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ABSTRACT

CuO nanopowder oxide was synthesized by reflux condensation method without any surfactants or templates, using copper
nitrate in deionized water and aqueous ammonia solution. The structural, optical and electrical properties of the sample were
investigated using X-ray diffraction (XRD), FT-IR, UV-visible spectroscopy and impedance spectroscopy measurements. The
X-ray diffraction patterns revealed that CuO nanoparticles (NPs) was formed in pure monoclinic phase and good crystalline
quality, whose NPs sizes were of the order 25 nm which an average size can be tailored by the synthesis time. FT-IR spectra of
CuO NPs used to detect the possible adsorbed species on the CuO materials. In addition, the peaks at 529 and 604 cm™
correspond to the characteristic stretching vibrations of Cu-O bond in the monoclinic CuO. The optical absorption property has
been determined by UV-visible Spectroscopy in the wavelength range of 200—-800 nm which indicate the energy gap (Eg). As
result, Eg increases with increasing the synthesis time from 2.72 to 1.87 eV. The complex measurement has been investigated at
room temperature, and in the frequency range 40 Hz—100 kHz, showing that Nyquist plots (Z' versus Z") are well fitted to an
equivalent circuit model which consists of a parallel combination of a bulk resistance R, and constant phase elements CPE. On
the other hand, the capacitance and the conductance of CuO NPs have a proportional relationship to the charge transfer and the
surface electrode-pallet. These properties make these materials very promising electrode. Copyright © 2015 VBRI press.
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Copper oxide (CuO) has attracted much attention in recent
years because of its promising applications such as CuO is
an attractive p-type metal oxide semiconductor that has
unique electrical, optical and catalytic properties, solar
cells, gas sensors [1-4]. CuO is widely used in
electrochemical cells [4], gas sensors [5-7], magnetic
storage media [8, 9], photovoltaic cells [10], light emitters
[11], thermoelectric materials [12, 13].

Among these CuO nanostructures, the formation of CuO
nanowires and nanoparticles has been extensively studied
by using several techniques, such as precursors [14],
hydrothermal decomposition [15], self-catalytic growth
[16] and solvothermal [17] routes. Cupric Oxide having
monoclinic structure is a unique monoxide compound for
both fundamental investigations and practical applications.
Using CuO nanoparticles with narrow size distribution for
these applications would further promote the chemical
reactivity of the nanoparticles because as the particle's size
reduces the surface-to- volume ratioin creases,and
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consequently the number of reactive sites increases [18—
22].

The p-type semiconductor of copper oxide (CuO) is an
important functional material used for gas sensors,
magnetic storage media, solar energy transformation,
electronics, semiconductors, varistors, and catalysis. It has
therefore been studied together with other copper oxides,
especially with respect to its applications as a photo
thermally active and photoconductive compound [23].

CuO reveal Narrow band-gap p-type semiconductor
between 1.2 and 1.5 eV, wish have been particularly
interesting because of their promising for electronic and
optoelectronic devices. CuO is a key component in high
superconductors and is also used as a photoconductive
material. Owing to its photochemical properties, CuO has
been widely used in the fabrication of anode material for
Li-ion battery [24, 25].

In this paper CuO NNPs were synthesized using the
reflux condensations approach without the assistance of
surfactants or organic solvents has been introduced as a
simple synthesis method of fundamentally important well-
defined nanometer-sized materials under mild conditions.
Even though some studies concerning the formation of CuO
NNPs via various kinds of methods have been reported
[26-29], studies on the formation of the CuO NNPs have
been performed.

In addition, the structural, optical, electrical properties
were investigated by X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), UV-Vis. Also, the
several of the NNPs size nanostructures were demonstrated
to evaluate the structural parameter of CuO. The variation
of the optical behavior as a function of CuO NNPs size has
been investigated in this work.

Experimental
Synthesis of CuO nanopowder

CuO nanopowders were prepared by simple reflux
condensation method. In a typical synthesis, 0.1 mol/L of
copper nitrate trinydrate (Cu(NO); 3H,0) was prepared in
75 mL of deionized water under constant stirring until a
homogeneous blue color solution was obtained. Then, 5
mol/L of aqueous ammonia solution was injected
vigorously under constant stirring, and the resulting blend
was refluxed at 80°C for 6 hours. When ammonia was
injected the initial solution turned from blue color to violet
color and as the time proceeds the solution further turned to
black color indicating the formation of CuO. The product
was cooled to room temperature naturally, and the black
precipitate was obtained by centrifugation and washed with
methanol several times to remove the remnant ions. Finally,
the black product was dried in air at 80°C for 4 hours.

Characterization and impedance analysis:

X-ray diffraction spectra were carried using a Bruker D8-
Advance diffractometer equipped with a source delivering a
monochromatic Cu Ko, radiation (A = 1.54056 A), with
step size 0.02. Infrared spectra were recorded using a KBr
cell Fourier transformed IR equipment and infrared
spectroscopy (NICOLET IR200), of wave ranged from
4000 to 400 cm™. Each sample was scanned 40 times for

spectrum integration, and scanning resolution was 2 cm™.
Different methods of implementation allow us to have
information on the solution UV-VISIBLE
spectrophotometer (SHIMADZU, UV-1650PC). A pallet of
CuO powder in thickness was used for the electrical
measurements, where the electrical measurements of the
real and imaginary components of the impedance
parameters (Z' and Z") were made over a wide at room
temperatures and frequencies (40 Hz-100 kHz). These
measurements were performed by using a Tegam 3550
impedance analyzer.

Results and discussion
Structural and surface analysis

XRD patterns of CuO NNPs grown on copper foils for
different synthesis time are shown in Fig. 1. Different peaks
were observed at (20) = 32.67° (111), 35.63° (002), 38.90°

(111), 48.83° (202), 53.60° (020), 58.24° (202), 61.59°

(213), 66.5° (022) and 68.19° (220) corresponds to
different planes of monoclinic phase of CuO (with S.G.
C2/c; and lattice constants (JCPDS No. 02-1225) [30].

It is clear that the major peaks located at 26 = 35.43°
and 38.49° are the characteristics peaks for the pure
monoclinic phase of CuO NNPs. The sharp and narrow
diffraction peaks indicate that the material has good
crystallinity and no other impurities were detected. The
average grain size of copper oxide is calculated by using
the Scherrer formula:

D=0.89 1./ B cosd 1)

Where D is the crystallite size, A is the wavelength
(1.5406 A for Cu Ka), p is the full-width at half-maximum
of main intensity peak after subtraction of the equipment
broadening and 6 is the diffraction angle. The average grain
size was found to be around 20-35nm.
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Fig. 1. XRD pattern of powder samples CuO prepared at different
synthesis time.

Furthermore, increased preparation time noticed that all
peaks of CuO (Fig. 2) are slightly shifted to higher angles
indicating a small decrease in the NNPs size. More
important to observe the lower peak intensity is especially
in the case of prepared CuO in 24 hours. Otherwise, these
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observations indicate that the change NNPs size depends on
the synthesis time, which can be explained by the particles
formation and stabilization.
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Fig. 2. Illustration of the shift of peak.

UV-vis absorption spectra and energy gap calculation

The absorption spectra of the as-synthesized samples with
average synthesis time of 6, 12 and 24 hours is shown in the
Fig. 3. The figure depicts absorption peaks at about 205,
214 and 221 nm for the three samples, respectively. Until
the synthesis time of these NNPs influence on the size, this
is small shift in the band gap. These facts result from can be
explained, to the increase of electron concentration due to
copper stabilization. With increase in the annealing
synthesis time from 6 to 24 hours, the optical absorption
edge slightly shifted towards longer wavelength, which may
be attributed to the increase in grain size [31, 32].

The optical band gap (Eg) of CuO was determined by
using the formula:

(ahv)" = B(hv-Eg) )

Where B is a constant related to the material, hv is the
photon energy in eV, h is Plank's constant, v is the
frequency of the photon, Eg is the optical band gap in eV, n
is an exponent that can take a value of either 2 for direct
transition or ' for an indirect transition, and o is the
absorption coefficient (in cm™) [33, 34].
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Fig. 3. UV-visible absorption spectra of colloidal CuO nanoparticles for
different synthesis time.
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Fig. 4 represents (ahv)® versus hv plots for direct
transition and the extrapolation of linear curve to zero
absorption edge energy corresponds to band gap Eg of
absorption spectra for three different synthesis time of CuO
nanoparticles.

From UV-vis results, the shift in the band gap attributed
to the effect of synthesis time on the crystallinity of CuO,
which shows a greater shift compared with that of the bulk
(1.72 eV) due to the size effect [35].
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Fig. 4. Direct band gap estimations of colloidal CuO nanoparticle
samples for different synthesis time: (a) 24 hours, (b) 12 hours and (c) 6
hours.

Thus, the observed shift in the optical absorption
spectra with particle size reduction is a clear sign of the
energy gap enlargement due to the quantum-confinement
effects. In this case, the optical band gap changes in CuO
samples upon increasing in synthesis time due to the change
of crystallinity [36].

Indeed, the band gap was found to be 1.87 eV from the
UV-visible spectra which conforms CuO crystals having
semiconductor character, where they obtained direct band
gap values are depends on the size and the synthesis time of
NNPs (Table 1). The observed increase in the direct band
gap values of CuO with the decrease in NNPs size is
attributed to the quantum-confinement effect [37, 38].

Table 1. Dependence of energy gap and nanoparticles size with the
synthesis time.

Time 24 12 6
(hours)

NNpsize 23.025 35.04 29.58
(nm)

Eg 1.87 1.82 1.72
(eVv)

FT-IR investigations and effect of the synthesis time

The FT-IR transmittance spectrum (Fig. 5) of the CuO
nanopowder synthesized for different synthesis time was
recorded at room temperature. The absorption bands at
430, 507, and 606 cm™ have been observed which is due to
the Cu-O stretching in the monoclinic phase of CuO [39].
This FTIR analysis confirmed that the solid powder
synthesized for different synthesis time was in pure phase
of CuO. Weak and broad absorption bands at 1637 and
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3432 cm™ have been observed due to the existence of water
molecules and 1354 cm® is due to C-H stretching
vibrations. No vibrations at 615-621 cm® of Cu,O
impurities were detected [40].
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Fig. 5. FT-IR spectra of CuO nanoparticles for different synthesis time.

Fig. 6 shows that the preparation time has a significant
effect on the NNPs CuO, in which the existence of an offset
of 10 cm™ to higher wavelengths for the same band
vibration of elongations type SiO,4. This shift is explained
by the effect of synthesis time, which leads to a weakening
of the interaction between Cu-O. Moreover, CuO prepared
in 6 hours is characterized by the absence of the band
around 2350 cm* that it is very likely they are due to the
synthesis time effect, which enters into the formation and
stabilization of CuO NNPs.

@

84 e ]

3

704

Transmitance(a.u)

v y \
900 1200 2200 2400

Wavenumber (cm”)

Fig. 6. Change of vibrational bands of CuO recorded for different
synthesis times: 1) 6 hours, 2) 12 hours and 3) 24 hours.

Impedance analysis

Complex impedance plotting techniques can be used to
differentiate conduction processes, build the equivalent
circuit model and analyze the mechanism of the sensing
materials [41-44]. The frequency range is 40 Hz-100 kHz.
ReZ (Z") and ImZ (Z") are the real part and imaginary part
of the complex impedance, respectively. In order to study
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the characteristics of our compound CuO (24 hours), the
imaginary and real part of impedance is plotted in Fig. 7. It
is Claire that the data points are located on circular arcs
passing near the origin and having centers below the real
axis. The arc pattern tells us about the electrical process
occurring within the sample, and their correlation with the
sample microstructure when modeled in terms of an
electrical equivalent circuit [45-47]. It allows the
establishment of correlations between electrochemical
system parameters and impedance elements characteristics.
Therefore, the complex impedance curve of this compound
can be represented by the Debye model, which suggests the
existence of an arc of a circle centered on the real axis, and
many investigations have explained that it is due to a kind
of polarization and can be modeled by an equivalent circuit
of parallel resistor and capacitor [44, 48, 49]. This
semicircle represents a kind of sensing mechanism, which is
based on the conductivity of present proton, only free
protons can be formed. Indeed, they can migrate by
hopping from site to site across the surface.

§,00x107 .
. .
e Fit
4,50x10" ] . .
[ ]
| | | | ] ] -
[] []
| |
— n
a i . . "
=~ 300010 4 n »
N ] A "y [ ]
| ] ‘ n n
1,50010 o
0.00

Fig. 7. Debye plots of CuO at room temperatures.

Fig. 8 (a) and (b) show the variation of the real (Z") and
imaginary (Z") parts, where they values are high in the low
frequency region. This effect is due to the accumulation of
free charges at the pellet—electrolyte interface. Although, in
high frequency both values tend towards values close to
zero, that indicates the decrease in the dielectric constant of
the material. All the curves merge in high-frequency region
(>10° Hz), and then Z' becomes independent of frequency.
Such behavior indicates the presence of relaxation in the
system.

Nyquist plots reported in Fig. 8 show a good conformity
of calculated lines with the experimental data indicating
that the suggested equivalent circuit describes the pellet—
electrolyte interface reasonably well. Fig. 9 shows the
frequency dependence of Z' and Z" at room temperature. As
the frequency increases Z" increasing whereas Z' decreases.
This trend continues up to a particular frequency which in
Z" occupies a maximum value and in Z' intersects.
Furthermore, if the frequency increases both Z' and Z"
decrease, and above 10° Hz both values merge with X-axis.
This indicates that there exists a relaxation phenomenon.
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Fig. 8. Variation of real a) and imaginary b) parts of impedance as a
function of frequency at room temperature.
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The equivalent circuit of CuO sample (Fig. 10)
corresponds to the parallel combination of polarization
resistance Rb (bulk resistance) and a term of complex
elements: constant phase elements (capacity of the fractal
interface CPE) [50].
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Fig. 10. (a) Complex plane of CuO nanoparticles at room temperature
and (b) electrical equivalent circuit.

Frequency dependence of conductance and capacitance

The angular frequency dependence of the conductivity for
the sample is shown in Fig. 11. In fact, the conductance
curves reveal two distinct regions, the low frequency
regions and high frequency regions. The variations of
conductance with frequencies find that conductance
increases with rise in frequency. This increase of the
conductance is attributed to materials activation which
allows the hopping of charged carriers between different
localized states. Different conduction mechanisms
(hopping, tunneling or free band) can lead to power law
behaviour for the conductivity. Since, it is difficult to
decide which of the mechanisms is responsible for the
observed conduction properties in the CuO NPs. The
evolution of frequencies dependence of the conductance
value can help to explain the conduction mechanism in this
sample. This provides further evidence in support of the
activated conduction processing CuO [52], when a sample
is placed in an electrical field, electrons hop between
localized sites. The charge carriers, moving between these
sites hop from a donor to an acceptor state. So far, different
conduction mechanisms (hopping, tunneling or free band)
can lead to power law behaviour for the conductivity.

In order to investigate the different kind’s effects of
CuO surface functional on the capacitance, Fig. 12 shows
the capacitance—frequency characteristics of CuO NPs
measured at fixed voltage. In general, the capacitance of the
materials decreased with the increase in frequency. Here,
the accumulation capacitance decreased and it presents
fluctuation for the materials. As the frequency increases,
capacitance increases, which display the applicability of the
prepared samples evaluated as the active material in
capacitors. As result, a significantly capacitance decreases
by increasing the frequency can be attributed to the fact that
at low frequencies the electrode material can be fully
utilized while at higher analysis rates. The high capacitance
at low frequencies depends on the ability of the charge
carriers to follow the applied signal, while the decrease in
capacitance at higher frequencies, the charge at the
interface may not follow signal [53, 54]. All these results
reveal the strong effect of samples stability on the
capacitance performance of CuO NPs.
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Fig. 11. Characteristics conductance- frequencies of CuO NPs.
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Conclusion

In summary, CuO nanoparticles with a monoclinic structure
were successfully prepared using a reflux condensation
synthesis process. The results show that the variation in the
synthesis time have influence the structural and optical
proprieties of CuO nanoparticles. In the UV-visible
absorption, shift of band-gap energy was observed with
decreasing nanoparticle size due to the synthesis time
effect. This is also in agreement with the direct band gap
energy calculation based on the absorption spectra which
showed higher values for smaller nanoparticle size. Our
experimental results demonstrated that the as prepared CuO
nanoparcile has a good electrical property. Besides, Z' and
Z" curves merge above 10° Hz at room temperature reveal
the space charge polarization. These present observations
can help improve our understanding of the formation and
physical properties of CuO nanoparticles.
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