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Abstract: Zirconium-doped cerium oxide nanoparticle of composition Zro o7s-Ceo.92502 Was prepared
by the solution combustion process, and its morphological features were evaluated by FT-IR, SEM,
EDX, XRD, and UV-DRS studies. From UV-DRS studies, the band gap of the prepared nanoparticle
was determined to be 2.9 eV. Also, the photocatalytic activity of Zrgo7s-Ceo.92502 nanoparticle was
examined for methylene blue dye and found to be an efficient source for the degradation of dye
molecules in the visible region. Furthermore, this nanoparticle was inspected for its electrical behaviors
and could be applied to sophisticated energy storage systems like thin film capacitors. High dielectric
constant and low dissipation factor are demonstrated in this study and give a new insight towards
environmental protection.
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1. Introduction

Unwanted water from several commercial sources, particularly the textile industry,
poses significant environmental concerns [1,2]. Most organic dye molecules possess
exceptional stability, which complicates their breakdown. When ingested through
contaminated water, these dye molecules can be harmful to aquatic life, causing life-
threatening diseases in animals. According to a survey by the World Health Organization
(WHO), 2.2 million people perish because of contaminated water [3]. Compared to the
conventional wastewater treatment approach, photocatalysis would be the most successful
method to degrade organic dye molecules from wastewater [4]. Dye degradation can be carried
out using various materials; cerium oxide holds a distinctive place among various
nanomaterials due to its particular structure and thermal stability [5-7].

Metal-doped CeO> nanostructures can be produced in a number of ways, including the
chemical vapor deposition method [8], microwave-assisted combustion method [9], solution
combustion method [10], thermal decomposition method [11], sol-gel method [12], etc.
Solution combustion synthesis is one of the comprehensible methods because it is distinguished
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by a straightforward experimental setup, is associated with time and energy savings, and
affords homogeneous end products [13-15].

The current work focuses on employing the Lobularia maritima plant seed extract as a
fuel for the preparation of Zr-doped CeO> nanoparticles using a solution combustion method.
The synthesized nanoparticle was then calcined to produce a uniform particle size. The
synthesized nanoparticle was characterized. by using a powder X-ray diffraction (PXRD),
scanning .electron .microscopy (SEM)., energy dispersive X-ray analysis (EDX), and Fourier
transform infrared spectroscopy. (FT-IR), and ultraviolet-visible diffuse reflectance
spectroscopy (UV-DRS). Finally, it was also evaluated for the degradation of MB dye. The
electrical behavior was also studied in this nanostructure. The frequency spectrum in this study
shows a decreasing trend, whereas both the dielectric constant and dissipation factor were
observed to be high at 10 Hz and 10 kHz, respectively. Advanced energy storage technologies,
such as thin film capacitors, may benefit from the combination of improved electrical
properties.

2. Materials and Methods

2.1. Materials.

The starting materials, including cerium nitrate hexahydrate (Ce(NO3)s x 6H20) and
Zirconyl nitrate hydrate (ZrO(NOs)2 x H20) were used in analytical grade acquired from Merck
and were used without further purification.

2.2. Preparation of Lobularia maritima seed extract.

0.5 g of Lobularia maritama plant seeds were crushed and weighed, then transferred
into a 100 ml beaker containing 20 ml of distilled water, and the mixture was warmed up to
40°C with proper stirring for 30 minutes. The mixture was filtered, and the filtrate was taken
as a fuel for the synthesis of nanoparticles, as shown in Figure 1.

2.3. Preparation of Zrg o75-Ceg.92502 nanoparticle.

Cerium nitrate hexahydrate (99.99%) and Zirconyl nitrate hydrate (99.99%) were
employed as precursors. Each of the nitrates was dissolved in distilled water separately, and
the freshly prepared solutions containing 92.5 and 7.5 mol% of cerium nitrate hexahydrate and
zirconyl nitrate hydrate, respectively, were mixed. To the above solution of nitrates, the plant
seed extract was added, which serves as a fuel source. The mixture was stirred for 30 minutes
to obtain a homogeneous solution. The combustion reaction was performed at 500°C for 5
hours in the combustion chamber. The yellow compound (Figure 1) was finally contained, and
it was kept for calcination for about two hours at 500°C.

" &

Figure 1. Plant seed extract and Zro o75-Ceo.92502 nanoparticle.

https://nanobioletters.com/ 20f10


https://doi.org/10.33263/LIANBS143.105
https://nanobioletters.com/
https://www.labtesting.com/services/materials-testing/metallurgical-testing/sem-analysis/
https://www.labtesting.com/services/materials-testing/metallurgical-testing/sem-analysis/
https://www.labtesting.com/services/materials-testing/metallurgical-testing/sem-analysis/
https://www.labtesting.com/services/materials-testing/metallurgical-testing/sem-analysis/

https://doi.org/10.33263/LIANBS143.105

3. Results and Discussion
3.1. X-ray diffraction analysis.

The formation of Zro75-Ceo.925-O2 nanoparticle was confirmed by X-ray diffraction
technique, as shown in Figure 2. According to the planes (111), (200), (220), (222), and (311),
the corresponding peak positions are 28.4°, 33.09°, 47.2°, 56.2°, and 76.8° respectively. This
indicates that the face-centered cubic (fcc) system is in accordance with the cubic fluorite
structure (PDF file no. 34-0394) [16]. Further, the spectrum showed that the compound is pure
and free from impurities, as depicted in Figure 2. The peak intensity of Zr-doped cerium oxide
nanoparticles is less compared with that of CeO2 nanoparticles. This finding demonstrates that
with increasing the concentration of doping, the degree of sample crystallization gets reduced
[17], which is clearly shown in Figure 2.
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Figure 2. Powder XRD-Plot of Zrq ¢75-Ceo.02502 and CeO» nanoparticles.
3.2. SEM and EDX analysis.

The morphological features of Zroo75-Ceo.92502 nanoparticles were examined using
scanning electron microscopy (SEM) (Figure 3). Low-magnification micrographs of the
prepared catalyst revealed that the catalyst was unevenly dispersed and had appreciably
separated layers and flakelike structures with non-uniform thickness (Figure 3). The particulate
arrangement was discovered to result in high porosity, characterized by widespread pore
structures ranging from 10 nm to 50 nm. This porous nature of the material is attributed to its
mesoporous characteristics. These micrographs clearly showed that the catalyst has high
porosity and can provide a good channel for the catalytic processes. The ordered structure arises
due to controlled experimental parameters followed during the preparation.

The elemental composition of the generated nanomaterial has been determined using
energy-dispersive X-ray spectroscopy (EDX). The results indicated that the catalyst possesses
all elements Ce, Zr, O, and trace amounts of N and C and appeared during its XPS processing
(Figure 4); the EDX spectrum clearly shows the high-order purity of the nanoparticle with no
additional impurity peaks. The stoichiometry calculated from the EDX mapping had a good
correlation with the theoretical process.
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Figure 3. FESEM images of prepared Zro.o75-Ceo.92502 nanoparticles.
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Figure 4. EDX analysis of prepared Zro75-Ceo.92502 hanoparticles.

3.3. FT-IR-based techniques.

The FT-IR

spectrum  of  Zro.075-Ce0.92502

nanoparticle was examined at

room temperature in the wave number range of 400-4000 cm™. The peaks that appeared at
1621 cm™ and 1400 cm™ in the spectrum (Figure 5) are attributed to the symmetric and
asymmetric stretching vibrations of the -C=0 group, respectively. The peaks at 741 cm™ and
598 cm™ are attributed to the Ce-O bending vibrations and O-Ce-O stretching vibration modes,
respectively [18], and were considered as the fingerprint support for the creation of Zroo7s-
Ceo.9250, nanoparticle. Furthermore, a broad peak appears at the region of 3440 cm™, which is

attributed to -OH stretching [19].
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Figure 5. FT-IR spectrum of Zrg.075-Ceg.92502 nanoparticles.

3.4. Band gap analysis: UV-DRS analysis.

The synthesized nanoparticle was also subjected to UV-visible spectral analysis for
their optical properties. According to a previous study, the band gap of pure CeO: is 3.4 eV
[20]. In the current investigation, the band gap of Zro.075-Ceo.92502 nanoparticle was found to
be 2.9 eV, which proves that the produced catalysts are very effective visible light harnessing
material. The usual Kubelka-Monk function was used to compute the catalyst's optical band
energy (Figure 6a). The catalyst reflectance band was seen at 480 nm, as shown in Figure (6b).
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Figure 6. Optical bandgap (a) and reflectance; (b) plots of Zrg o75-Ceo.92502 nanoparticles.

3.4. Electrical properties.

The changes in the value of the dielectric constant (g) of cerium-zirconium
nanoparticles with frequency are indicated in Figure 7 (a). It was observed that the increase of
frequency from 10 Hz to 8 MHz caused a decrease in the &rvalue. The highest value of & (1360)
was achieved at 10 Hz. There is a decreasing trend of & observed with an increase in frequency.
The higher dielectric constant (g) at 10 Hz is because of the interfacial polarization process
occurring because of a higher number of oxygen positions and the large aspect ratio of the
nanofillers. When an electric field is applied to nanoparticles, charges located in the
nanoparticles change their position and get stuck at different positions at the interfaces; thereby,
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there is a formation of dipole moments. Maxwell-Wagner dielectric dispersion theory depicts
and proves that the interfacial-polarization process occurs at lower frequencies and
orientational-polarization at higher frequencies [21]. An electron finds it difficult to line up
with the applied field, and thus, the polarization effect reduces, thus reducing &r [22]. Kumar et
al. stated a similar trend in Lanthanum-added CeO> composites with a higher & value of 120
[23].

The trend of the dissipation factor (tan &) of Cerium-Zirconium nanoparticles with
frequency is observed in Figure 7 (b). With an increase in frequency, the tan 6 value decreases.
The highest value of the dissipation factor is observed at 10 kHz, which decreases with a further
increase in frequency. Thus, the relaxation mechanism is the cause for these changes in the
dissipation factor. The dissipation factor increases up to 10 kHz due to a frequency-dependent
hopping process in the nanoparticles based on the charge carrier phenomenon [24].

The large storage capacity of capacitors requires both smaller dissipation factor values
and higher dielectric constant values. As a result, the composite material used as the dielectric
media directly affects the capacitor's dielectric constant. Further, tan & decreases with an
increase in frequency. It is mainly attributed to drift in the dipole position with an applied
electric field, which accounts for rapid alignment changes and causes heat loss. The dissipation
factor values are reasonably trivial and ascribed to the low heat losses. A similar trend is
reported in the literature [25].
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Figure 7. (a) Broadband dielectric constant (e;) characteristics with cerium-zirconium nanoparticles; (b) broad
band dissipation factor (tan §) with cerium-zirconium nanoparticles; (c) Broadband conductivity (cac) of
CERIUM-ZIRCONIUM nanoparticles; (d) Real and imaginary impedance plot (Cole-Cole plot) of Zrgg7s-
Ceo.92502 nanoparticles.
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The variation in AC conductivity of cerium-zirconium nanoparticles with frequency is
observed as depicted in Figure 7(c). An increase in frequency leads to a decrease in AC
conductivity and is attributed to the electron-hopping mechanism. The movement of charge
transporters is very important in the variation of AC conductivity of nanomaterials. Zr** ions
replace Ce** ions in these structures, resulting in the development of polaron hopping with 0%~
ions. This is more dominant at higher frequencies, which results in higher AC conductivity
values. A similar trend is reported in the literature [26].

Figure 7(d) represents the Cole-Cole plot of Cerium-Zirconium nanoparticles. The
complex impedance plot is analyzed to determine the influence of grain, grain boundary, and
electrode interface effects on polarization. The polarization effect is represented by a
semicircular curve. The characteristic feature of the semicircular curve represents the
relaxation mechanism. The Cerium-Zirconium nanoparticles with grain homogeneity are
characterized by an ideal Debye-type relaxation, represented by a semicircular curve with a
center on the real Z' axis. The grain size of Cerium-Zirconium nanoparticles is not uniform
[27,28]. The distribution of relaxation time is indicated by semicircles that grow depressed at
higher frequencies and inclined towards the real axis of Z’ axis [29].

3.5. Photocatalytic activity.

The process of measuring photocatalytic activity was executed by referring to prior
research literature [30]. 100 mg of pure nanoparticles were added to 100 ml of a 5 ppm aqueous
solution of methylene blue (MB) dye, and the complete setup was kept under visible light and
constantly stirred. At 30-minute intervals, around 5 ml of solution was extracted from the
reaction mixture, and the absorbance was measured. The absorbance gradually lowers over
time (Figure 8a), demonstrating that Zr metal-doped CeO: is a better photocatalytic material.
After 150 minutes, the percentage degradation rate of MB dye was found to be 82.6, as depicted
in Figure 8b.

The percentage degradation of dye was estimated using the formula [31]:

% D === x 100 (1)

Where Co and C are the initial and remaining concentrations of MB, respectively.
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Figure 8. Plots of (a) UV-visible absorbance spectra showing the degradation of MB dye by Zr ¢75-Ce.92502
nanoparticle; (b) % of degradation with time.
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4. Conclusions

The solution combustion technique was utilized to synthesize Zroo75-Ceo.92502
nanoparticles. FESEM and XRD studies were used to study their structural and surface
morphology. The UV-DRS tests revealed that the bandgap of nanoparticles is 2.90 eV,
indicating that the produced catalyst is an effective visible light-harnessing material. The
degradation of MB dye was examined using the photocatalytic activity of the generated
nanoparticles. The plot indicates that it happens over time under visible light, and the
percentage of degradation was determined to be 82.6 in 150 minutes. Using the LCR technique,
the electrical characteristics of nanoparticles were investigated. The plot reveals that AC
conductivity improves with frequency, and the dielectric constant decreases with frequency.
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