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Abstract

Particular electro-physical characteristics of CuO nanopowder were investigated by
impedance spectroscopy using a sensor based on interdigitated structure in the frequency range
from 1 Hz to 100 MHz. The results of investigation were considered. Simulation of impedance
spectra by equivalent electric circuits was carried out for numerical approximations of the
frequency dependences of the dielectrical permittivity and conductivity. Electric charge
accumulation of on the boundaries of nanoparticles and near the metal electrodes of the sensor
was revealed. It was shown that a double electric layer is formed near the electrodes, which leads
to the appearance of anomalously large values of dielectrical permittivity and an increase in the
conductivity in the low-frequency region. The obtained results can be explained by proton
conductivity in the nanopowder caused by moisture which is adsorbed on the surface of the
nanoparticles. It was shown that after high-temperature annealing of CuO nanopowders,
accumulation of electric charges was not observed. It was established that hopping or polaron
conductivity occurs in the annealed CuO samples, which increases with increasing electric field

frequency according to the power law with a fractional exponent.
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I. INTRODUCTION

Ultra-dispersed media and powders belong to a special class of materials with the advanced
and unique properties [1 — 3]. Production, investigation and explanation of the electro-physical
properties of these materials are one of the key tasks in the field of present materials science.
Particular attention is paid to the study of copper oxide nanopowder — CuO. This study began
with the discovery of high-temperature superconductivity, since copper oxide is the main
component of cuprate high-temperature superconductors. At the same time, copper oxide exhibits
both magnetic and semiconducting properties. These properties strongly depend both on the
production conditions and structure, along with surface of nanoparticles. The parameters of the
exchange interaction on the surface change first, thus revealing specific behavior of the magnetic
susceptibility, the temperature dependence of the magnetization, and also the electrical
conductivity and the dielectrical permittivity [4 — 10].

Despite the wide range of works on the study of the magnetic and electrical properties of
the CuO nanopowder in the literature, there are still no ideas about the processes of electric
polarization, motion and localization of charge carriers in the volume of matter and on the
surface of nanoparticles. This gap can be explained by the fact that each sample of CuO
nanopowder has its unique properties, which depend not only on the bulk structure of the
material, but also on the difficultly predictable state of the surface on which there are structural
lattice defects as well as adsorbed gases and moisture. In addition, in the initial powder, a
spontaneous agglomeration of nanoparticles occurs, which is accompanied by a change in the
structure of the agglomerate surface and the appearance of internal mechanical stresses.

To date, the magnetic and electrical characteristics of copper oxide have been
experimentally studied using specially prepared samples produced by hot pressing [11], sintering
of the initial nanopowder at high temperatures [12]. Single crystals of CuO [13-14] and thin films
on the dielectric substrate [15-16] have also been investigated, and even structures in the form of
nanorods and nanowires have been created [17-18]. However, the electro-physical properties of
all these CuO samples are highly unique and mainly depend on the technological conditions and
the methods of the material production. Direct measurement of physical characteristics of
nanoparticles is a complex challenge; however, the initial certification of nanopowders proves to
be necessary, since it can function as a link in the production chain of materials based on copper
oxide and their applications.

This study is aimed at the investigation of electrical and dielectric properties of copper
monoxide nanopowder by impedance spectroscopy using a special sensor made on the basis of



interdigitated structure. The main task of the work is to determine and analyze the impedance and
electro-physical characteristics of CuO nanopowder in the initial state as well as after its

compaction and annealing at a temperature of 300 °C.

Il. MATERIALS AND PHYSICAL MEASUREMENTS

In this study, a plasma-chemical method was used for production of powder CuO
compounds. This method is based on evaporation of a cathode from massive copper in a low-
pressure arc discharge plasma with further condensation of plasma-chemical reaction products on
a substrate.

The synthesis of CuO nanopowder was performed in a plasma-chemical reactor, described
in [22-23]. The arc evaporator, used in the process, had the following characteristics: a current
arc of 100 A, an intensity of the longitudinal magnetic field excited by a focusing coil on the
surface of the cathode, of 80 A/m, with a distance between the cathode and the anode of d = 50
mm. A rod, made of high-purity copper (99.99%) with a diameter of 80 mm and a length of 100
mm, was used as a sputtering cathode. It was placed on a water cooled copper current lead. In
order to begin plasma chemical reactions, the chamber gas was preliminary pumped out to a
pressure of p = 1 mPa and then it was filled by a gas mixture containing 40 vol.% O, from N,
plasma-generating gas in the input. To study the pressure influence, nanoparticles were
synthesized at a basic pressure of 80 Pa. Oxygen was supplied to the reactor in order to form a
uniform layer around the plasma torch. The reaction products were collected during 10 minon a
hemispherical collector made of water-cooled stainless steel, placed at a distance of 0.12 m from
the cathode. Table 1 describes the operating parameters of the reactor during the synthesis.

The morphological composition of the samples was studied by transmission electron
microscope JEOL JEM-2100. Studying the phase composition of the samples was carried out
using Advance D8 x-ray diffractometer in CuKa monochromatic radiation. Scanning was
performed at room temperature in the range of angles at 30-70 deg with 26 step of 0.06 deg.

Table 1. Operating parameters of the vacuum plasma-chemical reactor for CuO

synthesis
Parameter Conditions
Residual pressure in chamber 10” Pa
Arc discharge current 100 A




Voltage 0V
Power 10 kW
Operating pressure of gas mixture 80 Pa
Supply of reaction gas (oxygen) 40 vol. % O,
Maximum permissible temperature of the device for 300
condensation of powder, K

Maximum permissible amount of impurities of the <0.01
cathode material, %

Rated current of high-voltage power supply of arc 2.3
evaporator, kA

Current of stationary discharge, A 20-500
Frequency of pulsed arc discharge, Hz 100
Pulse duration, us 250
Passivation time of produced nanopowder, days 1

To measure complex resistance (impedance) of powder materials, a special sensor of
capacitive type was made and placed on a polycor substrate with a thickness of h =1 mm and a
size of 17x22 mm (Fig. 1). The bottom metallized side of the substrate (1) was soldered to a
metal substrate which acted as a shield. On the upper side of the substrate an interdigital structure
consisting of 4 pairs of pins with a length of | = 7 mm, a width of h = 0.5 mm and a distance
between the pins of d = 0.2 mm (2) was formed by chemical etching. A glass border of 10 mm
high (3) was placed around the interdigital structure into which nanopowder was added, and then
it was sealed with a glass piston. The height of the compacted powder must be at least 3 mm
from the surface of the electrodes. This type of sensor can operate in a wide frequency range of ~
0.1 Hz - 100 MHz and it is convenient to be used to test not only bulk substances but also liquid
ones [19, 20].
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FIG. 1. Measuring cell with an interdigital structure. 1— quartz substarate, 2 — interdigital
structure, 3 — glass border, 4 — conductor path

For the measurements, the sensor was connected through the contacts (4) to the Elins 1500
and Agilent E5061B impedance analyzers operating in the frequency range from 0.1 Hz to 1
MHz and from 5 Hz to 100 MHz respectively. The amplitude of the sinusoidal voltage was
chosen in the range of 200 - 250 mV. The measurement technique involves recording the
frequency dependences of the impedance modulus |Z(f)| and the angle of the phase shift ¢(f)
between the current and the voltage. These data allows to calculate the real Z'(f) =|Z(f)|-coso(f)
and the imaginary Z"(f) = |Z(f)| sinp(f) components of the impedance which are then used to
calculate the frequency dependencies of the effective resistance Rgs(f), the capacity Cer(f) and
other electro-physical characteristics of the material under study. To determine the frequency
dependence of the complex dielectric permittivity (DP) of the materials £°(f), a preliminary
calibration of the sensor was performed based on recording the change in the electric capacity of
the empty sensor Cy = 6.2 pF while the cuvette was filled with the test liquids: chloroform (e =
4.8), dichloroethane (e = 10.36) and isopropyl alcohol (e = 18) in the entire frequency range. The
equations (1, 2) were used to calculate the frequency dependences of the effective resistance and

the capacity of the sensor.
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where o = 2xf is the angular frequency [21]. This calibration allows calculating the
frequency dependence of the complex dielectric permittivity *(f) of the mixture powder with the
air within accuracy = 0.1. In this work, the initial CuO powders were used, which were then

annealed in air for 10 hours at the temperature of 300 °C.
I1l. RESULTS AND ANALYSIS
Figure 2 shows the TEM images, histogram, and probability density functions of nanosized

copper oxide nanoparticles produced at the pressure of the gas mixture (40 vol. % O, + 60 % Ny)
of 80 Pa.
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FIG. 2 TEM images, histogram, and probability density functions
of nanosized copper oxide powders produced under the pressure of the gas mixture
(40 vol. % O, + 60 % N) equal to 80 Pa

It is obvious from the results above, that the produced powder represents strongly
agglomerated particles of a spherical shape. The particle size ranges from 5 to 20 nm. The
combination of normal and log-normal size distributions characterizes these particles. This
suggests two competing mechanisms of particle condensation from a steam-plasma phase: cluster
and steam condensations. The mixed density function under study represents the sum of the
density functions of lognormal and normal distribution with adjustable parameters. It is obvious
from the figure above, that this function describes the particle size distribution much better. The
average particle size was 12.4 nm, the mean mass particle size was 13.2 nm, and the standard
deviation was 1.18.



Nanopowders are characterized by a high surface energy, which is compensated by a
significant aggregation of powders, and this process causes a significant decrease of the specific
surface. Since the nanoparticle synthesis in a plasmachemical reactor is always accompanied by
definite chemical processes, the size distribution function of nanoparticles becomes more
complicated because of the products of these reactions. The morphology of the particles also
becomes more complicated and various particles of different chemical composition are formed.
Besides, interdiffusion of nanoparticles in the condensed phase occurs. Under a sufficiently high
temperature, multiple processes can occur simultaneously, forming strong coupling between the
nanoparticles. The experimental data are described by a normal distribution while prevailing
nanoparticles layered growth due to the adsorption of atoms and the diffusion processes during
corresponding atomic mass transfer at the interface.

Figure 3 shows the x-ray diffraction pattern of nanoparticles, synthesized under the
pressure of the gas mixture (40 vol. % O, + 60 % N,) for the values of 26 in the range from 30 to
70 deg. The figure also shows the XRD of copper oxide nanopowders annealed during 10 hours
at 300 °C in air.
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FIG. 3. XRD pattern of copper oxide nanopowder produced under the pressure of the

gas mixture (40 vol. % O, + 60 % N,) equal to 80 Pa (a) and after annealing at 300 °C, t=10

hours



The XRD pattern clearly illustrates that the copper oxide nanoparticles, formed during the
synthesis, have a crystalline nature, and monoclinic crystal structure of CuO (PDF 4 + #00-045-
0937) with lattice parameters of a=4.691 A, b=3.432 A, and c = 5.138 A.

After annealing copper oxide nanoparticles at 300 ° C for 10 hours, the lines of reflexes
narrowed and their intensity increased, indicating a possible agglomeration of nanoparticles and
their preliminary sintering.

Impedance spectroscopy involves presenting the results in the form of a Bode graph. This
graph is a combination of the frequency dependence of the impedance modulus |Z(f)| and the
displacement angle between the current and the voltage ¢(f). Fig. 4 shows a graph resulting from
the measurement of the impedance of the sensor with a compressed CuO powder (P = 20 kPa).
The measurement was performed at room temperature.

As can be seen from Fig. 4, the total complex resistance of the powder (1) at a frequency of
f=0.1 Hz reaches the value of |Z| =2-10” Ohm, but then monotonically decreases with increasing
frequency, and at a frequency of f = 100 MHz |Z| it is equal to 200 Ohm. This impedance value is
actually determined by the high-frequency capacity of the sensor with nanopowder, which at a
frequency of 100 MHz has a value of Cys = 7.2-10™2 F, and the phase angle ¢ = -89° approaches
to the limiting value of -90°. As the frequency decreases, the angle ¢ decreases, but in the
frequency range of f = 350 Hz and f = 20 Hz, some inflection points appear, and at the lowest
frequency of f = 0.1 Hz the phase angle has a value of ¢ ~ -15°. Such a phase shift between the
current and the voltage at an extremely low frequency can occur only in the case of a strong
increase in the electrical capacity of the sample. The reason for this increase in capacity can be

explained by the accumulation of electrical charges near the electrodes.
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FIG. 4. Frequency dependence of the impedance modulus |Z|(f) (1) and the phase o (f)

(2) of the initial compacted CuO nanopowder

These charges create a double electric layer that shields the external electric field and this
is perceived as an apparent increase in the electrical capacity of the sample. It is rather difficult to
determine the electro-physical characteristics of this region from the analysis of the measured
impedance spectra. However, a more obvious representation of the electro-physical
characteristics of the studied material can be obtained by an impedance hodograph, which is the
dependence of the imaginary component of the impedance (Z") on the actual ones (Z') for the
whole set of frequencies. With this representation of the impedance, the correspondence of the
shape of the hodograph to the certain electrical circuit was analyzed. The active and reactive
elements of the circuit were compared with the probable mechanisms of motion and polarization
of electric charges in the material under study. The hodograph of the given nanopowder
impedance is shown in Fig. 5. The arrow indicates the direction of increasing frequency, and

each point corresponds to the certain frequency.
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FIG. 5 Hodograph of the impedance of compacted (P = 20 kPa) CuO nanopowder

The hodograph represents an increasing sequence of experimental points, which at the
origin of coordinates in the high-frequency region forms a poorly discernible part of the arc of
the semicircle, and with decreasing frequency, the points lie on a straight line. Due to the high
electrical resistivity of the nanopowder, the accuracy of impedance measurements is reduced, so
the low-frequency points of the hodograph are highly scattered. This type of hodograph can be
simulated by a simple equivalent electric circuit shown in the inset in Fig. 5. The circuit contains
only two elements: capacity C and a special frequency-dependent element designated as CPE
(constant phase element) [19]. The capacity C was introduced into the circuit to approximate the
initial (high-frequency) part of the hodograph, and the approximation of the low-frequency ray of
the hodograph was carried out with an artificial CPE element. The impedance of this artificial

CPE element is set by the following equation:

Zpe = A(ilco)” - [cos(ng)—isin(ng)]. 3)

where A is the proportionality coefficient, i is the imaginary unit, and 0<n <1 is the
exponent that formally characterizes the non-uniform distribution of electric charges over the
volume of the material. This element is intended for modeling the distributed properties of

substances and has both the real and imaginary components of the impedance. Numerical
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calculation of the nominal values of this equivalent circuit was carried out using a special
software EIS Spectrum Analyzer. The calculated value of the capacity of the equivalent circuit C
=1-10™ Fis in good agreement with the experimentally measured high-frequency capacity of
the nanopowder Cys = 8.8-10™ F. The coefficient 4=5-10° and the exponent n =0.25 was
obtained for the CPE element. Depending on the exponent, this element can be considered as a
conventional capacitor at = 1 or as a conventional resistor at n =0. For fractional values of 0
<n<1, this element is treated as a set of frequency-dependent resistor and frequency-dependent
capacity. In this case, the dimension of Zcpe can be written as (Q* s"). The exponent 1 = 0.25
obtained from the calculation means that the CPE element corresponds to the frequency-
dependent resistor rather than to the frequency-dependent capacity.

When this element was introduced into the equivalent scheme, the certain fact was taken
into account. The fact is that the nanopowder in the measuring cell should be considered as a
spatially inhomogeneous (fractal) structure of nanoparticles and their agglomerates with air
interlayers. Apparently, the preliminary compaction of the nanopowder in the measuring cell
leads to the formation of highly inhomogeneous regions with large air gaps between the separate
nanoparticles or agglomerates. As the impedance hodograph shows, even such a structure can
strongly polarize in an alternating electric field, since the inclined ray of the hodograph indicates
the accumulation of electric charges most likely on the surfaces of neighboring nanoparticles.
Due to the high degree of heterogeneity of the compacted nanopowder, the shape of the
impedance hodograph looks blurred.

To increase the homogeneity, an additional compression of the nanopowder at a pressure of
P = 120 kPa was carried out. The impedance hodograph of the compressed nanopowder,
obtained from the experiment, is shown in Fig. 6. The same figure shows an equivalent scheme

for the numerical approximation of the hodograph.

11
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FIG. 6 The impedance hodograph of the compressed (P = 120 kPa) CuO nanopowder.

Dotted line shows numerical approximation of the hodograph

First, it can be seen that the components of the impedance Z'(f) and Z"(f) (f) have
significantly decreased in magnitude, since a closer contact of the nanoparticles during the
compression of the powder obviously contributes to a decrease in the contact resistance between
them. The experimental points of the hodograph form a well-defined arc of the semicircle at high
frequencies and an increasing low-frequency beam. The equivalent electric circuit, shown in the
inset in Fig. 6, is well suited for the numerical approximation of this hodograph. It consists of
three parallel circuits. One of the circuits contains the capacitor C; = 1-10™ F, which also
simulates a high-frequency capacity. The second circuit contains the resistance R; = 8-10° Ohm,
simulating static resistance of a compressed nanopowder. The third circuit contains two series-
connected elements, a resistance R, = 24 kOhm, and the CPE element with the coefficient
A=4.94-107 F* s" and n = 0.63. This value of the exponent shows that this CPE element can
now be compared with a distributed capacity which at low frequencies could have formed near
the electrodes of the measuring cell due to the increased conductivity and the accumulation of
electric charges. Resistance R, probably simulates the electrode process of charge exchange with
an external electrical circuit. Within the framework of a simple model, the accumulation of
charges on the electrode surface can be explained by the presence of a potential barrier that
prevents exchange of charges between ions and a metal electrode. Such accumulation of charges

near the electrodes and, possibly, on the boundaries of the nanogranules, inevitably shields the
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external electric field, which is perceived in the experiment as an apparent low-frequency
increase in the capacity and complex dielectrical permittivity of the nanopowder gx(f) [20]. Fig. 7
shows the frequency dependences of the real and imaginary components of DP calculated from
the equations (4-7) as well as the corresponding conduction components of the compressed CuO
nanopowder (P = 120 kPa).

g'(f)=¢"(f)-Sin(p), (4)
&"(f)=&"(f)-Cos(p) (5)
o'(f) = e'g,. (6)
o"(f) = egyo. )
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FIG. 7. Frequency dependence of the real (1) and the imaginary (2) components of DP and
the conductivity components (3) and (4) of the compressed CuO nanopowder (P = 120 kPa)

In the high-frequency range from 10° to 10® Hz, the real component of DP (1) is located in

the range of ¢’ ~ 4.2 — 3.13, and the imaginary component of DP, which characterizes the
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dielectric losses, is located in the range of ¢” = 0.3. As the frequency decreases, both the real and
imaginary components of DP increase to enormous values of &'~ ¢" = 1-10°. Such an increase in
DP components in the low-frequency region is accompanied by significant changes in the
behavior of the frequency dependence of the through conductivity, mainly at low frequencies.
The decrease in the real component of conductivity (4) is obviously can be referred to the
localization of charges near the surface of the electrodes, and the nonlinear behavior of the
imaginary component of the conductivity occurs due to the increase in the near-electrode
capacity when the frequency decreases.

It can be assumed that the formation of near-electrode and surface charges is facilitated by
proton conductivity. This conductivity occurs because of the moisture adsorbed on the surface of
the nanoparticles due to the generation and transporting of HsO" and OH™ ions through the relay
mechanism of H" proton transfer along the chain of water molecules. It can be assumed, that
under the condition of presenting this type of conductivity, the adsorbed moisture would
evaporate and the accumulation of charges at the electrodes would stop during the nanopowder
annealing at high temperatures. To test this assumption, the CuO nanopowder was annealed in air
at t =300 °C for 10 hours. The hodograph of the annealed nanopowder impedance is shown in
Fig. 8.
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FIG. 8. Impedance hodograph of CuO nanopowder annealed at 300 °C. The solid line

represents the hodograph approximation

As can be seen from Fig.8, no low-frequency ray of the impedance hodograph appear after
nanopowder annealing. The bulk resistive-capacitance characteristics of the nanopowder form an

almost regular semicircle that is well simulated by the equivalent electric circuit shown in the
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inset in Fig.6. Since the electro-physical properties of the nanopowder after annealing turn to be
closely related to the disordered structure of the nanogranules and their agglomerates, a
frequency-dependent element CPE, reflecting the fractal structure of the material, is used to
simulate the electrical polarization process. The process of charge transfer between the electrodes
from granule to granule in this electrical circuit was simulated by the conventional resistance R.
Fig. 8 (the solid line) shows the result of approximating the impedance hodograph using this
equivalent circuit with parameters 4=4.94-10” F*, exponent o = 0.67 and resistance R = 5.2-10°
Ohm. Because of the absence of proton conductivity after annealing, the residual resistance of
the annealed nanopowder R can be explained by the presence of aliovalent copper ions on the
surface of nanoparticles between which either the exchange of electrons or holes is possible or
the polaron type of conductivity is realized, which was earlier discussed in [13,21,22]. The
frequency dependence of the real and imaginary components of DP and the conductivity,

calculated from the impedance measurements, are shown in Fig. 9.
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FIG. 9. Frequency dependence of the real and imaginary components of DP (1), (2) and
the conductivity (3), (5) of the annealed CuO nanopowder. Line (4) shows the approximation
of the real component of the conductivity

While comparing these results with the data shown in Fig. 7, it is becomes obvious that in
the low-frequency region the real component of DP does not increase so much compared to the
frequency decrease, and atf = 10 Hz it gives a value of ¢’ = 35, and at a high frequency it gives a

value of ¢'=4.2. The imaginary component of DP at a high frequency gives a value of "= 0.18,
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but decreases monotonically in the logarithmic coordinates to the value of ” = 420. This increase
in ¢"(w) is due to the presence of active conductivity, frequency dependence of which is shown
in Fig. 7 (3). As can be seen, the real component of conductivity remains a constant and equal to
6'=2-107 Ohm™ only in the frequency range from 10 Hz to 2 kHz, and then begins to increase in

accordance with the equation (8) [20].

6'(0) = 64c + Bo® 8)

where oy is the static value of the conductivity, B is the proportionality coefficient, and
the exponent is 0 < S <1. The results of approximating the real component of conductivity ¢’(®)
are shown in Fig. 7 by the dotted line obtained with the following values: static specific
conductivity og = 2:107 1/-QOm-m , coefficient B =5-10"% and S = 0.75. It is obvious that the
theoretical dependence of ¢’(w) according to the equation (8), agrees rather well with experiment
over the entire frequency range. Such an increase in the real component of the conductivity at
high frequencies is typical of materials possessing hopping and possibly polaron conductivity.

IV. CONCLUSION

Based on the analysis of impedance spectra in various graphical representations, the
possible mechanisms of polarization, conductivity, and the accumulation of electrical charges
near the electrodes has been studied. The numerical values of the capacitive and resistive
characteristics of nanoparticles have been determined by simulation of impedance spectra using
equivalent electric circuits. The values of the real and imaginary components of the dielectrical
permittivity of the nanopowder have been calculated. They reached enormous values of €', & " ~
10° in the low-frequency region, and decreased to &'~ 3, £”~ 0.3 while the frequency increased. It
has been shown that a space-charge region appears in the frequency range f <100 Hz near the
electrodes of the measuring cell, which leads to an anomalous increase in the real and imaginary
components of DP.

It has been established that after the thermal annealing of the nanopowder at the
temperature of 300 °C the volumetric charges do not arise near the electrodes. This fact led to the
conclusion that moisture in the initial nanopowder, adsorbed on the surface of nanoparticles,
contributed to the appearance of proton conductivity and the accumulation of charges near the
electrodes. The electrical conductivity of the annealed nanopowder can be explained by the
mechanism of hopping or polaron conductivity with the participation of aliovalent copper ions.
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