polymer and has good 
physical and chemical properties and film-forming ability. The use 
of this polymer is important in many applications such as controlled 
drug delivery systems, membrane preparation, recycling of poly-
mers and packaging. Studies of the mechanism of dissolution and 
changes in crystallinity and swelling behaviour of PVA and its 
physical gel-forming capabilities have been carried out. PVA has 
bioinertness, and it has many uses in medical applications such as 
artificial pancreas, haemodialysis, nanofiltration, synthetic vitreous 
and implantable medical device. Antithrombotic property, cell com-
patibility, blood compatibility and biocompatibility of PVA have 
been studied extensively [4]. There are several studies of different 
polymer blend [5–7] like PVA and its blends [8–15]. Polyvinyl pyr-
rolidone (PVP) is a well known biologically and eco-friendly polymer 
and has been developed for biomedical applications. To improve its 
mechanical properties, PVP is usually blended with other polymers, 
which also enhances its biocompatibility and water uptake. It has 
been pointed out that polymers or copolymers containing carboxylic 
acid groups are highly desirable in biomaterials as such groups rep-
resent functionality useful for yielding a wide variety of biomedical 
products. The swelling of hydrogels bearing weak acid moieties de-
pends on the acid content in the hydrogel, as well as on several oth-
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er variables such as the crosslinking density, pH, and ionic 
strength. Polymer blends are aiming to bring together different 
polymers completing each other favourable properties. Blending dif-
ferent polymers and yet conserving their individual properties in 
the final mixture is an extremely attractive inexpensive and advan-
tageous way of obtaining new structural materials. The advantages 
of polymer blend systems for controlled release applications may 
include easy fabrication of devices, manipulation of device proper-
ties (hydration, degradation rate and mechanical strength), drug 
loading and utilization of the dispersed phase domains as micro res-
ervoirs for enhanced release properties [1]. 

3. MATERIALS AND METHODS 

The polymer blend of PVA–PEG were prepared with weight per-
centage of polyvinyl alcohol (60 wt.%) and polyethylene glycol (40 
wt.%) by dissolving 1 gm of PVA and PEG in 20 ml of distilled wa-
ter by using magnetic stirrer to mix the polymers for 1 hour to ob-
tain more homogeneous solution. PVP was added with different 
concentrations: 10, 20 and 30 wt.%. The casting method was used 
to prepare the samples PVA–PEG–PVP blend. The samples prepared 
with thickness range 120–140 m. The structural, swelling and wa-
ter absorption properties were studied. The pre-weighed dry samples 
were immersed in distilled water for 2 minutes at room tempera-
ture. The swollen polymer blend were then removed from distilled 
water and weighed after removing surface water. The swelling ratio 
was calculated as follows [16]: 

 
2 1 1

Swelling ratio ( )W W W  , (1) 

where W2 is the weight of swelled sample, and W1 is the weight of 
dry sample. 
 The pre-weighed dry samples were immersed in distilled water at 
room temperature and periodically weighed after soaking the sur-
face water. The water absorption was calculated as follows [16]: 

 
1 1

Water absorbtion [%] 100 ( )tW W W   ; (2) 

here, Wt is the weight of swelled sample at time t. 

4. RESULTS AND DISCUSSION 

The water absorption and swelling dependency of the PVA–PEG 
blend on PVP amount is shown in Fig. 1 and Fig. 2. 
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Fig. 1. Effect of PVP concentration on water absorption of PVA–PEG 
blend: a) for PVA–PEG blend; b) for 10 wt.% PVP; c) for 20 wt.% PVP; 
d) for 30 wt.% PVP. 

 

Fig. 2. Effect of PVP concentration on swelling ratio of PVA–PEG blend: 
a) for PVA–PEG blend; b) for 10 wt.% PVP; c) for 20 wt.% PVP; d) for 
30 wt.% PVP. 



910 Farhan Lafta RASHID and Ahmed HASHIM 

 

Fig. 3. Photomicrographs (10) for PVA–PEG–PVP blends: a) for PVA–PEG 

blend; b) for 10 wt.% PVP; c) for 20 wt.% PVP; d) for 30 wt.% PVP. 

  
a      b 

  
c      d 

Fig 4. FT-IR spectra of PVA–PEG–PVP blends: a) for PVA–PEG blend; b) 
for 10 wt.% PVP; c) for 20 wt.% PVP; d) for 30 wt.% PVP. 
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 The water absorption and swelling of PVA–PEG blend are consid-
erably increased with the increase of PVP wt.%. This behaviour is 
attributed to the availability of more sites for crosslinking [17], as 
shown in Fig. 3. 
 FT-IR spectra of PVA–PEG–PVP blends for different concentra-
tions of PVP are shown in Fig. 4. It shows broad bands at around 
3250 cm

1 for samples are observed due to OH groups in the poly-
mers blends chain. The bands at around 1280 cm

1 were attributed 
to the other bonds (C–O–C). The peaks at around 1470 cm

1 were 
assigned to the C–O groups of polymers matrix. The band at around 
2890 cm

1 was attributed to the C–H groups. The strong band at 
1090 cm

1 for samples was attributed to the stretching mode of C–O 
group. The two strong bands observed at around 1465 cm

1 and 840 
cm

1 are attributed to the bending and stretching modes of CH2 
group, respectively [18, 19]. 

5. CONCLUSIONS 

The water absorption of PVA–PEG blend increases with increase of 
the PVP concentration. 
 The swelling ratio of PVA–PEG blend increases with increase of 
the PVP concentration. 
 The FT-IR studies show that there are no interactions between 
PVA–PEG polymer blend and PVP. 
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The polymer-nanoparticles’ thin films are fabricated by anchoring polymer 

from reaction solution (monomer, alcohol and hydrochloric acid). The thick-
ness of the film increases with time and concentration of monomer and acid, 

and it decreases at large concentrations of acid. The films have a rough sur-
face and peaks several times greater than the thickness. Thin films are 

formed on a substrate of gold, ordinary glass and quartz. Film thickness is 

between 106 nm and 1296 nm. Based on electrochemical impedance spectros-
copy, the ohmic resistances of films are of 1090, 235, 176 and 157 (± 12%) 

Ohm at thicknesses of 780, 487, 102 and 65 nm, respectively, and the double-
layer capacitance is of about 149±0.02 F/cm2. 

Тонкі плівки полімерних наночастинок виготовляються шляхом закріп-
лення полімеру з реакційного розчину (мономер, спирт і соляна кислота). 

Товщина плівки збільшується з часом і концентрацією мономера та кис-
лоти, і вона зменшується за великих концентрацій кислоти. Плівки ма-
ють шерстку поверхню та піки, що в кілька разів перевищують товщину. 

Тонкі плівки утворюються на підкладинці з золота, звичайного скла та 

кварцу. Товщина плівки становить від 106 нм до 1296 нм. За даними еле-
ктрохемічної імпедансної спектроскопії активні електроопори плівок 

становлять 1090, 235, 176 і 157 (± 12%) Ом за товщини у 780, 487, 102 і 65 

нм відповідно, а двошарова ємність становить близько 149±0,02 F/cm2. 

Key words: polymer thin films, anchoring, 2-formyl pyrrole, polyformyl 
pyrrole. 
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1. INTRODUCTION 

Conducting polymers such as polypyrrole, polythiophene, polyfuran 

and its derivatives have received great attention because of their wide 

applications [1–3]. They used in sensors, biosensors [4, 5], solar cells 

[6], optical displays [7], light emitting diodes [8], electrochromic devic-
es [9], capacitors [10], rechargeable batteries [11], enzyme immobiliza-
tion matrices [12], membranes [13], and gas separation membranes 

[14]. Conducting-polymers’ thin films are the most important applica-
tions [15]. The fabrication method of thin films varies according to the 

polymer and the substrate. Thickness, surface morphology, electrical 
current-conducting properties and polymer may select the thin films 

applications [16]. Polypyrrole and poly(2-formylpyrrole) thin films 

have been widely studied due to their applications [17, 18] in catalysts 

[17], modified electrode [19], photocatalysts [20], solar cells [19], and 

medical implants [21]. For best applications, the preparation of thin 

films of the conductive polymer with good properties is needed [22]. 
However, the development of effective and precise methods for control-
ling the organization of the polymer in the solid state has been limited 

because polymers often fail to assemble into organized structures due 

to their amorphous character and large molecular weight [23]. 
 In this paper, we fabricated poly(2-formylpyrrole) nanoparticles’ 
thin films by anchoring them from reaction solution. Thickness, sur-
face morphology and electrochemical properties of poly(2-
formylpyrrole) films were also studied. 

2. EXPERIMENTAL 

2.1. Materials 

Pyrrole-2-carboxaldehyde 98% sigma, hydrochloric acid 35.5% 
sigma, and golden electrodes (CBC China). 

2.2. Measurements 

Thin films were characterized by UV spectrometer of PG model T72 

between 400 and 800 nm. Electrochemical impedance spectroscopy 

(EIS) is applied using in KClO4 (1M) solution, 1 mA/cm2
 and 0.58 V in 

the range of 0.1–10 kHz (AMEL model 2550). Thin film morphologies 
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were examined with AFM (Nanosurf model eseyscan2). 

2.3. Thin Films’ Fabrication 

The film was fabricated by anchoration in the reaction solution (2-
formyl pyrrole (10 mmole, 0.97 g) was dissolved in the methanol 
(50 ml); then, hydrochloric acid 35.5% (20 ml) was added). The 
substrate was immersed in the reaction solution after adding the 
acid, and left in the solution for some time and removed from the 
solution. The substrate with film was washed with deionized water, 
then, with alcohol and left to dry without touching the film sur-
face. 
 Effect of immersed time, acid concentration, and monomer con-
centration was studied. The thickness of film was determined by 
weight method. 

3. RESULTS AND DISCUSSION 

3.1. Characterization of PFPy Thin Films 

Figure 1 shows the film images formed at different times, acid, and 
monomer on glass as substrate. The films seem darker with increas-

 

Fig. 1. Film images formed during different times and at many concentra-
tions of acid and monomer on glass. 
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ing the concentration of acid and monomer concentration and time. 
After 120 hours, they become more thickness and were easily sepa-
rated from the substrate to make flakes. This means that, with 
higher acid or monomer concentration, the polymer precipitated 
faster, and the films would be more thick and dark. 

 

Fig. 2. a—absorption spectra of the films; b—absorption vs film thickness. 

 

Fig. 3. UV-Vis spectrum (b, d and f( of the films. (a, b and c) thickness vs 
monomer, acid concentration and time. 
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3.2.1. UV-Vis Spectra 

UV-Vis spectra were recorded for dry films on glass in the visible 
field only. Figure 2, a shows the absorption spectra of the films 
studied at different thicknesses. The films have a maximum absorp-
tion peak at 490 nm. Figure 2, b shows absorption at 490 nm wave-
length vs film thickness. By the Beer–Lambert law, the absorption 
coefficient of the films was linear (0.01 nm

1). 

3.2.2. Effects of Monomer, Acid Concentration and Time on the 
Anchoring Films 

The effects of monomer, acid concentration and time on the fabrica-
tion of films were studied. Figure 3 shows UV-Vis spectrum of the 
films and thickness vs monomer, acid concentration and time. Film 
thickness becomes greater when acid, monomer or time increase, 
but high concentration of acid gives low thickness because it helps 
dissolve the polymer and damage the film. The films were fabricat-
ed on a substrate of gold, ordinary glass and quartz. No effect of 
substrate type was observed on the thickness of film. 

3.2.3. Surface Morphology 

Figure 4 shows the AFM images of the polymer films on glass as 
substrate. Surfaces of films seem as balls that merge together to 

 

Fig. 4. AFM images (3D, topography and elevation distribution) of the polymer 

films on glass as substrate: a) thickness106 nm; b) thickness918 nm. 
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form rough surface and had a lot of mountains. The surface be-
comes less rough for more thickness and the mountains become 
fewer and higher. As noted in Fig. 4, a, its thickness is 106 nm, 
and the maximum height of its mountains is of 197 nm, while, in 
Fig. 4, b, the thickness is 918 nm, and the maximum height of its 
mountains is of 1550 nm. 
 From above, making films can be described as follows: when pol-
ymer formed and precipitated, the active pointes in surface of sub-
strate absorb polymer chains. They accumulate on surface and grow 
to join together, and form a rough layer, which seems as joined 
balls (as in AFM; Fig. 4). Some pointes grow faster and make moun-

 

Fig. 5. Time dependence of the electrical resistance and films’ thickness of 
thin films. 

 

Fig. 6. Films’ thickness-dependence of the electrical resistance of thin 
films. 
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tains. As well, when polymer chains form faster (by high concentra-
tion of monomer or acid), film will be rapidly formed too. 

3.3. Studying the Electric Resistance of Films 

In order to study the electrical conductivity of films, the electrical 
resistance between two electrodes of gold, which were immersed in 
the reaction mixture, was measured versus time. 
 Figure 5 shows the electrical resistance and films’ thickness vs 
time, and Fig. 6 shows the electrical resistance vs film thickness. 
At first, the films are thin, and their resistance is low; then, it in-
creases to maximum value. After that, film becomes less resistant 
because surfaces of films become roughness. When the thickness of 
the polymer becomes so large, the resistance is increased signifi-
cantly. This is due to the multilayers in film, which cause addition-
al resistance between the layers. 

3.4. Electrochemical Impedance Spectroscopy 

Figure 7 shows the electrochemical impedance spectrum (EIS) for 
four films precipitated on the gold. All curves have semi-circular at 
high frequencies and linear at low frequencies. With low thickness 
film, semi-circular part is less clear. 
 In order to analysis the EIS results, we fitted the impedance data 
to equivalent electrical circuits (Fig. 8), which consist of a first re-

 

Fig. 7. Nyquist plot for films at gold. 
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sistance (solution resistance R1), Warburg impedance (noted W), or 
capacitance is therefore ascribed to the diffusive capacitance. War-
burg impedance is in parallel with the faradic component, which is 
composed of resistance R2 serially associated with a capacitance Q. 
Resistance R2 is the sum of the charge transfer and the ohmic re-
sistance of film, while Q is the double-layer capacitance (see Table). 

4. CONCLUSIONS 

Polymer nanoparticles’ thin films were fabricated by a simple and 
easy method by anchoring poly(2-formylpyrrole) in reaction solu-
tion. Polymer thin films can be formed on a substrate (glass and 
gold) by immersing the substrate in the mixture reaction. The 
thickness of the film increases with time and concentration of mon-
omer and acid, and it decreases at large concentrations of acid. The 
films had a rough surface and peaks several times greater than the 
thickness. Electrical resistance of films decreases with the surface 
roughness and increases with thickness. The best thin films with 
less resistance can be made by a mixture reaction consisted of mon-
omer concentration 0.01 M, acid 4 M, and for the time of 24 h. 

5. HIGHLIGHTS 

Novel polymer thin films were fabricated by a simple and easy 
method by anchoring polymer in reaction solution. 

 

Fig. 8. Equivalent electrical circuits for the films. 

TABLE 1. Volumes of electrical circuits. 

Q, F/cm2 R2, Ohm W, mOhm
2 R1, Ohm Thickness, nm 

0.149±0.03 1090±56 740±15.3 31±2 780 
0.156±0.03 235±42 387±8.4 30±1 487 

0.148±0.02 180±27 42±3.5 29±2 102 

0.143±0.02 162±18 27±1.6 32±3 65 
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 Control of film thickness by procedural factors in the experiment 
(time and concentration of the reaction materials) is provided. 
 The used polymer is new and previously unused, easy to prepare 
and has good properties. 
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The Effect of Ag Content on the Structural, Optical, 
and Cytotoxicity Properties of TiO2 Nanopowders Grown 
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А series of Ag/TiO2 is prepared by the chemical deposition method using 
silver nitrate and suspension of TiO(OH)2 following sonication and treat-
ment up 600C. Silver nanoparticles are deposited on the surface and in-
side of TiO2 nanoparticles depending on the Ag concentration. The Ag/TiO2 
composites are characterized by x-ray diffraction, transmission electron 
microscopy, scanning electron microscopy, Raman and photoluminescence 
spectroscopies. The optical activity of Ag/TiO2 with significant attenuation 
of photoluminescence in the range of 480–600 nm, a shift of mode Eg from 
143 to 150 cm

1 and FWHM from 12 to 19 cm
1 are revealed due to de-

creasing of TiO2 crystallites. The optical activity is increased after loading 
with Ag because metal particles offer electron traps to decrease the recom-
bination of holes and electrons, especially, with Ag loading of 8 wt.%. The 
obtained results indicate lower toxicity of nanoparticles in the glycer-
inewater suspension; regardless of the introduction of silver molecules in 
amount of 4 or 8 wt.%, their CC50 values are of 50 g/mL and 3.9–58.5 
g/mL for the MDBK and MDCK cells, respectively. Instead, TiO2 nano-
particles in C2H5OH1.3-propanediol with the introduction of silver mole-
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cules are significantly more toxic for the MDBK cells compared to the pure 
TiO2; their CC50 values are of 6.5 and 4 g/mL. 

Серію Ag/TiO2 одержано методом хемічного осадження з використан-
ням нітрату срібла та суспензії TiO(OH)2 після ультразвукового та тер-
мооброблення до 600C. Наночастинки срібла осідають як на поверхні, 
так усередині наночастинок самого TiO2 в залежності від концентрації 
Ag. Композити Ag/TiO2 було охарактеризовано дифракцією Рентґенів-
ських променів, просвітлювальною електронною мікроскопією, скану-
вальною електронною мікроскопією, Рамановою та фотолюмінесцент-
ною спектроскопіями. Показано оптичну активність Ag/TiO2 із знач-
ним ослабленням фотолюмінесценції в діяпазоні 480–600 нм, зсувом 
моди Еg від 143 до 150 см

1 і FWHM від 12 до 19 см
1 внаслідок змен-

шення кристалітів TiO2. Оптична активність зростає зі збільшенням 
концентрації Ag до 8 мас.%. Одержані результати свідчать про меншу 
токсичність наночастинок у суспензії гліцеринвода; незалежно від 
введення молекул Арґентуму в кількості 4 або 8 мас.%, їх значення 
CC50 становили 50 мкг/мл і 3,9–58,5 мкг/мл для клітин MDBK (нирки 
бика) та MDCK (нирки собаки) відповідно. Натомість наночастинки 
TiO2, розчинені в C2H5OH1,3-пропандіолі при введенні молекул Арґе-
нтуму, були значно більш токсичними для клітин MDBK у порівнянні 
з чистим TiO2; їхні значення CC50 становили 6,5 та 4 мкг/мл. 

Key words: Ag/TiO2, irradiation, Raman spectra, photoluminescence, de-
fects, optical activity, cytotoxicity. 

Ключові слова: Ag/TiO2, опромінення, Раманові спектри, фотолюміне-
сценція, дефекти, оптична активність, цитотоксичність. 

(Received 2 February, 2021) 
  

1. INTRODUCTION 

Titanium dioxide was used as a photocatalyst and has attracted sci-
entific interest for many years [1–3]. Heterogeneous photocatalytic 
oxidation is a promising technique for the complete oxidation of 
dilute organic pollutants in the waste gas stream. Many organics, 
bacteria, virus can be oxidized to CO2 and H2O at room temperature 
with TiO2 catalysts in the air when illuminated with UV or near-UV 
light. The UV light excites electrons from the valence band to the 
conduction band. The resulting electron/hole pairs can then migrate 
to the surface and initiate redox reactions with adsorbed organics. 
 Nowadays, different kinds of methods, including shape, size, and 
facet control, element doping have been developed to effectively en-
hance the photocatalytic performance through increasing the broad 
absorption of sunlight, prolonging the lifetime of photoinduced car-
riers, and enhancing the optical activity and photocatalytic stability 
of TiO2. For example, via shape control, doping with metal or non-
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metal elements, dye-sensitization, and construction of heterostruc-
tured photocatalyst systems by combining them with plasmonic 
metals (i.e., Ag, Au, Pd, Pt) or other semiconductors [4–10]. Noble 
metal nanoparticles (NPs) can show SPR (surface plasmonic reso-
nance), which can be tailored by engineering the shape, size, and 
surroundings [7–10]. Therefore, noble metal NPs cannot only 
strongly absorb visible light but also can serve as an electron sink 
and source of active reaction sites [11]. 
 Morphology-controlled rutile titanium (IV) oxide (TiO2) and ana-
tase TiO2 usually prepared by a hydrothermal method and their sur-
faces were selectively loaded with Au, Ag, and Au–Ag bimetallic 
nanoparticles (NPs) by photo-deposition to obtain visible light-
responsive photocatalysts [12]. 
 The authors [13–14] note that when doped with metals (rare 
earth) elements, it is possible to shift to the visible region, but the 
photocatalytic activity decreases, especially in the UV range. For 
the electronic interaction, nitrogen is good because electrons can 
pass for the dopant of the orbitals 2p or 3p to the 3d orbital Ti, and 
the width of the forbidden band decreases. 
 TiO2 powders doped with Ag, Fe enhanced the photocatalytic and 
bactericidal activity [15–18]. For example, Ag concentration from 
2.46 to 6.0 wt.% showed increasing of bacteriophage virus inactiva-
tion rate 7 times. Therefore, the duration of the disinfection pro-
cess reduced from 5 to 0.75 min [15]. Der-Shing Lee, Yu-Won Chen 
have shown the optimum Ag loading (2 wt.%) for excellent meth-
ylene blue destruction under UV-light irradiation [18]. 
 The bactericidal effect on bacillus Kochi has been studied using 
TiO2–Ag–SiO2 photocatalyst [17]. The synthesized composite charac-
terized by a higher surface area 164 m2g

1 in comparison with P25. 
Thus, the ability to inactivate composite photocatalyst occurs over a 
wide spectral range of UV irradiation with an intensity of 2.5 
mVcm

2. However, the high absorbance of visible light does not al-
ways increase the photocatalytic activity. Sometimes, cation doping 
leads to a certain number of defects in TiO2, which can act as cen-
tres for the recombination of charges. 
 Ag–TiO2 were coated on glass substrates with different dopant 
concentrations (1%, 3%, 5%, 7% and 10%) and annealed at 550C 
[19]. The crystalline structure and phase formation of Ag–TiO2 was 
examined using XRD. The HRTEM analysis of pure and 5% Ag-
doped TiO2 thin films was revealed that the particles are spherical 
with sizes around 23.8 and 11.6 nm, respectively. The Raman spec-
trometer was also used to identify the phase formation and vibra-
tional modes in the prepared silver-doped TiO2 coatings. Ag-doped 
TiO2 nanoparticles show characteristic photoluminescence (PL) cor-
responding to the visible spectral range with excitation at 325 nm. 
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The intensity of luminescence emission decreases with doping of 
silver ions due to decreasing bandgap TiO2 from 3.2 to 2.7 eV. 
 Considering the methods of synthesis and study of nanocomposite 
properties with oxide NPs, especially of TiO2–Ag (Au), has not yet 
received information on the effectiveness of their use. The reason 
for all would be to use expensive isopropoxide (butoxide), precur-
sors. Using cheap TiCl4 as the precursor of TiO2 does not allow ob-
taining the composite system with the required properties due to 
the complexity of the control of the hydrolysis process, the difficul-
ties associated with the removal and the highly reactive reaction by-
products (HCl). However, methods of surface modification of TiO2 
in the synthesis of composites in most cases do not cause difficul-
ties and apply industrial processes. 
 Therefore, the modification of TiO2 with Ag has attracted inter-
est for optical and photocatalytic applications. The silver ion-doped 
TiO2 attracts much attention due to its outstanding photocatalytic 
activity and antibacterial activity. However, the withdrawal of na-
nosize powder catalyst particles from the liquid suspension is diffi-
cult. This leads to the formation of secondary pollution and can be 
catalyst loss activity. 
 The present paper focuses on the surface structure, cytotoxicity, 
spectroscopic features (light irradiation 325, 488 nm) of Ag/TiO2 
series prepared by chemical deposition method using silver nitrate, 
and suspension of TiO(OH)2. The effect of Ag-loading at 4 wt.% and 
8 wt.% on the microstructure, Raman and photoluminescence prop-
erties are studied and discussed. 

2. EXPERIMENTAL 

2.1. Synthesis of TiO2/Ag 

The raw material for obtaining the sample was a suspension of hydrat-
ed titanium dioxide TiO(OH)2 (metatitanic acid), which is a product of 

the intermediate stage of processing of titanium concentrates and 

slags at the plant ‘Sumykhimprom’. The suspension was heated at 

600C with a heating rate of 5C/min to obtain TiO2 powder. Nanosize 

particles of titanium dioxide modified with silver were obtained in 

aqueous solutions of TiO(OH)2 by adding alkali to form anatase modifi-
cation with a range of silver concentrations from 0 to 8 wt.%. Samples 

number TiO2, ATO4 (4 wt.% Ag), ATO8 (8 wt.% Ag). 

2.2. Characterization 

The crystalline nature and phase formation of Ag–TiO2 powders are 
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known using powder x-ray diffractometer (DRON 3M) with cobalt 
anode tube. Mira 3 Tescan with EDX (Oxford INCA x-act) was used 
to study morphology and elemental analysis. The particle shape and 
size are found with high-resolution transmission electron microscopy 
(TEM JEM-1400). TEM study of the morphological features of nano-
particles was conducted. The obtained suspensions were mixed ac-
tively for 5 min. The drops of the finished suspensions were placed 
on copper grids coated with a formvar film, which was reinforced 
with carbon. The samples of nanoparticles dried at room tempera-
ture were analysed using a TEM JEM-1400 (Jeol, Japan) at an accel-
erating voltage of 80 kV. Electron diffraction of nanoparticles was 
performed on TEM with the same accelerating voltage, with the in-
troduction of a field aperture and removal of an objective aperture. 
Raman spectroscopy, photoluminescence emission spectra of powders 
(Horiba Jobin-Yvon T64000) was used to study the structural prop-
erties of silver ions doped TiO2 powders using Ar–Cr laser at 488 nm 
for Raman and He–Cd laser at 325 nm for PL. 

2.3. CYTOTOXICITY ASSAY 

MTT-assay was used for the analysis of cell viability [19]. The 
MDCK cells (Madin–Darby canine kidney cells) obtained from the 
Institute of Epidemiology and Infectious Diseases Named after L. V. 
Gromashevsky of the Academy of Medical Sciences of Ukraine and 
the MDBK cells (Madin–Darby bovine kidney cells) obtained from 
the tissue culture collection of the Institute of Virology of the Bul-
garian Academy of Sciences were used. 
 Cells were maintained in sterile plastic falcon (Sarstedt, Germa-
ny) in a growth medium composed of 45% DMEM (Sigma, USA), 
45% RPMI 1640 (Sigma, USA) and 10% foetal bovine serum (Sig-
ma, USA) heat inactivated at 56C, with antibiotic gentamycin (100 
g/mL) (Sigma, USA). 
 For the study, the attached cells were trypsinizated for 3–5 min, 
and then cells were counted and distributed in 96-well plate with 
density 30.000–50.000 cells in each well. The plate was incubated 
for 24 h at 37C in a 5% CO2 atmosphere to allow the cells to attach 
to the bottom of the well. After 24 h of growing, monolayer of the 
MDBK and MDCK cells in 96-multiwell plates were incubated with 
TiO2 nanoparticles (NPs) at concentrations of 100, 10.0, 1.0, and 
0.1 µg/mL. Nanoparticles were diluted in growth medium for cell 
cultures. Control cells were incubated with fresh medium lacking 
NPs for 72 h. A total of 20 µL of MTT solution 3-(4.5-
dimethylthiazol-2-yl)-2.5-diphenyl tetrazolium bromide (Sigma-
Aldrich, USA) was added to wells and cells were incubated at 37 °C 
and 5% CO2 for 3–4 h, then the medium was removed and 150 L 



928 M. ZAHORNYI, N. TYSCHENKO, O. SHYROKOV, A. RAGULYA et al. 

of 96% ethanol was added. The plates were read using a Multiskan 
FC (Thermo Scientific, USA) with a 538-nm test wavelength. The 
percentage of cell viability under the condition of TiO2 NPs action 
was calculated using formula: 

% of cell viability (or mitochondrial activity)A/B100, 

where A is the mean optical density of the studied samples at a cer-
tain concentration, and B is the mean optical density of the control 
cell samples. NPs concentration, at which cell viability was inhibit-
ed by 50% (CC50), was estimated in comparison to the control cells 
not treated with NPs. 

3. RESULTS AND DISCUSSION 

3.1. XRD Analysis 

X-ray diffraction (XRD) patterns used to examine the phase identi-
fication and structural properties of the Ag–TiO2 powders. Figure 1 
shows the XRD pattern of Ag doped TiO2 powders. The observed 
XRD patterns of all Ag–TiO2 series well matched with standard 
JCPDS File No: 894921. XRD results clearly show that the Ag–TiO2 
powders revealed the formation of a tetragonal anatase. The TiO2 
powders showed several diffraction peaks at 225.34, 37.83, 
48.11, 53.94, 55.15, 62.79 were indexed as (101), (004), (200), 
(105), (211), respectively, which close to values [20]. In our obser-
vation, the diffraction pattern of Ag–TiO2 powders exhibit, no oth-

 

Fig. 1. XRD patterns of TiO2–Ag 
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er peaks related to the brookite or rutile phase, which indicates that 
the powders are in a single anatase phase. In case of lower amount 
of Ag doped TiO2 (4 wt.%), no extra peak assigned to Ag was 
founded, feasibly due to highly dispersion. However, at higher 
amount of Ag (8 wt.%) doping, the weak diffraction signal is ap-
peared at 238.15, 44.38, 64.45, and 77.32 corresponding to 
metallic Ag (JCPDS #89–3722) having a cubic crystalline structure 
with parameter lattice a4.0862 close to [21]. When the doping of 
Ag, a strain is induced in the TiO2 crystal lattice due to the occur-
rence of ionic radii mismatch, the ionic radii of Ag


 (1.26 Å) being 

greater than Ti4

 (0.68 Å) permits only a little amount of Ag


 going 

into the periodic crystal lattice of TiO2 by replacing the Ti4

 ions 

[20] changing of the lattice periodicity. In addition, the parameter 
FWHM at 225.3 is decreased from 0.4101 to 0.3815 (Table 1) 
may be due to defects contribution on the surface of TiO2. 

3.2. EDX 

The EDX method (Fig. 2) found that the content of elements for 
pure TiO2: Ti—54.25 wt.%; O—43.93 wt.%, S—0.5 wt.%. The S 
content can be explained as follows, the raw material TiO(OH)2 syn-
thesized by a specific technology of the plant ‘Sumykhimprom’ in 
sulphuric acid. Therefore, even with repeated washing powder, the 
sulphur residue is in the raw material. The content of elements for 
doped TiO2: Ti—46.27 wt.%; O—49.69 wt.%, S—0.14 wt.%, Ag—
3.3 wt.%. There is also an amount of carbon. The results obtained 
by the EDX method indicate the non-stoichiometry of oxide na-
nopowders (Ti/O2). 

3.3. TEM 

The morphology of materials such as shape and particle size is ana-
lysed by TEM. Figure 3, a–c show the morphologies of the Ag/TiO2 
samples. Ag nanoparticles on TiO2 support were dispersed and the 
sizes of Ag nanoparticles were 35–40 nm. There was no clear corre-
lation between Ag loading and Ag particle size because Ag particles 
were very homogeneously distributed. Moreover, the sizes of TiO2 
initial particles were 20–30 nm. After loading of Ag, the sizes of 
TiO2 particles decreased to 13–20 nm. A ‘ball-shaped’ particles of 
silver with developed crystalline structure in TiO2 (diffraction elec-
trons) were observed. 
 The results in Figure 4 show that TiO2 can be present in tetrago-
nal phase (defected state), and Ag phase with a cubic crystalline 
structure (sample ATO8), which correlate with XRD results. 
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TABLE 1. The structural parameters of TiO2, and Ag/TiO2 powders. 

Sample 2 FWHM d, Å Phase 

TiO2 25.32 
36.93 
37.79 
38.58 
48.04 
53.91 
55.06 
62.16 
62.72 
68.82 
70.31 
74.03 
75.07 
76.01 

0.3895 
0.5045 
0.4968 
0.4422 
0.4245 
0.6804 
0.4757 
0.5637 
0.5476 
0.5391 
0.6221 
0.4632 
0.5369 
0.7301 

3.5170 
2.4339 
2.3806 
2.3335 
1.8940 
1.7007 
1.6680 
1.4934 
1.4813 
1.3642 
1.3390 
1.2806 
1.2654 
1.2520 

* 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

ATO4 25.34 
36.93 
37.84 
38.55 
48.08 
53.95 
55.10 
62.13 
62.68 
68.84 
70.39 
74.04 
75.08 
76.03 

0.3831 
0.4868 
0.5308 
0.4492 
0.4309 
0.5664 
0.4767 
0.6087 
0.7564 
0.6463 
0.4573 
0.5725 
0.6040 
0.6777 

3.5151 
2.4341 
2.3777 
2.3355 
1.8925 
1.6997 
1.6667 
1.4941 
1.4822 
1.3638 
1.3376 
1.2804 
1.2652 
1.2518 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

ATO8 25.31 
36.92 
37.80 
38.12 
38.57 
44.32 
48.05 
53.88 
55.08 
62.10 
62.71 
64.44 
68.76 
70.29 
74.01 
75.08 
76.04 
77.36 

3.5185 
2.4348 
2.3799 
2.3609 
2.3341 
2.0437 
1.8937 
1.7017 
1.6674 
1.4947 
1.4816 
1.4459 
1.3653 
1.3392 
1.2808 
1.2652 
1.2516 
1.2335 

0.3676 
0.4257 
0.3955 
0.1922 
0.2670 
0.2485 
0.3689 
0.4026 
0.4144 
0.5067 
0.4412 
0.1512 
0.5403 
0.4155 
0.4600 
0.5057 
0.3850 
0.1786 

* 
* 
* 

 
* 

 
* 
* 
* 
* 
* 

 
* 
* 
* 
* 
* 

 

Note: ATO—argentum titanium dioxide, *—anatase, —Ag. 
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 The hydroxyl group content on the TiO2 surface samples is im-
portant for antimicrobial and photocatalytic properties because in 
the process of UV irradiation OH groups on the defective surface of 
TiO2 are active due to hole capture with subsequent formation of 
•OH radicals for the destructive of toxic organic substances or 
pathogens. Besides, the presence of silver provides an efficient pro-
cess of photogeneration of electrons, their transfer from the con-
duction band Ag to the TiO2 with the subsequent formation of the 
Schottky barrier, which inhibits the rate of recombination of photo-
generated charges. 
 Ag and TiO2 have different work functions, (TiO24.2 eV, 
Ag4.6 eV) and hence, when silver is in contact with TiO2, elec-

  
   TiO24% Ag 

a     b 

Fig. 2. SEM micrograph (a) and EDX spectra 2–3 (b) of the ATO4 powder. 

 
                a    b   c 

Fig. 3. TEM images of pure TiO2 (a), ATO4 (b), and ATO8 (c) powders. 
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trons will transfer from TiO2 to silver. These electrons transfer to 
silver, and loads on the surface of silver will be scavenged by the 
electron acceptor, thus decrease the recombination between elec-
trons and holes; thereby, silver atoms act as electron traps. The 
electron-hole recombination is the main reason for low efficiency of 
TiO2 photocatalysts [20–24]. Therefore, the existence of silver atom 
in Ag/TiO2 can facilitate the transport of more holes to the surface 
and enhance the optical activity. The Ag particles on TiO2 act as 
electron-hole separation centres. The photo-generated electrons 
transferred from the TiO2 conduction band to metallic silver parti-
cles on TiO2 are thermodynamically possible, because the Fermi lev-
el of TiO2 is higher than that of silver metals [23, 24]. The Schottky 
barrier is formed at the Ag–TiO2 contact region, which improved 
the charge separation and thus retards the recombination of the 
photo-generated electrons and holes. The photogenerated electrons 
accumulated on the surface of Ag have a good fluidity and can be 
transferred to oxygen molecules, which is absorbed on the surface 
of Ag. 

3.4. Raman 

Figure 5 shows the Raman spectra of Ag doped TiO2 powders. The 
powders showed several Raman bands located at 142 cm

1 (Eg), 196 
cm

1 (Eg), 396 cm
1 (B1g), 513 cm

1 (A1gB1g), and 636 cm
1 (Eg), 

which is close to [25]. The strong and sharp Raman peak located at 
142 cm

1, which denotes the formation of the anatase phase [21, 
25]. In our observation, the Raman spectra of Ag–TiO2 powders ex-
hibit no other peaks for the brookite/rutile phase, which confirms 

  
a      b 

Fig. 4. Electron diffraction of pure TiO2 (a), ATO8 (b) powder. 
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that all powders are in a single anatase phase (correlation with 
XRD). The peak intensities found to decrease whereas the width of 
peak increases because of the lattice distortion and presence of de-
fect levels. The most intense band Eg (1) is shifted in the high-
frequency side from 142 to 149 cm

1, while its half-width (FWHM) 
increases from 11 to 19 cm

1. Lattice deformation, defects and crys-
tallite size have a strong influence on the shear, expansion of peaks 
and the intensity of Raman peaks [26]. 
 According to the calibration curve [27], we obtained that the av-
erage size of anatase crystallites for doped powders is 10 and 8 nm 
at a silver content of 4 and 8 wt.%, respectively. As well known, 
the doping with metal ions in the optimal concentration prevents 
the growth of nanocrystallites [28]. The decrease in the size of TiO2 
particles when replacing Ti4


 ions with Ag+ ions is associated with 

the passivation of the boundaries of TiO2 grains by doping impurity 
ions, which leads to a violation of structural symmetry, and hence 
to reduce nanoparticle sizes [29]. TEM images of the samples are 
confirmed too. The doping by the silver to maintain charge neutral-
ity creates oxygen vacancies in the TiO2 lattice. If the silver ion re-
places the Ti4


 ion during doping, the bonds of the Ti–O–Ti complex 

will be distorted and new bonds of the Ag–O–Ti or Ag–O–Ag com-
plexes will be formed. Therefore, the disruption of Ti–O–Ti bonds 
and the formation of new Ag–O bonds will affect the combination-
active modes and will lead to the expansion and shift of the bands 
for Raman TiO2 doped with silver. 
 There is a high-frequency shift and increase in the half-width of 
the Eg (1) band at 142 cm

1 and Eg (2) band at 196 cm
1, while the 

 

Fig. 5. Raman spectra of TiO2 (1), ATO4 (2), ATO8 (3) powders. 
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B1g band at 636 cm
1 and A1g /B1g at 513 cm

1 show a low-frequency 
shift and a significant increase in half-width in the Raman spectra 
of silver-doped nanopowders. A wide complex band in the range of 
220–300 cm

1 is due to the processes of multiphonon scattering 
[30]. Since in the Raman spectra all oscillations move mainly oxy-
gen atoms, the introduction of silver atoms changes the local coor-
dination of oxygen around Ti4


. 

 The appearance of structural defects because of doping, which 
leads to a distortion of octahedra of crystal structure TiO6, the oc-
currence of oxygen vacancies, Ti4+ ions, surface states, must be ac-
companied by changes in radiative recombination due to changes in 
the electronic structure within the bandgap. This primarily refers 
to the recombination of autolocalized excitons at TiO6 centres and 
radiation associated with different F-centres due to the presence of 
oxygen vacancies [31]. The location of the radiation bands, as well 
as changes in their positions and intensities, depend on the size of 
TiO2 nanocrystals and the concentration of the doping impurity, 
which determine the type and density of donor and acceptor centres 
on the oxide surface and, as a consequence, photoluminescence spec-
tra [32]. 

3.5 PL Spectra 

Figure 6 shows the photoluminescence analysis of Ag/TiO2 doped 
series. The addition of silver atoms leads to a significant (15 times) 

 

Fig. 6. PL spectra of TiO2 (1), ATO4 (2), ATO8 (3) powders. 
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quenching of photoluminescence. For TiO2 powder with 8 wt.% sil-
ver atoms, it has a more pronounced character than with an Ag 
content of 4 wt.%. This attenuation of the photoluminescence in-
tensity indicates a general decrease in the mutual recombination of 
photoinduced charge carriers. The doping by silver atoms causes not 
only general damping of the PL intensity but also a shift and de-
crease in the band intensity in the region of 480–490 nm, which 
corresponds to the recombination of autolocalized excitons due to 
distortion of the TiO6 octahedron. 
 The latter is possible both due to the displacement of Ti and O 
atoms due to substitution by a much larger Ag atom and due to a 
change in their ionic state, which is manifested in the interatomic 
bonds in the TiO6 octahedron. The nature of TiO6 distortions, in 
turn, affects the possibility of autolocalization of excitons and, 
thus, the increase in the probability of photogenerated charges com-
ing to the surface, which can further improve the photocatalytic 
reactions involving TiO2. In addition, there is a redistribution of 
intensity between the bands due to the recombination of autolocal-
ized excitons and the radiation of F-centres. The high-frequency 
shift of all these lines may be due to changes in the size of the 
nanocrystallites, which is confirmed by the results of Raman spec-
troscopy. The oxygen vacancies in the TiO2 lattice are a kind of in-
trinsic defect, which creates intermediate energy states within the 
bandgap of titania. These oxygen vacancies act as photoinduced 
electron (e) and hole (h

) pair recombination centres. Therefore, 
this emission has occurred from the recombination of e/h

 pair via 
oxygen vacancies. 
 Thus, oxygen vacancies form both in the volume of nanocrystals 
and on their surface, it is possible to form several localized elec-
tronic states for anatase. In addition, it should also be noted that in 
the process of photochemical transformations the formation of new 
donor and acceptor levels. Thus, the energy electron structure with-
in the bandgap in nanocrystalline doped Ag/TiO2 samples can be 
complex. Therefore, it contributes to the sensitization of semicon-
ductor nanoparticles to visible light, thus, improves the relaxation 
of electronic excitation, and therefore complicates the understand-
ing of the nature and dynamics of photochemical transformations 
necessary to create conditions that reduce losses of photogenerated 
charge carriers. 

3.6. Cytotoxicity of Suspensions with Powders TiO2–AG 

Determination of the cytotoxicity of titanium dioxide (TiO2) with 
different percentages of argentum (Ag) is an integral component of 
any drug development process. The research was carried out using 
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the MTT-assay. 
 It was shown that TiO2 NPs in glycerine + water suspension pos-
sess significant cytotoxicity at concentrations of 100 g/mL, as 
MDBK cells viability decreased by more than 84% (Fig. 7, a). How-
ever, at a concentrations of 10.00.1 g/mL, they were non-toxic 
because reduced cell viability by a maximum of 15%. TiO2 NPs with 
Ag (4–8 wt.%) in C2H5OH1.3-propanediol suspension at a concen-
tration of 100 and 10 g/mL were toxic for MDBK cells, as they 
suppressed their viability by 65–91% (Fig. 7, b). 
 As shown in Figure 8, a, the composition of TiO2 without Ag, 
with 4 wt.% and 8 wt.% Ag in glycerinewater were less toxic on 
the MDCK cells compare to nanoparticles of TiO2 in the 
С2Н5ОН1.3-propandiol. Thus, these samples do not decrease the 
cell viability at a concentration from 0.1 to 10 g/ml. The inhibi-
tion of mitochondrial activity detects only at a concentration of 100 
g/ml, the percentage of life were at range from 8 to 33%. 

 
a 

 
b 

Fig. 7. The effects of the TiO2 NPs in glycerinewater suspension (a) and 
in a C2H5OH1,3-propandiol suspension (b) on the viability of the MDBK 
cells. 
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 Our results on the MDCK cell line clearly show that TiO2 with 8 
wt.% Ag in the С2Н5ОН1,3-propandiol was highly toxic at a con-
centration of 10 and 100 g/ml. The inhibition of cell viability was 
97% (Fig. 8, b). Other samples, TiO2 without Ag and TiO2 with 4 
wt.% Ag were toxic only at a high concentration of 100 g/ml. 
Thus, the inhibition of mitochondrial activity was 96%. It should 
be noted that in minimal dilution inhibition of cell viability de-
creased to the control sample. 
 Using the linear regression model in Microsoft Excel (predictor 
function) [32] and dose-dependent values of the NP cytotoxicity, it 
was estimated that for MDBK cells the CC50 indexes of TiO2 NPs 
regardless of the solvent equalled 50 g/mL (Table 2), while, for 
MDСK cells, the CC50 index of TiO2 diluted at С2Н5ОН1.3-
propandiol was lower in 2.5 times as compared with glycer-
inewater suspension. The obtained results indicate lower toxicity 
of nanoparticles in the glycerinewater suspension, regardless of 

 
a      b 

Fig. 8. Viability of the MDCK cells cultivated on the different samples of 
TiO2 and TiO2 with Ag in glycerinewater (a) and at С2Н5ОН1,3 pro-
pandiol (b). 

TABLE 2. NPs concentration, at which cell viability was inhibited by 50%. 

Solvent—glycerinewater 

Type of cells TiO2 ATO4 ATO8 

CC50 (for the MDBK cells), g/mL 50 50 50 

CC50 (for the MDCK cells), g/mL 42.8 39 58.3 

Solvent—С2Н5ОН1.3-propandiol 

CC50 (for the MDBK cells), g/mL 50 6.5 4 

CC50 (for the MDCK cells), g/mL 17.4 36.9 2.3 



938 M. ZAHORNYI, N. TYSCHENKO, O. SHYROKOV, A. RAGULYA et al. 

the introduction of silver molecules amount of 4 or 8 wt.%, their 
CC50 values were 50 g/mL and 3.9–58.5 g/mL for the MDBK and 
MDCK cells, respectively. Instead, TiO2 nanoparticles in 
C2H5OH1.3-propanediol with the introduction of silver molecules 
were significantly more toxic for the MDBK cells compared to the 
pure TiO2 NP, their CC50 values were 6.5 and 4 g/mL. 

4. CONCLUSIONS 

Nanopowders Ag/TiO2 successfully obtained by chemical deposition 
technique. The effect of Ag concentration on the structural, mor-
phological, cytotoxicity and optical properties, PL emission behav-
iour has been systematically studied. The crystallite size decreased 
with cumulative concentrations of Ag doping. The crystalline phase 
of the Ag–TiO2 was confirmed using XRD, and Raman analysis. The 
average size of pure and 8 wt.% Ag+ doped TiO2 particle was de-
termined to be 25–30 and 13–15 nm, respectively, using the TEM 
images. The optical activity of Ag/TiO2 with significant attenuation 
of photoluminescence in the range of 480–600 nm, a shift of mode 
Eg from 143 to 150 cm

1 and FWHM from 12 to 19 cm
1 was stated 

due to decreasing of TiO2 crystallites to 8 nm. As a result of the 
cytotoxicity studies, it was shown that the type of solvent depends 
on the toxicity level of the studied nanoparticles for the cell cul-
tures. Thus, the studied nanocomposites in C2H5OH1.3-
propanediol increases the inhibition of cell viability compared to 
nanoparticles in glycerinewater. In addition, it was determined 
that increasing the concentration of silver leads to increased cyto-
toxicity for cell cultures. The results obtained made it possible to 
determine CC50 values, which are the primary test for subsequent 
antiviral activities. 
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The paper presents the results of the study of the spectral-luminescent prop-
erties of solutions and nanostructured composites, which include some cou-
marin dyes (coumarin 4, coumarin 7), semiconductor nanocrystals (CdTe 

quantum dots), as well as values of their spectral shifts depending on the me-
dium. The effect of enhancing the fluorescence intensity of coumarin dyes by 

CdTe quantum dots through nonradiative energy transfer is revealed. The 

fluorescence sensitivity of the synthesized systems to ammonia and acetone 

vapours in the air is shown, that manifests itself by means of the decrease in 

the fluorescence intensity proportional to the analyte concentration. For 

ammonia, the response to a vapour concentration of 10 p.p.m. is 13.20.6%, 

and for 5000 p.p.m., it is 74.01.1%. For acetone, the response to a vapour 

concentration of 33 p.p.m. is 0.560.08%; for 67 p.p.m., it is 1.20.1%, 
and for 133 p.p.m., it is 2.20.1%. Recovery of sensory properties of such 

systems after desorption of analytes’ molecules is revealed. The created 

nanostructured composites are promising as sensor elements of devices for 

non-invasive medical diagnostics of several pathologies, such as lung cancer, 

liver and kidney diseases, diabetes mellitus, heart failure, pancreatitis, by 

determining the concentrations of their biomarkers in human exhaled air: 
ammonia and acetone. 

У статті наведено результати дослідження спектрально-люмінесцентних 

властивостей розчинів і наноструктурних композитів, що включають ряд 

кумаринових барвників (кумарин 4, кумарин 7), напівпровідникових на-
нокристалів (квантових точок СdTe), а також величини їхніх спектраль-
них зсувів в залежності від середовища. Виявлено ефект підсилення інтен-
сивности флюоресценції кумаринових барвників квантовими точками 

СdTe шляхом безвипромінювального переносу енергії. Показано флюорес-
центну чутливість синтезованих систем до парів аміяку й ацетону в повіт-
рі, що проявляється у пониженні інтенсивности флюоресценції, пропор-
ційному концентрації аналіту. Для аміяку відгук на концентрацію парів у 
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10 p.p.m. складав 13,20,6%, на 5000 p.p.m. — 74,01,1%. Для ацетону 

відгук на концентрацію парів у 33 p.p.m. складав 0,560,08%, на 67 

p.p.m. — 1,20,1%, а на 133 p.p.m. — 2,20,1%. Виявлено відновлення 

сенсорних властивостей таких систем після десорбції молекул аналітів. 
Створені наноструктурні композити є перспективними як сенсорні елеме-
нти приладів для неінвазивної медичної діягностики ряду патологій, та-
ких як рак легенів, захворювання печінки та нирок, цукровий діябет, сер-
цева недостатність, панкреатит, шляхом визначення концентрацій їхніх 

біомаркерів у видихуваному повітрі людини — аміяку й ацетону. 

Key words: sensor, coumarin dyes, acetone, ammonia, fluorescence, quantum 

dots. 

Ключові слова: сенсор, кумаринові барвники, ацетон, аміяк, флюоресце-
нція, квантові точки. 
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1. INTRODUCTION 

Studies in the field of molecular spectroscopy and luminescence 
have received new pulls in connection with the development of 
works on optical sensorics of chemical compounds [1]. The develop-
ment of fluorescent gas sensor systems is becoming increasingly 
important to solve a wide range of problems that require determin-
ing the concentrations of various components of the gaseous envi-
ronment: environmental monitoring (living and working areas), de-
tection of biomarker molecules in human exhaled air, and others. 
Such sensor systems can be created using micro- and nanotechnolo-
gy, which will provide miniature, reliable, and relatively inexpen-
sive detectors and sensor systems. 
 Nanosensors based on nanoparticles and molecules of organic 
fluorophores placed in organic or inorganic matrices are used to de-
tect gases. Fluorescent optical chemosensors in which the output 
signal is a change in the fluorescence properties of the sensor mate-
rial are among the most promising, due to the high sensitivity of 
the fluorescence signal to certain agents, and as a consequence, the 
ability to detect ultra-low concentrations of analytes [1–4]. 
 One of the important practical applications of such sensors can be 
a non-invasive diagnosis of diseases by analysis of exhaled air, 
which can be an alternative to blood and urine tests. The connection 
between some pathologies and the increase in the concentration of 
certain biomarker molecules is well established. Today, some of the 
most studied and most important biomarkers in exhaled air are 
ammonia and acetone [5]. Ammonia is a marker of liver and kidney 
dysfunction, lung cancer, etc., and acetone is a marker of diabetes, 
pancreatitis, heart failure, lung cancer, etc. [5–8]. 
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 The use of coumarin dyes as fluorophores is promising, which is 

based on information about their spectral-luminescent properties, as 

well as the ability to intermolecular interactions and the formation of 

proteolytic forms [9]. There are many reports of studies of coumarin 

fluorophores in sensors that are sensitive to ammonia vapour [1, 9], 

but due to several disadvantages (low selectivity, low sensitivity limit, 

etc.), they have not yet found practical application. In [10, 11], it was 

shown that some coumarin dyes show fluorescent sensitivity to the 

presence of acetone in liquids, but there are no data on the study of 

their sensor properties to acetone vapours currently. Therefore, it is 

important to further study coumarin dyes to create highly sensitive 

fluorescent sensors of ammonia and acetone in a gaseous medium. 
 To increase the sensitivity of such fluorescent sensors, it is of inter-
est to investigate the use of the effects of enhancing the fluorescence 

of organic dyes located near nanoparticles. According to the works 

[12–16], nanoparticles of metals or semiconductors (quantum dots) 
near fluorophores can significantly increase the intensity of their ra-
diation due to non-radiative, so-called Förster resonance energy trans-
fer (FRET) from nanoparticles to fluorophores molecules. When two 

objects (donor and acceptor) converge to the distance of the Förster ra-
dius (approximately, of 10 nm) and the fluorescence spectrum of the 

donor overlaps with the absorption spectrum of the acceptor, the prob-
ability of energy transfer without radiation increases significantly be-
tween them. 
 This paper is concerned with the creation of gas-sensing fluores-
cent nanostructured composites with coumarin dyes and semicon-
ductor nanoparticles CdTe and the study of their optical properties 
and sensory sensitivity to acetone and ammonia vapours. 

2. EXPERIMENTAL 

We used such materials and reagents: ethanol 96%, acetone (‘extra 

pure’), ammonia solution 10% (aqueous), coumarin 4 (chemical formu-
la 7-Hydroxy-4-methylcoumarin, produced by Avocado), coumarin 7 

(chemical formula 3-(2-Benzimidazolyl)-7-N,N-(diethylamino)–
coumarin, Alpha-Aconis), CdTe quantum dots (produced by BukNano-
Tech) with a particle size of 2.3 nm, a quantum yield of 30%, and lumi-
nescence at wavelengths of 530–535 nm, stabilized by the surfactant 

thioglycolic acid (TGA), pH11; silica gel 60 (pore size 6 nm) with a 

specific surface area of 50050 m
2/g and a particle size of 37–63 m 

(UkrOrgSyntez), hydrophilic pyrogenic silica ‘Aerosil’ brand A-380 

with a specific surface area of 3.8102
 m

2/g, polymer ethylene-vinyl ace-
tate (EVA). The materials of the sorbents were selected due to their de-
veloped surface, which determines their high sorption properties. 
 Recording of absorption spectra and fluorescence excitation spec-
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tra were performed on the Specord M40 UV-VIS spectrophotometer 
(manufactured by Carl Zeiss Jena). Fluorescence spectra were meas-
ured using the SL40-2 spectrometer (Solar TII). Kinetics of fluores-
cence was obtained on the FLx800T fluorimeter (BioTek Instru-
ments) and on the Specord M40 UV-VIS. The Justor 1100DG (man-
ufactured by Nichiryo) and the Research (Eppendorf) manual pi-
pettes were used to dispense a given volume of liquid substances. 
Reagents were weighed on the electronic scales AD50 (Axis). 
 The semiconductor laser with a wavelength of 405 nm and the 
ultraviolet 370–375 nm LED were used as sources of fluorescence 
excitation for measuring fluorescence spectra. 
 Alcohol solutions of coumarin dyes at concentrations of 10

3 M 
and 10

4 M were prepared by dissolving in ethanol a dry portion of 
the dye. Samples of composite structures of two types were created. 
In the first case, the formation of composite structures involved the 
layer-by-layer application of their components. On a heated to 80C 
glass substrate, EVA polymer was applied, after that, on the poly-
mer layer, a layer of silica gel 60 was immobilized. On the resulting 
two-layer composite, the mixture of the solution of coumarin 7 in 
ethanol (concentration 10

3 M) with the aqueous solution of colloidal 
quantum dots CdTe in the ratio (1:1) was applied. The resulting 
composite was dried at a temperature of 65–70C. The obtained 
samples were translucent with a matte surface and had a size of 
7352 mm and a thickness of 805 m (without substrate). In 
the second case, samples were created by applying a layer of Aerosil 
A-380 with immobilized coumarin 4 to the glass substrate. Immobi-
lization of coumarin 4 on Aerosil was performed by sorption from 
the ethanolic solution of the dye with concentrations of 10

3 M and 
10

4 M, followed by drying at room temperature. 
 Air mixtures with the required concentration of the analyte (ace-
tone or ammonia) were obtained by the static volumetric method of 
preparation of gas mixtures, similar to that described in the inter-
national standard ISO 6144:2003 [17]. 
 Measurement of the fluorescence response of nanostructured com-
posite samples to the presence of certain concentrations of analytes 
in the gas samples was performed as follows. The synthesized sam-
ples were fixed in the quartz gas cuvette, which was placed in the 
measuring compartment of the fluorimetric device. Next, the fluo-
rescence intensity kinetics of the samples was recorded. A certain 
volume of the prepared air mixture with the given concentration of 
analyte was cyclically pumped through the cuvette for a definite 
time at the first stage of the measurement. On the second, there was 
a pumping of clean air through the cuvette. The difference in the 
fluorescence intensity of the sample before pumping the gas mixture 
and at the end of pumping was considered the fluorescent response 
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of the sample. All data were registered in automatic mode with fur-
ther processing on PC. Fluorescence excitation was performed at 485 
nm and registration was at 528 nm for the samples with coumarin 7. 
Fluorescence excitation was performed at 340 nm and registration 
was at 360–600 nm for the samples with coumarin 4. 

3. RESULTS AND DISCUSSION 

We investigated the spectral-optical properties of ethanolic solu-
tions of fluorescent dyes, aqueous solutions of quantum dots, as 
well as their donor-acceptor mixtures. The absorption spectra and 
the fluorescence spectra of ethanolic solutions of coumarin 7 and 
coumarin 4 dyes are presented in Fig. 1 and Fig. 2. Absorption (D) 
was measured in absolute units of optical density, and fluorescence 
(I) was measured in relative units of intensity. 
 The absorption spectrum of the ethanolic solution of coumarin 7 

(Fig. 1 (1)) has a wide band in the range of 370–480 nm with a maxi-
mum near max430 nm. The fluorescence spectrum (Fig. 1 (2)) has a 

band with a maximum at max508 nm. The widths of the bands (full 
width at half maximum—FWHM) were 150 nm and 51nm, re-
spectively. The concentration of the dye coumarin 7 in ethanol was 10

3
 

М; the excitation of fluorescence was at 405 nm. 
 The absorption spectrum of the ethanolic solution of coumarin 4 
(Fig. 2 (1)) has a band in the range of 260–400 nm with a maximum 
max324 nm. The fluorescence spectrum (Fig. 2 (2)) has a band 
with a maximum at max453 nm. The widths of the bands were 
45 nm and 57 nm, respectively. The concentration of the 
coumarin 4 dye in ethanol was 10

4 M; the excitation of fluores-
cence was at 370–375 nm. 
 We have performed experiments to detect the effect of CdTe 
quantum dots on the fluorescence of the ethanolic solution of cou-
marin 7. The results showed an increase in fluorescence of coumarin 
7 in ethanol by 57% when it mixed with the solution of CdTe quan-
tum dots in a ratio of 1:1. This evidences that FRET takes place be-
cause there is an overlap of the fluorescence band of quantum dots 
and the absorption band of coumarin 7. 
 We will use the obtained spectra of coumarin 7 and coumarin 4 
in ethanol solutions to compare with the spectra of composite struc-
tures, which include these dyes. It will allow us to study the spec-
tral behaviour of molecules of these dyes depending on the molecu-
lar environment. It should be noted that our experimental data on 
ethanolic solutions of the studied dyes coincide with the known 
spectra [18] that indicates the reliability of our results. 
 A study of the spectral-optical properties of the samples was per-
formed in order to determine the spectral ranges for the experi-
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mental study of the sensory properties of the synthesized samples 
of nanostructured composites based on coumarin dyes, CdTe quan-
tum dots, and silicate matrices. 
 The spectra of matrices without fluorophores (polymer ethylene-
vinyl acetate (EVA) with a layer of silica gel 60 as well as Aerosil A-
380) obtained by us showed the practical absence of their own fluores-
cence at the wavelengths of the fluorescence range of coumarin dyes 

and quantum dots. This indicates that the fluorescence of the synthe-
sized samples is due to the fluorescence of coumarin 4 or coumarin 7 

molecules and CdTe quantum dots, and not the matrix material. 
 Figure 3 shows the absorption and fluorescence spectra of the syn-
thesized composite structures with coumarin 7. As can be seen in Fig. 3 

(1), the sample based on EVA and silica gel 60 with coumarin 7 and 

quantum dots of CdTe has a wide absorption band of 404–550 nm, with 

 

Fig. 1. Spectra of optical absorption (1) and fluorescence (2) of ethanolic 
solution of coumarin 7 with a concentration of 10

3 M. 

 

Fig. 2. Spectra of optical absorption (1) and fluorescence (2) of ethanolic 
solution of coumarin 4 with a concentration of 10

4 M. 
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a maximum of about max441 nm. After 550 nm, the absorption spec-
trum reaches a value of approximately D0.33, due to the scattering of 

light by the sample. The fluorescence spectrum of the sample (Fig. 3 (2)) 
has a band with a maximum max478 nm. The fluorescence bandwidth 

was 118 nm. The intense band in the range of 385–430 nm corre-
sponds to the excitation radiation of the laser 405 nm. The width of 

the absorption band because of the shape of the spectrum could not be 

determined exactly, it is approximately 80 nm. For such samples, a 

bathochromic (red) shift of the absorption band is observed in compari-
son with the ethanolic solution of coumarin 7 (Fig. 1) by 11 nm, while 

for the fluorescence band, a hypochromic (blue) shift of 30 nm. 
 Since the samples based on Aerosil A-380 with coumarin 4 were 

opaque due to high light scattering by Aerosil, instead of absorption 

spectra, fluorescence excitation spectra were measured, which general-
ly essentially correspond to the absorption spectra of fluorescent sub-
stances [19]. Figure 4 shows the fluorescence and fluorescence excita-
tion spectra of the synthesized composite structures with coumarin 4. 
The sample has a fluorescence excitation band of 310–360 nm with a 

maximum max340 nm (Fig. 4 (1)). The fluorescence excitation band-
width was 45 nm. The fluorescence spectrum of the sample (Fig. 4 

(2)) has a band of approximately 400–600 nm. The intense band in the 

region of 360–450 nm corresponds to the excitation radiation of the la-
ser 405 nm (horizontal section I2168 corresponds to the ‘upper 

counts’ of the device). The position of the maximum and the width of 

the fluorescence band are difficult to establish due to the illumination 

of the excitation radiation in this area. For such samples, a batho-
chromic shift of the fluorescence excitation band by 16 nm is observed 

in comparison with the absorption band in the ethanolic solution of 

 

Fig. 3. The spectra of optical absorption (1) and fluorescence (2) of the 
sample of composite structures based on EVA and silica gel 60 with cou-
marin 7 and CdTe quantum dots. 
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coumarin 4 (Fig. 2). 
 The presence of shift of fluorescence bands of coumarin dye mol-
ecules in SiO2 matrices (silica gel 60 and Aerosil A-380) relative to 
ethanol is explained by us that the medium of the matrixes has a 
higher polarity because the spectral behaviour of coumarin dyes de-
pends on the polarity of the medium [20]. 
 The study of the sensory properties of the created composite 
structures to ammonia and acetone was carried out, that is the flu-
orescence response of the samples interacting with analyte mole-
cules in the air. The concentration of ammonia and acetone in the 
air was considered as the base, i.e., equal to zero, because in pure 
air the concentrations of these VOCs were much lower than those 
studied. Our experiments showed the presence of an evident sensory 
response of samples with coumarin 7 to ammonia and with couma-
rin 4 to acetone (in air medium), which corresponds to a decrease in 
fluorescence intensity. 
 Figure 5 shows the fluorescence kinetics of the synthesized com-
posite structures with coumarin 7 when they interact with ammonia 
molecules in the air. 500 ml of the air mixture with 5000 ppm (i.e., 
million

1) of ammonia was pumped in the time interval of 620–1100 
seconds, and a decrease in fluorescence by 72% is observed. The cu-
vette with the sample was pumped with clean air in the time inter-
val of 1100–2500 seconds, during which the fluorescence intensity 
of the sample was restored. Already in 1400 seconds, the fluores-
cence intensity was restored to 90% of the initial level. We inter-
pret these results as follows. When air with ammonia is pumped, 
the process of sorption of ammonia molecules on the developed pore 
surface of the matrix element, silica gel 60, takes place. These mol-
ecules interact with immobilized molecules of coumarin 7 dye, re-

 

Fig. 4. The spectra of fluorescence excitation (1) and fluorescence (2) of the 

sample of composite structures based on Aerosil A-380 with coumarin 4. 
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sulting in a decrease in fluorescence intensity. This is due to the 
presence of a specific chemical interaction of ammonia molecules 
with coumarin cations and the formation of coumarin anion-
ammonium cation complexes [1] that indicates a static mechanism 
of fluorescence quenching. The reverse process of desorption of 
ammonia molecules occurs during pumping with clean air, with the 
fluorescence signal of the sample is restored. 
 Figure 6 shows the kinetics of the fluorescence of the synthesized 
composite structures with coumarin 4 when interacting with ace-
tone molecules in air. 1000 ml of the air mixture with 133 ppm of 
acetone was pumped during a time interval of 120–240 seconds, and 
the fluorescence was gradually decreased by approximately 2.2%. 
The cuvette with the sample was pumped with pure air in the time 
interval 240–470 seconds, and the fluorescence intensity of the 
sample was restored. Already after 230 seconds of the pumping, the 
fluorescence intensity was almost completely restored to the value 
of 99.8% of the initial one. We explain the mechanisms of falling 
and restoring the fluorescence intensity of such samples similarly: 
the sorption–desorption processes of acetone molecules on the pore 
surface of Aerosil A-380 and quenching of the fluorescence of dye 
molecules take place. However, the quenching of coumarin 4 fluo-
rescence, unlike to coumarin 7, occurs due to the non-radiative de-
activation of the excited state of coumarin 4 molecules by acetone 
molecules, the so-called dynamic quenching of fluorescence [10]. 

 

Fig. 5. The kinetics of fluorescence (normalized to 100%) of composite 
structures based on EVA and silica gel 60 with coumarin 7 and quantum 
dots of CdTe when interacting with ammonia in the concentration of 5000 
ppm in air. 1—the beginning of pumping the air mixture with ammonia; 
2—the beginning of pumping pure air. 
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 Figure 7 shows the fluorescent responses of the composite struc-
tures with coumarin 7 (Fig. 7, a) and coumarin 4 (Fig. 7, b) for dif-
ferent concentrations of ammonia and acetone in the air, respective-
ly. As can be seen in Fig. 7, a, the response to 10 ppm of ammonia 
was 13.20.6%, and to 5000 ppm was 74.01.1%. The response 
to 33 ppm of acetone was 0.560.08%, to 67 ppm was 1.20.1%, 

 

Fig. 6. The kinetics of fluorescence (normalized to 100%) of composite 
structures based on Aerosil A-380 with coumarin 4 when interacting with 
acetone in the concentration of 133 ppm in air. 1—the beginning of pump-
ing the air mixture with acetone; 2—the beginning of pumping pure air. 

  
a      b 

Fig. 7. Bar charts of the fluorescent responses (normalized to 100%) of the 

composite structures with coumarin 7 (a) for ammonia concentrations of 10 

ppm and 5000 ppm, and with coumarin 4 (b) for acetone concentrations of 33 

ppm, 67 ppm, and 133 ppm. 1—the initial fluorescence intensity of the sam-
ple; 2—the fluorescence intensity after interaction with the analyte. 
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and to 133 ppm was 2.20.1% (Fig. 7, b). For both samples, the 
correlation of the value of the fluorescent response with the value 
of the concentration of analyte molecules in the air is observed. 
 Thus, we have shown the presence of a significant fluorescent 
response of the samples, as well as we demonstrated an evident cor-
relation between the value of the fluorescence signal decrease of the 
samples and the change in analyte concentration in the air and the 
ability to restoring after ventilation. All this suggests that the 
composite structures created by us have a significant sensory sensi-
tivity to ammonia molecules (composite with coumarin 7) and ace-
tone molecules (composite with coumarin 4). 

4. CONCLUSIONS 

The spectral-optical properties of ethanolic solutions of fluorescent dyes 

of coumarin 7 and coumarin 4 as well as synthesized nanostructured 

composites, which include these dyes, are obtained. The presence of a 

significant shift of the spectral bands of coumarin dyes in the matrices 

of the synthesized samples in relation to the spectral bands of these dyes 

in ethanol has been demonstrated. This indicates a significant effect of 

matrix molecules on the electronic structure of the energy levels of 

coumarin dyes molecules. It was found that when mixing the CdTe quan-
tum dots (fluorescence band position max530 nm) with the ethanolic 

solution of coumarin 7 dye, the fluorescence intensity of the dye in-
creased by 57%. This made it possible to increase the fluorescence inten-
sity signal of the synthesized samples with coumarin 7 as well as to in-
crease the sensory sensitivity of such samples to ammonia molecules. It 

has been shown that the composite structures with coumarin dyes devel-
oped by us show fluorescent sensitivity to molecules of ammonia (con-
centrations range 10–5000 ppm) and acetone (concentrations range 33–
133 ppm) in the air. This sensitivity is due to static fluorescence quench-
ing of QD (CdTe)—coumarin 7 complexes or dynamic fluorescence 

quenching of coumarin 4 molecules by molecules of the analytes. 
 The presence of a significant response of the synthesized by us 

nanostructured composites to ammonia and acetone molecules, as well 
as the ability to repeatedly restore the signal after aeration of samples 

with clean air, gives prospects for the use of these materials in portable 

sensors for non-invasive disease diagnosis, environmental monitoring. 
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Features of Mineralization of Hydroxyapatite on the Surface 
of Calcium-Silicophosphate Glass-Ceramic Materials in vivo 
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The features of mineralization of hydroxyapatite (HAp) on the surface of 
calcium-silicophosphate glass-ceramic materials in vivo are analysed. It is 
found that the implantation of biomaterials based on BS-11 and ASZ-5 
bioactive glass-ceramic materials characterized by a strengthened struc-
ture and an adjustable level of resorption implements the chemical and 
biochemical mechanisms of formation of the apatite-like layer. The peculi-
arities of compositions and technologies for obtaining bioactive glass–
ceramic materials for replacement of bone defects are analysed. The condi-
tions for the formation of an apatite-like layer in vivo on the surface of 
glass-ceramic materials are established. These ones include crystallization 
process of fine-dispersed HAp, ensuring the reactivity of glass-ceramic 
materials due to destruction of them, initiation of the nucleation of non-
stoichiometric HAp on the surface of materials. As determined, the stimu-
lation of the adsorption process of proteins on the surface of the ASZ-5 
and BS-11 glass-ceramic materials is realized by ensuring the values of 
the surface microroughness index Ra2.6 and 6.0 m and the surface free 
energy of 51.5 and 74.6 MJ/m2, respectively. For the developed glass-
ceramic materials based on calcium-silicophosphate glasses, the formation 
of a sitallized structure under conditions of low-temperature heat treat-
ment makes it possible to provide their operational properties close to 
those for bone cortical tissue (K1C2.44 and 2.8 MPаm1/2, HV7800 and 
3800 МPа, сompr160 МPа). This fact allows us to consider them as 
promising when creating implants, which can be used to replace the stati-
cally and dynamically loaded areas of bone tissue in orthopaedics and 
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maxillofacial surgery. This one, together with the shortened periods of 
resorption and mineralization of bone tissue, will increase the efficiency 
of prosthetics by halving the rehabilitation period for patients and avoid-
ing the necessity for repeated operations. 

Проаналізовано особливості мінералізації гідроксиапатиту (ГАп) на по-
верхні кальцій-силікофосфатних склокристалічних матеріялів in vivo. 
Встановлено, що за імплантації біоматеріялів на основі біоактивних 
склокристалічних матеріялів БС-11 та АС3-5, які характеризуються 
зміцненою структурою та реґульованим рівнем резорбції, реалізується 
хемічний і біохемічний механізми формування апатитоподібного шару. 
Проаналізовано особливості складів і технології одержання біоактив-
них склокристалічних матеріялів для заміщення дефектів кістки. 
Встановлено умови формування апатитоподібного шару в умовах in vivo 
на поверхні склокристалічних матеріялів: реалізація процесу кристалі-
зації тонкодисперсного ГАп, забезпечення реакційної здатности склок-
ристалічних матеріялів за рахунок деструкції їх, ініціяція зародкоут-
ворення нестехіометричного ГАп на поверхні матеріялів. Визначено, 
що стимулювання процесу адсорбції протеїнів на поверхні склокриста-
лічних матеріялів реалізується за рахунок забезпечення значень показ-
ника мікрошерсткости поверхні склокристалічних матеріялів АСЗ-5 і 
БС-11 Ra 2,6 і 6,0 мкм та вільної енергії поверхні 51,5 і 74,6 мДж/м2 
відповідно. Для розроблених склокристалічних матеріялів на основі 
кальцій-силікофосфатних стекол формування ситалізованої структури в 
умовах низькотемпературного термічного оброблення уможливлює за-
безпечити їхні експлуатаційні властивості, які наближені до таких 
властивостей для кісткової кортикальної тканини (K1C2,44 та 2,8 
МПам1/2, HV7800 і 3800 МПа, стиск160 МПа), дає змогу вважати їх 
перспективними для створення імплантатів, що можуть бути викорис-
тані для заміни статично та динамічно навантажених ділянок кісткової 
тканини у ортопедії та щелепно-лицевій хірургії. Це разом зі скороче-
ними строками резорбції та мінералізації кісткової тканини дасть змо-
гу підвищити ефективність протезування за рахунок скорочення вдвічі 
періоду реабілітації пацієнтів і виключення повторних операцій. 

Key words: glass-ceramic materials, biomaterials, in vivo, apatite-like lay-
er, bone tissue. 

Ключові слова: склокристалічні матеріяли, біоматеріяли, in vivo, апа-
титоподібний шар, кісткова тканина. 
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1. INTRODUCTION 

The development of medical science and technology requires the 
creation of materials for obtaining bone tissue substitutes of a new 
generation, intended for long-term functioning in the body [1]. Ma-
terials for the manufacture of implants must ensure biocompatibil-
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ity for a long time, namely, do not change the physicochemical 
properties, do not cause chronic inflammation, and do not show a 
carcinogenic effect, not subject to calcification. However, it should 
be emphasized that, along with the ability to calcify, mineralization 
of calcium-containing compounds plays an important role in the res-
toration of the function of bone tissues and their formation [2]. 
Therefore, to ensure the biocompatibility of the implant, it is im-
portant to correct these processes, which are similar in their mech-
anism. The effectiveness of the functioning of bone endoprostheses 
is ensured by the formation of a strong adhesion layer in the im-
plant–bone system, which is realized due to the mineralization of 
apatite-like structures. To achieve the latter, it is important to take 
into account the theoretical approach to substantiating the calcifi-
cation of biomaterials. 
 The primary stages of calcification, in the cellular approach, are 
associated either with the presence of already dead cells (as in the 
case of treated biological tissues), or with the death of recipient 
cells that adhere to the biomaterial. At present, a theory based on 
the formation of calcium–phospholipid–phosphate complexes is be-
ing widely tested, the reason for the formation of which is the af-
finity of acidic phospholipids for calcium ions. It is envisaged that 
the presence of such complexes in metastable solutions of calcium 
and phosphates provokes the precipitation of insoluble crystals of 
hydroxyapatite (HAp) [3]. 
 The concentration theory allows one to take into account and 
evaluate the role of the concentration of calcium and phosphate ions 
in the intercellular fluid. Known physicochemical theories associate 
the formation of heterogeneous nucleation centres of HAp crystals 
with the macromolecular stereoconfiguration of collagen or consider 
the transformation of crystalline HAp precursors such as amor-
phous calcium phosphate (ACP) [3]. The concentration theory is 
clearly realized in the implantation of biomaterials based on bioac-
tive ceramic [4] and glass-ceramic materials characterized by a 
strengthened structure and an adjustable level of resorption [5]. 
 The complexity of the simultaneous providing with high strength 
of the implant–bone bond for a short time depends primarily on the 
bioactivity of the glass material and its ability to form a thin apa-
tite-like layer on its surface [6, 7]. This can be achieved by hetero-
geneous nucleation of apatite crystals by the presence of Si–OH, Ti–
OH, Zr–OH structural elements on the surface of materials. At the 
stage of collagen fibre synthesis and at the initial stages of bone 
biomineralization, silicon is associated with calcium, initiating the 
process of deposition of bone minerals, and is an important ‘transi-
tional’ element in the formation and development of cartilage and 
bone structures. 
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 It should be noted that the identification of mineralization prod-
ucts is important from the point of view of the fact that the crys-
tal-chemical structure of the resulting hydroxyapatite also depends 
on the composition of the physiological medium, because during the 
growth the crystals capture impurities of cations from the medium 
and form nonstoichiometric solid solutions. Therefore, it is worth 
talking about the appearance of apatite-like structures on the sur-
face of calcium phosphate biomaterials, rather than pure hydroxy-
apatite. Obviously, these structures are close to bone ones, since the 
chemical composition of bone hydroxyapatite somewhat differs from 
the stoichiometric composition of natural and artificial analogues in 
the Ca:P ratio, as well as in the presence of ion impurities, the total 
content of which may exceed 5%. 
 The use of bioactive resorption glass-ceramic materials [8], which 
are close to bone tissue in chemical and phase composition, as bone 
tissue substitutes can significantly reduce the time of their fusion 
with bone tissue. However, the high level of resorption of such ma-
terials can lead to the formation of an inhomogeneous, fragile bond-
ing layer between the implant and the bone, especially under stress. 
Therefore, it is a detailed study of the mineralization process of bi-
oactive glass-ceramic materials during the entire in vivo period that 
will make it possible to assess the effectiveness of the use of im-
plants with different resorption periods. 

2. EXPERIMENTAL 

2.1. AIM Setting and Research Methodology 

The aim of this work is to determine the features of the mineraliza-
tion of hydroxyapatite on the surface of calcium silicophosphate 
glass-ceramic materials in vivo. 
 The phase composition of the materials was studied using x-ray 
phase (DRON-3M diffractometer) and petrographic (NU-2E optical 
microscope) methods of analysis. 
 The structure of the surface layer of glass-ceramic materials 
(GCM), which was removed after implantation, was investigated us-
ing x-ray spectral analysis (scanning electron microscope RES Tesla 
3 LMU with a resolution of 1 nm using an Oxford X-max 80 mm 
energy dispersive spectrometer). 
 Evaluation of the hydrolytic destruction of the developed materi-
als was carried out in non-enzymatic media using the extreme (ES) 
and simulated solutions (SS) tests according to ISO 10993-14-2011 
by weight loss in the corresponding ВES and ВSS solutions. 
 The surface free energy (SFE) value of the experimental materi-
als was determined by the Owens–Wendt–Rabel–Kaelble method, 
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according to which the surface energy of a solid includes two com-
ponents: dispersive and polar ones. This method provides for the 
calculation of the SFE based on the contact angle between the mate-
rial surface and various liquids, followed by the calculation of its 
two surface free energy components using the Mathcad computer 
software. To improve the accuracy of the obtained values, six liq-
uids with known polar and non-polar components of surface tension 
were used. Surface microrelief was determined as the arithmetic 
mean of the deviation of the surface profile (Ra) using a Surtronic 
3 profilometer. 
 Vickers hardness (HV) and fracture toughness index (fracture 
viscosity, K1C) were determined by indenting the Vickers pyramid 
under the load of 5000 g on it for 10 measurements using a TMV-
1000 device. Compressive strength (compr [MPa]) was determined 
according to GOST 8462-85. 
 Histological analysis of bone tissue regeneration was performed 
after the GCM-based implant was inserted into the distal metaphy-
sis of the femur of rats on the first, 7th, 14th and 28th days after 
implantation. After each term, the activity of alkaline phosphatase 
was determined by the kinetic method in the serum of rats. The 
studies were carried out on the base of the laboratory of connective 
tissue morphology of the Sytenko Institute of Spine and Joint Pa-
thology N.A.M.S. of Ukraine. 

2.2. Peculiarities of Compositions and Technology of Bioactive 
Glass-Ceramic Materials 

To study the peculiarities of the formation of an apatite-like layer 
on the surface of bioactive glass-ceramic materials (GCM) in vivo, 
materials differing in structure and resorption capacity were chosen 
BS-11 [9] and ASZ-5 [10]. 
 To obtain BS-11 and ASZ-5 GCM, the glasses based on calcium 
silicophosphate systems with SiO2 content in the range of 47–55 
wt.%, the degree of connectivity of the silicon-oxygen framework 
(fSi) 0.28 and the CaO/P2O5 ratio 1.7–4.0 were synthesized (Table 1). 
This is to ensure their biological activity by finely dispersed crystal-
lization of HAp and initiation of its nucleation on the surface of 
materials in vivo. The glasses contain Al2O3 and B2O3 to provide 
structural strength, which determines their ability to resorption 
and mechanical loads. 
 ZnO, ZrO2, TiO2, CaF2 and CeO2 as nucleation catalysts were add-
ed into the AS-5 glass to control the apatite formation processes. To 
approximate the glass composition to the composition of natural 
bone tissue in the process of mineralization, the trace elements 
(Cu2O, V2O5, MoO3, CoO, SrO, La2O3) of 0.1 wt.% were introduced. 
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 AS-5 and BS-11 experimental glasses were obtained by glass 
technology: melted under identical conditions at temperatures of 
1523 and 1723 K in corundum crucibles, followed by the cooling on 
a metal plate. To obtain GCM by ceramic technology, there were 
used powders of model glasses milled to a residue on sieve No. 063 
of no more than 5%. The samples were prepared by the method of 
semi-dry pressing, formed in the form of cylinders with a diameter 
of 4 mm and a height of 10 mm using a 2% solution of carboxyme-
thyl cellulose as a temporary binder. 
 To increase the fracture toughness of the GCM, zirconia stabi-
lized with yttrium oxide was additionally introduced into the AS-5 
glass composition. Such a sample of GCM was marked with ASZ-5 
and was used for further research. The transformation strengthen-
ing of the glass matrix was carried out due to the controlled transi-
tion of tetragonal ZrO2 to the monoclinic phase, which is accompa-
nied by volume increase of 3 vol.% [11, 12]. 
 Heat treatment of materials was carried out at 1023 K during 30 
min for ASZ-5 and at 1323 K during 30 min for BS-11. After heat 
treatment, the GCMs were characterized by insignificant porosity 
(up to 10%), which is a consequence of sintering of narrow-fraction 
glass powders with a particle size of 60 m. 

2.3. Characterization of Bioactive Glass-Ceramic Materials 

Glass-ceramic materials are characterized by a fine-dispersed vol-
ume-crystallized structure with a HAp content of 55–60 vol.% (Ta-
ble 2). Providing the sitallization process of the initial glasses un-
der the conditions of low-temperature short-time heat treatment 
makes it possible to form a high-strength structure of GCM, which 
is capable of withstanding variable dynamic loads. Along with this, 
in the glass structure, in addition to the presence of calcium phos-
phates, sybotaxic groups of future apatite-like crystalline phases 

TABLE 1. Generalized chemical composition of glasses (in [wt.%]) and the 
ratio of phase-forming components. 
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SiO2 Al2O3B2O3 CaOCaF2P2O5 CaO/P2O5 R2O RO RO2 

BS-11 55.0 10.0 25.0 4.0 10.0 — — — 
AS-5 47.0 6.0 29.4 1.7 10.5 2.6 4.4 0.1 
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are formed, which are potential nucleators during the formation of 
a mineralized layer in vivo on the implant surface. 
 Stimulation of the protein adsorption process on the surface of 
the GCM is realized by ensuring the values of the structural 
strength index fSi0.28 and the surface microroughness indicators 
(Table 2). This will provide an increase in the SFE index in vivo by 
increasing the proportion of the electrostatic component of the 
chemical bond in the glass. 
 The ASZ-5 GCM is characterized by the highest values of weight 
loss, despite its location in a low-silica area. With a simultaneously 
higher HAp content, this material, in comparison with BS-11, is 
characterized by a higher reactivity and ability to accelerate the 
formation of an apatite-like layer in vivo. These assumptions are the 
basis for studies on the features of nucleation and growth of non-
stoichiometric hydroxyapatite (nHAp) on the surface of calcium sil-
icophosphate glass-ceramic materials in vivo. 

3. RESULTS AND DISCUSSION 

3.1. Hydration and Nucleation of Apatite on the Surface of Bioactive 
GCM in vivo 

In the first hours of in vivo contact, hydrolysis and condensation 
processes occur on the GCM surface. The materials are hydrolysed 
with the formation of a gel-like silica-rich layer saturated with OH– 
groups. The structural elements Si–OH provide areas for heteroge-
neous nucleation of apatite crystals. 
 The study of the surface morphology of the implant material and 
bone tissue showed that, for the BS-11 GCM on the 1st day of expo-
sure, the hydrolysis process with the formation of Si–OH bonds 
and their subsequent polycondensation Si–OHHO–SiSi–O–

TABLE 2. Characteristics of the GCM composition, structure and destruc-
tion. 

Indicators 
Marking of Samples 

BS-11 ASZ-5 

The crystalline phase content (HAp), vol.%  55.0 60.0 

The degree of the silicon–oxygen framework 
bonding (fSi) 

0.28 0.28 

Roughness (Ra), m 6.0 2.0 

Surface free energy, mJ/m2 51.50 74.59 

Material destruction, wt.%  
(ISO 10993-14-2001) 

ВES  0.20 0.44 

ВSS 2.00 2.96 
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SiH2О are observed. The result is the formation of a thin gel-like 
layer of silicic acid in the form of nanoinhomogeneities over the en-
tire surface of the material under study and individualized spheres 
of amorphous calcium phosphate (ACP) (Fig. 1, a I, II) as a precur-
sor of nHAp crystals. For the ASZ-5 GCM, against the general 
background of spheres of the silica-gel layer (Fig. 1, b I), single 
crystals, which have a plate-like shape, are observed (Fig. 1, b II). A 
manifestation of the intensification of the nucleation process of 
nHAp crystals is a change in the parameters of the crystal lattice of 
apatite-like structures and the morphology of crystals, which 
change during the growth of crystals. 
 At the initial stages of growth (7–14 days), both materials under 
study are characterized by the formation of solid solutions with a 
structure that is very different from the structure of nHAp. How-

  
a     b 

  
c     d 

Fig. 1. Surface structure of bioactive GCM: BS-11 (a); ASZ-5 (b) after 1 
day of exposure; BS-11 (c); ASZ-5 (d) after 7 days of exposure. 
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ever, the growth of crystals for the experimental GCM, as well as 
the mechanism of nucleation, is significantly different. 
 Thus, on the 7

th
 day, BS-11 GCM is still characterized by the pres-

ence of a silica-gel layer and an accumulation of nanoinhomogeneities, 

which form flat (Fig. 1, c I) and convex spheres (Fig. 1, c II). A decrease 

in the size of inhomogeneities and an increase in their number indicate 

the formation of a significant number of crystallization nuclei. For 

ASZ-5 GCM, during the mentioned period, the simultaneous presence 

of a silica-gel layer and platy crystals (Fig. 1, d I) is observed; they 

form aggregates of different sizes (Fig. 1, d II). 

3.2 Growth of Crystals on the Surface of Bioactive GCM in vivo 

After 14 days of implantation, the BS-11 GCM is a multiphase sys-
tem, which consists of individual spherical and platy crystals rang-
ing in size from 0.5 to 5 m (Fig. 2, a I) and their clusters of about 
10 m, which form a single crystalline block. The presence of a sig-
nificant amount of spherulites is evidence of the formation of 
amorphous calcium phosphate (Fig. 2, a II), which is a precursor of 
the formation of native bone. 
 For the ASZ-5 GCM, inhomogeneities are represented by spheru-
lites, which form ridges and spalls (Fig. 2, b I). This process is ac-
companied by a phase rearrangement of ACP, followed by levelling 
of the surface and the formation of a layer-by-layer structure of the 
material with the presence of platy crystals of nHAp (Fig. 2, b II). 
 After 28 days of implantation, the formation of nHAp aggregates 
is observed in the structure of the BS-11 and ASZ-5 GCM implants 
(Fig. 2, c, d I), which are similar to crystals for mature lamellar 
bone (Fig. 2, c, d II). At the implant–bone interface, it is observed 
the formation of a transition layer containing, like the implant ma-
terial, crystals of the platy structure of carbonate hydroxyapatite 
(CHAp). This is due to the incorporation of carbonate ions into the 
apatite lattice, which affects the mineralization process. 
 The intensification of nucleation for the ASZ-5 GCM makes it 
possible to form CHAp on their surface even on the 28th day in vi-
vo. They are crystals from prismatic to acicular of a hexagonal syn-
gony, assembled into aggregates (Fig. 2, d II). Crystals of CHAp are 
present in the form of plates ranging in size from 5020 nm to 
25(2–5) nm, which are oriented in a certain way with respect to 
the axis of collagen fibres. 

3.3. Mineralization of Bioactive GCM in vivo 

For experimental GCM, due to an increase in the calcium concentra-
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tion and accompanying factors in the environment, the process of 
appearance of CHAp crystals around the implant (osteoinduction) is 
‘triggered’. 
 The confirmation of the fact that, after the formation of the bio-
active GCM–collagen bond, osteoblasts mineralize the osteoid area 
formed by the synthesis and secretion of matrix bubbles, is the ap-
pearance of an alkaline phosphate phase in high concentrations. The 
microenvironment inside the matrix bubbles promotes the formation 
of nHAp crystals. 
 Thus, according to the results of biochemical analysis of the blood 
serum of rats after implantation of the BS-11 and ASZ-5 GCM sam-
ples, the dynamics of alkaline phosphatase activity was found in ac-
cordance with the stages of bone tissue regeneration of the implants: 

  
a     b 

  
c     d 

Fig. 2. Surface structure of bioactive GCM: BS-11 (a); ASZ-5 (b) after 14 
days of exposure; BS-11 (c); ASZ-5 (d) after 28 days of exposure. 



FEATURES OF MINERALIZATION OF HYDROXYAPATITE ON THE SURFACE 963 

on the 7th day, 411.8027.60 U/L; on the 14th day, 952.5063.30 
U/L; on the 30th day, 828.0098.60 U/L. It was established that, on 
the 7th and 14th days, the activity of alkaline phosphatase increases 
that indicates its release by osteoblasts during bone formation. On 
the 30th day, a slowdown in this process shows the gradual comple-
tion of the process of bone tissue remodelling. 
 Mineralization of new bone tissue, as well as its growth (oste-
oconduction), on the surface of GCM-based implants is possible, 
when a significant surface area of contact between the biological 
fluids and the implant is provided, that is, with a sufficient porosi-
ty (30%) of the latter. 
 Even on the 30th day of implantation, microscopically, the area of 
removal of the pin on histopreparations of animals with an implant 
based on the BS-11 GCM was represented by a cavity, on the perim-
eter of which mainly newly formed trabeculae from coarse fibrous 
and lamellar bone tissue, areas of fibroreticulate tissue of an osteo-
genic nature and centres of dense connective tissue were determined 
(Fig. 3, a). In the bone tissue that forms the cavity paries for a giv-
en period, even in the cortical part, there is lamellar bone tissue, 
which has a significant density of osteocytes in narrow lacunae that 
surround the intercellular matrix. The boundary between the regen-
erate and the maternal bone is clearly defined. 
 30 days after the operation, the formation of lamellar bone tis-
sue, the trabeculae of which were directed along the surface of the 
injected material, was noted around the site of implantation of the 
ASZ-5 GCM. It was on this basis the newly formed bone could be 
distinguished from the maternal one. The reorganization of the 
bone regenerate is evidenced by the presence of clastic structures of 
osteons, irregular cement lines (Fig. 3, b). 

  
a      b 

Fig. 3. Fragment of the distal metaphysis of the rat femur after injection 
of BS-11 (a) and ASZ-5 (b) samples. 
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 With the use of the developed materials as implants, regeneration 
has a more favourable course, as evidenced by the restoration of the 
bone structure on the 30th day of observation, when a part of the 
regenerate (50% for BS-11 GCM and 70% for ASZ-5 GCM) in the 
defect is represented by a mature lamellar bone. 
 Thus, taking into account the mechanical properties of BS-11 and 
ASZ-5 GCM, which are close to those properties for bone cortical 
tissue (K1C2.44 and 2.8 МPаm1/2, HV7800 and 3800 МPа, 
сompr160 МPа), implants based on them can be used to replace the 
statically and dynamically loaded areas of bone tissue in orthopae-
dics and maxillofacial surgery. 
 The introduction of implants based on bioactive glass-ceramic 
materials BS-11 and AC3-5 with reduced terms of resorption and 
mineralization of bone tissue will increase the efficiency of pros-
thetics by halving the rehabilitation period for patients and elimi-
nating repeated operations. 

4. CONCLUSIONS 

The regularities of mineralization of calcium-containing compounds 
during the formation of bone tissue on the surface of bioactive 
glass-ceramic materials with different resorption periods have been 
established. It has been determined that the implantation of bio-
materials based on bioactive glass-ceramic materials characterized 
by a strengthened structure and an adjustable level of resorption 
implements the chemical and biochemical mechanisms of the for-
mation of an apatite-like layer. 
 The features of the compositions and technologies for obtaining 
bioactive glass-ceramic materials for replacement of bone defects 
were analysed. It has been established that the provision of biologi-
cal activity along with high strength of glass-ceramic materials can 
be realized by their sitallization and the formation of HAp crystals 
under conditions of low-temperature one-stage short-time heat 
treatment of glasses of calcium silicophosphate systems character-
ized by a SiO2 content of 45–55 wt.%, fSi0.28 and the ratio 
CaO/P2O51.7–4.0. 
 The conditions for the formation of an apatite-like layer in vivo 
on the surface of the GCM were analysed. These ones include crys-
tallization process of finely dispersed HAp, ensuring the reactivity 
of the GCM due to their destruction, and initiation of the nuclea-
tion of nHAp on the surface of materials. 
 It was determined that the stimulation of the adsorption process 
of protein on the surface of the GCM is realized by providing the 
values of the surface microroughness index for ASZ-5 and BS-11 
GCM Ra2.6 and 6 m and SFE 51.5 and 74.6 MJ/m2, respectively. 
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 The features of hydration and nucleation of HAp on the surface 
of bioactive GCM in vivo were established, which consist in the hy-
drolysis process with the formation of Si–OH bonds, their poly-
condensation and the formation of a thin gel-like layer of silicic ac-
id in the form of nanoinhomogeneities and individualized spheres 
and ACP plates (1 day) and aggregates (7 days), forming ridges 
with the subsequent layer-by-layer structure of the material with 
the presence of lamellar crystals of nHAp (14 days), which are re-
crystallized into crystals of CHAp, oriented with respect to the axis 
of collagen fibres (28 days), followed by the formation of the bioac-
tive GCM–collagen bond. 
 The activity of osteoblasts, which mineralize the osteoid area 
around the implant based on bioactive GCM, is determined by the 
activity of alkaline phosphatase. It is confirmed the formation of 
mature lamellar bone tissue, when using the developed bioactive 
glass-ceramic materials and the expediency of their use as biocom-
patible materials for bone tissue regeneration within one month. 
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Today, nanocomposites based on magnetite (Fe3O4), zinc oxide (ZnO), tita-
nium oxide (TiO2) doped with metal cations are widely used to create new 
kinds of biocompatible materials, which are characterized by unique com-
plexes of physical-chemical properties. The semiconducting-nanoparticles’ 
coating by metals leads to their stabilization in corrosive biological media 
and affects their electrical, magnetic, catalytic, and plasmonic properties 
too. The achievements during recent years in the field of producing com-
posites based on nanosize particles of different nature are demonstrated in 
a given review article. The basic methods for materials’ preparation, 
properties, and the possible fields of their application are summarized. 

Сьогодні нанокомпозити на основі магнетиту (Fe3O4), оксиду Цинку 
(ZnO), оксиду Титану (TiO2), леґованих катіонами металів, широко ви-
користовуються для створення нових видів біосумісних матеріялів, що 
характеризуються унікальними комплексами фізико-хемічних власти-
востей. Покриття напівпровідникових наночастинок металами приво-
дить до стабілізації їх у корозійних біологічних середовищах і впливає 
також на їхні електричні, магнетні, каталітичні та плазмонні власти-
вості. Досягнення останніх років у галузі виробництва композитів на 
основі нанорозмірних частинок різної природи продемонстровано в да-
ній оглядовій статті. Підсумовано основні методи підготовки матерія-
лів, властивості та можливі сфери застосування їх. 

Key words: Fe3O4, ZnO, TiO2, nanocomposites, nanoparticles, structure, 
conductivity, bactericidal action. 

Ключові слова: Fe3O4, ZnO, TiO2, нанокомпозити, наночастинки, струк-

Наносистеми, наноматеріали, нанотехнології  
Nanosistemi, Nanomateriali, Nanotehnologii 
2021, т. 19, № 4, сс. 967–980 

 

 2021 ІÌÔ (Іíñòèòóò ìåòàëîôіçèêè  

іì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðàїíи) 
Надруковано в Óкраїні. 



968 M. ZAHORNYI, O. LAVRYNENKO, N. TYSCHENKO, M. SKORYK et al. 

тура, електропровідність, бактерицидність. 

(Received 15 December, 2020) 
  

1. INTRODUCTION 

Nowadays, it will not be an exaggeration to attribute the spread of 
viral infections and ensure the biological safety of the population to 
the global problems of the XXI century. According to statistics, 
every year, 15 million people die in the world. Viral infections have 
a division into new (emergent) and secondary (re-emergent). The 
second type includes avian influenza viruses (A (H5N1)) (1997), A 
(H9N2) (1999), A (H7N7) (2003), A (H7N3) (2004), A (H7N9) A 
(H10N8) (2013), including pandemic virus A (H1N1) pdm09 (2009), 
coronaviruses (SARS viruses, 2002, Middle Eastern respiratory 
syndrome MERS-CoV, 2012), etc. The urgency of the research topic 
is due to the need to develop the latest effective means of prevent-
ing the spread of viral pathogens that can lead to epidemics and 
pandemics. 
 Functional nanocomposites based on metal oxides as TiO2, ZnO, 
and Fe3O4 doped with noble metals and rare-earth elements (REE) 
can be a perspective material for the new kind of bioactive photo-
catalysts creation, whereas, the presence of REE in the structure of 
the zinc and titanium oxides enhances their photocatalytic activity. 
The inclusion of noble metal cations in the crystal lattice of iron 
oxides enhances their optical properties [1–2]. In addition, effect of 
UV irradiation on metal oxide catalysts promotes to appearance 
their photobactericidal activity [1–10]. 
 This paper presents the composite nanomaterials for the devel-
opment of novel water purification technologies. The unique sur-
face, optical, and catalytic properties of nanomaterials based on ox-
ide nanoparticles of different nature are present to the wastewater 
treatment. The aim is to analyse the state-of-the-art of the given 
rapidly developed research area. 

2. METHODS OF PREPARATION AND PROPERTIES OF COMPOSITES 
WITH TiO2 NANOPARTICLES 

In the past 10 years, TiO2 nanopowder through photocatalytic activ-
ity, chemical resistance and non-toxic can be used as an effective 
agent for the treatment of organic and inorganic substances, patho-
gens of various types in the environment [7–10]. The unique prop-
erties of TiO2, especially nanoscale one, used to address important 
energy and environmental issues have caused the recent emergence 
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of large scientific works on the synthesis and study of its antivirus 
properties and then search for ways of its practical application The 
antiviral activity of TiO2 anatase nanoparticles against human ade-
novirus 5 serotypes was between 45% and 95% dependence on par-
ticles size [8]. 
 The authors [1–7] note that the doping by metal (rare earth) ele-
ments allows shifting to the visible region, but the photocatalytic 
activity may decrease, especially in the UV range. For the electronic 
interaction, nitrogen is good because of electrons can pass for the 
dopant of the orbitals 2p or 3p to the 3d orbital Ti, and the width 
of the forbidden band decreases. The photocatalytic activity de-
crease of doped TiO2 powders in the visible region, especially in the 
polluted environment is an urgent problem to solve [10–17]. 
 TiO2 powders doped with Ag, Fe enhance the photocatalytic and 
bactericidal activities [20–23]. For example, Ag concentration from 
2.46 to 6.0 wt.% showed increasing of bacteriophage virus inactiva-
tion rate by 7 times. Therefore, the duration of the disinfection 
process reduced from 5 to 0.75 min [20]. Der-Shing Lee and Yu-
Won Chen have shown the optimum Ag loading (2 wt.%) for the 
excellent methylene blue destruction under UV-light irradiation 
[24]. 
 The bactericidal effect on the bacillus Kochi has been studied us-
ing TiO2–Ag–SiO2 photocatalyst [23]. The synthesized composite 
characterized by a higher surface area of 164 m2g

1 in comparison 
with P25. Thus, the ability to inactivate composite photocatalyst 
occurs over a wide spectral range of UV irradiation with an intensi-
ty 2.5 mV cm

2. However, the high absorbance of visible light does 
not always increase the photocatalytic activity. Sometimes, the cati-
on doping leads to a certain number of defects in TiO2, which can 
act as centres for the recombination of charges. 
 Nevertheless, this can be avoided if after doping the photocata-
lyst is annealed additionally. For example, the annealing of TiO2–Co 
photocatalyst at 100, 400, 600, and 800C for 180 min resulted in 
30, 50, 90, and 60% photodestruction of 2-chlorophenol, respective-
ly [25]. Thus, the annealing temperature for doped anatase (500–
600C) increases the crystallinity and reduces the recombination of 
electron–hole pairs. 
 The presence of Ti3


 defects for the synthesized sample could be 

the reason for bandgap decrease in this semiconductor to 2.75 eV 
and growth of MO (methyl orange) anode oxidation currents under 
UV irradiation at high scan rates (above 50 mV/s) and potentials 
below 500 mV (SCE) comparing with standard samples [15]. The 
photoelectrocatalytic activity of samples is defined by the dispersity 
and form nanoparticles. 
 Thus, the photocatalytic degradation is an efficient and economi-
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cal method that attracted increasing attention [20–29]. This is be-
cause it is particularly useful for cleaning biologically toxic or 
nondegradable materials such as aromatics, pesticides, petroleum 
constituents, and volatile organic compounds in wastewater. The 
contaminant materials are converted largely into stable inorganic 
compounds such as water, carbon dioxide, and salts, i.e., they un-
dergo mineralization. Additionally, other features such as morpho-
logical architecture, the nature of catalyst, and surface properties 
affecting photocatalysis will be considered when designing a stable 
and efficient catalyst material. 

3. NANOMAGNETITE DOPED WITH NOBLE METALS 

Core & shell type nanocomposites are attractive to practical applica-
tion in biological and medical studies due to the combination of 
their useful physical-chemical properties such as optical (plas-
monic), (super)paramagnetic, catalytic, accompanied with biocom-
patibility as well. 

3.1. Typical Synthesis Methods to Obtain Core and Shell Type 
Nanocomposites 

Generically, the obtaining of core and shell type nanocomposites 
based on ferromagnetic cores covered with precious (noble) metal 
shells includes the synthesis of iron oxides nanoparticles and the 
following formation of noble metal shell on their surface [30]. Now-
adays, core & shell type nanocomposites are usually formed via as 
follow: 
 1) coprecipitation of ferric and ferrous salts in weak-alkaline wa-
ter dispersion medium and reduction of noble metal shells on their 
surface [31]; 
 2) microemulsion method [32, 33]; 
 3) separate sedimentation of the nucleating seeds (magnetite and 
gold) and formation of corresponding composites using organic sub-
stance [34]. 
 Less commonly applied methods are closely connected with the x-
ray emission [35], laser ablation [36], sonochemical reaction [37], 
‘wet’ chemistry [38], and photochemical reduction [39]. 
 According to published data, the process of the formation of 
cores and shells is possible in two phases system (microemulsion 
method), as well as in water [38] or organic medium only [39]. Re-
cently, the combined method including the formation of ferromag-
netic core in organic medium and formation of noble metal shell — 
in water was proposed [40]. 
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 The carrying out of the surface separated reductive–oxidative 
reaction on the steel–solutions of noble metals interface may be re-
ferred to alternative synthesis procedure to obtain core and shell 
type nanoparticles [41]. In the first stage of the process, Fe(II)–
Fe(III) layered double hydroxides (LDHs) are formed on the steel 
surface contacting with distilled water in the open-air system. Tak-
ing into account strong reductive properties of Fe(II)–Fe(III) LDHs, 
their following contact with water medium containing noble metal 
aqua forms leads to phase transformation of LDH into magnetite 
particles accompanied with reduction of precious metals on their 
surface or it leads to the inclusion of Ag, Au, Pt or Pd cations into 
the crystal lattice of magnetite. The concentration of noble metals 
in the initial solutions influences degree of a core covering and the 
thickness of the shell at all. The main advantages of the procedure 
lie in the simplicity of the method, the absence of necessity to use 
superficially active substances (SAS), various reducing agents, and 
high concentrated ferric–ferrous solutions to form core particles as 
well. 
 To obtain ferromagnetic cores, it is usually applied co-
precipitation in the water medium in the presence of inorganic fer-
rous and ferric salts and base solution NaOH or NH4OH under 
standard conditions [42] or in the nitrogen atmosphere by the addi-
tion of a reducing agent, for example, sodium citrate [43]. In addi-
tion, the reductant simultaneously plays the role of stabilizing sub-
stance [44]. Numerous synthesis methods of obtaining ferromagnet-
ic nanoparticles were described in several reviews [45]. Nanosize 
iron oxides for biomedical applications are usually obtained via pol-
yol synthesis, preparation of microemulsions, co-precipitation, de-
composition of organic species, etc. Thus, nanocomposites based on 
iron cores and silver shells were produced under the standard condi-
tions in the solution containing argentum nitrate, ferrous salt, bo-
rohydride, and sodium citrate [46]. As the determinative factors of 
obtaining nanocomposites, the sequence of solutions blending, and 
time of reagents addition was found. 
 Hydroxylamine, citrate, or sodium borohydride are most com-
monly used as reducing agents [47]. To reduce the silver layer onto 
nanomagnetite surface, tartaric acid was used [48]. However, the 
application of various SAS and organic components to obtain core 
and shell type nanocomposites is impossible for structures prepared 
for biomedicine, so in that case, there are preferable to use various 
biocompatible substances. For example, Fe3O4 and Au particles were 
synthesized via a combination of chemical and biological route [49]. 
Ethanolic extract of Eucalyptus camaldulensis was used to reduce 
aurum on the magnetite surface from the water solution of HAuCl4. 
 Therefore, we need to develop effective materials for preventing 
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the bacteria from environmental because of pandemic spreading. 
The idea is the creation of functional composites based on magnetite 
and anatase with cations of Ag, Pt, Pd, which exhibit bactericidal 
and antiviral activities under the UV irradiation for purification 
water and air. 
 Functional nanocomposites based on metal oxides as TiO2, Fe3O4 
doped with noble metals and rare-earth elements (REE) can be a 
perspective material for the new kind of bioactive photocatalysts 
creation, whereas, the presence of REE in the structure of the zinc 
and titanium oxides enhances their photocatalytic activity [30]. The 
inclusion of noble metal cations in the crystal lattice of iron oxides 
enhances their optical properties [31] accompanied by superpara-
magnetic properties and high catalytic activity for phospholipids. 
 Our team synthesized bioactive magnetite and anatase doped cati-
ons of Ag, Pt, and Pd with a concentration in the interval 0–5 
wt.% (Fig. 1). Noble concentrations influence surface structure and 
magnetic properties of as-prepared and UV-irradiated nanocompo-
sites doped with Ag, Pt, Pd. EDX analysis testifies composition of 
TiO2–Ag (Ti—58.6 wt.%, O—36.69 wt.%, Ag—4.12 wt.%) and 
Fe3O4–Ag (Fe—50.84 wt.%, O—44.92 wt.%, Ag—4.3 wt.%). 
 According to obtained data, the UV irradiation changes the spine 
quantity in the structure of the nanocomposites and it shifts the 
characteristically lines to high energy. 

3.2. Study of Adsorption and Phagocytosis of Magnetite Particles 
by U-937 Cells 

Our study of the magnetite nanoparticles adsorption and their 

  
a     b 

Fig. 1. SEM images: a—TiO2–Ag (4 wt.%) (19300); b—Fe3O4–Ag (16900). 
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phagocytosis by U-937 cells was performed using the Lilly cyto-
chemical method. Incubation of U-937 cells with magnetite particles 
was performed in phosphate-buffered saline for 15–120 min. Ac-
cording to the obtained data (Fig. 2), magnetite with a nanometer 
particle size is adsorbed on the cell surface and does not show signs 
of phagocytosis. The obtained data indicate that, during the entire 
period of observation in the cells of the control group, there were 
not detected granules, which include Fe2+ and/or Fe3+. 
 Magnetite obtained on the surface of the iron with particles size 
1 m was identified on the cell surface in the form of both aggre-
gates and individual particles. For 15 min of incubation at the point 
of contact of magnetite with the cell, there was observed bending of 
the cytoplasm. Phagocytic magnetite particles are also present in 
some cells. The amount of phagocytosed and adsorbed magnetite in 
the cells increased during 2 h of observation. The adsorption of 
natural microsize magnetite by the cell surface is similar to the ad-

  
a     b 

  
c     d 

Fig. 2. Cells of the U937 line (human leukemic monocyte lymphoma cell 
line): a, b—system cells; in-cells after incubation with nanosize magnetite 
particles; c, d—cells after incubation with microsize particles of magnet-
ite. Notice: scale is 10 m. 
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sorption of the synthesized analog, but during 120 min of incuba-
tion, the amount of phagocytosed and adsorbed natural magnetite in 
the cells increased and exceeded the values obtained for artificial 
magnetite. Moreover, in some cells, phagocytosis was accompanied 
by cell death and disintegration. Based on the obtained results, it is 
concluded that the magnetite obtained by the method of rotational 
corrosion dispersion has less biological activity compared to natural 
and this makes it suitable for further use in various biological sys-
tems. 
 Thus, the study of the interaction of tumour cells of the promon-
ocytic leukaemia line U-937 with magnetite particles obtained by 
the method of rotational corrosion dispersion, as well as microsize 
particles of natural magnetite proved their lack of cytotoxic proper-
ties. The revealed dependence of the cytotoxic activity of other 
iron-oxygen-containing minerals on their nature and particle size is 
due to a possible criterion for the selection of ferromagnetic mate-
rial concerning its suitability for medical and biological research. 
Nanosize magnetite particles form a complex with transferrin, a 
natural transporter of iron, and accumulate in mitochondrial and 
cytosolic cell fractions. The tested particles of iron–oxygen-
containing minerals are recognized as suitable for the creation of 
nanosize magnetic carriers. 

4. MANUFACTURING AND PROPERTIES OF ZnO 
NANOSTRUCTURES 

Among the metal oxide nanoparticles (NPs), ZnO a wurtzite n-type 
semiconductor and which have potential material for biosensing and 
gas sensing application because of their unusual properties, like di-
rect bandgap (3.37 eV), high exciton binding energy (60 meV), and 
resistivity (10

4 to 105 cm), including high surface area, high cat-
alytic efficiency, nontoxicity, chemical stability, and strong adsorp-
tion ability. ZnO nanostructures (NS) due to their unique properties 
have the possibility of using in the ultraviolet (UV) photodiodes, 
piezoelectric devices, chemical sensors, etc. [50]. In the last years, 
ZnO has been more actively studied as a cost-effective and eco-
friendly photocatalytic material for the cleaning of the environment 
from persistent organic pollutants, bacteria [51, 52]. ZnO films and 
nanostructures were deposited on Si substrates by MOCVD using 
single-source solid-state zinc acetylacetonate (Zn(AA)) precursor 
[53]. Doping by silver was realized in-situ via adding 1 and 10 
wt.% of Ag acetylacetonate (Ag(AA)) to zinc precursor. The 
MOCVD method of growth allows us to deposit the different types 
of ZnO nanostructures morphologies (Fig. 3). 
 It was shown that Ag doping affects the ZnO microstructure via 
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changing the nucleation mode into heterogeneous and thus trans-
forming the polycrystalline films into a matrix of highly c-axis tex-
tured hexagonally faceted nanorods or nanowires. Ag doping leads 
to increasing of the work function value from 4.45 to 4.75 eV that 
is attributed to Ag behaviour as a donor-type impurity. It was ob-
served that near-band photoluminescence of ZnO NS was enhanced 
with Ag doping because of quenching deep-level emission. Observed 
considerable amplification of near-band photoluminescence in Ag-
doped ZnO NS comparison with undoped ZnO may be caused by sur-
face plasmon resonance, which, as we believe, can be used for the 
development of the effective photocatalytic devices based on Ag-
doped ZnO NS for the disposal of the environment from organic pol-
lutants and bacteria, etc. 
 Besides, the nanosize ZnO particles having a large specific sur-
face and high surface energy, upon settling on the surface of a bac-
terium, easily destroy the cell membrane and penetrate the micro-
organism. In this case, the balance of metabolism and energy with 
the environment is disturbed, and the bacterium death occurs. To 
increase the bactericidal activity of ZnO-based nanostructures, all 
types of modifications are used [50–54]. Thus, the creation of 
structures of ZnO/Au, Ag, Cu leads to an increase in the ROS (su-
per radical oxides) release rate due to the separation of electron-
hole pairs at the Schottky barrier and decrease in their recombina-
tion, acceleration of the generation of such pairs caused by the in-
fluence of surface plasmons and the shift of the absorption edge 
towards the visible light. In such structures, charge transfer from 
Au and Ag to ZnO can cause an electrostatic attraction between pos-
itively charged metal particles and negatively charged bacteria, in-
creasing bactericidal activity. In addition, noble metals themselves 

 
                a    b   c 

Fig. 3. SEM images of ZnO:Ag nanostructures: nanorods (a), nanowires (b) 
and nanoteats (c) deposited on Si substrates. 
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have bactericidal properties of a wide spectrum of action. 
 The authors of chapter [54] discussed the application of various 
nanomaterials (such as metal nanoparticles, metal oxides (TiO2, 
ZnO, CeO2, Fe3O4), carbon compounds, filtration membranes, etc.) in 
the field of wastewater treatment by photocatalysis. In the last 
years, most photocatalysts have been specifically devised for appli-
cation under sunlight, but many researchers focused attention on 
UV-active systems [54]. Thus, here, we will differentiate between 
UV- and visible light or sunlight-active nanoscale semiconductors. 
This chapter [54] also includes a description of the most studied 
photocatalytic reactions related to water purification, the degrada-
tion of emerging pollutants, and disinfection procedures. 
 Considering the methods of synthesis and study of nanocompo-
sites properties with oxide NPs, especially of TiO2, has not yet re-
ceived information on the effectiveness of their use. The reason for 
all would be to use expensive Ti precursors. Using cheap TiCl4 as 
the precursor of TiO2 does not allow us to obtain the composite sys-
tem with the required properties due to the complexity of the con-
trol of the hydrolysis process, the difficulties associated with the 
removal, and the highly reactive reaction by-products (HCl). How-
ever, methods of the TiO2-surface modifying in the synthesis of 
composites do not cause difficulties in most cases and could be suc-
cessfully applied to industrial processes. 
 Thus, it is a global task to create a composite photogenerator 
based on TiO2, ZnO, Fe3O4 to control the distribution of 
h(generation), and then applying for the effective destruction of 
toxic organic substances and pathogen microorganisms due to the 
high concentration of oxide radicals. 

5. SUMMARY 

Thus, nanosize core & shell type composites containing iron oxide 
cores (magnetite or maghemite) and noble metal shells (in particular 
gold or silver) are one of the most perspective materials for biomed-
ical applications due to combinations of magnetic, optical, colloid-
chemical properties, as well as because of the possibility to biofunc-
tionalization of the surface of the composite. The variation in the 
physicochemical characteristics of nanocomposites based on ferri-
magnetic cores and a noble metal shells opens for us great possibili-
ties for their usage as a platform for the development of highly ef-
fective diagnostic and therapeutic tools with selectivity at the level 
of individual cells and biomacromolecules. The superparamagnetic 
properties of Fe3O4 and Ag0 shell composite particles and the photo-
catalytic properties of TiO2 nanopowder in combination with the 
bactericidal and antiviral activity of both, which can be significant-

https://www.sciencedirect.com/topics/materials-science/metal-nanoparticles
https://www.sciencedirect.com/topics/materials-science/metal-oxide
https://www.sciencedirect.com/topics/materials-science/photocatalysts
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ly increased under the influence of UV radiation, are the basis for 
the creation of new protective composite materials. Variation in the 
material composition of such a composite, the structure of oxide 
particles and the form of their composition of modifying compo-
nents will optimize the photoactive composite system, which will 
show the greatest antiviral activity initiated by the action of UV 
radiation. The obtained nanocomposite (in the form of powder or 
film) can be used in the creation of technical means and prevention 
of the spread of infectious diseases in a confined air environment 
(transport, public places, and hospitals). 
 Summarised results show that the photocatalysis of composites 
TiO2, ZnO appears to be an interesting approach to water purifica-
tion, offering the possibility of using sunlight as a sustainable and 
renewable source of energy. This technology is based on the pres-
ence of a semiconductor that can be excited by light with energy 
higher than its bandgap, inducing the formation of energy-rich 
electron–hole pairs that can be involved in ORR (oxygen reduction 
reaction). Recent progress has explored the chemical nature of na-
noscale semiconductors to improving their electronic and optical 
properties, enhancing their photoresponse to visible light. In addi-
tion, nanomaterials typically have high reactivity and a high degree 
of functionalization, large specific surface area, size-dependent 
properties, etc. They can application in water purification. 
 During doping by Ag, important work function to our TiO2, 
Fe3O4, and ZnO has, and maybe, the transfer of electron will take 
place from Ag to conducting band oxide to achieve Fermi level equi-
librium following by localized surface plasmon resonance. The fea-
tures of proposed with us doped oxide nanoparticles (specific 
nanostructures) due to catching and holding of microorganisms, 
generation of oxidizing radicals by photocatalysts under UV irradia-
tion, mechanical damaging of microorganisms, and inactivation of 
microorganisms. We are going step-by-step to discover all compo-
nents and deliver all evidence of such a concept for the effective 
antimicrobial guard.  
 However, the questions that have arisen since the start of the 
COVID-19 coronavirus pandemic, which spreads mainly with air 
droplets, suggest that scientists will soon turn their attention to 
cleaning the water and air from microbiological contaminants. By 
taking into account the advantages of the photocatalytic properties 
of ZnO over TiO2, one can expect the problems that have arisen to 
be solved in particular thanks to zinc-oxide nanomaterials. 
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In this research, ZnO nanoparticles are doped with the manganese (Mn) 
and gadolinium (Gd) ions using chemical co-precipitation method. The ef-
fects of dopants on the structural, morphological and optical properties of 
ZnO are investigated. In addition, the antimicrobial activity of ZnO nano-
particles doped with the Mn and Gd metallic ions are revealed. The struc-
tural, morphological and optical properties are characterized using x-ray 
diffraction (XRD), scanning electron microscopy (SEM) and ultraviolet-
visible (UV-Vis) spectroscopy. The XRD results reveal the synthesized na-
noparticles possessed hexagonal phase of wurtzite structure and average 
crystallite size of 31–38 nm. The decreases in crystallite size, lattice pa-
rameters, unit volume and bond length are observed after incorporation of 
the Mn and Gd ions into the ZnO matrix. On the other hand, increments 
in strain and concentration of defects are observed after the Mn and Gd 
doping. Scanning electron-microscopy images show spherical shape with 
well-defined distributions observed. The energy band gaps estimated from 
ultraviolet-visible absorption spectra are found to be 3.35, 3.28 and 3.07 
eV for undoped ZnO, Gd-doped and Mn-doped ones, respectively. The an-
timicrobial activity of undoped, Mn- and Gd-doped ZnO nanoparticles are 
tested against gram-negative bacteria (E. coli and P. aeruginosa), gram-
positive bacteria (S. aureus and B. subtilis) and fungus (C. albicans) using 
agar-well diffusion method. The results indicate that the antimicrobial 
activity of doped ZnO nanoparticles is higher as compared to undoped ZnO 
nanoparticles. As also found, the gram-positive bacteria are more suscep-
tible to ZnO nanoparticle than gram-negative bacteria and fungus. 

У цьому дослідженні наночастинки ZnO леґуються йонами Манґану 
(Mn) та Ґадолінію (Gd) за допомогою хемічного методу співосадження. 
Досліджено вплив леґування на структурні, морфологічні й оптичні 
властивості ZnO. Крім того, виявлено антимікробну активність наноча-
стинок ZnO, леґованих металічними йонами Mn і Gd. Структурні, мор-
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фологічні й оптичні властивості характеризуються за допомогою рент-
ґенівської дифракції (РД), сканувальної електронної мікроскопії і спе-
ктроскопії у видимій та ультрафіолетовій областях світла. Результати 
РД показують, що синтезовані наночастинки мали гексагональну фазу 
структури вюрциту та середній розмір кристаліту у 31–38 нм. Змен-
шення розміру кристаліту, параметрів ґратниці, об’єму елементарної 
комірки та довжини зв’язку спостерігаються після втілення йонів Mn 
та Gd до матриці ZnO. З іншого боку, збільшення деформації та конце-
нтрації дефектів спостерігаються після леґування Mn і Gd. Сканувальні 
електронно-мікроскопічні зображення показують сферичну форму з 
чітко визначеними розподілами, що спостерігаються. Енергетичні зонні 
щілини, оцінені з ультрафіолетово-видимих спектрів поглинання, ви-
явилися у 3,35, 3,28 і 3,07 еВ для нелеґованого ZnO та леґованого Gd і 
Mn відповідно. Антимікробна активність нелеґованих та леґованих Mn 
і Gd наночастинок ZnO перевіряється проти грамнеґативних бактерій 
(E. coli і P. aeruginosa), грампозитивних бактерій (S. aureus і B. subtilis) 
і грибка (C. albicans) за допомогою імунодифузійного методу в агарово-
му ґелі. Результати показують, що антимікробна активність леґованих 
наночастинок ZnO вище в порівнянні з нелеґованими наночастинками 
ZnO. Як також з’ясувалося, грампозитивні бактерії більш сприйнятли-
ві до наночастинок ZnO, ніж грамнеґативні бактерії та грибок. 

Key words: Zn0.98Mn0.02O, Zn0.98Gd0.02O, co-precipitation method, structure, 
antimicrobial activity. 

Ключові слова: Zn0.98Mn0.02O, Zn0.98Gd0.02O, метод співосадження, струк-
тура, протимікробна активність. 
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1. INTRODUCTION 

Nanoparticles (NPs) are special classes of organic or inorganic ma-
terials having size in the range of 1 to 100 nm in at least one di-
mension. They have unique and enhanced functional properties such 
as high surface area to volume ratio and more atoms on their sur-
face than their micro- or macro-scale counterparts owing to their 
nanoscale feature [1]. Metal oxide nanoparticles are important ma-
terials, finding applications in a diverse range of activities. Among 
them, ZnO NPs have many significant features such as chemical 
and physical stability, large exciton binding energy (60 meV), wide 
band gap, intensive ultraviolet (UV) and infrared (IR) adsorption 
[2–5]. ZnO NPs also have several advantages due to low toxicity, 
biosafe biocompatibility and biodegradability, which make the mate-
rial important for antibacterial, antifungal, and wound healing ap-
plications [6–9]. 
 Several studies have been conducted on various factors affecting 
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the shape, size, optical properties and applications of ZnO NPs. The 
factors are precursor concentrations [10], temperature [11, 12], sur-
factant concentrations [13, 14], dopant concentrations [15], solvent 
medium and pH of the reaction mixture [16, 17]. Doping is one of 
the strategies to modify the structural, morphological and optical 
properties of ZnO nanoparticles and enhance its applications such as 
antimicrobial activity. 
 In addition, several available reports deal with the particle size-
dependent antimicrobial activity of ZnO nanoparticles (NPs), where 
antimicrobial activity is inversely related to the particle size. 
Hence, the crystal size of ZnO nanoparticles needs to be reduced for 
better antimicrobial activity [18]. The antimicrobial activity of un-
doped and doped zinc oxide nanoparticles has also been studied 
against gram-negative and gram-positive bacteria using chemically 
synthesizing method [19]. The main mechanism of antimicrobial ac-
tivities of ZnO NPs is the electrostatic interaction between ZnO NPs 
and cell membrane of the bacteria, penetration of ZnO NPs into the 
inside of bacterial cell wall, and the formation of reactive oxygen 
species (ROS) inside the cell of bacteria, which destroys the cyto-
plasm of the bacteria [20]. It is reported that gram-negative bacte-
ria are more resistant against ZnO NPs than gram-positive bacteria 
due to that it has double cell membrane structure (outside and cy-
toplasmic membrane) and the difference in intracellular antioxidant 
content [21]. 
 Many researchers reported the synthesis and characterization of 
zinc oxide nanoparticle doped metals in separate studies for differ-
ent precursors at different conditions using different synthesis 
methods. But, to date results there is a controversy and debate on 
the influence of these dopants on the structural, morphological and 
optical properties as well as on the antimicrobial activity of ZnO 
nanoparticles. Therefore, in this research, it is intended to investi-
gate the effects of Mn and Gd dopant ions on the structural, mor-
phological and optical properties of ZnO nanoparticle and on its an-
timicrobial activity. 

2. MATERIALS AND METHODS 

2.1. Materials 

The precursor chemicals for the synthesis of pure and doped ZnO 
NPs are zinc acetate dihydrate (Unichem, India), sodium hydroxide 
(Alpha Chemika, India), Manganese acetate dihydrate (Unimag. me-
dia, India) and Gadolinium chloride hexahydrate (uni. Himedia, In-
dia). Culture media such as Müller–Hinton agar (M173-500G HiMe-
dia, India), tryptone soya agar (T131-500G HiMedia, India), and nu-
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trient broth (N173-500G HiMedia, India) for cultivation of the test 
organisms and used for the determination of antimicrobial activity 
of ZnO nanoparticles. Dimethyl sulfoxide (Unichem, India), ethanol 
and double distilled water were used as the solvent. Antibiotic gen-
tamicin was used as positive control. All chemicals are analytical 
grades and do not undergo further purification. 

2.2. Synthesis Methods 

For synthesis of pure ZnO, 21.95 g of zinc acetate dihydrate was 
completely dissolved in 100 ml of deionized water and 0.2 M of 
aqueous NaOH solution was added drop wise to the mixture. Later, 
the solution was stirred for 30 minutes and placed at room temper-
ature for 5 hrs for precipitation to occur. This one resulted in the 
formation of white coloured precipitates in the reaction mixture. In 
order to separate the precipitates, the reaction mixture was filtered 
and washed several times using double distilled water and ethanol 
to remove impurities. Finally, it was oven-dried at 60C for 17 hrs. 
The calcination of the white powder was performed at 200C for 2 
hrs in a muffle furnace (model No. MC2-5/5/10-12, Biobase, 
Chine). 
 Similarly, to prepare Mn and Gd ion doped ZnO NPs we followed 
the already developed procedures by [22]. In order to synthesis of 
Zn0.98Mn0.02O nanoparticle, 0.54 g of manganese acetate dehydrate 
was dissolved in 100 ml of deionized water and it was mixed with 
an aqueous zinc acetate dihydrate solution (21.95 g of zinc acetate 
dissolved in 100 ml of deionized water). 0.2 M of NaOH solution 
was added drop by drop to the above homogenous mixture to get a 
white precipitate with pale green colour. For drying and calcina-
tion, similar procedures mentioned above were repeated. Similarly, 
for the synthesis of Zn0.98Gd0.02O nanoparticle, 0.5478 g of gadolini-
um chloride hexahydrate was dissolved in ethanol: double distilled 
water (50%:50%) and it was mixed with zinc acetate dihydrate so-
lution (21.95 g of zinc acetate in 100 ml of deionized water). 

2.3. Characterizations 

X-ray diffractometer (XRD-7000, Shimadzu Co., Japan) to investi-
gate the x-ray diffraction pattern of NPs by generating CuK radia-
tion,1.54056 operating at a voltage of 40 kV and applied cur-
rent of 30 mA. It is used to determine the crystalline phase of the 
undoped, Mn and Gd-doped ZnO nanoparticles. Intensities were 
measured at room temperature at an angle range of 
210280. All the diffraction peaks are well indexed to the 
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hexagonal ZnO wurtzite structure (JCPDS 36-1451). The average 
crystallite size estimated from the Debye–Scherrer formula [23]: 
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where , ,  and D are x-ray wavelength, Bragg’s diffraction an-
gle, full width at half maximum of the peak and average grain size 
of the crystallite, respectively. The lattice parameters a and c and 
the spacing distance dhkl for the wurtzite structure of ZnO were cal-
culated using Eqs. (2) and (3): 
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 The dislocation densities (), the micro-strain (), the volume (V) 
of the unit cell for hexagonal system, the bond lengths (L), and the 
positional parameter (u) of undoped and doped ZnO nanoparticles 
were calculated by using Eqs. (4)–(8) [24]: 
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 The morphology of undoped and doped ZnO NPs was studied us-
ing a scanning electron microscope (Hitachi, H 7600). In SEM char-
acterization, powder was mounted on a sample holder coating with a 
conductive metal. The samples were scanned with focused fine 
beams of electrons. The surface characteristics of the sample were 
obtained from the secondary electrons emitted from the sample sur-
face [25]. 
 The optical characterization of ZnO NPs was carried out using 
UV-Vis spectroscopy. The band gap energies are calculated using 
Eq. (9) [26]: 
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where h is the Planck’s constant (6.62610–34 Js), c is the light ve-
locity (3108 m/s), and  is the wavelength. 

2.4. Determination of Antimicrobial Activity of ZnO NPs 

The antimicrobial properties of undoped, Mn-doped and Gd-doped 
ZnO nanoparticles were determined against gram-negative bacteria 
(E. coli and P. aeruginosa), gram-positive bacteria (S. aureus and B. 
subtilis) and fungus (C. albicans) using agar-well diffusion method. 
Dimethyl sulfoxide and standard antibiotic gentamicin were used as 
negative and positive control for the bacterial strains respectively. 
The strains were transferred to nutrient broth and incubated to 
grow aerobically at 37C for 24 h until it achieved the turbidity of 
0.5 McFarland standards. 0.01 mL of each sub-cultured bacteria 
were spread using sterilized cotton swab on 20 mL of sterilized mol-
ten and cooled MHA and TSA media, respectively. Subsequently, 
agar wells of 5 mm diameter were prepared on different plates with 
sterilized stainless steel cork borer and labelled properly. Different 
concentrations of (100, 150 and 200 g/ml) of solutions were added 
into well using micropipette. The plates containing the microbes 
and nanoparticles were incubated at 37C for 24 hrs in case of bac-
teria and 28C for 48 hrs in case of yeast. The plates were examined 
for evidence of zones of inhibition, which appear as a clear area 
around the wells. The diameter of zones’ inhibition measured and 
means value expressed in millimetres and compared with the stand-
ard drug gentamicin. All experiments were performed three times 
and the results were averaged. 

3. RESULTS AND DISCUSSION 

3.1. X-Ray Diffraction (XRD) Analysis 

The structural analyses of pure ZnO and doped (Zn0.98Mn0.02O and 
Zn0.98Gd0.02O) nanoparticles are depicted in Fig. 1, a–c. The diffrac-
tion peaks observed at 231.7480, 34.4191, 36.2366, 36.6165, 
47.5244, 56.5660, 56.8454, 62.8533o, 66.3569, 67.9250, 
69.0605 and 76.9425 correspond to (100), (002), (101), (102), 
(110), (103), (200), (112), (201), (004) and (202) planes, respective-
ly. All the diffraction peaks are attributed to wurtzite structure of 
ZnO as compared to JCPDS file for ZnO (JCPDS card No. 36-1451) 
with space group P63mc and lattice parameters ab3.25 Å and 
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c5.206 Å, which is in good agreement with previous reported in 
the literature [27, 28]. The sharp peaks and high diffracted intensi-
ty clearly indicated the crystalline nature of the particles. Similar 
patterns were also observed for Mn and Gd-doped ZnO NPs. The 
XRD results have no peaks correspond to Mn and Gd as well as 
MnO and Gd2O3 confirmed that Mn

2 and Gd
3 ions have clearly re-

placed the Zn2 without introducing any impurities into the ZnO 
host lattice. On the other hand, the incorporation of Mn and Gd 
ions into ZnO host lattice or the replacement of Zn ions by Mn and 
Gd ions results in decrease the intensity of (101) peak which depicts 
that the decrease in the degree of crystallinity of samples as con-
centration of the defects in the sample increases [29]. 
 The peak shift of (100), (002) and (101) are analysed using XRD. 
It is clearly seen that the FWHM slightly increases after adding the 
Mn and Gd dopants, indicating the growth of constrain of the crys-
talline or changes in the crystal strains according to the theory 
stated Eq. (5). In addition, peaks of (100), (002) and (101) slightly 
shift towards higher angles compared to undoped. The peak (100) is 
shifted from 31.7480 to 31.7506, 31.7604 for Zn0.98Mn0.02O and 
Zn0.98Gd0.02O, respectively. Similarly, the peak of (002) is shifted 
from 34.4191 to 34.4304, 34.4359 for Zn0.98Mn0.02O and 
Zn0.98Gd0.02, respectively. In the case of (101), it is shifted from 
36.2366 to 36.2419 and 36.2532 for Zn 0.98Mn0.02O and 
Zn0.98Gd0.02O, respectively. Such a shifting of the XRD peaks depicts 
a lattice contraction and is attributed to the strain of the compound 
and mismatch of the ionic radii of Gd3 (1.95), Mn2 (0.66) and 
Zn2 (0.74) or replacement of some Zn cations with Mn and Gd ions 
in each compound [30]. 

 

Fig. 1. X-ray diffraction patterns of (a) pure ZnO, (b) Zn0.98Mn0.02O- and (c) 
Zn0.98Gd0.02O-doped NPs. 
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 On the other hand, the shift in the diffraction peaks is ascribed 
to the decrease in the crystallite size after the doping of Gd and Mn 
into the ZnO host lattice which results in the replacement of Zn ion 
with Gd and Mn ions and the formation of compression stresses in 
the ZnO that cause the positive shift of the ZnO peak. The positive 
shift indicates that when Gd and Mn are introduced into the ZnO 
matrix, the lattice contracts and the lattice parameter decreases. 
Thus, the positive peak shift is an indicator of incorporation of Mn 
and Gd dopants into the Zn sites [31]. 
 The average crystallite size was estimated using Debye–Scherrer 
formula (1) and found to be 38, 36 and 31 nm for pure ZnO and 
Mn-, Gd-doped ZnO, respectively. The average crystallite size of 
Mn- and Gd-doped ZnO NPs is smaller as compared to pure ZnO 
NPs. FWHM of diffraction peak of ZnO (101) increases for Mn and 
Gd dopants; consequently, the size of nanoparticles decreases which 
is in agreement with results reported in literature [32]. The de-
crease in the crystallite size is attributed to the decrease in nuclea-
tion and growth of ZnO nanoparticles with the doping. 
 The values of lattice parameters (a, c), unit cell volume, bond 
length and positional parameter are calculated using Eqs. (2)–(8) 
shown in Table 1. It is observed that the unit cell volume, lattice 
parameters and the bond length slightly decreased after Mn and Gd 
doping, which might result from the difference in the ionic radii of 
Zn2, Mn2 and Gd3, respectively. The smaller ionic radius of Mn2 
than Zn2 results in the decrement of lattice parameter values of a 
and c whereas for larger ionic radius of Gd3 than Zn2 the incre-
ment of lattice parameter values of a and c would be expected but 
decreased due to strain as shown in Table 2. This slight variation in 
the lattice parameters of Zn0.98Mn0.02O and Zn0.98Gd0.02O is due to the 
substitution of Gd and Mn ions with different ionic radii. The 
slight variation in the aspect ratio (c/a) suggests that the Mn and 
Gd dopant ions are well substituted into the ZnO crystal lattice and 
indicated that the hexagonal wurtzite structure of ZnO is not al-
tered due to Mn and Gd dopant ions [31]. The volume of the unit 
cell of doped ZnO NPs is decreased due to decrement of the lattice 
parameters after doping. The calculated values are 47.61, 47.50 and 
47.01 Å3 for ZnO, Zn0.98Mn0.02O and Zn0.980Gd0.02O respectively. This 
indicates that the addition of dopant ions into host lattice occupy 
partially in tetrahedral Zn positions. There is a strong correlation 
between c/a ratio and u. In this study, the c/a ratio reveals small 
perturbation for Mn and Gd doped ZnO NPs. The values of c/a and 
u parameters are given in Table 2. Moreover, the substitution of Mn 
and Gd ions results in significant changes in Zn–O bond length. 
From the Table 1, it is observed that the Zn–O bond length of pure 
ZnO NP is 1.979 Å. The bond length values decreased with Mn and 
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Gd-doped ZnO samples due to the replacement of Zn2 ions in ZnO 
lattice [33]. 
 The reduction in the crystallite size is due to the distortion in a 
host ZnO lattice by the incorporation of foreign impurities and the 
presence of Mn2 and Gd3 into host lattice sites hinders the nuclea-
tion and subsequent growth rate of ZnO NPs. The substitution of 
Mn2 and Gd3 ions in the interstitial positions of host ZnO lattice 
influences the concentration of the interstitial Zn, O and Zn vacan-
cies. The detection of small changes in 2 values and peak broaden-
ing of diffraction peaks are due to the increase of microstrain and 
line broadening effect caused by size and microstrain of NPs. 
 The dislocation densities and microstrain of ZnO NPs were calcu-
lated from Eqs. (4), (5) [33], and given in Table 2. Comparably, the 
microstrain values increase for Mn2 and Gd3 doped ZnO NPs due 
to the relaxation of strain in the respective unit cells, which alters 
the size and shape of the particles [34]. 

3.2. Scanning Electron Microscopy (SEM) Analysis 

The morphologies of undoped, Mn- and Gd-doped ZnO nanoparticles 
were studied using SEM images. Figures 2, a–c show the morpholo-
gies of ZnO, Zn0.98Mn0.02O and Zn0.98Gd0.02O NPs respectively. The 
particle agglomeration as well as narrow particle size distribution is 
observed in all of the samples. Scanning Electron Microscopy (SEM) 
images showed spherical shape with well-defined distributions were 

TABLE 1. Lattice parameters, cell volume and bond length of pure ZnO, 
Zn0.98Mn0.02O and Zn0.980Gd0.02O nanoparticles. 

No. Samples 

Lattice 
parameters Volume (V), Å3 

Positional  
parameters (u) 

Zn–O-bond 
length (L), Å 

a, Å c, Å 

1 undoped ZnO 3.250 

3.240 

3.230 

5.206 

5.204 

5.202 

1.601 0.379 1.979 

2 Mn/ZnO 1.606 0.379 1.973 

3 Gd/ZnO 1.600 0.379 1.968 

TABLE 2. Dislocation densities and microstrain of undoped ZnO, 
Zn0.98Mn0.02O and Zn0.98Gd0.02O nanoparticles. 

Samples Dislocation density, lines/m2 Microstrain, 10
4 

pure ZnO 6.925210+14 7.72 

Zn0.98Mn0.02O 7.716010+14 7.98 

Zn0.98Gd0.02O 1.040510+15 9.37 
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observed [34]. 

   
a          b    c 

Fig. 2. SEM images of (a) undoped ZnO, (b) Zn0.98Mn0.02O NPs, and (c) 
Zn0.98Gd0.02O NPs. The particle agglomeration as well as narrow particle 
size distribution is observed in all of the samples. 

  
a      b 

 
c 

Fig. 3. The ultraviolet-visible absorption spectra of (a) pure ZnO, (b) 
Zn0.98Gd0.02O NPs, and (c) Zn0.98Mn0.02O NPs. 
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3.2. UV-Vis Spectroscopy Analysis 

The effect of Mn and Gd doping on the optical properties NPs are 
shown in Fig. 3, a–c. The absorption peaks are observed at the 
wavelength of 370, 377 and 403 nm for undoped ZnO, Zn0.98Gd0.02O 
and Zn0.98Mn0.02O, respectively. The corresponding optical band gap 
energy calculated using Eq. (9) was found to be 3.35, 3.28 and 3.07 
eV, respectively. The ultraviolet absorption peaks regions are due to 
transition of electrons from valence band (VB) to conduction band 
(CB) [35]. It is observed that ZnO NP exhibited blue shifted absorb-
ance peak as compared to its bulk counterpart having absorbance 
peak at 386 nm (3.2 eV) at room temperature. On another hand, de-
crease in the energy band gap of ZnO NPs with the doping of Mn 
and Gd ions, and this shift is ascribed to the influence of dopant 
ions. The interaction of d electron of Mn ion and f electron of Gd 
ion with sp-electron of ZnO may cause the dopant-induced states 
within the energy gap of ZnO NPs. These states correspond to the 
dopant additional pathways for electronic transition, thus, giving 
rise to the red shift of absorption due to incorporation of Mn2 and 
Gd3 ions into ZnO matrix [36]. 

3.3. Antimicrobial Studies 

Figures 4, a–e demonstrate antimicrobial activity of pure ZnO, 
Zn0.98Mn0.02O and Zn0.98Gd0.02O nanoparticles against different patho-
gens (P. aeruginosa, E. coli, S. aureus, B. subtilis, and C. albicans) 
at the concentrations of 100, 150 and 200 g/ml. The mechanism of 
antimicrobial activity are attributed to the release of Zn2, Mn2 and 
Gd3 ions in dissolution as well as the electrostatic attraction be-
tween negatively charged bacterial cells and positively charged na-
noparticles, internalization into the bacterial cell wall and for-
mation the reactive oxygen species (ROS) such as H2O2, hydroxyl 
radical OH


, superoxide anion radical O2


, which cause damage to 

intracellular components such as DNA and cellular proteins, and 
may even lead to cell death [18–20]. The effects of concentrations 
on the antimicrobial activity of ZnO NPs are illustrated in Tables 
3–5. It is observed that the zone of inhibition increases as the con-
centrations of NPs increases for both pure and doped NPs. 
 The interaction between the NPs and the cell wall of bacteria has 
been changed due to doping of Mn and Gd. Doping Mn and Gd with 
ZnO may lead to the variation in grain size, optical, morphology, 
and solubility of Zn2 ions. All these factors have a significant ef-
fect on the antibacterial activity of ZnO [18–20]. In this study, the 
antimicrobial activity of ZnO NPs is increased with decreasing size 
of the crystal and energy band gap. It is observed that Zn0.98Gd0.02O 
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showed better antimicrobial activity than Zn0.98Mn0.02O and undoped 
ZnO due to its small size as shown in Tables 3–5. A large number of 
studies investigated on the considerable impact of particle size on 
the antibacterial activity, and the researchers found that control-
ling ZnO-NPs’ size was crucial to achieve best bactericidal response, 
and ZnO NPs with smaller size (higher specific surface areas) 
showed highest antibacterial activity [20]. 
 The growth of all bacteria and fungus are more affected by Gd3- 
and Mn2-doped ZnO nanostructures as compared with pure ZnO 
NPs. The other reason for the increment of antimicrobial activity of 
Gd doped ZnO NPs is ascribed to large generation of ROS species as 
doping creates a large number of defects which increases ROS spe-
cies and consequently it increases antimicrobial activity. In general, 
nanoparticles with better photocatalytic activity have larger specific 
surface areas and smaller crystallite sizes, which increase oxygen 
vacancies, resulting in more ROS. Furthermore, due to the various 
surface–interface characteristics may have different chemical–
physical, adsorption–desorption abilities in the direction towards 

   
        a    b   c 

  
        d     e 

Fig. 4. The antimicrobial activities of (a) Zn0.98Mn0.02O NPs applied on 
P. aeruginosa, (b) pure ZnO NPs applied on E. coli, (c) Zn0.98Gd0.02O NPs 
applied on S. aureus, (d) Zn0.98Gd0.02O NPs applied on B. subtilis, and (e) 
Zn0.98Gd0.02O NPs applied on C. albicans with different concentrations (100, 
150 and 200 g/mL). 
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bacteria, make sure in different antibacterial performances. The re-
sults have revealed that Gd- and Mn-doped ZnO nanostructures will 
be a promising candidate to be used for potential drug delivery sys-
tems to cure some significant infections [37, 38]. 
 In the present study, we also found that gram-positive bacteria 
were more sensitive than gram-negative bacterial strains and fun-
gus against the NPs tested as shown in Tables 3–5 for different 
concentrations. All NPs that means pure ZnO, Mn- and Gd-doped 
ZnO NPs were more sensitive to S. aureus and E. coli as indicated in 
tables. The more activity of NPs towards gram-positive bacteria is 
ascribed to the difference in their structure and chemical composi-
tion. The cell wall of gram-positive bacteria has single membrane 
whereas the gram-negative bacteria cell wall has outside and inside 
cytoplasmic membrane as well as lipopolysaccharide, which covers 
peptidoglycan. Therefore, in this case gram-positive bacteria cell 
surface results in more destruction and cell death than gram-
negative bacteria. It was also reported earlier that various bacterial 
strains had considerably different infectivity and tolerance levels 

TABLE 3. Zones of inhibition of ZnO, Zn0.98Mn0.02O and Zn0.98Gd0.02O on 
different types of pathogens with concentration of 100 g/mL. 

Types  
of pathogens 

Zones of inhibition [mm]  
at the concentration of 100 g/ml of NPs 

undoped ZnO Zn0.98Mn0.02O Zn0.98Gd0.02O 
gentamicin  
(control) 

E. coli 5 8 18 19 

P. aeruginosa 6 5 15 17 

B. subtilis 7 10 20 28 

S. aureus 7 15 19 29 

C. albicans 4 10 15 21 

TABLE 4. Zones of inhibition of ZnO, Zn0.98Mn0.02O and Zn0.98Gd0.02O on 
different types of pathogens with concentration 150g/mL. 

Types  
of pathogens 

Zones of inhibition [mm]  
at the concentration of 150 g/mL of NPs 

undoped ZnO Zn0.98Mn0.02O Zn0.98Gd0.02O 
gentamicin  
(control) 

E. coli 8 10 20 19 

P. aeruginosa 7 10 15 17 

B. subtilis 8 17 25 28 

S. aureus 9 20 25 29 

C. albicans 6 10 20 21 
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towards the different agents including antibiotics [39]. 

4. CONCLUSIONS 

The structural, morphological and optical properties of ZnO nano-
particle doped with manganese (Mn) and gadolinium (Gd) ions, and 
their antimicrobial activity were investigated. 
 The nanoparticles were characterized by XRD, SEM and UV-vis 
spectroscopy. The XRD result revealed that the synthesized ZnO 
NPs were in nanometre range with average crystallite size of about 
31–38 nm from the Scherrer’s formula. The lattice parameters, unit 
cell volume and bond lengths were decreased with the doping with 
Gd and Mn. On the other hand, physical defects and dislocations 
were increased. It was also perceived that XRD peaks shifted to 
higher diffraction angles due to the difference of the ionic radii of 
Mn2, Zn2 and Gd3. Morphological studies obtained from SEM have 
revealed the formation of spherical nanoparticles for all samples. 
Optical band gap energy was found to be decreased with doping due 
to the introduction of new energy levels in the energy band gap. 
 The zone of inhibition was observed against pathogenic bacteria 
and fungus strains and suggests that Zn0.98Gd0.02O and Zn0.98Mn0.02O 
showed good antimicrobial activity on gram-positive bacteria (S. au-
reus and B. subtilis), gram-negative bacteria (E. coli and P. aeru-
ginosa) and fungus (C. albicans) than the undoped ZnO nanoparti-
cles. 
 In addition, the results of this study depicted that the antimicro-
bial activities of synthesized NPs were increased with the concen-
tration and size decrement of the crystal. Furthermore, the results 
indicated that the gram-positive bacteria were more sensitive to all 
undoped, Mn- and Gd-doped ZnO NPs than gram-negative bacteria 
and fungus. 

TABLE 5. Zones of inhibition of ZnO, Zn0.98Mn0.02O and Zn0.98Gd0.02O on 
different types of pathogens with concentration 200 g/mL. 

Types  
of pathogens 

Zones of inhibition [mm] 
at the concentration of 200 g/mL of NPs 

undoped ZnO Zn0.98Mn0.02O Zn0.98Gd0.02O 
gentamicin  
(control) 

E. coli 9 10 20 19 

P. aeruginosa 8 10 15 17 

B. subtilis 10 18 30 28 

S. aureus 11 22 29 29 

C. albicans 6 18 21 21 
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