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Surface Morphology of Thin Films of (Y0.06Ga0.94)2O3 Activated by Cr3+
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Thin films of (Y0.06Ga0.94)2O3:Cr are obtained by radio-frequency (RF) ion-
plasma sputtering in an argon atmosphere on polycrystalline polycor and 

amorphous -SiO2 substrates. The study of the surface morphology of thin 

films by atomic force microscopy (AFM) shows that the transition from -
SiO2 substrates to polycor increases the average diameter of crystallites, 

which form the film, from 123 nm to 372 nm for films annealed in an argon 

atmosphere. The heat treatment of films on -SiO2 substrates in an argon at-
mosphere leads to an increase in the root-mean-square roughness of thin 

films, which is of 1.2 nm and 2.9 nm for the unannealed and annealed films in 

an argon atmosphere, respectively. The analysis of the distributions of crys-
tallites by the value of the grain diameter is carried out, and, as found during 

the heat treatment of (Y0.06Ga0.94)2O3:Cr films on -SiO2 substrates, the 

growth of crystallites perpendicular to the film surface is observed. 

Методом високочастотного (ВЧ) йонно-плазмового розпорошення в ат-
мосфері арґону на полікристалічних підкладинках полікору й аморфних 
підкладинках -SiO2 одержано тонкі плівки (Y0,06Ga0,94)2O3:Cr. Дослі-
дження морфології поверхні тонких плівок методом атомно-силової мі-
кроскопії (АСМ) показали, що з переходом від підкладинок -SiO2 до 
полікору зростає середній діяметер кристалітів, які формують плівку 
від 123 нм до 372 нм для плівок, відпалених у атмосфері арґону. Тер-
мооброблення плівок на підкладинках з -SiO2 у атмосфері арґону при-
водить до збільшення середньоквадратичної шерсткости тонких плівок, 
що становлять для невідпаленої та відпаленої плівок у атмосфері арґону 
1,2 нм і 2,9 нм відповідно. Проведено аналізу розподілів кристалітів за 
величиною діяметра зерен і встановлено, що за термооброблення плівок 
(Y0.06Ga0.94)2O3:Cr на підкладинках -SiO2 спостерігається зростання кри-

Наносистеми, наноматеріали, нанотехнології  
Nanosistemi, Nanomateriali, Nanotehnologii 
2024, т. 22, № 1, сс. 1–11 
https://doi.org/10.15407/nnn.22.01.001 

 2024 ІÌÔ (Іíñòèòóò ìåòàëîôіçèêè  

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

https://doi.org/10.15407/nnn.22.01.001


2 O. M. BORDUN, B. O. BORDUN, I. I. MEDVID et al. 

сталітів перпендикулярно до поверхні плівки. 

Key words: gallium oxide, chromium activator, thin films, crystallites, 
surface morphology, AFM. 

Ключові слова: оксид Ґалію, хром-активатор, тонкі плівки, кристаліти, 
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1. INTRODUCTION 

In recent years, nanostructured oxide materials have been widely 
studied, among which Ga2O3 occupies an important place. Gallium 
oxide β-Ga2O3 belongs to the wide-bandgap semiconductors, with a 
bandgap width of 4.5 to 5.1 eV, depending on the preparation condi-
tions. This material is widely used in solar cells, gas sensors, ultravi-
olet photodetectors, luminescent devices, high-power Schottky di-
odes, and transistors [1–10]. Due to its good chemical and thermal 
stability, this material is promising for use in luminescent devices. 
In this regard, pure gallium oxide thin films, activated by various 
impurities, obtained by various methods, are widely studied. The 
photoluminescence spectrum of gallium oxide at room temperature 
usually shows ultraviolet and blue radiation [11–15]. In general, the 
optical and electrical characteristics of thin films based on -Ga2O3 
are determined by the methods of their preparation, deposition 
modes, substrate type, and processing technology, as well as the in-
troduction of impurities, which can purposefully change the spectral-
luminescent and electrophysical properties of these films. To this 
end, thin films with the chemical composition (Y0.06Ga0.94)2O3:Cr were 
studied in this work, in which some Ga3 ions were replaced by isova-
lent Y3+ ions, which did not require local compensation of the electric 
charge. This substitution is because Y2O3 films are also quite promis-
ing in terms of their use in modern optoelectronic and luminescent 
technology [16–19]. This also allows us to better study the lumines-
cence centres in thin films based on -Ga2O3 since the luminescence 
efficiency in these films is largely determined by the peculiarities of 
recombination processes, which luminescence centres of defective 
origin usually cause. 
 In general, the physical properties of thin films are complicated be-
cause films do not always have a perfect structure and can be polycrys-
talline, amorphous, and contain inclusions of other phases. Obtaining 

the required and stable reproducible properties of polycrystalline films 

is further complicated by the presence of intergranular boundaries 

(IGBs). The physical properties of polycrystalline thin films are largely 

determined not only by the material properties but also by the energy 
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levels arising from the presence of the IGBs. It is clear that such levels 

are also determined by the size of the crystallites that form the thin 

films. This led to the study of the surface morphology of thin films of 

(Y0.06Ga0.94)2O3:Cr using atomic force microscopy, which is presented in 

this paper. The films were obtained by the method of RF ion-plasma 

sputtering, which is optimal for obtaining homogeneous semiconduc-
tor and dielectric films [19]. 

2. EXPERIMENTAL TECHNIQUE 

Thin films of (Y0.06Ga0.94)2O3:Cr with a thickness of 0.5–1.2 µm were 
obtained by RF ion-plasma sputtering on polycrystalline polycor 
((99.8% (alpha)-Al2O3) substrates and amorphous fused quartz -
SiO2 substrates. The RF sputtering was carried out in an argon at-
mosphere in a system using the magnetic field of external solenoids 
for compression and additional ionization of the plasma column. 
The feedstock was a mixture of Y2O3 and Ga2O3 oxides of the stoi-
chiometric composition of the ‘ОСЧ’ grade (extra pure). The con-
centration of the Cr3 activator was 0.5 mol.%. After the films were 
deposited on -SiO2 and polycor substrates, they were heat treated 
in argon at 1000–1100С. 
 The structure and phase composition of the obtained films were 
studied by x-ray diffraction analysis (Shimadzu XDR-600). X-ray 
diffraction studies showed the presence of a polycrystalline struc-
ture with a predominant orientation in the (002), (111), (110), and 
(512) planes. The analysis of the obtained diffractograms shows 
that the structure of the films obtained corresponds to the mono-
clinic crystal structure of -Ga2O3. The diffractograms of 
(Y0.06Ga0.94)2O3:Cr thin films almost completely correspond to the 
diffractograms of unalloyed (Y0.06Ga0.94)2O3 thin films, which were 
presented earlier in our work [20]. 
 The surface morphology of the films was studied using an 
INTEGRA TS-150 atomic force microscope (AFM). The image of the 
surface of thin films was obtained in the semi-contact mode. 
 The x-ray photoelectron spectroscopy (XPS) method was used to 
analyse the elemental composition of the surface of the obtained 
thin films. The x-ray photoelectron spectroscopy (XPS, Phoibos 
150, Specs) spectra were recorded using a monochromatic x-ray 
source AlK (1486.6 eV). The binding energy was calibrated against 
the signal from C1s at 285.0 eV. 

3. RESULTS AND DISCUSSION 

Microphotographs of the surface of (Y0.06Ga0.94)2O3:Cr thin films ob-
tained by RF ion plasma sputtering on -SiO2 substrates without 
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heat treatment and after heat treatment in an argon atmosphere 
and on polycor substrates after heat treatment in an argon atmos-
phere are shown in Fig. 1. 

  
a      b 

  
c      d 

  
e      f 

Fig. 1. Images of the surface morphology of (Y0.06Ga0.94)2O3:Cr thin films 
obtained by RF sputtering on -SiO2 substrates without heat treatment (a, 
b) and after heat treatment in an argon atmosphere (c, d) and on polycor 
substrates after heat treatment in an argon atmosphere (e, f). Images a, c 
and e are two-dimensional, b, d and f are three-dimensional. 
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 The topography of the samples was quantitatively characterized 
by standard parameters: root-mean-square roughness, maximum 
grain height, average grain diameter, and average grain volume, 
which were calculated from AFM data using the Image Analysis 3.5 
image-processing module for areas of the same size (50005000 
nm). 
 The characteristic parameters of (Y0.06Ga0.94)2O3:Cr thin films de-
posited on -SiO2 substrates without heat treatment and for films 
deposited on -SiO2 and polycor substrates after heat treatment in 
an argon atmosphere are shown in Table. 
 As can be seen from the results obtained, different types of sub-
strates and the presence of heat treatment have a significant effect 
on the size of crystal grains and surface roughness of the obtained 
samples. 
 The analysis of AFM images (Fig. 1) and parameters of crystal 
grains (Table) of the surface of (Y0.06Ga0.94)2O3:Cr films shows that 
the films deposited on the amorphous quartz substrate -SiO2 are 
formed from significantly smaller grains than when the films are 
deposited on a polycrystalline polycor substrate. The size of crystal-
lites of thin films of (Y0.06Ga0.94)2O3:Cr deposited on a -SiO2 sub-
strate after heat treatment in an argon atmosphere increases, alt-
hough a decrease in the average size of the diameter of the grains, 
from which these films are formed is observed. At the same time, 
the value of the average volume of crystallites increases significant-
ly. Such an increase in the size of crystalline grains and, in particu-
lar, an increase in the average grain volume and changes in the 
value of the root-mean-square roughness indicate a complication of 
the surface structure. 
 A comparison of the histograms of the distribution of grain 
heights (Fig. 2) shows that smaller grains are formed on fused 
quartz substrates, which form the surface of unannealed 
(Y0.06Ga0.94)2O3:Cr thin films, although their average diameters are 

TABLE. Parameters of crystal grains of thin films of (Y0.06Ga0.94)2O3:Cr. 

Parameter 
Without heat 
treatment on 

-SiO2 substrate 

Heat treatment in 
Ar on a -SiO2 

substrate 

Heat treatment 
in Ar on a 

polycor substrate 

Average grain 
diameter, nm 

181 123 372 

RMS roughness, nm 1,2 2,9 9,5 

Maximum grain 
height, nm 

12 33 55 

Average grain 
volume, nm3 

2960 6040 234000 
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larger than those of annealed films in an argon atmosphere are. 
Heat treatment of thin films of (Y0.06Ga0.94)2O3:Cr deposited on a 
quartz substrate in an argon atmosphere significantly affects the 
value of grain height compared to unannealed films (increases by 
about 2.4 times). If we compare the parameter RMS surface rough-
ness of thin films, then, for films deposited on NaCl substrates, it 
is the highest value compared to unannealed films and films sub-
jected to heat treatment in an argon atmosphere deposited on 
quartz substrates. For films annealed in an argon atmosphere and 
deposited on polycor substrates, the value of this parameter differs 
by about 3.3 times compared to thin films of (Y0.06Ga0.94)2O3:Cr de-
posited on a quartz substrate. 
 The increase in the size of crystalline grains in (Y0.06Ga0.94)2O3:Cr 
thin films after heat treatment (Table) indicates the possibility of 
the transition of the film surface to a more nanostructured state 
due to the crystallization of the surface layer. 

  
a      b 

 
c 

Fig. 2. Distribution of grain heights for AFM images of (Y0.06Ga0.94)2O3:Cr 
thin films obtained by RF sputtering on -SiO2 substrates without heat 
treatment (a), after heat treatment in an argon atmosphere (b), and on 
polycor substrates after heat treatment in an argon atmosphere (c). 
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 The characteristic distributions of grain diameter sizes in thin 
films of (Y0.06Ga0.94)2O3:Cr depending on the type of substrate and 
the presence of heat treatment are shown in Fig. 3. 
 A thorough review [21] analysed the growth of crystal grains in 
thin films and the evolution of crystal structures and showed that 
polycrystalline thin films with thicknesses up to 1 µm, which is typ-
ical for our (Y0.06Ga0.94)2O3:Cr films, often have 2D-like structures. 
In such structures, most grain boundaries are perpendicular to the 
film surface. Most of the materials analysed in [21] form films of 
nonequilibrium grains with sizes smaller than the film thickness 
and form two-dimensional structures only after annealing. Based on 
numerical results, [21] also concluded that the formation of grains 
in thin films is difficult to describe accurately using modelling or 
comparison with experiments that described the study of foams or 
monolayers. In general, grain sizes in polycrystalline films are 
lognormally distributed in size. 

  
a      b 

 
c 

Fig. 3. The distribution of grain diameter sizes and the calculated approx-
imate diameter distribution on AFM images of (Y0.06Ga0.94)2O3:Cr thin films 
obtained by RF sputtering on -SiO2 substrates without heat treatment (a), 
after heat treatment in an argon atmosphere (b), and on polycor substrates 
after heat treatment in an argon atmosphere (c). 
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 In some cases, further grain growth is observed due to ‘anoma-
lous’ growth or preferential growth of several grains, which usually 
have specific crystallographic orientation relations relative to the 
substrate surface plane. Our results show that such a situation is 
most likely characteristic of the (Y0.06Ga0.94)2O3:Cr films we ob-
tained. When the number of growing grains leads to a ‘matrix’ of 
grains beyond the static boundaries, a bimodal grain size distribu-
tion develops, which is called secondary grain growth [22]. Grains 
that grow abnormally often have a limited or homogeneous texture. 
Secondary grain growth in thin films typically involves an evolution 
in the distribution of grain textures as well as an evolution in the 
grain size distribution. 
 Our results of the distribution of grain diameter sizes in thin 
films of (Y0.06Ga0.94)2O3:Cr (Fig. 3) indicate that when these films are 
deposited on polycor substrates after annealing in an argon atmos-
phere, an unimodal distribution of diameters with a maximum in 
the region of 365 nm is observed. A more complex shape of the di-
ameter distribution is formed when the films are deposited on an 
amorphous -SiO2 substrate after annealing in an argon atmosphere. 
In particular, for freshly deposited films (Fig. 3, a), a unimodal 
distribution with a maximum in the 170 nm region is manifested. 
After heat treatment of such films in an argon atmosphere (Fig. 3, 
b), a bimodal distribution with maxima in the region of 100 and 
135 nm is observed. 
 Analysing the situation described above, we can conclude that 
during the heat treatment process, grain growth occurs due to the 
processes of growth and sintering. It should be noted that a similar 
situation is observed during RF deposition on -SiO2 substrates and 
-Ga2O3 thin films, where the growth of secondary and tertiary 
grains is observed [23]. The growth of secondary and even tertiary 
grains was observed in these films both during RF sputtering and 
during heat treatment. 
 For unannealed (Y0.06Ga0.94)2O3:Cr thin films deposited on -SiO2 
substrates and annealed films in an argon atmosphere deposited on 
polycor substrates, the distribution of grains by diameter is well 
described by a normal logarithmic law. This situation is typical for 
the distribution of grains by diameter in polycrystalline films [24]. 
In particular, this situation is observed during the RF deposition of 
Y2O3:Eu thin films [25]. 
 To describe the obtained dependences (Fig. 3, a, c), we use the 
normal logarithmic law, which is used to distribute grains by diam-
eter size in polycrystalline films [24]: 

2

2

1 (ln )
( ) exp

22

D
f D

D

  
  

   
, 
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where 
0

( ) 1f x dx



 , D is the grain diameter divided by the film 

thickness;  is the average value of lnD;  is the standard deviation 

(dispersion) of lnD  . When fitting the data,  and  are inde-
pendent adjustable parameters. 
 Our analysis shows that during the RF deposition of thin films 
on a -SiO2 substrate, a unimodal distribution of grains in terms of 
diameter is observed (Fig. 3, a) with a maximum at 170 nm and a 
dispersion of 6.2 nm. The subsequent annealing of these films in an 
argon atmosphere results in a bimodal distribution of overlapping 
bands with maxima located in regions around 100 and 135 nm. Due 
to the significant overlap, the variances of these distributions are 
25.1 and 13.3 nm, respectively. It is characteristic that grain 
growth during the annealing of thin films of (Y0.06Ga0.94)2O3:Cr oc-
curs in the direction perpendicular to the film surface. During the 
annealing of (Y0.06Ga0.94)2O3:Cr films deposited on a polycor sub-
strate, an unimodal lognormal distribution of grain diameter sizes 
with a maximum in the region of 365 nm and a dispersion of 2.7 
nm is observed. 
 To verify the elemental composition of the obtained thin films, x-
ray photoelectron spectroscopy (XPS) spectra were analysed. The 
characteristic XPS spectra for the unannealed (Y0.06Ga0.94)2O3:Cr thin 
films deposited on -SiO2 substrates and the annealed films in the 
argon atmosphere deposited on -SiO2 and polycor substrates are 
shown in Fig. 4. 
 The analysis showed that the recorded spectra contain peaks cor-
responding to O1s, C1s, Y3d, Ga3p, and Cr2p atoms. At the same 

 

Fig. 4. XPS spectra of (Y0.06Ga0.94)2O3:Cr thin films obtained by RF sputter-
ing on -SiO2 substrates without heat treatment (1), after heat treatment 
in an argon atmosphere (2), and on polycor substrates after heat treatment 
in an argon atmosphere (3). 
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time, the peak characteristic of the Cr 2p atom is expressed rela-
tively weakly, since the chromium concentration in the obtained 
films is insignificant. It is characteristic that it is most intensively 
manifested in (Y0.06Ga0.94)2O3:Cr films deposited on polycor sub-
strates. 

4. CONCLUSIONS 

It has been established that thin films of (Y0.06Ga0.94)2O3:Cr formed 
from nanometer grains are formed by RF ion-plasma sputtering on 
polycrystalline polycor and amorphous -SiO2 substrates. Based on 
the AFM images, it is shown that the average diameters of the crys-
tallites of the films on polycor substrates after heat treatment in an 
argon atmosphere are of 372 nm, on -SiO2 substrates without heat 
treatment, are of 181 nm, and after heat treatment in an argon at-
mosphere, are of 123 nm. The heat treatment of films on -SiO2 
substrates in an argon atmosphere leads to an increase in the root 
mean square roughness from 1.2 to 2.9 nm. It has been found that 
when thin films of (Y0.06Ga0.94)2O3:Cr are deposited on υ-SiO2 sub-
strates, an unimodal lognormal distribution of grains in terms of 
diameter size with a maximum at 170 nm and a dispersion of 6.2 
nm is observed. In the process of heat treatment of such films, a 
bimodal distribution appears with maxima at 100 and 135 nm and 
dispersions of 25.1 and 13 nm, respectively. During this heat 
treatment, grain growth perpendicular to the film surface is ob-
served. During the heat treatment of films deposited on polycar-
bonate substrates, a unimodal distribution of grains by diameter 
with a maximum of 365 nm and a dispersion of 2.7 nm occurs. 
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Predicting the Thermodynamic Stability of (Gd1−xLnx)2SiO5 

and (Lu1−xLnx)2SiO5 Solid Solutions of the P21/c Space Group 

E. I. Get’man1, O. Yu. Mariichak1, L. I. Ardanova2, and S. V. Radio1 

1Vasyl’ Stus Donetsk National University,  
 21, 600th Anniversary Str.,  
 UA-21027 Vinnytsia, Ukraine 
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 Minnesota State University,  
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Within the framework of V. S. Urusov’s crystal-energy theory of isomor-
phous substitutions, the mixing energies (interaction parameters) and 
critical decomposition (stability) temperatures are calculated for the 
(Gd1xLnx)2SiO5 systems, where Ln represents rare-earth elements (REEs) 
or yttrium. The values of the total mixing energies are determined mainly 
by contributions arising from the difference in sizes of the substituting 
structural units. The contributions due to differences in the degree of ion-
icity of the chemical bond between the components are significantly 
smaller and can be neglected in most cases. Diagrams of the thermody-
namic stability of systems (Gd1xLnx)2SiO5 and decomposition domes of the 
(Gd1xLnx)2SiO5 and (Lu1xLnx)2SiO5 systems are presented, which allow for 
graphical prediction of decomposition temperatures of solid solutions 
within the specified substitution limits, equilibrium substitution limits at 
a given temperature, and ranges of thermodynamic stability for solid so-
lutions. The predictions of thermodynamic stability are consistent with 
experimental data previously reported in the literature for solid solutions 
based on doped gadolinium oxyorthosilicate. The gadolinium oxyorthosili-
cate solid solutions, which exhibit luminescent, scintillation, and other 
practically important properties, due to their very low critical decomposi-
tion temperatures and a wide temperature range of thermodynamic stabil-
ity compared to solid solutions of oxyorthosilicate of other REEs, can find 
practical applications as nanomaterials. 

У рамках кристалоенергетичної теорії ізоморфних заміщень В. С. Уру-
сова розраховано енергії змішання (параметри взаємодії) та критичні 
температури розпаду (стабільности) у системах (Gd1xLnx)2SiO5, де Ln — 
рідкісноземельні елементи (РЗЕ) й ітрій. Величини сумарної енергії 
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змішання визначаються в основному внесками, зумовленими ріжницею 
розмірів структурних одиниць, які заміщаються. Величини внесків за 
рахунок відмінностей у ступені йонности хемічного зв’язку компонен-
тів істотно менші та здебільшого ними можна нехтувати. Представлено 
діяграму термодинамічної стабільности системи (Gd1xLnx)2SiO5 та бані 
розпаду систем (Gd1xLnx)2SiO5 і (Lu1xLnx)2SiO5, які уможливлюють гра-
фічно передбачати температури розпаду твердих розчинів за заданих 
границь заміщення, рівноважні границі заміщення за заданої темпера-
тури й області термодинамічної стабільности твердих розчинів. Резуль-
тати прогнозування термодинамічної стабільности не суперечать експе-
риментальним даним, раніше наведеним у літературі для твердих роз-
чинів на основі допованого Ґадолінію оксиортосилікату. Тверді розчини 
Ґадолінію оксиортосилікату, які мають люмінесцентні, сцинтиляційні 
й інші практично важливі властивості, внаслідок дуже низьких крити-
чних температур розпаду та дуже широкого температурного інтервалу 
термодинамічної стабільности в порівнянні з твердими розчинами ок-
сиортосилікатів інших РЗЕ можуть знайти практичне застосування в 
якості наноматеріялів. 

Key words: solid solution, mixing energy, isomorphous substitutions, com-
plex oxide systems, oxyorthosilicate, rare-earth elements, gadolinium, yt-
trium. 

Ключові слова: твердий розчин, енергія змішання, ізоморфні заміщен-
ня, складнооксидні системи, оксиортосилікати, рідкісноземельні еле-
менти, Ґадоліній, Ітрій. 

(Received 23 June, 2023) 
  

1. INTRODUCTION 

Gadolinium oxyorthosilicate (Gd2SiO5), doped with rare-earth elements 
(REEs), can be utilized as phosphors, gamma radiation detectors for 
high-energy physics in nuclear physics, single-crystal scintillators, 
and in the latest generation of scintillation detectors in positron emis-
sion tomography (PET). It is also employed for monitoring radiation 
levels in test sites and the operation of pulsed electron guns and elec-
tron beam technology, as well as in oil well logging [1–5]. This is due 
to the complex set of physicochemical and electrophysical properties 
possessed by Gd2SiO5, including relatively high density, chemical and 
thermal stability, non-hygroscopicity, and radiation resistance [1]. It 
exhibits a high absorption coefficient, good uniformity of scintillation 
characteristics [2], sufficient radiation intensity, high potential as 
gamma radiation detectors [3], excellent energy resolution, rapid de-
cay, and superior homogeneity of scintillation blinking [4]. Rare-earth 
elements Ce, Eu, Tb, Dy, and Yb are commonly used as dopants, while 
La, Gd, Lu, and Y serve as second components in the crystalline ma-
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trices of mixed gadolinium oxyorthosilicates. Consequently, intensive 
research has been conducted in recent years to investigate the effects 
of isomorphous substitutions on various properties of solid solutions 
of REEs oxyorthosilicates based on Gd2SiO5, including mixed ox-
yorthosilicates, as described in works [6–18]. 
 However, it is not always considered that solid solutions synthe-
sized at high temperatures are prone to decomposition upon cooling 
within the region of thermodynamic instability, leading to changes 
in phase composition and properties [19–21]. This can result in ma-
terial degradation and a lack of reproducibility of properties during 
practical application. 
 Therefore, it is desirable to evaluate the thermodynamic stability 
of solid solutions in the corresponding systems before their synthe-
sis and properties investigation, considering the synthesis condi-
tions, expected operating conditions, and even storage conditions. 
However, the physicochemical foundations for synthesizing of REEs 
oxyorthosilicates solid solutions, such as phase diagrams and their 
thermodynamic stability, have been scarcely studied to date. 
 The experimental determination of substitution limits by x-ray 
phase analysis (x-ray diffraction—XRD) using the ‘annealing and 
hardening’ method, and the subsequent evaluation of the stability 
regions of solid solutions, is complicated by the difficulty of reach-
ing equilibrium at low temperatures due to slow diffusion rates in 
the solid phase and the possibility of partial decomposition upon 
cooling from high temperatures. Additionally, XRD may provide 
limited information when the components have nearly identical siz-
es of substituting structural units, or in the case of spinodal de-
composition of the solid solution [19–21], or in the case of na-
nosized particles in the studied samples, which can lead to broaden-
ing and overlapping of x-ray reflections. 
 Insufficient information about the stability regions of solid solu-
tions forces researchers to choose the composition of matrices and 
modifying additives (dopants) based either on analogous systems or 
through a ‘trial-and-error’ approach. This can result in excessive 
consumption of expensive reagents and prolonged research dura-
tion. 
 Therefore, it is rational to employ not only experimental but also 
computational methods that are free from the aforementioned limita-
tions. As an example of such an approach, we can refer to studies 
[22, 23], where the synthesis conditions for samples of the Y1xScxPO4 
system were determined based on computational results obtained for 
this system in [24]. 
 Considering the above, the aim of this study was to predict the re-
gions of thermodynamic stability for solid solutions of gadolinium 
oxyorthosilicates (Gd1xLnx)2SiO5 and lutetium oxyorthosilicates 
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(Lu1xLnx)2SiO5 with the space group P21/c. 
 The choice of gadolinium oxyorthosilicate as one of the compo-
nents in the (Gd1xLnx)2SiO5 systems is justified by the fact that it 
does not have inherent absorption bands in the visible spectrum and 
is expected to form wide regions of solid solutions with oxyorthosili-
cates of most REEs at relatively low temperatures due to the similar-
ity in ionic radii [25] and electronegativity values [26] between gado-
linium and other REEs. According to [19], the prediction of substitu-
tion limits is based on 1 mole of substituting cation, and the anionic 
sublattice of oxyorthosilicates contains SiO4

4 and O2 anions not di-
rectly bonded to Si atoms [27]. Therefore, the composition of the ox-
yorthosilicate is presented as a pseudobinary compound 
Gd[(SiO4)0.5O0.5], and the corresponding solid solutions are denoted as 
(Gd1xLnx)[(SiO4)0.5O0.5], while the traditional formula notation of gad-
olinium oxyorthosilicate Gd2SiO5 is used in the article text. 

2. CALCULATION METHODOLOGY AND INITIAL DATA 

In the developed by V. S. Urusov crystal-energy theory of isomor-
phous substitutions [19–21], the main challenge in determining the 
limits of isomorphous substitutions and regions of thermodynamic 
stability is finding the mixing energy. Once the mixing energy is 
known, the substitution limit (x) can be calculated for a given de-
composition (stability) temperature (Td), or the decomposition tem-
perature can be determined for a given substitution limit, allowing 
for the determination of regions of thermodynamic stability. The 
Becker equation in the regular solid solution approximation (Eq. (1) 
can be used for these calculations [28]: 

 


 



1 2
/

ln
1

g d

x
R T Q

x

x

.  (1) 

 The critical decomposition temperatures (Tcr) in this case are cal-
culated using Eq. (2) [19]: 

 ТcrQ/(2kN), (2) 

where x is the substitution limit; Rg is the universal gas constant; Q 
is the mixing energy; k is the Boltzmann constant; N is Avogadro’s 
number. In both cases, the value of Q is expressed in cal/mol [19]. 
 The Becker equation can be used because the size parameter (Ta-
ble 1) does not exceed 0.1 [19]. The size parameter was calculated 
based on the volumes of unit cells:   

2 5 2 5

1/3 1/3 1/3

Ln SiO Gd SiO min
( )V V V  [19], 

where Vmin is the volume of the smaller unit cell. 
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 The use of unit cell volumes for the calculation is justified by the 
lack of available literature providing interatomic distances for the 
low-temperature modification Ln2SiO5, as seen in [29–31]. Further-
more, the authors in [29], who initially described the P21/c space 
group for Ln2SiO5, do not present cell parameters for Lu2SiO5. 
Therefore, we determined the volume of the unit cell of the low-
temperature modification Lu2SiO5 (approximately 384 Å3) through 
extrapolation of the unit cell volumes of Ln2SiO5 based on the ionic 
radii of REEs [32]. 
 Since the components of the considered systems are isostructural 
[27, 29], the equation 3 for calculating the mixing energy (Q) con-
sists of two contributions arising from the difference in sizes of 
substituting structural units (Q) and the difference in the ionicity 
of the chemical bond between the components (Q) [19]. 

 
 

 
    

2
2 1390 ( )

 [kJ/mol]
2

m x
m x

mz z
Q Q Q Cmnz z

R
. (3) 

 It should be noted that at temperatures above 1173–1373 K, the 
components of systems involving high-temperature modifications of 
oxyorthosilicates in the series of REEs from Dy to Lu and from La 
to Tb are not isostructural (the P21/c space group is observed for 
oxyorthosilicates from La to Tb, while the B2/b space group is ob-
served for Dy to Lu oxyorthosilicates) [27]. Therefore, in this case, 
it is also necessary to consider a third contribution to the mixing 
energy due to the enthalpy of the polymorphic transition 
P21/cB2/b [19], for which, according to our data, there is no in-
formation available in the literature. 
 In equation 3, the value of C is a constant calculated from the 
expression C20(21) [21], where  represents the electronega-
tivity difference between the cations [26] and the anion [33] in the 
pseudobinary approximation of the structure (Table 1). The choice 
of the  scale [26], unlike scales used by other authors, is based on 
the fact that  values vary with periodicity, increasing in the series 
Ce3–Eu3 from 1.348 to 1.433 and in the series Gd3–Yb3 from 
1.386 to 1.479, with a sharp decrease during the transitions Eu3+–
Gd3+ from 1.433 to 1.386 and Yb3–Lu3 from 1.479 to 1.431. These 
variations are due to the peculiarities of the electronic shell filling 
of REEs. The lanthanum has a free 4f shell, europium and gadolin-
ium have a half-filled 4f shell (7 electrons), and ytterbium and lute-
tium have a completely filled 4f shell (14 electrons). In the transi-
tion from Eu to Gd and from Y to Lu, as well as for La, the first 
electron appears on the 5d sublevel. 
 m is the number of formula units in the pseudobinary approxima-
tion of the structure (Gd1xLnx)[(SiO4)0.5O0.5] is calculated per 1 mole 
of substituting structural unit (10.50.52); n—the coordina-



 (Gd1xLnx)2SiO5 AND (Lu1xLnx)2SiO5 SOLID SOLUTIONS 19 

tion number of the substituting structural unit in the pseudobinary 
approximation of the structure (in the first cation position, 
n7:6SiO4

4 tetrahedra and one O2 ion; in the second position, 
n6:3SiO4

4 tetrahedra and three O2 ions [27]), i.e., on average, 
n6.5; zm, zx—the formal charges of the substituting and common 
structural units in the components: zm3, zx40.520.53; —
the size parameter, calculated for each system based on the volumes 
of unit cells provided in [27, 29]; —the degree of ionicity of the 
chemical bond were determined based on the electronegativity dif-
ference  between the REE cations and the anion, as provided in 
[26, 33]. The value of  for the SiO4

4 radical was adopted as  of the 
oxide anion, following the recommendation [34], and it was taken as 
3.7 [33]. 
  is the reduced Madelung constant, equal to 1.9, was calculated 
using the Hoppe formula [35]: (/n)21.81; 
 R is the average cation–anion interatomic distance in the pseudobi-
nary approximation, was calculated for one of the previously studied 
structures of this structural type—Gd[(SiO4)0.5O0.5] [27]. The distances 
between the cation and the tetrahedral anion were taken into account 
as the sum of the distances (Gd–OSi–O) and the distance between 
the cation and oxygen (Gd–O) not bonded to a Si atom for both posi-
tions of gadolinium [27]. For the first position: the cation is surround-
ed by 6 tetrahedra1 oxygen, resulting in an average distance of 
[6(2.491.63)2.35]/73.86Å; for the second position: the cation is 
surrounded by 3 tetrahedra3 oxygen, resulting in an average dis-
tance of [3(2.391.63)32.30)]/63.15 Å. The average distance, 
considering both cation positions, is R 3.5 Å. The calculation error 
for Tcr was 100 K [19]. 

3. RESULTS OF THE CALCULATIONS AND DISCUSSION 

3.1. Mixing Energies of Oxyorthosilicates (Gd1−xLnx)2SiO5 

Some initial data and results of the mixing energy calculations are 
summarized in Table 1 and Fig. 1. As can be seen from the provided 
data, with an increase in the atomic number of the REEs, the con-
tributions to the total mixing energy due to differences in the sizes 
of substituting structural units QR (Fig. 1) smoothly vary in the se-
ries of systems from (Gd1xLax)2SiO5 to (Gd1xEux)2SiO5, decreasing 
significantly from 21.110 to 0.127, and then increasing from 0.198 
to 8.355 kJ/mol in the series of solid solutions from (Gd1xTbx)2SiO5 
to (Gd1xLux)2SiO5. 
 Such variation in the QR mixing energy is caused by the fact that 
in the series of systems with La–Eu oxyorthosilicates, the differ-
ences between the crystal radii of the ions in the La–Eu range 
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(1.300–1.206 Å) and gadolinium (1.193 Å) decrease, while in the 
series of systems with Tb–Lu oxyorthosilicates (1.180–1.117 Å), on 
the contrary, they increase. This is because the crystal radius of 
gadolinium (1.193 Å) is very close to the radius of europium and 
terbium (1.206 and 1.180 Å). Here and further, the crystal ionic 
radii of cations are given according to R. Shannon [25] for a co-
ordination number of 8. 
 The value of the total mixing energy Q is mostly determined by 
the contribution due to differences in the sizes of the substituting 
structural units QR, except for the systems (Gd1xTmx)2SiO5 and 
(Gd1xYbx)2SiO5, where the contribution Q is comparable to the cor-
responding values of QR. The minimal mixing energies of the sys-
tems in the series (Gd1xSmx)2SiO5–(Gd1xDyx)2SiO5 are due to very 
close values of the crystal ionic radii and electronegativities of the 
respective REEs and gadolinium. The maxima in the contributions 
Q for (Gd1xLax)2SiO5, (Gd1xEux)2SiO5, and (Gd1xYbx)2SiO5 are due 
to the above-mentioned electronic shell structures of lanthanum, 
europium, and ytterbium. 

3.2. Limits of Isomorphous Substitutions in Oxyorthosilicates 
(Gd1−xLnx)2SiO5 

The decomposition temperatures of limited series of solid solutions 
(Table 2) were calculated based on the given substitution limits at 
x0.01, 0.03, 0.09, and 0.20 using equation (1), while the critical 
decomposition (stability) temperatures were determined at x0.50 
using Eq. (2). 

 

Fig. 1. Dependences of the calculated contributions to the mixing energies 
of solid solutions QR (■ ) and Q (● ), as well as for Q (▲), in the systems 
(Gd1xLnx)2SiO5 for the La–Lu series. 
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 Based on the calculated values of the decomposition tempera-
tures, their dependences on the REEs numbers were plotted (Fig. 2). 

TABLE 2. Decomposition temperatures of solid solutions of oxyorthosili-
cates (Gd1xLnx)2SiO5 for x0.01, 0.03, 0.09, and 0.20, and critical de-
composition temperatures (Tcr [K] for x0.50). 

Ln 
Decomposition temperatures, K 

х0.01 х0.03 х0.09 х0.20 х0.50 (Тcr) 

La 587 745 976 1178 1377 

Ce 373 473 620 757 874 

Pr 207 262 344 415 485 

Nd 135 171 225 271 316 

Pm 68 86 109 137 158 

Sm 28 36 46 57 67 

Eu 25 32 41 51 59 

Tb 11 13 18 21 25 

Dy 35 44 56 69 81 

Ho 84 106 135 168 196 

Er 105 133 174 210 246 

Tm 186 235 308 377 435 

Yb 268 339 445 543 628 

Lu 229 291 381 466 538 

Y 81 102 134 163 190 

 

Fig. 2. Dependences of the calculated decomposition temperatures of solid 
solutions of oxyorthosilicates (Gd1xLnx)2SiO5 on the REEs atomic numbers 
for substitution limits x0.01 (a), x0.03 (b), x0.09 (c), x0.20 (d), and 
x0.50 (e). 
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These dependences allow for graphical determination of the equilib-
rium substitution limits (x) at specified decomposition temperatures 
(Td), or the decomposition temperatures for given substitution lim-
its for gadolinium oxyorthosilicate with REEs ranging from La to 
Lu [24]. The intersection points of an isotherm drawn from a given 
decomposition temperature and a vertical line drawn from the REE 
number allows for estimating the composition range within which 
the substitution limit is located, and interpolation along this verti-
cal line segment between the two closest curves provides the actual 
substitution limit. To refine the substitution limit, the dependence 
of calculated decomposition temperatures on the specified composi-
tion (decomposition dome) can be plotted for a specific system. The 
critical decomposition temperatures for unlimited series of solid so-
lutions (Fig. 2, e) vary with the REEs numbers in accordance with 
the changes in the total mixing energy, as predicted by the Becker 
equation. 

3.3. Thermodynamic Stability Regions of (Gd1−xLnx)2SiO5 Solid Solu-
tions 

Based on Figure 2, the thermodynamic stability regions of 
(Gd1xLnx)2SiO5 solid solutions can be assessed graphically. At tempera-
tures above Tcr (curve e), the unlimited series of solid solutions are 
thermodynamically stable across the concentration range of 1.0x 0. 
In the region below curve e, at temperatures below Tcr, the unlimited 
solid solutions become unstable and can undergo decomposition into 
phases with limited solubility if the diffusion rate and time are 
enough for their formation [24]. Solid solutions with x values of 0.01, 
0.03, 0.09, and 0.20 are thermodynamically stable in the regions 
above curves (a), (b), (c), and (d), respectively, while they become un-
stable below these curves. 
 It should be noted that solid solutions of (Gd1xLnx)2SiO5 systems 
have very low critical decomposition temperatures, with 8 out of 15 
such systems even below room temperature. Therefore, the latter 
will exhibit thermodynamic stability over a wide temperature range, 
ranging from below room temperature to the melting temperatures, 
which for REEs oxyorthosilicates are in the range of 2170–2320 K 
[36]. This fact may indicate an advantage of Gd-based oxyorthosili-
cates solid solution materials in terms of stability of properties and 
their reproducibility compared to similar materials based on solid 
solutions of oxyorthosilicates of other REEs such as cerium [37]. 
 For all (Gd1xLnx)2SiO5 systems, the decomposition temperatures 
were calculated within the composition range of 1.0x0 with a 
step size of x0.05, and decomposition domes were plotted (Fig. 3). 
They allow for a more precise graphical determination of the ther-
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modynamic stability regions, the decomposition temperature for a 
given limiting composition of the solid solution, or its equilibrium 
composition at a given decomposition temperature. 

4. COMPARISON OF CALCULATION RESULTS WITH 
LITERATURE DATA 

In the literature, there is scarce data available on the thermody-
namic stability, substitution limits, and critical decomposition tem-
peratures of solid solution systems based on Gd2SiO5. This, of 
course, hinders the assessment of the reliability of the conducted 
calculations. However, there are numerous studies on the synthesis 
temperatures of Gd2SiO5 doped with REEs, for example [11, 17, 40–
42], and as far as we know, about 15 studies on the synthesis tem-
peratures of mixed oxyorthosilicates [1–4, 6–10, 12–14, 16, 38, 39] 
(Table 3). 

 

Fig. 3. Decomposition domes for solid solutions of (Gd1xLnx)2SiO5 ox-
yorthosilicates: (a) LnLa, Ce, Pr, Ho; (b) LnNd, Y, Pm, Sm; (c) 
LnYb, Lu, Tm, Er; (d) LnDy, Eu, Tb. 



  T
A

B
L
E
 3

. 
C
o
m

p
a
r
is

o
n
 

o
f 

c
r
it

ic
a
l 

d
e
c
o
m

p
o
s
it

io
n
 

te
m

p
e
r
a
tu

r
e
s
 
T
c
r
 

o
f 

s
o
li
d
 

s
o
lu

ti
o
n
s
 

b
a
s
e
d
 

o
n
 

G
d

2
S
iO

5
 

o
x
y
o
r
th

o
s
il
ic

a
te

 w
it

h
 l
it

e
r
a
tu

r
e
 d

a
ta

 o
n
 s

y
n
th

e
s
is

 t
e
m

p
e
r
a
tu

r
e
s
. 

C
o
m

p
o
s
it

io
n
 [

R
e
f.

] 
х
 o

r
 %

 
S
y
n
th

e
s
is

 m
e
th

o
d
 

S
y
n
th

e
s
is

 t
e
m

p
e
r
a
tu

r
e
, 

K
 
T
c
r
, 
K

 

Y
1
.9

2

x
G

d
x
S
iO

5
:C

e
0
.0

8
 [

6
] 

0
.0

0
, 

0
.2

5
, 
0
.5

0
, 

0
.7

5
 

s
o
li
d
 p

h
a
s
e
 

1
3
7
3
 

1
9
0
 

(Y
0
.9

9
5
–
x
G

d
x
C
e

0
.0

0
5
) 2

S
iO

5
 [
7
] 

0
.0

5
, 

0
.1

, 
0
.1

5
, 

0
.2

0
, 

0
.2

5
, 

0
.3

0
, 
0
.3

5
, 

0
.4

0
 

M
S
&

S
o
lg

e
l 

m
e
th

o
d

c

a
lc

in
a
ti

o
n
 

9
2
3

1

4
7
3
 

1
9
0
 

(G
d

1
–
x
Y
x
) 2

S
iO

5
:Y

b
5
%

 [
8
] 

0
, 
0
.1

, 
0
.3

, 
0
.5

, 
0
.7

, 
0
.9

, 
1
.0

 
C
z
o
c
h
r
a
ls

k
i 
m

e
th

o
d
 

S
y
n
th

e
s
is

 a
t 

1
6
7
3

m

e
lt

in
g
 

1
9
0
 

G
d

1
.9

9
–
x
Y
x
C
e

0
.0

1
S
iO

5
 [

9
] 

0
, 
0
.0

9
9
5
, 

0
.1

9
9
 

C
z
o
c
h
r
a
ls

k
i 
m

e
th

o
d
 

S
y
n
th

e
s
is

 a
t 

1
4
7
3

m

e
lt

in
g
 

1
9
0
 

L
u

2
x
G

d
2
–
2
x
S
iO

5
:C

e
0
.3

3
%

 
[1

0
] 

0
, 
0
.2

, 
0
.4

. 
0
.6

, 
0
.8

, 
1
.0

 

C
z
o
c
h
r
a
ls

k
i 
m

e
th

o
d
, 

c
o
m

b
in

e
d
 w

it
h
 

a
n
n
e
a
li
n
g
 a

t 
1
3
7
3
 K

 
1
3
7
3
 

5
3
8
 

G
d

2
S
iO

5
:C

e
3

 [
1
1
] 

0
.5

, 
1
, 
2
, 
5
 m

o
l.
%

 
In

 N
a

2
C
O

3
 

m
e
lt

a

n
n
e
a
li
n
g
 

A
n
n
e
a
li
n
g
 a

t 
1
4
2
3
 

8
7
4
 

G
d

2
S
iO

5
:D

y
3

 [

1
1
] 

0
.2

, 
1
, 
2
, 
5
, 

1
0
 

m
o
l.
%

 
In

 N
a

2
C
O

3
 

m
e
lt

a

n
n
e
a
li
n
g
 

A
n
n
e
a
li
n
g
 a

t 
1
4
2
3
 

8
1
 

G
d

2
S
iO

5
:E

u
3

 [

1
1
] 

0
.5

, 
1
, 
2
, 
5
, 

1
0
 m

o
l.
%

 
In

 N
a

2
C
O

3
 

m
e
lt

a

n
n
e
a
li
n
g
 

A
n
n
e
a
li
n
g
 a

t 
1
4
2
3
 

5
9
 

G
d

2
S
iO

5
T
b

3

 [

1
1
] 

0
.5

, 
1
, 
2
, 
5
, 

1
0
 

m
o
l.
%

 
In

 N
a

2
C
O

3
 

m
e
lt

a

n
n
e
a
li
n
g
 

A
n
n
e
a
li
n
g
 a

t 
1
4
2
3
 

2
5
 

(L
u

1
–
x
G

d
x
) 2
S
iO

5
:C

e
3

1

.5
%

 
[1

2
] 

0
.2

, 
0
.4

, 
0
.5

, 
0
.7

 
A

 s
in

g
le

-c
r
y
s
ta

l 
fi

lm
 i
s
 

fo
r
m

e
d
 f

r
o
m

 a
 m

e
lt

-

s
o
lu

ti
o
n
 o

f 
P
b
O
:B

2
O

3
 

1
2
7
3
 

5
3
8
 

 

24 E. I. GET’MAN, O. Yu. MARIICHAK, L. I. ARDANOVA, and S. V. RADIO 



 C
o
n
ti

n
u
a
ti

o
n
 o

f 
T
A

B
L
E
 3

. 

C
o
m

p
o
s
it

io
n
 [

R
e
f.

] 
х
 o

r
 %

 
S
y
n
th

e
s
is

 m
e
th

o
d
 

S
y
n
th

e
s
is

 
te

m
p
e
r
a
tu

r
e
, 

K
 

T
c
r
, 
K

 

L
a
G

d
S
iO

5
:D

y
3

 1

%
 [

1
3
] 

 
m

u
lt

ip
h
a
s
e
 m

ix
tu

r
e
 

1
 m

o
l.
%

 
b
y
 b

u
r
n
in

g
 u

r
e
a
 

s
o
lu

ti
o
n

l
a
s
e
r
 

e
v
a
p
o
r
a
ti

o
n
 c

o
a
ti

n
g
 

A
n
n
e
a
li
n
g
 a

t 
1
2
7
3
. 

Im
p
r
o
v
e
m

e
n
t 

o
f 

p
r
o
p
e
r
ti

e
s
 

1
3
7
7
 

G
d
Y

S
iO

5
:D

y
3
+
 [
1
4
] 

0
.0

2
5
, 
0
.0

5
, 

0
.1

, 
0
.2

5
, 

0
.7

5
, 
1
.0

, 
1
.5

, 

2
.0

, 
3
.0

, 
5
.0

 m
o
l.
%

 

b
y
 b

u
r
n
in

g
 u

r
e
a
 

s
o
lu

ti
o
n

l
a
s
e
r
 

e
v
a
p
o
r
a
ti

o
n
 c

o
a
ti

n
g
 

A
n
n
e
a
li
n
g
 a

t 
1
2
7
3
. 

 
Im

p
r
o
v
e
m

e
n
t 

o
f 

p
r
o
p
e
r
ti

e
s
 

1
9
0
 

G
d

2
S
iO

5
:T

b
3
+
 [

1
5
] 

2
.3

3
, 

2
.7

 m
o
l.
%

 
s
o
li
d
 p

h
a
s
e
 

1
7
7
3
 

2
5
 

L
a

0
.5
G

d
1
.5
S
iO

5
:D

y
3

 [

1
6
] 

 
tw

o
-p

h
a
s
e
 f

il
m

s
  

a
t 

a
ll
 t

e
m

p
e
r
a
tu

r
e
s
 

 

b
y
 b

u
r
n
in

g
 u

r
e
a
 

s
o
lu

ti
o
n

l
a
s
e
r
 

e
v
a
p
o
r
a
ti

o
n
 c

o
a
ti

n
g
 

S
u
b
s
tr

a
te

 t
e
m

p
e
r
a
tu

r
e
 

4
7
3

7

7
3
, 
a
n
n
e
a
li
n
g
 a

t 
1
2
7
3
. 

 

Im
p
r
o
v
e
m

e
n
t 

o
f 

p
r
o
p
e
r
ti

e
s
 

1
3
7
7
 

G
d

2
S
iO

5
:E

u
3

 [

1
7
] 

0
.1

, 
0
.2

, 
0
.5

, 
1
.0

, 
1
.5

, 
2
.0

, 
2
.5

 m
o
l.
%

 
s
o
li
d
 p

h
a
s
e
 

1
4
7
3
 

5
9
 

G
d

1
.9
Y

0
.1
S
iO

5
:0

.5
%

C
e
 [

1
8
] 

0
.5

 m
o
l.
%

 
C
z
o
c
h
r
a
ls

k
i 
m

e
th

o
d
 

1
4
7
3
 

1
9
0
 

L
a

0
.5
G

d
1
.5
S
iO

5
:D

y
3

 p

h
a
s
e
s
 

b
a
s
e
d
 o

n
 G

d
2
S
iO

5
 a

n
d
 

L
a

2
S
iO

5
 w

it
h
 a

 s
h
if

t 
o
f 

x
-

r
a
y
 r

e
fl

e
c
ti

o
n
s
 [
3
8
] 

 

b
y
 b

u
r
n
in

g
 u

r
e
a
 

s
o
lu

ti
o
n

l
a
s
e
r
 

e
v
a
p
o
r
a
ti

o
n
 c

o
a
ti

n
g
 

S
u
b
s
tr

a
te

 t
e
m

p
e
r
a
tu

r
e
: 
6
7
3
, 

7
7
3
. 
T
im

e
: 

1
5
 m

in
u
te

s
, 

3
0
 

m
in

u
te

s
, 
a
n
d
 5

0
 m

in
u
te

s
 

1
3
7
7
 

L
a

2
–
x
G

d
x
S
iO

5
:D

y
3

, 
P
r

3

 

p
h
a
s
e
s
 b

a
s
e
d
 o

n
 G

d
2
S
iO

5
 

a
n
d
 L

a
2
S
iO

5
 w

it
h
 a

 s
h
if

t 
o
f 

x
-r

a
y
 r

e
fl

e
c
ti

o
n
s
 c

a
n
 b

e
 

o
b
s
e
r
v
e
d
 i
n
 b

o
th

 p
o
w

d
e
r
s
 

a
n
d
 f

il
m

s
, 

a
t 

x

0

.5
, 
1
.0

, 

a
n
d
 1

.5
 [

3
9
] 

 

b
y
 b

u
r
n
in

g
 u

r
e
a
 

s
o
lu

ti
o
n

l
a
s
e
r
 

e
v
a
p
o
r
a
ti

o
n
 c

o
a
ti

n
g
 

F
u
r
n
a
c
e
 t

e
m

p
e
r
a
tu

r
e
: 
8
7
3
. 

S
y
n
th

e
s
is

 b
y
 f

la
m

e
 c

o
m

b
u
s
-

ti
o
n
 

1
3
7
7
 

 

(Gd1–xLnx)2SiO5 AND (Lu1–xLnx)2SiO5 SOLID SOLUTIONS                                 25 



26 E. I. GET’MAN, O. Yu. MARIICHAK, L. I. ARDANOVA, and S. V. RADIO 

 Since the dopant content is usually in small quantity or several 
percent, solid solutions involving it can be thermodynamically sta-
ble over a wide temperature range [19]. On the other hand, the 
amount of the second REE in the mixed oxyorthosilicate matrix 
typically constitutes tens of percent, which can lead to the decom-
position of the solid solution, accompanied by changes in phase 
composition and properties upon cooling after synthesis and during 
practical application. For example, mixed crystals of Lu0.4Gd1.6SiO5 
annealed after growth have shown improved scintillation emission, 
higher light output (2.0 times higher than that of Gd2SiO5), and 
good energy resolution [4], highlighting the need to ensure their 
thermodynamic stability during cooling and practical use. 
 Comparison of the calculation results with the experimental lit-
erature data on synthesis temperatures, as presented in Table 3, 
indicates that the synthesis of (Gd1xLnx)2SiO5 oxyorthosilicates 
solid solution in the majority of studies was conducted within the 
predicted ranges of thermodynamic stability. This is because the 
synthesis temperatures were higher than the calculated critical 
decomposition temperatures. Only in studies [13, 16] and possibly 
[38, 39], were the synthesis temperatures lower than the calculat-
ed critical decomposition temperatures. In other words, the au-
thors carried out the synthesis of solid solution samples at tem-
peratures below the decomposition dome temperatures of the 
(Gd1xLax)2SiO5 solid solution (Table 3). This resulted in the for-
mation of two-phase solid solutions samples in systems [13, 16, 38, 
39], where the interplanar distances of each phase varied with the 
composition, which is also consistent with the prediction results. 
Below the decomposition dome, samples in an equilibrium state 
should not be single-phase. 

5. DECOMPOSITION DOMES OF (Lu1−xLnx)2SiO5 SYSTEMS 

Previously [32], using the same methodology, we calculated the 
mixing energies and critical decomposition temperatures of 
(Lu1xLnx)2SiO5 systems. However, the decomposition domes were 
not presented. In addition to the work [32], the decomposition 
domes of (Lu1xLnx)2SiO5 systems are shown in Fig. 4. 

6. CONCLUSIONS 

1. The values of total mixing energies Q decrease in the case of sub-
stituting gadolinium with cerium subgroup REEs in the series from 
La to Eu, and they show a moderate increase when gadolinium is 
substituted with yttrium subgroup REEs. In both cases, these val-
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ues are mainly determined by contributions arising from the differ-
ences in sizes of the substituting structural units QR. 
2. The contributions arising from the differences in the degree of 
ionicity of the chemical bond between the components are signifi-
cantly smaller, and in most cases (except for (Gd1xYbx)2SiO5 and 
(Gd1xTmx)2SiO5 systems), they can be neglected. The insignificant 
maxima in the Q contributions for (Gd1xLax)2SiO5, (Gd1xEux)2SiO5, 
and (Gd1xYbx)2SiO5, are attributed to the peculiarities of the elec-
tronic shell structures of lanthanum, europium, and ytterbium. 
3. The diagram of thermodynamic stability for the (Gd1xLnx)2SiO5 
systems and the domes of decomposition for the (Gd1xLnx)2SiO5 and 
(Lu1xLnx)2SiO5 systems are presented, allowing for graphical predic-
tion of solid solutions decomposition temperatures based on given 
substitution limits, equilibrium substitution limits for given tem-
perature, and ranges of thermodynamic stability. 
4. The calculation results are consistent with the experimental lit-
erature data in the sense that the synthesis of single-phase samples 

 

Fig. 4. Decomposition domes of oxyorthosilicates (Lu1xLnx)2SiO5 solid solu-
tions: (a) LnLa, Ce, Pr, Nd; (b) LnPm, Sm, Eu, Gd; (c) LnTb, Dy, 
Ho; (d) LnEr, Tm, Yb. 
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of solid solutions (Gd1xLnx)2SiO5 in studies [6–12, 14, 15, 17, 18] 
was conducted within the predicted regions of thermodynamic sta-
bility, while the synthesis of multiphase samples [13, 16, 38, 39] 
was carried out within the predicted regions of solid solution de-
composition. 
5. The majority of solid solution systems (8 out of 15) have critical 
decomposition temperatures below room temperature. Therefore, 
they may hold promise in the production of nanomaterials, as their 
synthesis typically requires relatively low temperatures. 
6. Due to the very wide temperature range of thermodynamic stabil-
ity, materials based on gadolinium oxyorthosilicate solid solutions 
may exhibit superior properties and reproducibility compared to 
materials based on oxyorthosilicates solid solutions of other REEs. 
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Graphene is the emerging area of nanomaterials due to their prospect for 
coming generation electronic devices. Various studies of graphene have 
been carried out to investigate the phonon properties, elastic properties. 
However, the physicothermal properties such as heat capacity and Grünei-
sen parameter have been neglected. The Grüneisen parameter is the main 
physical parameter in thermal expansion mechanisms. These parameters are 
generally positive for some modes, but they are found to be negative for q 
values in high-symmetry directions. They are found negative for acoustic 
mode in case of graphene. The Debye model for the specific heat at low 
temperatures is also taken into account for acoustic branches. The heat ca-
pacity of the graphene is also computed. Physicothermal properties investi-
gated by PYTHON program is agreed very close with the result of other 
researchers. 

Графен є новою галуззю наноматеріялів через їхню перспективність для 
електронних пристроїв майбутнього покоління. Були проведені різні до-
слідження графену для вивчення фононних властивостей, пружніх влас-
тивостей. Однак такими фізико-термічними властивостями, як тепломіс-
ткість і Ґрюнайзенів параметер, нехтували. Ґрюнайзенів параметер є ос-
новним фізичним параметром в механізмах теплового розширення. Ці 
параметри, як правило, позитивні для деяких мод, але вони виявляють-
ся неґативними для значень q у напрямках високої симетрії. Вони вияв-
ляються неґативними для акустичної моди у випадку графену. Дебаїв 
модель для питомої тепломісткости за низьких температур враховується 
і для акустичних гілок. Також обчислюється тепломісткість графену. 
Фізико-термічні властивості, досліджені за програмою PYTHON, дуже 
близькі до результатів інших дослідників. 

Key words: Hamiltonian mechanics, harmonic oscillators, heat capacity, 
thermal properties of graphene. 
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1. INTRODUCTION 

For decades, scientists and researchers believed that two-dimensional 
(2D) crystals are thermodynamically unstable. Graphene was the 
first two-dimensional material that has successfully been exfoliated 
from bulk graphite in 2004. The graphene structure has interesting 
features, which is the good reason for studying its thermal proper-
ties. Graphene is a monolayer of hexagonally arranged carbon atoms, 
which has become practically available today [1–3]. 
 The atoms in the 2D monolayer graphene are capable of executing 
oscillations about their equilibrium position (n, l). In oscillating 
states, the instantaneous position of atoms (n, l) is denoted by 
( , ) ( , ) ( , )n l n l n l r x u . Thus, the Hamiltonian of the graphene is 

  2 1
( , ) ( , ) ,

,2 2

n
i ij i jnli nli ml j

nmM
H u n l u n l u m l

l l

 
     

   , (1) 

where 

 
2

0
, ( , ) ( , )

ij

i j

nm U

l l u n l u m l

   
          

. (2) 

 The force constants are defined as 
,

ij i j

nm
e e

l l

 
    

, where ei and 

ej are the unit-vector components; it is the force acting on the nth 

atom in the lth cell along ith direction due to a unit displacement of 

the mth atom in the lth cell along jth direction. 
 The equation of vibrating motion is given by 

  ( , ) ,
,

n i jml j

nm
M u n l u m l

l l

 
    

 . (3) 

 The solution of above equation is modified by the periodicity of 
lattice with a wave-like solution of type 

  1/2
( , ) exp { ( , ) ( ) }i n inu n l M u i n l t   q r q , (4) 

where uin is the amplitude of vibration along ith direction of the nth 
atom,  is the angular frequency, q is wave vector, and the factor 
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1/2

nM  has been chosen for convenience in further calculations [4]. 
 The equation of motion in matrix notation is 

 2
( ) ( ) ( ) ( )MU D U  q q q . (5) 

 The condition for non-trivial solution 

 
2

( ) ( ) 0D MI  q q . (6) 

 The elements of dynamical matrix are defined as 

  exp ( , )
,

ij ijl

nm
D i nm ll

l l

 
    

 q r , (7) 

 The above equation in matrix form is solved by MATLAB pro-
gram. And the result is investigated along hexagonal Brillouin zone 

with symmetry points (0,0), M
2

,0
3a

 


 
 [13–15]. 

2. STUDY OF GRÜNEISEN PARAMETERS OF GRAPHENE 

On the basis of oscillator model, Grüneisen predicted that the three 
important physical properties of a solid, the thermal expansion coef-
ficient, the lattice specific heat, and the compressibility are linked 
together. To understand the physical importance of the relation, we 
examine that the frequency of a lattice vibration of specified wave 
vector changes with the lattice parameter of the solid; this leads to 
anharmonic effect. For simplicity, we assume that a given change in 
lattice parameter gives rise to the same relative change of frequency 

of every mode of vibration. The results of Kamlesh et al. were ob-
tained by calculating individual values of the angular frequencies 

a,q,j for different modes in high-symmetry direction [12, 14, 15]. 

The Grüneisen parameter for 2D nanostructure materials of IVth 

group of semiconductor is derived by Xu-Jin Ge et al. [21]: 

 

0

, ,0

, ,

( , )
a j

a j a

a
j

a

 
    

  

q

q

q . (8) 

 It is now clear that, if a,q,j is angular frequency of the solid, cor-
responding to wave vector q, mode j, a0 is the equilibrium lattice 
constant. ( , )j q  is independent of compressibility and, thus, it has 
the same value for every modes at low temperature. Thus, at low 
frequency modes, the variation is negligible for Grüneisen parameter. 
However, when Grüneisen parameter ( , )jq  is associated with acous-
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tic modes, it is heavily weighted and tends to a decrease in ( , )j q . 
Grüneisen parameter ( , )j q  is the same for modes in the dispersive 
region of any given branch of acoustic modes and, here, the optic 
modes can be ignored. The ( , )j q  calculated in Table 1 comes from 
the PYTHON program. 

 In high-symmetry direction M–, Grüneisen parameter of gra-
phene is determined by acoustic modes: 

 
  

     
   

0 0

3 3
( , ) cot

4 4
y yj a q q aq . (9) 

 The Grüneisen parameter plays greater role in finding the de-
pendence of various thermal properties of nanomaterials on differ-
ent temperature from phonon frequency to thermal conductivity of 
a nanomaterial [6, 7]. We have shown that the graphene LA and TA 
modes have negative Grüneisen parameters (Fig. 1). This negative 
value is because of the anomalous hardening of phonon modes upon 
expansion and 2D buckled mode. However, the acoustic modes have 
Grüneisen parameters, which are varying from 0 to 27.35 for gra-
phene corresponding to different wave vector q. Such high values of 
Grüneisen parameters lead to high value of thermal conductivity. 
These acoustic modes generate highly negative Grüneisen parame-
ters. The other modes such as LA, LO, TA, TO and the remaining 
transverse modes (ZO) has not dominant effect [12]. 

TABLE 1. Calculated Grüneisen parameters of graphene for acoustic 
modes. 

Wave vector, q Grüneisen parameter for acoustic mode 

0.00 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 

0.0 
4.4801 
8.5944 
12.1295 
15.0468 
17.4116 
19.3231 
20.8768 
22.1518 
23.2099 
24.0980 
24.8514 
25.4972 
26.0559 
26.5433 
26.9719 
27.3515 
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3. DEBYE TEMPERATURE VARIATION OF GRAPHENE 

The Debye theory agrees with both the classical and the Einstein 
quantum theories. The quantum considerations are of almost no 
significance at higher temperature range [5]. The theory gives a 
quite satisfactory account of the observed variation of the heat ca-
pacity in the low-temperature region. The Debye theory of specific 
heat also treats the atoms of the monolayer graphene as harmonic 
oscillators, however, incapable of vibrating independently of one 
another. It rather treats them to be strongly coupled together oscil-
lating relative to their neighbours in the lattice. Therefore, we 
should consider the vibrational motion of the monolayer graphene 
as a whole rather than the vibrational motion of a single atom [16, 
17]. 
 The Debye formula for heat capacity of graphene as 2D material 
is derived as 

 

2 3
/

20
4

( 1)

x
T

x

T x e
C R dx

e

 
  

  
 ; (10) 

here,   ( )Bx k T . 
 The value of RN0kB depends on the units involved, but it is 
usually stated with S.I. units as R8.314 J/(molK). The parameter 
 entering into our present discussion is usually referred to as the 
Debye temperature. It plays the role of a characteristic temperature 
of a solid. With the Debye temperature at sufficiently low tempera-
tures T, here, only acoustic modes are excited. In this case, x1 
and the upper limit of the integration can be extended to infinity. 
The integral is then deduced in terms of Riemann–Zeta function . 
The heat capacity of graphene is simulated with the PYTHON pro-
gram. 

  

Fig. 1. Variation of Grüneisen parameter with wave vector q in high-
symmetry direction –M. 
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 The variation of the experimentally measured heat capacity is 
compared with that computed data (Table 2). This comparison is 
performed by plotting the heat capacity against the temperature. 
For determination of the exact variation of Debye temperatures, we 
have used PYTHON program. In this technique, the specific heat is 
expressed in terms of Riemann–Zeta function  (3).  (3) has a spe-
cial value of the Riemann–Zeta function, which is equal to 
1.202056903 [9]. From the calculated heat capacities at different 
temperatures, heat capacity of pure graphene is determined in 
terms of Riemann–Zeta function. We make a plot of this function 
by using the PYTHON program. It is seen from this plot that the 
heat capacity approaches the zero value as T0 K. For higher 
temperature, heat capacity is not varying abruptly and almost con-
stant 2NkB. It is easily observed from the graph as shown in Fig. 2 
that heat capacity for pure graphene reaches a 0.97 J/(g·K) near 
room temperature. The specific heat at constant volume behaviour 
of the graphene does not show any anomaly. Figure 2 illustrates the 

TABLE 2. Variation of heat capacity with temperature of graphene. 

Temperature, K 
Heat capacity with 

Riemann–Zeta function,  (3) 
Heat capacity, 

J/(g·K) 

0 
40 
80 
120 
160 
200 
240 
280 

320 

0 
0.0165000625919003·zeta(3) 
0.0660002503676014·zeta(3) 
0.148500563327103·zeta(3) 
0.264001001470406·zeta(3) 
0.412501564797509·zeta(3) 
0.594002253308412·zeta(3) 
0.808503067003117·zeta(3) 

1.05600400588162·zeta(3) 

0 
0.0198 
0.0793 
0.1785 
0.4958 
0.7140 
0.9718 
1.2693 

 

 

Fig. 2. Debye temperature variation at low temperatures. 
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higher order of agreement with other researchers [8–10]. 

4. CONCLUSIONS 

Based on the discussion above, it is important to note that the physi-
cothermal properties, such as Grüneisen parameter, are strongly de-
pendent on wave vector and Debye temperature, as well as on phonon 
polarizations [10, 11]. We evaluate it along high-symmetry directions 
for acoustic modes because this mode play main role in thermal ex-
pansion. We find that the Grüneisen parameter of graphene 2D ma-
terials is negative for low-frequency phonons near . This is happen-
ing because the lower acoustic modes are excited at low tempera-
tures. The computed Grüneisen parameters of the LA and TA branch-
es are highest for graphene with similar results. The study of mono-
layer graphene under quasi-harmonic approximation gives the nega-
tive values of Grüneisen parameters, which will be further used in 
determination of thermal expansion coefficients and thermal conduc-
tivity of nanomaterials. Figure 2 illustrates that the order of the 
agreement between the Debye curve and the experimental curve for 
graphene is remarkable [17]. This is, of course, what we should ex-
pect of the Debye approximation at sufficiently low temperatures. 
Long-wavelength acoustic modes are just the modes, which may be 
treated as in elastic continuum concept of Debye theory. Notwith-
standing the great success of the Debye theory, precise measurements 
in the low-temperature region show certain deviations from the theo-
retical predictions. Debye model for the heat capacity of graphene 
has been remarkably successful in describing the simulations in the 
low-temperature range. This conclusion is supported by the work of 
Pop et al. [18]. 
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PROGRAM ORGANIZATION 

Appendix A. PYTHON Program of the Grüneisen Parameter of 
Graphene 

import matplotlib.pyplot as plt 
import numpy as np 
import math 
# #vjgamma 



38 Mohammad IMRAN AZIZ 

a2.47 
vj 8.98 
pointsnp.arange(-np.pi, np.pi, 0.1) 
def solve(fun): 
  op[] 
  for i in points: 
    op.append(fun(i)) 
   
  return op 
def v(qx): 
  return (((-
a)*math.sqrt(3))/2)*(math.sqrt(11*vj))*(np.arctan(math.sqrt(3)*qx*a)) 
v solve(v) 
plt.plot(points,v) 
plt.ylabel(“Grüneisen parameter V”) 
plt.xlabel(“Wave vector (q)”) 
plt.plot(points, v, color ‘k’, linewidth1, marker‘o’) 
plt.suptitle(‘Grüneisen Parameter of the Graphene’, x0.50, y0.98) 
plt.legend([‘ZO’]) 
plt.show() 

Appendix B. Python Program of the Heat Capacity of Graphene 

import math 
import numpy as np 
import matplotlib.pyplot as plt 
from __future__ import division 
from sympy import * 
x, Tsymbols(‘x T’) 
integrate(((x*x*x)*exp(x))/((exp(x)-1)*(exp(x)-1)), (x, 0, oo)) 
 
C[] 
 
T[0,40,80,120,160,200,240,280,320] 
 
for i in T: 
  calC(2*zeta(3)*8.31*4*i*i)/(2539*2539) 
  C.append(calC) 
plt.ylabel(“Heat Capacity(C)”) 
plt.xlabel(“Temperature (T)”) 
plt.plot(T, C, color‘k’, linewidth1,  marker  ‘o’) 
plt.suptitle(‘HEAT CAPACITY OF GRAPHENE’, x0.50, y0.98) 
plt.legend([‘Debye temperature variation’]) 
plt.plot(T, C) 
plt.show() 
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PACS numbers: 62.23.Pq, 68.37.Hk, 68.55.J-, 81.05.uj, 81.15.Pq, 81.16.Mk, 81.65.Kn 

Laser-Assisted Electrodeposition of Composite Carbon-Containing 

Nickel Coatings 

V. V. Tytarenko1, V. A. Zabludovsky2, and I. V. Tytarenko2 
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 19, Dmytra Yavornytskoho Ave.,  
 UA-49005 Dnipro, Ukraine 
2Ukrainian State University of Science and Technologies,  
 2, Lazaryana Str.,  
 UA-49010 Dnipro, Ukraine 

The paper presents the study of the structure, protective and mechanical 
properties of nickel composite coatings modified with ultradispersed dia-
monds and electrodeposited under conditions of external stimulation by 
laser radiation. An analysis of the cathodic polarization curves shows that 
the presence of dispersed particles with a concentration of 2–15 g/l in the 
aqueous electrolyte solution leads to a shift in the cathodic potential to the 
electronegative region by 108–340 mV, respectively, that indicates an in-
crease in charge-transfer resistance. Nickel composite coatings obtained by 
laser-assisted electrodeposition are characterized by a higher content of 
ultradispersed diamond particles in the coating (4.35–5.10 wt.%) as com-
pared to the mode of deposition without laser irradiation (2.24–3.15 
wt.%). In this case, the proportion of particles of smaller size (0.25–1 
µm) increases in the coatings. The more intense penetration of dispersed-
phase particles into the emerging coating during the laser stimulation of 
the electrodeposition process is due to the presence of a temperature gradi-
ent, which provides an additional supply of metal ions in the irradiation 
region. Increased concentration of the dispersed phase in nickel composite 
coatings promotes formation of a finer crystalline coating structure, en-
hanced hardness, corrosion resistance, and wear resistance of the coatings. 

У даній роботі представлено дослідження структури, захисних і меха-
нічних властивостей ніклевих композиційних покриттів, модифікова-
них ультрадисперсними діямантами, електроосаджених в умовах зов-
нішнього впливу лазерним випроміненням. Аналіза катодних поляри-
заційних кривих показала, що наявність у водному розчині електролі-
ту дисперсних частинок із концентрацією у 2–15 г/л приводить до 
зміщення катодного потенціялу в електронеґативну область на 108–340 
мВ відповідно, що вказує на збільшення опору передачі заряду. Нікле-
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ві композитні покриття, одержані методом лазерного електроосаджен-
ня, характеризуються вищим вмістом ультрадисперсних діямантових 
частинок у покритті (4,35–5,10 мас.%) порівняно зі способом осаджен-
ня без лазерного опромінювання (2,24–3,15 мас.%). Водночас у пок-
риттях збільшується частка частинок меншого розміру ( 0,25–1 мкм). 
Більш інтенсивне проникнення частинок дисперсної фази у формівне 
покриття під час лазерної стимуляції процесу електроосадження зумо-
влено наявністю температурного ґрадієнту, який забезпечує додаткове 
надходження йонів металу в область опромінювання. Підвищена кон-
центрація дисперсної фази в ніклевих композиційних покриттях спри-
яє формуванню більш дрібнокристалічної структури покриття, підви-
щенню твердости, корозійної стійкости та зносостійкости покриттів. 

Key words: ultradispersed diamond particles, composite nickel coatings, 
laser-assisted electrodeposition, structure, mechanical and protective prop-
erties. 

Ключові слова: ультрадисперсні діямантові частинки, композиційні 
ніклеві покриття, лазерностимульоване електроосадження, структура, 
механічні та захисні властивості. 

(Received 1 July, 2023) 
  

1. INTRODUCTION 

There are many ways to harden the surface of parts in order to in-
crease the service life of mechanisms, parts and friction pairs, 
among them: thermochemical treatment or various methods of coat-
ing. One of the known ways to improve mechanical properties of the 
surface is its electrolytic modification by deposition of metal films 
with the required operational parameters, the most important of 
which are hardness and wear resistance. However, metal and alloy 
films, in terms of their physicochemical properties, often do not 
meet the increased requirements of modern technology. The solution 
to the surface hardening problem is the modification of the metal 
matrix with particles of the dispersed phase to obtain composite 
electrolytic coatings (CEC). 
 It is known that the introduction of solid dispersed particles (ul-
tradispersed diamonds (UDD)) into electrolytic coatings increases 
their microhardness and wear resistance. The reasons for this are 
the reduction of crystallite sizes of the deposited metal and the 
presence of superhard particles in the coating [1–4]. The conducted 
literature analysis [5–10] showed that the methods of influencing 
the process of co-deposition of metal films with UDD include the 
use of ultrasonic or mechanical stirring of the electrolyte solution 
in the process of electrodeposition. Because of this activation of the 
electrodeposition process, solid dispersed particles incorporated into 
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the coating being formed, prevent the growth of the crystalline 
phase nuclei, which is the reason for the formation of a finer crys-
talline coating structure. 
 In this paper, we consider a laser-assisted method for the electro-
deposition of composite nickel electrolytic coatings. The purpose of 
this work is to study the effect of laser radiation on the process of 
co-deposition of metal ions and ultradispersed diamond particles, 
structure, mechanical and protective properties of electrodeposited 
composite nickel coatings. 

2. MATERIALS AND METHODS 

Electrodeposition of composite coatings was carried out from sul-
phate nickel-plating electrolyte of the following composition: Ni-
SO47Н2О — 300 g/l, H3BO3 — 30 g/l, Na2SO4·10Н2О — 50 g/l at 
pН  5. The concentration of UDD (СUDD) in the aqueous electrolyte 
solution was varied in the range from 2 g/l up to 15 g/l. 
 Due to the developed surface and the presence of a large number 
of functional groups, individual nanodiamond particles with an av-
erage particle size of 4–5 nm form strong primary aggregates, 
which, as a rule, act as indestructible parts of nanodiamond pow-
ders. UDD particles are prone to spontaneous aggregation among 
themselves into extremely strong aggregates (40–100 nm) with the 
subsequent formation of less strong secondary aggregates (up to 1–
5 µm) [1–4]. 
 Electrodeposition was carried out under external exposure to radi-
ation from a CO2 gas-discharge laser generating in a continuous mode 
at a wavelength of 10.6 µm at a laser-radiation power of 25 W (Fig. 
1). The temperature of the aqueous electrolyte solution in the near-

 

Fig. 1. Scheme of the test installation: 1—emitting source (СО2-laser); 2—
rotary mirror; 3—electrolytic cell; 4—cathode; 5—anode; 6—power supply. 
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cathode irradiation region increased from 293 K to 351 K. For com-
parison, the coatings were also deposited using a direct current at a 
density of 100 A/m2. 
 The microhardness of the coating was measured on a PMT-3 mi-
crohardness tester with an indenter load of 0.196 N. Wear tests of 
samples were conducted on the friction machine with reciprocating 
motion of samples with frequency of 0.5 s

1 and amplitude of 0.15 
m in conditions of dry friction against steel under load of 1.7 N. 
The friction path was parallel to the substrate. Wear resistance was 
evaluated by weight loss of the coating. X-ray microanalysis was 
performed using a JSM-64901LV scanning electron microscope (Ja-
pan). X-ray phase analysis of the films was conducted on a DRON-
2.0 diffractometer using scintillation detection of x-rays. Shooting 
to determine the phase composition of nickel films was carried out 
in monochromatized CuK radiation. 
 The polarization dependences were recorded in the potentiody-
namic mode on a P-5827M potentiostat at a potential sweep rate of 
10 mV/s. The measurements were carried out in a three-electrode 
electrolytic cell. A copper plate was used as the working electrode 
(cathode). The reference electrode was a silver chloride electrode, 
and the auxiliary electrode was a platinum electrode. 
 The viscosity of the aqueous electrolyte solution was determined 
using a VPZh-4 capillary glass viscometer with an internal capillary 
diameter of 1.12 mm. A characteristic property of an aqueous nick-
el-plating electrolyte solution is low sedimentation resistance, lead-
ing to uneven distribution of nanodiamond particles in the metal 
matrix. In order to keep the UDD particles suspended in the electro-
lyte solution and to prevent settling of particles to the bottom of 
the electrolytic cell, the aqueous electrolyte solution was stirred 
with a magnetic stirrer before starting the electrodeposition pro-
cess. 
 Accelerated corrosion tests consisted of immersing samples in a 
3% sodium chloride solution. The corrosion rate was determined by 
the gravimetric method (by weight loss of the metal coating). Ex-
ternal examination of the samples was carried out daily until the 
first signs of corrosion appeared and scored on a 10-point scale 
[11]. 

3. RESULTS AND DISCUSSION OF THEM 

In order to determine the optimal modes of electrodeposition of 
composite coatings of increased hardness and wear resistance, we 
studied the effect of the concentration of UDD particles (CUDD, g/L) 
in an aqueous electrolyte solution on the kinematic viscosity of the 
solution (, mm2/s) (Fig. 2). 
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 From the analysis of the results obtained, it follows that with an 
increase in the temperature of the aqueous electrolyte solution, the 
viscosity of the solution decreases, because of which larger UDD 
particles settle in the lower layers of the electrolyte solution, and 
their number in the near-cathode region sharply decreases. The in-
crease in concentration of the disperse phase particles of the finer 
fraction in the coating formed under the laser-assisted mode of 
electrodeposition is due to an increase in the flux density of metal 
ions adsorbed on the surfaces of UDD particles [12, 13], as a result 
of which the particles of the dispersed phase acquire a positive 
charge, which promotes electrophoretic co-deposition. 
 When using laser radiation sources, the main mechanism of laser 
stimulation of the electrodeposition process is the heating of the 
metal–electrolyte interface [14, 15]. In Refs. [16–18], the use of 
laser irradiation of the near-cathode region in the process of elec-
trodeposition of composite coatings contributes to an increase in the 
cathode current density. Thus, it is of considerable interest to study 
the effect of laser radiation on the co-deposition of UDD particles 
and metal ions. 
 An analysis of the cathodic polarization curves (Fig. 3) showed 
that the presence of dispersed particles in the aqueous electrolyte 
solution leads to a shift in the cathodic potential to the electronega-
tive region that indicates an increase in charge transfer resistance. 
 The increase in the cathodic overpotential during laser-assisted 
electrodeposition can be explained by the increased, in the direction 
of laser radiation, flux density of complexes formed because of ad-

 

Fig. 2. Dependence of the kinematic viscosity of aqueous nickel-plating 
electrolyte solution on temperature and concentration of the dispersed 
phase in the electrolyte [g/l]: 1—0; 2—2; 3—10; 4—15. 
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sorption of metal ions on the surfaces of UDD particles. Electropo-
sitive charged complex aggregates formed because of the total 
charge, moving to the cathode surface, block it, thereby, leading to 
a decrease in the active surface area of the cathode. 
 Analysis of x-ray patterns of electrolytic nickel coatings (Fig. 4) 
shows that diffraction maxima corresponding to the diamond phase 
of carbon overlap with lines corresponding to the crystalline phase 
of electrolytic nickel that complicates determination of the nanodi-
amond/nickel ratio in the coating and determines the need for stud-
ies of the elemental composition of the coatings. In pure nickel 
coatings, the preferential orientation of crystallites in the [111] di-
rection is observed (Fig. 4, a). The introduction of UDD did not 
lead to a change in the CEC phase composition, and the diffraction 
patterns do not show a significant redistribution of the line intensi-
ty (Fig. 4, b). In composite nickel coatings obtained in the laser-
assisted electrodeposition mode, a redistribution of the intensity of 
the (111) and (220) lines is observed (Fig. 4, c), which indicates a 
change in the conditions of electrocrystallization. 
 Figure 5 shows the results of x-ray microanalysis of the ele-
mental composition of the coating surface. From the results of x-
ray microanalysis of the elemental composition of the coating sur-
face, it follows that the fraction of UDD particles of certain sizes 
depends on the electrodeposition mode [19, 20]. The average diame-
ter of UDD particles in CEC deposited without laser irradiation was 
1.5–2 µm. Composite nickel coatings obtained by laser-assisted elec-
trodeposition are characterized by a higher content of UDD parti-

 

Fig. 3. Cathodic polarization dependences obtained in sulfuric acid nickel-
plating electrolyte: 1—without UDD; 2—with UDD (CUDD2 g/l); 3—with 
UDD (CUDD15 g/l); 4—with UDD (CUDD15 g/l, laser-assisted mode). 
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cles in the coating (4.35–5.10 wt.%) as compared to the mode of 
deposition without laser irradiation (2.24–3.15 wt.%). In this case, 
the proportion of particles of smaller size 0.25–1 µm increases in 
the coatings. 
 According to the Nernst–Planck equation [21], the increase in dis-
perse phase particle flux density in the aqueous electrolyte solution 
to the surface of the coating formed during laser-assisted electrodep-
osition is due to the potential gradient and rise in the diffusion coef-
ficient [22]. 
 The structure and mechanical properties of the resulting compo-
site coating largely depend on the concentration and size of UDD 
particles in the coating. The results of studies of the fractional 
composition of UDD particles on the surface of composite electrolyt-
ic nickel coatings show that during DC electrodeposition UDD par-
ticles of larger size reach the cathode surface. Agglomerates of 
UDD particles with a size of 1.5 µm are formed on the CEC surface 

 

Fig. 4. Diffractograms: (a) UDD powder; (b) Ni (without laser irradiation); 
(c) NiUDD (without laser irradiation); (d) NiUDD (laser-assisted mode). 
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resulting in formation of coarser crystalline coatings (Fig. 6, a) 
with microhardness of 1800–1950 MPa. 

 
a 

 
b 

 
c 

Fig. 5. X-ray microanalysis: (a) Ni (without laser irradiation); (b) 
NiUDD (without laser irradiation); (c) NiUDD (laser-assisted mode). 

  
                         a                                                  b 

Fig. 6. Surface morphology of the electrolytic nickel composite coatings: 
(a) direct current without laser irradiation; (b) laser-assisted mode. 
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 The inclusion of smaller UDD particles (0.25–1 µm) in the coat-
ing composition in the laser irradiation region complicates the sur-
face diffusion of metal adatoms and prevents the growth of nuclei 
of the crystalline phase that results in formation of a finer crystal-
line coating structure (Fig. 6, b). 
 Composite coatings are formed more fine-grained that determined 
microhardness increase from 2500 MPa outside the irradiation area 
to 3700 MPa in the irradiation area. 
 Figure 7 shows the results of the corrosion tests on nickel coat-
ings. It should be noted that the corrosion rate of the samples test-
ed was uniform. However, the change in mass of the carbon-
containing nickel coatings over 144 hours is slower than in the pure 
nickel coatings. This is due to the increased extent of the interlayer 
boundaries that contain the UDD particles. 
 The results of the conducted studies make it possible to attribute 
nickel coatings deposited by means of direct current to the ‘Re-
sistant’ group with a score of 4, and the intensification of the pro-
cess of co-deposition of UDD particles under laser irradiation con-
tributes to the production of composite nickel coatings that belong 
to the ‘Extremely resistant’ group with a score of 3. This is caused: 
firstly, by the fact that the UDD particles block the cathode surface 
thus reducing the area of the active cathode surface that changes 
the coating growth structure in the cross-section from columnar 
(Fig. 8, a) to microlayer (Fig. 8, b); secondly, by an increase in met-
al ion flux density adsorbed on the UDD particle surfaces, which 
contributes to a more intense incorporation of UDD particles into 
the deposited coating. Increased concentration of dispersed phase 
particles from 2.24 to 4.35 wt.% leads to the formation of fine-
grained coatings with fewer pores, which prevents the formation of 
corrosion centres, in contrast to columnar growth, where the sur-
face of coatings is more heterogeneous. 
 An increase in the UDD content of the nickel films enhances the 
wear resistance of the coatings. Nickel coatings electrodeposited 
from the aqueous electrolyte solution without UDD addition lose 
10% of their weight after 5 hours of wear. When UDD with 2 g/l 
concentration were added to the aqueous electrolyte solution, the 
losses were of 6–8%, and for laser-assisted electrodeposition coat-
ings, they were of 1–2%. 

4. CONCLUSION 

1. The increase in the concentration of smaller UDD particles 
(0.25–1 µm) in the coating formed under laser-assisted deposition 
is due to the potential gradient and rise in the diffusion coefficient. 
2. The increase in the flux density of complexes formed because of 
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the adsorption of metal ions on the surfaces of UDD particles leads 
to an increase in oversaturation at the crystallization front. The 
formed coating is reached by smaller size UDD particles that block 
the growth of nuclei of the crystalline phase, which leads to the 
formation of a more densely packed coating and changes the cross-
sectional growth structure from columnar to microlayer. 
3. The formation of finer crystalline coatings and change of cross-

 

Fig. 7. Dependences of the mass change of electrolytic coatings: 1—Ni 
(without laser irradiation); 2—NiUDD (CUDD2 g/l, without laser irradi-
ation); 3—NiUDD (CUDD15 g/l, without laser irradiation); 4—NiUDD 
(CUDD15 g/l, laser-assisted mode). 

 
a 

 
b 

Fig. 8. Structure of electrolytic coatings in cross section: direct current: 
(a) Ni (without laser irradiation); (b) NiUDD (laser-assisted mode). 
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sectional growth structure from columnar to microlayer at laser-
assisted deposition process resulted in improvement of mechanical 
and protective properties of carbon-containing nickel coatings (coat-
ing microhardness increased from 1800–1950 MPa to 2500–3700 
MPa, corrosion resistance increased 2 times, and the wear of coatings 
decreased 3 times). 
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PACS numbers: 61.43.Gt, 78.30.Na, 78.40.Ri, 81.05.Je, 81.05.Rm, 82.47.Wx, 82.80.Gk 

Формування нанопор в анодно-окисненому алюмінії під 
впливом вуглецевих наночастинок 

К. O. Куделко1, О. Г. Дзязько2, Л. М. Рождественська1, 

Л. Б. Харькова1, В. М. Огенко1 

1Інститут загальної та неорганічної хімії ім. В. І. Вернадського НАН України,  
 просп. Акад. Палладіна, 32/34,  
 03141 Київ, Україна 
2Київський національний університет імені Тараса Шевченка,  
 вул. Володимирська, 64/13,  
 01601 Київ, Україна 

Досліджено умови синтези та характеристики нанопористого анодно-
окисненого алюмінію (АОА). Процес анодування проводили в розчині 
щавлевої кислоти, який містив вуглецеві наночастинки (ВНЧ). Згідно з 
даними сканувальної електронної мікроскопії, розмір пор оксидного 
шару становить 20–40 нм, товщина стінок пор — до 50 нм. У випадку 
анодування алюмінію за відсутности добавки вуглецевого матеріялу 
аналогічні параметри становлять 50–100 нм і 30 нм відповідно. Ефект 
впливу вуглецевого матеріялу на структуру поруватого шару поясню-
ється з точки зору адсорбції його на АОА під час процесу анодування. 
Вуглецеві наночастинки досліджено за допомогою UV–Vis-
спектроскопії, динамічного лазерного розсіяння (в аґреґованому стані), 
спектроскопії комбінаційного розсіяння та ІЧ-спектроскопії. Виявлено 
високу невпорядкованість структури вуглецевих наночастинок. Одер-
жано ізотерму адсорбції, з якої встановлено, що сорбційна рівновага 
найбільш описується рівнянням Тьомкіна. Запропоновано кристаліза-
цію АОА в гідротермальних умовах за температури у 200C. 

The conditions and characteristics for nanoporous anodic oxidized alumin-
ium (AOA) are presented. The anodizing process is carried out in a solu-
tion of oxalic acid containing carbon nanoparticles (CNPs). The carbon 
nanoparticles are studied by ultraviolet–visible spectroscopy, dynamic la-
ser scattering (in the aggregated state), Raman spectroscopy, and infrared 
spectroscopy. Scanning electron microscopes are used to study the mor-
phology of the AOA. The pore size of the porous layer is of 20–40 nm, 
and the pore-wall thickness is up to 50 nm. In the absence of the addition 
of carbon material, similar surface parameters are of 50–100 nm and 30 
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nm, respectively. The effect of the carbon material on the structuring of 
the pore layer is explained in terms of adsorption of it on the AOA during 
anodizing process. A high-disordered structure of carbon nanoparticles is 
revealed. The adsorption isotherm is obtained, and it is found that the 
Temkin model is the most suitable for describing the sorption equilibrium. 
The crystallization of AOA under hydrothermal conditions at 200C is 
proposed. The addition of CNDs to the oxalic acid electrolyte reduces the 
pore size of obtained anodized aluminium. Carbon nanoparticles effect on 
the formation of the porous structure of AOA with adsorption. The ad-
vantage of CNDs over GO is the fabrication of AOA with smaller pores in 
mild conditions without aggressive reagents. The effect of CNDs on the 
porous structure of AOA can be explained, on the one hand, by its shield-
ing by carbon nanoparticles, and on the other hand, by the ‘damping ef-
fect’ of CNDs on the faster thermal expansion of aluminium compared to 
Al2O3. It is possible to obtain samples of AOA with nanoscale pores by en-
vironmentally friendly synthesis using cheap and readily available chemi-
cals. To obtain crystalline Al2O3, hydrothermal treatment can be imple-
mented that has the advantage of a lower crystallization temperature over 
calcination. 

Ключові слова: анодно-окиснений алюміній, вуглецеві наночастинки, 
нанопори, адсорбція, механізм анодування. 

Key words: anodic oxidized aluminium, carbon nanoparticles, nanopores, 
adsorption, anodizing mechanism. 

(Отримано 21 червня 2023 р.) 
  

1. ВСТУП 

Практичне застосування гідратованого оксиду Алюмінію (ГАО) 
охоплює велику кількість галузей [1]. У металурґії та хемічній 
промисловості цей матеріял використовують для одержання чис-
того алюмінію, а також для одержання оксиду, сульфату, фтори-
ду алюмінію, синтетичних цеолітів тощо. Крім цього, гідратова-
ний оксид алюмінію застосовується у виробництві полімерів, ка-
учуків, лакофарбових матеріялів. Застосовуючи ГАО у якості до-
бавок можливо понизити горючість, займистість, виділення диму 
та токсичних газів під час пожежогасіння. У медицині ГАО ви-
користовується як обволікальний засіб та антацид-тривалої дії 
для нормалізації кислотно-лужного балансу шлунково-кишкового 
тракту людини, для лікування захворювань шлунка та дванадця-
типалої кишки. У фармакології матеріял входить до складу вак-
цин і зубної пасти. 
 У водопідготовці ГАО виконує функцію адсорбенту, який адсор-
бує як катіони, так і аніони залежно від pH розчину [2]. Це відрі-
зняє його від більшости неорганічних адсорбентів, таких як гід-
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рофосфати багатовалентних металів, які мають лише катіонооб-
мінну здатність [3–5]. ГАО використовують як добавку до гідрато-
ваних оксидів Zr, Ti, Sn для посилення їхніх аніонообмінних вла-
стивостей [6–8]. ГАО також застосовують для модифікування по-
лімерних мембран баромембранного розділення з метою поліп-
шення їхніх затримувальної здатности, електропровідности та гід-
рофільних властивостей [9, 10]. Цей матеріял запропоновано для 
модифікування йонообмінних полімерів [11]. У згаданих випадках 
ГАО подібний до гідратованого діоксиду Цирконію, який викорис-
товується для тих же цілей [12–15]. Варто зазначити, що до ГАО 
можна віднести також аморфний анодно-окиснений алюміній 
(АОА) у вигляді готового продукту. 
 Процеси анодування широко використовуються для оброблення 
поверхні металів перед фарбуванням [16]. Іншими сферами засто-
сування АОА є сенсори, каталіза, мембранне розділення [17]; його 
також використовують як матрицю для вирощування нанотрубок 
або нанострижнів [18]. 
 У двох останніх випадках пориста структура АOА є особливо 
важливою. Однак під час анодування нанорозмірні пори утворю-
ються в достатньо концентрованих розчинах аґресивних реаґентів 
(H2SO4, H3PO4), навіть токсичних сполук, таких як H2SeO4 [17]. У 
середовищі екологічно чистої кислоти H2C2O4 утворюються достат-
ньо великі пори, розмір яких перевищує 100 нм. У той же час, 
часткове екранування поверхні АОА під час анодування може 
привести до збільшення густини струму на відкритих ділянках і, 
як наслідок, до зменшення розміру пор АОА. Іншою проблемою є 
заміна високочистого алюмінію, який зазвичай використовується 
для анодування, на більш дешевший матеріял з технічною чисто-
тою [19]. 
 Новітній вуглецевий наноматеріял, такий як оксид графену 
(ОГ), є гарним кандидатом в якості добавки до електроліту, оскі-
льки він адсорбується на поверхні оксидів багатовалентних мета-
лів. Наприклад, це дає можливість одержати нанокомпозит TiO2–
ОГ [20]. Раніше було виявлено, що додавання ОГ до розчину щав-
левої кислоти забезпечує утворення менших пор порівняно з АОА, 
одержаними в чистому розчині цього електроліту [21]. 
 В роботі досліджено вплив вуглецевих наночастинок (ВНЧ), 
яких можна легко одержати в гідротермальних умовах [22], на 
формування поруватого шару. Крім того, вирішується проблема 
термічного оброблення АОА. Зазвичай мембрану АОА наносять 
на алюмінійову підкладинку, щоб забезпечити хемічну та меха-
нічну стабільності оксидного матеріялу; однак для більшої стабі-
льности оксидного шару необхідне термічне оброблення за висо-
кої температури. Однак температура топлення алюмінію стано-
вить 660C. Тому запропоновано використання гідротермального 
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оброблення AOA, яке можна виконати за більш низької темпера-
тури. Як правило, ця процедура викликає кристалізацію аморф-
ного оксиду Алюмінію (іноді з утворенням корунду) [23]. 

2. ЕКСПЕРИМЕНТАЛЬНА ЧАСТИНА 

Матеріяли. В якості вихідних реаґентів використовували: щавле-
ву кислоту C2H2O4, хлорид Купруму СuCl25H2O, Натрію гідрок-
сид NaOH, соляну кислоту HCl, фосфорну кислоту H3PO4, хромат 
Калію K2CrO4, лимонну кислоту C6H8O7, етилендіамін C2H8N2 (всі 
реаґенти марки х.ч.), дистильовану воду. 
Синтезу ВНЧ здійснювали за методикою, описаною в роботі [22], 
яка ґрунтується на підході [24]. Наважку 1,05 г лимонної кисло-
ти розчиняли в дистильованій воді (10 см3); далі додавали алік-
воту 0,33 см3 етилендіаміну. Потім розчин виливали в герметич-
ний реактор і нагрівали за 200C впродовж 5 год. Згідно з дани-
ми ПЕМ-аналізи високої роздільчої здатности, за цих умов утво-
рюються наночастинки (8–12 нм). Концентрацію ВНЧ у розчині 
визначали випаровуванням води з подальшим зважуванням на-
важки. Приготований розчин використовували як добавку до 
щавлевого електроліту; частину розчину зберігали протягом 2 
місяців. 
Методи досліджень. Спектри комбінаційного розсіяння одержу-
вали за кімнатної температури в режимі зворотнього розсіяння 
на потрійному раманівському спектрометрі T-64000 Horiba Jobin-
Yvon (Horiba scientific), оснащеному ПЗС-детектором з електрич-
ним охолодженням, з використанням методу лазерного динаміч-
ного розсіяння світла. Для збудження використовували лінію 
Ar–Kr-йонного лазера з довжиною хвилі у 488 нм. Збуджене ви-
промінення фокусувалося на поверхні зразка за допомогою опти-
чних об’єктивів 50, що давало лазерну пляму діяметром близь-
ко 1 мкм. ІЧ-спектри реєстрували за допомогою ІЧ-спектрометра 
Spectrum BX (PerkinElmer Instruments, США). 
 Перед електрохемічним експериментом розчин активували 
ультразвуком із частотою у 30 кГц упродовж 10 хвилин за допо-
могою ультразвукової ванни (Bandelin, Угорщина). 
Анодування. В експерименті використовували алюмінійову фолію 
товщиною у 0,1 мм і вмістом алюмінію у 99,97%. Крім цього, 
вихідний алюміній містив домішки Ôеруму, Силіцію та Купруму 
(по 0,1 ат.% кожного). Перед анодуванням фолію відпалювали за 
500С впродовж 2 годин, обробляли ультразвуком, промивали 
C2H5OH, а потім на одну сторону фолії наносили маску з фоторе-
зисту. Плівковий фоторезист RISTON накладали на поверхню 
для одержання малюнка. Щільний захисний шар оксиду Алюмі-
нію щавили за допомогою 5 M NaOH, далі промивали водою [21]. 
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 Вертикальну електрохемічну комірку було розділено на два 
відділення алюмінійовою фолією (анодною). Електроліт (0,3 M 
щавлева кислота), температуру якого підтримували на рівні 
10C, циркулював через відділення анодного щавлення. Платино-
ву катоду було розташовано безпосередньо навпроти аноди. Ано-
дування проводилося за напруги у 40 В; попередньо подавався 
імпульс у 100 В (для видалення неалюмінійових домішок). 
 З використанням однокомпонентного електроліту щавлевої ки-
слоти окиснення алюмінію проводили в два етапи [17]. Після 
першого етапу анодного щавлення видаляли бар’єрний шар АОА 
6%-розчином H3PO4, що містив також Н2СrO4. Другу стадію ано-
дування проводили в електроліті такого ж складу. У випадку ви-
користання в якості електроліту двокомпонентного розчину, що 
містить H2C2O4 та ВНЧ, процес анодування включав лише одну 
стадію анодування. Для видалення залишкового алюмінію в 
отворах маски пластину АОА обробляли розчином CuCl2 в конце-
нтрованій HCl. Розчин H3PO4 використовувався для видалення 
шару оксиду Алюмінію на дні пор для одержання наскрізних ка-
налів. 
 Одержаний зі змішаного електроліту АОА обробляли гідротер-
мально за тиску у 2 бар і температури у 200С. Для дослідження 
фазових перетворень проводили реєстрацію рентґенограми на 
дифрактометрі ДРОН-3М (ЛОМО, Росія) із зовнішніми стандар-
тами SiO2 (стандарт 2) і Al2O3 (стандарт інтенсивности). Дослі-
дження проводили з Cu-анодою із довжиною хвилі рентґенівсько-
го випромінення у 0,154178 нм з використанням Ni-фільтра. 
 Для дослідження морфології АОА використовували растрові 
електронні мікроскопи: SEO-SEM Inspect S50-B (Сумський завод 
«Електронна оптика») і Tescan Mira 3LMU (TESCAN, Чехія). По-
передньо зразки АОА були покриті ультратонким шаром срібла. 
 Адсорбційні властивості АОА вивчали в стаціонарних умовах. 
Готували розчин, що містив 0,0068 мгсм

3 ВНЧ, і розбавляли йо-
го для одержання зразків для UV–Vis-мірянь (калібрувальної 
кривої). Спектри записували на спектрофотометрі Shimadzu UV-
VIS mini 1240 (Shimadzu, Японія) в діяпазоні 200–600 нм; базова 
лінія відповідала дейонізованій воді. Калібрувальну лінію було 
побудовано на основі даних екстинкції для 350 нм. Далі зважені 
зразки АОА витримували в 50 см3 розчину ВНЧ впродовж 24 год. 
Після аналізи рідин розраховували адсорбційну місткість (A) за 
формулою 

( )s iV C C
A

m


 , 

де Сi і С — початкова та кінцева концентрації, V — об’єм розчи-
ну, m — маса адсорбенту. 



58 К. O. КУДЕЛКО, О. Г. ДЗЯЗЬКО, Л. М. РОЖДЕСТВЕНСЬКА та ін. 

 Перед проведенням мірянь методом лазерного розсіяння для 
розбиття аґреґованих частинок розчин ВНЧ піддавали впливу 
ультразвуку. 

3. РЕЗУЛЬТАТИ ТА ЇХ ОБГОВОРЕННЯ 

Як було встановлено раніше, розмір ВНЧ становить 8–12 нм [22]; 
водний колоїдний розчин має темно-жовтий колір. Люмінесцен-
ція спостерігається в темноті із УÔ-випроміненням (рис. 1). 
 Під час старіння відбувається аґреґування, і діяметер ВНЧ 
знаходиться у діяпазоні 150–250 нм (рис. 2). У колоїдному роз-
чині переважають аґреґати, діяметер яких становить 200 нм. 
 На УÔ-спектрах спостерігаються максимум поглинання для 
200 нм, який пов’язаний з –*-переходом атомових C–C-
зв’язків, і пік для 350 нм, зумовлений n–*-переходами аромати-
чних C–C-зв’язків (рис. 3). Інтенсивність піків зменшується зі 
зменшенням концентрації розчину. Калібрувальну криву було 
побудовано для максимуму для 350 нм. Оскільки залежність є 

 

Рис. 1. Люмінесценція ВНЧ у УÔ-випроміненні.1 

 

Рис. 2. Розподіл за розмірами аґреґованих частинок ВНЧ.2 
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лінійною, можна визначити концентрацію ВНЧ. 
 Спектер комбінаційного розсіяння для АOA демонструє два 
асиметричних піки для 1383 і 2220 см

1 (рис. 4). Перший пік, 
вочевидь, пов’язаний зі структурою вуглецю. Оскільки метод си-
нтези передбачає формування леґованої Нітроґеном структури 
графену [24], то другу смугу зумовлено коливаннями йонізованих 
аміногруп [25]. Вони можуть бути приєднані до площини графе-

  

                         a                                                   б 

Рис. 3. Спектри розчинів ВНЧ, позначені цифрами, мгсм
3 (а): 1 — 

концентрація 0,0136; 2 — концентрація 0,017; 3 — концентрація 0,023; 
4 — концентрація 0,034; 5 — концентрація 0,068; (б) калібрувальна 
крива.3 

  
                         а                                                  б 

Рис. 4. Раманівські спектри ВНЧ (1) та AOA (2), одержані в електролі-
ті, що містить ВНЧ (а); деконволюція спектру для останнього зразка 
(б).4 
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ну через аліфатичні вуглеводневі ланцюги під час карбонізації. 
Асиметрія піків і видимих плечей уможливлює провести декон-
волюцію спектрів (рис. 4). 
 Після деконволюції спектер містить кілька піків. Найбільш 
інтенсивні смуги відносяться до смуг D (1383 см

1) і G (1587 см
1) 

[26]. D-смугу зумовлено режимами фононного дихання, спричи-
неними вуглецевими вакансіями. Смуга G є результатом виро-
джених E2g-фононних мод вуглецевих sp2-зв’язків. Піки невпоря-
дковані; відношення їхніх інтенсивностей становить 0,96, що 
свідчить про велику кількість дефектів, зумовлених леґуванням 
Нітроґен- і Оксиґенвмісними функціональними групами. Смуги, 
які спостерігаються за менших значень зсуву комбінаційного ро-
зсіяння, зумовлено впливом підкладинки (SiO2) та функціональ-
них груп (карбокси-, епоксидних і фенольних). Піки, що знахо-
дяться за більш високих значень зсуву, зумовлено валентними 
коливаннями аміногруп. 
 Широкий пік ІЧ-спектру в інтервалі 4000–3000 см

1 зумовлений 
коливаннями Н2О, а також ОН, СН і NH (NH4


 і пірольних) груп 

(рис. 5). СН2-групи відносяться до смуг для 2930 см
1 і 2858 см

1 
(Оксиґен- і Нітроґенвмісні групи можуть бути приєднані до пло-
щин графену саме через ці групи); коливання для 2367 см

1, воче-
видь, пов’язане зі зв’язком Карбон–Нітроґен [25]. Пік для 1722 
см

1 зумовлений карбонілом карбоксильних груп; смугу для 1620 
см

1 зумовлено вуглецевим каркасом, тобто C–C-коливаннями. Ка-
рбоксильні та фенольні групи відносяться до смуг для 1401 і 1257 
см

1; епоксидні групи відповідають за пік для 1070 см
1. Піридин 

дає максимум для 1200 см
1; смуга для 1560 см

1 належить піролу. 
 На рисунку 6 показано нижній бік АОА з бар’єрним шаром (з 
порожньої сторони електрохемічної комірки) до видалення неоки-
сненого алюмінію. Видно нерівномірні опуклості, які в першому 
наближенні є сферичними. Їхній розмір становить 75–100 нм. 
Трохи менші опуклості спостерігаються для зразка, одержаного в 
присутності ВНЧ. 
 Додавання ВНЧ до щавлевого електроліту впливає на пори 

 

Рис. 5. Інфрачервоний спектер НЧ.5 
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AOA. Для зразка, одержаного без ВНЧ, комірчасту пористу стру-
ктуру видно з боку поверхні, що контактувала з електролітом. 
Ôорма пор є гексагональною; сторона гексагону має довжину у 
23 нм. Діяметер пор — 50–100 нм; переважають пори найбіль-
шого розміру. Стінки пор мають товщину близько 30 нм. 
 Під час синтези зразків у змішаному електроліті видно менші 
пори більш неправильної форми. Розмір пор становить 20–40 нм, 
товщина стінок пор — до 50 нм. У поперечному перерізі видно 
стрижні, які розташовані близько один до одного. Порожнини 
між цими стрижнями відповідають наскрізним і прямим порам. 
У випадку зразків, одержаних у двокомпонентному електроліті, 
стрижні товщі. Це свідчить про товстіші стінки пор, оскільки 
пори цього АОА є меншими порівняно зі зразком, синтезованим 
в однокомпонентному електроліті. 
 Вплив ВНЧ можна пояснити, беручи до уваги механізми фор-
мування пористої структури АОА. Коли наночастинки адсорбу-
ються на поверхні гідратованих оксидів, вони, ймовірно, здатні 
впливати на розмір пор (адсорбція підтверджується подібністю 
спектрів комбінаційного розсіяння ВНЧ і АОА; див. рис. 4, а). 

   
                 а                                  б                                в 

   
              г                                 д                                   е 

Рис. 6. Нижній бік до видалення залишкового алюмінію (а, б), верхній 
бік (в, г) та поперечний переріз (д, е) АОА, синтезованого з використан-
ням чистого H2C2O4 (а, в, д) і колоїдного розчину ВНЧ у H2C2O4 (б, г, е).

6 



62 К. O. КУДЕЛКО, О. Г. ДЗЯЗЬКО, Л. М. РОЖДЕСТВЕНСЬКА та ін. 

Наприклад, теорія Богоявленського пропонує розглядати АОА як 
колоїдний об’єкт, а саме, як ґель [17]. На аноді формуються акти-
вні центри, де зароджуються майбутні міцели. Вони збільшуються 
та перетворюються на полійони, які є волокнистими паличкоподі-
бними міцелами. Ці міцели є основою скелету оксидного ґелю. 
Міцели заряджаються неґативно внаслідок адсорбції аніонів. По-
зитивний заряд аміногруп ВНЧ забезпечує адсорбцію наночасти-
нок вуглецю на оксиді за рахунок електростатичної взаємодії. Це 
посилює екранування поверхні алюмінійових електрод. Дійсно, 
струм під час анодування зменшується з 40 до 35 мА (за відсутно-
сти ВНЧ в електроліті) і до 20 мА (за присутности ВНЧ). 
 Згідно з моделем пластичного потоку за Томпсоном, який зга-
дується в [17], йони O2 міґрують до межі поділу метал–розчин 
під час анодування. Екранування частинок АОА за допомогою 
ВНЧ обмежує міґрацію, тобто окиснення алюмінію. 
 Металевий алюміній, оксид Алюмінію та графен характеризу-
ються різними значеннями теплопровідности [Втм

1К
1]: 247 

(Al), 35 (кристалічний Al2O3), 5000 (графен). Коефіцієнти тепло-
вого розширення становлять 2,310

5 і 8,410
6 К

1 для Al і Al2O3 
відповідно. Графену притаманне від’ємне теплове розширення 
(3,2–3,8)10

6 К
1). Це означає, що адсорбовані наночастинки 

вуглецю є «демпферами», які запобігають розтріскуванню оксиду 
внаслідок інтенсивнішого нагрівання алюмінію під час анодуван-
ня. 
 Крім спектрів комбінаційного розсіяння (рис. 4), поглинання 
ВНЧ поверхнею АОА підтверджується адсорбційними даними 
(рис. 7). Встановлено, що ізотерма поглинання описується рів-
нянням Тьомкіна: 

 

Рис. 7. Ізотерма адсорбції ВНЧ у Тьомкінових координатах.7 
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max
2,3

log
a

A bC
f

 , 

де f — коефіцієнт поверхневої неоднорідности, b — константа, 
що відображає теплоту адсорбції, amax — максимальна місткість 
(на дату експерименту — 0,0011 мгг

1). 
 Згідно з моделем Тьомкіна, в першу чергу адсорбція відбува-
ється на більш ненасичених центрах з максимальним виділенням 
тепла. Потім заповнюються центри зі слабшою адсорбційною зда-
тністю. З переходом від більш до менш ненасичених центрів теп-
лота адсорбції зменшується експоненційно. Як було знайдено, 
f0,35, b20. Це свідчить про достатньо високу гетерогенність 
поверхні АОА, яка включає як амфотерний оксид, так і оксалат-
йони. 
 Аґреґовані наночастинки вуглецю також адсорбуються АОА, 
що підтверджено методом динамічного лазерного розсіяння (рис. 
8). Частинки АОА, які були дисперґовані за допомогою ультраз-
вуку, мають розмір у 110–130 нм. Пік, який відповідає аґреґа-
там, зміщується в область більших значень (від 150–250 до 200–
800 нм). У розчині переважають частинки розміром у 300 нм. 

4. ВИСНОВКИ 

Додавання ВНЧ до щавлевого електроліту забезпечує зменшення 
розміру пор анодно-окисненого алюмінію. ВНЧ впливають на фо-
рмування пористої структури АОА аналогічно до ОГ [21]. Пере-
вагою ВНЧ над ОГ є одержання АОА з меншими порами в 
м’яких умовах без аґресивних реаґентів. Вплив ВНЧ на пористу 
структуру АОА можна пояснити, з одного боку, її екрануванням 
наночастинками вуглецю, а з іншого — «амортизувальною дією» 
ВНЧ на більш швидке терморозширення алюмінію порівняно з 
Al2O3. 

 

Рис. 8. Розподіл за розмірами аґреґованих частинок ВНЧ у розчині, що 
містив дисперсний АОА.8 
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 Таким чином, можна одержати зразки АОА з нанорозмірними 
порами шляхом екологічно чистої синтези з використанням де-
шевих і доступних хемічних реаґентів. Для одержання кристалі-
чного Al2O3 може бути реалізовано гідротермальну синтезу, пере-
вагою якої над прожарюванням є нижча температура кристаліза-
ції. 
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PACS numbers: 61.80.Ba, 61.82.Rx, 77.84.Cg, 78.67.Rb, 81.16.Pr, 81.20.Fw, 82.50.Hp 

Структурні та фотохемічні характеристики гібридних  
каталізаторів TiO2/SiO2/мікроволастоніт, одержаних золь–
ґель-методом 

О. В. Зінченко, В. Д. Єжова, О. Л. Толстов 

Інститут хімії високомолекулярних сполук НАН України,  
Харківське шосе, 48,  
02155 Київ, Україна 

Фотоактивні TiO2/SiO2-композити одержано in situ золь–ґель-методом 
шляхом осадження суміші TiO2xH2O та SiO2∙yH2O на поверхню мікро-
нізованого природнього CaSiO3 (воластоніту) з їхньою подальшою кон-
денсацією. Подальше температурне оброблення композитного шару 
сприяє сполученню ортокислот і формуванню наноструктурованих ма-
теріялів. Використання SiO2-вмісних сполук, зокрема органосиланів і 
Калій силікату, що відіграють роль сполучних і структурних модифі-
каторів фази ТіО2, забезпечує формування гібридних дисперсних ката-
лізаторів, будову яких підтверджено даними ІЧ-Фур’є-спектроскопії. 
За даними рентґенофазової аналізи встановлено формування фази на-
нокристалічного ТіО2 анатазної кристалічної модифікації, вміст якої 
перевищує 70%. Дані порометрії свідчать, що наноструктуровані зраз-
ки є мікропористими матеріялами з питомою поверхнею у 60–225 м2г

1 
і об’ємом мікропор від 2 до 30 мм3г

1. Оцінка ефективности одержаних 
композитних фотокаталізаторів у лабораторних умовах під опромінен-
ням УФ-світлом у динамічних умовах та у реальних умовах у статич-
ному режимі під опроміненням сонячним і розсіяним денним світлом 
продемонструвала їхню високу фотохемічну активність в реакції окис-
нення барвників метиленового блакитного (МБ) та нігрозину. Для фо-
токаталізаторів під опроміненням УФ-світлом характерною є висока 
швидкість деструкції (vср) барвника МБ, що сягає 7,2 µмольг

1год
1. У 

випробуванні фотокаталітичної активности композитів у вигляді пок-
риттів, нанесених на інертний субстрат, було показано, що одержані 
покриття під дією сонячного освітлення демонструють величину vср 
близько 0,115 нмольсм

2доба
1 (для МБ) і до 0,06 нмольсм

2доба
1 

(для промислового барвника нігрозину). Одержані результати свідчать 
про можливість практичного використання одержаних фотокаталізато-
рів для виготовлення пристроїв для очищення стічних вод від органіч-
них забруднювачів, а також для одержання покриттів, здатних до са-
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моочищення для внутрішнього та зовнішнього застосування. 

Photoactive TiO2/SiO2 composites are fabricated via in situ sol–gel ap-
proach by deposition of as-prepared mixture of orthotitanic (TiO2xH2O) 
and orthosilicic (SiO2∙yH2O) acids onto a surface of micronized natural 
mineral CaSiO3 (wollastonite) followed by their condensation. Thermal 
treatment of the raw composite layer activates deep condensation of or-
thoacids and leads to the formation of nanostructured composite materi-
als. Using SiO2 precursors, namely, organosilicon compounds and potassi-
um silicate playing the role of binders and structure modifiers of ТіО2 
phase, provides the formation of hybrid-powdered catalysts. The hybrid 
structure of the composite catalysts is considered by FTIR spectroscopy. 
The results of WAXS demonstrate an appearance of nanocrystalline ТіО2 
anatase phase with crystalline phase content of up to 70%. Porosity 
measurements of the composites show a formation of nanostructured ma-
terials with well-defined microporous structure, which is characterized by 
surface area in the range of 60–225 m2g–1 and micropore volume of 2–30 
mm3g–1. Evaluation of efficacy of produced composite photocatalysts in 
laboratory conditions under the dynamic regime and irradiation by UV-
light as well as in environmental conditions in the static regime and under 
irradiation by direct solar light or scattered daylight demonstrate high 
photochemical activity in the oxidation reaction of methylene blue (MB) 
and nigrosine dyes. The photocatalysts are characterized by a high degra-
dation rate (vav) of MB dye under UV-illumination that reaches 7.2 
µmolg–1hr–1. Testing the photocatalytic coatings fabricated by spray-
drying approach of powdered catalysts on inert substrate demonstrates 
appropriate activity as well. The degradation rate (vav) value of the coat-
ings under direct solar-light illumination reaches 0.115 nmolcm–2day–1 
(for MB dye) and 0.06 nmolcm–2∙day–1 (for industrial nigrosine dye). 
Thus, the results evidence of perspectives of practical uses of produced 
photocatalysts for manufacturing of cartridges for purification and de-
contamination of wastewater as well as for producing self-cleaning coat-
ings for internal and external uses. 

Ключові слова: ТіО2, воластоніт, композити, структура, властивості, 
фотокаталітичне очищення. 

Key words: ТіО2, wollastonite, composites, structure, properties, photocata-
lytic decontamination. 

(Отримано 15 червня 2023 р.) 
  

1. ВСТУП 

Розробка нових високодисперсних фотохемічно активних матері-
ялів і покриттів на їхній основі є актуальним завданням впро-
довж багатьох років [1–3]. Íезважаючи на тенденцію пошуку но-
вих каталізаторів на основі сполук Ті, Zn, Cd, Ce, Ві, W, Mo та 
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ін., найбільша увага незмінно надається фотокаталізаторам на 
основі ТіО2, його комбінації з модифікаторами (Au, Ag, Pt, Pd, 
N, Si), іншими функціональними сполуками, а також гібридним 
матеріялам на його основі [3–5]. 
 Серед низки гібридних матеріялів на основі ТіО2, композити 
ТіО2/SiO2 мають найбільші перспективи застосування завдяки 
хемічній стабільності, спрощеній технології одержання та висо-
кій фотохемічній активності. В процесі фотокаталітичної дестру-
кції разом з мінералізацією також відбувається часткове окис-
нення та гідрофілізація органічних речовин, що поліпшує ефек-
тивність поверхонь, здатних до самоочищення. Водночас дода-
вання до складу фотокаталізаторів SiO2 зберігає достатній рівень 
гідрофільности поверхні каталізаторів внаслідок високої щільно-
сти Si–OH-груп [6, 7]. Ãібридні покриття TiO2/SiO2, одержані 
золь–ґель-методом, мають підвищену кислотність внаслідок ная-
вности структурних фраґментів SiO4, що сприяє поліпшенню ад-
сорбції радикалів ОÍ* та йонів ОÍ– і зростанню гідрофільности 
їхньої поверхні [8]. Як результат, активується процес сорбції мо-
лекул Í2О та десорбції продуктів руйнування органічних сполук-
забруднювачів. Підвищити гідрофільність фотокаталізаторів та-
кож можна, збільшуючи густину поверхневих ОÍ-груп під час 
модифікування ТіО2 сполуками Al та Zn. 
 Додатковою функцією SiO2 в процесі утворення TiO2-вмісних 
композитів є контроль реакції конденсації й росту наночастинок 
ТіО2. В результаті взаємодії між Ті–ОÍ- і Si–OH наночастинок 
гідратованих олігомерних форм відповідних ортокислот відбува-
ється утворення гібридних зв’язків Ti–O–Si, що в подальшому 
підвищує фотоактивність нанокристалів ТіО2. Крім того, олігоме-
ри ортокремнійової кислоти виконують функцію сполучного, що 
з’єднує нанокристали ТіО2, а їхні аморфна структура та полідис-
персність підвищують пористість і поліпшують доступність ката-
літичних центрів таких композитів у фотокаталітичних процесах 
[9]. Цей процес позитивно впливає на питому поверхню та кіль-
кість каталітичних центрів TiO2/SiO2-композитів. Такий підхід до 
створення фотокаталізаторів з кристалічною фазою ТіО2, що ма-
ють невпорядковану будову як результат сполучення складових 
різної природи та функціональности [10], є відомим і широко ви-
користовується для підвищення фотохемічної активности компо-
зитних каталізаторів. 
 Перспективність використання SiO2 для створення фотокаталі-
заторів відображено у великій кількості досліджень з цієї про-
блематики [3, 5, 11–14]. Àктивного розвитку воднораз набув но-
вий підхід із заміною широко застосованих нестабільних органі-
чних похідних Силіцію [15] на стабільні неорганічні модифікато-
ри [16], штучні SiO2-вмісні матеріяли (пірогенний SiO2, силікаґе-
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лі, аероґелі, скло) [7, 17, 18] та природні силікатні мінерали — 
глини, бентоніти, шпати, цеоліти, кварц [19–22]. Важливими пе-
ревагами субстратів природнього походження є можливість ефек-
тивного використання ТіО2 за його осадження на субстрат у ви-
гляді тонкого шару та, за потреби, модифікування поверхні суб-
страту. Зокрема, введення ТіО2/SiO2 композиту в цементну суміш 
надає їй помітні фотокаталітичні властивості, а сполучення кіль-
кох компонентів з різними функціями (конструкційними, 
в’язальними, каталітичними, захисними тощо) поліпшує стабі-
льність фотокаталітичних поверхонь до впливу кліматичних 
чинників [19]. Дисперсні композити ТіО2/SiO2, одержані піролі-
зою з біогенного SiO2, демонструють задовільну ефективність де-
струкції органічних забруднювачів [20]. Контрольоване осаджен-
ня шару ТіО2 на природні алюмосилікати уможливлює одержати 
шаруваті каталізатори для очищення кислотних стічних вод [21]. 
Àвтори багатьох робіт відзначають, що мінеральні субстрати не 
погіршують фотохемічні характеристики каталізаторів, натомість 
дають змогу застосувати відомі способи модифікування ТіО2 для 
підвищення активности фотокаталізаторів, в тому числі у види-
мій області спектру [22]. Àле слід зазначити відомий факт, що 
деякі неорганічні сполуки та йони, наприклад Na


, що присутні в 

більшості природніх мінералів, здатні погіршувати фотохемічні 
властивості ТіО2-вмісних каталізаторів [23, 24]. Одним з природ-
ніх субстратів з високим потенціялом застосування для одержан-
ня фотокаталізаторів є мінерал воластоніт — природній CaSiO3, 
що не містить йони Na


, натомість може містити слідові кількос-

ті інших елементів (Fe, Mg, Mn), що можуть бути потенційними 
модифікаторами кінцевих фотоактивних систем. Формування зо-
внішнього шару на поверхні інертних природніх носіїв має й 
економічне підґрунтя, оскільки уможливлює спростити метод 
одержання та зменшити витрату компонентів, призначених для 
створення каталізаторів, із збереженням їхньої ефективности. 
 В більшості досліджень для визначення фотохемічної активно-
сти каталізаторів використовують стандартні (модельні) органічні 
забруднювачі — водорозчинні барвники: метиленовий блакитний 
(МБ), метиловий оранжевий, родамін тощо, що уможливлює 
спростити вивчення процесів фотохемічного окиснення під дією 
фотокаталізаторів. Àле ці барвники не є еталонними сполуками-
забруднювачами, оскільки, по-перше, не завжди зустрічаються у 
відходах промисловости та, по-друге, завдяки особливостям хемі-
чної будови, зокрема здатності до окиснення у достатньо м’яких 
умовах, повноцінно не відтворюють потенційні можливості ката-
лізаторів. Íа відміну від «еталонних» барвників, є потенційно 
небезпечні органічні сполуки, що активно використовуються в 
промислових процесах і поява яких у природньому середовищі 
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несе потенційну шкоду довкіллю. Однією з таких органічних 
сполук є барвник нігрозин, що є продуктом окиснення аніліну. 
Завдяки особливій хемічній структурі нігрозин важко піддається 
глибокій деструкції, особливо в природніх умовах, що є головним 
критерієм його небезпеки для навколишнього середовища. 
 Спираючись на сучасні досягнення в області фотоактивних 
композитів ТіО2/SiO2, спрямування матеріялознавства на ресур-
созбереження й економічну доцільність промислової синтези 
композитних каталізаторів, в даній роботі запропоновано спосіб 
одержання нових гібридних фотокаталізаторів ТіО2/SiO2 з вико-
ристанням перспективного природнього субстрату — мінералу 
воластоніту та гідрофільних SiO2-вмісних структурних модифіка-
торів і сполучних, досліджено структурні, сорбційні та фотохемі-
чні характеристики дисперсних композитів, а також перевірено 
кінетичні параметри фотохемічної активности одержаних каталі-
тично активних наноструктурованих покриттів у природніх умо-
вах, для чого було застосовано метод УФ-вид-спектроскопії на 
відбивання. 

 
Метиленовий блакитний 

 
Íігрозин 

 
Метиловий оранжевий 

2. ЕКСПЕРИМЕНТАЛЬНА ЧАСТИНА 

Для одержання фотоактивних композитів використали Титан(IV) 
хлорид TiCl4 (95%) та водний розчин NH3 (28%). Як вихідні 
компоненти для одержання гідратованої форми ортокремнійової 
кислоти, структурного модифікатора та неорганічного сполучно-
го, було обрано частково гідролізований (C2H5O)4Si (продукт ЕС-
40; вміст SiO2 — 40%) і водний розчин Калій силікату K2SiO3 
(36%; K2O/SiO23,05). Як органічні сполуки-забруднювачі, ви-
користовували барвник метиленовий блакитний (МБ) і промисло-
вий барвник, що використовують у шкіряному виробництві, — 
нігрозин чорний. Як мінеральний субстрат використовували мік-
ронізований природній мінерал воластоніт (Вмв; марка Миволл 
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15–96; вміст SiO2 — 49,2% мас.; середній лінійний розмір части-
нок або діяметер волокон — 127 мкм). Як субстрат для пок-
риття фотокаталізатором, використовували очищену цементно-
бетонну поверхню — основний тип поверхні промислових і жит-
лових приміщень, придатний для нанесення декоративних і фун-
кціональних покриттів. 
 Дисперсні композитні фотокаталізатори одержано конденсаці-
єю гідратованих форм ортотитанової (Í4ТіО4) та ортокремнійової 
(Í4SiO4) кислот з подальшим осадженням конденсованого гібрид-
ного гідрозолю на поверхню мікронізованого воластоніту. Згідно 
з методикою, до водного розчину TiCl4 за інтенсивного перемішу-
вання додавали певну кількість розчину амоніаку для часткової 
нейтралізації суміші; далі вводили воластоніт та ЕС-40 як моди-
фікатор EC

2
(SiO ) , додавали залишкову кількість NH3 для повної 

нейтралізації суміші та витримували за 90С протягом 2 год для 
завершення процесів конденсації й осадження. За використання 
модифікатора K2SiO3 

2 3K SiO

2
(SiO )  амоніак не використовували вна-

слідок високої лужности розчину Калій силікату, а інші стадії 
процесу були аналогічними. Одержані дисперсні композити від-
діляли центрифуґуванням, промивали дистильованою водою для 
видалення йонів Cl


, сушили за температури у 90С та кальцину-

вали за 400С впродовж 1 год. 
 Для одержання покриттів до 10% мас. водної дисперсії компо-
зитів додавали 5% мас. ЕС-40 і за допомогою методу напорошен-
ня наносили потрібний шар покриття на цементно-бетонну пове-
рхню, чергуючи процес нанесення з сушкою (spray drying) за кі-
мнатної температури. За обраних умов одержаний шар покриття 
мав товщину у 10020 мкм. 
 Хемічну будову вихідних складових і композитів вивчали ме-
тодом ІЧ-спектроскопії на приладі Bruker TENSOR 37 в діяпазоні 
 від 4000 до 400 см

1. Рентґенофазову (РФÀ) структуру компо-
зитів досліджено методом ширококутньої рентґенографії з вико-
ристанням рентґенівської камери IPM-1 і CuK-випромінення, 
монохроматизованого Ni-фільтром, та визначено ступінь криста-
лічности (Хкр) і середній розмір нанокристалів ТіО2 композитів 
(Dкр). Питому поверхню (Sпит) й об’єм мікропор (Vмікро) зразків 
композитів оцінювали за методом BET на аналізаторі KELVIN 
1042. Сорбційні характеристики композитів у водному середови-
щі по відношенню до органічних молекул визначали методом фо-
тометрії шляхом темнової адсорбції 50 мкМ-розчину барвника 
МБ упродовж 3 год. Àдсорбційна місткість дисперсних матерія-
лів (МБ [µмольг

1]) є важливою характеристикою активности по-
верхонь фотокаталізаторів. 
 Фотохемічну активність каталізаторів перевірено на органіч-
них забруднювачах — барвниках МБ та нігрозині з використан-
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ням методу УФ-вид-спектрометрії у режимах поглинання та від-
бивання. Модельні дослідження фотокаталітичної дії композитів 
проводили методом фотометрії для 670 нм за зменшенням 
концентрації МБ (СМБ [µмольг

1]) за час опромінення. За мето-
дикою наважку композиту масою у 0,05 г дисперґували у 40 мл 
0,05 мМ водного розчину МБ та піддавали УФ-опроміненню 
(джерело — комплекс ламп Philips TLK 40W105 загальною по-
тужністю у 300 Вт, І1,26 мВтсм

2, макс365 нм). За результа-
тами досліджень визначали швидкість фотодеструкції (vср 
[µмольг

1год
1]) барвників. За відсутности каталізатора фотодеґ-

радація МБ в даних умовах не відбувалася. 
 Дослідження фотохемічних характеристик покриттів проводи-
ли за наступною методикою. Íа покриття наносили розчин барв-
ника (еквівалент 3 нмоль), сушили за кімнатної температури та 
піддавали опроміненню за двох режимів. Фотокаталітичний 
режим 1 — пряме сонячне світло 3 год. (Есер0,145 мВт·см

2), 
розсіяне денне світло 9 год. (Есер0,024 мВтсм

2). Фотокаталі-
тичний режим 2 — розсіяне денне світло 12 год. (Есер0,024 
мВтсм

2). Енергетичні параметри опромінення, розраховані як 
середній показник 5 мірянь упродовж кожного періоду освітлен-
ня (пряме сонячне освітлення, розсіяне денне освітлення) за до-
помогою радіометра ÀТТ-1515 у спектральному діяпазоні 320–
390 нм, що є основним діяпазоном поглинання для фотокаталіза-
торів на основі ТіО2 (фотохемічною активністю більшости ТіО2-
вмісних каталізаторів для 400 нм можна нехтувати). Трива-
лість фотокаталітичних випробувань для МБ складала 14 діб, для 
нігрозину — 21 добу. За результатами досліджень визначено се-
редню та максимальну швидкість фотодеструкції барвників (vср 
та vмакс відповідно [нмольсм

2∙доба
1]), а також питомий показник 

фотодеструкції барвників на 1 см2 поверхні покриття (С). 

3. РЕЗУЛЬТАТИ ТА ЇХ ОБГОВОРЕННЯ 

Одержання гібридних фотокаталізаторів на основі ТіО2 за обра-
ним методом є сукупністю процесів гідролізи TiCl4 з перетворен-
ням у дисперсну гідратовану форму ортотитанової кислоти 
(ТіО2хÍ2О) та її конденсації з частинками гідратованої ортокре-
мнійової кислоти SіО2yÍ2О з утворенням гібридного гідрозолю, 
який внаслідок взаємодії з поверхнею воластоніту, що має пове-
рхневу Si–OH- і Ca–OH-функціональність [25], осаджуються у 
вигляді композитного шару на поверхню субстрату. Температур-
не оброблення сприяє дегідратації гідрозолю та конденсації скла-
дових з утворенням гібридних дисперсних фотокаталізаторів. 
Склад та основні характеристики одержаних композитів у висо-
кодисперсному стані наведено в табл. 1. 
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 Особливості хемічної будови композитних фотокаталізаторів 
вивчено за допомогою ІЧ-Фур’є-спектроскопії (рис. 1, а) [26, 27]. 
Якщо розглянути спектер субстрату (CaSiO3; зразок 5), можна 
відзначити низький вміст поверхневих ОÍ-груп (ОÍмакс3458 
см

1) як результат щільної кристалічної будови мінералу та низь-
кий вміст адсорбованої вологи (Í2Омакс1635 см

1), що є типовим 
для непористої структури воластоніту. Також можна спостерігати 
наявність СО3

2-йонів (СО3макс1428 см
1), що зазвичай є у складі 

природніх мінералів. Також для мікрочастинок субстрату спосте-
рігається низка смуг поглинання, що підтверджують структурні 
особливості силікатних матеріялів, а саме, наявність зв’язків O–
Si–O з максимумами для 1081 см

1 (валентні місткові, OSiO,bridge) і 
966 см

1 (валентні немісткові, OSiO,non-bridge), 921 і 900 см
1 (асимет-

ричні та симетричні деформаційні, OSiO,as та OSiO,s відповідно). 
Додатково ідентифіковано зв’язки Si–O–Si, смуги коливань яких 
мають максимуми для 1060 і 1016 см

1 (SiOSi,as і SiOSi,s), 681 і 644 
см

1 (SiOSi,as і SiOSi,s відповідно), та смугу, типову для кристаліч-
них силікатних структур для 472 см

1. Крім того, ідентифіковано 
смуги деформаційних коливань силанольних Si–OH-груп з мак-
симумами для 566 і 509 см

1 та CaOSi для 451 см
1. 

 Íа ІЧ-спектрах композитів внаслідок формування розвиненої 
поверхні та пористої структури спостерігається підвищення вміс-
ту поверхневих OH-груп (ОÍ3450 см

1) і адсорбованої вологи 
(Í2О1635 см

1). Íаявність широкої комплексної смуги Si–O–Si 
в діяпазоні 1250–1160 см

1 і нової смуги OSiO з максимумом для 

  
                          a                                                 б 

Рис. 1. ІЧ-Фур’є-спектри воластоніту та композитних фотокаталізаторів 
(а) і композиту TiВмвSi-4 до та після опромінення за наявности МБ (б): 
TiВмвSi-4а (1), TiВмвSi-4 (2), TiВмвSi-7 (3), TiВмвSi-6 (4), воластоніт (5), 
TiВмвSi-4 з адсорбованим МБ (6), TiВмвSi-4 після фотодеструкції МБ (7).2 



76 О. В. ЗІÍЧЕÍКО, В. Д. ЄЖОВÀ, О. Л. ТОЛСТОВ 

793 см
1 вказує на появу в складі композитів аморфного SiO2, що 

утворюється в результаті конденсаційних процесів за участю гід-
ратованої форми ортокремнійової кислоти під час одержання 
TiO2/SiО2-композитів. Крім того, на спектрах зразків у діяпазоні 
800 см

1 ідентифіковано широку комплексну смугу коливань, 
що утворилася внаслідок суперпозиції смуг коливань зв’язків Si–
O–Si воластоніту зі смугами Ti–O–Si з максимумом для 937 см

1 і 
Ti–O–Ti для 797 см

1 [28]. За температурного оброблення (каль-
цинування) композитів (зразки 2–4) відбувається видалення гід-
ратної та сорбованої вод і часткова конденсація вільних Si–OH-
груп [29] у поверхневому шарі композиту, що спричиняє помітне 
пониження інтеґральної інтенсивности смуги ОÍ. Водночас при-
рода кремнійвмісного модифікатора помітно не впливає на стру-
ктурні характеристики гібридних систем. 
 Íа прикладі гібридного композиту TiВмвSi-4 та барвника МБ 
(рис. 1, б і рис. 2, а) було досліджено послідовність стадій проце-
су фотокаталітичної деструкції органічних сполук каталізатора-
ми даного типу. За дисперґування дисперсного каталізатора в ро-
зчині барвника за відсутности освітлення спостерігається активна 
фаза адсорбції органічних молекул поверхнею частинок компози-
ту, що можна спостерігати по появі у ІЧ-спектрі композиту від-
повідних смуг коливань (C–H і C–H/C–N; рис. 1, б, спектер 6). 
Варто вказати, що наявність смуг з дуже низькою інтенсивністю 
в області зазначених смуг C–H і C–H/C–N як на спектрах вихід-
ного воластоніту, так і в ІЧ-спектрі композиту TiВмвSi-4 після 
опромінення пов’язана з наслідками пробопідготовки. 
 Àналіза УФ-вид-спектрів поглинання розчинів МБ до та після 
адсорбції свідчить про значну ріжницю в концентрації барвника 
— майже зникають характерні для МБ основні смуги поглинання 
в УФ-діяпазоні (246 і 291 нм) та у видимій області спектру (612 і 
664 нм) (рис. 2, а, спектри 1 і 2 відповідно). Також під впливом 
УФ-опромінення в ІЧ-спектрі каталізатора з адсорбованим МБ 
зникають смуги коливань, притаманні барвнику, що свідчить про 
перебіг реакцій його окиснення на поверхні каталізатора та десо-
рбції продуктів деструкції в об’єм розчину (рис. 1, б, спектер 7). 
 Àналіза спектру модельного розчину МБ після фотодеструкції 
свідчить про повне зникнення смуг поглинання МБ, але повної 
мінералізації молекул МБ за 1 год. УФ-опромінення не відбува-
ється, оскільки окремі продукти деструкції залишаються в реак-
ційному середовищі, що видно по наявності остаточного погли-
нання розчину в діяпазоні 280 нм (рис. 2, а, спектер 3). Слід 
відзначити, що відсутність смуги з макс246 нм свідчить про 
руйнування ароматичного фенотіазольного ядра МБ [30] як одно-
го з хемічно стабільних фраґментів молекули, що важко підда-
ються руйнуванню в природніх умовах. 
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 Àналіза мікрофотографій дисперсних композитів (рис. 2, б) 
демонструє збільшення лінійних розмірів частинок воластоніту 
від 7–10 мкм до 15–29 мкм (TiВмв-2) і 19–37 мкм (TiВмвSi-6) за 
осадження на їхню поверхню гібридного шару TiО2/SiО2. За цими 
даними приблизна товщина пористого каталітично активного 
шару на поверхні частинок складає 4–12 мкм і залежить від 

 
а 

  
                        1                                                   2 

 
3 

б 

Рис. 2. УФ-вид-спектри поглинання (а) розчинів МБ: вихідний 510
5

 М (1), 
після темнової адсорбції на TiВмвSi-4 (2), після фотодеструкції на TiВмвSi-4 

(3); оптичні мікрофотографії (б) зразків: В
мв

 (1), TiВмв-2 (2), TiВмвSi-6 (3).3 
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співвідношення компонентів. Àле тенденція до аґреґації поверх-
нево-модифікованих мікрочастинок воластоніту на стадії сушки 
та кальцинування зразків композитів погіршує точність мірянь. 
 Розглядаючи взаємозв’язок між адсорбційною та фотохемічною 
активностями, а також рентґенофазовою та пористою будовами 
гібридних композитів, можна визначити певні ознаки перспекти-
вних композитних фотокаталізаторів (табл. 1). Для таких мате-
ріялів, одержаних за запропонованим методом, характерне зме-
ншення середнього розміру нанокристалів (20 нм) та ступеня 
кристалічности (75%). Крім того, кристалічна фаза ТіО2 компо-
зитних каталізаторів складається переважно з анатазної модифі-
кації (рефлекс для 225,4; рис. 3, а), а відносний вміст моди-
фікації рутилу точно визначити неможливо внаслідок його мало-
го вмісту. Íеобхідно зазначити, що однією з ключових особливо-
стей, що визначають ефективність каталізаторів, є їхня пориста 
будова. Результати порометрії свідчать, що використання SiO2-
вмісних сполучних забезпечують високі значення питомої повер-
хні та задовільний об’єм мікропор (10–30 мм3/г) у порівнянні з 
композитом TiВмв-2, одержаним осадженням ТіО2 на поверхню 
воластоніту за відсутности структурних модифікаторів. Збіль-
шення вмісту ТіО2 по відношенню до модифікатора також приво-
дить до компактування складових композиту в процесі конденса-
ції (TiВмвSi-7) та погіршення його пористости. Отже, для низки 
дисперсних ТіО2/SіО2-композитів, зокрема TiВмвSi-4 та TiВмвSi-6, 
характерними є високий рівень темнової адсорбції барвника, що 
сягає 5–6 µмольг

1, спричинений пористою будовою матеріялу, 
одержаного золь–ґель-методом за підвищеного вмісту сполучного 
(SiO2-вмісного модифікатора), а також підвищені швидкість і 
ефективність фотодеструкції барвника, що сягають 7 µмольг

1год
1 

і 25 µмольг–1 відповідно. Íатомість окремі зразки каталізаторів, 
як от TiВмв-1, TiВмв-2 та TiВмвSi-7, характеризуються низьким рі-
внем адсорбції барвника із задовільними параметрами фотохемі-
чної активности, що можна пов’язати з підвищеним вмістом 
ТіО2, велика кількість якого в процесі одержання композитів 
сприяє компактуванню в процесі конденсації ортокислот і, відпо-
відно, послаблює пороутворення зі збереженням високої кількос-
ти каталітичних центрів у поверхневому шарі композиту. За від-
сутности температурного оброблення композит з аморфним пове-
рхневим шаром ТіО2/SіО2 (TiВмвSi-4а) характеризується високим 
рівнем функціоналізації поверхні (підвищений вміст Ti–OH- та 
Si–OH-груп), завдяки чому має поліпшені сорбційні властивості 
до полярних органічних молекул, але за відсутности кристаліч-
ної фази ТіО2 фотохемічна активність майже не проявляється. 
 Узагальнюючи експериментальні дані з фотохемічних власти-
востей дисперсних композитів в модельних умовах, можна ствер-
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джувати, що гібридні системи мають задовільну активність. 
 Та найцікавішим було визначити, чи зберігають фотохемічні 
характеристики композитні каталізатори в умовах, наближених 
до реальних — у вигляді покриттів. Для цього було застосовано 
метод УФ-вид-спектроскопії в режимі відбивання для вивчення 
кінетики фотохемічного окиснення барвників на поверхні каталі-
тично активних композитних покриттів. Дані міряння фотохемі-
чної активности покриттів гібридних композитів наведено в табл. 2. 

 
а 

  
                        б                                                   в 

Рис. 3. Дифрактограми ширококутнього розсіяння Рентґенових променів 

(а) воластоніту та його композитів: В
мв

 (1), TiВмв-2 (2), TiВмвSi-4 (3), TiВмвSi-
6 (4), TiВмвSi-7 (5); кінетичні криві фотодеґрадації (С/С0(t)) нігрозину на 

поверхні покриттів за різних умов опромінення (б) і (в): TiВмв-1 (1), TiВмв-2 

(2), TiВмв-3 (3), TiВмвSi-4 (4), TiВмвSi-5 (5), TiВмвSi-6 (6), TiВмвSi-7 (7).4 
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 Результати свідчать, що, незважаючи на низькі енергетичні 
характеристики опромінення в обох режимах дослідження ком-
позитних покриттів (0,145 мВтсм

2 і 0,024 мВтсм
2 за різних 

умов експерименту), загальні тенденції, одержані в модельних 
умовах для дисперсних каталізаторів, зберігаються. Для покрит-
тів на основі високоактивних композитів показники загального 
рівня фотодеструкції барвників мають значення 1,2–1,6 
нмольсм

2 із vср0,09–0,12 нмоль∙см2доба
1 (для МБ) і 1,0–1,2 

нмольсм
2 із vср близько 0,05–0,06 нмольсм

2доба
1 (для нігрози-

ну) під час фотокаталітичного режиму 1. Íевелику ріжницю у 
показниках С барвників можна пояснити різною тривалістю 
проведення мірянь (МБ — 14 діб, нігрозин — 21 доба). Теоретич-
не значення тривалости окиснення барвників за визначеними по-
казниками ср, розраховане за даними швидкости фотодеструкції, 
становить 17,5–23 доби (для МБ) і 34,5–43,5 доби (для нігрози-
ну). За відсутности прямого сонячного світла (фотокаталітич-
ний режим 2) показники С і vср понижуються до 0,9–1,2 
нмольсм

2 і 0,07–0,09 нмольсм
2доба

1 (для МБ) та до 0,8–1,1 
нмольсм

2 і 0,04–0,05 нмольсм
2доба

1 (для нігрозину). Теорети-
чний час розкладання барвників за даних умов зростає на 5–15 
діб і 2–6 діб для МБ і нігрозину відповідно. 
 Íезважаючи на відносно низькі показники vср, слід відмітити 
істотну відмінність в умовах проведення випробувань у порів-
нянні з модельним експериментом. В модельному дослідженні 
міряння фотокаталітичної активности проводили за високої по-
тужности опромінення та в динамічних дифузійно-сприятливих 
умовах, що передбачає участь більшости каталітичних центрів на 
поверхні частинок композитів, а також поліпшені умови процесів 
сорбції/десорбції барвників і продуктів їхніх перетворень. Íато-
мість під час міряння активности покриттів у фотокаталітичному 
процесі бере участь певна частка поверхні частинок композиту, а 
процес деструкції органічних сполук відбувається у статичних 
умовах, що не забезпечує дифузійний обмін барвника та продук-
тів його перетворення із зовнішнім середовищем до досягнення 
мінералізації органічних молекул. Сукупність неґативних чин-
ників впливу на процес фотокаталітичної деструкції органічних 
сполук значно понижує активність покриттів, одержаних з висо-
коактивних композитних каталізаторів. 
 Детальна аналіза кінетичних кривих фотодеструкції нігрозину 
на покриттях (рис. 3, б, в) свідчить, що за проведення мірянь ак-
тивности в енергодефіцитному фотокаталітичному режимі 2 
для більшости композитів (або для малоактивних зразків ТiВмв-3 
та TiВмвSi-5 з низьким вмістом ТіО2 за фотокаталітичного ре-
жиму 1) спостерігається «отруєння каталізатора» — падіння vср 
через 14–17 діб від початку експерименту. 
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 Зазначене пов’язане з «екрануванням» поверхні композитів із 
низькою концентрацією каталітичних центрів від УФ-
опромінення продуктами неповного окиснення барвника (поліци-
клічними молекулами з високим ступенем ароматичности та кар-
бонізованими продуктами). Даний ефект було помічено під час 
дослідження фотодеструкції обох барвників, але найбільш істот-
ним він виявився саме для нігрозину завдяки більшій оксидати-
вній стійкості його молекул. Дійсно, якщо розглянути хемічну 
будову нігрозину, видно, що для його молекул характерний ви-
сокий ступінь ароматичности та схильність до конденсації за 
глибокого окиснення з утворенням поліциклічних структур, 
яким притаманна здатність поглинати УФ- і видиме світло у ши-
рокому спектральному діяпазоні. Для високоактивних компози-
тів у динамічних режимах досліджень і за використання менш 
оксидативно стійких сполук (як МБ) ефект «отруєння каталіза-
тора» помічено не було. 

4. ВИСНОВКИ 

В результаті проведеної роботи одержано композитні фотокаталі-
затори шляхом осадження гідрозолів з конденсованих гідратова-
них форм ортотитанової й ортокремнійової кислот на поверхню 
природнього Кальцій силікату — воластоніту. Обрані умови оде-
ржання композитів уможливлюють одержати матеріяли з гібрид-
ною будовою, в якій SiO2 виконує роль сполучного та структурно-
го модифікатора, що сприяє утворенню пористих композитних 
матеріялів з поліпшеними здатністю до адсорбції молекул органі-
чних речовин і фотохемічною активністю. Результати досліджен-
ня продемонстрували важливість стадії сорбції–десорбції в проце-
сі фотокаталітичного окиснення органічних сполук, що дає змогу 
досягти швидкість фотодеструкції метиленового блакитного в мо-
дельних умовах УФ-опромінення до 4,2–7,2 µмольг

1год
1. Під 

час проведення мірянь фотокаталітичної активности покриттів в 
умовах, наближених до реальних (пряме сонячне або розсіяне 
денне освітлення), для чого для кількісної оцінки каталітичної 
активности ТіО2-вмісних каталізаторів було використано метод 
УФ-вид-спектроскопії на відбивання, середня швидкість фотодес-
трукції органічних сполук помітно понижується і сягає 0,12 
нмольсм

2доба
1 для МБ та 0,06 нмольсм

2доба
1 для промисло-

вого забруднювача нігрозину за часткового опромінення сонячним 
світлом. В енергодефіцитних умовах за відсутности прямого соня-
чного опромінення ці показники складають 0,09 і 0,05 
нмольсм

2доба
1 для МБ і нігрозину відповідно. Загальна ефекти-

вність фотокаталітичної деструкції органічних забруднювачів у 
зазначених умовах теж понижується й дорівнює 1,24–1,62 та 
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0,97–1,22 нмольсм
2 для МБ і нігрозину відповідно, що пов’язане 

з ріжницею в інтенсивності джерел опромінення, відсутністю ди-
фузійного обміну органічних молекул і продуктів деструкції їх, 
участю у фотохемічних процесах обмеженої частки каталітично 
активних центрів поверхні композиту тощо. Àле, незважаючи на 
зазначені відмінності, створені гібридні композити та покриття на 
їхній основі продемонстрували ефективність як фотокаталітично 
активні поверхні, здатні до самоочищення, та можливість вико-
ристання їх для видалення небезпечних забруднювачів у промис-
ловості та побуті за різних режимів освітлення. 
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The quantum dots (QD) based filtering circuits work on the principle of 
capacitive admittance, due to which they have less power dissipation, 
small dimension, and almost zero noise. In the present study, we report 
synthesis, characterization, and application of the styrene butadiene rub-
ber (SBR) capped ZnS quantum dots as nanodimensional tuned filter. The 
ZnS quantum dots are characterized by standard characterization tech-
niques such as absorption spectroscopy, XRD study, and high-resolution 
TEM microscopy; the admittance variation with frequency is tested for 
the same. The SBR capped ZnS quantum dots are found to work as a 
tuned band pass filter with pass band in the range of 20–32 MHz with a 
critical frequency of 20 MHz. 

Схеми фільтрації на основі квантових цяток працюють за принципом 
ємнісної пропускної здатности, завдяки чому вони мають меншу розсі-
ювану потужність, малі розміри та майже нульовий шум. У цьому дос-
лідженні ми повідомляємо про синтезу, характеризацію та застосуван-
ня квантових цяток ZnS, покритих стирол-бутадієновим каучуком 
(СБК), як нанорозмірного налаштованого фільтра. Квантові цятки ZnS 
характеризуються стандартними методами визначення характеристик, 
такими як спектроскопія поглинання, дослідження рентґенівської ди-
фракції та просвітна електронна мікроскопія з високою роздільчою 
здатністю; зміна пропускної здатности з частотою перевіряється на те 
саме. Встановлено, що квантові цятки ZnS, покриті СБК, працюють як 
налаштований смуговий фільтер із смугою пропускання в діяпазоні 20–
32 МГц із критичною частотою у 20 МГц. 
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1. INTRODUCTION 

Electronic filter is the component that allows a specific range of 
frequencies to pass through it and rejects the other. Depending up-
on the frequency range, electronic filters are classified as low pass 
filter (0 Hz to several kHz or MHz), high pass filter (several kHz to 
several MHz), band pass that allows a band of frequency, band re-
ject filter that rejects a band of frequency. In case of quantum dots, 
admittance changes with operating frequency. This is the primary 
characteristic of tuned device and filter. The variation in quantum 
dot admittance with frequency occurs because quantum dots are as-
sociated with capacitance and quantum dot admittance (or imped-
ance) is basically due to capacitance present in the specimen. The 
capacitance (hence, capacitive admittance) is a function of quantum 
dot size, shape and material [1]. 
 There are several advantages of using QD based filtering circuits 
compared to traditional filtering circuits. It works on the principle 
of QD admittance which is basically capacitive in nature while in 
general the tuned circuits are made using R and L elements. In QD 
based filters, power dissipation is very less and producing no con-
siderable noise. Also, as the dimension is very small, simple circuit-
ry, may be used for detecting any signal in a very sophisticated re-
ceiver section. The resonance frequency of QD (assembly) is a func-
tion of size, shape and material used. Hence, these parameters are 
fixed for specific QD (assembly) [2]. 
 For disk and spherical shaped quantum dots of radius r, the ca-
pacitance is given as follow: 

 C80(/0)r for disk, (1) 

 C40(/0)r for sphere, (2) 

where /0 is the dimensionless dielectric constant of the semicon-
ducting material, which forms the dot, and 08.854210

12 F/m is 
the dielectric constant of free space. Our quantum dots are of 
spherical shape, hence, the admittance of our quantum dot varia-
tion with size/shape follows the relation (2). 
 The capping material used for the synthesis is styrene butadiene 
rubber (SBR) latex, which controls the growth of QD size. The 
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physical properties of SBR and the chemical structure is shown in 
Table 1 and Fig. 1, respectively [3]. 

2. EXPERIMENTAL 

One coat of SBR latex is drawn over glass substrate and then dried 
slowly to avoid spilling. The coated glass substrate is dipped into 
ZnCl2 solution mixed with few drops of HNO3 for one hour and then 
taken out followed by ammonia passivation for half an hour. Final-
ly, the glass substrate is dipped into freshly prepared 2 wt.% Na2S 
D/D water solution, until it appears fully yellow. The milky white 
thin film contains the semiconductor ZnS quantum dots embedded 
in SBR latex [4]. 
 The synthesized samples have been tested by UV/VIS spectropho-
tometer, x-ray diffraction spectrometer, and high-resolution trans-
mission microscope (HRTEM). UV–vis light absorption spectra were 
obtained using Perkin Elmer Perkin Elmer Lambda 35 ultraviolet 
visible (UV–vis) spectrophotometer. X-ray diffraction (XRD) pat-
terns were obtained (Bruker AXS, X-ray source: CuK) as well as 
high-resolution transmission electron microscopy (JEM 1000 C XII). 
 To study the admittance of our synthesized quantum dot samples 
(assembly of quantum dots), two ends of 99% pure fine gold wire of 
0.01 mm diameter are made fixed very close to each other within 
micron range over the glass substrate. By means of a syringe, a 

TABLE 1. Physical properties of styrene butadiene rubber (SBR) latex. 

Physical properties of SBR 

Melting point, C 273 

Specific gravity 0.93 

Specific heat, J/(gmK) 1.89 

Thermal conductivity, W/(mK) 1.34 

Refractive index 1.53 

Dielectric constant 3.1 

 

Fig. 1. Structure of styrene butadiene rubber (SBR) latex. 
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single tiny drop of quantum dot liquid sample is gently put over the 
two free ends of gold wires to make the microcontact. The specimen 
is dried partially by natural process to avoid spilling and then in 
oven to stick it properly upon the substrate. After that, the free 
ends of probing wires are connected to admittance (impedance) ana-
lyser (Solartron SI 1260). The sample is ready for admittance analy-
sis. Though the quantum dots are embedded in nonconducting ma-
trix (SBR), the electrons (current) can pass through the sample (as-
sembly of quantum dots) by means of tunnelling of electrons from 
one quantum dot to the another as the quantum dots are isolated 
from each other by very thin insulating wall of matrix, which is 
obvious from TEM images of the samples. 

3. RESULTS AND DISCUSSION 

The absorption spectra of the synthesized ZnS quantum dots are 
shown in Fig. 2. It can be observed from the figure that a strong 
absorbance edge occurs at 225 nm for undoped ZnS, determined by 
drawing a tangent on point, from which there is sudden increase in 
the absorption (as observed in Fig. 2) to meet the x-axis. From the 
absorption edge, the nanoband gap of the quantum dot (Egn) is de-
termined from the formula Egnhc/, where hc1.12 eV, and  is 
the value of absorption edge [5]. 
 In the case of doped samples the absorption spectra are a little 
‘blue shifted’. The reason for this ‘blue-shift’ towards lower wave-
length is due to increased nucleation rate in the quantum dot crys-
tal on introducing dopant ions into it [6]. This slight blue shift in 
spectra is also considered an indication of the successful doping of 
quantum dots. From the absorbance edge, particle size has been es-
timated by hyperbolic band model [6]. 

 





2 2

* 2 2

2

( )

gb

gn gb

h E
R

m E E
. (3) 

Here, R is the quantum dot radius to be calculated; whereas, m* (ef-
fective mass of the specimen), h (Planck’s constant), Egb (bulk band-
gap) are constant for each material. Thus, the size of quantum dots 
varies with the increase in Egn (the quantum dot band gap), which is 
determined from the absorption edge in the UV–vis spectrum. The 
other values used in the present estimation are as follows: bulk 
band-gap (Egb) for ZnS is of 3.65eV, electron effective mass of ZnS 
at room temperature is of 3.6410

31 Kg [7], and the Plank’s con-
stant is of 6.62610

34 Js. The estimated size of ZnS quantum dots 
from the ‘hyperbolic band model’ is of 10.5 nm. 
 The XRD characteristics of synthesized ZnS quantum dot samples 
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are shown in Fig. 3. The approximate (average) size of the particle 
is calculated by using the Debye–Scherrer formula [8]: 

 





0.9

cos
D

W
, (2) 

where  and  are the wavelength of x-rays (0.1541 nm) and the 
glancing angle, respectively. The W and D are full width at half 
maxima (FWHM) and particle diameter (crystallite size), respec-
tively. The crystalline planes corresponding to the first, second, and 
third XRD peaks are (111), (220), and (311), respectively [9]. The 
average particle size of the synthesized quantum dots has been es-
timated to be in the range of 9.61 nm to 11.2 nm from the XRD 
spectra from the x-ray diffractogram peaks. Further, by comparing 
the obtained XRD spectra peaks with the International Center Dif-
fraction Data (ICDD) card number JCPDS-00.001.0792, it has been 
revealed that obtained peaks match that of standard ZnS data. 
Thus, quantum dots are also having a Wurtzite crystalline struc-
ture [10]. 
 Quantum dots’ formation and sizes are confirmed by taking high-

 

Fig. 2. UV–vis absorption spectra of ZnS quantum dots. 

 

Fig. 3. XRD of ZnS quantum dots. 
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resolution transmission electron microscope (HRTEM) images of the 
prepared samples. It can be observed in Fig. 4 that the size of syn-
thesized ZnS quantum dots is around 10 nm, which is in close 
agreement with that of the estimated sizes obtained from absorption 
spectroscopy and XRD. 
 The admittance versus frequency plot for the synthesized SBR 
capped ZnS quantum dots are shown in Fig. 5. Admittance analysis 
of ZnS quantum dots capped with SBR is shown in Table 2 to study 
the changes of admittance with frequency. 
 It is observed that admittance increases slowly with increase in 
frequency up to a certain frequency range 2 and after that, at a 
particular critical frequency, admittance rises in a relatively steeper 
fashion. This critical frequency of ZnS is of 20 MHz. The admit-
tance remains almost constant in higher frequencies, 32 MHz in 
present investigation, for ZnS sample in SBR latex. 

 

Fig. 4. HRTEM image of ZnS quantum dots. 

 

Fig. 5. Filtering behaviour ZnS quantum dots on SBR latex. 

TABLE 2. Nanofilter characteristic data for SBR capped ZnS quantum dots. 

Sample Matrix used Stop band, MHz Pass band, MHz 
Critical frequency 

(fc), MHz 

ZnS SBR QD SBR 0 to 20 20 to 32 20 
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4. CONCLUSIONS 

ZnS quantum dots are synthesized on SBR latex matrix using sim-
ple, low cost chemical synthesis method. The optical and structural 
properties of the synthesized quantum dots are studied using stand-
ard characterization techniques, from which it was found that the 
quantum dots have an absorption edge of 225 nm and have a wurtz-
ite structure. The size of the quantum dots are found to be in and 
around 10 nm that matches with the estimation from the absorption 
and XRD spectra analysis. To check the nanofilter application of 
ZnS quantum dots, admittance characteristics of quantum dots are 
studied and the variation is plotted against changing frequencies. It 
was noted that SBR capped ZnS quantum dots can successfully act 
as band pass filter with stop band and pass band frequencies in the 
range 0–20 MHz and 20–32 MHz, respectively. The critical fre-
quency for the ZnS nanofilter is observed to be around 20 MHz. 
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The process of photogeneration of charges and the temperature of the 
transition to the viscous-flow state (Tv) in thin films of polyepoxypropyl-
carbazole PEPC–C60 composites fabricated by means of toluene-solution 
casting in strong external electric fields are investigated. Consistent and 
correlated changes in the temperature of the transition of the sample ma-
terial to viscous-flow state (Tv) and in the effective temperature of the 
quantum yield of photogeneration (T0) are found out. As shown, the dif-
ference between Tv and T0 for the PEPC–C60 composites does not exceed 
10% of these values, when the concentration of C60 fullerene changes. 
This indicates changes in the molecular structure and, consequently, die-
lectric constant in the vicinity of the centre of photogeneration of elec-

tric-charge carriers. 
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Досліджено процес фотоґенерації зарядів і температуру переходу до 
в’язкоплинного стану (Tv) у тонких плівках поліепоксипропілкарбазо-
льних ПЕПК–С60-композитів, одержаних литтям з толуольного розчину 
в сильних зовнішніх електричних полях. Виявлено послідовні та коре-
льовані зміни температури переходу матеріялу зразка у в’язкоплинний 
стан (Tv) та ефективної температури квантового виходу фотоґенерації 
(T0). Показано, що ріжниця між Tv і T0 композитів ПЕПК–С60 не пере-
вищує 10% цих значень із зміною концентрації фуллерену C60. Це вка-
зує на зміни молекулярної структури і, як наслідок, діелектричної 
проникности в околі центру фотоґенерації носіїв електричного заряду. 

Key words: amorphous molecular semiconductor, fullerene, photogenera-
tion, electric charge, current density. 

Ключові слова: аморфний молекулярний напівпровідник, фуллерен, 
фотоґенерація, електричний заряд, густина струму. 
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1. INTRODUCTION 

The magnitude of the quantum yield () of photogeneration of elec-
tric charge carriers in light-sensitive amorphous molecular semi-
conductors (AMSs) is one of the basic parameters that determine 
the fields and possibilities of their use. For the development of pho-
tosensitive media, the determining parameter is the amplification of 
signals using selective plasmon resonance electromagnetic fields. 
These effects appear in the development of AMSs for solar batter-
ies, reversible layers for the registration and analysis of their 2- 
and 3-dimensional amplitude–phase optical information, and optical 
sensors [1–4]. 
 According to the literature [5–7], the quantum yield of photogen-
eration depends significantly on the molecular composition and 
structure of the material. In the AMSs, the photogeneration process 
[2, 5–7] is determined by the features of the structure of the photo-
sensitive medium directly in the centre of charge photogeneration. 
The mobilities of charge carriers of different signs differ signifi-
cantly. In particular, PEPC and polyvinylcarbazole (PVC) sensitized 
by electron-acceptor impurities have linear dimensions of the zone, 
beyond which the movement of twin charge carriers ceases to be 
correlated, and the charges become independent of each other and 
are determined by the Onsager radius. 
 At the same time, there is no satisfactory explanation of the lin-
ear dependence of the logarithm of photocurrent (JPhC) on the in-
verse thermodynamic temperature (T1) of the medium [8]. This 
phenomenon is observed under strong (pre-breakdown) electric 
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fields. There is no explanation of the nature of the characteristic 
temperature (T0) [8, 9]. By means of the analysis of the quantum 
yield of photogeneration of charge carriers and their mobility, the 
temperature is renormalized, i.e., T1 is replaced by 

   1 1 1

eff 0
T T T . 

According to Ref. [8], the occurrence of T0 is determined by the 
relative probabilities, when overcoming the Coulomb barrier of the 
charged centre of localization of a mobile charge due to the activa-
tion and tunnelling transitions. In Refs. [2, 3, 10], the temperature 
T0 was registered; however, the physical factors that caused this 
phenomenon were not discussed. Therefore, it is necessary to find 
out which characteristics (local or integral) of a sensitized AMS de-
termine the process of photogeneration of charge carriers and to 
investigate the dependence of the effective temperature on the 
structure and parameters of the material. 
 The aim of the work was to study the dependence of the effective 
temperature (Т0) in the layers of PEPC doped with C60 fullerenes on 
the concentration of dopants, and to determine the correlation be-
tween Т0 and the temperature of the transition of the material into 
the viscous-flow state. 

2. EXPERIMENTAL TECHNIQUES 

Samples of PEPC films doped with C60 fullerene were investigated, 
which were produced by the techniques of toluene solution casting 
and deposition by thermal evaporation in vacuum. It was taken into 
account that the properties of nanocomposites are determined by 
the characteristics of their constituents and the method of their 
production [8]. The photoluminescence spectra of the PEPCC60 
composite also indicate significant differences in the production of 
the samples. Therefore, the use of a certain technology for obtain-
ing samples provides a specific nature of their properties and the 
interaction of existing structures in the PEPCC60 composite. 
 With aim to prepare cast samples, a fixed amount of С60 was pre-
viously dissolved in toluene heated up to 50С. After the fullerene 
powder had been completely dissolved, the solution was weighed, 
which made it possible to determine its weight and volume concen-
tration. PEPC powder was used for the preparation of composite 
samples. The PEPC powder was dissolved in toluene without heat-
ing. The prepared solutions were mixed with each other in such a 
way that the concentration of the composite was equal 0; 0.5; 0.7; 
2.5 and 3 wt.%. Then, these solutions were cast onto a rigid base 
with a thickness of d0.9–1.2 µm to produce thick films. After 
casting, the samples were dried in a thermal cabinet at 80C for 4 
hours. Rigid rectangular 1 cm2 cm quartz plates were used as sub-
strates. A translucent conductive SnO2 (ITO) layer with a resistance 
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of 30 Ohm per square centimetre was applied to the surface of the 
substrate. The surface AMS layer was applied on the plate from the 
SnO2 side. A conductive silver contact was deposited onto the free 
surface of the AMS layer. The optical absorption spectra were ob-
tained at a Specord M-40 spectrophotometer. The photocurrent den-
sity of the samples was measured when they were irradiated with 
monochromatic light of the visible range. An incandescent lamp 
with a set of light filters was used to irradiate the samples. The 
light intensity was varied using neutral light filters and was in the 
range of 0.2–5 W/m2. The electric field strength between the silver 
contacts and SnO2 was measured in the range of (1–20)107 V/m. 
The kinetics of the current during irradiation and after turning off 
the light was recorded using a memory oscilloscope. 
 The melting point was measured by the well-known optical meth-
od of determining the rheological characteristics of thin films [10]. 
The block-diagram of the device is shown in Fig. 1. 
 According to the method of [11], the layer of AMS material was 
electrically charged to the pre-breakdown potential difference. Dur-
ing heating, the thin film reaches the temperature of the transition 
to the viscous-flow state. Therefore, it becomes possible to form a 
phase diffraction grating on the free surface of the sample due to 
the ponderomotive forces caused by the electrocapillary effect. 
 The melting point of the sample was measured using optical 
method [3]. The method consists in measuring the logarithmic dec-
rements (w) of the change in the amplitudes of the harmonic relief 

 

Fig. 1. Block diagram of device for measuring melting point: 1—thin film; 
2—SnO2; 3—glass; 4—measuring probe; 5—unit for measuring the poten-
tial of thin film; 6—high-voltage generator; 7—block for isothermal heat-
ing of thin film; 8—LG-38 laser; 9—Fourier lens; 10–15—photoreceivers; 
16—electric contacts. 
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(h) formed on the free surface of the thin AMS film deposited on a 
planar substrate and heated above the glass transition temperature. 
The values of w depend on both the rheological characteristics of 
the material and the spatial frequency (k) of the relief on the free 
surface of the layer [3]. The dynamics of h changes over time ac-
cording to the law 

  0
( , ) exp ( ) sin( )h k t h w k t ky , (1) 

where h0 is the amplitude at the moment t 0. 
 The logarithmic decrement of the change in the deformation am-
plitude of an electrically neutral layer of deformed material is de-
termined by the forces of surface tension and viscosity and can be 
written as [4, 8]: 

 
2 2

0.5sh(2 )
( )

2 ch ( ) ( )

kd kd
w k

d kd kd

  
     

, (2) 

where  is the coefficient of surface tension of the sample,  is the 
dynamic viscosity of the sample, and d is the sample thickness. 
 A harmonic relief formed on the surface of the sample; the dy-
namics of the amplitude of this relief was studied by measuring the 
first-order intensity of light diffracted on the grating. The intensi-
ty of the diffracted light, which is proportional to the square root 
of the relief amplitude, was taken into account. The rheological pa-
rameters of the sample were determined by analysis of the dynamics 
of the diffraction pattern and using relations (1) and (2). Using the 
Newton model of the dynamics of heated sample, the kinetics of the 
logarithm of the ratio of the intensity of diffracted light I(t) to the 
intensity of light I0 at the initial moment of time is described by 
the relationship 

 
0

( )
ln

I t
t

I

 
 

 
, (3) 

 At the temperature Tv, the linear dependence (3) begins to break 
that indicates the transition of the sample from a viscous to a high-
ly-elastic state [12]. The accuracy of Tv measurements is determined 
by the minimum value of the registered residual relief. The error of 
this method does not exceed 1.5–2%. 
 With aim to select the wavelength of the excitation light, optical 
absorption spectra (A) of composite PEPCC60 film samples were 
measured at room temperature. The results of the measurements 
are shown in Fig. 2. 
 A comparison of curves 1 and 2 (Fig. 2), which correspond to the 
spectra of PEPC without dopants and PEPC with 0.5 wt.% С60, 
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shows that the dopant at small concentrations increases the intensi-
ty of absorption in the short-wavelength region of the spectrum 
(375 nm) and does not affect the absorption in the long-
wavelength region (375 nm). This may indicate the additive na-
ture of absorption of the components of the composite. When the 
concentration of the dopant increases (at least up to 1 wt.%), the 
absorption spectra change significantly: a wide diffuse band appears 
in the region 375 nm. This effect can occur due to the formation 
of new absorption centres in the region 375 nm with dimers in-
volved [13]. 
 The occurrence of bands in the spectra of PEPC nanocomposite 
with fullerenes, which are not observed for pure PEPC and pure 
C60, is explained by the formation of charge-transfer complexes 
(CTCs) in the PEPCС60 system. The formation of these CTCs 
should lead to the formation of new energy levels, which form zones 
of jump transport of charge carriers [13]. 
 The characteristics of the quantum yield of the photogeneration 
of charge carriers were determined by studying the photocurrent. 
For a reasonable use of this technique, the following factors should 
be fulfilled: the approximation of small charge drift (the field of 
volume charge carriers is much lower than the external electric 
field E), the blocking nature of the electrical contacts of the sam-
ples, an insignificant contribution of the processes of thermally ac-
tivated generation of charges and recombination to the density of 
current through the sample. 
 The analysis of weak absorption of light passing through the 

 

Fig. 2. Absorption spectra of cast samples; radiation source is a hydrogen 
lamp, T300 K, quartz substrate: 1—PEPC; 2—PEPC with 0.5 wt.% С60; 
3—PEPC with 3 wt.% С60. 
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sample layer is implemented in the case of d1, where  is the 
absorption coefficient of the sample material. When the irradiation 
is uniform and the approximation of small charge drift is fulfilled, 
the stationary distributions of concentrations of holes p(y) and elec-
trons n(y) inside the sample layer are determined by the equations 
(4) and (5). These equations are valid, when the electric field E is 
directed along the OY axis: 

 
( )

( ) ( ) 0dark n

dn y
G G n y p y E

dy
      , (4) 

 
( )

( ) ( ) 0dark p

dp y
G G n y p y E

dy
      . (5) 

The boundary conditions should take into account the possibility of 
injection (or exit) of charge carriers and the volume of AMS; so, 
they have the following form: 

 
0

( 0)p y p  , (6) 

 
0

( )n y d n  . (7) 

Here, G is the efficiency of photogeneration of electrons (holes) per 
unit time, Gdark is the efficiency of thermofield photogeneration of 
charge carriers, n0(p0) is the concentration of electrons (holes) in the 
near-contact region near the injecting contacts, which determine the 
injection current, n(p) is the mobility of electrons (holes),  is the 
constant of geminate recombination of charge carriers, which de-
termines the intensity of recombination processes and governs the 
nonlinear character of transport processes. 
 The current density passing through the sample without its illu-
mination (jdark) under a weak effect of recombination processes is 
described by the equation 

 0 0dark p n darkj e Ep e En eG d     , (8) 

where e is the elementary electric charge. 
 When the sample is irradiated, the current density jlight is deter-
mined by the expression: 

 
0

( ) ( )

d

light p n

e
j Ep y En y dy

d
      . (9) 

 The solution to the problem (4)–(7) has a rather complex form, 
which is significantly simplified by taking into account only expres-
sions, which depend on no more than the first order of . In this 
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case, the following relation holds: 
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0 0 2 2
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 For a given jdark, the maximum possible value 
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 Thus, when the following condition is met: 
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, (11) 

we have 

 ,  light dark light darkj eGd j j j j    . (12) 

 According to this expression, the current through the irradiated 
AMS sample is the sum of the injection current and the currents 
caused by the processes of thermofield generation and photogenera-
tion of electric charge carriers. To fulfil condition (11), a small re-
combination coefficient, small sample layer thicknesses, and a 
strong external electric field are needed. The condition (11) is a cri-
terion for the validity of using the results of the investigation of 
stationary photocurrents in flat layers of low-conductive materials 
with non-blocking contacts to study the quantum yield of photogen-
eration of electric charge carriers. 

3. DISCUSSION 

Current density measurements were carried out in PEPC samples 
doped with C60 without irradiation. The results of jdark measure-
ments at room temperature for various d are shown in Figs. 3, a, b. 
 The values of current density jdark between the deposited contacts 
in the general case were determined by the thermofield generation 
of charge carriers and the processes of injection from the metal into 
the AMS layer. As can be seen, the current density is weakly de-
pendent on the electric field at Е7107 V/m. This indicates the 
dominant role of the thermofield generation of charge carriers, and 
the field dependence of the injection currents should be described 
by an exponential relationship of the Richardson–Schottky type [4, 
8]. A comparison of the plots in Figs. 3, a, b shows that jdark in-
creases with the concentration of C60. This is explained by the clus-
tering of fullerene molecules in the process of forming solid compo-
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sites based on the AMS matrix. 
 The studies of the dependence of the photocurrent density j on 
the intensity of the excitation light (Fig. 4) showed a proportional 
relationship between them, taking into account the relationship 
(12). 
 It is shown that the dependence (1) in Fig. 4 was obtained at field 
strength Е1.25107 V/m, and the dependence (2), at Е1.67107 
V/m. A comparison of the currents in Figs. 3, 4 shows that the re-
lationship jdarkjlight holds. This provides an opportunity to use the 

  
                        a                                                   b 

Fig. 3. Dependence of current density jdark on magnitude of applied exter-
nal electric field at room temperature for samples: а—PEPC0.7 wt.% 
С60: 1—d0.9 µm, 2—d1.2 µm; b—PEPC2.5 wt.% С60: 1—d 0.95 
µm, 2—d 1.17 µm. 

 

Fig. 4. Dependence of photocurrent for PEPC2 wt.% C60 sample on pow-
er density of excitation light for different values of field strength. 
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measurements of steady-state photocurrents and to investigate the 
quantum yield properties of the photogeneration of charge carriers. 
 Further analysis shows that the dependence of the photocurrent 
density (as well as the efficiency of the photogeneration quantum 
yield) on the intensity of the applied field is well described by the 
following relationship [4, 7, 8]: 

 0

0

1 1
( ) exp PF

B

E
j E j

k T T

 
  

  
, (13) 

where j0 is a value weakly dependent on Е, 
3

0PF q    is the 
Poole–Frenkel constant, Т is the sample temperature, Т0 is the ef-
fective temperature, 0 is the dielectric constant of the material, 
and kВ is the Boltzmann constant. This dependence well describes 
the features of the behaviour of the photocurrent density of previ-
ously studied samples of fullerene-containing polymers with various 
sensitizers. The following expression was used for the analysis of 
the experimental data (13): 

 
0

1 1
ln ( ) ПФ

B

j E Е
k T T


  

 
. (14) 

 As can be seen, the value of the Poole–Frenkel constant depends 
on the dielectric constant of material. For thin-film PEPCC60 
composites produced by toluene solution casting, this parameter is 
not precisely determined. Therefore, the value of the Poole–Frenkel 
constant was calculated for several values of the dielectric constant: 
3, 3.5 and 4. 
 Based on these calculations, the dependence of the product of the 
Poole–Frenkel constant on the difference between the inverse tem-

perature and the inverse effective temperature 
0

1 1PF

Bk T T


   

 
 on 

the value of the effective temperature (this value determines the 
inclination angle of the dependence lnj(E)) was determined. The re-
sults are shown in Fig. 5. 
 As seen from Fig. 5, the angle of inclination of the dependence 
lnj(E) depends significantly both on the dielectric constant of mate-
rial and on Т0. Using the dielectric constant 3, which is close to the 
value for pure PEPC [4], the theoretical dependence lnj(E) for PEPC 
samples with various concentrations of fullerenes was calculated. 
 The calculated and experimental dependences, lnj(E), were com-
pared. The angle of inclination of the theoretical dependence 
changed due to the change in Т0. The Т0 value was chosen in such a 
way that the root-mean-square difference between the theoretical 
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and experimental curves was minimal. The results of this compari-
son for the PEPCC60 nanocomposites with different fullerene con-
tent are shown in Figs. 6, a, b. Using the experimental and theoret-
ical results, the effective temperature of the samples was deter-
mined. 
 As can be seen from the above data, the effective temperature for 
PEPC samples with different concentrations of fullerenes increases 
with C60 content, which may indicate decreasing role of tunnelling 
processes in the electron–hole pair separation [2, 8]. 

 

Fig. 5. Dependence of parameter  on value of effective temperature for 
various values of dielectric constant: 3, 3.5 and 4. 

  
                         a                                                  b 

Fig. 6. Dependence of theoretical (solid line) and experimental (red 
squares) of photocurrent density j logarithm on applied field for samples: 
a—PEPC0.7 wt.% С60, for dielectric constant 3, temperature 300 K, 
effective temperature 360 K; b—PEPC2.5 wt.% С60 for dielectric con-
stant 3, temperature 300 K, effective temperature 380 K. 
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 The temperatures of the transition to the viscous-flow state Тv of 
PEPC samples with 0, 0.7, 2.5, and 3 wt.% C60 were determined; 
the results are shown in Fig. 7. 
 Figure 7 shows that the temperature Тv increases with С60 con-
tent. This indicates either an increase in the intensity of intermo-
lecular interaction, or the formation of undeformed hard nanostruc-
tures that contain C60; the size of these nanostructures depends on 
fullerene content. It is worthwhile to note that the Тv values coin-
cide with the values of the effective temperature with an accuracy 
of 10% (Т0Тv). This effect may indicate that the effective tem-
perature, as well as the melting point, are determined by the forces 
of intermolecular interaction in the nanocomposite, or both these 
parameters are determined by the processes of C60 coagulation in 
the polymer matrix. 

4. SUMMARY 

At low concentrations of fullerenes in the PEPC matrix (less than 
0.5 wt.%), the absorption spectrum in the visible region is formed 
by independent optical transitions in PEPC and C60. When the con-
centration of C60 dopant increases (above 1 wt.%), new bands appear 
in PEPC composites with fullerenes. This non-linear nature of the 
effect of C60 concentration may indicate the dominant role of the 
interaction of PEPC molecules with C60 dimers. The dependence of 
the density of photocurrent generated in volume of PEPCC60 films 
on the electric field is consistent with the modified Poole–Frenkel 
law, which indicates a jump mechanism of the transport of charge 
carriers during their photogeneration. The modified Poole–Frenkel 

 

Fig. 7. Dependence of temperature of transition into viscous-flow state on 
fullerene content in composites. 
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constant depends on the C60 concentration that indicates a change in 
the local dielectric constant in the vicinity of the photogeneration 
centre when the C60 concentration changes. 
 The temperature of the transition to the viscous-flow state in the 
PEPCС60 composite samples depends on the С60 concentration; it 
increases with concentration, which indicates increasing intensity of 
intermolecular interaction, or the formation of undeformed hard 
nanostructures containing С60. The characteristic temperature coin-
cides with an accuracy of 10% with the value of the melting point 
of the PEPCC60 composite that indicates that the photogeneration 
of charge carriers and melting depend on the same processes. 

REFERENCES 

1. G. Dennler, N. S. Sariciftci, and C. J. Brabec, Conjugated Polymer-Based 

Organic Solar Cells, Semiconducting Polymers: Chemistry, Physics and En-

gineering (Eds. G. Hadziioannou and G. G. Hunray) (Weinheim: Wiley: 

2006), vol. 1, p. 455–519. 

2. M. A. Zabolotnyi, L. I. Aslamova, E. M. Boboshko, A. A. Kolesnichenko, 

D. S. Leonov, R. V. Lytvyn, A. Yu. Sezonenko, M. M. Yamshinskij, and 

M. Yu. Barabash, Nanosistemi, Nanomateriali, Nanotehnologii, 21, Iss. 2: 

261 (2023); https://doi.org/10.15407/nnn.21.02.261 

3. V. Anand, T. Tahara, and W. M. Lee, Advanced Optical Holographic Imag-

ing Technologies. Appl. Phys. B, 128: 198 (2022); 

https://doi.org/10.1007/s00340-022-07921-9 

4. H. H. Vlaikov, M. Yu. Barabash, M. A. Zabolotnyi, D. O. Hrynko, 

Yu. M. Barabash, and L. Yu. Kunytska, Formuvannya Nanostruktur Tem-

plantnym Syntezom [Formation of Nanostructures by Template Synthesis] 

(Kyiv: G. V. Kurdumov Inst. For Metal Physics, N.A.S. of Ukraine: 2010) 

(in Ukraine). 

5. Piotr Grygiel, Karol Falkowski, Daniel Pelczarski, and Waldemar Stampor, 

Organic Electronics, 39: 328 (2016); 

https://doi.org/10.1016/j.orgel.2016.10.023 

6. G. Pfister and D. J. Williams, J. Chem. Phys., 61: 2416 (1974); 

https://doi.org/10.1063/1.1682344 

7. V. Gulbinas, Lithuanian Journal of Physics, 60, No. 1: 1 (2020); 

https://doi.org/10.3952/physics.v60i1.4160 

8. N. H. Kuvshynskyi, N. A. Davydenko, and B. M. Komko, Physics of Amor-

phous Molecular Semiconductors (Kyiv: Lybed’: 1994) (in Russian). 

9. Kye-Si Kwon, Md Khalilur Rahman, Thanh Huy Phung, Stephen D Hoath, 

Sunho Jeong, Jang Sub Kim, Flex. Print. Electron., 5: 043003 (2020); 

https://doi.org/10.1088/2058-8585/abc8ca 

10. N. P. Kulish, Yu. M. Barabash, M. A. Zabolotny, D. A. Grinko, 

O. P. Dmitrenko, and E. S. Kobus, Physics of the Solid State, 50: 1374 

(2008); https://doi.org/10.1134/S1063783408070305 

11. Shantharama and Sreeram K Kalpathy, Electrocapillary Effect in Liquid 

Films with an Electrically Charged Interface, Materials Today: Proceedings, 

44, part 2: 3006 (2021); https://doi.org/10.1016/j.matpr.2021.02.406 

https://doi.org/10.15407/nnn.21.02.261
https://doi.org/10.1007/s00340-022-07921-9
https://www.sciencedirect.com/journal/organic-electronics
https://doi.org/10.1016/j.orgel.2016.10.023
javascript:;
javascript:;
https://doi.org/10.1063/1.1682344
https://doi.org/10.3952/physics.v60i1.4160
https://doi.org/10.1088/2058-8585/abc8ca
https://doi.org/10.1134/S1063783408070305
https://doi.org/10.1016/j.matpr.2021.02.406


106 M. A. ZABOLOTNYY, L. І. АSLAMOVA, V. P. VASHCHYN et al. 

12. Seher Ozkan and Roger L. McMullen, Rheological Characterization of N-

Vinyl Pyrrolidone and N-Vinyl Caprolactam-Based Polymers (Wiley Online 

Library: 2021); https://doi.org/10.1002/9781119468769.hpcbm019 

13. M. A. Zabolotnyj, E. S. Kobus, O. P. Dmitrenko, N. P. Kulish, N. M. Belyj, 

E. V. Stasjuk, Yu. M. Barabash, G. I. Dovbeshko, E. M. Fesenko, 

Yu. P. Pirjatinskij, and D. A. Grin’ko, Fizika Tverdogo Tela, 52, Iss. 4: 826 

(2010) (in Russian); https://journals.ioffe.ru/articles/viewPDF/1807 

https://onlinelibrary.wiley.com/authored-by/Ozkan/Seher
https://onlinelibrary.wiley.com/authored-by/McMullen/Roger+L.
https://doi.org/10.1002/9781119468769.hpcbm019
https://journals.ioffe.ru/articles/viewPDF/1807


107 

 

PACS numbers: 68.37.Hk, 68.55.J-, 81.07.Pr, 81.70.Fy, 82.35.Np  

Synthesis, Characterization and Application of PVA–
CMC/SiO2–Cr2O3 Nanostructures 

Rehab Shather Abdul Hamza and Majeed Ali Habeeb 

College of Education for Pure Sciences,  
Department of Physics,  
University of Babylon,  
Hillah, Iraq 

This study investigates the synthesis of new nanocomposites (NCs) com-
prising polyvinyl alcohol (PVA) and carboxymethyl cellulose (CMC) with 
silicon dioxide (SiO2) and chromium trioxide (Cr2O3) for the use in gamma-
rays’-shielding applications. The nanocomposites exhibit desirable proper-
ties such as low weight, elasticity, high attenuation coefficients, and cost-
effectiveness for gamma-rays’ shielding. The structural properties of 
PVA–CMC–SiO2–Cr2O3 nanocomposites are studied. The scanning electron 
microscopy reveals that the top surface of the PVA–CMC/SiO2–Cr2O3 NCs 
films exhibits uniform and cohesive aggregates or fragments distributed 
randomly, when the weight percentage reaches 8%. The uniform distribu-
tion of nanoparticles (NPs) in the blend is evidenced by the optical micro-
scope images and leads to a continuous network within the polymer ma-
trix. The study results regarding the utilization of gamma-rays’ shielding 
demonstrate that the nanocomposites composed of PVA–CMC/SiO2–Cr2O3 
display significant attenuation coefficients for gamma rays. 

У цьому дослідженні досліджується синтеза нових нанокомпозитів 
(НК), що складаються з полівінілового спирту (ПВА) та карбоксимети-
лцелюлози (КМЦ) з діоксидом Силіцію (SiO2) та триоксидом Хрому 
(Cr2O3) для використання в екрануванні гамма-променів. Нанокомпози-
ти демонструють такі бажані властивості, як мала вага, пружність, ви-
сокі коефіцієнти загасання й економічність для екранування гамма-
променів. Досліджено структурні властивості нанокомпозитів ПВА–
КМЦ–SiO2–Cr2O3. Сканувальна електронна мікроскопія показує, що 
верхня поверхня плівок ПВА–КМЦ/SiO2–Cr2O3 НК демонструє однорід-
ні та зв’язані аґреґати або фраґменти, розподілені випадковим чином, 
коли ваговий відсоток досягає 8%. Рівномірний розподіл наночастинок 
(НЧ) у суміші підтверджується зображеннями в оптичному мікроскопі 
та приводить до безперервної мережі всередині полімерної матриці. Ре-
зультати дослідження щодо використання екранування гамма-променів 
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демонструють, що нанокомпозити, які складаються з ПВА–КМЦ/SiO2–
Cr2O3, демонструють значні коефіцієнти загасання гамма-променів. 

Key words: nanocomposites, SiO2–Cr2O3 nanoparticles, polyvinyl alcohol, 
carboxymethyl cellulose, structural properties, gamma-rays’ shielding. 

Ключові слова: нанокомпозити, наночастинки SiO2–Cr2O3, полівініло-
вий спирт, карбоксиметилцелюлоза, структурні властивості, екрану-
вання гамма-променів. 
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1. INTRODUCTION 

Nanotechnology is a nascent scientific discipline that emerged from 
the observation that materials exhibit markedly distinct character-
istics at the nanoscale in contrast to their properties at larger par-
ticle sizes [1]. Nanotechnologies are considered crucial technologies 
of the current century, and significant research endeavours are be-
ing undertaken in this domain. There is a possibility that additional 
applications will be accessible shortly. Nanotechnology exhibits sig-
nificant potential across multiple domains due to the distinctive 
physical, chemical, and biological properties of structural features 
at the nanoscale compared to their macroscopic counterparts [2, 3]. 
The field of nanomaterials research adopts a materials science-
oriented methodology in the realm of nanotechnology. One nanome-
ter (nm) is one billionth of a meter. Nanomaterials are materials 
with a characteristic unit size ranging from 1 to 100 nanometers. 
The distinctive characteristics of these materials are frequently at-
tributed to their dimensions, morphology, and chemical constitution 
[4]. Two primary factors contribute to nanomaterials’ distinct prop-
erties compared to other materials. The augmentation of the rela-
tive surface area and the manifestation of quantum effects are be-
ing considered [5]. Nanocomposites are composite materials contain-
ing at least one nanometric scale component (10

9 m) [6]. 
 Nanocomposites (NCs) are composed of polymers, both natural 
and synthetic and nanomaterials. The term ‘nanomaterials’ refers to 
materials, which possess topography at the nanoscale or are con-
structed of nanosize building components. Nanocomposites’ funda-
mental concept involves establishing a substantial interface between 
the polymer matrix and the nanosize constituent units. Nanocompo-
sites’ mechanical, electrical, thermal, optical, electrochemical, and 
catalytic properties are expected to exhibit significant differences 
from those of their constituent materials [7, 8]. Polyvinyl alcohol 
(PVA) is a water-soluble synthetic polymer. Its low toxicity and ex-
ceptional properties characterize it as a wound dressing and biore-
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actor material. PVA is characterized by its semi-crystalline nature, 
attributed to the coexistence of amorphous and crystalline regions. 
This unique feature results in interfacial effects that enhance the 
materials’ physical properties [9, 10]. 
 Polyvinyl alcohol exhibits distinctive characteristics, including 
biodegradability, environmental sustainability, good chemical stabil-
ity, elongation, tensile strength, elevated abrasion resistance, good 
charge storage capacity, flexibility, facile film process ability, 
thermal stability, and economical manufacturing expenses [11, 12]. 
The substance undergoes rapid decomposition when exposed to ele-
vated temperatures. Various additives, including polymers, salts, 
nanocomposites, and ions, are commonly incorporated into polyvinyl 
alcohol (PVA) to enhance and alter its characteristics [13]. PVA ex-
hibits inadequate electrical insulation properties, but can acquire 
conductivity upon doping with certain inorganic fillers [14]. 
 Carboxymethyl cellulose (CMC) is a significant polymer in vari-
ous industrial sectors such as drag reduction, detergents, drugs, 
paper, and oil well drilling operations, textiles, and foods. The di-
verse characteristics of carboxymethyl cellulose are contingent upon 
three key factors: the distribution of carboxyl substituents along 
the polymer chains, the average carboxyl content per hydro glucose 
unit, and the molecular weight of the polymer [15]. The anionic 
polymer CMC is derived from natural cellulose through chemical 
modification and is characterized by its biodegradability, biocom-
patibility, and natural origin [16]. The particles of silicon dioxide 
(SiO2) exhibit solid plasticizing properties that have the potential to 
improve both chemical and mechanical characteristics [17]. 
 Silicon dioxide (SiO2) is an amorphous, nontoxic material with 
many potential applications. Nanofillers composed of fumed silicon 
dioxide (SiO2) are utilized in electronics and thermoplastic polymers 
[18]. SiO2 nanoparticles are utilized as additives in electronic pack-
aging and thermoplastic polymers [19]. Chromium oxide (Cr2O3) is 
classified as a p-type metal oxide semiconductor with a hexagonal 
crystal structure. It possesses remarkable properties, including ex-
ceptional decay resistance, the ability to conduct electricity, and a 
high melting point. These valuable properties have enabled its ap-
plication in various practical biomedical contexts. The utilization of 
Cr2O3 nanoparticles as a highly effective catalyst in chemical reac-
tions has been observed [20]. The radiation phenomenon is charac-
terized by the transfer of energy from a source through space, 
which can penetrate various materials [21]. Synthetic polymers have 
the potential to be utilized in the production of innovative materials 
that can serve as radiation shielding. Moreover, the supplementary 
benefits of low industrial cost, durability, and high chemical and 
thermal stability are among the favoured characteristics and quali-
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ties of enhanced shielding [22]. The present study endeavours to 
fabricate a nanosystem comprising PVA, CMC, SiO2, and Cr2O3 for 
radiation attenuation. 

2. EXPERIMENTAL PART 

Silicon dioxide (SiO2)–chromium trioxide (Cr2O3) nanoparticles 
(NPs) were used in various weight percentages in the films of nano-
composites (0, 2, 4, 6, and 8 wt.%), which were created using the 
casting process. 
 The process involved dissolving pure PVA and CMC (68/32) in 40 
ml of distilled water for 40 minutes while stirring with a magnetic 
stirrer at 70C to achieve a more homogeneous solution; this result-
ed in the creation of PVA–CMC–SiO2–Cr2O3 nanocomposite films. 
The fluid was confined within a Petri dish. The resultant solution 
was subjected to a four-day drying period at ambient temperature 
after synthesizing polymer mixture nanocomposites. 
 To measure, NCs were removed from the petri dish and used. The 
surface morphology of the PVA–CMC–SiO2–Cr2O3 nanocomposites 

was observed using a scanning electron microscope (Model/Mira-3; 
Details/1.2 nm at 30 kV; 2.3 nm at 3 kV; Manufacturing and Coun-
try/Tescan, France) and an Olympus type Nikon-73346 optical mi-
croscope with a magnifying power of 10 and a camera for micro-
scopic photography was utilized. 
 The present study investigates the gamma ray attenuation prop-
erties of SiO2–Cr2O3 nanoparticles with varying volume fractions, 
utilizing nanocomposites for gamma ray shielding. Samples were 
positioned before a collimated beam from gamma-ray sources (Cs-
137.5 mci). The separation between the gamma ray and the detector 
is 2 cm. The present study involved the determination of linear at-
tenuation coefficients through the utilization of Geiger counter 
measurements. The measurements were conducted on transmitted 
gamma ray fluxes that passed through nanocomposites composed of 
PVA–CMC–SiO2–Cr2O3 NCs. 
 The equation presented below can be utilized to calculate the linear 

attenuation coefficients () based on the material thicknesses [23]: 

 NN0e
x, (1) 

where the number of radiation particles, denoted as N0, detected 
over a specified time interval in the absence of an absorber, and the 
attenuation coefficient of gamma radiation, represented by . Addi-
tionally, the study examines the number of particles, denoted as N, 
detected over the same time interval when a sample of thickness x 
is introduced. 
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3. RESULTS AND DISCUSSIONS 

3.1. Scanning Electron Microscope (SEM) Measurements of PVA–
CMC/SiO2–Cr2O3 NCs 

Scanning electron microscopy (SEM) images give a good impression of 

the size and morphology of PVA–CMC/SiO2–Cr2O3 nanocomposites in 

Fig. 1. The findings indicate that the polymer image (a) exhibits soft-

  
                             а                                        b 

  
                             c                                        d 

 
e 

Fig. 1. SEM images of PVA–CMC/SiO2–Cr2O3 NCs: (a) PVA–CMC; (b) 2 wt.% 

SiO2–Cr2O3; (c) 4 wt.% SiO2–Cr2O3; (d) 6 wt.% SiO2–Cr2O3; (e) 8 wt.% SiO2–Cr2O3. 
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ness, uniformity, and coherence [21]. The alterations in the surface 

morphology of PVA–CMC/SiO2–Cr2O3 nanocomposites are observed to 

be correlated with the incorporation of SiO2 and Cr2O3 nanoparticles, as 

depicted in Figs. 1, b, c, d and e. The photographic evidence indicates 

that the size of granule particles is increasing with the augmentation 
of the SiO2 and Cr2O3 nanoparticles’ content. 

  
                           a                                               b 

  
                           c                                                d 

 
e 

Fig. 2. Grain size for PVA–CMC/SiO2–Cr2O3 NCs: (a) PVA–CMC; (b) 2 wt.% 

SiO2–Cr2O3; (c) 4 wt.% SiO2–Cr2O3; (d) 6 wt.% SiO2–Cr2O3; (e) 8 wt.% SiO2–Cr2O3. 
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 The surface morphology of the nanocomposites composed of PVA, 
CMC, SiO2, and Cr2O3 displays numerous dispersed lumps or pieces on the 

top surface. The image depicts how the amount of silicon dioxide (SiO2) 
and chromium trioxide (Cr2O3) nanoparticles on the surface increases as 

their concentration rises [24–27]. Figure 2 shows the grain size for 

PVA–CMC/SiO2–Cr2O3 nanocomposites calculate from SEM images. 

3.2. Optical Microscope for PVA–CMC–SiO2–Cr2O3 NCs 

Figure 3 displays magnified images of PVA–CMC–SiO2–Cr2O3) 

  
                             а                                         b 

  
                            c                                          d 

 
e 

Fig. 3. Optical microscope images of PVA–CMC/SiO2–Cr2O3 NCs at a mag-
nification (10): (a) PVA–CMC; (b) 2 wt.% SiO2–Cr2O3; (c) 4 wt.% SiO2–
Cr2O3; (d) 6 wt.% SiO2–Cr2O3; (e) 8 wt.% SiO2–Cr2O3. 
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nanocomposite films at different concentrations. The nanocompo-
sites exhibited distinguishable characteristics between the SiO2–
Cr2O3 nanoparticles and the PVA/CMC blend. Upon incorporating 
SiO2–Cr2O3 nanoparticles into the polymeric blend, they exhibit a 
uniform dispersion throughout the blend and a high degree of prox-
imity. Upon reaching a concentration of 8 wt.%, the SiO2–Cr2O3 
particles transition to form a cohesive network. Nanoparticles are 
linked within polymers, specifically in polyvinyl alcohol (PVA) and 
carboxymethyl cellulose (CMC), in the context of films. The net-
work depicted in Figs. 3, a, b, c, d, and e facilitates the movement 
of charge carriers, resulting in a modification of the material char-
acteristics [28–30]. 

3.3. Application of PVA–CMC/SiO2–Cr2O3 NCs for Gamma-Rays’ 
Shielding 

Figure 4 illustrates the oscillations of (N/N0) in PVA–CMC compo-
sites with different concentrations of SiO2–Cr2O3 nanoparticles. The 
attenuation of radiation increases due to the rise in concentrations 
of SiO2–Cr2O3 nanoparticles, leading to a decrease in transmission 
radiation [31–33]. Figure 5 shows increasing ln(N/N0) of PVA/CMC 
mixture with increases of SiO2–Cr2O3 NPs concentrations [34]. 
 The graphical representation in Fig. 6 depicts the fluctuation in 
attenuation coefficients of gamma radiation concerning the concen-
trations of SiO2–Cr2O3 nanoparticles in a PVA–CMC blend. The esca-
lation observed in attenuation coefficients with increasing nanopar-

 

Fig. 4. Variance of (N/N0) for PVA/CMC mixture with different concen-
trations of SiO2/Cr2O3 NPs. 
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ticle concentrations can be attributed to the absorption or reflection 
of gamma radiation by the nanocomposite shielding materials, as 
documented in Refs. [35–39]. 
 Upon comparison, the outcomes of polymer nanocomposites and 
concrete, as depicted in figure below, exhibited a high degree of 
similarity. The composite polymer exhibited superior properties to 
concrete owing to its enhanced mobility, absence of electrical con-

 

Fig. 5. Change of ln(N/N0) for PVA/CMC blend with different concentra-
tions of SiO2/Cr2O3 nanoparticles 

 

Fig. 6. Variance of attenuation coefficients of gamma radiation for 
PVA/CMC blends with different concentrations of SiO2/Cr2O3 nanoparti-
cles. 
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ductivity, and potential to impede the escape of neutrons [40–43]. 

4. CONCLUSIONS 

The present study involved the production of plastic nanocomposite 
films utilizing the casting solution fabrication method. The films 
were comprised of silicon dioxide (SiO2), chromium trioxide (Cr2O3) 
nanoparticles, polyvinyl alcohol (PVA), and carboxymethyl cellulose 
(CMC). The top surface of the PVA–CMC/SiO2–Cr2O3 NCs films was 
analysed using SEM to depict its surface morphology. The results 
revealed the presence of diverse fragments or aggregates that were 
randomly dispersed across the surface. When silicon dioxide (SiO2) 
and chromium trioxide (Cr2O3) nanoparticles are formed in a poly-
mer mixture at a concentration of eight percent by weight, images 
taken using an optical microscope (OM) reveal that they form a con-
tinuous network. Finally, as concentration NPs increases, the at-
tenuation coefficient rises for gamma radiation with an increase in 
the concentration of SiO2–Cr2O3 nanoparticles. 
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Liquid detection has been one of the buzzwords that refer to sensing of 
various liquids, which include water, chemicals, oils, etc. This detection 
gains more significance with the advent of metamaterials. Metamaterials 
are proved well suited in antenna designing, cloaking devices, solar cells, 
and sensors. Many papers reported metamaterial sensors, which can detect 
liquid chemicals, oils, etc. through shift in resonance frequency. Very few 
papers reported the applications of metamaterial sensors in water treat-
ment. Water purification is one of the prime essentials for the existence 
of healthy humankind. It can be used to remove unwanted chemicals, con-
taminants and gases from water. The process of water purification can be 
done with various methods such as thermal, adsorption, distillation, desal-
ination, reverse osmosis, etc. The main aim is to produce water required 
for specific purpose. In this context, role of metamaterials in water puri-
fication is of prime significance. Keeping this in view, an attempt is made 
to review the importance of metamaterial sensors in liquid detection along 
with water purification and its importance in comparison with earlier 
techniques already available. 

Виявлення рідини було одним із модних слів, які стосуються зонду-
вання різних рідин, до яких належать вода, хемікати, олії тощо. Це 
виявлення набуває більшого значення з появою метаматеріялів. Дове-
дено, що метаматеріяли добре підходять для розробки антен, маскува-
льних пристроїв, сонячних батарей і давачів. У багатьох роботах пові-
домлялося про давачі з метаматеріялів, які можуть виявляти рідкі хе-
мікати, масла тощо через зсув резонансної частоти. Дуже мало статей 
повідомляли про застосування давачів з метаматеріялів у обробленні 
води. Очищення води є однією із найважливіших умов існування здо-
рового людства. Його можна використовувати для видалення з води 
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небажаних хемічних речовин, забруднень і газів. Процес очищення во-
ди може здійснюватися різними методами, такими як термічні, адсор-
бційні, дистиляційні, опріснювальні, зворотня осмоза тощо. Основною 
метою є одержання води, необхідної для певних цілей. У цьому кон-
тексті роль метаматеріялів у очищенні води має першорядне значення. 
Зважаючи на це, зроблено спробу переглянути важливість давачів з 
метаматеріялів у виявленні рідин разом із очищенням води та важли-
вість їх у порівнянні з попередніми, вже доступними методами. 

Key words: metamaterial (MTM) sensors, liquid detection, water purifica-
tion, sludge volume index, finite integration technique (FIT). 

Ключові слова: датчики з метаматеріялів, виявлення рідини, очищен-
ня води, індекс об’єму мулу, метод скінченної інтеґрації. 
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1. INTRODUCTION 

It is not possible to think of any application related to metamaterial 
without Russian physicist Veselago (1968) who demonstrated nega-
tive refraction with tailored materials [1]. He indicated that nega-
tive permittivity and permeability values lead to negative refraction 
in a material. Such material was developed by Pendry after thirty 
years [2]. Materials tailored for electromagnetic properties beyond 
their inherent nature are called metamaterials (MTM). 
 MTM’s find various applications in design of antennas, cloaking 
devices, sensors etc. to name the few. Antennas designed metamate-
rials exhibit lightweight, high gain, high bandwidth and maximum 
channel efficiency [3]. Cloaking makes objects to be invisible. This 
technique became prominent with the advent of metamaterials. 
Cloaking techniques involve acoustic or EM waves with current fo-
cus on extension of bandwidth for invisibility of specific objects. 
Cloaking is achieved by using metamaterials by deflecting certain 
frequencies [4–19]. 
 Solar cells designed with metamaterials are of prime importance. 
They can reduce reflected light and increase incident light. At the 
same time, solar cells designed with MTM’s have limited absorption 
for majority of the solar spectrum. Keeping this in view, various 
absorbers that utilize solar energy in effective ways were innovated 
with metamaterials. Semi-circular solar cells with 77% absorption 
of solar and 84% of visible regions were reported with Ni and SiN 
materials [20]. Solar cells designed with silicon and metamaterial 
reflectors are reported to have high efficiency [21]. Apart from 
these applications MTM’s play vital role, when used as sensing de-
vices. 



METAMATERIAL SENSORS IN LIQUID DETECTION: AN ILLUSTRIOUS REVIEW 121 

2. METAMATERIAL SENSORS 

Sensors have become part of our daily life. They can be designed 
with different materials; however, sensors developed from met-
amaterials find various advantages as compared to ordinary materi-
als. In spite of some limitations on usage of metamaterials as sen-
sors [22, 23], they are preferred. Broadband materials can be re-
placed with sensors as they can operate at single frequency. In addi-
tion, MTM sensors possess high sensitivity and resolution [24] mak-
ing metamaterials significant in enhancing the sensors perfor-
mance. Even though MTM sensors are widely developed for various 
applications in measuring humidity, temperature, etc., designing 
and fabrication of MTM sensors in liquid detection plays a vital 
role. Liquid detection can be related to chemicals, acids as well as 
water, oil, etc. 

3. METAMATERIAL SENSORS IN LIQUID DETECTION 

Detection of chemicals having similar dielectric properties is a ma-
jor task as the principle of detection depends on the change in die-
lectric parameters of the samples under investigation. In this con-
text, an MTM-based sensor capable of detecting liquid chemicals be-
tween 8 GHz to 12 GHz was designed and fabricated. This was 
achieved by testing different designs using CST microwave studio 
in which a genetic algorithm was embedded and optimizing the re-
quired resonator dimensions. 
 Any MTM sensor generally consists of a resonator of designated 
shape and dimensions. Depending on the type of application, the 
structure of resonator is changed. The main principle behind the 
design of resonator depends on the frequency shift between simu-
lated and experimental values or a comparison between similar 
samples in a particular band. Many resonators of different shape 
and dimensions were reported depending on the sensing application. 
 Figure 1 shows the MTM based sensor that operates in X-band 
with proposed dimensions (22.8610.16 mm2) that can detect liquid 
chemicals. As shown in this figure, it consists of three layers. The 
top layer is a G-shaped copper resonator deposited on either side of 
middle layer, which is FR-4 (Flame Retardant) substrate. The bot-
tom layer is of 10 mm thickness, which can be used to keep the test 
sample. Figure 1, a represent a unit cell compatible with X-band 
waveguide, which correlates with experimental study. 
 Figure 2 shows the design of MTM sensor with two ports added 
on either side with necessary boundary conditions as per the simu-
lation output. During simulation, various boundary conditions are 
applied in order to measure the S-parameters as per the measure-
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ments of wave-guide WR-90 as well to assign x–y directions to 
boundary conditions of perfect electrical conductor (PEC) with z-
axis for the direction of propagation. 

 

Fig. 1. MTM based sensor for liquid detection (reproduced with permission 
from [25]). 

 

Fig. 2. MTM sensor with simulated boundary conditions (reproduced with 
permission from [25]). 
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 Figure 3 shows the complete experimental setup with developed 
MTM-based sensor, waveguide configuration and sample holder with 
sample under study. 
 The above-mentioned experimental setup was used to measure 
transmission coefficient (S21) with liquid sample. Initially the sam-
ple was injected into holder and (S21) was measured between 8–12 
GHz. This was repeated every sample. In addition, (S21) was calcu-
lated numerically by taking the dielectric properties of each sample. 
Both simulated and experimental results confirmed the ability of 
the designed sensor in detecting various liquids through resonance 
frequency shift of 250 MHz (transformer oil and diesel oil), 200 
MHz (corn, cotton, olive oil, 150 MHz (ethyl alcohol substituted 
with aniline) and 50 MHz (carbon tetrachloride with benzene. This 
was achieved by developing a resonator in X-band. It was reported 
that this sensor could differentiate clean and waste transformer 
oils, branded and unbranded diesel oils by a resonant shift of 250 
MHz even though their dielectric constants are very close of about 
(2.84 and 2.73) and (2.71 and 2.48). Similar measurements have 
confirmed 200 MHz shift for cotton, corn and olive oils with 3.2, 
3.08 and 2.55 dielectric values. The experimental and simulated re-
sults are highly correlated confirming the ability of designed sensor 
in chemical detection. At the same time, it is of low cost, durable 

 

Fig. 3. Experimental setup of MTM sensor (reproduced with permission 
from [25]). 
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and highly accurate. This MTM sensor is of high importance in liq-
uid chemical detection [25]. 
 An MTM-based optical sensor for sucrose detection has been re-
ported. The sensor was optimized by developing a metamaterial sur-
face of broad wavelength using E-beam lithography. The detection 
accuracy of the sensor was very high as compared to an ordinary 
thin film sensor. The central wavelength of MTM sensor (967 nm) 
was much higher than the gold film sensor (933 nm). A big shift in 
wavelength (148.7 nm) between gold film and MTM sensors was re-
ported. This large shift in wavelength is assigned to high resonance 
intensity experienced by metamaterial surface attributed to low 
particle size. These outputs confirmed better sensitivity with met-
amaterials [26]. In continuation, various MTM sensors are designed 
that include temperature sensors based on semiconductor metamate-
rials [27], sensors for sensing permittivity of alcohol, etc. [28] were 
reported. 
 In a similar way, a MTM absorber based on resonator of swastika 
shape resonator was designed. The sensing ability of this sensor at 
X-band frequency was demonstrated both theoretically and experi-
mentally. This structure consists of a resonator of swastika shape 
on top of dielectric layer having gap to fill liquids under test. 
 Figure 4 shows an MTM-based sensor that can determine liquid 
chemicals and the ratios in water. It has a swastika shaped copper 
resonator of width 1mm placed on FR4 substrate with 1.6 mm 
thickness and 4.2 dielectric constant and 0.02 tangent losses. A res-
ervoir of 3.5 mm thickness between copper plate and resonator was 
set up to place the chemical liquids for detection. 
 As every liquid chemical has its own electrical and permittivity 
values, shift in resonance frequency takes place by bringing a 
change in absorption value of MTM absorber. This is correlated 
with systems impedance matching. The swastika resonator is de-
signed as per the numerical results, which have unique properties 
as compared to other resonators. It is also reported that compatibil-
ity between unit cell dimensions and X-band waveguide has been 
established. 
 Figure 5, a shows the fabricated MTM sensor with dimensions as 
per simulation output. The sample under study (Fig. 5, b) has been 
placed into the X-band waveguide. Figure 5, c shows the reservoir 
for liquid chemical. X-band waveguide is fed by VNA between 8 and 
12 GHz for each sample separately. Simulation was done using fi-
nite integrate technique to find MTM structures absorption of liq-
uid chemical depending on its electrical property. With the help of 
Vector Network Analyser, loss tangents and dielectric constants for 
acetone, ethanol, water, methanol, etc. are measured in specified 
frequency range. It was reported that absorption ratios significantly 

https://www.sciencedirect.com/topics/physics-and-astronomy/loss-tangent
https://www.sciencedirect.com/topics/physics-and-astronomy/waveguides
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differ between the investigating samples. In addition, the shift in 
resonance frequency estimates their density rate accurately. It is 
also demonstrated that absorption properties of the MTM sensor 
varies with resonator dimensions. Both observed and simulated re-
sults inferred the linear relation between resonance frequency and 
permittivity of swastika shaped MTM sensor for the samples under 
study. Since they are highly correlated, this sensor might be con-
sidered for detecting different liquid chemicals [29]. 

 

Fig. 4. Swastika-shaped MTM resonator (reproduced with permission from 
[29]). 

 

 

Fig. 5. (a)—Fabricated MTM sensor with simulated dimensions; (b)—X-
band waveguide; (c)—reservoir (reproduced with permission from [29]). 
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3. METAMATERIAL SENSORS IN WATER TREATMENT 

Huge amount of wastewater was being processed throughout the 
world [30]. In this sewage water is one which was the wastewater 
released after consumption for household purposes like washing, 
flushing, etc. This water is generally made to accumulate in a sewer 
facility, which is black (due to bathing, dishwashing) and grey (toi-
let water) in colour. It is a combination of paper wrappers, sanitary 
items, soap residue and chemical composition of waste material with 
foul smell. This results in sewage pollution creating threat to envi-
ronment and human health apart from affecting agriculture, aquat-
ic and biodiversity. Hence, this water needs to be treated that is 
known as sewage treatment. Sewage treatment involve various pro-
cesses [31] that include pre-treatment, primary, secondary, tertiary 
and sludge treatments. Pre-treatment is the first step, in which 
large materials such as bottles are scanned and reduced to smaller 
particles. These particles are removed and the water is ready for 
primary treatment. During primary treatment, heavy particles set-
tle down the surface while biological content will be removed during 
secondary treatment. Even though secondary treatment removes 
most of the virus and bacteria, components like nitrogen, phospho-
rus, etc. may be present in the wastewater. This can be removed 
through tertiary treatment. This water can be reused as industrial 
water. Further treatment may help to use this water for cleaning. 
Beyond all these treatments, wastewater can be treated using sludge 
treatment. In this process, disintegration of organic matter and hy-
drolysis of macromolecular components leads to usage of solid de-
posits of sludge as fertilizers and for production of energy, etc. 
[32]. 
 Sludge disintegration technique may be thermal, mechanical, 
chemical or microwave radiation based. It is reported that release-
ment of organic matter depends on final temperature [33], which 
affect dielectric properties of materials. Dielectric properties play 
important role in determining its EM-field distribution in a given 
material. The electrical properties of Waste activated sludge (WAS) 
which prevalent in sewage treatment plant has been reported by 
[34] with the help of open-ended coaxial probe technique. In this 
context, MTM sensor that sense variation in complex permittivity 
with resonance frequency shift is of importance. Metamaterials are 
tailored to control and manipulate electromagnetic waves [35]. Since 
the year 2000 when negative permittivity and permeability are 
demonstrated by metamaterials [36], various applications like an-
tenna designing, cloaking devices have been stimulated [37]. Simi-
larly, metamaterial absorbers are being used in various fields [38, 
39]. Energy harvesting applications with microwave metamaterial 

https://www.conserve-energy-future.com/critical-and-grievous-diseases-caused-by-water-pollution.php
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absorbers have been developed [40, 41]. In continuation, metamate-
rial sensors that sense temperature, pressure, liquid chemicals, etc. 
are being reported [42–45]. Majority of MTM sensors are designed 
to study the change in complex permittivity through shift in reso-
nance frequency based on capacitive effects [46]. For a given mate-
rial, dipoles behave as per the complex dielectric constant that de-
pends on its physical and chemical properties [47–55]. The impact 
of environmental parameters on complex permittivity using open-
ended coaxial probe was reported [56]. 
 Sludge volume index (SVI) is one of the parameters in process 
control, which describes the sludge settled in an aeration tank of an 
activated sludge. It is measured dividing amount of sludge settled 
in thirty minutes for one litre sample by concentration of suspended 
solids. Its value should range between 50–150 mL/g beyond which 
measures need to be taken to control the sludge levels. Various 
techniques to measure SVI has been earlier reported [57, 58], but 
for the first time a MTM sensor was reported for prediction of SVI 
and validate in microwave range. This technique demonstrated bet-
ter visibility than the regular method of using a coaxial probe in 
which complex permittivity values are being measured. Later, an 
MTM sensor was designed as per the frequency of operation 
through simulation using FIT. Such MTM sensor was simulated and 
developed with the help of CNC (computerized numerical control) 
controlled PCB machine. Its ability was tested with vector network 
analyser (VNA) whose results demonstrated high sensitivity and ef-
fectiveness of designed sensor for water treatment. The designed 
sensor structure has two square copper resonators front and back 
along with another resonator with meander lines from left top to 
the right bottom of substrate made with Isola material of low die-
lectric loss. A sensor layer of thickness 10 mm was placed behind 
the backside resonator whose dimensions are compatible for X-band. 
The front and rear sides of waveguide sample holders are covered 
with kapton film of 25-µm thickness that was considered in simula-
tion to correlate with experiment similar to lab setup. 
 Using this sensor, SVI index was measured in three stages of 
wastewater treatment given by water entry point, aeration and exit 
stages. Measurements of dielectric constant and MTM sensor are 
considered. Three samples tested between 8 GHz and 12 GHz for 
entrance, aeration and exit stages are reported to vary from 67 to 
32.54, 39.64 and 56. Secondly, the measured dielectric constants of 
wastewater samples were simulated by assigning these values to a 
microwave simulator. The resonant frequencies of entrance, aera-
tion and exit stages of water are found to be 10.208 GHz, 10.024 
GHz and 10.232 GHz with about 230 MHz bandwidth indicating the 
ability of sensor in distinguishing different stages of water sam-
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ples. These results are compared with experimental values obtained 
from network analyser, which are highly correlated with small dif-
ferences in resonance frequency. Hence, this technique suits deter-
mination of liquid type [59]. 

4. CONCLUSIONS 

This paper mainly reviewed the role of MTM sensors in liquid detec-
tion with prime focus on designed resonators and their successful 
implementation. It is observed that MTM sensors used in detection 
of liquids replace the traditional coaxial tube technique in X-band 
range of frequency. Mainly we observed that replacement of coaxial 
tube technique along with simulation is being carried out simulta-
neously. These sensors could differentiate between clean and waste 
transformer oils by a frequency shift of 250 MHz even their dielec-
tric constants are very close by a difference of 0.11. Similarly, a 
frequency shift of 200 MHz was observed for olive, corn and cotton 
oils with dielectric constants 2.55, 3.08 and 3.2. Similar is the case 
with branded and unbranded diesels. This sensor proved to be suc-
cessful in terms of speed, economical and accuracy. Apart from liq-
uid detection, MTM sensors are proved very useful in water treat-
ment centres. In this review, we observed an excellent MTM sensor 
that can detect sludge volume Index (SVI) efficiently. For the first 
time in the journey of MTM sensors this was reported, which may 
lead to many applications in detecting water quality in future. To 
design this sensor, complex permittivity values of water samples 
are being measured. The simulated and experimental results proved 
the efficiency of this sensor with high sensitivity and its effective-
ness for usage in water treatment. For a given water treatment cen-
tre, five experimental values for same sample were reported to have 
about 0.5% standard deviation at resonance frequency. The simula-
tion values are highly correlated with experimental values for en-
trance, aeration and exit of the water treatment centre with a shift 
of 72 MHz, 16 MHz and 88 MHz, respectively. A minimum of 230 
MHz frequency shift exist between different samples under study, 
which can determine water quality. This journey of MTM sensors in 
water treatment may lead to new inventions in detecting and puri-
fying water quality with low cost and high speed masking the exist-
ing conventional techniques. 
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Energy storage and energy-storage devices have been a buzzword for long 
time as it is one of the essential needs in human life. These devices in-
clude mechanical systems, thermal systems, and batteries. These systems 
embedded with software can monitor the charging and discharging phe-
nomena of energy. In this context, the role of rechargeable batteries needs 
to be reviewed. Even though novel types of rechargeable batteries are be-
ing continuously developed for storage of electricity, more attention and 
research towards supercapacitors is on the way. Huge number of research-
ers around the globe is involved in developing supercapacitors with im-
proved performance making them more and more useful. The main aim is 
to improve their efficiency, energy density, operating voltage, miniaturi-
zation, optimization, economy, and environmental acceptance. For the last 
few years, lightweight and carbon-based novel wearable supercapacitors 
are developed. High durability, eco-friendliness, being non-volatile and 
electrostatic mechanism of supercapacitors make them advantageous than 
conventional batteries. In this regard, advances in microelectronics de-
mand microsupercapacitors (MSCs). The selection of electrode in microsu-
percapacitor plays significant role in the fabrication. In this selection, 
MXenes as a family of 2D material play a vital role. Very high conductiv-
ity and high capacity of charge storage makes MXenes as one of the po-
tential materials for electrodes in microsupercapacitors. This prompts us 
to review the role of MXenes in microsupercapacitors. This article reviews 
the recent advances of MXenes-based MSCs with emphasis on their fabri-
cation techniques. 

Накопичувачі енергії та пристрої накопичення енергії вже давно стали 
модним словом, оскільки це одна з найважливіших потреб у житті лю-
дини. До таких пристроїв належать механічні системи, теплові системи 
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й акумулятори. Ці системи, вбудовані в програмне забезпечення, мо-
жуть контролювати явища заряджання та розряджання енергії. Ó цьо-
му контексті необхідно переглянути роль акумуляторних батарей. Не-
зважаючи на те, що для зберігання електроенергії постійно розробля-
ються нові типи акумуляторних батарей, все більше уваги та дослі-
джень у галузі суперконденсаторів вже на підході. Величезна кількість 
дослідників по всьому світу бере участь у розробці суперконденсаторів 
з поліпшеною продуктивністю, що робить їх все більш корисними. Ос-
новною метою є підвищення їхньої ефективности, густини енергії, ро-
бочої напруги, мініятюризації, оптимізації, економічности й екологіч-
ного сприйняття. За останні кілька років були розроблені легкі та кар-
бонові нові придатні для носіння суперконденсатори. Висока довговіч-
ність, екологічність, енергонезалежність і електростатичний механізм 
суперконденсаторів роблять їх вигіднішими перед звичайними акуму-
ляторами. Ó зв'язку з цим досягнення мікроелектроніки вимагають 
мікросуперконденсаторів (МСК). Вибір електроди в мікросуперконден-
саторі відіграє значну роль у виготовленні. Ó цій добірці максени як 
сімейство 2D-матеріялів відіграє життєво важливу роль. Дуже висока 
провідність і висока ємність накопичувача заряду робить максени од-
ним з потенційних матеріялів для електрод у мікросуперконденсато-
рах. Це спонукає нас розглянути роль максенів у мікросуперконденса-
торах. Ó цій статті розглядаються останні досягнення МСК на основі 
максенів з акцентом на технологіях виготовлення їх. 

Key words: 2D MXenes, microsupercapacitors, energy storage, E-textiles, 
health monitoring. 

Ключові слова: 2D-максени, мікросуперконденсатори, накопичувачі ене-
ргії, електронний текстиль, моніторинґ здоров'я. 
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1. INTRODUCTION 

High capacitance value is being one of the top priorities since few dec-
ades in electrochemical systems. This could not be achieved earlier, but 

researchers have proved that supercapacitors could show a new direc-
tion in developing electrical energy storage systems [1]. Novel materi-
als, technologies, huge surfaces and minute interelectrode distances 

are being developed in recent times. Many materials exhibit high pseu-
do-capacitance achieving large capacitance values as compared to nor-
mal capacitors and are called supercapacitors or ultra-capacitors) [2]. 
Figure 1 shows the image of a supercapacitor. 
 Supercapacitors play a significant role in new generation electronic 

devices and systems. Carbon and its allotropes play a vital role in su-
percapacitors in view of their thermal stability, chemical stability, me-
chanical strength, good conductivity, high electron mobility, wide 

range of temperatures, large surface area and morphology. 

https://www.intechopen.com/chapters/83927#B1
https://www.intechopen.com/chapters/83927#B2
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 Figure 2 shows the classification of supercapacitors. 
 Depending on the mechanism involved in energy storage, super-
capacitors are of two types: pseudo-capacitors where charge storage 
is fast due to redox reactions, double-layered capacitors where 
charge storage depends on electrostatic principles [3, 4]. If an elec-
trode material exhibit either one or both mechanisms mentioned 
above, hybrid capacitors can be formed with them. Figure 3 shows 
different types of supercapacitors. 
 High-power rapid charging and discharging make supercapacitors 
significant in energy harvesting from renewable energy sources, 
power, industrial control, transport, consumer electronics, defence, 
medical, communications, electric and hybrid vehicles [6–9]. 

2. MATERIALS FOR SUPERCAPACITORS 

Supercapacitors are widely used for energy storage mainly due to 
their environment friendly nature, huge number of charge, dis-
charge cycles and durability with less maintenance [10]. However, 
as compared to battery they have low energy density. This drawback 
force researchers towards new materials and technologies. In this 
context, 2D nanomaterials such as graphene, fullerene, and carbon 

 

Fig. 1. Supercapacitor (courtesy [3]). 

https://www.intechopen.com/chapters/83927#B4
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nanotubes are used as appropriate electrolytes [11]. In this journey, 
usage of copper minerals, chalcosine [12] and coveline [13] was tak-
en up. In addition, perovskite oxides based on lanthanum, stronti-
um, and cerium, etc. are being researched [14]. In order to improve 
further the efficiency of supercapacitors, MXenes were used. 
 Increased demand for flexible and smart wearable energy micro-
devices force researchers towards design and development of micro-
energy storage devices. Since microbatteries have limited life and 
power density, best alternative to them are microsupercapacitors 
(MSCs) despite lower energy density. Still stability and fast 
charge/discharge cycles MSCs are preferred [15]. MSCs may be of 
regular sandwich type or plane interdigital pattern type, in which 
the second one offers better performance [16, 17]. Various 2D ma-
terials such as graphene, MXenes with excellent electronic, optical, 
mechanical, physical and chemical properties make them significant 

 

Fig. 2. Classification of supercapacitors (courtesy [3]). 

https://www.intechopen.com/chapters/83927#B18
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in energy storage applications [18]. Even with large conductivity 
and surface area, carbon based materials lack high energy density 
[19–24]. Likewise, pseudo-capacitive materials, which have low con-
ductivity [25–28], are used in MSCs. Since the discovery of MXenes 
in 2011, they have gathered the attention of scientific community 
for usage in MSCs [29]. 

2. MXenes: SYNTHESIS AND PROPERTIES 

MXenes are synthesized either by selective etching or through 
chemical vapour deposition. First reports on synthesis of MXene 
indicated elimination of Al layer from Ti3AlC2 (MAX) by using hy-
drogen fluoride [28]. Exfoliated two-dimensional Ti3C2Tx possess 
morphology similar to 2D sheets resembling graphene sheets [30]. 
Various methods were used to avoid highly acidic HF acid. 
 Figure 4 below demonstrates the development of MXenes from 
MAX phases through HF treatment and their compositions in peri-
odic table. 

 

Fig. 3. (a) Electrical double layer capacitor (EDLC); (b) pseudo-capacitor 
(PC); (c) hybrid supercapacitor (HSC) (courtesy [5]). 
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 Based on the method of synthesis, the characteristics of MXene 
are altered. It is reported that more than twenty types of MXenes 
have been synthesized experimentally [32]. 
 MXenes act as significant platforms for supercapacitors in view of 

their electrical, mechanical properties and their surface morphology. 
They are classified into metallic, semi-metallic and semi-conducting 

materials [33]. Usually uncovered, they exhibit high conductivity and 

their electronic properties strongly depend on morphology and stack-
ing of MXene sheets. It is reported that delaminated MXenes exhibit 

ultrahigh conductivity of up to 9880 S/cm [34]. Also depending on the 

synthesis method, a conductivity of 1 000 S/cm with HF etching was 

reported by MXene. This can be tuned to an extent of 4600 S/cm to 

6500 S/cm in case of thick films with delaminated MXene by altering 

sonication and etching [35]. 
 Mechanical properties of MXenes depend on their specific physical 

 

Fig. 4. (a) Schematic showing the synthesis of MXene from MAX by HF 

treatment; (b) synthesis mechanism of different order of MXenes by MAX 

phases; (c) compositions of MXene elements in periodic table (courtesy [31]). 
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and chemical properties. Many studies on mechanical, electronic and 

thermal properties of various MXenes have been reported [36–40]. 

Young’s modulus of Ti3C2O2 and Ti3CO2 were reported as 466 and 983 

GPA [41], which correlate with values predicted by simulation [42]. In 

this context, a study reported a paper film with Ti3C2Tx/PVA compo-
site of thickness of 5 µm that can withstand approximately 15 000 

times of its weight [43] indicating its strong wear. However, surface 

properties can be modified through surface terminations. 

3. MXenes AND THEIR HYBRIDS FOR 
MICROSUPERCAPACITORS 

High metallic conductivity and unique morphology of MXenes make 

them highly significant in microsupercapacitors. Low cost MXene 

MSC with 128 S/cm electrical conductivity and 25 mF/cm2
 capacitance 

in PVA–H2SO4 gel electrolyte was reported [44]. They also demonstrat-
ed that capacitance increases with thickness of the material. Similarly, 

MXene based MSC with wafer scale approach using photolithography 

with more capacitance was reported. This device was capable of con-
verting the output peak voltage from 0.6 V to 0.56 V as compared to a 

commercial capacitor with 4mF [45]. A Ti3C2Tx spray coated glass sub-
strate with inter digital pattern with an areal capacitance of 20 

mF/cm2
 at 20 mV/s and ultrahigh volumetric capacitance of 357F/cm3

 

at 0.2 mA/cm2
 was fabricated. This was superior to other carbon mate-

rials already reported. However, usage of platinum collectors was re-
ported to increase an areal capacitance to 27.3 mF/cm2

 [46]. Recently a 

semi-transparent MXene film was used with micropatterns of various 

transparency levels. With increase of 50% transparency, an areal ca-
pacitance increased by almost fifteen times from 19 µF/cm2

 to 283 

µF/cm2. At the same time, increase in resistance from 0.8 k to 2 k 

with increase in coating cycle has been observed [47]. Double-sided 

MSCs with MXene ink of 7.2 V potential were fabricated. Sharp rise in 

capacitance was observed with decrease of inter spacing between 

MXene electrodes. Such device with an inter electrode gap of 10 µm 

offered huge volumetric capacitance of 308 F/cm3
 at 5 mV/s and 

96.4% efficiency above 10 000 cycles too [48]. Series connected MSCs 

achieved a high potential of up to 2.4 V [49]. Fabrication of MSCs with 

MXene as negative and MXene–MoO2 film as positive electrode was 

reported. This technique included vacuum filtration of films followed 

by laser cutting of interdigital patterns as shown in Fig. 5 [50]. 
 By using the technique of vacuum filtration, thick sheets of 
MXene were used to develop films with conductivity up to 1.25105 
S/m for flexible microsupercapacitor. Likewise, MSCs with interdig-
ital pattern having 340 mF/cm2 areal capacitance and 183 F/cm3 
volumetric capacitance with energy density of 12.4 mWh/cm3 and 
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power density of 218 mW/cm3 are fabricated [51]. In addition, pa-
per based MXene electrodes with high conductivity and areal capac-
itance of 23.4 mF/cm2 at 0.05 mA/cm2 was fabricated. In continua-
tion, fabrication of electrodes in series as well as parallel was taken 
up to achieve required capacitance [52]. 
 MSCs based on MXenes and CNT with fast ion diffusion and high 
conductivity were reported. They achieved this by fixing a gap of 
500 nm between interdigital fingers and obtained areal capacitance 
of 317.3 mF/cm2 at 50 mV/s. Decrease in gap increased an areal 
capacitance and energy density attributed to improved rate of ionic 
transfer [53, 54]. Fabrication of a three dimensional MXene/rGO 
aerogel MSC was reported. Figure 6 show the fabrication process, in 
which the device was embedded with polyurethane for adhering to 
external damage. This device exhibits an areal capacitance of 34.6 
mF/ cm2 at 1 mV/s with excellent recovery of electronic and me-
chanical properties even after full breakdown [55, 56]. 
 A high performance asymmetric flexible MSC with rGO as positive 

and MXene as negative electrodes achieved a working potential of 1 V 

with number of bending cycles and 2.4 mF/cm2
 areal capacitance at 2 

mV/s indicating MXenes potential for negative electrodes in asymmet-
ric devices with high stability and strong performance [56]. 

 

Fig. 5. (a) Fabrication process of MXene//MXene–MoO2–MSCs with differ-
ent shapes such as spiral (b), parallel inter digital fingers (c, d), twelve 
parallel inter digital MSCs integrated on one paper (e), and MSCs trans-
ferred onto glass substrate (f) and cloth substrate (g) (courtesy [50]). 
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 MXenes are also capable of producing textile based energy stor-
age devices with high stability and tunability. Helical shaped 
MXene/CNT with scaffold hybrid structure reported 19.1 F/cm3 
volumetric capacitance at 1 A/cm3 in aqueous LiCl electrolyte. Its 
energy density was of about 2.55 to 1.15 mWh/cm3 at power densi-
ty of 0.046 W/cm3 to 1.82 W/cm3, which is almost equal to the best 
performing capacitor [57]. 

 

Fig. 6. (a) Fabrication of MXene–rGO composite aerogels; (b) laser cutting 
of interdigital pattern on MXene–rGO composite followed by assembling 
with self-healing PU; (c) plot showing the areal capacitance vs scan rate 
MXene–rGO composite; (d) cycling stability of MXene–rGO composite aer-
ogel MSC at 2 mAcm

2. 
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 Similarly, fabricated MXene/rGO hybrid fibre supercapacitors us-
ing wet spinning exhibit high volumetric capacitance of 586.4 F/cm3

 at 

10 mV/s. These fibres report high conductivity of 3104
 S/cm whose 

flexibility can be enhanced by changing the grapheme content [58]. 

Similarly, fabrication of MSCs by introducing the MoS2 into MXenes 

enhanced the electrochemical performance by 60% in comparison to 

pristine MXene [59]. Self-restacking of MXene layers was taken up by 

adding RuO2 nanoparticles in order to improve ion exchange rate. In-
tegration of conductive Ag nanowires into MXene decreases electrodes 

surface resistance. These strategies achieved MSC with volumetric ca-
pacitance of 864.2 Fcm

2
 at 1 mV/s with 90% of capacitance retention 

even after 10 000 cycles [60]. 
 PANI/MXene-based film electrodes with an exceptionally high vol-
umetric capacitance of 1167 Fcm

3
 were reported for the first time 

[61]. Stretchable MSCs based on MXene/bacterial cellulose composite 

with high Young’s modulus of 15–35 GPa and tensile strength of up to 

200–300 GPa were fabricated. Here, bacterial cellulose acts as a gap 

between MXene sheets preventing re-stacking of MXene flakes [62]. 

MXene–polymer composite nanofibers as flexible yarn electrodes were 

synthesized. This was achieved by electro spinning of active material 
on PET sheets. This device displays high areal capacitance of up to 

18.39 mF/cm2
 at scan rate of 50 mV/s, which is better than many other 

carbon based yarn fibre supercapacitors [63]. In continuation, another 

group reported similar MSCs such as MXene/PEDOT-PSS-based yarn 

supercapacitors (YSCs) with 95% capacitive retention after 10 000 cy-
cles, which is found significant in portable electronics [64]. In the same 

way, fabrication of dual-core yarn supercapacitor (YSC) with rGO and 

MXene hybrid fibres encapsulated with PVA–H2SO4 was reported. Its 

mean diameter was of approximately 500 µm with excellent linear ca-
pacitance of 43.6 mF/cm at 20 mV/s [65]. 

5. CONCLUSIONS 

Right from the discovery of MXenes, they have become one of the 

unique choices for microelectrodes in MSCs for electronics applica-
tions. Their excellent properties such as large conductivity, volumet-
ric capacitance makes them well suited for MSCs. However, fabrication 

of MXene-based MSCs is in the development stage, which needs to be 

further optimized in terms of material used for electrode, substrates 

and electrolytes. As per the existing literature, main focus of MXene 

based MSCs is towards the increase in areal capacitance and power den-
sity. Already, it is observed that self-discharging in open circuit condi-
tion needs to be attended on immediate basis. As per the earlier re-
ports, this drawback can be rectified through integrating MSCs with 

solar power cells to enhance long-term charge storage property instead 
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of self-discharging. In order to increase the electrochemical perfor-
mance, electrolyte selection plays a vital role. Usually, polymer gel 
electrolyte was used for ion exchange in MXene-based electrodes for 

microdevices, whose output voltage is low. Hence, alternative is re-
quired in order to increase the voltage and stability. Hence, different 

electrolytes and polymers need to be envisaged, which enhance per-
formance of MSCs. However, ionogel may be one option with high sta-
bility in terms of mechanical and thermal than regular gel electrolytes. 

Expansion of potential may be possible with asymmetric devices for 

real time applications. Apart from the Ti3C2Tix (MXene) based MSCs, 
many MXene materials might be synthesised for better understanding 

of charge storage mechanism that lead to future MSCs devices. 
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Nanocomposites of PVP/TiN/Si3N4 films are prepared with different con-
centrations to utilize in many industrial fields. The dielectric properties 
of PVP/TiN/Si3N4 nanocomposites are examined in the frequency range 
from 100 Hz to 5 MHz. The experimental results demonstrate that the 
dielectric constant, dielectric loss and electrical conductivity of 
PVP/TiN/Si3N4 nanocomposites increase with increasing concentration. In 
addition, the dielectric constant and dielectric loss of PVP/TiN/Si3N4 
nanocomposites are reduced, while the conductivity is increased with ris-
ing frequency. Finally, the obtained results indicate that the 
PVP/TiN/Si3N4 nanocomposites can be considered as new nanomaterials to 
use in different electronics fields. 

Нанокомпозити плівок полівінілпіролідон/TiN/Si3N4 було виготовлено з 
різними концентраціями для використання в багатьох галузях промис-
ловости. Досліджено діелектричні властивості нанокомпозитів поліві-
нілпіролідон/TiN/Si3N4 у діяпазоні частот від 100 Гц до 5 МГц. Експе-
риментальні результати показали, що діелектрична проникність, діе-
лектричні втрати й електропровідність нанокомпозитів полівінілпіролі-
дон/TiN/Si3N4 зростають із збільшенням концентрації. Крім того, діе-
лектрична проникність і діелектричні втрати нанокомпозитів полівіні-
лпіролідон/TiN/Si3N4 зменшилися, а провідність зросла зі збільшенням 
частоти. Нарешті, одержані результати показали, що нанокомпозити 
полівінілпіролідон/TiN/Si3N4 можна розглядати як нові наноматеріяли 
для використання в різних областях електроніки. 

Key words: TiN/Si3N4, dielectric properties, polyvinylpyrrolidone, elec-
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tronics fields, nanocomposites. 
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1. INTRODUCTION 

Polymer composites are a class of materials with prominent physi-
cochemical properties, where a polymer acts as the matrix and mi-
cro-, macro-, or nanomaterials as the filler. Researchers have re-
ported that nanofillers (e.g., carbon nanotubes or nanosemiconduc-
tors) can improve some features of polymers, such as their electrical 
conductivity and mechanical behaviour. Accordingly, polymer nano-
composites (PNCs) are interesting for the industry due to their en-
hanced properties and have been receiving applications in fields 
such as environmental remediation, energy storage, and biomedicine 
[1]. 
 Polymers have been widely used in various applications due to 
outstanding properties such as their low cost, stability, easy fabri-
cation, etc. 
 The advantages of polymer matrix composites include their low 
cost and straightforward fabrication processes. Furthermore, poly-
mer composites can be used as the primary material to create light-
weight, flexible electronics, which is advantageous considering con-
sumer demand [2]. 
 Polyvinylpyrrolidone (PVP) has a good stable environment, easy 
processing, and moderate electric conductivity. It has a wide range 
of applications such as electrochemical devices (batteries, displays) 
[3]. 
 Silicon nitride (Si3N4) is amid the mainly significant ceramic ma-
terials for elevated-temperature fields because of its combination of 
mechanical properties at room and elevated temperatures, resistance 
to oxidation, low thermal expansion coefficient, and low density 
compared of refractory metals [4]. 
 Titanium nitride (TiN) shows excellent chemical resistance, superi-
or electrical conductivity, and good adhesion with most materials [5]. 
 The nanocomposites consisting of nanostructure doped with differ-
ent materials have numerous applications in different fields like op-
tical fields [6–15], energy storage [16–18], sensors [19–20], electron-
ics and optoelectronics [21–35], antibacterial [36–41], radiation 
shielding and bioenvironmental [42–47]. 
 The present work objects to prepare the PVP/TiN/Si3N4 nanocom-
posites’ films to employ in many industrial applications. 
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2. MATERIALS AND METHODS 

The used nanomaterials in this work are TiN and Si3N4 nanoparti-
cles (NPs) as filler and PVP as matrix. The films of PVP/TiN/Si3N4 
nanocomposites were prepared using casting process with various 
concentrations of 12.5 gm/L, 25 gm/L, and 50 gm/L with ratio of 
TiN/Si3N4 NPs (6 wt.%) and content of 50% TiN and 50% Si3N4. 
The dielectric properties of PVP/TiN/Si3N4 nanocomposites’ films 
were examined at frequency ranged from 100 Hz to 5 MHz using 
LCR meter (HIOKI 3532-50 LCR HI TESTER). The dielectric con-
stant () is found by [48] as follows: 

 Cp/C0, (1) 

where Cp is the matter capacitance and C0 is the capacitance of vac-
uum. 
 Dielectric loss () is calculated by [49] as follows: 

 D, (2) 

where D is the dispersion factor. The A.C. electrical conductivity is 
given by [50]: 

 A.C.2πfD. (3) 

4. RESULTS AND DISCUSSION 

Figures 1–4 demonstrate the difference in the dielectric constant 
and dielectric loss with frequency and concentration for 
PVP/TiN/Si3N4 nanocomposites’ films, respectively. 
 The dielectric constant and dielectric loss rise with increasing 
concentration; this behaviour is due to rise in number of charges’ 
carriers. The high values of dielectric constant and dielectric loss at 
lower frequencies were assigned to the availability of enough time 
for the dipoles to interact with the fields before it changes, while 
the values of dielectric constant and dielectric loss decrease at high-
er frequencies due to the shorter time available to them [51–65]. 
 The electrical conductivity performance with concentration and 
frequency for PVP/TiN/Si3N4 nanocomposites are shown in Figs. 5 
and 6, respectively. The electrical conductivity increases with an 
increase in the concentration and frequency. The rise of electrical 
conductivity as the concentration increases due to increase in the 
charge-carriers’ numbers. The frequency-dependent conductivity is 
caused by the hopping of electrons in the localized states near the 
Fermi level and due to the excitation of charge carriers to the 
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states in the conduction band [66–70]. 

5. CONCLUSIONS 

This work includes fabrication of PVP/TiN/Si3N4 nanocomposites’ 
films with various concentrations to utilize in different industrial 
applications. 
 The dielectric properties of PVP/TiN/Si3N4 nanocomposites were 

 

Fig. 1. Difference in the dielectric constant with frequency for 
PVP/TiN/Si3N4 nanocomposites. 

 

Fig. 2. Variation of dielectric loss with frequency for PVP/TiN/Si3N4 
nanocomposites. 
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examined in the frequency range of 100 Hz–5 MHz. The results 
showed that the dielectric constant, dielectric loss and electrical 
conductivity of PVP/TiN/Si3N4 nanocomposites are increased with 
increasing concentration. The dielectric constant and dielectric loss 
of PVP/TiN/Si3N4 nanocomposites are reduced, while the conductiv-
ity is increased with rising frequency. 
 The results illustrate that the PVP/TiN/Si3N4 nanocomposites 
may be considered as new nanomaterials to employ in various elec-
tronics applications. 

 

Fig. 3. Dielectric constant variation with concentration for PVP/TiN/Si3N4 
nanocomposites. 

 

Fig. 4. Performance of dielectric loss with concentration for 
PVP/TiN/Si3N4 nanocomposites. 
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The present study aims to prepare the PVP/Si3N4/Al2O3 nanostructures to 
use them in different electrical and electronics fields. The dielectric prop-
erties of PVP/Si3N4/Al2O3 nanostructures are tested. The experimental 
results illustrate that the dielectric constant () and dielectric loss () of 
PVP/Si3N4/Al2O3 nanostructures decrease, while the electrical conductivi-
ty (A.C.) is rising with a rise in the frequency. The dielectric parameters 
(dielectric constant, dielectric loss, and electrical conductivity) are rising 
with a rise in the concentration. Finally, the results show that the 
PVP/Si3N4/Al2O3 nanostructures can be appropriate in various electronics 
fields. 

Це дослідження спрямовано на підготовку наноструктур полівінілпіро-
лідон/Si3N4/Al2O3 для використання їх у різних галузях електротехніки 
й електроніки. Вивчено діелектричні властивості наноструктур поліві-
нілпіролідон/Si3N4/Al2O3. Результати експерименту показують, що діе-
лектрична проникність () і діелектричні втрати () наноструктур по-
лівінілпіролідон/Si3N4/Al2O3 зменшуються, тоді як електропровідність 
(A.C.) зростає зі збільшенням частоти. Діелектричні параметри (діелек-
трична проникність, діелектричні втрати й електропровідність) зроста-
ють зі збільшенням концентрації. Нарешті, результати показують, що 
наноструктури полівінілпіролідон/Si3N4/Al2O3 можуть бути доречними 
в різних областях електроніки. 

Key words: polyvinylpyrrolidone, Si3N4/Al2O3, nanostructures, dielectric 
constant, conductivity. 
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1. INTRODUCTION 

Polymeric materials are generally insulating or nonconductive ma-
terials in nature and normally used in electric and electronic appli-
cations as insulators, but likely to accumulate the electronic dis-
charge. 
 The composites are the wonder materials, which are an essential 
part of today’s materials due to the advantages such as low weight, 
corrosion resistance, high fatigue strength, and faster assembly. 
They are extensively used as materials in making aircraft struc-
tures, electronic packaging to medical equipment, and space vehicle 
to home building. The composites offer unusual combinations of 
materials properties such as weight, strength, stiffness, permeabil-
ity, electrical, biodegradability and optical properties that is diffi-
cult to attain separately by individual components [1]. 
 As the demand for electronics and capacitor devices increases, 
high dielectric materials have attracted increasing attention. 
 Polymer materials own advantages of ease of processing, flexibil-
ity, and good mechanical properties but the dielectric properties are 
usually less than satisfactory. Therefore, the preparation of high 
dielectric composites by introducing high dielectric fillers has be-
come a research hotspot [2]. Polyvinylpyrrolidone (PVP) has a high 
polar group, low toxicity, biodegradable and amorphous nature with 
good film properties. It has two interactive sites N atom and C=O 
group. It acts as a protecting agent with other surfaces of inorganic 
compounds [3]. 
 Silicon nitride (Si3N4) is a highly stable covalent compound with 
great application value in many fields due to good corrosion re-
sistance and excellent resistance to temperature change. It may be 
an effective filler to improve the performance of polymer materials 
[4]. Alumina particles act as barriers to dislocations, and the in-
crease of its content increases hardness, compressive strength and 
Young’s modulus, however, decreases ductility [5]. 
 The nanocomposites have huge applications in different fields 
like antibacterial [6–11], energy storage [12–14], optical fields [15–
24], radiation shielding and bioenvironmental [25–30], electronics 
and optoelectronics [31–45] sensors [46, 47]. 
 This work deals with preparation of PVP/Si3N4/Al2O3 nanostruc-
tures and investigating the A.C. electrical properties to use in vari-
ous electronics applications. 
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2. MATERIALS AND METHODS 

The materials were used in present work are PVP as matrix with 
Si3N4/Al2O3 nanoparticles (NPs) as additive. The PVP/Si3N4/Al2O3 
nanostructures were prepared using casting method with concentra-
tions (C112.5 gm/L, C225 gm/L, and C350 gm/L) and constant 
ratio of Si3N4/Al2O3 NPs (6%) with concentration of 50% Al2O3 and 
50% Si3N4. The dielectric properties of PVP/Si3N4/Al2O3 nanostruc-
tures were tested at frequency range (100 Hz–5 MHz) by LCR me-
ter (HIOKI 3532-50 LCR HI TESTER). 
 The dielectric constant () was calculated by [48]: 

 Cp/C0, (1) 

where Cp is the capacitance of matter and C0 is the vacuum capaci-
tance. 
 Dielectric loss () was found by [48]: 

 D, (2) 

where D is the dispersion factor. 
 The A.C. electrical conductivity was given [49]: 

 A.C.2πfD. (3) 

3. RESULTS AND DISCUSSION 

Figures 1–4 show the variation of dielectric constant () and dielec-
tric loss () with frequency and concentration, respectively. The 
figures show that  and  have large values at low frequencies. The 
interfacial effects present in the majority of the film and the elec-
trode effects might both be responsible for the high values of  and 
. It can be observed that for all frequency ranges, the values of  
and  for PVP/Si3N4/Al2O3 nanostructures rise with increasing 
concentration. The increase of  and  values can be related to 
raise in the number charges carriers [50–63]. 
 The behaviour of A.C. electrical conductivity for the 
PVP/Si3N4/Al2O3 nanostructures with frequency and concentration 
are shown in Figs. 5 and 6, respectively. From these figures, the 
conductivity increases with rising of the concentration. The low-
frequency region exhibits dispersion due to spatial charging or inter 
polarization. 
 In addition, the decrease of conductivity at lower frequency was 
due to decrease number of mobile ions resulting from charged cu-
mulative at polymer interfaces. The improvement of electrical con-
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ductivity with concentration was because of the raising the number 
of dopants, where the Si3N4/Al2O3NPs molecules begin to bridge the 
gaps between two localized states and lower potential barriers sepa-
rating them; therefore, the transfer of charge carriers is easy be-
tween them, according to the percolation theory; hence, the conduc-
tivity increases as a results of increase the number of charges carri-
ers. 
 Moreover, this improvement is assigned to the higher conductivity 

of the added Si3N4/Al2O3 NPs and increased charge mobility due to the 

increased amorphous degree within the doped samples [64–69]. 

 

Fig. 1. Variation of dielectric constant for the PVP/Si3N4/Al2O3 nanostruc-
tures with frequency. 

 

Fig. 2. Dielectric loss variation for the PVP/Si3N4/Al2O3 nanostructures 
with frequency. 
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4. CONCLUSIONS 

This work involved fabrication of PVP/Si3N4/Al2O3 nanostructures to 
use in various electrical and electronics applications. The dielectric 
properties of PVP/Si3N4/Al2O3 nanostructures were examined. The re-
sults showed that the dielectric constant and dielectric loss of 
PVP/Si3N4/Al2O3 nanostructures decreased while the electrical conduc-
tivity was rise with a rise in the frequency. The dielectric parameters 
(dielectric constant, dielectric loss and electrical conductivity) were 

 

Fig. 3. Behaviour of dielectric constant for the PVP/Si3N4/Al2O3 
nanostructures with concentration. 

 

Fig. 4. Dielectric loss performance for the PVP/Si3N4/Al2O3 nanostructures 
with concentration. 



162 Ahmed HASHIM and Aseel HADI 

raised with a rise in the concentration. The obtained results showed 
that the PVP/Si3N4/Al2O3 nanostructures could be suitable in many 
electronics applications. 
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The present work aims to prepare of the indium oxide (In2O3)–silicon car-
bide (SiC) nanostructures doping the polyvinyl alcohol (PVA) to use in 
different electronics fields. The dielectric properties of PVA–In2O3–SiC 
nanocomposites are examined. The results demonstrate that the dielectric 
constant and dielectric loss of the PVA–In2O3–SiC nanocomposites are de-
creased with an increase in the frequency, while the electrical conductivi-
ty is increased as frequency is increased. The dielectric constant, dielec-
tric loss, and electrical conductivity of PVA are increased with an in-
crease in the In2O3–SiC nanoparticles’ (NPs) concentration. Finally, the 
obtained results for the dielectric properties indicate that the PVA–In2O3–
SiC nanocomposites can be suitable in various electronics fields. 

Метою даної роботи є виготовлення наноструктур оксиду індію (In2O3)–
карбіду кремнію (SiC), що леґують полівініловий спирт (ПВС), для ви-
користання в різних галузях електроніки. Досліджено діелектричні 
властивості нанокомпозитів ПВС–In2O3–SiC. Результати показують, що 
діелектрична проникність і діелектричні втрати нанокомпозитів ПВС–
In2O3–SiC зменшуються зі збільшенням частоти, тоді як електропровід-
ність зростає зі збільшенням частоти. Діелектрична проникність, діе-
лектричні втрати й електропровідність ПВС зростають зі збільшенням 
концентрації наночастинок In2O3–SiC. Нарешті, одержані результати 
стосовно діелектричних властивостей показують, що нанокомпозити 
ПВС–In2O3–SiC можуть бути придатними у різних галузях електроніки. 

Key words: polyvinyl alcohol, SiC, In2O3, nanocomposites, dielectric prop-
erties, conductivity. 

Ключові слова: полівініловий спирт, SiC, In2O3, нанокомпозити, діеле-
ктричні властивості, електропровідність. 
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1. INTRODUCTION 

Ongoing progress is being made toward the manufacture of more 
flexible dielectric nanocomposites, which can lead to distinctive des-
ignated technologies. The nanocomposites films were created by dis-
persing nanosize inorganic additives in an organic polymeric ma-
trix. Those composites have been employed in a variety of imple-
mentations, such supercapacitors as well as stretchy electrodes. 
Composite films with distinct structural as well as dielectric proper-
ties are used as substances for electrical energy storage instru-
ments. The composite films are important because they merge the 
polymers’ machinability, longevity, as well as ductile qualities with 
the thermal stability as well as electric conductivities of the 
nanoadditive [1]. 
 Silicon carbide (SiC) is used as a heat exchanger module, as it is a 
promising material for increasing corrosion resistance. In addition, 
SiC has excellent characteristics, including its low density and high 
specific thermal conductivity. It is well known that SiC has excel-
lent thermal stability and corrosion resistance [2]. 
 Indium oxide (In2O3) is an important functional semiconductor 
material, having direct band gap of 3.6 eV and indirect band gap 
of 2.6 eV, which has drawn much research interest in both fun-
damental and experimental research fields due to its ultrasensitive 
gas sensing characteristics, photocatalytic properties and extensive 
applications in sensors, flat panel displays, optoelectronic devices 
etc. [3]. 
 Polyvinyl alcohol (PVA) is characterized by carbon chain back-
bone linked with hydroxyl groups. The hydroxyl groups, OH 
groups, are considered as a source of hydrogen bonding; therefore, 
it helps to form the polymer blends or polymer complexes. PVA is 
water-soluble and biocompatible polymer and is vastly used in the 
preparation of polymer blends due to its excellent physical and 
chemical properties. Therefore, the applications of PVA can be in-
creased more and more by adding different dopant materials into 
PVA matrix [4]. 
 There many studies on nanocomposites to employ in various 
fields like sensors [5, 6], electronics and optoelectronics [7–20], an-
tibacterial [21–26], radiation shielding and bioenvironmental [27–
32], optical fields [33–42], and energy storage [43–45]. 
 This paper deals with fabrication of PVA–In2O3–SiC nanocompo-
sites and investigating the dielectric properties to apply in different 
industrial fields. 
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2. MATERIALS AND METHODS 

Films of PVA/In2O3/SiC nanocomposites were prepared by casting 
process. The film of pure PVA was fabricated by dissolving of 1 gm 
of PVA in distilled water (30 ml). The In2O3–SiC NPs were added to 
the PVA with contents of 1.2%, 2.4%, 3.6%. The dielectric charac-
teristics of PVA–In2O3–SiC nanocomposites were measured within 
the frequency (f) range from 100 Hz to 5106 Hz by using LCR me-
ter (HIOKI 3532-50 LCR HI TESTER). The dielectric constant, , 
was determined by [46]: 

 Cpd/0A, (1) 

where Cp is the capacitance, d is thickness, and A in [cm2]. 
 Dielectric loss, , was given by [47]: 

 D, (2) 

where D represents the dispersion factor. 
 The A.C. electrical conductivity was found by [48]: 

 A.C.2πfD. (3) 

3. RESULTS AND DISCUSSION 

The behaviours of dielectric constant and dielectric loss with fre-
quency and content of In2O3–SiC NPs are shown in Figs. 1–4. The 

 

Fig. 1. Behaviour of dielectric constant with frequency for the PVA–
In2O3–SiC nanocomposites. 
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dielectric constant and dielectric loss are reduced with frequency 
while increased with content of In2O3–SiC NPs. These behaviours of 
both dielectric constant and dielectric loss due to the high contribu-
tion of charge accumulation in the nanocomposites assigned to the 
effect of polarization effect. The dielectric constant and dielectric 
loss are increased when the In2O3–SiC NPs content increases due to 
increase of charge-carriers’ numbers [49–57]. 

 

Fig. 2. Dielectric loss performance with frequency for the PVA–In2O3–SiC 
nanocomposites. 

 

Fig. 3. Variation of dielectric constant of PVA with content of In2O3–SiC 
NPs. 
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 Figures 5 and 6 demonstrate the variation of A.C. electrical con-
ductivity for PVA–In2O3–SiC nanocomposites with frequency and 
content of In2O3–SiC NPs. As the In2O3–SiC NPs ratio 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 localized states; hence, the conductivity increases as a result of 
increase the charges carrier numbers. The frequency-dependent 

 

Fig. 4. Dielectric loss variation of PVA with content of In2O3–SiC NPs. 

 

Fig. 5. Variation of A.C. electrical conductivity for PVA–In2O3–SiC nano-
composites with frequency. 
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conductivity is caused by the hopping of charge carriers in the lo-
calized state. The term hopping refers to the sudden displacement 
of charge carriers from one position to another neighbouring site 
and, in general, includes both jumps over a potential barrier and 
quantum mechanical tunnelling [58–68]. 

4. CONCLUSIONS 

In this study, PVA–In2O3–SiC nanocomposites were synthesised to 
utilize in various electronics approaches. 
 The dielectric properties of PVA–In2O3–SiC nanocomposites were 
tested. The results showed the dielectric constant and dielectric loss 
of PVA–In2O3–SiC nanocomposites decreased with rising frequency 
while the electrical conductivity increased as frequency increased. 
The dielectric constant, dielectric loss and electrical conductivity of 
PVA increased with increasing of the In2O3–SiC NPs concentrations. 
The final results for dielectric properties showed that the PVA–
In2O3–SiC nanocomposites might be appropriate in many electronics 
approaches. 
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In this article, fabrication of polystyrene (PS)–indium oxide (In2O3)–
silicon carbide (SiC) nanocomposites with low weight, low cost and high 
corrosion resistance is investigated. The dielectric properties of PS–In2O3–
SiC nanocomposites are studied. The experimental results show that the 
dielectric constant and dielectric loss of PS–In2O3–SiC nanocomposites are 
decreased with an increase in the frequency, while the electrical conduc-
tivity is increased as frequency is increased. The dielectric constant, die-
lectric loss, and electrical conductivity of PS are increased with an in-
crease in the In2O3–SiC-nanoparticles’ concentration. The final results for 
dielectric properties show that the PS–In2O3–SiC nanocomposites may be 
useful in different electronics applications. 

У цій статті було досліджено виготовлення нанокомпозитів полістирол 
(ПС)–оксид індію (In2O3)–карбід кремнію (SiC) з низькою вагою, низь-
кою вартістю та високою корозійною стійкістю. Було досліджено діеле-
ктричні властивості нанокомпозитів PS–In2O3–SiC. Експериментальні 
результати показують, що електрична проникність і діелектричні втра-
ти нанокомпозитів ПС–In2O3–SiC зменшуються зі збільшенням частоти, 
тоді як електропровідність зростає зі збільшенням частоти. Діелектри-
чна проникність, діелектричні втрати й електропровідність ПС зроста-
ють зі збільшенням концентрації наночастинок In2O3–SiC. Остаточні 
результати стосовно діелектричних властивостей показують, що нано-
композити ПС–In2O3–SiC можуть бути корисними в різних застосуван-
нях для електроніки. 
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1. INTRODUCTION 

Polymer nanocomposites have captured the interest of many re-
searchers owing to their high performance, remarkable mechanical 
and thermal properties. They possess outstanding properties, such 
as improved mechanical strength and dimensional stability, better 
optical, magnetic, and electrical properties, enhanced water and ox-
ygen barrier, thermal stability, meaningful flame retardation, 
chemical resistance, increased anti-scratch and wear resistance 
properties, etc. [1]. 
 Silicon carbide (SiC) is one of the main commonly utilized non-
oxide ceramics for many industrial fields relating to its attention 
the elevated temperature characteristics like good strength, excel-
lent hardness, and elevated resistance for thermal shock and wear. 
It also has a good resistance for chemical oxidation. The perfor-
mance of SiC under such great conditions is projected to allow ma-
jor enhancement to a multiplicity of fields. SiC nanostructures have 
exposed to display superior characteristics compare to the SiC bulk. 
It also demonstrates the potential fields in UV photodetectors and 
diodes relating to a higher efficiency for light emission [1]. 
 Indium oxide (In2O3) is an important and well-known transparent 
conducting oxide of n-type semiconductor exhibiting a wide band 
gap, chemical stability, high electrical conductivity and transparen-
cy to visible light. It is frequently used for photovoltaic devices, 
transparent windows, liquid crystal displays (LCD), light emitting 
diode (LED), solar cell, gas sensors, and antireflecting coatings [2]. 
 Polystyrene (PS) is an inexpensive, environmentally friendly pol-
ymer it is among the most popular materials which has many appli-
cations in industry, building and construction, domestic appliances 
and food packaging. In food packaging, polystyrene can be used in 
many shapes as monolayer plastic film, plastic sheet, or injection 
moulded and foamed. Plasticizers usually used in the industry for 
improving the workability of the polymers by lowering the glass 
transition temperature (Tg) [4]. 
 There are several studies on nanostructured substances to make 
use in such fields as electronics and optoelectronics [5–19], radia-
tion shielding and bioenvironmental [20–25], sensors [26, 27], anti-
bacterial [28–33], energy storage [34–36], optical fields [37–46]. 
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 This work aims to prepare the PS–In2O3–SiC nanocomposites and 
to study the dielectric properties used in different electronics appli-
cations. 

2. MATERIALS AND METHODS 

Nanocomposites of PS–In2O3–SiC were prepared by using solution-
casting method. The pure PS film was fabricated by dissolving of 1 
gm of this polymer in chloroform (30 ml). The In2O3–SiC NPs were 
added to the PS with contents are 1.2 wt.%, 2.4 wt.%, and 3.6 
wt.%. The dielectric properties of PS–In2O3–SiC nanocomposites 
were tested at frequency range (100 Hz–5106 Hz) using LCR meter 
(HIOKI 3532-50 LCR HI TESTER). 
 The dielectric constant () was determined by [47]: 

 Cpd/0A, (1) 

where Cp is matter capacitance, d is the thickness, A is the area. 
 Dielectric loss () was found by [48]: 

 D, (2) 

where D is the dispersion factor. 
 The electrical conductivity was given by [49]: 

 A.C.2πfD0. (3) 

3. RESULTS AND DISCUSSION 

Figures 1–4 show the variations of dielectric constant and dielectric 
loss with frequency and content of In2O3–SiC NPs, respectively. The 
performances of dielectric constant and dielectric loss in the given 
frequency range as the following, the strong frequencies dispersion 
of the permittivity is seen at low range of frequency. 
 The values of dielectric constant and dielectric loss are decreased 
with increase of frequency due to the relaxation process and may be 
due to charge accumulation inside the nanocomposites attributed to 
influence of interfacial polarization on permittivity. 
 With addition of the filler In2O3–SiC, the values of both dielec-
tric constant and dielectric loss increases at the range of lower fre-
quency and nearly the same at the range of the higher frequency 
attributed to the filler cause more localization of charge carriers 
along with mobile ions causing higher ionic conductivity. Also, the 
rise of dielectric constant and dielectric loss with increasing content 
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of In2O3–SiC NPs due to increase in the numbers of charges carriers 
[50–61]. 
 Figures 5 and 6 demonstrate the behaviour of A.C. electrical con-
ductivity with frequency and In2O3–SiC NPs content, respectively. 
As shown in these figures, the A.C. electrical conductivity rises 
with an increase in the frequency and In2O3–SiC NPs content. It 

 

Fig. 1. Variation of dielectric constant for the PS–In2O3–SiC nanocompo-
sites with frequency. 

 

Fig. 2. Behaviour of dielectric loss for the PS–In2O3–SiC nanocomposites 
with frequency. 
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was also observed that the values of AC electrical conductivity are 
increased as the concentration of In2O3–SiC NPs increased into PS 
matrix. The increase of conductivity due to increase the mobility 
and charge-carriers’ numbers. Furthermore, these observations 
could be assigned to space-charge polarization [62–69]. 

 

Fig. 3. Behaviour of dielectric constant for PS with content of In2O3–SiC 
NPs. 

 

Fig. 4. Dielectric loss performance for PS with content of In2O3–SiC NPs. 
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4. CONCLUSIONS 

The present work includes manufacture of PS–In2O3–SiC nanocom-
posites with low weight, low cost and high corrosion resistance. The 
dielectric properties of PS–In2O3–SiC nanocomposites were tested. 
The results showed that the dielectric constant and dielectric loss of 

 

Fig. 5. Behaviour of A.C. electrical conductivity for the PS–In2O3–SiC 
nanocomposites with frequency. 

 

Fig. 6. Performance of A.C. electrical conductivity for PS with In2O3–SiC 
NPs content. 
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PS–In2O3–SiC nanocomposites decreased with an increase in the fre-
quency while the electrical conductivity increased as frequency in-
creased. The dielectric constant, dielectric loss and electrical con-
ductivity of PS increased with an increase in the In2O3–SiC nano-
particles concentrations. The final results for dielectric properties 
showed that the PS–In2O3–SiC nanocomposites might be suitable in 
many electronics fields. 
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This work objects to fabrication of PVP/Ag/SiC nanostructures and inves-
tigation of the dielectric properties to use them in various electronics ap-
plications with lightweight and low cost. The results demonstrate that the 
dielectric constant and dielectric loss of PVP/Ag/SiC nanostructures are 
reduced, while the electrical conductivity is increased with an increase in 
the frequency. The dielectric constant, dielectric loss, and electrical con-
ductivity are increased with an increase of the concentration. Finally, the 
results of dielectric properties indicate that the PVP/Ag/SiC nanostruc-
tures can be suitable in different electronics fields. 

Цю роботу спрямовано на виготовлення наноструктур полівінілпіролі-
дон/Ag/SiC та дослідження діелектричних властивостей для викорис-
тання їх у різних електронних застосуваннях з легкою вагою та низь-
кою ціною. Результати показують, що діелектрична проникність і діе-
лектричні втрати наноструктур полівінілпіролідон/Ag/SiC зменшують-
ся, а електропровідність зростає зі збільшенням частоти. Діелектрична 
проникність, діелектричні втрати й електропровідність зростають зі 
збільшенням концентрації. Нарешті, результати стосовно діелектрич-
них властивостей показують, що наноструктури полівінілпіролі-
дон/Ag/SiC можуть бути придатними у різних галузях електроніки. 

Key words: polyvinylpyrrolidone, Ag/SiC, nanostructures, dielectric prop-
erties, electronics fields. 

Ключові слова: полівінілпіролідон, Ag/SiC, наноструктури, діелектри-
чні властивості, галузі електроніки. 
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1. INTRODUCTION 

Polymer nanocomposites are one of the most important materials in 
the academic and industrial areas, and are produced by dispersing 
nanofillers with one or more dimensions at nanoscale into the poly-
meric matrix. 
 Recently, researchers have been attracted to polymer nanocompo-
sites over conventional microcomposites due to their wide applica-
tions in electromechanical systems and their large interfacial area 
per unit volume of the dispersion medium [1]. 
 Organic/inorganic nanocomposites are extremely promising for 
applications 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 
organic device technology, such as low cost production and the pos-
sibility of device fabrication on large area and flexible substrates 
[2]. 
 Among noble metal nanoparticles, silver has been extensively 
studied due to the possibilities for their use in different areas of 
nonlinear optics, optoelectronics, and laser physics. Silver nanopar-
ticles are advantageous compared with nanoparticles of other noble 
metals (in particular, gold and copper) as the energy of the surface 
plasmon resonance lies far from the energy corresponding to inter-
band transitions. This allows one to distinguish clearly the effect of 
surface plasmons on different optical properties. 
 Therefore, nanocomposites, in which the silver nanoparticles are 
dispersed in a dielectric matrix, have some advantages in this re-
gard [3]. 
 Silicon carbide (SiC) nanoparticles have high thermal conductivi-
ty, stability, purity, good wear resistance, and a low thermal expan-
sion coefficient. At high temperatures, these particles are also re-
sistant to oxidation [4]. 
 Polyvinylpyrrolidone (PVP) has chosen because it has excellent 
characteristics such as optical, mechanical and electrical properties. 
PVP has ad-chive nature. Thus, it may be used in electronic circuit 
boards and display device applications. PVP has good compatibility 
and can easily form films with large internal area [5]. 
 The nanocomposites materials were suggested to utilize in differ-
ent applications such as optical fields [6–15], antibacterial [16–21], 
sensors [22, 23], radiation shielding and bioenvironmental [24–29], 
energy storage [30–32], electronics and optoelectronics [33–46]. 
 This article aims to prepare of PVP/Ag/SiC nanostructures and 
studying the dielectric properties to utilize in different electronics 
fields. 
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2. MATERIALS AND METHODS 

Nanocomposites films of PVP doped with Ag/SiC nanoparticles were 
fabricated using casting process with different concentrations 
(C112.5 gm/L, C225 gm/L, and C350 gm/L). Ag–SiC nanopar-
ticles (NPs) with a ratio of 6% were added to polymer with content 
of 50% Ag and 50% SiC. The dielectric properties of PVP/Ag/SiC 
nanostructures films were measured at frequency range 100 Hz–
5106 Hz by LCR meter (HIOKI 3532-50 LCR HI TESTER). 
 The dielectric constant () was determined by [47]: 

 Cp/C0, (1) 

where Cp is the matter capacitance and C0 is the vacuum capaci-
tance. 
 Dielectric loss () was given by [47]: 

 D, (2) 

where D is the dispersion factor. 
 The A.C. electrical conductivity was found [48] as follows: 

 A.C.2πfD. (3) 

4. RESULTS AND DISCUSSION 

The behaviours of dielectric constant and dielectric loss with fre-
quency and concentration are shown in Figs. 1–4, respectively. It 
can be seen that with increasing frequency dielectric constant (), 
dielectric loss () decreases. This is because of the available relaxa-
tion time of the polymer. At low frequencies, polymer molecules get 
sufficient time to orient themselves according to the applied field. 
However, as the frequency increases, molecules are not getting suf-
ficient time to orient themselves according to the direction of the 
electrical field. 
 Therefore, the overall polarization effect decreases and, conse-
quently, the value of dielectric constant decreases too, as it is di-
rectly proportional to the value of polarization. At high frequen-
cies, as the polarization decreases, the dielectric loss and dissipation 
factor, also decreases as sufficient time is not provided to the pol-
ymer chain to generate phase angle. Thus, at high frequencies, the 
contribution of orientational or dipole polarization vanishes and the 
effect is only for electronic polarization, which is instantaneous. 
The dielectric constant and dielectric loss increase with rising con-
centration that relates to increase in charge carriers [49–60]. 
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 Figures 5 and 6 show the variation of A.C. conductivity for 
PVP/Ag/SiC nanostructures films with frequency for varied con-
centrations. As shown in these figures, the electrical conductivity 
increases with increasing the concentration, because the distributed 
Ag/SiC NPs in the polymer matrix has increased the number of 
conductive pathways and rise in the charge-carriers’ numbers. In 
addition, the conductivity of PVP/Ag/SiC nanostructures films in-
creases with rising of the frequency. The dependence of conductivi-
ty with the frequency is caused by the hopping of carriers of charge 
in the localized levels [61–68]. 

 

Fig. 1. Behaviour of dielectric constant with frequency for the 
PVP/Ag/SiC nanostructures. 

 

Fig. 2. Dielectric loss performance with frequency for the PVP/Ag/SiC 
nanostructures. 
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5. CONCLUSIONS 

This study comprises preparation of PVP/Ag/SiC nanostructures 
and examining the dielectric properties to use them in different 
electronics fields with lightweight and low cost. The results showed 
that the dielectric constant and dielectric loss of PVP/Ag/SiC 
nanostructures reduced while the electrical conductivity increased 
with an increase in the frequency. The dielectric constant, dielectric 
loss and electrical conductivity rise with increasing of the concen-
tration. The final results indicated that the dielectric properties in-
dicated that the PVP/Ag/SiC nanostructures could be suitable in 

 

Fig. 3. Dielectric constant variation for the PVP/Ag/SiC nanostructures 
with concentration. 

 

Fig. 4. Variation of dielectric loss for the PVP/Ag/SiC nanostructures 
with concentration. 
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various electronics applications. 
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The use of nanomaterials is a modern trend in electrochemical analysis 
because of the ease and accuracy of the analysis that, in addition, being 
non-destructive to the samples, gives the possibility of repeating the anal-
ysis to obtain better results. In this research, films of a co-conductive 
polymer of pyrrole and one of its derivatives are fabricated by docking on 
a graphite substrate. The film and the substrate form a modified electrode 
described by EIS and CV in the presence and absence of valsartan. Using a 
modified electrode, the concentration of valsartan is determined in titres 
and blood samples of patients with a standard deviation (SD0.6). The 
quantitative and detection limit are LOQ6 µM and LOD1.8 µM, re-
spectively. DPV with standard addition method has standard deviation 
(SD0.34). The new method succeeds in being more accurate with 
LOQ3.4 µM and LOD1.1 µM, respectively. F-test proves that the 
HPLC method is not better than DPV and DPV with modified standard 
addition methods in determining the drug concentration of valsartan. The 
modified standard addition method is probably the best. 

Використання наноматеріялів є сучасною тенденцією в електрохемічній 
аналізі через легкість і точність аналізи; крім того, вони не руйнують 
зразки, що дає можливість повторної аналізи для одержання ліпших 
результатів. У цьому дослідженні плівки провідного полімеру піролу й 
одного з його похідних були виготовлені шляхом стикування на графі-
товій підкладинці. Плівка та підкладинка утворили модифіковану еле-
ктроду, описану електрохемічною імпедансною спектроскопією та цик-
лічною вольтамперометрією, у присутності та за відсутности валсарта-
ну. За допомогою модифікованої електроди визначено концентрацію 
валсартану в титрах і зразках крові пацієнтів зі стандартним відхилом 
(SD0,6). Кількісна межа та межа виявлення становлять LOQ6 µM і 
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LOD1,8 µM відповідно. Диференційна імпульсна вольтамперометрія з 
методом стандартного додавання має стандартний відхил (SD0,34). 
Новий метод став більш точним із LOQ3,4 µM і LOD1,1 µM відпові-
дно. F-тест довів, що метод високоефективної рідинної хроматографії 
не є кращим, аніж диференційна імпульсна вольтамперометрія та ди-
ференційна імпульсна вольтамперометрія з модифікованими стандарт-
ними методами додавання у визначенні концентрації препарату валсар-
тану. Модифікований стандартний метод додавання, ймовірно, є найлі-
пшим. 

Key words: polymer thin films, anchoration, modified electrode, differen-
tial pulse voltammetry, valsartan. 

Ключові слова: полімерні тонкі плівки, анкерування, модифікована 
електрода, диференційна імпульсна вольтамперометрія, валсартан.
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1. INTRODUCTION 

Electrochemical analysis is a modern, accurate, non-destructive 
sampling technique [1], which can be used on water-soluble solid or 
liquid samples [2]. Electrochemical analysis has many characteris-
tics and advantages [3]. All methods work through the contact of 
the sample solution with a working electrode, and the circuit is 
completed with an auxiliary electrode and the potential is measured 
with respect to a comparator electrode within the triple cell [4]. 
 Electrochemical analysis involves measuring current (ampere), 
potential (volt), or amount of electricity (charge) (coulombs) against 
time, potential, or current [3]. During the analysis, precise electri-
cal devices measure the very slight changes in the analytical signal 
values against the changes of the corresponding factor in the exper-
iment. The analysis depends mostly on electrical conductivity and 
oxidation–reduction reactions within the cell, in which the meas-
urement is made [5]. Working electrodes are the base for cell used 
in an analytical or chemical application [6]. 
 Electrodes are often composed of a surface of a chemically inert 
material that is a good conductor of electric current; this material 
forms the main body of the electrode in electrical operations and 
transfers the electric current to the circuit outside the solution [5]. 
Many layers can be added to the surface of the electrode for work 
[6]. Recently, there is a tendency to use nanofilms on electrodes in 
many applications, such as electrolysis, electrolysis, and photoelec-
trolysis [7]. The thickness of the film, the size of its particles, the 
type of its constituent material, and the electrode material affect 
the application of the film and the method of its manufacture on 
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the surface of the electrode [8]. Nanofilms are made chemically by 
anchoring and electrodeposition and physically by dipcoting and 
spincoting. Dipcoting and spincoting were preferred for fabrication 
of films, which are used for analytical applications, due to the ease 
of fabrication of very thin, well-covered, homogeneous films [9]. 
 Films in analytical applications are very thin and easily damaged; 
so, we need to renew constantly them to reuse them again [10]. 
Conductive polymers can form thin films by an anchoring method. 
Concentration, temperature and time all affect the film thickness 
and particle size [11]. Electrodeposition is used in the preparation 
of many thin films of metal oxides and conductive polymers. The 
potential and current of deposition and the film material often af-
fect the thickness of the film, the size of its particles and its stabil-
ity. Many researchers made thin films by electrodeposition and 
studied their analytical properties [12]. 
 The drug valsartan is widely used in patients with chronically ele-
vated arterial pressure at different doses that suit the patient’s con-
dition alone or in synergy with one or more other drugs. Many re-
searchers have developed analysis methods that meet the need, but 
need more development [13]. In this research, we present a method 
for analysing the valsartan in both pure samples and capsules and in 
blood samples, based on measurements of the cyclic potential of the 
aqueous solution on a working electrode, whose surface is covered 
with a film of poly(pyrrole-formylpyrrol) by anchoring. 

2. EXPERIMENTAL 

2.1. Materials 

Pyrrole-2-carboxaldehyde 98% sigma, pyrrole98% sigma trichlo-
roacetic acid sigma, and graphite electrodes sigma. 

2.2. Measurements 

Thin films were characterized by electrochemical impedance spectros-
copy (EIS) applied using in KClO4 (1 M) solution, 1 mA/cm2

 and 0.58 V 

in the range of 0.1 Hz–10 kHz, cycle voltammetry (CV) method at a 

scan rate of 100 mVs
1

 within the potential range of 0.2–1 V (AMEL 

model 2550). Thin film morphologies were examined with AFM (Nano-
surf model eseyscan2) and SEM (TESCAN model MIRA3). 

2.3. Analysis Protocol 

The differential pulse voltammetry (DPV) was in a potential range 
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of 0.01 to 0.6 V at scan rate of 5 mVs
−1 and the DPV input data 

are as follow: step potential of 0.004 V, modulation amplitude of 
0.08 V, modulation time of 0.2 s, and interval time 0.5 s. The DPV 
oxidation peaks of valsartan were at 2275 mV against the 
Ag/AgCl electrode. HPLC [13] used mobile phase acetonitrile and 
water in the ratio 55:45 (v/v), and the pH adjusted to 3.6 with 88% 
orthophosphoric acid with a flow rate of 1.0 mlmin

1 and C18 col-
umn (2504.6 mm id, 5 µm particle size). 

2.4. Thin Films Fabrication 

The film was fabricated by anchoration in the reaction solution 
(pyrrole and 2-formyl pyrrole (10 mmol)) was dissolved in the 25 ml 
of ethanol, and 3 g of trichloroacetic acid was added [14]. The elec-
trodes were immersed in the solution of reaction, and left in the 
solution for 30 min and removed from the solution. The films (on 
electrodes) were washed with deionized water and alcohol (do not 
touch the film surface). 

2.5. Film Deposition 

Graphite electrodes were sanded to great fineness. Electrode was 
isolated with electrical insulator coating except for a precisely de-
fined surface (1 cm2). The films were fabricated by docking: the 
electrode was immersed completely in the reaction solution to pre-
pare a polymer. 

2.6. Sample Analysis 

The valsartan samples were analysed in two methods for compari-
son; the first method is by HPLC as the reference method, and the 
second method is by DPV. Standard series were prepared from 
standard analysis using the same method. Samples from three 
sources of valsartan were obtained for the purpose of the study. 

2.6.1. Capsule Sample 

The capsule was obtained from the pharmacy outlets in the city of 
Baghdad for a drug produced by a national company. According to 
the attached leaflet, it contains a substance containing (160 mg) an 
active substance loaded with excipients and film-coated. Ten cap-
sules were taken and finely ground. Transfer to a 1000 ml volumet-
ric flask and add water to the mark. A solution of theoretical con-
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centration of 100 mg/L was prepared from the mother liquor. 

2.6.2. Pure Substance Sample 

The active substance of the valsartan drug was taken from the 
manufacturing laboratory; the data sheet for the substance was re-
viewed, and the data of the substance was verified before working 
on it. From the material, weigh accurately, transfer to a beach, add 
the solution to it, stir until dissolution, transfer to a volumetric 
flask, and complete the volume to the mark. 

2.6.3. Patient Blood Sample 

A blood sample (5 ml) was taken from a patient’s left hand vein af-
ter the patient’s consent by a medical specialist with sterile instru-
ments after 2, 4 and 6 hours of taking the drug. Samples were sub-
jected to primary treatment to obtain blood serum and sedimenta-
tion of soluble proteins. The treated serum sample was transferred 
to a 25 mL calibrated flask and filled with distilled water to the 
mark. 

3. RESULTS AND DISCUSSION 

3.1. SEM of Polymer 

Electron microscopy images give information about the shape and 
size of nanoparticles. Figure 1 shows pictures of the electronic mi-
croscope of the polymer. Polymer particles are bacillus in close sizes 
and the size of the particles is of around 70 nm. The particles on a 
rough surface are clogged to be coral. 

   
a    b   c 

Fig. 1. Scanning electron microscopy images of polymer. 
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3.2. AFM of Polymer Thin Films 

Figure 2 shows the atomic force microscopy images for two areas of 
the film. 

 

Fig. 2. The atomic force microscopy images for two areas of the film. 

 

Fig. 3. (a) Cyclic voltammetry of the electrodes with valsartan 100 µM; (b) 
cyclic voltammetry of the electrodes without valsartan; (c) Nyquist plot 
for films; (d) equivalent electrical circuits for the films. 
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 From the comparison of Fig. 2, a and b, it appears that there is a 
good homogeneity in the structure of the films forming the surface 
of the electrode, the peaks are close in height up to 80 nm, the sur-
face is rough, and the particle size is of about 60 nm in both imag-
es. This approximates the particle size in electron microscopy imag-
es, and the particle shape is similar too. 

3.3. CV and EIS of Polymer Thin Films 

The cyclic voltammetry of the electrodes (Fig. 3, b) shows two clear 
return oxidation peaks on two electrodes, the peak around 0.582 V, 
when using the electrodes (Fig. 3, b) valsartan solution. The oxida-
tion peak differs, which becomes at 0.679 V. 
 Figure 3, c shows the electrochemical impedance spectrum for 
electrodes. The curves consist of two parts. Semi-circular at high 
frequencies is the first part, and the other one is linear at low fre-
quencies. In order to analyse the EIS results, we fitted the imped-
ance data to equivalent electrical circuits (Fig. 3, d), which consist 
of resistance (solution resistance R1) of 465 Ohm. Warburg Im-
pedance (noted W) or capacitance is, therefore, ascribed to the dif-
fusive capacitance (a: 547 and B: 435 (mOhm)

2). Warburg Im-
pedance is analogous to resistance (R2) and capacitance (Q). Re-
sistance (R2) is (a: 15418 and b: 18542 Ohm), while Q is the 
double-layer capacitance (a: 0.230.02 and b: 0.1830.02 µF/cm2). 

3.4. Valsartan Analysis by HPLC 

A standard method was used to determine the valsartan using 
HPLC according to Ref. [13], where a titre series (100–600 µM) was 
prepared and analysed according to the conditions of the afore-
mentioned method. Figure 4 shows: the peak area versus valsartan 
concentration, (y898870x1106)-regression equation with noise 
rate (0.013) and LOD0.039 µM and LOQ0.132 µM. 

3.5. Valsartan Analysis by DPV 

Figure 5 shows the current measurement curves in DPV and the 
linear regression curve of current density versus concentration. In 
Figure 5, a, the current density increases exponentially with in-
creasing valsartan concentration. The linear regression equation is 
(y0.0368x6.99) with a correlation coefficient (R20.998), with 
a standard deviation (SD0.6). The limit of detection (LOD) and 
limit of quantification (LOQ) were calculated by standard deviation 
(signal to SD ratio of 3:1) and quantified (signal to SD ratio of 
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10:1), respectively: LOD1.8 µM and LOQ6.0 µM. 
 Tables 1 and 2 show the results of valsartan analysis. Retrospec-
tive titre samples reached (58.1 µM) blood samples gave results 
with good reproducibility. 
 Figure 5 shows the current measurement curves in DPV by the 
modified standard addition method, where a concentrated titre solu-

 

Fig. 4. The peak area versus valsartan concentration. 

 

Fig. 5. (a) current measurement curves in DPV; (b) current density vs 
valsartan concentration; (c) current measurement curves in DPV by the 
modified standard addition method; (d) current density vs valsartan con-
centration. 



PREPARATION AND CHARACTERIZATION OF NANOFILM-COATED ELECTRODES 205 

tion of valsartan (525 µM) was used as an unknown solution, and an 
amount of a high-concentration titre solution was added to it ac-
cording to the titre series. The concentration was calculated from 
the regression equation. The linear regression equation is 
(y0.0372x19.63) with a correlation coefficient (R20.998), 
with a standard deviation (SD0.34). The limit of detection (LOD) 
and limit of quantification (LOQ) were calculated by standard devia-
tion (signal to SD ratio of 3:1) and quantified (signal to SD ratio of 
10:1), respectively: LOD1.0 µM and LOQ3.4 µM. 
 Table 2 shows the results of valsartan analysis retrieved from ti-
tre samples (58.2 µM) in blood samples; the concentration of valsar-
tan was determined by the modified standard addition method, and 
we got good results with a good reproducibility. 
 The concentration of valsartan was determined by three methods: 
HPLC, DPV, and DPV with modified standard addition. The meth-
ods were compared with a paired F-test to determine the most accu-
rate method. The F-value for (0.05, 9, 9) is of 3.117. Table 3 shows 
Fexp for comparison of methods. From this table, HPLC method is 
not batter than DPV and DPV with modified standard addition. 

4. CONCLUSIONS 

Conductive polymer thin film was fabricated on a graphite substrate 
and characterized by SEM and AFM. The film and substrate formed 

TABLE 1. The results of the analysis of samples of valsartan. 

RSD Recovery 
Found 

concentration, µM 
Concentration, µM n Level, % 

0.584 99.2 147.9 150 5 50 

0.486 99.5 298.5 300 5 100 

0.569 99.8 449.1 450 5 150 

TABLE 2. Shows the results of valsartan analysis by DPV and DPV-S.A.M. 

Method Level, % n Concentration, µM 
Found 

concentration, µM 
Recovery RSD 

PDV 

50 5 175 177.6 101.5 0.459 

100 5 350 349.3 99.8 0.658 

150 5 525 519.2 98.9 0.662 

PDV-S.A.M. 

50 5 175 173.8 99.3 0.349 

100 5 350 344.8 98.5 0.417 

150 5 525 528.2 100.6 0.394 
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a modified electrode. The modified electrode was described by CV 
and EIS in the presence and absence of valsartan. Using a modified 
electrode, the concentration of valsartan was determined in titres 
and blood samples of patients, with a standard deviation (SD0.6). 
The quantitative and detection limit are LOQ6 µM and LOD1.8 
µM, respectively; DPV with standard addition method has been 
modified to suit the use of limited volume samples such as human 
blood samples and non-destructive measurement methods. The new 
method has standard deviation (SD0.34). The new method suc-
ceeded in being more accurate with LOQ3.4 µM and LOD1.1 µM 
respectively. Fisher’s test proved that the HPLC method is not su-
perior to the electrochemical methods in determining the drug con-
centration of valsartan; by comparing the two methods, it was 
found that the modified standard addition method is more accurate, 
especially with its ability to exclude the effect of the matrix. 

5. HIGHLIGHTS 

A nanofilm of a carrier polymer was fabricated and characterized by 
SEM and AFM. 
 Preparation of a conducting electrode, characterization by elec-
trical impedance spectrum, and study by CV are used to determine 
the possibility of using it for the analysis of valsartan. 
 It is introduced a modified standard addition method for limited-
source samples and non-destructive analytical methods. 
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of CuO Nanoparticles Prepared by Pulse Laser Ablation 

in Double-Distilled Water 

Khalaf Ajaj, Abdullah M. Ali, and Mushtaq Abed Al-Jubbori 
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University of Tikrit, 
41001 Mosul, Iraq 

In the current research, Q-switched Nd:YAG-laser ablation is used to cre-
ate the copper-oxide nanoparticles (NPs). A disc-shaped copper target is 
subjected to the ablation procedure, while it is submerged in double-
distilled water. The ablation is carried out with pulse counts ranging from 
100, 200, 300, 400, and 500 with two different energy levels, namely, 
200 mJ and 400 mJ. Transmission electron microscopy (TEM), x-ray dif-
fraction analysis (XRD), and UV-vis spectrophotometry are used to de-
termine the morphological and optical properties of nanoparticles. An in-
crease in the absorbance spectrum with an increase in the number of puls-
es indicates an increase in the concentration of copper-oxide nanoparti-
cles. The peaks of surface-plasmon resonance at 217 nm are seen in the 
absorption spectra as the laser pulses increased. A slight reduction in the 
optical band gap is occurred too. CuO-NPs’ formation is verified by XRD 
analysis, which also reveals that the copper-oxide NPs’ structure is a 
monoclinic lattice. Further, the results of the TEM and UV-vis analyses 
show that there are presented CuO nanoparticles. CuO nanoparticles, 
which are nearly spherical, are found, according to the findings of the 
TEM and UV-vis analyses. When 200 mJ and 400 mJ of energy are used, 
it is discovered that the average diameters of these nanoparticles are of 
about 46 nm and 52 nm, respectively. Additionally, our study results 
show that CuO NPs at 200 mJ are more effective for inhibiting S. aureus 
and E. coli than they are at 400 mJ with the same number of pulses. 

У поточному дослідженні абляція лазером Nd:YAG із модуляцією доб-
ротности використовували для створення наночастинок оксиду Купру-
му. Дископодібну мідну мішень піддавали процедурі абляції, занурюю-
чи її у двічі дистильовану воду. Абляцію проводили з підрахунком ім-
пульсів у діяпазоні від 100, 200, 300, 400 і 500 з двома різними рівня-
ми енергії, а саме, 200 мДж і 400 мДж. Для визначення морфологіч-
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них та оптичних властивостей наночастинок використовували просвіт-
лювальну електронну мікроскопію (ПЕМ), рентґенівську дифракційну 
аналізу (РДА) та спектрофотометричну аналізу у видимій та ультрафі-
олетовій областях світла. Збільшення спектру поглинання зі збільшен-
ням кількости імпульсів свідчить про збільшення концентрації наноча-
стинок оксиду Купруму. Піки поверхневого плазмонного резонансу бі-
ля 217 нм були помітні в спектрах поглинання, коли лазерні імпульси 
збільшувалися. Також відбулося незначне зменшення оптичної заборо-
неної смуги. Утворення CuO-наночастинок було підтверджено РДА, яка 
також показала, що структура наночастинок оксиду Купруму була мо-
ноклінною ґратницею. Крім того, результати ПЕМ та спектрофотомет-
ричної аналізи показали наявність наночастинок CuO. Наночастинки 
CuO, які були майже сферичними, було знайдено згідно з результатами 
ПЕМ і спектрофотометричної аналізи. Коли було використано рівні 
енергії у 200 мДж і 400 мДж, було виявлено, що середні діяметри цих 
наночастинок становили приблизно 46 нм і 52 нм відповідно. Крім то-
го, результати нашого дослідження показують, що CuO-наночастинки 
за умови 200 мДж були ефективнішими для інгібування S. aureus і E. 
coli, ніж за умови рівня 400 мДж з такою ж кількістю імпульсів. 

Key words: copper-oxide nanoparticles, UV-visible laser ablation, XRD, 
TEM, particle size, antibacterial activity. 

Ключові слова: наночастинки оксиду Купруму, УФ-видима лазерна аб-
ляція, РДА, ПЕМ, розмір частинок, антибактеріяльна активність. 
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1. INTRODUCTION 

The nanoparticles (NPs) offer significant scientific benefits as they 

serve as a crucial intermediary between macroscopic materials and 

atomic or molecular structures. The physical properties of bulk mate-
rials are required to remain constant and independent of size, while at 

the nanoscale, the physical properties of nanomaterials exhibit size-
dependent characteristics, such as quantum size effect and quantum 

confinement in semiconductor nanoparticles, as well as surface plas-
mon resonance in certain metal nanoparticles [1]. The optimal methods 

for synthesizing metallic nanoparticles should exhibit reproducibility 

and the capacity to regulate particle shape while achieving uniform 

yields. In addition, the method exceptional qualities include the exclu-
sion of toxic precursors, utilization of eco-friendly solvents, mainte-
nance of reaction temperature in proximity to ambient temperature, 

and reduction of by-product production [2]. 
 Pulse laser ablation in liquid (PLAL) presents distinct advantages 
for the synthesis of nanostructured particles, such as high purity, 
simplicity, rapidity, and the absence of the need for sophisticated 

https://www.sciencedirect.com/science/article/abs/pii/S0168900217308069#!
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vacuum equipment or chemicals, which may contaminate the final 
product and pollute the environment [3, 4]. The PLAL technique, 
despite its experimental simplicity, is distinguished by intricate and 
rapid mechanisms that can be succinctly described as a series of four 
phases. Upon impact with a solid target, the foremost portion of the 
laser pulse causes the evaporation of a slender stratum of substance, 
thereby instigating the creation of plasma. The plasma generated at 
the outset gives rise to a region of elevated optical absorption, which 
subsequently absorbs the remainder of the laser pulse and undergoes 
ionization to attain a state of high pressure. The isotropic propaga-
tion of a shock wave into the surrounding medium is driven by the 
expansion of high-pressure plasma [5]. Throughout the duration of 
the laser pulse, the plasma undergoes growth and consistently ac-
companies and reinforces the expansion of the shock. Subsequent to 
the cessation of the laser pulse, the shock wave propagates outward 
by utilizing the internal energy present within the shock front; the 
decay process occurs rapidly and results in the generation of an 
acoustic wave within a few 100 ns [6]. 
 The transfer of energy from plasma to liquid results in the genera-
tion of a slender gaseous envelope encircling the plasma, thereby initi-
ating the formation of a cavitation bubble. The elevated internal pres-
sure of the bubble propels it to expand externally. Because of the fluid 

mass inertia, the bubble surpasses its state of equilibrium and attains 

its utmost radius at the point where the temperature of the bubbles’ 
interior matches that of the adjacent liquid [7, 8]. Upon reaching a cer-
tain stage, the vapour pressure within the bubble decreases to the satu-
ration pressure corresponding to the temperature of the liquid, which 

is approximately one hundred times less than the hydrostatic pres-
sure [9, 10]. 
 Following this, the bubble undergoes contraction, and the inward 
movement persists until the gas reaches a level of compression that 
is sufficient to cause a reversal of the motion. Upon rebound, the 
bubble releases surplus energy in the form of a secondary shock. 
The ejected matter is usually captured by the bubble and eventually 
delivered into the water after the bubble collapses. This provides a 
relatively straightforward and feasible method for creating nano-
particles with desirable structures and properties [11–13]. Fur-
thermore, the mechanism of nanostructuring surface is contingent 
upon various laser parameters, including limited to the number of 
laser pulses, energy per pulse, pulse width, and wavelength, as well 
as ambient conditions. The technique high level of confinement of 
plasma pressure, precise and efficient cooling and ease of use ren-
der it highly advantageous and valuable. The successful application 
of this technique is of significant importance in the production of 
oxides that are synthesized through chemical reactions occurring at 
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the liquid–solid interface [14, 15]. 
 It’s also through various physical parameters of laser radiation, 
including laser pulse energy, repetition rates, laser wavelength, fo-
cal spot size, and focusing conditions, that efficient NPs size con-
trol can be achieved [16, 17]. PLAL is used to create a variety of 
novel materials, including nanodiamond and related nanocrystals, 
metallic nanocrystals, nanocrystal alloys, and metal oxides [18, 19]. 
The PLAL present methodology exhibits several benefits in compar-
ison to alternative techniques, such as its straightforwardness, lack 
of by-products, absence of post-synthesis washing requirements, 
economic feasibility, and adjustable experimental parameters. Quan-
tum dots (QD) are a type of semiconductor nanoparticle character-
ized by their zero-dimensional structure. They exhibit distinct opti-
cal properties such as narrow emission peaks and a broad excitation 
range. The wavelengths of emission and energy gap of quantum 
dots are significantly influenced by the particle size, which is a re-
sult of the confinement effect [20, 21]. 
 Copper is a widely used material due to its plentiful availability, 
low cost, thermal and electrical conductivity and antimicrobial char-
acteristics. Colloidal copper-oxide nanoparticles (CuO NPs) are syn-
thesized using pulsed laser ablation technology on a copper target in 
a liquid medium. CuO nanoparticles have shown potential for bio-
medical applications due to their antibacterial activity. Moreover, 
CuO nanostructured materials show utility in diverse applications, 
including biosensors, gas sensors, lithium-ion battery electrode ma-
terials, photo detectors, and supercapacitors [22, 23]. The phenome-
non of surface plasmon resonance (SPR) is contingent upon the mor-
phology and dimensions of the particle, in addition to the optical 
characteristics of the nanoparticles their distinctive, particularly 
their sharp plasmon absorption peak, make them highly appealing 
for biophysical, biochemical, and biotechnological applications [24]. 
Additionally, the copper oxide nanoparticles exhibited inhibitory 
properties against two bacterial groups, namely gram-positive bacte-
ria such as B. subtilis and S. aureus, and gram-negative bacteria 
such as E. coli and P. aeruginosa. The inhibitory effects were ob-
served to be dependent on the size of the particles [25, 26]. 
 The present research pertains to the production of copper oxide na-
noparticles through the employment of the PLAL method, where, by 

the manipulation of ablated energies and pulse counts, it is exercised 

for the purpose of control. The study examined the optical and morpho-
logical characteristics of the samples through the utilization of vari-
ous analytical techniques, including UV-visible spectrophotometry, x-
ray diffraction analysis, and transmission electron microscopy. Fur-
thermore, the study employed CuO NPs to assess their antibacterial 
effectiveness against Staphylococcus aureus and Escherichia coli. 

https://www.sciencedirect.com/science/article/abs/pii/S0168900217308069#!
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2. EXPERIMENTAL SETUP 

2.1. Method for Preparation of CuO Nanoparticles 

The colloidal solutions of CuO nanoparticles were synthesized in a 
liquid medium by the pulsed laser ablation technique (PLAL). A 
disc-shaped target made of high-purity copper (99.99%) with a di-
ameter20 mm and a thickness2 mm was positioned 10 cm away 
from the laser source. The target was placed in a beaker containing 
5 ml of double-distilled water (DDW). 
 Figure 1 illustrates the experimental setup for PLAL. The Q-
switched Nd:YAG is a mechanism to generate high-intensity, short-
duration pulses of light. The experimental setup employed Nd:YAG 
laser operating at a repetition rate of 6 Hz, emitting at a wave-
length of 1064 nm and with a pulse width of 10 ns. Under standard 
conditions of temperature and pressure, the laser source changed 
two distinct energy levels 200 and 400 mJ. The number of pulses 
was systematically altered between 100 and 500, with increments of 
100 pulses for each energy level. 
 Figure 2 shows the effects of laser pulses on the copper metal 
surface. Before to ablation, the target underwent a series of clean-
ing procedures involving deionized water, acetone, and ethanol to 
eliminate any oxide layer that may have formed due to exposure to 
air. Additionally, the target was subjected to ultrasonic treatment 
to remove any mechanical impurities. In the course of the ablation 
procedure, the beaker underwent a gradual rotation to prevent the 
formation of craters on the target surface due to the focused beam 
and to facilitate the dispersion of the NPs generated through the 

 

Fig. 1. PLAL system schematic diagram. 



214 Khalaf AJAJ, Abdullah M. ALI, and Mushtaq Abed AL-JUBBORI 

movement of the liquid. 

2.2. Antibacterial Activity of CuO NPs 

The medium was prepared by dissolving 37 grams of Mueller–
Hinton agar (MHA) in one litre of distilled water. The pH of the 
medium was regulated to 7.2 and subsequently sterilized in an au-
toclave. Subsequently, into single-use petri dishes and positioned on 
a flat plane with a thickness of roughly 5 mm, followed by refriger-
ation at a temperature of 4 degrees Celsius until employment. The 
well was made in the MHA with a sterile micropipette tip. In this 
study, the antibacterial activity of copper-oxide nanoparticles (CuO 
NPs) at two different energy levels of 200 mJ and 400 mJ and with 
500 pulses was evaluated using two bacterial strains, namely 
Staphylococcus aureus (gram-positive) and Escherichia coli (gram-
negative). In this procedure, the bacteria were inoculated onto the 
media of the plates (MHA) using sterile cotton swabs and were 
evenly spread. Subsequently, a volume of 150 l of a colloidal solu-
tion of CuO nanoparticles was introduced to each of the previously 
arranged bacterial. Subsequently, the plates housing both the test 
organism and CuO NPs were subjected to incubation at a tempera-
ture of 37C for duration of 24 hours. Following incubation, the 
impact of CuO NPs on bacterial growth was assessed through the 
observation of the inhibition zone and the transformation of the 
surface into a transparent layer, indicative of the suppression of 
bacterial growth. 

3. RESULTS AND DISCUSSION 

3.1. The Optical Properties of Copper-Oxide NPs 

The investigation of spectroscopic absorption in a synthesized colloi-

  
a    b 

Fig. 2. Copper-metal surface ((a) before (b) after) ablated. 
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dal solution of copper oxide nanoparticles in double distilled water 
was conducted using a Shimadzu (UV-1800) UV-vis spectrophotome-
ter. The absorbance of colloidal nanoparticles varies with the wave-
length of their absorption spectra. The findings depicted in Fig. 3 
show a favourable relationship between the number of laser pulses 
and the level of CuO-NPs’ concentration, as evidenced by the ob-
served increase in absorption. The presence of CuO nanoparticles is 
indicated by the elevation of the surface-plasmon resonance peak 
(SPRP). Furthermore, with an increase in the number of laser puls-
es, the peak exhibited a reduction in width, while the dimensions of 
CuO NPs experienced an increase. Spherical copper oxide NPs were 
synthesized based on the detection of a plasmon single peak. The al-
teration in hue of colloidal CuO nanoparticles to a pale green, as de-
picted in Fig. 4, can be attributed to plasmon absorption. 

  
a      b 

Fig. 3. Absorption spectra of CuO NPs in double distilled water at various 
numbers of pulses and different pulse energies. 

  
a      b 

Fig. 4. Photograph of the copper-oxide NPs prepared by PLAL using num-
ber of laser pulses and different energies (a) 200 mJ and (b) 400 mJ. 
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 The SPRP is subject to modification by the size of the particles, 
resulting in a red shift towards longer wavelengths within the spec-
trum. Furthermore, it can be observed that the nanoparticles 
demonstrate a diminished absorption coefficient, resulting in ele-
vated transmission values on the longer wavelength end of the spec-
trum, encompassing the visible range and wavelengths measuring 
up to 500 nm. The low absorption phenomenon can be elucidated by 
the reduction in energy of the incident photon as the wavelength 
increases, which results in the photon’s inability to interact with 
the atoms present in the colloidal medium. Hence, the photons will 
undergo transmission instead of absorption. 
 The optical band gap was calculated using linear extrapolation of 
the equation’s (h) versus (h) curve by fitting Tauc’s relation 
[27]. The direct optical band gap is determined using the absorption 
coefficient calculated as a function of the incident photon energy. 
CuO nanoparticles were generated using 100 to 500 numbers of 
pulses at various laser energies of 200 mJ and 400 mJ: 

  1/2 .
( )

opt

qah D h E    , (1) 

where D is a constant and h represents the photon energy. 
 The absorption coefficient () is influenced by both the incident 
photon energy and the material’s properties. This relationship has 
been utilized to calculate the absorption coefficient, which is con-
tingent on the absorbance (A) and the thickness (d) [28]: 

 
2.303A

d
  . (2) 

 Figures 5 and 6 show the optical band gap of copper oxide nano-
particles decreased as the number of pulses has increased. This re-
sult could be due to the quantum confinement effect. This increase 
is a result of quantum confinement. 
 Figure 7 as the number of laser pulses increases, the concentra-
tion of CuO NPs causes an increase in the absorption coefficient. 
 From the surface-plasmon resonance peak, copper oxide nanopar-
ticles optical constants can be evaluated their values. The refractive 
index (n) is directly proportional to the concentration of CuO NPs. 
The refractive index can be calculated by [29, 30]: 

 2

2

4 1

( 1) 1

R R
n K

R R

 
    

  
, (3) 

where R and K, the reflectance and extinction coefficient, respec-
tively. The extinction coefficient can be calculated from the rela-
tionship [31]: 
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4

K





. (4) 

 The electric field of light interacts with the electrons in the na-
noparticle in a way that is different from the way it interacts with 
electrons in bulk materials. This effect is more pronounced for 
smaller particles because the surface area-to-volume ratio increases 
as the particle size decreases. In particular, the electric field near 
the surface of a nanoparticle is enhanced, leading to an increase in 

  
a      b 

Fig. 5. Tauc plots of the CuO NPs prepared with various laser pulse ener-
gies of (a) 200 mJ and (b) 400 mJ. 

 

Fig. 6. Optical band gap values for prepared CuO NPs at various energies 
as a function of the number of pulses. 
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the refractive index and extinction coefficient with the number of 
laser pulses an increase as shown in Figs. 8 and 9. 
 Evaluation of the real and imaginary parts of the dielectric con-
stant is done using the complex dielectric constant 

2
( )r ii n iK       . The real (r) and imaginary (i) parts of the 

dielectric constant are related to the refractive index and extinction 
coefficient by the following relationships [32]: 

 rn
2K2, (5) 

 i2nk. (6) 

 Figure 10 the increase in the real and imaginary dielectric con-
stants of copper oxide nanoparticles with increasing laser pulse 
number can be attributed to the enhanced polarization and in-
creased scattering and absorption of light, respectively. 

  
a      b 

Fig. 7. Absorption coefficient versus wavelength of CuO NPs. 

  
a      b 

Fig. 8. Refractive index versus wavelength for copper-oxide NPs. 
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a      b 

Fig. 9. Extinction coefficient versus wavelength for copper-oxide NPs. 

  
a      b 

  
c      d 

Fig. 10. Imaginary dielectric constants ((a) 200 mJ, (b) 400 mJ) and real die-
lectric constants ((c) 200 mJ, (d) 400 mJ) as functions of laser-pulse number. 
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 The relationship between the linear refractive index and the line-
ar absorption coefficient can be used to determine the optical con-
ductivity of CuO NPs [31]: 

 
.

4
opt

nc
 


, (7) 

where c is the speed of light in a vacuum. The increase in optical 
conductivity can be attributed to the greater number of excited 
electrons with increasing concentrations of CuO NPs, as shown in 
Fig. 11. 

  
a      b 

Fig. 11. Optical conductivity versus wavelength of CuO NPs as a function 
number of laser pulses. 

 

Fig. 12. XRD patterns of the samples prepared by laser ablation in DDW. 
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3.2. Morphology and Particle Size Analysis for CuO NPs 

3.2.1. X-Ray Diffraction Patterns 

The XRD patterns of CuO NPs in DDW laser-ablated at 200 mJ and 400 

mJ with same number of pulses (500) are shown in Fig. 12. The average 

crystallite size was computed using the Debye–Scherrer equation [33]: 

 
x-ray

cos
av

k
D



 

, (3) 

where the shape factor constant k is of 0.9, x-ray the x-ray wave-
length is of 0.15406 nm,  is the full width at half-maximum 
FWHM intensity in radians, and  is the diffraction angle (Bragg 
angle). The calculated average crystallite size for CuO nanoparticles 
is found to be between 50 nm and 73 nm for 200 mJ and 400 mJ, 
respectively. The analysis of x-ray diffraction patterns revealed 
that CuO NPs have the crystallographic planes of monoclinic (1 1 
0), (1 1 0), (1 1 1), (1 1 2), (0 2 0), (0 2 0) and (1 1 3) can be in-
dexed to the diffraction peaks at about 232, 35, 51, 58 and 61 
conformed to the ICSD standard No. 98-004-3181; 01-089-2531. 
Furthermore, the diffraction peaks at around 228, 46, 59 and 
61 can be assigned to the crystallographic planes (4 0 0), (0 2 6), (0 
0 8), and (0 2 8) which can be regarded as an orthorhombic crystal 
system. This is consistent with the standard ICSD No. 98-008-5080. 
The XRD results also corroborate the absence of impurities in the 
ablated nanoparticles, as the XRD patterns do not contain any 
peaks other than CuO nanoparticles. Using Scherrer’s equation, the 
mean crystallite size of each sample was determined. 
 As shown in Table, the mean crystallite size of laser-ablated na-
noparticles increases marginally with increasing pulse energy, ac-
cording to the literature [34, 35]. 
 CuO nanoparticles may be formed by two common processes, the 

thermal evaporation of atomic (and ionic) species from the liquid–solid 

interface and the thermally-induced discharge of nanometer-size mol-
ten droplets from the target. At the interface of liquid and target, the 

adiabatic expansion of the created plasma confines the surrounding 

double distilled water. The presence of PLAL in DDW solution results 

in an oxygen-rich cavitation bubble environment. Plasma’s high tem-
perature and pressure create the chemical conditions for the formation 

of CuO. Therefore, species within the plasma plume can interact to 

produce CuO nanoparticles. Eventually, the plasma is extinguished, 

and the CuO structures solidify [36, 37]. In addition, DDW can react 

with molten particles, and molten Cu oxidation contributes to the for-
mation of CuO. Consequently, both of these phenomena may be respon-
sible for the formation of CuO structures [38, 39]. 
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3.2.2. Transmission Electron Microscopy (TEM) 

Transmission EM analysis was used to confirm the average particle 
size, size distribution, and morphology of individual CuO nanopar-
ticles prepared by the PLAL technique under 200 mJ and 400 mJ 
with 500 pulses. Analysis of TEM images uses the Image J pro-
gram. The TEM image in Fig. 13 clearly shows that the aforemen-
tioned NPs have morphology, which is almost spherical. Copper ox-
ide NPs diameters between 44 and 51 nm were confirmed by the 
TEM image. Using TEM analysis, which is consistent with that ob-
tained from x-ray diffraction, On the other hand, because CuO na-
noparticles tend to agglomerate, the agglomeration of nanoparticles 
can be attributed to the absence of antiagglomeration agents in the 
colloidal aqueous solution. 

4. ANTIBACTERIAL ACTIVITY OF COPPER-OXIDE NPs 

The diameter of inhibition zones was estimated using a meter ruler, 
and the mean value for each organism was recorded for two types of 
bacteria. The samples of CuO NPs with 500 pulses and laser ener-
gies of 200 mJ and 400 mJ were poured into wells on plates. DDW 
was used as a negative control to determine the antibacterial activi-
ty. According to our investigation, the CuO NPs produced did not 
significantly suppress the growth of the bacteria S. aureus G(ve) 
and E. coli G(ve). A surge in bacterial resistance may be to blame 
for this. Additionally, efficiency of nanoparticle synthesis by the 
PLAL technique is low compared with other synthesis techniques 
[34]. The copper-oxide NPs prepared by PLAL have inhibitory areas 
that can be seen in Figs. 14, 15 for both the energy and pulse con-

  
a      b 

Fig. 13. TEM images and the particle size distribution of copper-oxide NPs 
with (a) 200 mJ (b) 400 mJ at 500 pulses. 
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figurations indicated. For the same number of pulses, the 200-mJ 
nanoparticles were more effective than the 400-mJ ones. In many 
instances, it is still unclear whether the death of the bacterium was 
caused by a single mechanism or a mixture of mechanisms. Nega-
tively charged bacterial cell surfaces and positively charged nano-
particles may attract each other electrostatically. In contact with 
bacterial cells, copper oxide nanoparticles can pierce the cell wall 
and break the cell membrane, causing the release of cellular con-
tents and ultimately cell death. 

5. CONCLUSIONS 

Copper-oxide nanoparticles can be easily produced by using the laser 
ablation technique on a copper target in double-distilled water. Af-
ter several analyses were performed to investigate and characterize 

  
a     b 

Fig. 14. Photograph of the antibacterial activity test of CuO NPs prepared 
for Staphylococcus aureus and Escherichia coli. 

 

Fig. 15. Histogram of antibacterial activity for CuO NPs at 200 mJ and 
400 mJ with the same number of 500 pulses. 
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the Cu NPs, according to UV-visible spectroscopy, the absorbance 
increased as the number of pulses increased. As the number of laser 
pulses increased, the plasmon peak at 217 nm redshifted. The com-
pounds associated with the oxidation of Cu NPs into CuO NPs were 
produced by the reaction of dissolved oxygen in water with the Cu 
NPs. At the same number of pulses, copper-oxide NPs prepared at 
400 mJ have a larger size than samples prepared at 200 mJ. CuO 
nanoparticles have a spherical shape and diameters ranging from 46 
nm to 52 nm for 200 mJ and 400 mJ, respectively. However, com-
pared to Escherichia coli (gram ve) bacteria, the tested Staphylo-
coccus aureus (gram ve) bacteria demonstrated a higher sensitivi-
ty to copper-oxide NPs. This is due to variations in the molecular 
makeup of the cell walls of these bacterial strains. The results of 
our study show that when the laser energy is low and the same 
number of pulses, copper oxide nanoparticles have a stronger anti-
bacterial effect against S. aureus and E. coli, respectively. 
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«ОТРИМУВАЧУ»: Інститут металофізики ім. Г. В. Курдюмова НАН України  
на розрахунковий рахунок № UA058201720313291001201001901 в банку ГУДКСУ в м. Києві 
код банку 820172  
код ЗКПО: 05417331  
для «ПОСТАЧАЛЬНИКА» — Інституту металофізики ім. Г. В. Курдюмова НАН України  
Свідоцтво платника податку № 36283185  
ІПН 054173326066  
КОД ПРИЗНАЧЕННЯ ПЛАТЕЖУ: 25010100  
ПРИЗНАЧЕННЯ ПЛАТЕЖУ: за збірник «Наносистеми, наноматеріали, нанотехнології» для РВВ 
ІМФ НАНУ  
ПІДСТАВА: передоплата 100%  

в іноземній валюті (доларах США, євро) через відповідні банки-кореспонденти АТ «Державний 
експортно-імпортний банк України»:  
«ОТРИМУВАЧУ»: Філія АТ «Державний експортно-імпортний банк України» в м. Києві (Україна, 
04053 Київ, вул. Бульварно-Кудрявська, 11б)  
на розрахунковий рахунок № UA603223130000025308000000067 
МФО 322313  
для «ПОСТАЧАЛЬНИКА» — Інституту металофізики ім. Г. В. Курдюмова НАН України  
ПРИЗНАЧЕННЯ ПЛАТЕЖУ: за збірник «Наносистеми, наноматеріали, нанотехнології» для РВВ 
ІМФ НАНУ  
ПІДСТАВА: передоплата 100%  

За цього способу передплати необхідно сповістити редакцію збірника за поштовою адресою:  
РВВ (№ 83) ІМФ НАНУ,  
бульв. Акад. Вернадського, 36,  
03142 Київ, Україна  

e-mail: tatar@imp.kiev.ua; факс: +380 44 4242561; телефон: +380 44 4241221, +380 44 4249042  

дату сплати, назву установи або найменування передплатника, адресу для поштової доставки, а 
за потреби — свої реквізити для податкової накладної.  

Періодичність — том з 4 випусків у рік.  

Із врахуванням поштової пересилки  
для передплатників в Україну передплатна ціна: одного примірника випуску — 312 грн., тому 
— 1248 грн.;  
для передплатників у країни СНД передплатна ціна: одного примірника випуску — 36 US$, тому 
— 144 US$;  
для іноземних передплатників назовні СНД передплатна ціна: одного примірника випуску — 40 
US$ (36 EUR), тому — 160 US$ (144 EUR).  

               Зразок для оплати річної передплати  
Рахунок-фактура  

«ПОСТАЧАЛЬНИК»: Інститут металофізики ім. Г. В. Курдюмова НАН України  
«ОТРИМУВАЧ»: Філія АТ «Державний експортно-імпортний банк України» в м. Києві  
     (Україна, 04053 Київ, вул. Бульварно-Кудрявська, 11б)  
  на розрахунковий рахунок № UA603223130000025308000000067, МФО 322313  
ПРИЗНАЧЕННЯ

 
ПЛАТЕЖУ: за збірник «Наносистеми, наноматеріали, нанотехнології» для ІМФ НАНУ  

«ПЛАТНИК»:                       
                          
ПІДСТАВА: передоплата 100%  

№ Назва Од. вим. Кількість Ціна Сума 

1 збірник «Наносистеми, наноматеріали, 
нанотехнології» (включаючи доставку поштою) 

прим. 4 36 US$ 144 US$ 

 Сума до сплати    144 US$ 
 

mailto:tatar@imp.kiev.ua
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