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Introduction

Energy consumption is continuously increasing and 
presently energy supply is an important problem. 
Electricity demand is expected to escalate by more 
than two times in 2050 and more than three times by 
the end of the twenty-first century (Lewis et al. 2005; 
Nguyen and Montemor 2019). Fossil fuels are the 
main source of electrical energy, but the decrease in 
the world stock of raw materials and increase in car-
bon dioxide emissions into the atmosphere during 
the production of electric power cause environmental 
problems. As a consequence, a tendency to develop 
and increase the amount of renewable energy became 
relevant. For example, one of the ways for energy har-
vesting from alternative sources of renewable energy 
(waste heat) is using thermoelectric generators that 
enable the conversion of waste heat into electricity. 
The use of waste heat as the energy source for ther-
moelectric generators is an economical option as it 
is both free and readily available [Singh, Y., Singh, 
S.K. & Hazra, P. The Quest for High-Efficiency Ther-
moelectric Generators for Extracting Electricity from 
Waste Heat. JOM (2021). https://​doi.​org/​10.​1007/​
s11837-​021-​04976-5].

Abstract  This study is devoted to creating media for 
the accumulation of electrical energy based on zirco-
nia nanoparticles. The effect of charge accumulation 
by compacted zirconia nanoparticles, the manifesta-
tion of which depends on the size of the particles and 
the degree of hydration of their surface, was found. 
It is shown that for the system of hydrated nanopar-
ticles, the formation of the dielectric constant of the 
entire structure as a whole is influenced by the dielec-
tric properties of the nanoparticle materials and water 
on its surface. The difference in the dielectric proper-
ties of the filler (water) and the matrix (material of 
zirconia nanoparticles) leads to a strong increase in 
the dielectric constant of hydrated compacted nano-
particles due to the Maxwell–Wagner effect, which is 
a promising application in the development of energy 
storage media.

A. Shylo (*) · I. Danilenko · O. Gorban · 
O. Doroshkevich · I. Nosolev · T. Konstantinova 
Materials Science Department, Donetsk Institute 
for Physics and Engineering named after O.O. Galkin 
of NAS of Ukraine, Kyiv, Ukraine
e-mail: art.shylo@gmail.com

O. Doroshkevich 
Frank Laboratory of Neutron Physics, Joint Institute 
for Nuclear Research, Dubna, Russia

A. Lyubchyk 
NANOTECHCENTER, Kyiv, Ukraine

A. Lyubchyk 
Lusófona University, Lisbon, Portugal

/ Published online: 15 January 2022

J Nanopart Res (2022) 24: 18

http://orcid.org/0000-0001-6293-9927
https://doi.org/10.1007/s11837-021-04976-5
https://doi.org/10.1007/s11837-021-04976-5
http://crossmark.crossref.org/dialog/?doi=10.1007/s11051-022-05407-5&domain=pdf


	

1 3
Vol:. (1234567890)

The production of electricity from renewable 
sources is in most cases decentralized and intermit-
tent. This entails a mismatch between energy con-
sumption and supply, and it results in energy losses 
and low efficiency. Thus, the development of an intel-
ligent, digital, and flexible system for the supply of 
electrical energy with a significant share of distrib-
uted energy sources is an actual task. This dictates the 
corresponding requirements for the creation of new 
materials and technologies for the accumulation and 
transformation of electrical energy. The current level 
of development of nanotechnology can improves stor-
age capacitance, response speed, and service life of 
electrical energy storage devices.

A promising direction in this direction is the use 
of oxide nanomaterials as a functional media. So, 
oxide structures based on copper oxide (CuO) with 
particle size is about 20  nm, when used as an elec-
trolyte H2SO4, which showed high values of specific 
density of about 158 F g−1 in 5 mVs−1 (Pendashteh 
et  al. 2014). On mesoporous binary nickel–cobalt 
oxyhydroxides (Ni-Co), the specific capacitance den-
sity of 636 F g−1 with a cell voltage 2 V was obtained 
(Hsu et  al. 2013). However, these systems use acids 
as the electrolytes, which are hazardous to use and 
not environmentally friendly. Replacing such materi-
als or processes of their production with less harmful 
materials for humans and the environment, cheap and 
easy to use, is an actual task.

Interesting in this use are materials based on zir-
conia. Due to the unique combination of physical, 
mechanical, chemical, and electrophysical properties, 
zirconia is multifunctional material for a wide range 
of applications, in particular in energy, medicine, 
chemistry, mechanical engineering, and catalysis both 
in powder and monolithic state (Thakare 2012; Kelly 
and Denry 2008; Yin et  al. 2017; Danilenko et  al. 
2017). The relatively high dielectric constant (ε = 23) 
(Thompson et  al. 1992), the relatively wide surface 
spectrum of states (Lewis and Bronsted centers), 
which are easily changed due to external influences 
and high diffuse activity of ions of the surface layer 
(Maier 2005) of zirconia nanoparticles (NPs) make 
this material attractive for development of media for 
the accumulation of electrical energy. A large specific 
surface area of zirconia NPs causes an increased level 
of surface energy of NPs, which, in turn, leads to an 
increase in the activity of NPs, namely, increases 
the interaction between them and the environment 

in which they are located (Andrievsky and Ragulya 
2005). It should be noted, the tendency to water 
absorption by NPs of zirconia (Lyubchyk et al. 2017), 
which gives a reason to consider them as a dispersed 
system; the particles of which are covered with an 
adsorbed layer of water. In such systems, electroki-
netic phenomena mainly occur in the surface layers 
— within the dispersed phase and adsorbed (liquid) 
material. That is, NPs of a wide-gap dielectric based 
on ZrO2 can be used as a media for electric energy 
storage devices. It should be noted, the nontoxic 
nature and wide availability of materials based on 
zirconia.

The choice of the tetragonal modification of zir-
conia is caused by the high adsorption of water mol-
ecules in comparison with monoclinic and cubic 
modifications and the possibility of changing the type 
of surface centers on the surface of nanoparticles 
depending on the temperature of their synthesis.

This work is aimed at studying the dielectric prop-
erties of hydrated compacted zirconia NPs under the 
influence of an external constant electric field. For 
the system of an ensemble of compacted NPs/layer of 
water adsorbed on its surface, one should expect that 
the formation of the dielectric constant of the entire 
structure as a whole should be influenced by both the 
dielectric properties of the nanoparticle material and 
the dielectric properties of water on the surface of 
NPs and in pores, which is a promising application in 
the development of media for the storage of electrical 
energy.

Material and methods

As an object of investigation, a nanopowder of com-
position ZrO2 + 3 mol% Y2O3 with different anneal-
ing temperature compacted in the form of tablets 
was used. Production of nanopowders of composi-
tion ZrO2 − 3  mol% Y2O3 was carried out by the 
co-precipitation method of hydroxides from hydro-
chloric and nitric acid solutions of salts, taken in 
a stoichiometric ratio, with an aqueous solution of 
ammonia at a hydrogen value of pH > 9 (Konstan-
tinova et  al. 2011). All chemicals were of chemi-
cal purity. At first, an appropriate amount of Y2O3 
was dissolved in nitric acid; then, the zirconium 
and yttrium salts were mixed in a propeller stirrer 
for 30 min and then added to an aqueous precipitant 
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solution (25% NH4OH) with constant stirring. The 
precipitate was stirred for 1  h at room temperature 
at pH 9 for complete precipitation. Then, the pre-
cipitates were washed several times and filtered with 
distilled water. During the reaction, an insoluble 
precipitate — a hydrogel of amorphous zirconium 
hydroxide with dopant of Y(OH)3 was formed. Dry-
ing of the hydrogel of amorphous zirconium hydrox-
ide was performed in a microwave oven. To obtain 
crystalline particles, amorphous zirconium hydrox-
ide was subjected to heat treatment in the isothermal 
mode at temperatures of 400, 500, 600, 700, 800, 
900, and 1000  °C, 2  h. Heat treatment was carried 
out in electric resistance furnace. Y2O3 was added as 
stabilizing impurity in the crystal lattice of zirconia 
to eliminate volumetric changes in the crystalline 
lattice, which occur during phase transformation. 
Cations of Y2O3 form a solid substitution solution 
in the zirconium lattice. The addition of 3% mol 
Y2O3 stabilizes the tetragonal phase of polymorphic 
modification of zirconia. A further increase in the 
amount of yttrium oxide leads to the existence of a 
two-phase region of the tetragonal and cubic phases.

From the obtaining nanopowders using prelimi-
nary uniaxial pressure (Pcomp = 40  MPa) cylindri-
cal shape samples were formed (diameter 20  mm, 
thickness 2 mm, m = 1 g), and after that, the samples 
(compact sets) were pressed isostatically (CIP) at 
500 MPa.

To determine the structural parameters and phase 
composition of objects under investigation, X-ray dif-
fraction analysis by means a Dron-3 diffractometer 
with Cu-Kα radiation was used. The phase composi-
tions of the nanopowders were determined using the 
equations (Chysovitina et  al. 1991). The size of the 
coherent scattering area (CSA) in the studied nano-
powders was estimated using Debay-Scherer equation 
(Patterson 1939):

where m = 0,9; λ is the wavelength of radiation; β is 
the physical extension of the interference maximum hkl; 
and cos θ is the value for reflection hk. The degree of 
crystallinity of tetragonal nanopowders was evaluated 
from the ratio of the area under the peak (111) under 
study with the reference sample (tetragonal zirconia, 
T = 1500 °C). The deviation in determination of phase 

(1)D
hkl

=
m ⋅ �

� ⋅ cos�

composition was 5% and for determination of coherent 
scattering area was 10%.

The specific surface area (SBET) of nanopow-
ders and compact sets were determined by the BET 
method (Brunauer, Emmett, Teller) using device 
SORBI-4. Before measurement, the nanopowders and 
compact sets were heat treated at 140 °C for 30 min 
to remove adsorbed water. The obtained data were 
processed using SoftSorbi – II ver.1.0 software. The 
deviation of determination of specific surface area 
was less than 1%.

The powders were also studied by transmis-
sion electron microscopy (TEM) (Jem 200A, JEOL, 
Japan) and scanning electron microscopy (SEM) 
(JSM 6490LV, Jeol, Japan).

To determine the values of density and open poros-
ity of nanopowders after exposure to CIP, the hydro-
static weighing method was used.

Saturation of the compact sets by water within a 
certain time (1  h) was measured gravimetrically. 
Amount of water in the samples was calculated by the 
formula:

where m0 and m are the masses of the dehydrated 
and hydrated compact set, respectively.

To study the effect of a constant electric field 
on the electrical properties of the compact sets, 
an experimental unit, which assumes two-position 
switching of the sample electrodes on the power 
supply and on the ohmic load (Rload = 1 MOhm), 
was used. During measurement of charge–discharge 
characteristics, the compact sets were placed in a 
climate chamber (relative humidity varied from 
20 to 85%). The magnitude of the applied external 
electric field was 5 V/mm. Measurements were per-
formed using a multimeter AM1199 with a devia-
tion of 1%.

Electrochemical impedance spectroscopy (EIS) 
measurements were carried out using precision vir-
tual meter-analyzer of impedance parameters 2 V – 1 
in the frequency range from 1 Hz to 1 MHz. In order 
to ensure the linearity of the studied electrochemical 
system, the amplitude of the applied alternating exci-
tation signal was limited to 50 mV. Before EIS meas-
urements, the compact sets were saturated with mois-
ture at 80% relative humidity in the climate chamber 

(2)Δm =
m − m0

m0

,
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until the change in the absorption of moisture by the 
samples stopped.

The frequency dependences of the voltage on the 
sample and the reference resistor were recorded, from 
which the values of resistance R, capacitance C, and 
tangent of the dielectric loss tgδ were calculated, 
from which the values of the imaginary Z′ and the 
real Z″ components of the total complex resistance Z 
were calculated. The values of the real (ε′) and imagi-
nary (ε″) parts of the relative permittivity were calcu-
lated from the values of Z′ and Z″. The Debye model 
with Cole–Davidson relaxation time distributions was 
used for approximation of the experimental data.

Carbon electrodes were deposited on the wide 
faces of the samples.

It should be noted that all measurements were 
repeated 3 times and the estimated standard deviation 
did not exceed 3%.

Nanoparticles and compact sets characterization

The effect of annealing temperature on the phase 
composition of nanopowders is shown in Fig.  1. As 
the annealing temperature increases, the phase com-
position of the powders practically do not change — 
the crystalline phase of zirconia with a tetragonal lat-
tice of the P42/nmc type remains which correspond 

to lattice planes hkl that are shown in Table  1. The 
observed X-ray reflections exhibit good agreement 
with the ICDD standard card No. 01–078-1765. In 
Table 2, the phase composition, degree of crystallin-
ity, and CSA for nanopowders obtained at different 
synthesis temperatures are shown. As can be seen, 
particle size of NPs depends on the synthesis temper-
ature and increases from 9 to 32 nm with an increase 
in the synthesis temperature from 400 to 1000 °C. All 
nanopowders under investigation have close degree of 
crystallinity (˃ 85%). The formation of 2–3% of the 
monoclinic phase (P21/s) at high calcination tempera-
tures is associated with the influence of the dimen-
sional effect on the phase transformation (Kelly and 
Denry 2008; Chevalier and Gremillardw 2009).

Transmission electron microscopy data for nano-
powders synthesized at temperatures of 400, 700, and 
1000 °C are shown in Fig. 2a. As can be seen from 
the data presented, the particle size increases with an 
increase in the powder annealing temperature, and 
the degree of powder aggregation also changes. As 
shown in Konstantinova et  al. (2011); Doroshkevich 
et  al. 2010), the agglomeration of small particles of 
zirconia nanopowders synthesized at low tempera-
tures (400 °C) is caused by van der Waals forces, and 
at high (900–1000  °C) — by the beginning of sin-
tering of NPs. A good correlation between the par-
ticle sizes measured from X-ray structural analysis 

Fig. 1   The effect of 
annealing temperature on 
the phase composition of 
zirconia NPs
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Table 1   XRD data (hkl 
indices and corresponding 
parameters) for tetragonal 
zirconia

h k l 2θ, deg D, E I, rel F(hkl) FWHM

1 0 1 30.212 2.95580 100 65.56 0.822
0 0 2 34.696 2.58338 8.38 44.1 0.846
1 1 0 35.190 2.54824 13.58 40.3 0.849
1 0 2 43.046 2.09963 1.27 10.91 0.894
1 1 2 50.251 1.81418 38 71.01 0.939
2 0 0 50.618 1.80188 20.08 73.6 0.941
2 0 1 53.84 1.70139 0 0 0.962
1 0 3 59.434 1.55392 14.22 52.55 1
2 1 1 60.089 1.53854 27.47 52.29 1.005
2 0 2 62.827 1.4779 6.99 39.19 1.025
2 1 2 68.574 1.36738 0.4 7.26 1.069
0 0 4 73.218 1.29169 2.33 53.03 1.107
2 2 0 74.396 1.27412 5.77 59.9 1.117
2 0 3 76.443 1.24502 0 0 1.135
1 0 4 78.618 1.21594 0.33 10.67 1.155

Table 2   Phase composition and sizes of zirconia NPs

Parameters T, °C

400 500 600 700 800 900 1000

Crystalline phase, % 100%T 100%T 100%T 100%T 100%T 100%T + marks M 98%T + 2%M
CSA, nm 9 11 15 19 22 26 32
Degree of crystallinty, % 86 88 93 96 100 100 100

Fig. 2   TEM images of NPs (a) and surface morphology of compacted NPs (b) synthesized at different annealing temperatures 
(T = 400, 700, 1000 °C)
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and TEM data indicates that NPs are single-crystal 
objects.

Photomicrographs of the fracture surface of com-
pacts obtained from nanopowders with different 
annealing temperatures are shown in Fig.  2b. The 
value of the applied pressure is 500 MPa. It is seen 
that all compacts have a homogeneous microstructure.

Characteristics of NPs and compact sets, meas-
ured by the BET method, are shown in Table 3. As 
can be seen, specific surface areas of the NPs SBET NP 
decrease with an increase in their annealing tempera-
ture. The porosity of the NPs also decreases with an 
increase in the annealing temperature, which indi-
cates the processes of particles combining, first by the 
method of oriented attachment (Konstantinova et  al. 
2006), and later — the beginning of the process of 
sintering NPs and the formation of tight aggregates.

The values of C (constant BET) for NPs with 
synthesis temperature T = 500–1000  °C are approxi-
mately the same regardless of their annealing tem-
perature, which indicates the same nature of the 
energy interaction of the adsorbent/adsorbate. At the 
same time, the constant C for a NPs with T = 400 °C 
is much less, which indicates a different nature of 
the interaction between the particle surface and the 
adsorbate. This indicates a change in the adsorption 
capacity of nanopowders, which is confirmed by the 
data of measuring the amount of adsorbed water Δm 
in compacted nanopowders, which were placed at a 
relative atmospheric humidity of 80%, calculated 

according to (2). It can be seen that the amount of 
water adsorbed in the samples decreases with an 
increase in the synthesis temperature of nanopow-
ders. Thus, the amount of adsorbed moisture in 5.8 
times higher for compact sets obtained from NPs with 
annealing temperature T = 400 °C compared to sam-
ples obtained from NPs with annealing temperature 
T = 1000 °C.

Dependences of the values of density and open 
porosity of compacted NPs with different anneal-
ing temperatures obtained by the hydrostatic weigh-
ing method are shown in Table  4. As can be seen, 
the value of the density increases, and the poros-
ity decreases with an increase in the annealing tem-
perature of the NPs. With a decrease in the particle 
size, the density of the porous compacted samples is 
lower than in the case of microsized powders. This, 
in opinion of the authors (Groza and Dowding 1996), 
is caused by an increase in the forces of interparticle 
friction and an increase in the adsorption of gases, 
including water, on the surface of NPs.

Thus, a model object for research can be repre-
sented as a uniform and isotropic packing of dielec-
tric NPs covered with an adsorbed layer of water. In 
this case, the size of NPs increases, and the amount 
of water adsorbed on their surface decreases with an 
increase in the synthesis temperature. Taking into 
account the effect of the particle size, the degree of 
aggregation, and porosity on the density of NPs after 
treatment under CIP conditions, it can be established 

Table 3   Estimated characteristics of nanopowders and compact sets with different annealing temperatures according to the BET 
method and gravimetric analysis

Parameters T, °C

400 500 600 700 800 900 1000

SBET NP, m2 g−1 170.0 ± 1.3 110.4 ± 1.8 80.5 ± 0.8 50.3 ± 0.6 41.6 ± 0.6 31 ± 0.4 21.5 ± 0.3
C 49 87 79 78 82 81 78
Vr < 19 nm, cm3 g−1 0.194 0.163 0.118 0.081 0.067 0.04 0.031
SBET Cs, m2 g−1 45.1 ± 0.7 80.3 ± 0.7 56 ± 0.5 39 ± 0.5 28 ± 0.4 22 ± 0.3 15 ± 0.3
Δm, % 6.5 5.22 4.24 2.52 2.12 1.55 1.12

Table 4   Dependence of 
the density and porosity 
of compacted NPs on 
the temperature of their 
synthesis

Parameters T, °C

400 500 600 700 800 900 1000

Density, g cm−3 2.75 2.83 2.91 3.01 3.03 3.06 2.96
Porosity, % 54 53 52 50 49 49 51
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that an increase in interparticle contacts makes it pos-
sible to consider compacted powder systems as an 
intermediate object between a highly dispersed pow-
der system and a bulk ceramic object and, therefore, 
can be affected by methods for studying electrical 
properties used to describe ceramic objects.

Results and discussion

In this section, we study the electrical properties of 
compacted zirconia NPs under the action of an exter-
nal electric field in order to clarify the possibility of 
their use as media for energy storage.

Time dependences of the potential at the elec-
trodes of compact sets from zirconia NPs obtained 
at different annealing temperatures after switching 
off the electric field are shown in Fig.  3. As seen 
from Fig.  3, a potential difference arises at the 
electrodes of the compact sets, which decreases 
exponentially with the discharge time. The depend-
ences of the electric potential for NPs annealed at 
different temperatures have a similar shape. With 
an increase in the NPs annealing temperature from 
400 to 1000 °C, the level of voltage decreases from 
1.73  V to 0.22  V (Fig.  3), which leads to a more 
rapid loss of the polarized state by the compact sets. 

In particular, for compact sets consisting of powder 
with T = 400  °C, the level of potential difference 
in 2 times is greater, and the discharge time (the 
time during which the value of the potential differ-
ence drops by a factor of e (e = 2.72), the base of 
the natural logarithm) in 2.5 times is longer than 
for the samples consisting of NPs with T = 700 °C. 
A further increase in the annealing temperature 
leads to a significant decrease in the potential dif-
ference. At T = 1000 °C, the detected effect is close 
to zero (the initial level of potential difference is 
22  mV). The discharge time is also significantly 
reduced: for samples consisting of particles with 
T = 400 °C, it is in 9 times longer than the particles 
with T = 1000 °C.

Time dependences of the potential difference at 
the electrodes of the compact sets in Fig.  3 have 
an exponential character and are described by the 
expression (Lewandowski et al. 2013):

where U0 is the value of the potential difference 
at the moment the field is turned off; Δt is the dis-
charge time, R0 is the external load, and C is the 
capacitance of the system.

(3)U = U0 exp(−
Δt

R0C
),

Fig. 3   Time dependences 
of the potential on the 
electrodes of compact sets 
after switching off the elec-
tric field for compact sets 
consisting of NPs obtained 
at different annealing tem-
peratures
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The specific capacitance of the compact sets was 
determined based on (2):

where m is the mass of the compact set.
The current value of the voltage U was determined 

from the ratio U0/U = e.
Dependences of the specific capacitance of com-

pact set CS and the level of potential difference 
U0 at the electrodes of compact sets at the initial 
instant of the discharge on the size (annealing tem-
perature) of NPs are shown in Fig. 4a and b, respec-
tively. As can be seen, the value of both the specific 
capacitance of the compact sets and the potential 
difference on the electrodes exponentially decreases 
with an increase in the size of the particles. The 
maximum value of the capacitance Cmax = 187 μF 
g−1 and the potential difference at the electrodes 
U0max = 1.72  V are achieved for compact sets, the 
particle size in which d = 9 nm. For samples consist-
ing of the largest particles (d = 32 nm), the capaci-
tance in almost 10 times less and is Cmin = 19.2 μF 
g−1, and the potential difference in 8 times less is 
U0min = 0.22 V.

Since in the sample, apart from the nanoparti-
cles themselves and the water adsorbed on its sur-
face, there are no more elements, for example, an 
ion-exchange insulating membrane to prevent the 

(4)C
S
=

Δt

m ⋅ R0ln
U0

U

,

penetration of ions between the electrodes and to 
protect supercapacitor from internal short, it is 
more correct to consider compacted zirconia nano-
particles as a capacitor. In the simplest case, com-
pacted zirconia nanoparticles can be viewed as a 
flat capacitor — carbon contacts are separated by 
a dielectric layer (hydrated zirconia nanoparticles).

Based on the typical dependence of the capaci-
tance of a plate capacitor on the specific surface of 
the material:

where ε is the electric constant of material, ε0 is 
the electric constant, and d is the distance between 
plates, we should obtain a linear dependence of 
the capacitance on the specific surface area. The 
processing of the experimental data on Fig.  5 
showed that the linear dependences C = f(SBET) 
are observed not in the entire range of NPs anneal-
ing temperatures. This dependence of the capaci-
tance on the specific surface area of the compact 
sets indicates that the dielectric constant of the 
compacted nanopowder material depends not only 
on the surface area, but also on the water satura-
tion of the material, and, consequently, on the 
level of atmospheric humidity. Determined from 
the dependencies in Fig.  5, the values of the die-
lectric constant of compact sets for nanopowders 

(5)C =
��0SBET

d
,

Fig. 4   Dependence on the size of particles (annealing temperature), compacted at 500 MPa: a the capacitance; b the potential differ-
ence U0 at the electrodes at the initial moment of the discharge
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synthesized at temperatures of 800–1000  °C were 
30; for nanopowders synthesized at temperatures of 
600–700 °C were 34; for a nanopowder synthesized 
at a temperature of 500 °C were 93; and for a nano-
powder synthesized at a temperature 400  °C  were 
234. It should be noted that a reduction by 2 
times in the water saturation of compact sets 
obtained from powder synthesized at 400  °C (Δm 
/ mmax = 50%) led to a decrease in the calculated 
dielectric constant to 34; and with a decrease in 
water saturation to 35%, the dielectric permeability 
decreased to 12. A similar picture is observed for 
compact sets obtained from powders synthesized at 
other annealing temperatures. That is, at low values 
of the moisture content of the samples (35%), the 
calculated value of the dielectric constant of the 
samples is 5–12, and with an increase in the value 
of moisture to the maximum level, which was used 
(6.5 wt%), increases to 234.

By analogy with the works (Zouaoui et al. 2016; 
Fripiat et  al. 1966; Erjomina and Kostyukov 2008; 
Liu et al. 2013), such changes in the dielectric con-
stant of materials from the degree of their hydra-
tion from one to hundreds is not unexpected and is 
associated with the influence of the orientational and 

interlayer polarization of water molecules on the die-
lectric constant of a hydrated heterogeneous system 
with an increase in the amount of adsorbed water.

For further analysis of the dielectric properties 
of compact sets, the EIS method was used.

Dependence of the impedance of compacted NPs 
on the temperature of their synthesis

The hodographs of the impedance of compacted NPs 
synthesized at different annealing temperatures are 
shown in Fig.  6. The arrow indicates the direction 
of increasing the frequency of the excitation signal. 
As can be seen, the hodographs of the impedance of 
compact sets obtained from nanopowders annealed 
at different temperatures have a similar shape. Data 
processing by DRT analysis showed a significant 
effect of low-frequency (electrode) polarization on 
relaxation processes. Removal of this influence using 
the RelaxIS 3 software allowed to receive correct 
hodographs of impedance with which further calcu-
lations were carried out. The hodograph consists of 
two regions with different geometries: a fragment 
of a circular arc in the high-frequency region and 

Fig. 5   Dependence of the 
specific capacitance of 
compact sets obtained from 
nanopowders synthesized 
at different temperatures on 
the specific surface area of 
the compact sets
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a rectilinear low-frequency section in the low-fre-
quency region.

The real part of the impedance (Z′) of com-
pacted NPs synthesized at different temperatures 
as a function of frequency are shown in Fig.  7a. 
For all samples, a typical dependence of Z′ on 
frequency is fixed. It can be seen that in the low-
frequency region the value of Z′ depends on the 
frequency and rapidly decreases depending on the 
temperature of NPs synthesis. At higher frequen-
cies (about 100 kHz), the values of Z′ become con-
stant and practically do not depend on the temper-
ature of NPs synthesis. The imaginary part of the 
impedance Z″ of compacted NPs obtained at dif-
ferent temperatures as a function of frequency are 
shown in Fig. 7b. The intensity of the broad peak 
gradually decreases with decreasing NPs synthesis 
temperature, since the impedance value decreases 
with decreasing NPs synthesis temperature. This 
peak frequency, called the relaxation frequency, 
shifts toward higher frequencies as the NPs syn-
thesis temperature decreases, which may mean 
that the hopping rate of localized charge carriers 
increases (Bharathi et  al. 2011). For NPs synthe-
sized at high temperatures (800 and 900  °C), an 

increase in Z″ is caused by a very large value of 
the active component of the sample resistance, 
approaching the measurement boundaries of the 
measuring device. For this reason, we did not ana-
lyze the impedance of a compacted NPs obtained 
at temperature of 1000 °C.

Influence of the synthesis temperature 
on the dielectric characteristics of compact sets

The study of the dielectric properties for any material 
is necessary to obtain valuable information about the 
polarization behavior, the mechanisms of conduction, 
and dielectric relaxation in the material. It is impor-
tant to note that the dielectric constant is not constant. 
It can vary depending on the frequency, temperature, 
pressure, and molecular structure of the material.

The values of the real (ε′) and imaginary (ε″) parts 
of the electrical constant were calculated from the 
values of the real (Z′) and imaginary (Z″) parts of the 
impedance using formulas (Davidson and Cole 1951):

(6)�
�

=
l

�S�
0

Z
��

Z
�2
+ Z

��2

Fig. 6   Hodographs of 
impedance of compacted 
NPs with different anneal-
ing temperatures
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where l is the thickness of the sample; S is the 
cross-sectional area of the sample; ω is the angular 
frequency; and ε0 is the electrical constant.

To approximate the experimental data, we used the 
Debye model with the distribution of relaxation times 
by Davidson and Cole (1951):

where εs and ε∞ are the values of the static and 
high-frequency dielectric constant, respectively, 
ω0 is the relaxation angular frequency, and β is an 
empirical parameter, 0 < β < 1.

After separating the real and imaginary parts, 
expression (8) has the form:

where tgφ = ω / ω0.
The frequency dependences of ε′ and ε″ of com-

pact sets obtained from NPs with different anneal-
ing temperature are shown in Fig.  8. It can be seen 
from the figure that the dielectric constant is high in 

(7)�
��

=
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0
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�
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�
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0
− �∞)(cos�)
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��
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0
− �∞)(cos�)

�sin��

the low-frequency region for all samples; but as the 
frequency increases, the dielectric constant typically 
decreases due to the inability of relaxation processes 
to observe variations in the external alternating elec-
tric field.

It can be noted that the presence of water in the 
sample (a decrease in the temperature of NPs syn-
thesis) significantly increases the values of ε′ and 
ε″ in the low frequency range. This phenomenon 
can be associated with several processes: increased 
electrical conductivity, ionic, and dipole relaxa-
tion. A rather low value of the relaxation frequency 
(10–103  Hz) gives grounds to assume that the ori-
entational relaxation of water molecules makes an 
insignificant contribution to this process, since the 
characteristic time of orientational relaxation is 
108–1010 Hz.

The values of the parameters of the Debye equa-
tion for compacted hydrated NPs that are calculated 
using Eq.  9 are given in Table  5. It is seen that the 
value of static dielectric constant increases with 
decreasing temperature of NPs synthesis.

Substitution of the static dielectric constant val-
ues into the formula of a plate capacitor allows one 
to calculate the value of the capacitance of a capaci-
tor filled with compacted hydrated zirconia particles 
synthesized at different temperatures. When using 
the NPs synthesized at 400  °C, the capacitance is 
191 μF g−1, and when using the powder synthesized 

Fig. 7   Frequency dependences of the real (a) and imaginary (b) parts of the impedance of compacted nanoparticles synthesized at 
different temperatures
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at 700 °C, it is 30 μF g−1, which is very close to the 
value of the capacitance determined from Fig. 5.

Since a heterogeneous system — NPs (ionic 
dielectric) and water molecules (polar dielectric) 
— demonstrates a significant increase in the capaci-
tance with a decrease in the frequency of the electric 
field, which depends on the number of water mole-
cules on the NPs surface (which is determined by the 
NPs annealing temperature), we can explain that this 
effect is due to the action of the interlayer polariza-
tion of water molecules, or the Maxwell–Wagner 
polarization, which leads to a significant increase in 
the dielectric constant of the heterogeneous hydrated 
nanomaterial.

In a dielectric material, as a rule, dielectric loss 
occurs due to the absorption of electrical energy 
used to rotate the dipole molecules. If the material 
contains regions with different dielectric properties, 
Maxwell–Wagner polarization arises at the inter-
face between these regions. When an electric current 
passes through these interfaces, and when the dielec-
tric parameters of these materials satisfy the condi-
tion �

1
�
2
 ≠  �

2
�
1
 , surface charges accumulate at the 

interfaces, which leads to the process of Debye relax-
ation with a characteristic frequency.

In our case, the model object can be represented 
as dielectric NPs covered with an adsorbed layer 
of water. That is, in the proposed model, two types 
of dielectric are interconnected — an ionic dielec-
tric (zirconia) and a polar dielectric (water) — and 

these types of dielectrics are characterized by differ-
ent times for establishing polarization (it is known 
that when setting atomic polarization, it is 10−10–10 
−13  s, and the establishment time of the dipole and 
ionic polarization is 10−8–10−2  s). In the sam-
ples studied in this work, when an electric field is 
applied, oppositely charged ions under the action 
of electrostatic forces begin to move in opposite 
directions, and spatial separation of charges occurs, 
which leads to the appearance of polarization. The 
contribution of this type of polarization to the over-
all polarization of the medium increases with an 
increase in the electrical contrast of its components, 
that is, it depends on the number of water layers on 
the surface of zirconia NPs.

Fig. 8   Frequency dependences of the real (a) and imaginary (b) components of the dielectric constant for compacted NPs synthe-
sized at different temperatures

Table 5   Calculated values of the Debye equation parameters 
for compacted zirconia NPs

Annealing tempera-
ture, °C

�
s

�∞ �
0

�

400 488 8.2 318 0.76
500 267 10 312 0.72
600 186 13 287 0.63
700 85 15.7 479 0.64
800 75 15.5 567 0.65
900 60 15.3 440 0.8
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Conclusions

The effect of charge accumulation by compacted 
NPs of zirconia, the manifestation of which depends 
on the size of the particles (synthesis temperature of 
the NPs) and the degree of hydration of their surface, 
has been discovered. A decrease in the particle size 
from 32 to 9 nm (a decrease in the synthesis tempera-
ture from 1000 to 400 °C) leads to an increase in the 
potential difference at the electrodes of compacted 
NPs to 1.72  V, while the capacity increases by an 
order of magnitude (from 2 • 10−5 to 1.87 • 10−4 F 
g−1) at the maximum degree of hydration.

Analysis of EIS data has shown that such an 
increase of capacitance with decreasing temperature 
of the nanoparticle synthesis is explained by a change 
in the sizes ε′ and ε″ in the low frequency range. 
The change in dielectric constant is explained based 
on the two-layer Maxwell–Wagner model for space 
charge or interphase polarization. Such polarization 
is caused by the accumulation of free charge at the 
interfaces between the components of a heterogene-
ous medium, which has different values of electrical 
conductivity and dielectric constant.
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