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ABSTRACT: In the present study, the sol-gel method has been utilized to synthesize tri-phase CuO-
Fe>03-MgOnanocomposites (NCs) by employing tartaric acid (TA) as an organic fuel. The obtained
NCs were characterized using XRD, SEM, FTIR, and UV-Vis. The XRD pattern asserted the
formation of NCs with MgO (cubic), CuO (monoclinic), and Fe.O3z (hexagonal) crystals. The
crystallite size (Dav) was calculated by Scherrer's formula, whereas the optical properties were assessed
using UV-Vis spectra. The optical band gap values of the synthesized materials displayed variations
related to tartaric acid concentration due to the quantum confinement of tri-metal oxide NCs. The SEM
described the morphological properties and FTIR confirmed the formation of interfaces among the
metal oxides CuO, Fe>O3 and MgO in the NCs. The enhanced optical properties of these tri-metal
oxide NCs make them a good candidate for optoelectronic applications.
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1. Introduction

During the last decade, much attention has been
focused on metallic oxide nanocomposite
materials due to their unique structural, optical,
thermal, and antibacterial properties [1-3].

Practically, nanocomposites (NCs) have been
created through the mixing of two, three, or
more oxides on a nanometer scale [1]. In

addition to the favored properties of the NCs,
the concentration of each oxide in the mixture
may govern the final properties of the NCs [4].
NCs can be fabricated by different methods,
such as solution combustion [2], ultrasonic-
assisted [5],  microwave-assisted  [6],
sonochemical [4], and chemical co-
precipitation routes [7, 8]. Among these, the
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sol—gel technique is fast, easy, and low-cost [9].
NCs are potentially suitable for different
applications like fuel and solar cells, battery
materials, biomedicine, photovoltaic devices,
UV-detectors, and gas sensors [7, 10-12]. The
interaction between varied oxides with
matching band potentials leads to charge
separation  efficiency, increased charge
transferability, and carrier lifetime [12].
Copper oxide (CuQ) has prime properties with
low-cost preparation. It is a p-type
semiconductor, has a narrow energy bandgap
ranging between 1.2 and 1.8 eV, and, is non-
toxic [13-15]. More recently, CuO has been
used in certain applications such as electrode
material in Li-ion batteries, super capacitors,
photocatalytic activity, solar cells, and gas
sensing [1, 16]. Magnesium oxide (MgQO) is
considered a virtual dielectric material. It has
unique physicochemical properties, a large
bandgap (7.8 eV), high surface reactivity, high
adsorption capacity, and is a highly ionic
compound [1, 4, 17]. Maghemite (y-Fe20s) is
an n-type semiconductor. It has prime
properties, such as a favorable optical bandgap
(~2.1 eV), non-toxicity, low cost, high
biocompatibility, natural abundance, chemical
stability, and high magnetic behavior [18-20].
Furthermore, Fe2Os is wused in many
applications involving sensors, cosmetics,
diagnostics, biomedicine, radiology, vaccines,
and anti-pathogens [8, 21]. The interaction of
CuO, MgO, and Fe20s significantly alters the
physical characteristics of the constituent
oxides and enhances the
antimicrobial/photocatalytic responses.
Moreover, multiphase double heterojunction
NCs like ZnO-Yb20s-Pr,0 [22], CdO-NiO-
ZnO [23], ZnO-V.0s-WO [7], CuO-MgO-
ZnO [1], and CuO/a-Fe203/y-AlO3 [24] have
been prepared and studied for antibacterial and
photocatalysis applications. A great deal of
interest by researchers has been made to
explore the preparation of the pristine oxides
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CuO, Fe;O3 and MgO and their binary
nanocomposites [12, 20, 25, 26]. Selvi et al.
(2021) synthesized CuO/MgO nanocomposites
formed by the sol-gel synthesis method. Their
results show that the composition is found to be
highly crystalline in nature and of higher purity.
No secondary phase or impurity peaks are
noticed in all the composites, indicating that the
required nanocomposites can be easily
synthesized using the sol-gel method [12].
CuO/MgO nanocomposite prepared by facile
chemical co-precipitation by Pricilla et al.
(2021). XRD analysis confirms the formation
of a CuO/MgO nanocomposite, and the
bandgap value of the prepared composite is
determined to be 1.67 eV [27]. Boroujeni et al.
(2019) prepared CuO-Fe,0z using a Schiff base
complex as a precursor through a solid-state
thermal decomposition method. Spherical
particles of the nanocomposite (20-30 nm)
were obtained. The bandgap of a
superparamagnetic ~ nanocomposite  was
estimated to be 4.2 eV [28]. In this work, CuO-
Fe203-MgO NCs were synthesized for the first
time via a sol-gel method using tartaric acid as
a fuel.

Tartaric acid is a common organic acid that can
be easily obtained from natural sources such as
grapes and tamarind. It has low toxicity.
Tartaric acid can be used as a precursor for the
synthesis of various nanomaterials such as
metal oxides, carbon-based materials, and
metal nanoparticles. Additionally, tartaric acid
has functional groups that can act as reducing
agents or stabilizers during the synthesis of
nanomaterials. Therefore, it is possible that
researchers chose tartaric acid as a fuel due to
its availability, renewability, low toxicity, and
functional groups that aid in the synthesis of
nanomaterials [29-33]. Tartaric acid plays an
important role in the formation of
nanomaterials by acting as a reducing agent,
chelating agent, and stabilizer. Its unique
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chemical properties make it an attractive
candidate for use in various nanomaterial
synthesis methods. The structural, optical, and
morphological properties of the as-prepared
CuO-Fe203-MgO NCs were investigated.

2-Materials and Method
2.1 Materials

Mg (NOs3)2.6(H20) (BDH, 97%), Fe(NO3)s.
9(H20) (Sigma-Aldrich, 97%), Cu (NOs3)2.
6(H20) (Sigma—Aldrich, 98%), distilled water
(DW), and tartaric acid were used without
further purification.

2.2. Synthesis Protocol

The sol-gel route [34] has been used to prepare
the target tri-phase metal oxides, CuO-Fe2Os-
MgO NCs, at various concentrations of TA, as
detailed below.

2.2.1. Preparation of the Salt Solutions

Cu (NO3)2.6(H20) (2.54 g in 15mLDW), Fe
(NO3)3.9(H20) (4.24 g in 15mLDW), and Mg
(NO3)2.6(H20) (2.69 g in 15mLDW) with a
constant molar ratio (1:1:1) were fabricated as
three separate solutions. The salt solutions were
first separately stirred for 15 minutes at room
temperature to obtain a homogeneous solution,
then mixed together and further homogenized
for 30 minutes at room temperature to obtain
solution X.

2.2.2. Synthesis of CuO-Fe203-MgO
Nanocomposites Using Tartaric Acid

At first, 3g of TA (1M) was dissolved in 20 mL
of DW and stirred for 15 minutes. This solution
was designated as solution Y. After that,
solutions X and Y were mixed in a 200-mL
beaker and stirred for 1.5 hrs at 90°C until
obtaining a dried mass of CuO-Fe>03-MgO.
The product was calcined at 800 °C for 90
minutes. The NCs were then designated as T1.

210

JAST

Similar steps were used to prepare 1.5T and 2T
while using 1.5 and 2 M TA, respectively.

2.3 Characterization Techniques

UV-Vi’s spectrophotometer (Hitachi U3900
with the software of Varian Cary 50), X-Ray
Diffraction (XRD) (Shimadzu EDX-720) X-
ray diffractometer with Cu Ko radiation (A=
0.154 nm), SEM (JSM-6360, Japan), and FTIR
(Bruker Tensor 27, range 4004000 cm™).

3. Results and Discussion
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Figure 1. X-ray diffraction of CuO-Fe;0s-MgO
nanocomposite

3.1 XRD Analysis

Figure 1 illustrates the X-ray diffraction
patterns of CuO-Fe203-MgO NCs at different
concentrations of TA (1, 1.5 and 2M) and
equimolar precursors. The XRD patterns have
shown three types of particles, CuO-Fe;Os-
MgO, for all the synthesized samples.
Observed diffraction patterns of oxides
displayed that CuO is monoclinic, Fe;Oz is
tetragonal, and MgO is cubic in phase
structures. The peaks of angle 20 = 32.413,
35.582, 56.748, 58.411, 61.807, 66.362, and
68.326 correspond to (110), (111), (0 2 1),
(202), (113), (3 1 0), and (220) planes of CuO.
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These peaks are in good agreement with ICSD:
48-1548. The Fe.O3 peaks appeared at 30.296,
33.957, 38.863, 43.237, 53.759, and 62.76
compared to the reflections of planes (2 0 6), (1
09),(209),(0012),(2212),and (4 012),
respectively. They correspond to ICSD:

25-1402. The peaks at 20 =36.931, 43.303, and
62.445, corresponding to the (111), (331), and
(220) planes of MgO, are in good agreement
with ICSD: 45-0946. It is evident to note that
there were no other peaks for impurity that
could be detected. The average crystallite size
(D) was evaluated from Debye Scherrer's

0.91 )
: where A is the
BCOSO

wavelength of XRD, B is the line broadening at
FWHM and 6 is Bragg's angle [23, 35]. Due to
the importance of the density of dislocation (o)
in the mechanical and structural properties of
materials, it was evaluated for the synthesized
NCs as well. The computed values of the
average size (D) and the density of dislocation
(o) are gathered in Table 1. The é was

computed via the equation o :1/D2@]. From

formula as follows: D =

Table 1, the results show that the average
crystallite size increases as the TA
concentration increases. The increase in
crystallite sizes is attributed to the small
dislocation density value because of the inverse
relation between dislocation density parameters
and crystallite size. According to the XRD data
obtained, an increase in the TA concentration
leads to a change or increase in the intensity of
peaks in the XRD pattern and an increase in the
size of crystallites, as shown in Table 1. This

result leads to the presence of additional
distortions and vacancies in the structure. In
addition, the increase in fuel leads to an
increase in impurities formed from the
spontaneous combustion process. The increase
in TA concentration leads to an increase in the
amount of fuel available for combustion, which
can cause the particles to grow in size. In
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addition, excess fuel can lead to the formation
of large agglomerates. Therefore, the
concentration of TA plays an important role in
determining the size and morphology of
nanoparticles synthesized by the sol-gel
method.

Table 1. Average crystallite and dislocation
density of CuO-Fe203-MgO NCs

samples | CuO Fe,0; | MgO CuO | Fe03 | MgO
Average crystallite Dislocation
size(nm) density*10%
(1/m?)
T1 57.48 | 38.89 | 21.78 3.03 6.61 211
T15 67.78 | 4743 | 10545 | 2.18 4.45 0.89
T2 93.55 | 47.16 | 83.54 114 4.49 1.43

3.2 SEM Analysis

Figure 2 displays SEM images of sample T2 at
different magnifications. Generally,
agglomerated particles were more visible.
However, nanoparticle phases and shapes are
still identifiable and countable at the nanoscale.
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Figure 2. SEM images of sample T2 at

different magnifications

3.3 UV-Visible Analysis

The optical properties of the CuO-Fe203-MgO
NCs were measured via UV-visible
spectroscopy. Figure 3 exhibits the absorption
spectrum of CuO-Fe203-MgO NCs in the range
of 200-900 nm. From Figure 3, it can be seen
that absorption spectra decrease with the
increase in the wavelength (1). Figure 4 shows
the transmittance spectrum of CuO-Fe;Os-
MgO NCs, which suggests that the
transmittance of the prepared compounds
increases as the TA concentration increases.
The coefficient of absorption («) as a function
of the wavelength for all the fabricated
compounds is shown in Figure 5. It shows that
the a of all the prepared compounds decrease
as the wavelength increases. The extinction
coefficient (k) is an important optical parameter
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that illustrates the energy loss due to the
scattering and absorption that occur via the
molecules and particles found in the material.
Figure 6 illustrates the extinction coefficient (k)
that increases as the wavelength increases. The
optical parameters k and a can be computed as

follows: a = (2'3°3A), k = %; where A is the
absorbance and t is the thickness [3, 23].

Tauc’s equation for direct transition [36, 37]
was used to compute the optical energy band
gap (Eg), which is 3.51, 3.36, and 3.0eV for the
CuO-Fe,03-MgO  NCs at three different
concentrations of TA code, coded as T1, T1.5,
and T2, respectively, as shown in Figure 7.
These values lie in between CuO (1.8eV),
Fe>03 (2 eV), and MgO (7.8 eV), which make
CuO-Fe203-MgO NCs suitable for
optoelectronic applications. Furthermore, it is
observed that the decrease in photon energy
occurs with an increment in the concentration
of TA. This indicates that the use of TA as fuel
in the combustion process significantly affects
the optical properties of the products.
Moreover, it is well known that under some
circumstances, oxygen atoms can move or
leave the metal oxide crystal lattice, leaving
oxygen vacancies. According to the XRD data
mentioned above, the distribution and average
particle size have a significant impact on the
physicochemical characteristics of the samples.
In addition, it is well known that particle
surface area increases with particle size. As the
density of oxygen vacancies increases, ion
transport, and especially oxygen transport,
destroys the original particles. This shows that
the defects increased as particle size decreased,
which combined the influences of crystalline
size and surface defects. The surface oxygen
vacancies played a role in separating
photogenerated charges in the nanocomposite,
thus reducing the band gap energy values as
particle size increased [38, 39].
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Figure 7.The optical energy band gap for CuO-Fe.03-MgO
nanocomposite

3.4 FTIR Analysis

FTIR analysis is used to explore chemical
bonding as well as functional groups of grown
CuO-Fe203-MgONCs in the range of 400 to
4000cm™, as shown in Figure 8. The
vibrational bands of metal oxides were visible
in the region 400-869 cm™ [7]. The band at
1446.6cm™! is attributed to C—C stretching
vibrations [1]. The broad peaks at 1632 and
3470 cm™ are attributed to the hydroxyl group
[40]. The change in intensity and shifting of
peaks are due to structural defects and lattice
distortions, which confirm the formation of an
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interface among CuO, Fe>O3, and MgO in the
NCs.
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Figure8. FTIR spectraof CuO-Fe203-MgO nano-composite
4. Conclusion

CuO-Fe203-MgONCs ~ were  successfully
prepared via the sol-gel technique. The
characteristic properties of the various prepared
NCs under different TA concentrations support
their impact on the final crystallite size of NCs.
The optical bandgap (E,) of the prepared
samples was found to be decreased as the TA
concentration increased. These results could
indicate the usefulness of the application of TA
for tailoring the properties of the targeted
triphasic metal-oxide NCs, a method that can
be enhanced further with further optimization.
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