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Abstract

The work is devoted to the investigation of the electrophysical properties of nanopowder systems based on zirconia in a
compacted form with varying degree of system hydration. The dependence of conductivity and activation energy of conduc-
tivity on the amount of moisture in the system was studied. It is shown that the value of the total impedance of the system
decreases by 55 times as the amount of moisture in the system increases from minimum to maximum. The main contribution
to conductivity is made by diffusion processes in the space between nanoparticles. The possibility of using this effect to
characterize the thermodynamic environmental conditions, in which the system is located, is shown.
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Background

Nanopowders based on zirconia have a great practical and
scientific interest due to the unique combination of elec-
trical, mechanical, optical, and chemical properties. One
of advantages of porous disperses systems produced by a
pressure or a thermal influence based on nanopowders com-
pared with coarse-grained analogues is relatively high part
of phase boundaries The surface layer of nanoparticles has
special properties that are not characteristic of bulk materials
due to the free energy localized at the heterophase boundary.
Zirconia is a wide-gap dielectric (bandgap =3.5-5 eV) with
a relatively high dielectric constant (¢ =25), due to which
the electric fields on the surface of ZrO, nanoparticles can
reach threshold values for field electron emission even with
a slight change in external conditions. In particular, an
increase in atmospheric humidity (Strekalovsky et al. 1987),
accompanied by the high chemical activity of the surface of
ZrO, materials by the adsorption of water molecules, leads
to a change in its charge state (Subhoni et al. 2018; Doroshk-
evich et al. 2017a,b) and in the extreme case, pronounced
electron emission (Doroshkevich et al. 2019; Lyubchyk et al.
2017). Thus, the high density of surface energy in the bulk
of nanostructured systems greatly increases their sensitivity
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to changes in external conditions (Meng et al. 2015), which
creates the prerequisites for the development of long-range
sensor systems (Vasiliev 2012). However, the most impor-
tant feature of nanoscale objects is thermodynamic instabil-
ity, which significantly reduces the activation thresholds of
processes in, for example, sensor systems, that is, the ther-
modynamic parameters of nanopowder systems that are in
dynamic equilibrium with the external environment, respec-
tively, change with high speed even with minor changes in
the thermodynamic parameters of the latter. Of course, these
changes entail changes in the charge state of the surface of
nanoparticles and the dispersed system as a whole (Kuyyadi
and Mahaveer 2008).

Considering the availability on the surface of nanoparticle
of ionic atmospheres of adsorption origin with a work func-
tion different from the work function of electron from nano-
particles material, it is clear that nanoparticle has properties
of functional heterojunction. Changes in external conditions
will lead to a shift of the adsorption equilibrium, and, as
a consequence, changes of electrical properties of hetero-
junction. Thus, the measurement of electrical properties of
nanopowder system can be used for the characterization of
thermodynamic conditions of environment in which the
latter is located. For example, porous nanostructured dis-
persed medium can be used for the accurate determination
of changes in atmospheric pressure, ambient humidity, or
temperature. Taking into account a high specific surface area
of interfacial boundaries, the sensitivity of such sensor will
be significantly higher than those using planar structures.

Thus, nanostructured media based on ZrO, are extremely
interesting as functional materials for electronics, involving
energy exchange with the external environment.

Investigation of the electrical properties of a nanopowders
based on ZrO, in a compacted state using electrochemical
impedance spectroscopy (EIS) from the dependence on the
degree of its hydration was the aim of this work.

Methods

As an object of investigation, a nanopowder of composi-
tion ZrO, +3 mol% Y,0; compacted in the form of tablets
(diameter 15 mm, thickness 1.5 mm, m=1 g) was used.
The technology of nanopowder obtaining by the method of
co-precipitation from chloride raw material is identical to
Konstantinova et al. (2011). Y,0; was added as stabiliz-
ing impurity in the crystal lattice of zirconia to eliminate
volumetric changes in the crystalline lattice, which occur
during phase transformation. Cations of Y,05 form a solid
substitution solution in the zirconium lattice. The addition of
3 %mol Y,0; 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
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of the tetragonal and cubic phases. Sintering conditions
of the nanopowder are 700 °C for 2 h. According to the
TEM data, the size of nanoparticles is 19 nm. Samples of
nanopowders for TEM research were prepared using the
method of ultrasonic spraying (at a frequency of 22 kHz)
of a powder suspension in ethyl alcohol on a carbon rep-
lica. From the nanopowder using preliminary uniaxial pres-
sure (P oo, =40 MPa), samples in the form of tablets were
formed; after that, the tablets (compact sets) were sealed by
high hydrostatic pressure (HHP, 500 MPa) using UVD-2
unit. Carbon electrodes were deposited on opposite faces of
the tablets. Estimation of porosity of samples was carried
out using hydrostatic weighing method.

The study of electrical properties of nanopowder compact
sets was carried out in the climatic chamber with the possi-
bility of controlling the relative humidity level inside a wide
range (20-95% of relative humidity) and maintaining it at a
constant level. Impedance measurements were carried out in
an automatic mode using a precision virtual meter-analyzer
of impedance parameters 2B-1 (Doroshkevych et al. 2012;
Agamalov et al. 1993,2004). The frequency dependences
of imaginary ImZ and real ReZ components of complex
impedance Z were obtained. Voltage amplitude of the excit-
ing sinusoidal signal U=150 mV, and the range of measured
frequencies was 1 Hz—1 MHz. Approximation of the model
and experimental impedance spectra was performed using
the EIS Spectrum Analyzer (EIS Spectrum Analyser 2020)
program.

Measurements of electrical properties were carried out
cyclically. Moisture adsorbed from the atmosphere was
removed from the tablet in a furnace (T=120 °C, 1 h). The
impedance of the dried tablet is infinitely large and it is not
fixed using the impedance spectroscopy technique. Each
measurement of the impedance of the tablets was carried out
in the climatic chamber with a certain level of humidity after
preliminary aging the tablet in the chamber for 1 h. After
that, the cycle was repeated with a different value of rela-
tive humidity n in the chamber. Humidity values were 95%
RH (23,865 ppm V); 80% (200,021 ppm V); 70% (17,475
ppm V); 60% (14,941 ppm V); 50% (12,420 ppm V); 40%
(9911 ppmV).

Results and discussion

The study of the morphology of the nanoparticle
compact sets using TEM and SEM methods

The results of investigation of the initial ZrO, + 3 mol%Y,0;
(700 °C, 2 h) nanopowder by TEM method are shown in
Fig. 1. The powder is relatively well distributed spatially
(Fig. 1a), the particles were individualized or formed small
aggregates (50-70 nm) (Fig. 1b).
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The SEM images of the compacted tablets at 2000 mag-
nification (Fig. 2a) have a homogeneous microstructure.
With a higher magnification (20,000), it can be seen that
the microstructure of the sample is relatively loose. Particles
after compaction are aggregated. Aggregates have a rounded
shape with an average size up to 1 um. Samples contain
pores that facilitate penetration of moisture into bulk. The
porosity for compact sets at a given pressure is about 47%.

Change in mass of samples during adsorption

The relative content of water accumulated by the
samples at different relative ambient humidity,
Am = (m,,— mgy)/my-100%, where m, is the mass of the
dried sample, m,,,, is the maximum mass of the sample after
saturation, is shown in Table 1. It also shows the calculated
values of the number of water molecules in the sample N,
after saturation of the latter to the mass Am calculated by
the equation:

N, = (Am-my/100%) - Np/My o, )
where N, =6.02-1023 [1/mol] is the Avogadro number; m;
[g] is the mass of the dried sample; MHzo [g/mol] is the
molar mass of the water molecule; MHZO =18 g/mol.

EIS investigation of electrical properties of compact
sets under humidification

The dependences of the impedance components in the form
of hodographs are shown in Fig. 3. All hodographs have a
similar shape. The hodograph consists of two regions with
different geometries: from a fragment of a circle « in the
high-frequency region and a straight-line region f in the
low-frequency region.

The frequency sweep of the excitation sinusoidal sig-
nal causes a resonant electrical response of certain struc-
tural elements presented in the compact set, that is, the
inverse sorted values 7=2x/w (w is the angular frequency
of the sinusoidal signal), sorted by ascending, considering

Fig.1 The TEM images of the
nanopowder of composition
Zr0,+3 mol%Y,03, (700 °C,
2 h) at different magnification

Fig.2 The SEM images of frac-
ture of the tablets (500 MPa)
from ZrO, +3 mol% Y,04
nanopowder (700 °C, 2 h) with
magnification of 2000 (a) and
20,000 (b)
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Table 1 The moisture content

% 30 40 50 60 70 80 95
Am and number of water
molecules N, in the samples at Am, % 0.98 111 1.23 15 1.96 2.52 27
different relative humidity N, 102 3.13 3.6 3.9 553 6.57 9.22 9.38
é’f’;ﬁ;ﬁ @ Springer
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e dinates with the hodograph shape (b); model representation of the
system under study in accordance with the real spatial distribution of
H {} phases (c), where 1—the volume of the dielectric nanoparticles; 2—
1 2 ion-conducting dispersion medium; 3—electrode; r is the radius vec-
tor; 7 is the characteristic reaction time (time constant) of structural
b elements

Fig.3 Spectra of the electrochemical impedance of sealed nano-
powders with composition ZrO,+3 mol% Y,0; at different relative
humidity of the surrounding air: 1—95%; 2—80%; 3—70%; 4—60%;
5—50%; 6—40% (a) The equivalent electrical circuit of the measured
object (b). The arrow shows the direction of increase in the frequency
of the exciting signal

symmetry of the system regarding to the electrical proper-
ties, are the reaction coordinate.

In general case, a sample under study is spatially inho-
mogeneous and its electrical properties change along the
reaction coordinate. As a rule, electrically inhomogene-
ous systems consist of inner homogeneous layers with
constant parameters. Each layer is assigned a separate
link of the electrical circuit with specific parameters, for
example, a parallel RC circuit with a characteristic time
constant 7=RC, that is, structural elements of the system
with characteristic spatial parameters correspond to time-
ordered segments on the reaction axe (Boukamp 2004),
and hodograph reflects the relationship between temporal
and spatial characteristics of the system under study. The
equivalent electrical circuit of the measured compact set
modeled using the hodograph is shown in Fig. 3b. The
hodograph is approximated by two series-connected par-
allel RC chains with different time constants. The R,C,
chain characterizes the semicircle o located in the high-
frequency region of the spectrum. The semicircle corre-
sponds to short relaxation times 7;,,=R,C, and the capaci-
tive nature of the conductivity (Abdalaa et al. 2010; Fleig
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2002). The R,C, chain characterizes the conductivity of
the low-frequency straight line segment . The beam cor-
responds to large proper relaxation times R,C, =7}, and the
diffusion nature of conductivity (Boukamp 2004; Abdalaa
et al. 2010; Fleig 2002).

As can be seen, the center of the semicircle is shifted
upward relative to the abscissa axis. On an equivalent circuit,
this impedance feature is taken into account by replacing
capacitor C with a constant phase element (CPE). Impedance
of CPE is described by the formula: Zp (i@) =P~ (iw)™",
where P is the coefficient of proportionality, and » is the
exponent characterizing the phase shift. For n=1-¢&, where
0<¢e<(0.1-0.2), CPE gives the impedance of a pure or dis-
tributed capacitive element (Jorcina et al. 2006; Pajkossy
2005; Macdonald 1987).

Thus, the analysis of the data shows that according to the
electrical properties, the material under study is a system
consisting of at least two areas differing in the reaction time
of the structural elements to the excitation signal and the
type of conductivity.

There are only two phases in the compact set, and it
is known that the material of zirconia nanoparticles is a
wide-gap dielectric (Zaynullina and Zhukov 2001). Thus,
a part of a spectrum with a capacitive nature of conductiv-
ity a characterizes the dielectric volume of nanoparticles
(Fig. 4b), and the straight line part  (Fig. 4b) corresponds
to interparticle space. The structure of the sample is rep-
resented in the form shown in Fig. 4. Such structure is
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typical for systems with liquid electrolyte, for example, for
cells of lithium-ion batteries (Gao et al. 2015).

As shown in (Blumenthal 1958), the main amounts of
the adsorption ionic atmospheres are ions of the dissoci-
ated water molecules. That is, a change in the humidity
of the ambient air will change the electrical properties of
sealed nanopowder.

Calculated values of the parameters of equivalent cir-
cuit and own relaxation times t of the sample under study
with increasing air relative humidity from 40 to 95% show
that the relaxation time decreases by three orders of mag-
nitude (from 2.73 x 107%% t0 5.69 x 107" s), and the total
resistance value of equivalent circuit by 55 times (from
2.06 MQ to 37 kQ). As can be seen from Fig. 5a (curve 2)
and Fig. 5b, changes in total resistance and own relaxation
times are determined by the impedance of the adsorption
layer.

In the space between the particles, the active compo-
nent of conductivity is prevails, and in the volume of the
material of nanoparticles—capacitive type, therefore the
impedance of the system Z is represented as the sum of
the reactive and active components of the resistance, as
described in the following formula:

Z=ReZ+IInZ=R+XC, )

where R is the active component of the total impedance,

R=U-I'"=U- (%)_l; X, is the reactive component of
the total impedance, X, = —(w - C)'; Nis the quantity of
free charge carriers; e is the electron charge; w is the excita-
tion angular frequency (w = 2x/t); C is the electric capacity,
C= “l"s; ¢ is the relative dielectric constant of zirconia; &,
is the dielectric constant; S is the tablet cross-sectional area;
[ is the tablet thickness.

As shown in Wolkenstein (1963), Kiselev and Krylov
(1979), and Alekseenko and Volkova (2000), the approach-
ing of a neutral molecule to a surface of semiconductors
leads to the appearance of an impurity localized energy level
in a bandgap. The authors of Gao et al. (2015) showed that
for zirconia this level is an acceptor. In this case, the adsorp-
tion center is ionized due to its own donor surface-localized
electronic states (dangling bonds); chemical bond between
the adsorbate and the surface active center is formed.

The difference between the work function of electron
from the nanoparticle material and the ionization energy
of adsorbate molecules is such that the electron density is
shifted toward the adsorption layer. The ionization potential
of the OH group is Agy =1y =13.08 eV (Tang and Thomas
2015), and the work function of electron for zirconia is
Az.00=3+5 eV (Ciuparu et al. 2000; Foster et al. 2001).
Thus, as the water molecules adsorb, the surface begins to
charge negatively, and in the bulk of nanoparticles near the
surface, the Debye layer (Gao et al. 2015) is increased:

Resistance, MOhm

0,4 0,5 0,6 0,7 0,8 0,9 1,0

30 T T T T T T T T
254
20
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Own relaxation time, ms

T T T T T
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07 08 09 10
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b

Fig.5 Dependence of equivalent resistance of the sample on ambi-
ent humidity: 1—volume capacitance; 2—surface resistance; 3—total
impedance of the system (a); the dependence of the own relaxation
time on humidity (b)

+.1/2

L= [eenkT/ezn 17, 3)

where n™ is the concentration of free charge carriers; k is the
Boltzmann constant; 7 is the temperature.

This layer is a space charge region (SCR). Negatively
charged ions in the gas adsorption layer and positively
charged holes in the surface region of the nanoparticles
form an electrical capacitance, the value of which deter-
mines the reactive conductivity of the dispersed phase
volume (ZrO,+ 3 mol% Y,0; nanoparticles). The active
conductivity in the space between the particles is caused
by physically sorbed diffuse layer that formed to compen-
sate the charge of potential-forming layer (Efremov 1971).
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As the adsorption of water molecules from the atmos-
phere on the surface of the particles increases, the surface
charge and, as a result, the concentration of positive N* ions
in the diffuse layer and n* holes in the SCR is increased too.
In this case, the thickness L decreases. Consequently, the
capacitance C is increased and the reactance X~ is decreased.
An increase in the specific concentration of free charge car-
riers N in the volume between particles leads to a decrease
of the active resistance R. The total impedance of the system
Z also decreases.

Quantitative estimates of the activation parameter
of conductivity initiated by adsorption

Dependences on moisture values of all three resistances are
shown in Fig. 5a. For the reactive component of the volume
impedance, calculations were performed for a frequency of
3 kHz. According to the equivalent circuit in Fig. 3b, this
frequency is located in the region of own relaxation times
of the structural elements localized in the volume of the
nanoparticle (chain R;C,).

The obtained dependencies are approximated by an expo-
nential function:

7 = Zne_’l/'lmux , (4)

where 7 is the relative humidity 0<n <1, 7., =1.

In this system, processes with a strong dependence on
changes in the number of adsorbed molecules are imple-
mented during adsorption.

The generalized equation for the full impedance, taking
into account the thermal and adsorption components (Intro-
duction to the temperature-humidity relationship 2020), is
written as

Eq1

Z(T,n) = Zye wr ¥

Eg n

) = Zge e, ®)

where Z, is the volume resistance at high temperatures
and humidity; E,; is the temperature component of activa-
tion energy; R is the universal gas constant; 7'is the tempera-
ture; E,, is the activation component depending on humidity.

Such a representation is within the framework of the
theory of an activated complex (Glasstone et al. 1941). The
tangent of the angle of inclination of the straight line to the
positive direction of the x-axis on the graph InZ=Ff (1)~
allows, up to a constant, to calculate the activation compo-
nent of the processes initiated in the system by adsorbed
molecules. Changes in the total impedance of the system Z
and its components R and X are written as

X =X e’ impedance of volume of nanoparticle,  (6)
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: impedance of dispersion medium, @)

: total impedance of the system, )

where X, R, and Z, are the impedance values, respectively,
of the volume of nanoparticles, dispersion medium, and total
impedance of the system at n=1.

Using formula in Doroshkevych et al. (2012), we proceed
to the description of the activation parameter of the ith com-
ponent of conductivity:

l
Y, = SR )

where [ is the tablet thickness, S is the tablet cross-sectional
area, and R; is the resistance of the ith component.

For conductivity curves, the angle tangent will be nega-
tive, the and exponential coefficients in this case will be
a’'=—a, f=—p,y = —y. By equalizing the coefficients
at the exponentials in Egs. (10)—(12), we obtain the depend-
ences on humidity for the activation parameter of the physi-
cal processes initiated by adsorption for the system under
investigation: E,,, E g, E x,. in terms of kT (13)—(15):

az’

~Eax
Yo = YCle_“/” = AeT'C, (10
Yo =Yg e?"=Be, (11
Y = Y,e 7/ = Cei, (12)
E
a Xc
il (13)
ﬂ EaR
Pl (14)
Y EaZ
n kT s

The dependences of the activation parameter of conduc-
tivity on humidity are shown in Fig. 6. The activation of
processes initiated by adsorption decreases according to a
hyperbolic law during humidity increasing.

The total activation parameter of physical processes initi-
ated by adsorption in a material at a temperature of 300 K
is an order of magnitude less than the activation energy of
thermal diffusion conductivity in bulk materials based on
Zr0, (0.6-0.8 eV) (Kiselev and Krylov 1979; Zavodinsky
2004; Glinchuk and Bykov 2006). The main contribution
to conductivity is made by diffusion processes in the space



Applied Nanoscience (2020) 10:4395-4402

4401

0,25 T T T T

0,20

0,154

Activation parameter, eV

0,10 i

0,4 0,5 0,6 0,7 0,8 0,9 1,0

Fig.6 Humidity dependence of the activation parameter of physical
processes in the material, induced by moisture adsorption in terms
of kT: 1—the reactive component of the volume component; 2—the
active component of the surface component; 3—total activation

between nanoparticles. The impedance of the ionic atmos-
phere is an order of magnitude less than the impedance of
the material in the volume of nanoparticles, which is pro-
portional to the activation parameter of conductivity initi-
ated by adsorption; the activation parameter of conductivity
initiated by adsorption in the volume of nanoparticles E,, is
1.8-1.9 times greater than the activation parameter of con-
ductivity initiated by adsorption of the dispersion medium
E r. Adsorption is an external physicochemical factor affect-
ing the surface of a solid in a nanoscale state, significantly
reducing the activation energy of physical processes in it that
increase the electrical conductivity.

Conclusions

The electrical properties of nanopowder based on zirconia in
a compacted state under conditions of adsorption of atmos-
pheric moisture were investigated by the method of EIS. It is
shown that moisture adsorption of almost an order of mag-
nitude reduces the activation of electrical conductivity both
in the volume of nanoparticles and in interparticle space.
Adsorption should be taken into account at calculating the
activation energy of physical and chemical processes occur-
ring on a surface of oxide nanoparticles.

Based on the analysis of the dynamics of increase in
conductivity with increasing of degree of hydration of the
system, it concluded that the ZrO, crystal has hole conduc-
tivity. A decrease in the active resistance R indicates an
increase in the concentration of free charge carriers in the
space between the particles and, as a result, on the surface
of the particles. The magnitude of the reactive resistance

of X is inversely proportional to the concentration of free
charge carriers, but in the volume of nanoparticles near the
surface. A simultaneous decrease in the active resistance on
the side of the adsorption layer and on the reactive side, on
the side of the nanoparticle volume, indicates an increase
in the concentration of free charge carriers on both sides
of the heterophase boundary. Based on the difference work
function material heterojunction AA, the volume of material
near the surface of the nanoparticles is positively charged,
thus, increasing the concentration during adsorption of own
free charge carriers and the carrier holes.
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