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This work is a comparative study of the effect of two different annealing
methods on copper oxide (CuO) nanoparticle properties obtained previously by
direct precipitation method. The prepared samples were annealed in air at
various temperatures (300, 400, 500°C) for 1 hour. Then they were
characterized by employing scanning electron microscopy (SEM), X-ray
diffraction (XRD), UV-Visible, and Fourier Transform Infrared (FT-IR)
spectroscopy. The main results revealed an increase in the grain size in both
methods as the annealing temperature increases. It reaches 30.93 nm in RTA
and 26.75 nm in STA at 500°C. XRD spectra showed, in the case of RTA at 500
°C, a significant decrease in the intensity corresponding to the (002) and (111)
orientations. This result indicated that beyond 400 °C, one hour of RTA is not
suitable for enhancing CuO nanoparticle crystallinity compared to STA. The
optical analysis demonstrated that the energy of the optical band gap in STA is
higher than that in RTA. It reaches 2,88 eV at 500°C using RTA which is close
to the gap value of CuO in the range of 1.8-2.8 eV. FT-IR results showed, for
both methods, the presence of characteristic peaks of the Cu-O bonds in the
monoclinic CuO structure without any trace of Cu,O structure. Nevertheless,
samples exposed to RTA for one hour are more susceptible to absorbing species
of C=0 bond (C=0 bond is due to the atmospheric CO, absorption and the
presence of organic impurities from the synthesis process) than those of STA.
Hence, RTA at 500 °C is far from producing CuO nanoparticles with preferred
characteristics; it needs further research to examine the effect of higher
temperature by controlling the annealing time.

1. Introduction

Among metal oxides, nanoparticles have gained importance due to their very different

properties compared to those of bulk material [1]. Their properties depend on their size, shape,

and morphology [2-4]. Thus, the main advantage of nanomaterials is that they can be used to

improve current materials or create new ones with exceptional properties.
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Due to its outstanding properties, cooper oxide nanostructures attract considerable
attention. Cooper oxide is non-toxic , its constituents are available in abundance, it is a good
solar light absorber [5], a good electrical conductor [6], and it is stable at high pressure and
temperature [7]. The enhancement in these properties can be influenced by the morphology of
its nanostructures which in turn depends on the process of synthesis [3, 6, 8, 9].

The thermal annealing process is an important step in synthesizing nanostructures of
metal oxides including copper oxide. There are two techniques of thermal annealing which
include slow thermal annealing (STA) and rapid thermal annealing (RTA). The influence of
annealing process on thin film cooper oxide nanostructures is most commonly studied by
researchers [10-15] due to the possible multiple applications of these kind of materials [6, 16,
17]. Some of them confirmed the efficient impact of STA in an optimum annealing temperature
range of 200-650°C on structural and electrical properties of copper oxides thin films [10-12,
18-22], while others demonstrated that RTA is an effective and efficient technique to enhance
the structural properties with the aid of high annealing temperature ranging from 400°C to
800°C at different duration in accordance to the used temperature [13-15, 23].

Although several studies showed the effective implementation of cooper oxide
nanoparticles and their importance in environmental, energetic [24-33], and therapeutical
purposes, annealing process represents a crucial step in production of such materials. However,
there are only few reports describing the effects of annealing temperature referring to cooper
oxide nanoparticles [24, 40, 41].

Yet, in all previous research, the annealing process was performed in different
experimental conditions which in turn influence the obtained results. No study was conducted
so far that reported the results of the effect of a rapid and slow thermal annealing process
performed under the same experimental conditions to conclude the efficiency of one annealing
method relative to the other. Therefore, the aim of this work is to examine the efficiency of
rapid annealing and its effect on the physical properties of cooper oxide nanoparticles in

comparison to the slow annealing process.

2. Materials and Methods
2.1. CuO nanoparticles synthesis
CuO nanoparticles were synthesized using the precipitation method through the
following process: 2 g of CuSO4.5H>0 is dissolved in 20 ml of distilled water. In addition, 8 g
of NaOH has been dissolved in 200 ml of the same solvent. Each solution is stirred separately

for a few minutes at room temperature to obtain two homogenous solutions of 0.4 mol/l and 1
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mol/l respectively. Sodium hydroxide solution is completely added to the first solution of
cupric sulfate and then stirred for one hour on a heating plate set at 100 °C. The solution is then
left to cool at room temperature followed by filtration process to get a black powder. The
filtered material is carefully collected and dried in an oven for an hour at 100 °C to evaporate
all residual solvents on the substrate surface. After that, it was milled using a ceramic mortar,

which resulted in cooper oxide nano sized particles.

2.2. Specimen preparation

After synthesizing CuO nanoparticles, they were divided into two portions. From the first
portion, three fractions were prepared to undergo a rapid heat annealing at 300 °C, 400 °C, and
500 °C for one hour. In the same way, three other fractions were prepared from the second
portion but this time they undergo a slow heat annealing at the same temperatures and during
the same time. In both annealing processes, a Nabertherm GmbH annealing furnace was used.
It is an electrically heated furnace that heats from 30 to 3000 °C.

In STA, the sample is heated gradually in the oven starting from room temperature to the
target temperature with a heating rate of 2 °C per minute. Once the set temperature is reached,
the heating is maintained constant for one hour when it automatically stops heating allowing
gradual cooling of the sample. Whereas in the case of the RTA, the sample is heated directly
at the desired temperature for one hour, then it is immediately removed from the oven and
cooled at room temperature. Afterwards, the sample is put in a special glass tube which is
brought in through a hole drilled in the back of the oven made to evacuate the vapour produced
during heating.

After the heat treatment, different specimens were subdivided into small amounts to be

characterized.

2.3. Specimen characterization

To determine the nanoparticles’ size and shape, a morphological study was conducted
using a Scanning Electron Microscope type TESCAN-VEGO03. Magnification of 5 pm has been
used. Structural properties were studied using Rigaku Mini Flax 600 X-ray diffractometer (Cu
Ko radiation, A = 1,54056 A°), X-ray diffraction patterns were set between 20 = 20° and 80°
with a step of 0.5° per minute. In addition, infrared spectrophotometry (FT-IR-8400S) was used
as well. Optical properties were analyzed employing a UV-Visible spectrophotometer

(PerkinElmer-Lambda 25), the spectral range was measured between 200 and 800 nm.
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3. Results and discussion
3.1. Morphological Analysis

SEM images of the surface morphology of the prepared CuO nanoparticles are presented
in Figure 1. They show that most CuO nanoparticles are sheet-like shaped. Similar morphology
was found in the literature using the same synthesizing method [41]. Since the sheet average
particle size varies in a broad range it is not practical nor easy to determine the exact particle
size of the sample. Nevertheless, SEM results reveal some distinctions between the
morphology of RTA and STA samples annealed at different temperatures. RTA images at
different temperatures show an inhomogeneous distribution of the nanoparticles with large
conglomerates compared to STA samples [10]. This could be justified by the grain growth
mechanism correlated to rapid thermal annealing [42, 43]. The fast ramping to the target
temperature triggers the nucleation process within a short time, a higher temperature generates
high pressure which promotes the mutual diffusion of small and intermediate grains during

annealing, resulting in larger agglomerates [10, 44].

3.2. Structural Analysis

The X-ray diffractograms of the prepared CuO nanoparticles are presented in Figure 2.
The results show that the peaks in all obtained XRD spectra are well-matched with the
monoclinic phase of CuO crystals (JCPDS card No. 080-1268). All samples exhibit the same
preferential orientations, (111) and (002) which agree with research on copper oxide
nanoparticles [8, 9]. X-ray diffractogram analysis demonstrates that in both methods the
diffracted intensity of the most intense peaks increases with the increase of the temperature
except for the case of RTA at 500°C, where it decreases significantly as depicted in Figure 3
a, b. It is also noticeable that STA’s peaks are more intense than RTA’s peaks at all positions
and almost at all the studied annealing temperatures (Figure 2). Further, Table 1 indicates that
the crystallite size calculated in both techniques of annealing increases with the increase of the

temperature but it takes higher values in RTA’s cases.
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Figure 1. SEM images of the CuO nanoparticles synthesized using (a) RTA and (b) STA at 300°C, 400°C, and
500°C for one hour of annealing.
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Figure 2. XRD patterns of CuO nanoparticles prepared with RTA and STA at 300°C, 400°C, 500°C for one
hour of annealing
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Figure 3. The predominant peak corresponding to the (002) orientation as a function of annealing temperature
and method: (a) RTA case, (b) STA case

To explain those observations, it is necessary to return to the factors associated with both
peak intensity and crystallite size. Thermal treatment increases the crystalline nature which
leads to an increase in the number of grains orientated in a particular direction. By increasing
the annealing temperature, many different grains of the same orientation coalesce together and
form a large grain having a certain orientation. Therefore, the diffracted intensity is supposed

to be increased as the crystallite size increases which is the case with STA samples. In contrast,
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RTA’s spectrum measured at 500 °C revealed a significant decrease in the intensity even
though the crystallite size increased at that temperature. This proves that texture may change
during grain growth and affects the kinetics in the process of rapid annealing [45].

This could be justified by the fact that the rapid annealing process at high temperature
(above 400 °C) for one hour can favor the crystallization process but at the same time may
produce microcracks in the growing grains after sudden cooling from high temperature to room
temperature [46, 47]. These micro-cracks can scatter X-rays in different directions thereby
changing the texture and reducing the peak intensity in a particular direction as indicated in
Figure 3a. As it can be attributed to the grain recrystallization in contrast to recovery behavior
which occurs in the case of RTA at relatively high temperatures [46, 47]. recrystallization
results in the formation of new grain orientations which explains the reduction of the peak
intensity and the recovery occurs during the incubation period for recrystallization [47], which,
on the other hand, explains why the grain size did not decrease. Peak intensity can increase
again when the recrystallization is completed and this depends on both the annealing time and
temperature [45-49].

For this reason, further study is required to be conducted about the effect of rapid
thermal annealing time and temperature.

The high intensity of STA’s peaks compared to RTA’s peaks may be explained by the
difference in the crystal structure factor of the samples. The intensity diffracted in a specific
orientation is directly related to the square of the structure factor modulus. This latter indicates
the overall ray diffusion from every crystal plane and depends on the arrangement of atoms in
the crystal. In other words, it is related to both the crystal structure and composition. Therefore,
the peak intensity is affected by the thermal agitation of the atoms and, broadly, by the disorder.
Atoms which have treated by rapid heating are agitated and susceptible to disorders more than
those undergone slow heating. The latter has time to return to its equilibrium state, this leads
to a low state of disorder and high diffracted intensity.

In addition, Figure 3 shows that by increasing temperature, curves shift towards
increasing 0 in both methods, especially in the STA method; this means that the nanoparticles
have undergone compressive stress. This can be explained by the merging process induced by
increasing thermal annealing and this, in turn, increases the grain size [10, 42].

In the temperature range of 300 to 500 °C, the crystalline size increases from 19.99 to
31.47 nm. Table 1 presents the calculated compressive stress and dislocation density (0) values.

Where 6 is obtained from the crystallite size (D), according to the formula [50]:
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Whereas, the micro stain values were determined using the following formula [50]

__ BcosB

° @

As illustrated in Table 1, the dislocation density and the compressive stress values
decrease as the temperature increases in both techniques of annealing. The decrease is slightly
higher in RTA than in STA. The increase in the temperature increases the kinetics and the
interactions of the dislocations. This leads to an increase in the migration and annihilation of

the dislocation and consequently to a decrease in their density.

Table 1. Structural properties of CuO nanoparticles annealed following two methods

Annealing Method STA RTA
Annealing temperature T(°C) 300 400 500 300 400 500
Cristillize size (nm) 22.28 23.48 26.75 2236 2422 3093
Straing (%) 10 0.146 0.141 0.120 0.139  0.133  0.099
Dislocation density ¢ (nm™) 102 0.201 0.181 0.139 0.200 0.170 0.104

However, rapid thermal annealing enhances the concentration of the vacancies in the
lattice arrangement which, in turn, increases the velocity of dislocation glide motion.
Therefore, the dislocation density is reduced more effectively in rapid thermal annealing than
in slow thermal annealing. This can also be attributed to the grain boundary effects. It is known
that dislocation density, stress, and grain boundary size are interrelated [51]; Grain boundaries
play an important role in strain-hardening. They prevent dislocations from moving in the metal
while it is being strained. The more dislocations are blocked; it becomes harder for the metal
to deform. That's probably what happened in the case of the RTA in which crystallite size
takes higher values than those in STA; thereby, higher values of boundary size and lower values

of stress.

3.3. Optical analysis

The optical band gap energy (Eg) of CuO nanoparticles was estimated employing the
absorption spectrum fitting method (ASF) [52]. In this method, the optical band gap can be
calculated using only the absorbance spectrum without any need for calculating the thickness.

It is based on the following equation [52]:
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Where A4 is the absorbance, A is the wavelength, B; and B are independent of 4, m takes

the value of ; for the best fitting.

1240
- The value

Thus the value of the band gap is obtained from %, where Eg equal to
)

. . . . A 1 .
of Ag can be determined by extrapolating the straight line of (E)2 versus — curves, shown in

Figure 4, at (%)2 = (). Table 2 displays the variation in the optical gap as a function of the

annealing temperature. It can be noticed that the optical gap decreased by increasing the
annealing temperature in the two cases of the annealing method. However, the RTA method
yielded lower values of the energy gap, especially at 500 °C (Figure 5). This may be justified
by the fact that the increase in particle size decreases the optical gap according to the potential
well quantum theory, i.e the quantum confinement in nanometer particle-sized materials. This
result confirms what is mentioned above (Figure 1): the particle size of RTA is larger than the

particle size of STA.

Table 2. Energy gap values calculated using two methods of annealing at different

temperatures
AnnealingTemperatureT(°C) 300 400 500
RTA : Eg (eV) 3.72 3.63 2.88
STA : Eg (eV) 391 3.87 3.79

On the other hand, to better understand the effect of two types of annealing processes on
the structure of copper oxide, an infrared absorption bands analysis was performed. FT-IR
spectra of all the samples are presented in Figure 6. All samples’ spectra show a wide band
located at around ~ 3440 cm! corresponding to the O-H group stretching of a water molecule
adsorbed on the oxide surface [53], and an intense peak located at ~ 1384 cm™ which is
attributed to the stretching vibration of C=0O group, indicating the presence of absorbed species
in the surface of nanoparticles [53, 54]. CuO is a compound composed of copper and oxygen
atoms. It’s an inorganic compound; typically it should not contain carbon-oxygen bonds within
its structure. However, a peak at 1384 corresponds to a C-O bond (by comparison to the
standard chemical tables of chemical element bonds) appears in the FTIR spectrum of CuO
nanopowder. We justify that the presence of organic impurities from the synthesis process

especially at the level of the oven (heat treatment) since we have used atmosphere annealing
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for our samples not under a vacuum annealing process (1384 cm™ peak is due to the
atmospheric CO; absorption). This problem is commonly noticed when analyzing FTIR spectra
of many inorganic materials and the atmospheric CO absorption; it's considered as sources of
contamination or interference that lead to unexpected signals. Another intense peak at around
613 cm’! is attributed to the Cu-OH vibration bands [54], but the most intense absorption band
is located at around 494 cm™ and 504 cm’!, it is assigned to the stretching vibrations of Cu-O
indicating the formation of copper oxide [55]. It is noticed that by increasing the annealing
temperature, Cu-O bond concentration increased and Cu-OH bond concentration decreased
especially in the case of RTA. However, the decrease of O-H and C=0O bond concentration is
noticed in the case of STA, particularly at 500°C where the O-H group disappears. This means
that 500 °C is not sufficient to remove all residues and impurities in RTA more than in STA.
No FT-IR peak of CuO existed in all synthesized samples. Both methods of annealing did not
affect the crystal phase of CuO nanoparticles but affected only the crystal quality. The same
result was found in the literatures [41, 56].

On the other hand, to better understand the effect of two types of annealing processes on
the structure of copper oxide, an infrared absorption bands analysis was performed. FT-IR
spectra of all the samples are presented in Figure 6. All samples’ spectra show a wide band
located at around ~ 3440 cm™! corresponding to the O-H group stretching of a water molecule
adsorbed on the oxide surface [53], and an intense peak located at ~ 1384 cm™ which is
attributed to the stretching vibration of C=0O group, indicating the presence of absorbed species
in the surface of nanoparticles [53, 54]. CuO is a compound composed of copper and oxygen
atoms. It’s an inorganic compound; typically, it should not contain carbon-oxygen bonds within
its structure. However, a peak at 1384 corresponds to a C-O bond (by comparison to the
standard chemical tables of chemical element bonds) appears in the FTIR spectrum of CuO
nanopowder. We justify that the presence of organic impurities from the synthesis process
especially at the level of the oven (heat treatment) since we have used atmosphere annealing
for our samples not under a vacuum annealing process (1384 cm™ peak is due to the
atmospheric COz absorption). This problem is commonly noticed when analyzing FTIR spectra
of many inorganic materials and the atmospheric CO absorption; it's considered as sources of
contamination or interference that lead to unexpected signals. Another intense peak at around
613 cm’! is attributed to the Cu-OH vibration bands [54], but the most intense absorption band
is located at around 494 cm™ and 504 cm’!, it is assigned to the stretching vibrations of Cu-O
indicating the formation of copper oxide [55]. It is noticed that by increasing the annealing

temperature, Cu-O bond concentration increased and Cu-OH bond concentration decreased
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especially in the case of RTA. However, the decrease of O-H and C=0O bond concentration is
noticed in the case of STA, particularly at 500°C where the O-H group disappears. This means
that 500 °C is not sufficient to remove all residues and impurities in RTA more than in STA.
No FT-IR peak of Cuz0 existed in all synthesized samples. Both methods of annealing did not
affect the crystal phase of CuO nanoparticles but affected only the crystal quality. The same

result was found in the literatures [41, 56].
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Figure 4. ASF diagrams for samples prepared using (a) RTA and (b) STA annealing methods at 300°C, 400°C
and 500°C for one hour of annealing
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Figure 6. FTIR spectra of CuO nanoparticles prepared following: (a) RTA and (b) STA at 300°C, 400°C, 500°C
for one hour

4. Conclusions

In summary, this work reports the results of rapid and slow temperature annealing effect
on the structural and optical properties of copper oxide nanoparticles. RTA and STA effect was
studied for the first time under the same working conditions using the direct precipitation
method to synthesize copper oxide nanoparticles. The objective of this work is to provide data
on the effect of rapid thermal annealing on copper oxide nanoparticle properties and to examine
its efficiency compared to slow thermal annealing in enhancing these properties. The results
showed that samples in both methods exhibit a sheet-like shape at different tested temperatures.
They revealed a change in the texture of samples that underwent rapid thermal annealing at
500 °C for 1 hour. Compared to STA, RTA at 500 °C is not sufficient to remove all residues
and impurities but it recorded relatively the lowest value of band gap energy. Thus, rapid
thermal annealing at 500°C resulted in improved optical properties of CuO nanoparticles
whereas STA resulted in improved crystalline nature of CuO nanoparticles. Further increases
in annealing temperature and reductions in annealing time at the target temperature are needed

to study the effect of RTA on improving the crystallinity of copper oxide nanoparticles.
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