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Abstract:

Series of CuO/CuCo,04 composites were prepared by using the combustion method
followed by heating at 750°C with different molar ratios of Cu/Co. Characterization of
different composites is systematically investigated with various analytical techniques. X-ray
diffraction patterns and Fourier-transform infrared spectroscopy indicate the growth of well
crystalline CuCo,0, nanoparticles with a cubic spinel structure. Images of transmission
electron microscope and scanning electron microscope show a uniform particle distribution.
From UV-visible spectra, the calculated optical band gaps of various solids were ranged
between 1.2 and 1.8 eV. Electrical properties were measured at temperature ranged from 303
to 463 K in a frequency range from 102 to 106 Hz. The AC conductivity satisfied the Jonscher
equation, especially at high frequency. The obtained data of conductivity and dielectric
constant indicated that the prepared samples behave as semiconductor materials. Finally, it
can be concluded that the CuO/CuCo,0, composite showed attractive multi-functional
features for electrical applications.
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1. Introduction

Recently, nanostructure materials have unprecedented properties ultimately causing a
number of applications within the technological area for research, and advancement activity.
These materials have distinctive properties such as low optical energy band gap and high
electrical conductivity, refractive index, mechanical and magnetic properties. Therefore these
materials permeate several fields, for example, catalytic processes, data storage, and sensors
[1-3]. Among the nanostructure materials, simple and mixed metal oxides draw attention in
several fields due to their special properties as excellent chemical stability and mechanical
hardness [4-8].

Copper and/or cobalt oxides have been investigated in different applications such as
solar cells, Li batteries, catalysis, sensors, and super capacitors based on the excellent
properties. The interesting optical characteristics in the near and visible range were observed
and can calculate the band gap energies of these oxides [9-20]. In addition, spinel cobalt oxide
(Co30,) is an essential magnetic semiconductor with band gap energy of 1.5eV [16]. The
cobalt oxide (Co304) with a normal spinel structure is a mixed-valence compound, CoO,

“) Corresponding author: amn341@yahoo.com



266 N.M. Deraz et al.,/Science of Sintering, 54(2022)265-285

Co0,0s, leading to more applications. This observation enabled most researchers to fabricate
different resources based on cobalt via substitution of CoO by any divalent element. In fact,
the solid-solid interaction between two or more oxides leads to important products with
certain physicochemical properties that differ from that for individual oxides. The spinel
Co30, allows us to replace the divalent cobalt cations with other metal cations such as
divalent metal cations leading to the formation of various cobaltite spinels such as copper
cobaltite, CuCo,0, [21].

Several synthetic techniques were reported for the preparation of different crystalline
metal composites such as precipitation, sol gel, microwave co-precipitation, combustion,
thermal oxidation, and sonochemical routes [22]. Most of these methods require high
temperature conditions and the yielded particles had asymmetrical shape and size [23].
However, the combustion methods are favorable due to their convenience and speed in the
production of different nanomaterials [24-26].

Spinel CuCo,0, crystals with dissimilar morphologies have been prepared via one
step hydrothermal method by using different precursors [27]. The authors claimed that a
chrysanthemum-like CuCo,0, crystal and a rose-like CuCo,Q, crystal were obtained by using
Cu-Co chlorides and nitrates, respectively. The different morphologies of the as synthesized
materials brought a better super capacitive performance. However, Ni and Mg cobaltite
spinels were synthesized via a green chemical approach by using pomegranate fruit peel
extract as fuel, in household microwave oven by solvent combustion process [28]. These
authors display the formation of NiCo0,0, and MgCo,0, spinels with the presence of some
impurities of Ni and Mg oxides, respectively.

The objective of this paper is to synthesize CuO/CuCo,0, nanoparticles using the
auto combustion method in presence of urea. FTIR, SEM/EDX, and TEM/SAD techniques
were used to characterize the prepared nanoparticles. The optical properties were studied by
UV-visible spectra. The electrical properties of S1, S2 and S3 the synthesized nanoparticles
were determined by using DC and AC electrical conductivity and dielectric measurements.

2. Materials and Experimental Procedures
2.1 Materials

The chemical materials were cobalt (lI) nitrate hexahydrate, copper (Il) nitrate
hexahydrate and urea with linear formula Co(NOj3),-6H,0, Cu(NO3),-3H,0 and H,NCONH,,
respectively. These reagents were of analytical grade supplied by Sigma-Aldrich Company
and used without further purification.

2.2 Preparation of cobaltite materials

Series of CuO/CuCo,04 composites were synthesized by mixing calculated proportions of
cobalt and copper nitrates with a definite amount of urea. The precursors were concentrated in
a porcelain crucible on a hot plate. The water of crystallization was vaporized at 80°C
yielding a voluminous and gel product and then formed the combusted powders in the
container by rising the heat temperature to 350°C. The obtained powders were burned out in
the air at 750°C for 3h. The process flowchart for the synthesis of different composites is
illustrated in Fig. 1. Ratios of Cu/Co were 0.25, 0.5 and 0.75 for S1, S2 and S3 samples,
respectively.
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Fig. 1. Process flowchart for synthesis of different composites.
2.3 Characterization techniques

An X-ray diffraction measurement (XRD) of the prepared nanoparticles was carried
out using a BRUKER D8 advance diffractometer (Germany). The patterns were run with Cu
K, radiation at 40 kV and 40 mA with scanning speed in 20 of 2°min™. The crystallite sizes
of crystalline phases of the solids calculate according to Scherer equation [28].

_ Ba
d = B cosfO (1)

where d is the average crystallite size, B (0.89) is the Scherer constant, A is the wavelength of
X-ray beam, B is the full-width half maximum (FWHM) of diffraction, and & is the Bragg's
angle. The lattice density is determined from the relation:

Dy = ZM/NV )

where Z is the number of molecules per unit cell, N is Avogadro’s number, M is the molecular
weight, and V is the volume of the unit cell.

Fourier-transform infrared spectroscopy (FTIR) was determined using Perkin-Elmer
Spectrophotometer (type 1430) from 4000 to 400 cm™. The sample disks were placed in the
holder of the double grating IR spectrometer.

Scanning electron micrographs (SEM) and high-resolution transmittance electron
microscope (HRTEM) images were recorded on both a JEOL JAX-840A electron micro-
analyzer and JEOL Model 1230 (Jeol, Tokyo, Japan), respectively. Additional analysis for the
prepared solids carried out by using selected area electron diffraction (as SAD or SAED).

The energy-dispersive X-ray analysis (EDX) was recorded on a JEOL (JED-2200 Series)
electron microscope with an attached Kevex Delta system.

2.4 Optical measurements

The ultraviolet-visible absorption spectra (UV-Vis.) of the prepared samples were
measured using JASCO corp. V-570 spectrophotometer over the spectral range from 200 to
800 nm with an accuracy of 0.1 nm. The optical band gap energy E, of the prepared
nanoparticles was estimated from Tauc equation [29].

(ahv)"= A (hv - Eg) 3)

where n is either 2 for direct transition, or 1/2 for an indirect transition, depending on the
nature of possible electronic transitions, o is absorption coefficient, A is proportionality
constant, h is Planck's constant, and v is the frequency of the incident photon. In the Tauc
equation, the plot of (o hv)? against photon energy (hv) for the investigated sample leads to
the design of a certain curve, the intersection of the extrapolated linear portion of this curve
with the (hv) axis brought about the value of the optical band gap.
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2.5 Electrical measurements

The electrical properties of the prepared nanoparticles are of great importance in
determining whether it is matching with our necessities or not. Conductivity (DC and/or AC)
is an important factor that reveals essential and reliable information about the transport
phenomena. The electrical properties of the prepared samples were investigated using RLC
Bridge (HIOKI model 3532, Japan) from 303 to 463 K at different frequencies ranged from
100 Hz to 8 MHz. The prepared samples as a disc were placed between the two electrodes. A
programmable automatic RLC bridge was used to measure the capacitance C and the loss
tangent tan & directly. The DC electrical measurements have been carried out in a vacuum of
10 Torr in a specially designed holder. The electrical conductivity g was determined using
the following equation:

0o=— 4)

where d is the thickness, a is the cross sectional area and R, is the resistance. Then the
activation energy Eq calculates from Arrhenius equation:

0ac(T) =g, exp(=22) ()

where g, is the proportional constant, k is the Boltzmann constant, and T is the temperature. It
is well known that the AC conductivity, oy, depends on the frequency and temperature and it
can be represented as the sum of two terms:

Ogc (w) = Otot (w) — O4c (T) (6)

where oy(T) is DC electrical conductivity and oo ( @) is the total electrical conductivity. The
term ouc(w) can be written in the form of Jonscher power law as [30]

Gac(®) = Aw® @)

where w =2#f is the angular frequency, and A and s are composition-dependent parameters.
The values s were obtained from the slope of these lines [31].

Another essential set of properties of semiconductor material are the dielectric
properties. In this study, the dielectric constant €' calculates from the measured capacitance at
all temperatures and frequencies according to the following equation [32]:

r_ Cpd
o = ®)

where ¢, is the permittivity of a free space (g,=8.85x10™*% F/m).

3. Results and Discussion
3.1. Structural analysis

The patterns of XRD for CuO/CuCo,0,4 powders are illustrated in Fig. 2. This figure
shows the formation of powders (S1, S2, and S3) containing CuO and CuCo,0, crystals.
Diffraction peaks at 20 =18.94°, 31.20°, 36.79°, 38.73°, 44.77°, 53.73°, 55.56°, 59.35° 65.16°,
68.10° and 77.21° are characteristic to indexing planes (111), (220), (311), (222), (400), (422),
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(511), (440), (531) and (533), respectively. This agrees with the values reported for CuCo,0,
(JCPD file No. 01-1155). Another series of diffraction lines at 20 =32.54°, 35.35°, 38.51°,
46.17°, 48.59° 53.73° 58.20° 61.47° 65.19° 68.12° 72.12° and 75.24° are characteristic to
indexing planes (110), (-111), (111c), (112), (202), (020), (202), (-113), (022), (220), (311)
and (004), respectively. This agrees with the values reported for CuO (JCPD file No. 41-254).
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Fig. 2. XRD patterns for the S1, S2, and S3 samples.

From XRD patterns, it was found that the cubic spinel-type structure for CuCo,0, is
the major phase and monoclinic CuO is a minor phase. In detail, it was observed that the
peaks of CuCo,0,4 (311) shift to a higher Bragg’s angle with increasing copper concentration
revealing the enhancement formation of CuCo,0,4 with the subsequent presence of CuQ. Also,
the height of the characteristic diffraction lines of CuCo,0, (311) and CuO (-111) planes,
which are listed in Table I, can be used to calculate the relative contents for these oxides. The
fraction (F) of the CuO phase in the as prepared CuO/CuCo,0, composites can be determined
using the relation:

F = Inonociinic/ ltotal (9)
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where Inonociinic 1S the count of | (331y of monoclinic CuO phase and Iy, iS the sum of the
counts of la1qy and I41q) for CuCo,0,4 and CuO phases, respectively. The fractions of CuO
phase were 18.99, 27.76 and 41.81 %, in the S1, S2, and S3 samples, respectively.

Tab. | Some peak height for CuO and CuCo,0, involved in the as prepared samples.

Peak height (a.u.)
Samples ¢,5 CuCo,0,
I -111 I 311 I 220 I 551 I 440
S1 192 819 240 193 223
S2 568 1478 399 434 506
S3 1045 1454 389 350 396

The (220) and (440) planes, the intensities increase as the amount of copper increases,
enabling us to shed light on the cations in the tetrahedral (A) and octahedral (B) sites,
respectively [24,25]. The intensities of these planes infer that the Cu** and Co®" ions occupied
both the A and B sites. In addition, estimation of the different structural parameters of cubic
spinel CuCo,0,4 such as (A-O and B-0) bond lengths, (ra, rg) ionic radii, and the distance
between the reacting ions (La and Lg). The structural parameters values of the prepared
CuCo,0,4 were listed in Table 3. It is found that the rise of the copper content led to a decrease
in La, Lg, ra, r'e, A-O and B-0O values, the crystallite size (d), unit cell volume (V), lattice
constants values (a), and micro-strain of the prepared copper cobaltite nanoparticles. The
lattice parameter calculates to be 0.8108 nm, which is quite close to the reported values by
Chi et al [33,34].

Tab. Il Structural parameters of the prepared copper cobaltite included in different prepared
solids.

parameter Sl S2 S3
d (nm) 37 34 32
a (nm) 0.8107 0.8105 0.8094
V (nm°) 0.5328 0.5325 0.5303
Dy (g/cm®) 6.117 6.120 6.146
P 7.305 x 10™ 8.651 x 10™ 9.766 x 10™
Strain 0.3303 0.2720 0.2137
La 0.3510 0.3509 0.3505
Lg 0.2865 0.2864 0.2860
A-O 0.1853 0.1853 0.1853
B-O 0.2092 0.2091 0.2088
ra 0.0533 0.0533 0.0530
s 0.0772 0.0771 0.0768

However, it can be seen from Table Ill that there is a dislocation of CuCo,0, particles.
Indeed, the dislocation resulted in a distortion in the regular atomic array of a perfect crystal
[35-37]. The solid-solid interaction of CuO and Co3;04 resulted in the formation of copper
oxide substituted cobaltic oxide (CuxCo0340,) system. It is assumed that the presence of solid-
state products with individual oxide will lead to synergistic effects that may help to improve
the properties of the synthesized materials. The concentration of the individual elements of
the cobaltite affects the thermal diffusion of Co and Cu cations through the early copper
cobaltite which covers the surfaces of CuO and Co3O,4 grains. However, oxygen vacancies



N. M. Deraz et al.,/Science of Sintering, 54(2022)265-285 271

may be formed via the dissolution of copper ions in the lattices of cobalt enhancing the
mobility of cobalt and copper cations with subsequent stimulation of Cu,Co3.,0, formation.
The proposed mechanism of cobaltite formation is as follows:

At Co30, interface:

Co50, + Cu?* — CuCo,0,4 + Co* (10)
At CuO interface:
2Co** + CuO + 1.5 0, — CuCo,0, (11)

The diffusion of Cu®*and Co®* through relatively rigid cobaltite film resulted in enhancement
formation of CuCo,0, particles due to an increase of the contact surface area between the reacting
ions [38]. The enhancement effect of the CuO on copper cobaltite formation can be determined by
measuring the height of diffraction lines characteristic for CuCo,0, d-spacing (0.244 nm 100 %) [37].
Before the stoichiometry content of CuCo,0,4, the increase in the amount of CuO resulted in an
increase in thepeak height of CuCo,0,4. Opposite behavior was observed with any excess amount of
copper oxide after the stoichiometry content of CuCo,0, due to contraction of the as prepared
cobaltite depending on incorporation of some copper ions in its crystal lattice [39].

3.2. Fourier-transform infrared spectroscopy (FTIR)

Fig. 3 shows the FTIR spectra of the prepared composites S1, S2, and S3 recorded
between 4000 and 400 cm ™.
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Fig. 3. FTIR spectra for the S1, S2, and S3 samples.

The spectra explain the position, vibration modes and crystal structure of the ions. Generally,
the cobaltite crystallizes in a spinel structure with the space group Fd3m. In fact, the spinel
cobaltite is known to exhibit two IR active modes in the band around 600 cm™ for the
tetrahedral A site, and in another band around 400 cm™ for the octahedral B site. In this study,
two sharp bands were observed at 666-664 cm ' and 576-572 cm* with a shift towards the
higher wavelength by increasing copper content. This shift result from the rearrangement of
Cu species in the cubic spinel structure [40,41].
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In addition, the broad band at 3438-3429 cm* and at 1271-1048 cm™* could be
ascribed to the normal O-H stretching vibration of H,O in the Cu—Co-O lattice indicating that
the nano crystalline materials show a high surface to volume ratio and thus absorb moisture
[42]. Another sharp band located at 1631-1627 cm* referred to H-O-H bending vibration,
which was assigned to a small amount of H,O in the CuO nanocrystals [43]. However, the
augmentation in the copper content showed a slight shift in the position and also an increase
in the intensity of previous bands. This observation could be attributed to the quantum size
and surface effects of nanoparticles [44].

From XRD and IR results it is found that the cation distribution in CuCo,0, can be
discussed in light of preferential occupation for the cation in certain sites in the spinel
structure. in fact, Cu?* ions have occupied the octahedral (B) site while Co*" ions have
occupied both the tetrahedral and octahedral sites [37, 45]. However, the incorporation of Cu
in the spinel CuCo,Q, resulted in the substitution of some Co?* located at B site by Cu?* with
subsequent transformation of Co?* to Co®*, then movement to A sites. These processes led to a
decrease in both size and lattice constant of CuCo,0, due to the variation in the ionic radii of
Cu?* (0.069 nm), Co®* (0.078 nm), and Co*" (0.063 nm). In contrast, CuO action brought
about an increase in the X-ray density of copper cobaltite due to the higher atomic weight of
Cu than that of Co. These data are tabulated in Table II.

The maximum intensity of (220) and (440) planes are 66.2 and 117.2 %, respectively.
This confirms that the incorporation of copper at B sites is greater than that at A sites. The
Cu-0 and Co-0 in the B-site are different from those in the A-site due to the difference in the
mass and charge of Cu?* ions and that of both Co* and Co*  ions [46]. The band
corresponding to the octahedral region contains two bands. The splitting of octahedral bands
is due to the difference in the mass of the octahedral (Cu®* and Co*"). If only the Co*®" ions
had been observed at the B site, the octahedral band would have been single. Similar results
were observed in the nickel cobaltite system fabricated by using a co-precipitation route [47].
The previous findings confirm migration of some Cu?* ions from B to A-site with the
speculated formula as following:

(Cu,* Co,*"a[Cur® Copy® Co*g 047 (12)

This indicates that the synthesized copper cobaltite has a partially inverse or random spinel
structure. In addition, this depends on the preparation method and the coexistence of CuO
with CuCo,0, However, the data was observed in Table Il confirms this speculation about
cation distribution in the as synthesized copper cobaltite nanoparticles.

3.3. Morphological and elemental analyses

Investigation of the copper content on the morphological and elemental composition
of the as prepared powder carried out by using SEM, HRTEM, SAED, and EDX techniques
whereby completely different morphologies were obtained with each one.

Fig. 4 displays SEM images of S1, S2, and S3 samples. It is clear from this figure that
different samples consisted of polyhedral, compact granular, and agglomerated spherical-like
structures with well dispersing coexists. In addition, the characterization of the chemical
composition with energy-dispersive X-ray spectroscopy (EDX) can be illustrated in Fig. 4. It
was found that our samples consisted of Co, Cu, and O elements confirming the preparation
method is authentic. This figure showed an overall Cu: Co atomic ratio with various changes
according to the copper content. However, the S2 sample showed an overall Cu: Co atomic
ratio close to 1:2, in harmony with the stoichiometry of the CuCo,0, compound.
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Fig. 4. SEM images and EDEX for the S1, S2, and S3 samples.

Different structures of the porous nanoparticles were clearly revealed by HRTEM
analysis as shown in Fig. 5. Voids and pores can be found on the prepared solid surface due to
the liberation of gas molecules during the decomposition of the copper-cobalt precursors.
Fig. 5 manifests the different nanostructures, which agree with the SEM. However, the
spherical nanoparticles were aggregated together into a bundle like structure as shown in the
S3 sample. The increase in copper content led to the rod-like morphology formed by the small
spherical shape particles. In addition, this treatment resulted in a slight reduction in the size
of particles. This observation has coincided with the XRD data in this study. Moreover, the
continuously selected area electron diffraction SAED ring patterns embedded with large spots
reveal the crystalline nature of the nanoparticles as represented in Fig. 5. This figure consisted
entirely of ring patterns of multiple crystals with variable orientation. This observation
confirms the polycrystalline nature of the synthesized samples [48]. However, increasing the
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copper content led to a rise in the spots in SAED patterns as shown in the S3 sample. It seems
that the observed morphological differences could be attributed to the different growth and/or
agglomeration mechanisms brought about depending on the increase in copper content.

Fig. 5. TEM images and diffraction patterns of the S1, S2, and S3 samples.
3.4. Optical properties

The optical properties of S1, S2, and S3 nanoparticles were analyzed by absorption
spectra obtained from UV-visible spectroscopy to visualize the effect of the structure and
copper content on the optical properties of CuO/CuCo,0, nanoparticles. The copper cobaltite
has a dark color; a broad absorbance peak can be seen in Fig. 6.
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Fig. 6. UV-visible spectra and (c¢hv)® Versus hv for the S1, S2 and S3 samples.

The optical band gap E, values calculate from Tauc equation (3), by the intersection of the
extrapolated linear part of the plot (« hv)? against (hv) Fig. 6. The optical band gap energies
for S1, S2, and S3 are 1.8, 1.5, and 1.2 eV, respectively, which is in good agreement with the
previous report [49]. The band gap of copper cobaltite is 2-2.2 eV and it takes a lower value
in presence of CuO. The values of E, depend on both the crystal structure and phase
composition of the investigated material. It can be seen that an increase in copper content led
to a decrease in Eg due to the formation of local levels [50]. The lower band gap could lead to
better mobility of lattice oxygen with a subsequent enhancement for electrical properties and
conductivity of copper cobaltite depending upon the existence of half-filled d-orbital of Co*".
From XRD data, the electron configuration in the nanoparticles CuCo,0, is the tetrahedral
high spin Cu®* with octahedral low spin Co®*. The energies can be attributed to the 0?2p
orbital as the valence band and octahedral ions Co®* and Cu®* 3d orbital as the conduction
band [51].

3.5. Electrical characteristics of the nanoparticles
The electrical characteristics are significance in determining whether the material is

matching our requirements or not. The conductivity is an essential factor that reveals essential
information about the performance of electric charge carriers to understand the conduction
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mechanism. The changes in the electrical properties may be attributed to the effective role of
composition, porosity, and grain size. Investigation of the frequency dependence of the
electrical properties in the investigated temperature range led to the operating conduction
processes. In order to emphasize this point and get information about the operating
conduction mechanisms, electrical properties as the DC and AC electrical conductivity, and
the dielectric constant were studied.

3.5.1. DC electrical conductivity

Variation of the resistance of the prepared samples with the temperature was studied.
Fig. 7 shows this variation of resistance of the S1, S2, and S3 samples in the temperature
range 298-463 K. This figure revealed that the resistance of the prepared samples decreases
with increasing of temperature due to a decrease in the oxygen vacancy. Also, the resistance
decreases with increase in the Cu content and copper-rich sample S3 has the lowest values of
resistance at all temperatures range.
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Fig. 7. Variation of resistance with temperature of S1, S2 and S3 samples.

The DC electrical conductivity, cq, was predictable from the resistance according to
equation (4). Fig. 8 displays the variation of the DC electrical conductivity with temperature
in the range from 298 to 463 K via the plots of Log oq versus 10%/T for synthesized
nanoparticles. The figure shows that the o4 values increase as the content of copper and/or
temperature increase. According to Arrhenius, equation (5), the plots enable us to estimate the
activation energies of different samples.
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In Fig. 8, two regions were observed with different activation energies (AE) due to the
occurrence of two components (CuO and CuCo,0,) in each sample. Region | or low-
temperature range (298-375 K) give AE, between 0.09 eV and 0.031 eV and region Il or high-
temperature range (375-463 K) with AE; between 0.34 eV and 0.18 eV for various samples.
These results reveal that the conductivity of CuO/CuCo,0,4 nanoparticles could be attributed
to ionic conduction region Il and electronic conduction region I. In addition, the low values of
the activation energy in both regions | and Il indicate that the prepared nanoparticles are

semiconducting materials.
3.5.2. AC electrical conductivity

The variation of the AC conductivity (c,) of the S1, S2, and S3 prepared samples as a
function of frequency and temperatures are illustrated in Fig. 9.
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Fig. 9. Frequency dependence of AC electrical conductivity for S1, S2, and S3 samples.

The general view of this figure shows that a plateau region corresponds t0 o4 at low
frequencies. The maximum electrical conductivity of the prepared samples is 1.5x107,
1.9x10°, and 2.5x107 at 423 K, in the order S3 > S2 > S1. At the high-frequency range, the
electrical conductivity increases and merges into a single curve with increasing temperature.
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Hence, the difference in the conductivity disappears and shows nearly equal values. The
conductivity could be attributed to the relaxation phenomena of the ionic atmosphere which
arises from the mobile charge carriers.

In general, the electrical properties of the semiconductors depend onthe valancy ,
concentration and mobility of elements of its formation.. The results in this study showed that
the conductivity of the various samples has been explained by three terms: (i) the interstitial
oxygen ionic migration, (ii) hopping behavior, and (iii) the cation distribution.

In fact, the oxygen vacancies are considered as one of the mobile charge carriers in
oxide-ion conductors. However, at high temperatures, the decrease in the activation energy
and increase in the conductivity is attributed to an order/disorder transition of the oxygen
vacancies

The conductivity of copper cobaltite can be explained by Verwey—de Boer model
which depends on hopping actions [52]. The hopping of electrons and holes is more possible
at B sites compared to that at A sites because the distance between the metal ions at the B
sites (0.2865-0.2860 nm) is smaller than the distance at A sites (0.3510-0.3505 nm) as listed
in Table 1ll. The conduction mechanism in CuCo,0,4 can be represented as Cu® + Co**
Cu?" + Co*, wherein electron hopping occurs via Co®*" <> Co?* and hole hopping via Cu** «—
Cu®. Moreover, the conductivity increases with temperature due to the thermal activation of
the drift mobility of charge carriers according to the hopping model [53-55].

As reported former, a cation site preference in the as synthesized CuCo,0,4 has been
seen with the Co?* ions occupying the B-sites while the Cu®* and Co®" ions are dispersed
among both A- and B-sites. However, XRD measurements refer to the conversion of Co** to
Co?* by increasing copper content with subsequent change in the cation distribution of spinel
structure. A corresponding increase in conversion of Co® to Co* increases in conduction
electrons, so the conductivity increases with the increasing copper content.

By applying Jonscher equation 7 "s" values were determined from the slope of
straight lines of the relation of conductivity with frequency "s" values decreasing with the
rising temperature as shown in Fig. 10. In our study, "s" values are less than 1 for all
temperatures [56]. This finding confirms that mechanism of Ac-electric conductivity for the
as synthesized composites can be attributed to the hopping conduction of charge carriers [57,
58]. Where, values of "s" are the frequency exponent which changes in the range from 0 to 1
representing the degree of interaction between mobile ions and its surrounding [59].
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Fig. 10. Variation of "s" values with temperature for S1, S2, and S3 samples.
3.5.3. Dielectric properties

The dielectric measurements expose insight into the performance of electrical charge
carriers. The effect of temperature and frequency on the dielectric constant & and tan ¢ of the
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nanoparticles were studied. Variation of €' for the S1, S2, and S3 nanoparticles at different
temperatures in the frequency range 10°-10° Hz is illustrated in Fig. 11. Investigation of this
figure revealed that the values of ¢' are 8.716x10°, 1.961x10° and 1.4744x10° at 100 Hz and
at room temperature and decrease with increasing frequency as 1.980x10°, 1578, and 2661 at
1000 Hz for S1, S2, and S3 respectively and at high frequency €' remains constant. At low
frequencies, as the temperature increases, &' increases for all samples. In other words, &
depends on the temperature.
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Fig. 11. The variations of dielectric constant (¢") with frequency at different temperatures for
the S1, S2, and S3 samples.

Dielectric constant &' can be discussed based on the polarization process. The
observed ¢' could be attributed to one the following factors; the contribution of ionic,
electronic, dipolar, and interfacial polarization. At low frequencies, the polarizations are
dipolar and interfacial; both of them are temperature dependent [60]. The crystal defect lead



280 N.M. Deraz et al.,/Science of Sintering, 54(2022)265-285

to a decrease in dipolar polarization and an increase in interfacial polarization with increasing
temperature [61]. This explains the high values of ¢’ at high temperatures and low frequencies.
However, at high frequencies, ¢’ becomes almost temperature independent. This may be due
to the dominance of the electronic and ionic polarization [60].
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Fig. 12. Variation of tan & with frequency at different temperatures for the S1, S2, and S3
samples.

The space charge or interfacial polarization dependence of dielectric dispersion for
CuO/CuCo0,04 composites can be explained from the Maxwell-Wagner theory and Koops
theory for inhomogeneous dielectrics [62-65]. Based on this model, the CuO/CuCo,0,
contains well-conducting grains (CuO and CuCo,0,4) separated by grain boundaries. By
applying an external field, the charge carriers within the grains migrate and accumulate at the
grain boundaries. This high accumulation of the charge carriers causes large polarization and
consequently high ¢".

The dipolar polarization in cobaltite can be attributed to the electron exchange
between Co**—Co?*. The value of ¢’ decreases with frequency, becoming constant at high
frequencies because the electronic exchange does not follow the external alternating field [66-
68]. In addition, there are electronic and ionic polarization that contribute to the net
polarization of the CuO/CuCo0,0,. This polarization is due to the electron exchange between
the presented cations (Co*—Co* and Cu®—Cu*) when an external electric field was
applied.



N. M. Deraz et al.,/Science of Sintering, 54(2022)265-285 281

The variation of the loss tangent (tan 0) with frequency at different temperatures of
the CuO/CuCo,0, system displays a normal behavior, as shown in Fig. 12. This figure
revealed that tan & decreases rapidly with increasing frequency, while in the high-frequency
region it becomes frequency independent. Based on the discussion earlier, the fluctuation of
the high resistive grain boundary is effective at low frequencies, and, therefore, greater energy
is required for the electron exchange between Co**«>Co?" ions causing high losses. In the
high-frequency region, which corresponds to low resistivity, the grains are more effective,
and as a result smaller energy is required for the electron transfer between Co®* «—Co*" ions.
The loss tangent is also affected by numerous factors such as stoichiometry, Co**
concentration, microstructural modifications, and cation distribution.

4. Conclusion

A series of CuO/CuCo,0, composites was successfully synthesized via combustion
method. XRD and FTIR results confirm the formation of spinel CuCo,0, via solid-state
reaction between copper and cobalt oxides. The change in the copper content resulted in
various modifications in the morphological character of nanoparticles. Various prepared
nanoparticles contain well dispersed particles with polyhedral, compact granular, and
agglomerated spherical-like structures. The grains of the investigated composites did not
exceed the nonmetric scale.

The calculated energy band gaps were 1.8, 1.5, and 1.2 eV for S1, S2, and S3
respectively. The coexistence of CuO and CuCo,0, brought about a decrease in the energy
band gap leading to good electrical properties of the investigated composites. The observed
values confirm the semiconducting behavior of synthesized nanoparticles. The DC electrical
conductivity of nanoparticles increases exponentially with the rising temperature. However,
the increase in the copper content brought about a decrease in the activation energy. The
decrease was more pronounced in S3 sample. So, it can be used in microelectronic devices.
In addition, increasing frequency and temperature increases the AC electrical conductivity.
The frequency exponent "'s" decreases with temperature due to the correlated barrier hopping
(CBH) mechanism.

The dielectric constant and loss tangent for all nanoparticles increase with increasing
temperature and reduce with increasing frequency. The semiconducting behavior of copper
cobaltite is inferred as the conductivity is found to increase with temperature. Thus, the
nanograins of CuCo,0,4 could suit well for semiconducting gas sensor applications by virtue
of having easily hopping majority carriers.
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Casncemax:. Cepuja xomnozuma CuQO/CuCo,0, je npunpemmena memooom cazopesara Ha
750 °C ca pasnuuumum monapuum oonocom Cu/Co. Kapaxmepusayuja pasnuuumux
KOMNO3UMA je CUCMeMAmCKU UCNUMAHA DA3HUM GHATUMUYKUM mexHuxama. Pendeencka
ougparyuja u FTIR ykasyjy na pacm 006po uckpucmanucanux Hanovecmuya CuCo,Q4 kyone
cnunenne cmpykmype. Cauxe TEM u CEM mukpockonuje ykazyjy Ha pagHoMepHy pacnooeny
yecmuya. W3 UV-euomusoe cnekmpa, uspauyname wupune 3a6parbeHux 30Ha ¢y oune y paney
00 1.2 u 18eV 3a pazmuuume cacmaege. Enexmpuuna ceojcmea cy MepeHa HA
memnepamypama usmehy 303 u 463K y ¢pexeenmuom onceey 102-106Hz. AC
nposoosuUsocm 3a0080mba6a Jonscher jeOnauuny, noceOHO HA BUCOKUM (ppekseHyujama.
Hobujenu pesynmamu mepene nposoosusocmu u OueieKmpuyHe KOHCmManme yKaszyjy oa ce
npunpemmbeny Y30pyu NOHAWAY KAo NOAYRpogooHu mamepujanu. Konauno, modcemo oa
sakwyuumo oa xomnozumu CuO/CuCo,O4 nokaszyjy ampaxmugua myamu-@QyHKYUOHAIHA
C80jCMBA 3a eNeKMPUYHY NPUMEHY.

Kuwyune peuu:. CuO/CuCo0,0, komnosum; onmuuka ceojcmed, NpoeoodbUsoCH,
OUeeKMpUyHa KOHCMAanma, noaynpo8OOHUYU.
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