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This work is a comparative study of the effect of two different annealing
methods on the copper-oxide (CuO) nanoparticles’ properties. These later
are synthesized using the direct precipitation method. Rapid thermal an-
nealing (RTA) and slow thermal annealing (STA) are two methods of an-
nealing tested. The prepared samples are annealed in air at various tem-
peratures of 300, 400, 500°C for 1 hour. Then, they are characterized by
employing scanning electron microscopy (SEM), x-ray diffraction (XRD),
UV-visible and Fourier Transform Infrared (FT-IR) spectroscopies. The
main results revealed an increase in the grain size with both methods as
the annealing temperature increases. It reaches 30.93 nm with RTA and
26.75 nm with STA at 500°C. XRD spectra show, in the case of RTA at
500°C, a significant decrease in the intense picks corresponding to the
(002) and (111) orientations. This result indicates that, beyond 400°C, one
hour of RTA is not suitable for enhancing CuO-nanoparticles’ crystallinity
compared to STA. The optical analysis demonstrates 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 that is close to the gap value for CuO in the range of
1.8-2.8 eV. FT-IR results show, for both methods, the presence of charac-
teristic peaks of the Cu—O bonds in the monoclinic CuO structure without
any trace to Cu,O structure. Nevertheless, samples subject to RTA for one
hour are more susceptible to absorbing species of C=0 bond than those sub-
ject to STA. Hence, RTA at 500°C is far from producing CuO nanoparticles
with preferred characteristics. It needs further research to examine
higher-temperature annealing with controlling annealing time.

IIa poboTa € TOPiBHANBHUM OOCTiIMKEHHAM BILINBY ABOX Pi3HUX METOHAiB
BifiTa/IIOBaHHA Ha BJIACTUBOCTI HaHOUYacTMHOK okcuay Kympymy (CuO). ITis-
Hirre ixX OyJI0 CMHTE30BaHO METOAOM IIPAMOrO ocalKeHHs. ByJyio mpoTecToBa-
HO JBa METOIW BiATatoBaHHA: IMBUAKE TepMmiuHe BigmamtoBanHa (IIITB) rTa
noBinbHe Tepmiune BigmamioBauHs (IITB). IligzroroBneni spasku BigmamioBa-
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Ju Ha 1ToBiTpi 3a pisumx temmeparyp y 300, 400, 500°C ympomos:x 1 romu-
uu. IloTiMm iX xXapakTepusyBaju 3a AOIOMOIOI0 CKAHYBAJIbHOI €JIeKTPOHHOI
mikpockomnii (SEM), perTreniBeskoi qudpaxiii (XRD), Y®P-onTuuHOI CIEKT-
pockomii Ta iH(ppauepBoHoi cuexkTpocKotmii 3 @yp’e-meperBopom (FT-IR). Oc-
HOBHIi pes3yJibTaTH MOKas3aju 30iJbIIIeHHA PO3Mipy 3epeH 3a oboMa MeTogaMu’
3 IiABUINIEHHAM TeMmmOepatypu Bigmaay. Bim carae 30,93 am iz IIITB i
26,75 um iz IITB 3a 500°C. PeHnTreHiBchbKi Audpakitiiidi cnmeKTpu MOKasau
y Bumnaaky IIITB sa 500°C sHauHe 3MeHIIIeHHS iHTEHCHUBHUX ITiKiB, IIO Bij-
noBigaroTk opieHTamiam (002) it (111). Ileit pesyabTaT mokasas, IO IIOHAT
400°C oxmma roamua IIITB He migXoAuTh AJA HiABUINEHHSA KPUCTAJIIUHOCTU
HamouacTuHoK CuO mopiBHano 3 IITB. OnTuuna aHaxisa mokasaja, IO eHe-
prisg omrmunoi 3abopoHenoi 3ouu 3a IITB Buima, Hi:xk 3a IIITB. Boua csarae
2,88 eB z3a 500°C 3 Bukopucranaam IIITB, mo 6au3bKo M0 3HaYeHHA 3a00-
pouenoi soumm CuO B gismasoumi 1,8-2,8 eB. Pesyasratum FT-IR moxasanmu
Ias1 060X MEeTOAiB HasBHICTH XapaKTepHUX HikiB Bixg 3B aA3kiB Cu—0O y MoHO-
KaiHHIT cTpyKTypi CuO 6e3 Oyab-axkux ciaifgiB crpykrypu Cu,0. Tum He
MeHI, 3pasku, migmani IIITB mporarom oxHiei rogmawm, OGiabINT CXUJIBHI 0
MOTJIMHAHHSA YacTUHOK 3i 3B’ a3kamu C=0, Hixk 3pasku, miggani IITB. Orxe,
IIITB za 500°C e mamexum Big yTBopeHHA HaHouacTuHOK CuQO 3 OakaHUMU
XapaKkTepucTukamu. € morpeba y IOJANBINNX MOCHiIKeHb AJS BUBUEHHS
Bifmasy 3a BUIIOI TeMIepaTypu 3 KOHTPOJIEM Yacy BiAIlayIlOBaHHSA.
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synthesis methods, rapid thermal annealing.
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1. INTRODUCTION

Nanoparticles are particles of matter, whose properties are quite
different from those of the corresponding 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 having exceptional
properties.

Copper oxide in its nanostructure attracts considerable attention
because of its outstanding properties. It is non-toxic, its constitu-
ents are available in abundance, it is a good solar absorber [5], a
good electrical conductor [6], and it is stable at high pressure and
temperature [7]. The enhancement in these properties can be influ-
enced by the morphology of its nanostructures, which in turn de-
pends on the process of synthesis [3, 6, 8, 9].

The thermal annealing process is an important step in synthesiz-
ing nanostructures of a metal oxide including copper oxide. There
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are two techniques of thermal annealing, which are slow thermal
annealing (STA) and rapid thermal annealing (RTA). The influence
of these kinds of annealing on the physical properties of copper ox-
ide in the form of thin-film nanostructure is the most commonly
studied by researchers [10—15]. This may be due to the diverse ap-
plications possible of this kind of nanostructure [6, 16, 17]. Some
of them confirmed the efficient impact of STA in an optimum an-
nealing-temperature range of 200—-650°C on structural and electri-
cal properties of thin copper-oxide films [10-12, 18-22], and others
demonstrated that RTA is an effective and efficient technique to
enhance the structural properties in a high annealing-temperature
range from 400°C to 800°C for a tuning time corresponding to each
temperature [13-15, 23].

Nevertheless, several studies showed the effective implementa-
tion of copper oxide in form of nanoparticle structure to produce
materials for environment, energy [24—33], and therapeutics [34—
38]; annealing process in operation represents an important step in
synthesising copper oxide [39, 40]. There are only a few reports
studied the effects of annealing temperature in the case of copper-
oxide nanoparticles [24, 40, 41]. Yet, in all previous research, the
annealing process was performed in different conditions, which are
specific to each experimental work, and they in turn may influence
the obtained results. No study was conducted so far that reported
the results of the effect of the rapid and slow thermal annealing
processes performed under the same experimental conditions to con-
clude the efficiency of one annealing method relative to the other.

Therefore, this work aims to examine the efficient effect of rapid
annealing on the physical properties of copper-oxide nanoparticles
compared to the slow annealing process.

2. MATERIALS AND METHODS
2.1. CuO-Nanoparticles’ Synthesis

CuO nanoparticles were synthesized using the sol-gel method
through the following process. 2 g of CuSO,-5H,0 is dissolved in 20
ml of distilled water. On the other hand, 8 g of NaOH has been dis-
solved in 200 ml of the same solvent. Each solution is stirred sepa-
rately for a few minutes at room temperature to obtain two ho-
mogenous solutions of 0.4 mol/l and 1 mol/l, respectively. Sodium
hydroxide solution is completely added to the first solution of cu-
pric sulphate and then stirred for one hour on a heating plate set at
100°C. The solution is then left to cool at room temperature; then,
it is filtered to get a black powder. This later is carefully collected
and dried in an oven for an hour at 100°C to evaporate all residual
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solvents on the substrate surface. After that, it was milled using a
ceramic mortar. Thus, copper-oxide nanoparticles are obtained.

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 to undergo a slow heat annealing
at the same temperatures and during the same time. In both anneal-
ing 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 from room
temperature to the target temperature with a heating rate of 2°C
per minute. Once the set temperature is reached, heating maintains
it constant for one hour; then, it automatically stops heating allow-
ing 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. To do so, 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 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 of
TESCAN-VEGO03 type. Magnification of 5 nm has been used. Struc-
tural properties were studied using Rigaku Mini Flax 600 x-ray dif-
fractometer (CukK, radiation, A =1.54056 A); x-ray diffraction pat-
terns were set between 20 = 20° and 80° with a step of 0.5° per min-
ute. In this intention, infrared spectrophotometry (FT-IR-8400S)
was used as well. Optical properties were analyzed employing a UV—
visible spectrophotometer (Perkin Elmer-Lambda 25); the spectral
range was measured between 200 and 800 nm.

3. RESULTS AND DISCUSSION
3.1. Morphological Analysis

SEM images of the surface morphology of the prepared CuO
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nanoparticles are presented in Fig. 1. They show that most CuO
nanoparticles have a sheet-like shape. The same result was found in
the literature using the same synthesizing method [41]. Actually,
sheet average particle size varies in a broad range in this structure;
so, it is not practical for easy to measure the particle size of our
samples. Nevertheless, SEM results reveal some distinctions be-
tween the morphology of the RTA and STA samples annealed at dif-
ferent temperatures. RTA images at different temperatures show an
inhomogeneous distribution of the nanoparticles with large con-
glomerates compared to STA samples [10]. This could be justified
by the grain growth mechanism correlated to rapid thermal anneal-
ing [42, 43]. The fast ramping to the target temperature triggers
the nucleation process within the 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].

300 STA

400 STA
b

500 RTA 500 STA
a b

Fig. 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.



528 Kenza ALMI, Said LAKEL, Maria Nor Elyakin BOUMEZRAG, and Hanna TOUHAMI

3.2. Structural Analysis

The x-ray diffractograms of the prepared CuO nanoparticles are
presented in Fig. 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 re-
search on copper-oxide nanoparticles [8, 9]. X-ray diffractograms’
analysis demonstrates that, in both methods, the diffracted inten-
sity of the most intense peaks increases with the increase of the
temperature except for the case of RTA at 500°C, where it de-
creases significantly as depicted in Fig. 3, a, b. It is also noticeable
that STA peaks are more intense than RTA peaks at all positions
and almost at all the studied annealing temperatures (Fig. 2).

Further, Table 1 indicates that the crystallite size calculated in
both techniques of annealing increases with the increase of the tem-
perature, but it takes higher values in RTA cases.

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 direc-
tion. By increasing the annealing temperature, many different
grains of the same orientation coalesce together and form a large
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Fig. 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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Fig. 3. The predominant peak corresponding to the (002) orientation as a
function of annealing temperature and method: (a¢) RTA case; (b) STA
case.

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
Crystallite size D, nm 22.28 23.48 26.75 22.36 24.22 30.93
Strain €102, % 0.146 0.141 0.120 0.139 0.133 0,099

Dislocation density §:107%, nm™ 0.201 0.181 0.139 0,200 0.170 0.104

grain having a certain orientation. Therefore, the diffracted inten-
sity is supposed to be increased as the crystallite size increases as in
the case with STA samples. In contrast, RTA 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 proc-
ess at high temperature (above 400°C) for one hour can favour the
crystallization process, but, at the same time, may produce micro-
cracks in the growing grains after sudden cooling from high tem-
perature to room temperature [46, 47]. These microcracks can scat-
ter x-rays in different directions, thereby changing the texture and
reducing the peak intensity in a particular direction as indicated in
Fig. 3, a, as it can be attributed to the grain recrystallization in
contrast to recovery behaviour, which occurs in the case of RTA at
relatively high temperatures [46, 47]. Recrystallization results in
the formation of new grain orientations that explains the reduction
of the peak intensity, and the recovery occurs during the incubation
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period for recrystallization [47] that, 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 peaks compared to RTA peaks may be
explained by the difference in the crystal structure factor of the
samples. It is known that the diffracted intensity in a particular
direction is proportional to the square of the structure factor
modulus. This latter reflects the total scattering from each crystal
plane and depends on the distribution of atoms in the crystal struc-
ture. In other words, it is related to both the crystal structure and
composition. Therefore, the peak intensity is affected by the ther-
mal perturbation of the atoms and, more generally, by the disorder.
Atoms, which have undergone rapid heating, are perturbed and sus-
ceptible 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 6 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, enlarges
the grain size [10, 42].

The crystalline size increases from 19.99 to 31.47 nm for tem-
peratures from 350 to 550°C. This can be explained by the merging
process induced by thermal annealing.

Table displays the calculated values of compressive stress and dis-
location density (8), where 0 is determined, based on the crystallite
size (D), using the formula [50]

d=D7?, (1)

whereas the microstrain values were determined using the following
formula [50]:

.= B cosB .
4

As illustrated in Table, the dislocation density and the compres-
sive 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 stimulates the kinet-
ics and the interactions of the dislocations. This leads to an increase
in the migration and annihilation of the dislocation and, conse-

(2)
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quently, to a decrease in their density.

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 behaviour can also be attributed to
the grain boundary effects. It is known that dislocation density,
stress, and grain-boundary size are interrelated [51]. Grain bounda-
ries contribute to the strain-hardening phenomenon in metals. They
block the continued movement of dislocations in the metal during
straining. As more dislocations become blocked, the metal becomes
more difficult to deform. That is 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 (E,) for CuO nanoparticles was esti-
mated employing the absorption spectrum fitting method (ASF)
[62]. In this method, the optical band gap can be calculated using
only the absorbance spectrum without any need for thickness. It is
based on the following equation [52]:

1 1)
A:le(i_x_J +B,, (3)

g

where A is the absorbance, A is the wavelength, B; and B, are inde-
pendent on A, m takes the value of 1/2 for the best fitting.

Thus, the value of the band gap is obtained from 1/A,, where E,
is equal to 1240°/A,. The value of A, can be determined by extrapo-
lating the straight line of (4/A)? versus 1/A curves, shown in Fig. 4,
at (4/0)?=0. 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 (Fig. 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-size materials. This result confirms what is
mentioned above (Fig. 1): the particle size for RTA is larger than
the particle size for STA.

On the other hand, to understand better the effect of two types
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Fig. 4. ASF diagrams for samples prepared using (a¢) RTA and (b) STA an-
nealing methods at 300°C, 400°C, 500°C for one hour of annealing.

of annealing processes on the structure of copper oxide, an infrared
absorption bands analysis was done.

FT-IR spectra of all the samples are presented in Fig. 6. All sam-
ples’ spectra show a wide band located at around 3440 cm™ that
corresponds to the O—H-group stretching of a water molecule ad-
sorbed on the oxide surface [53], and an intense peak located at
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TABLE 2. Energy-gap values calculated using two methods of annealing at
different temperatures.

Annealing temperature T, °C 300 400 500
RTA: E,, eV 3.72 3.63 2.88
STA: E,, eV 3.91 3.87 3.79

4.0
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Fig. 5. Optical band-gap energy of the prepared CuO nanoparticles as a
function of annealing temperature following two methods: RTA and STA
for one hour of annealing.

1384 cm™, which is attributed to the stretching vibration of C=0
group indicating the presence of absorbed species in the surface of
nanoparticles [53, 54]. Another intense peak at around 613 cm™ is
attributed to the Cu—OH-vibration bands [54]; but the most intense
absorption bands are located at around 494 cm™ and 504 m™; it is
assigned to the stretching vibrations of Cu—O indicating the forma-
tion of copper oxide [55].

It is noticed that, by increasing the annealing temperature, Cu—
O-bond concentration increased and Cu—OH-bond concentration de-
creased, especially, in the case of RTA. However, the decrease of O—
H- and C=0-bonds’ concentrations 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 impu-
rities in RTA more than in STA.
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Fig. 6. FT-IR spectra of CuO nanoparticles prepared following: (a) RTA
and (b) STA at 300°C, 400°C, 500°C for one hour.

No FT-IR peak of Cu,0 exists in all synthesized samples.
Both method of annealing did not affect the crystal phase of CuO
nanoparticles, but affect only the crystal quality. The same result
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was found in literature [41, 56].

4. CONCLUSIONS

In summary, this work reports the results of the effect of rapid and
slow temperature annealing on the structural and optical properties
of copper oxide nanoparticles. RTA and STA effects were studied
for the first time under the same working conditions in the case of
copper-oxide nanoparticles using the direct precipitation method.
The objective of the work is to provide the literature with data
about the effect of rapid thermal annealing on copper-oxide
nanoparticles’ properties and to examine the efficiency of this
method of annealing compared to slow thermal annealing in enhanc-
ing CuO-nanoparticles’ properties. The results showed that samples
in both methods have a sheet-like shape at different tested tempera-
tures. They reveal a change in the texture of samples, which un-
derwent rapid thermal annealing at 500°C for 1 hour. Compared to
STA, RTA at 500°C is not sufficient to remove all residues and im-
purities, but it has recorded relatively the lowest value of band-gap
energy. Thus, rapid thermal annealing at 500°C resulted in im-
proved optical properties of CuO nanoparticles, whereas STA re-
sulted in improved crystalline nature of CuO nanoparticles.

We need to increase further annealing temperature and shorten
the annealing time at the target temperature to study the effect of
RTA on improving the crystallinity of copper-oxide nanoparticles.
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