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Abstract: The dimensional effect of the accumulation of an electric charge with a density of up to
270 uF/g by the system of compacted zirconium dioxide nanoparticles during exposure in an electric
field (5000 V/m) under normal physical conditions is determined. Based on a qualitative complex
analysis of the forms of appearance of the effect, it is shown that the place of localization of different
charge carriers is the surface of nanoparticles. The supposed mechanism of this effect is considered
using the theory of dispersed systems, the band theory, and the theory of contact phenomena in
semiconductors. It was concluded that this mechanism is due to the phenomenon of localization of
electron-type charge nanoparticles in the near-surface zone of the material in contact with the ad-
sorption ion atmosphere. This effect is relevant for modern nanoelectronics, microsystem technol-
ogy, and printed electronics.

Keywords: Zirconium oxide, powder nanotechnologies, nanoionic capacitors, nanoelectronics, di-
mensional effects

1. Introduction

The development of modern solid-state electronics is limited due to the lack of sub-
microscopic capacitors with a high capacitance density (> 100 puF/g), capable of operating
in the range of temperatures over 300 °C, and frequencies up to 10 Hz [1]. The type of
solid-state storage devices for nano-ionic pulses of a planar design is the main concept for
the development of such devices today. This concept is based on the localization of charge
at the interface between materials with different types of conductivity: electronic and
ionic.

The design of these devices allows a satisfactory level of capacitance in the operating
frequency and temperature range up to 1 GHz and 180 °C. However, the level of minia-
turization of equipment required by nanoelectronics and microsystems is limited by a
"parasitic” size effect, called the "effect of tunneling charge exchange of surface electronic
states in a dielectric layer of critical thickness" [1]. When the size of this nanoion device
decreases below the critical size, a leakage current occurs in the ion conductor, signifi-
cantly reducing the capacity of the device. Thus, the tunneling effect imposes physical
constraints on sizes, operating temperature, and amount of specific capacity of nano-ionic
pulsed solid-state storage devices, and technical specifications of devices in which they
are used. It's not necessary to "fight" with the immanent limitations of physics.

The purpose of this work was to study the electrical properties of nanoscale particles
of a wide-band dielectric as part of concentrated dispersed systems with a gas dispersion
medium and to develop an alternative planar design for creating submicroscopic nanoion
storage devices of ultrahigh capacity for nanoelectronics and microsystem technology.

2. Materials and Methods

The samples of investigated concentrated nanopowder oxide dispersed systems
(NODS) in the form of tablets (thickness 2 mm and diameter 18 mm) were obtained by
high hydro-static pressure (HHP 500 MPa) from monodispersed powders of ZrO: -
3mol%Y20s obtained by the co-precipitation method [2]. The particle size in the powders
was set by thermal annealing in the temperature range above 400 °C.

To avoid significant discrepancies in the physical and chemical parameters of the
samples, their structural state was unified by special physical processing before each ex-
periment. Before the measurement, all samples were dried in a drying cabinet for 60
minutes at a temperature of 120 °C, and then in a climate chamber, they were saturated
with moisture in an atmosphere with a relative humidity of n =70%, for 180 minutes.

By changing the humidity of the atmosphere, in the climate chamber, the relative
amount of moisture in the samples was varied 4m = ==

m
The lowest moisture value in this work, Am =1.7 wt %, was achieved at atmospheric
humidity 1 = 25%, and the highest Am = 6.6 wt % — at n =85%.
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To measure the electrical properties, carbon contacts were mechanically deposited to
the ends of the samples.

The charge-discharge characteristics were studied by voltammetry using a precision
multimeter of the AM1199 type (Figure 1). The dependences of the load voltage on the
discharge time of the sample were recorded. The electrical diagram of the measuring cir-
cuit is shown in Figure 1a. The values of the external field and the electrical load were: Eex
=5 V/mm and Ro =1 MQ correspondently.

The exposure of the samples to an electric field was carried out directly in a climatic
chamber at normal: atmospheric pressure (762 Hg), temperature + 22 °C for 10 min. De-
pending on the experimental conditions, the air humidity in the chamber varied from 25
to 85%.

The analysis of the physical and chemical properties of the objects of study before
and after exposure to an external electric field was carried out using the methods of BET
(Brunauer-Emmett-Teller), nuclear magnetic resonance (NMR), gravimetric (GA), and
thermogravimetric (TGA) analysis.

The method for determining the thermal adsorption-desorption of nitrogen mole-
cules by porous objects (BET, Sorbi 4.1 type device) was used for qualitative analysis of
the chemical activity of the sample surface.

NMR and TGA studies were carried out by a wide-line spin-echo spectrometer oper-
ating at a frequency of 20 MHz (the resonant frequency for 'H hydrogen nuclei) and two
ADS50-type moisture meters.

The spin — Echo NMR spectrometer was used to determine the spin-lattice (T1) and
spin-spin (1) relaxation times before and after the samples were exposed to an electric
field. The hitch was 0.9. When calculating the spin-lattice relaxation time T3, a two-pulse
technique was used, in which a change in the pulse repetition frequency fis provided [3].

Gravimetric measurements were carried out in triplicate on an AXIS AN-200 analyt-
ical balance. During exposure to an electric field, the sample was removed from the work-
ing cell and weighed separately from the contacts.

Four identical samples were used for TGA studies. Two of them ("EXPERIMENT")
were exposed to an electric field, the second pair ("CONTROL") was used as a control
group. Moisture desorption was carried out at 90 °C and 70 °C. The control and experi-
mental samples were simultaneously dried in pairs on two separate scales-moisture me-
ters. The rate k and the activation energy E. of water desorption from the surface of nano-
particles were determined.

The spatial structural organization of the samples was studied by scanning (SEM,
JSM640LV) and transmission (TEM, JEM 200A) electron microscopy [4]. The electrical
properties of the samples were studied by electrochemical impedance spectroscopy (EIS).

EIS methods were used to determine the spatial distribution of phases and to char-
acterize the electrical properties of the materials that make up the samples under study.
A precision virtual meter-analyzer of impedance parameters of the 2B - 1 type was used
[5, 6]. The amplitude of the alternating exciting signal is 50 mV, the frequency range is 500
Hz - 1IMHz, the measurement time of one point is 5s. The calculation of the impedance
parameters was carried out using a computer program [7, 8]. The methodology of EIS
studies of the NODS in the author's version is described in detail in [9].

3. Results

Figure 1b shows a family of discharge curves of samples. It can be seen that the ex-
posure of samples in an electric field of the order E = 5V / mm for ¢ = 10 minutes at a
humidity of 1 = 85% leads to the induction of a potential difference U up to 2V on their
electrodes (Figure 1b, Table 1).
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Figure 1. Experimental electrical circuit (a) and obtained family of discharge characteristics of im-
ages (b) for nanoparticles of the initial powder 4: 7.5 nm (1), 9nm (2), 12nm (3), 18nm (4), 23nm (5),
50nm (6), 67nm (7), 96nm (8) and the electrical circuit for obtaining (a), where Z is the sample; R -
electrical load, K - switch, E - power supply. Charge field E =5V / mm, charge time ¢ = 10min, at-
mospheric humidity n = 85%.

The maximum values of the residual electric field corresponding to the voltage U0 at
the electrodes are observed at a minimum particle size d of about 7.5 nm. The effect is
practically absent at 4 > 96 nm.

The discharge curves (Figure 1b) are exponential and can be extrapolated by the
equation [10, 11].

U = Uyexp ( R?Cl‘s)’ 1)
where Uo is the value of the voltage between the electrodes at the moment the field is
turned off;

R =1MQ - discharge circuit resistance;

tais - discharge time.

U = Uo/e is the time at which the voltage across the sample electrodes decreases by e
= 2.718 - times. The capacity of the samples at direct current C was determined from (1)

by the formula:
c t
B 5% )
Ryln (70)
The C values for the curves in Figure 1b are given in Table 1 and in graphical form -
in Figure 2.

Table 1. Calculated data for the capacity of samples with different particle sizes measured at atmospheric air humidity n = 85%.
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d, nm Uo, V uv tais, 8 C, uF
7.5 1.72 0.66 180 187.8
9 1.36 0.468 150 140.22
12 0.98 0.374 150 155.05
18 0.78 0.325 60 68.43
23 0.56 0.214 60 62.25
50 0.22 0.082 25 24.98
67 0.09 0.033 20 19.93
96 0.017 0.006 20 19.2
210, 20
C
180, —, |
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Figure 2. Dependences of the capacitance C and voltage Uo at the electrodes of the samples on the
size of its constituent nanoparticles (1 = 85%).

It can be seen from Figure 2, for C there is the same dimensional dependence as for
Uo. The capacity value decreases rapidly with increasing particle size. The maximum ca-
pacity Cuar takes place at d = 7.5 nm (Figure 1b curve 1) and is Cmax = 1.87 - 10+ F / g. The
minimum capacity Cmin =19.2 occurs at d = 96 nm.

Thus, it follows from Figure 2 and Table 1 that the studied effect of accumulation of
an electric charge by the system has a dimensional character.

It was also found that the destruction of the sample does not lead to the loss of the
state of "polarization", and the capacity C proportionally depends on the moisture content
—0 (Table 2).

m

in the sample 4m ==

Table 2. The electric capacitance of a sample with a particle size d = 7.5nm at direct current at different moisture content.

Am, weight % Uo, V uv tais, S C, uF
0 1 04 5 5.45
1.7 3.3 0.96 6 6.12
2.2 3.42 1.16 7 6.47

2.9 2.6 1.02 20 21.37

3.21 2.49 0.9 60 58.95

4.9 2.35 0.89 20 92.69

5.5 2.35 0.87 150 150.95

6.6 1.72 0.66 180 187.84

! Corresponds to atmospheric humidity n = 35% at normal pressure.
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In particular, the electrical capacity of sample C decreases monotonically by a factor
of 34.5 as water is desorbed from it from Am = 6.6 wt%.

The images in Figure 3, obtained by electron microscopy methods, reflect the charac-
teristic features of the morphology of the powders and the spatial structure of the objects
of study.

Figure 3. TEM image of a nanopowder (particle size d = 7.5 nm) of the composition ZrO2-3mol%
Y203, used to produce samples (a). Sample fracture topology before (b) and after (c) exposure to an
electric field (E =5V / mm, t = 10min).

It can be seen from Figure 3a that the nanoparticles of the tetragonal phase of zirco-
nium dioxide are separate, aggregation in powders is almost absent.

The structure of the samples obtained by pressing powders is rounded aggregates
with an average size of about 0.5 - 1 um. It can be seen that after exposure in an electric
field, no significant topological changes occur in the samples.

3.1. Electrochemical impedance spectroscopy. The electrical structure of the samples
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Figure 4 shows typical hodographs of the samples before and after exposure to an
electric field.
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Figure 4. Typical hodographs of samples with a particle size d =7.5 nm before (a) and after expo-
sure to an electric field E =5V / mm for t = 10 min (b). The equivalent electrical circuit of the object

(©).

The given spectra contain information on the electrical structure of objects and allow
us to determine the effect of an electric field on them.

The presence of several geometric figures in the EIS spectra (Figure 4a, Figure 4b)
indicates that the sample is spatially inhomogeneous in electrical properties.

This means that the sample contains several physical phases with different electrical
properties. These phases can be spatially distributed in the sample as desired. It is im-
portant that they give a similar electrical response in a specific frequency range to the
excitation signal of the spectrometer. And their response time to an external RF excitation
signal is not significantly different.

If phases with a similar set of parameters are represented as spatial layers ordered by
frequency / response time (the principle of partial linear approximation [12]), a diagram
will be obtained that makes it possible to put the structure of the sample in accordance
with the hodograph. Such a diagram for the object under study is shown in Figure 5a, and
Figure 5b.

If the physical characteristics of the phases are known, then each phase can be as-
signed the corresponding element of the hodograph (Figure 5b). It is possible to carry
out spatial modeling of the object of study under the assumption of its symmetry of elec-
trical properties (Figure 5c), and it is possible to study electrical processes directly in the
volume of each of the phases by the EIS method (Figure 5b, Figure 5c).
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Figure 5. Geometric representation of a nanopowder system in projection onto the reaction coordi-
nate axis provided that it is symmetrical concerning electrical properties (a); connection of spatial
(r) and time () coordinates with the shape of the hodograph (b); model representation of nanopow-
der system following the real spatial distribution of phases (c), where

1 - the volume of a dielectric nanoparticle;

2 - ion-conducting dispersion medium;

3 - electrode

r - radius vector;

T is the characteristic reaction time (time constant of structural elements).

Figure 4c shows an equivalent electrical scheme of the measuring cell, modeled by a
computer program in the form of an experimental hodograph. It can be seen that a typical
hodograph can be approximated in the form of two sequentially connected parallel RC
chains. Each of the RC chains has its characteristic time T - reaction/relaxation time.

The R1C1 chain characterizes a semicircle a located in the high-frequency region of
the spectrum with a center shifted to the region of negative values. This semicircle reflects
the conductivity of structural elements with small relaxation times R1C1 = tur. The shape
of the spectrum in the form of a semicircle indicates the capacitive nature of the conduc-
tivity of the area of space where the corresponding structural elements are located.

The R2C2 chain characterizes the conductivity of the spatial region with large intrin-
sic relaxation times R2C2 = trr. This region in the impedance spectrum corresponds to a
straight-line segment y (Figure 5b).

Thus, analysis of the shape of the spectra shown in Figure 4a allows us to assert that
the sample under study is a spatially distributed heterophase system consisting of two
physical phases that differ in the relaxation time of the structural elements t and the na-
ture of the conductivity.
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For a more accurate approximation of the measuring cell, the capacitive element C in
both circuits is replaced by a so-called constant phase element (CPE). The impedance of
this element is described by the formula Zgpg(iw) = A7 (iw)™",
where P is the proportionality coefficient, and # is the exponent characterizing the phase
shift [12, 13].

3.2. Spatial configuration of the system

The investigated disperse system can be schematically represented in the form of
Figure 5a, assuming spatial symmetry concerning electrical properties.

At the beginning of the reaction axis, there is a circle-shaped region with a capacitive
type of conductivity, which at a value 1 =1/ w, w = XcC; goes into a region y with a
diffusion type of conductivity [14, 15, 16] (Figure 5a). In a real sample, only two physical
phases are present, and it is known that the material of nanoparticles is a wide-gap die-
lectric.

With a very high probability, a part of the spectrum with a capacitive character of
conductivity and small intrinsic times tnr, corresponding to diffusionless polarization
processes, characterizes the dielectric volume of nanoparticles a (Figure 5b). Conse-
quently, the straight section y (Figure 5b) with proper times tir corresponds to the spatial
region located between the particles. The boundary between the indicated regions with
different types of conductivity corresponds to the interface - the surface of nanoparticles.

Thus, the structure of the sample according to Figure 4 and the above reasoning can
be represented in the form of Figure 5c.

A phase with a capacitive character of conductivity usually corresponds to particles
of a dispersed phase, and a phase with an ionic character of conductivity corresponds to
a dispersion medium [17, 18, 19].

The geometric image of the system under study, obtained from the EIS spectra, cor-
responds to the simplest spatial configuration of a nanopowder dispersed system in a
concentrated (compacted) form. Consequently, the EIS - spectra in Figure 4 reflect the
electrical properties of the phases of the sample under study in the form of a dispersed
system.

This representation is typical for systems with liquid electrolytes, for example, for
cells of lithium-ion batteries [14, 15].

Table 3 shows the calculated impedance values in the bulk and on the surface of na-
noparticles before and after exposure to an electric field.

Table 3. Calculated values of the volume (Rv) and surface (Rs) parts of the impedance of nanopar-
ticles before and after exposure to an electric field.

Rv, Ohm Rs Ohm
Control 1-1068 14.9 - 10°
Experiment 8.2-10° >1 - 108

It can be seen that exposure of the sample to a field of 5 V / mm for 10 min leads to
an increase in the capacitive conductivity of the object and a decrease in the diffusion
conductivity.

Therefore, after exposure to an electric field:

- the electrical characteristics of the nanoparticle material have changed;

- the concentration of free charge carriers in the ionic environment of nanoparticles
has decreased.

3.3. ZrO:z nanoparticle as a heterophase system

The surface is a discontinuity of the regular crystal lattice integrity. Uncompensated
valence bonds are compensated for on the surface by the adsorption of molecules from
the outside. In the case of oxide crystals, and especially ZrOz, the ionic atmosphere is
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mainly formed by the products of dissociative adsorption of water: H+ or OH- ions [20,
21].

The ionic atmosphere, which is called the "hydration shell", consists of two layers
(Figure 6) [22]. The “adsorption” layer closest to the surface is bound to the surface by
relatively strong (E > 0.3 eV [23]) chemical bonds. In the case of ZrO2 + 3mol% Y20s, the
adsorption layer has a negative charge [24], it mainly contains hydroxyl groups OH-.

Diffuse layer

i boundary

© OH- groups

Figure 6. Schematic representation of a ZrOz nanoparticle (1) surrounded by an ionic atmosphere,
including adsorption (2) and diffuse (3) layers.

The more distant, "diffuse" layer compensates for the charge of the adsorption layer
and is connected to the surface by a less strong bond, called "physical". It mainly consists
of water in molecular form.

EIS data indicate that ion atmospheres of adsorption origin transformed (condensed)
during compaction, making the uniformity of electrical properties (electrical conductivity)
in the space between the particles, moreover, the nature of the conductivity is diffusive.

Taking into account the fact that the volume of adsorption ion atmospheres contains
products of dissociation of water molecules, it can be assumed that a change in the quan-
titative composition of moisture in the sample leads to a change in the concentration of
free charge carriers of the diffusion type in the space between the particles. A comprehen-
sive analysis of samples using NMR and TGA methods makes it possible to study in detail
the processes occurring in the hydrate shell of nanoparticles after exposure to an electric
field.
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3.4. Results of NMR studies
The experimental curves obtained by NMR and TGA methods are shown in Figure
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Figure 7. (a) Dependences of the amplitude of the spin-echo signal on the pulse repetition period
for the control (1) and exposed to the electric field (2) samples; (b) Water desorption curve at 70 °C:
experimental (1), and control (2).

The technique is based on the assumption that there are two states of water molecules
in the system under study, differing in the degree of mobility. In this case, these two states
can be conditionally attributed to chemically-bounds (Tic) and physically-bounds of
sorbed water (T1s).

To calculate the times Ti and Tis, the relaxation curves of the magnetic moment of
the hydrogen nucleus were transformed from the frequency domain to the time domain
by the transformation t = 1/ f. The obtained data can be approximated by equation (3)
in the form of one or two terms:

A = a [1 —exp (— %)] + b [1 —exp (— %)] (3a)

where g, b are coefficients characterizing the signal amplitude for each of the components.
The amplitude of the spin-echo signal (Figure 7a) for calculating the spin-spin relax-
ation time was also approximated as the sum of two terms:

2t 2t
I(t) = aexp (— ﬁ) + bexp (— i), (3b)

where 21 is the delay time of the spin-echo signal relative to the first RF pulse.
Calculations show (Table 4) that after exposure of the samples to an electric field Uex
=5V /mm for 10 min, the spin-lattice relaxation time T: increased from 88.2 to 91.2 ms.

Table 4. Results of analysis of NMR curves.

T1,103s T2, 10¢s
Control 88.2 255
Experiment 91.2 245

The spin-spin relaxation time T2 after exposure decreased from 255 s to Tz = 245 ps.
The differences in values are 4%. These are relatively minor changes. However, they indi-
cate a redistribution of the relative amount of chemically and physically bound ions on
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the particle surface. In particular, after exposure to an electric field in the bulk of the sam-
ples, the total content of physically bound water (spin-spin relaxation) decreases, and
the proportion of chemically bound water (spin-lattice relaxation) increases.

3.5. Gravimetric analysis data

Weighing on analytical scales during the exposure time t = 10 min under normal
physical conditions did not show changes in the mass of samples even in the fourth sign.
The mass of the samples averaged about 0.9800 + 1.0200 + 0.0001g.

3.6. Thermogravimetric analysis data

Obtained by drying at 70 °C (desorption curves at 90 °C have a similar form) the
values of the mass of the samples, converted according to (4) to the values of humidity, in
logarithmic coordinates (have the form shown in Figure 7b).

w(t) =m(t)/me — 1, (4)

where t — time, m~ — the mass of a dry sample.

3.7. Exponential approximation. Determination of the activation energy of desorption of
molecules from the surface of nanoparticles

The experimental desorption curves can be approximated by the kinetic moisture
curve in the form of an exponent:

w(t) = b - exp(—at), (5)

Here, the coefficient a is related to the effective coefficient of diffusion/desorption by
equation Dey = a-r2, where r - characteristic length of a particle path during the diffusion
process. Then, the value of the coefficient a has been determined, and assuming the Ar-
rhenius dependence of the coefficient of diffusion/desorption Dy from temperature, we
can calculate the activation energy by the formula:

([ TT, N\ (D,
E. =R (Tl — TZ) In (DZ)' ©)

where R is the universal gas constant.
For these samples in the range of 2.8 < Ig(t) < 3.2 in double logarithmic coordinates
kinetic desorption curve has a linear area and can be approximated by:

Am/me, = t7K, (7)

a scaling representation of the desorption curve is allowed.
The results of the analysis of functions approximating the curves (Figure 7b) in expo-
nential and scaling representations are given in Table 5.

Table 5. Values of the coefficients azoc, asoc, obtained after approximating the curves (Figure 7 b) according to formula 5, as well
as the coefficients of the desorption rate kzooc, koooc, calculated from the power-law dependence of weight loss on time for control
(CONTROL) and exposed to an electric field (EXPERIMENT ) samples.

amnoc,sts a°c, s/t s k nooc/1g(t) k sooc /1g(t)
Control -6.45:10 /(1900 - 2400)  -6.69-10+/ (1000~ 2100) -0.845/(2.8-3.2) -0.818/(2.8-3.2)
Experiment -5.64-10/ (1800 -2600) -7.69-10/ (1000 -2200)  -0.786/(28-3.2) 0735/ (2.8-3.2)

Where: o 70°c, a0 90°c - desorption rates at 70 and 90 °C; k 70°c, k 90 °c- coefficients of desorption rate at 70 and 90 °C.
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According to Figure 7b and Table 5 after exposure to an external electric field, the
coefficients k of the power function, which characterizes the rate of desorption of water
from the surface of nanoparticles, decreased from k. = 0.845 (for the control) to kep = 0.786
(for the experimental) samples, indicating a slowdown in the desorption process in sam-
ples exposed to an electric field.

To calculate the activation energy Es, instead of D, we substitute a coefficient o with
the corresponding indices in formula (6). For the control and exposed samples, the values
were obtained, respectively, E«=1.9 k] / mol and: Esex = 16.0 k] / mol. That is, the diffusion
activation energy increased by 14.1 kJ / mol.

An increase (4%) in the number of chemically sorbed ions and a decrease in the rate
of their desorption (7%) from the sample volume relative to the control one suggests that
exposure in an electric field significantly (the activation energy of water desorption in-
creased by factor of 8) slows down the desorption of dissociation products of water mol-
ecules from the sample and leads to a shift in the adsorption equilibrium towards adsorp-
tion.

3.8. Results of the BET method

The results of studying the specific surface of the samples by the BET method are
shown in the Table 6. It can be seen that the effect of an electric field on the samples is
accompanied by an increase of 12% in the value of the SBET parameter (from 113.82 + 6.83
to 128.7 + 7.72). Taking into account that the electric field does not affect the topology of
the object (Figure 3), the data of measurements by the BET method indicate an increase in
the chemical activity of the surface of nanoparticles in the samples.

Table 6. Measurement data of the specific surface of the samples with 4 =7.5 nm by BET before
and after exposure to an electric field.

Type of Samples! Mass of Dry powder, g Sper, m?/g SKO
Control 0.2236 113.8+6.8 0.0145
After exposition? 0.2147 128.7+7.7 0.0088

1Sample: ZrOz — 3 mol. %Y20s, 400 °C, 500MPa;
2E-field exposition: 5 V / mm, 10 min, n = 35%.

Thus, based on the above NMR, TGA, and BET data, in the concepts of the structure
and electrical properties of the object of study proposed based on the EIS method data, it
can be concluded that an external electric field leads to an increase in the energy of chem-
ical bonding of adsorption atmosphere ions with the surface.

3.9. Estimated physical mechanism of the effect

Classification of the effect. The samples were discharged through an ohmic load R
=1 MQ, therefore, it was followed by the release of energy.

The capacity of the system under study is significantly higher than the capacity of a
capacitor of the same geometry with metallized electrodes and a monolithic dielectric
made of ZrOz-ceramics (& = 25) [C = eg,S / d = 1.2 - 107'°F]. Consequently, the accumu-
lation of an electric charge by the structure under study involves the bulk layers of the
sample material.

There is a proportional dependence of the sample capacity on the weight fraction of
moisture. Consequently, this effect is not polarizing, but is caused by the transport of ion
nanoparticles in an electric field [21-23], otherwise, an increase in the electrical conductiv-
ity of the dispersion medium at direct current would lead to the screening of the polari-
zation charge and a decrease in capacitance. Disperse systems based on a similar physical
mechanism are considered in [25, 26, 27].
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The effect of charge accumulation by the nanopowder system according to NMR and
TGA data relates to the adsorption of ions of the dispersion medium by the surface of
nanoparticles. At the same time, according to the EIS data, there is a change in the electri-
cal properties of the nanoparticle material, and the value of the chemical activity accord-
ing to BET increases. These empirical facts are forms of demonstration of a specific phys-
ical phenomenon associated with a change in the structure of nanoparticles at the level of
the electronic subsystem of surface atoms. Taking this into account, it can be concluded
that the localization of the spatially separated charge occurs on the surface of nanoparti-
cles located in the sample volume mainly near the electrodes [24, 28] as a result of hetero-
phase interaction.

Thus, in the functional aspect, the sample is a system of the “surface in volume” type:
the functional environment is the surface located inside the volumetric object.

Next, the proposed mechanism of the effect will be considered taking into account
the mentioned above and the model concepts of the investigated object, based on the anal-
ysis of EIS spectra in the theory of contact phenomena in semiconductors [29, 30, 31].

3.10. Charge state of nanoparticles

The mechanism of charge compensation of impurities in the bulk of dielectric na-
noparticles. In a substitutional solid solution based on zirconium dioxide, the Y3* impurity
atoms have 1 electron less than the Zr* atoms and are acceptors, creating levels in the
forbidden zone located near the top of the valence band - surface electronic eigenstates
(Figure. 8).
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Figure 8. Qualitative band model of 3-ZrO: with yttrium (E.), with oxygen vacancies (Eq). I - con-
duction band, II - valence band.

The oxygen vacancies formed for compensation of the excess volume and charge of
the inovalent impurity are electron donors and create donor levels near the bottom of the
conduction band (holes, Figure 8). The acceptor and donor nature of [3-ZrOz, respectively,
for Y* and oxygen vacancies, is confirmed by the results of [32].

As a result of thermal fluctuations, holes donate an electron to the conduction band
(hole ionization), which, through the Coulomb interaction, finds an impurity atom and
enters its orbital [33]. An impurity-vacancy dipole (IVD) of the Me — Vo type is formed,
and the corresponding ionic bond appeared according to [24]. This is a stabilizing element
of the lattice (T-phase). In this case, the impurity atom acquires a negative charge Y31,
and the vacancy acquires a positive charge V®. That is, donors and acceptors coexist in
the form of bound charges, which are so-called impurity-vacancy dipoles of the V) - Y3
) (IVD) type.

The concentrations of donors and acceptors are equivalent, and there is no shortage
(or excess) of electrons compared to their number required for ion bonding. Therefore, in
the absence of an ionic atmosphere, the material of a solid solution particle of the
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composition ZrO»-Y>0s in the volume is electroneutral and there is no electronic conduc-
tivity in it (it is assumed that there are no intrinsic surface electronic states [34, 35].

3.11. Heterophase boundary as a functional heterojunction

From the standpoint of the band theory, the surface of a nanoparticle is formally a
contact area of two materials with different electron output work. The work of the output
from the surface of the Azo. nanoparticle is about 3.3 eV [36], and the work of the output
in the case of the adsorbed molecule is equal to the ionization potential for the OH- group
(OH- radical) according to [37] Ao = Ion = 13.08 eV. Therefore, when even neutral water
molecules with A > Azo. are adsorbed or approached to the surface (which is almost al-
ways done [38]), for example, H20, contact physical phenomena occur, similar to those
that occur when solids come into contact. In particular, the electron density of surface
atoms is shifted towards the adsorption layer to a depth of L (Figure 9a).
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Figure 9. a) Qualitative band model of the surface of the ZrO2-Y20s system with chemically ad-
sorbed quasi-water molecule (OH-).

The surface is negatively charged.

I — conduction band; II — valence band.

b) - Spatial distribution of charge in the nanoparticle volume and beyond.

1. Hydration shell.

2. Hole conductivity layer (L').

3. Field penetration area (L).

4. Neutral dielectric core of the nanoparticle.

R is the spatial coordinate.

In a thin layer 2 of length L', where the bands cross the Fermi level Ej, the electron
passes into the conduction band E. through the tunneling effect with the probability de-
termined by the Fermi - Dirac function:

-1

- (el

where,
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k - the Boltzmann constant,
T — temperature.

In the process of adsorption occurs:

- the destruction of the relatively weak (energy of the order of 0.1 eV [39]) bond be-
tween the Y- impurity and the V® vacancy (Figure 9a) occurs in the process of adsorp-
tion;

- delocalization of an electron from the crystal lattice of a nanoparticle and localiza-
tion in the adsorption layer, spatial separation of the charge [40]. In this case, region 2
acquires a positive charge of the electronic type ("hole conductivity"). An electrostatic field
Ein is formed between the layer of ions - adsorbates and the surface, which is proportional
to the difference between the work functions of Aon and Azwo::

Ei, = 4A/Qd, )

where,

Q=X (Nigi) is the charge of the adsorption layer;

AA is the difference between the work functions of the contacting materials;
N, gi - number and charge i - types of ions;

d is the distance between opposite charges;

Ein is the internal field of the nanoparticle-adsorption atmosphere system:

Esum = Eex + Ein, (10)

where,
Esum is the total field of the system;
Ee is the external field of the nanoparticle-adsorption atmosphere system;

In region 3 (Figure 9b), the potential is equalized and the internal field Ei is compen-
sated. In the center, there is an electrically neutral core (4) with a dielectric character of
conductivity (Figure 5a, Figure 9b).

In the presence of an adsorption atmosphere, a charge state is thermodynamically
equilibrium, which implies the presence of an electron-type charge layer in the near-sur-
face region of nanoparticles (surface impurity electronic states [38, 40, 41]). The surface of
a nanoparticle is the interface between opposite charge carriers of different physical na-
ture: ions from the outside and electrons from the inside. Such structures are traditionally
used as solid-state nano-ionic capacitors with ultra-high capacitance density [1].

3.12. Adsorption mechanism of charge accumulation

The accumulation of charge by a dielectric nanoparticle occurs as follows.
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Figure 10. A schematic representation of the mechanism of the effect of charge accumulation by
samples upon exposure to an electric field: (a) distribution of charge carriers along the sample
height h between the electrodes after exposure to the Eex field; (b) The structure of the energy
bands at different points of the sample in the Eex field; (c) Charge of the inner surface of the parti-
cle at different points of the sample in the field E.x;

Er is the Fermi level.

The surface of the nanoparticles is electrically connected to the surface of the elec-
trodes through ions of the dispersion medium. That is, the dispersion medium is electri-
cally continuous and provides charge delivery to the particle surface. When the electrode
potential changes, the potential on the nanoparticle surface changes. The zones bend (Fig-
ure 9a, Figure 10b) upward when a negative (direct) potential ¢- is applied concerning the
thermodynamical equilibrium potential of the nanoparticle surface @o and, accordingly,
downward when a positive (reverse) potential ¢+ is applied. (Figure 10b).

In the first case, this leads to delocalization from the crystal lattice of the nanoparticle
material of an additional amount of electrons in the near-surface region 2 (Figure 9, Figure
10a). This manifests itself in the form of a decrease in the impedance of the bulk part of
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nanoparticles (Figure 4, Table 3) and an increase in the chemical activity of their surface
(Table 6) / an increase in the activation energy of moisture desorption (Table 4, Table 5).

In the second case, the opposite process takes place. That is, under the influence of
an external electric field, in fact, the number of electrons that are potentially able to par-
ticipate in the formation of a chemical bond with adsorbates changes.

Consequently, with forwarding bias (negative potential), additional adsorption of
ions from the atmosphere will occur, and with reverse bias, desorption will occur (sche-
matically shown in Figure 10a). According to the data of gravimetric analysis, the redis-
tribution of the ion concentration in the sample along the lines of force of the external
electric field will take place without the participation of the external atmosphere (Figure
10a). As a result, in the electric field Eex, the spatial region of the sample near the negative
electrode is charged negatively, and near the positive one, respectively, positively. An in-
ternal electric field Ein is created in the sample (Figure 10a, Figure 10c). Proposed that
these processes are equally probable, the charge of the near-surface region of the volume
of nanoparticles, depending on their spatial arrangement in the volume of the sample, can
be schematically represented in the form of a diagram shown in Figure 10c.

According to the BET, TGA, and NMR data, the desorption process is partially sup-
pressed at the external fields and exposure times used in the work. Therefore, the spatial
distribution of oppositely charged regions in the sample volume is probably not symmet-
ric as in Figure 10c.

3.13. Clarification of the adsorption mechanism. Assessment of the capacitive characteristics and
efficiency of the system under study as an electric energy storage device

Quantitative estimates of the fraction of effective charge carriers in the system and
the effective area of the heterojunction were made to determine the mechanism of charge
separation.

The number of effective charge carriers in the system can be determined by knowing
their total number, the capacity of an elementary element, and the total capacity of the
system.

3.14. Determination of the total number of charge carriers in the system

Let the weight fraction of moisture in the sample Am = 3.2 wt%; sample mass msampte =
1 g, then, mass of water in the sample 1w = 0.032g.

Molar mass of the OH-group: Mox = Mo + Mu, where

Mo =16 at. units - molar mass of oxygen;

Mr =1 at. units - molar mass of hydrogen;

Mon =16 +1 =17 at. units;

Moles in water = 0.032 g of water:

N3, = Myqter / Mon (11)

N32=0.032 /17 =0.0019 mol.
The number of molecules

N, =N4-N (12)

where,
Na = 6.02 - 10% units / mol - Avogadro's number.

At Am =3.2%, the sample will contain
Nums2=6.02 - 10% - 0.0019 = 1.14 - 10" units of OH -molecules.

3.15. Determination of the total number of charge carriers in the system

According to the adsorption model (Figure 9), an elementary capacitive element can
be considered a conditional dipole induced at a heterojunction during the adsorption of a
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carrier using a shift in the electron density. An induced dipole can be represented as two
conductors with a potential difference V or an ideal capacitor. In this case, the capacity [1,
42] will correspond to it:

Con =q/V, (13)

where,
q is the charge of one of the conductors.

In electrochemical processes accompanied by the transfer of charged particles across
the interface, a potential difference, called the electrode potential Ey, arises [43]. For the
interaction of ZrO: with hydrogen, this value is known: E¢zr0. - n=-1.43 —-1.55 V [44].

In our case, at zero external potential (bias voltage), this electrode potential will cor-
respond to the contact potential difference Vk.

E¢zi0.-n=-143--155V

g=e=16-10C|[1]

Con=16-10°C/15V=1-10"F

3.16. Determination of the degree of use of the heterojunction surface

The slot for the OH-group according to [45, 46] is about Son =10.2 A =10.2 - 1020 m2,
The area occupied by molecules Sotsum = SoNm. For Am = 3.2%,

SOHsum = 102 -1020m?2-1.14 - 1021 = 116 m?2.

That is, at Am = 3.2 wt%, the surface is filled by the amount

k= SOHsum

=————-100 %, (14)
SpET
k=(116 /113.8) - 100% = 101%.

That is, all, with a few exceptions, the molecules present in the system are located on
the surface of the heterojunction.

Consequently, for this system, charge and adsorption equilibria under normal con-
ditions (there is no external field) take place when the adsorption layer is filled. However,
it also follows from this that the adsorption of charge carriers in an electric field cannot
occur directly on the surface of the heterojunction, as was assumed in the adsorption
model in Figure 9, Figure 10.

3.17. What is the mechanism for the shift of the electron density from the bulk of nanoparticles to
the adsorption layer in an electric field?

According to the adsorption mechanism of charge accumulation (Figures 9, 10), the
primary in the interaction of a nanopowder system with an electric field is the generation
of nonequilibrium electron-type charges in the near-surface region of the material of na-
noparticles. The energy stimulus for this is a change in the contact potential difference and
the height of the energy barrier. To compensate for this charge, according to the model
(Figures 9, 10), water molecules are adsorbed on the surface of the heterojunction. How-
ever, quantitative estimates show that the adsorption of water directly on the surface of
nanoparticles cannot occur, because it is already filled in an equilibrium state.

Consequently, charge accumulation can be realized either as a result of the transition
of a certain amount of adsorbates from the physical to the chemical form of adsorption
(the binding energy is of the order of 105-194 kJ / mol [47]) (1) or as a result of the move-
ment of a part of the physical adsorption molecules from the oppositely charged pole of
the sample (2). The influx of ions from the outside is not considered, since no changes in
the mass of the samples were recorded during exposure to an electric field.

The possibility of realizing the first mechanism is evidenced by the NMR data, ac-
cording to which, after exposure to an electric field in the sample, the number of adsorbed
molecules is redistributed towards chemical adsorption.
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The second assumption is supported by the relatively small (compared to the binding
energy in the adsorption layer) value of the specific energy of thermal desorption of mol-
ecules in the samples exposed to the electric field: Euwxy = 16.0 k] / mol (TGA data, Table 5).
Thus, both mechanisms are likely to take place. However, from comparing the magnitude
of the effect on NMR and TGA, it can be assumed that the second mechanism is more
probable.

The role of physical adsorption can also be estimated using data on the capacity of
the system at degrees of moisture greater than 1 =35% (4m = 3.2%).

3.18. Determination of the number of conditional dipoles in the generalized heterojunction

According to the above reasoning and [1], the elementary capacitive element in the
system under consideration is the conditional dipole (13).

By definition, a conditional dipole corresponds to a charge equal in magnitude to the
charge of one electron e =1.6 - 10 C, and the capacity Casip =1 - 10 F. Knowing the total
capacity of the system and the moisture content in it, it is possible to estimate the total
number of charge carriers in the adsorption layer (11) - (12) and the number of conditional
dipoles on the generalized surface of the heterojunction Ncap (15). For example, for sam-
ples with moisture content in the amount of Am =3.2% according to Table 2, for the sam-
ples "charging" modes used in the work (5 V / mm, 10 min), the specific electrical capaci-
tance of the surface is C =58.95 uF. The number of dipoles Nciis2is found as:

C
NCdip = aip' (15)

58.95-107°

Ncaips 2 = T 6.5 103, (15.1)

The calculated values of Nciiy and Nu are given in Table 7.

As can be seen from Table 7, when the sample is saturated with moisture, the fraction
of "effective” charge carriers increases. In particular, for Am = 1.7 and 6.6 wt%, this differ-
ence is 8 times. Provided that the quantitative composition of the ion layer located near
the surface does not change, this indicates a significant effect of physical adsorption ions
on the capacity of the system. Additional adsorption of OH- groups physically connected
to the surface leads to compensation of the excess electron charge and significantly in-
creases the concentration of conditional dipoles.

Thus, according to the NMR and TGA data, it can be concluded that, in an electric
field, the compensation of the excess electronic charge formed on the inner side of the
nanoparticle surface under the action of an external electric field can occur according to
two mechanisms. The first mechanism is an increase in the energy of the chemical bond
of functional groups localized on the surface. According to the second mechanism, the
compensation of the excess electronic charge induced by the electric field in the near-sur-
face layer of nanoparticles occurs through the superposition of fields of a certain amount
of molecules relatively weakly bound to the surface of molecules - adsorbates (OH -
groups). The number of OH - groups per 1 electron delocalized from the crystal lattice of
the nanoparticle material by an electric field can be determined using the BET data.

3.19. Determination of the ratio between the number of electrons and adsorbates delocalized from
the material volume of nanoparticles

Assuming that the increase in the specific surface area of the samples by AS =14.9 m?
/ g (Table 6) at (Am = 3.2%), indicated by the BET method, is due to a relatively long-term
increase in the chemical activity of the nanoparticle surface as a result of delocalization by
the electric field of the excess electron charge, and if the contribution of the "first" mecha-
nism of its compensation is neglected, the corresponding equivalent number of physically
bound OH- groups in the adsorption layer Ncox can be estimated:
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VAN
Ncopzo = S (16)
oH
2
m
149—
- 9 _ 20 (16.1)
Neonaz =105 10-20mz = 1407107
If the increase in Sser is due solely to the induction of electrons, then for 1 electron
there is
Ncop 3,2
n= = 17
NCdip ( )
1.46 - 102°
- - 6
n3'2 — 6_5 - 1013 — 2.2 * 10 )y (17.1)

This means that more than two million OH - groups are needed to compensate for
one electron and accumulate the system on a generalized heterojunction of a charge with
a value of Cap=1-101F.

3.20. Evaluation of the efficiency of interaction of OH- groups with the surface of a generalized
heterojunction

Consequently, the reason for the low efficiency of charge accumulation by the na-
nopowder system is due to the poor ion transport properties of the dispersion medium.

Hydrated moisture from the atmosphere is not an optimal electrolyte; however, us-
ing the capabilities of the surface of nanoparticles, even with such negligible efficiency,
gives relatively tangible results.

Table 7, in terms of 1 g, shows the values of the capacity of the system with different
amounts of adsorbed moisture, provided that all molecules interact effectively with the
surface of the nanoparticle:

Cnax = Cdip “Np s (18)

The maximum capacity of a system based on a wide-gap dielectric ZrO: with a rela-
tive fraction of moisture in the sample Am = 6.6% (in terms of 1 g) will be:

Comax 6.6 =1-101- 2.3 - 1021 = 0.23 - 10 F = 230 F. This capacity is relatively high even
for advanced liquid electrolyte “supercapacitor” designs.

Table 7. Calculated values of charge carriers and sample capacities for different weight fractions of moisture.

Am, % C10¢, F Nm 10%, units Neaip 107, (Ncaip/Nm) 106, % Cinax, F C/Crmax 105, %
units
1.7 6.12 0.60 0.68 1.13 110 5.56
2.2 6.47 0.78 0.72 0.92 110 5.88
29 21.37 1.38 2.37 1.72 138 15.48
3.21 58.95 1.14 5.70 5.74 151 39.03
4.9 92.69 1.75 10.30 5.88 175 52.95
5.5 150.95 1.93 16.77 8.69 193 78.24
6.6 187.84 2.30 20.87 9.07 230 81.72

! Corresponds to atmospheric humidity n = 35%.
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m=1g.

Nu is the number of molecules in the sample

Nciip - the number of molecules in the sample participating in the accumulation of
charge (the number of conditional dipoles)

Cimax is the maximum possible capacity based on the total amount of OH- ions.

It can be seen that the efficiency of charge accumulation as a whole (C / Ciax) - 100%,
based on the experimental data (Table 7), is proportional to the concentration of charge
carriers and increases almost 14 times with an increase in the moisture content from 3.2 to
6.6% by weight.

Thus, there is reason to believe that due to the high dielectric constant of ZrO2 in the
bulk of nanoparticles, it is possible to achieve a high energy density, but the hydration
shell is ineffective due to the low concentration of free charge carriers - ions. The above
results and reasoning give reason to believe that when optimizing the heterophase inter-
action, for example, by selecting a dispersion medium on a generalized functional hetero-
junction based on nanoparticles of the solid solution under study with a diameter of 7.5
nm, it is possible to obtain a capacitance density of at least 230 F / g.

The sample can be in the form of 3D and 2D objects and scaled up to one nanoparticle.
The use of a non-hygroscopic ion exchange dispersion medium will ensure the stabiliza-
tion of the electrical parameters of the charge accumulators, otherwise, it can be effectively
used as humidity sensors.

The use of nanoparticles of a wide-gap dielectric ZrO: as a functional element of
pulsed energy storage has several advantages over carbon analogs. These include the pos-
sibility of creating solid-state devices with a relatively high operating temperature (the
latter is limited by the onset of thermal diffusion processes in the bulk of nanoparticles
(To = 600 °C)) and the possibility of scaling into the nanoscale range up to one particle.

4. Conclusions

1. It has been determined that nanoparticles of a solid solution based on ZrO: with a
size less than 100 nm in a compact compacted with high hydrostatic pressure (500 MPa)
in the form of a tablet with a diameter of 18 and a height of 2 mm are capable of accumu-
lating an electric charge in an electric field E =5 V / mm under normal external physical
conditions (atmospheric pressure P = 762 Hg, humidity n in the range 25 - 85% and tem-
perature T = 18 °C). The maximum value of the specific electrical capacity C = 1.87 - 104 F
/ g at direct current was established for samples containing 6.6 wt% moisture with a par-
ticle size of d=7.5 nm.

2. It has been determined that the effect of the accumulation of an electric charge by
a nanopowder oxide system has a dimensional character. Notably, it was shown that the
capacity of samples with a nanoparticle size of 7.5 nm exceeds the capacity of samples
with a particle size of 96 nm by more than 10 times.

3. It was found that the value of the sample capacity depends significantly on the
content of adsorbed moisture in it. In particular, it was shown that the capacity of a sample
with a mass fraction of moisture 6.6% is 30 times higher than the capacity of a sample,
with a mass fraction of moisture 1.7% (practically dehydrated).

4. It was found that the effect of an electric field on compacts is accompanied by a
13.09% increase in the specific surface area Sser (from 113.82 + 6.83 to 128.7 + 7.72), an
increase in the activation energy of water desorption from the surface of nanoparticles Ex
by 14.1 kJ / mol (from 1.9 to 16.0 k] / mol), with a simultaneous decrease in the diffusion
rate k by 7% and by 4% in the spin-spin relaxation time (T2 = from 255 s to 245 ps).

5. The adsorption mechanism of a certain effect is proposed within the framework of
the dispersed media model. The of a certain effect is proposed in the model of dispersed
media. According to this model, nanopowder is considered as a two-phase system in
which nanoparticles of a solid solution based on ZrO: are a dispersed phase, and the sur-
rounding gaseous ionic atmosphere is a dispersion medium.
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6. Based on the EIS data and taking into account the assumption of the symmetry of
the system concerning the electrical properties, it has been determined that the dispersion
medium (ionic atmosphere) is electrically continuous and has an ionic type of conductiv-
ity. It is concluded that the surface of the nanoparticles is electrically associated with the
electrode.

7. From the standpoint of the theory of contact phenomena in semiconductors, the
heterophase interaction between the nanoparticles and the external ionic atmosphere is
considered.

7.1. It is shown that the interface is a bulk functional heterojunction, which is essen-
tially similar to a semiconductor one in physical processes.

7.2. It was defined that the accumulation of an electric charge by the system is a con-
sequence of the redistribution of the electron density between the crystal lattice of the
nanoparticle material and the sorbed molecule due to the difference in the work function
of electrons from these materials. It is shown that it is the adsorption of OH- ions that lead
to the confinement of an electric charge in the system in the form of so-called "conditional
dipoles" - excitons localized at the interface between the nanoparticle material and the gas
phase.

Based on the NMR and BET data, quantitative estimates were made of the total num-
ber of charge carriers in the adsorption layer and the degree of surface coverage with ad-
sorbates. It was shown that under normal conditions (n = 35%) the surface of nanoparticles
(7.5 nm) in the sample is completely (101%) covered with water molecules and is in a state
of adsorption and charge equilibrium.

Based on NMR and TGA data using a conditional dipole model as an elementary
capacitive cell of the structure, it is shown that the compensation of the electric field-in-
duced electronic charge from the side of the nanoparticle material occurs in two ways:

- through the transition of a part of physically sorbed molecules into a state with a
stronger chemical bond (1) and,

- by superposition of the fields of physically bound molecules of the adsorption layer
(2). It is shown that the second mechanism has a significantly higher order of realization
probability.

It was determined that the interfacial interaction between both components of the
bulk heterojunction has relatively low efficiency. In particular, it was found that to com-
pensate in the crystal lattice of the nanoparticle material for an electric charge equal to the
charge of one electron, more than 2 - 10¢ charge carriers are needed from the side of the
adsorption layer.

It was found that the efficiency of interfacial interaction can be increased by 30 times
by increasing the proportion of hydration moisture Am from 3.2 to 6.6 wt%. It is assumed
that replacing OH- groups with ions with a higher electrical activity will significantly in-
crease the efficiency of a storage cycle based on the considered bulk heterojunction.

When optimally selecting a dispersion medium on particles of a solid solution under
study with a diameter of 7.5 nm, it is possible to obtain a capacitance density of at least
230F/g.

It is concluded that the use of nanoparticles of a wide-gap dielectric ZrO: has many
advantages over carbon analogs. Among them, the possibility of creating solid-state de-
vices with an operating temperature of more than 300 °C and the ability to scale up to one
nanoparticle.

Using the results presented in the paper we can assume that the functional use of the
generalized surface of ZrO2 nanoparticles may be able to solve the old technological prob-
lem of tunnel leakage currents that arose during the development of solid-state submicro-
scopic electric energy storage devices for nano and microsystem technology [1].
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