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ARTICLE INFO ABSTRACT

Keywords: In the present work, Zinc-oxide nanostructures and Ce/Zinc-oxide nanopetals were synthesized by
Withania Coagl_llaﬂs plant a new environmentally friendly green synthesis method using the Withania coagulans plant.
Photodegradation Cerium nitrate Ce(NOs3)3 and zinc nitrate Zn(NOs), were used as precursors. The prepared

Ce/zinc-oxide
Density functional theory calculations
Methyl orange

nanostructures were characterized by X-ray diffraction (XRD), scanning electron microscopy
(SEM), and ultraviolet spectroscopy (UV-vis). Crystal planes (100), (002), (101), (102), (110),
(103), (200), (112) and (201) at 20 31.75°, 34.35°, 36.2°, 47.55°, 56.6°, 62.75°, 66.3°, 67.9°, and
69.09° respectively confirmed the hexagonal wurtzite crystal structure of Zinc-oxide. Angular
shifts for Cejq, doped Zinc-oxide and Cesy, doped Zinc-oxide nanopetal nanostructures were
observed in the (100) and (101) planes of the crystal. More specifically, using Scherrer’s equation,
the crystallite sizes of Zinc-oxide, Cejo, doped Zinc-oxide nanopetals, Cesy, doped Zinc-oxide
nanopetals, and Cesy, doped Zinc-oxide nanopetals were 16.48 + 02 nm, 17.8 + 2 nm, 18.8 +
2 nm, and 18.87 + 2 nm, respectively. The pure Zinc-oxide grain had the appearance of a
nanoflower. On the other hand, the nanopetal structure of Cesy, doped Zinc-oxide nanopetals had
oval-shaped nanopetal morphology. The absorption peaks were observed at 373, 376.4, 377, and
378 nm for Zinc-oxide, Cejq, doped Zinc-oxide nanopetals, Cego, doped Zinc-oxide nanopetals,
and Cesy, doped Zinc-oxide nanopetals, respectively, which results in a progressive redshift. The
gap energies of Zinc-oxide, Ce;o, doped Zinc-oxide nanopetals, Cesy, doped Zinc-oxide nanopetals,
and Cesy, doped Zinc-oxide nanopetals were 2.796, 2.645, 2.534, and 2.448 eV, respectively.
Photodegradation under visible light (>400 nm) indicates the high efficiency of the photocatalyst
based on Cesy, doped Zinc-oxide nanopetals. DFT calculations, structural changes, charge anal-
ysis, and electronic band structures were carried out to confirm the experiment.

1. Introduction

The joint experimental and computational study of Zinc-oxide (ZnO) doped with rare-earth metals has attracted the attention of
researchers recently. The interaction of experimental and computational approaches provides a complete understanding of the
mechanisms underlying the photocatalytic properties of Zinc-oxide doped with rare-earth metals, which opens the way to the design
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and development of efficient and stable photocatalytic materials. Experimental studies of Zinc-oxide doped with rare earth metals
include the synthesis of material by various methods such as sol-gel, hydrothermal, and chemical precipitation [1].

Density functional theory calculations are used in computational investigations of Zinc-oxide doped with rare earth metals to
predict the material’s electrical and optical properties [2].

Organic dyes have become an integral part of industries all over the world. Apart from other inorganic pollutants, organic pol-
lutants such as various dyes become part of industrial effluents that affect the life of aquatic organisms. Removal of such pollutants is
necessary to preserve the environment. Previously, many researchers and materials engineers have reported efficient composite and
doped zinc oxide nanostructures. In this work, cerium-doped zinc oxide nanostructures were synthesized using Withania coagulans
plant extract and characterized using experimental and computational tools. In addition, the photocatalytic activity was statistically
investigated. Withania coagulans plant has attracted attention in the field of biotechnology and nanotechnology in recent years due to
its ability to synthesize nanoparticles. The plant extract has been used as a reducing and capping agent in the synthesis of nanoparticles
of various metals and metal oxides and has shown potential for use in various applications such as catalysis, drug delivery, and
wastewater treatment [3].

The potential of Zinc-oxide doped with rare earth metals as a photocatalyst has drawn the interest of researchers [4-6]. Compared
to pure Zinc-oxide, Zinc-oxide doped with rare earth metals exhibits enhanced photocatalytic activity [7].

Generally, rare earth metals with a narrow band gap absorb light in the visible range, making them suitable for photocatalytic
applications. Cerium is a rare earth metal that has been widely studied for its photocatalytic properties. In particular, cerium oxide
(CeOy) has been found to exhibit excellent photocatalytic activity due to its unique electronic and physicochemical properties. One of
the key factors behind the photocatalytic activity of cerium oxide is its ability to switch from one oxidation state to another (Ce>* and
Ce*"). This property allows cerium oxide to act as a powerful oxidizing agent that promotes various photocatalytic reactions. In
addition, cerium oxide has a narrow band gap with an energy of about 3.2 eV [8], which allows it to absorb visible light, making it
suitable for photocatalytic applications. The chemical composition of the cerium oxide surface also plays an important role in its
photocatalytic activity: the presence of oxygen vacancies and hydroxyl groups on the surface enhances its catalytic properties [9-11].

Zinc-oxide is a versatile material with a wide range of physical, chemical, and optical properties that make it useful in many in-
dustrial and technological applications [12]. Zinc-oxide has excellent photocatalytic properties. Zinc-oxide has a broadband gap of
about 3.3 eV, which allows it to absorb ultraviolet (UV) radiation, making it an efficient photocatalyst when irradiated with UV light
[13]. However, Zinc-oxide also has a number of disadvantages, such as its tendency to photo-corrosion under prolonged UV light
irradiation. Strategies to overcome this limitation include doping Zinc-oxide with other materials to improve its stability and durability
[14]. Zinc-oxide doped with cerium is a kind of rare-earth metal in which cerium atoms are incorporated into the crystal lattice of
Zinc-oxide. This material is widely studied from the point of view of increasing its photocatalytic activity [15-17].

Zong et al. (2014) and Carrillo et al. (2020) observed that Eu-doped Zinc-oxide nanoparticles have a narrower band gap, which
facilitates their absorption of visible light and improves their photocatalytic performance [18,19]. Maryam et al. (2022) reported the
effect of lanthanide doping on the structural, optical, morphological, antibacterial, and anticancer properties of Zinc-oxide nano-
particles. The results showed that La>":Zinc-oxide and Ce>*:Zinc-oxide doping formed La,05 and CeO, secondary phases, changed the
morphology of particles, formed point defects, increased photocatalytic activity, and showed promising anticancer potential [20]. A
study by Thi et al. (2017) showed that Lanthanum-doped Zinc-oxide nanostructure can be a promising photocatalyst for visible light
photocatalytic applications [21]. Previous studies have reported that pure Zinc-oxide is 71.4 % and Y: Zinc-oxide is 92.3 % efficient in
the decomposition of methyl orange [22] and 85 % and 57 % efficient in the decomposition of carbaryl when irradiated with natural
sunlight [23]. Similarly, Zn;.oxCexCexYbxO NPs were found to be more efficient photocatalysts for x = 0.05 [24,25].

In addition to successful doping, materials scientists have investigated the effect of cerium concentration on the structural prop-
erties of Zinc-oxide nanorods (NRs) [26]. They found that increasing the doping cerium concentration leads to an increase in the
photoluminescence intensity of cerium-doped Zinc-oxide NRs [27,28]. At the same time, You et al. (2019) confirmed that increasing
the concentration of Ce>" ions promotes energy transfer from the host Zinc-oxide to the 5d-energy level of Ce>' ion activators,
resulting in increased photoluminescence [29]. The study conducted by S. Karidas et al. (2020) provides important insights into the
synthesis and characterization of cerium-doped Zinc-oxide nanoparticles (NPs) and their photocatalytic activity in the degradation of
methylene blue [30]. This suggests that cerium-doped Zinc-oxide nanoparticles may be a promising material for environmental ap-
plications such as the degradation of pollutants in water [31]. Soren et al. (2015) also suggested that careful control of the doping
concentration is important to achieve the desired properties of cerium-doped Zinc-oxide nanoparticles for environmental applications
[32]. Manjula et al. (2022) reported the synthesis of CeOy/Zinc-oxide (CZO) nanostructure resembling microflowers [33]. Using a
polymeric templating agent, Yu and H. (2008) and Serrato et al. (2022) demonstrated the highly photocatalytic morphology of
CeO-Zinc-oxide nanostructure resembling hollow spheres [34,35].

Computational tools such as Density functional theory (DFT) have been carried out to investigate the electronic structure, optical
properties and photocatalytic behavior of Zinc-oxide doped with rare earth metals. These computational studies can provide insights
into the mechanisms of charge transport, recombination, and capture in doped Zinc-oxide-based photocatalysts and serve as a basis for
experiment design and optimization [36]. A study by Feng et al. (2018) showed that the introduction of Cerium into Zinc-oxide
significantly changes the optical and electronic properties of Zinc-oxide [37]. Cui et al. (2020) suggested that Sm-doped Zinc-oxide
could be a promising material for applications in water splitting and other photocatalytic reactions [38]. Indeed, Feng et al. (2018)
showed the potential of Eu-doped Zinc-oxide for various applications beyond photocatalysis. The formation of bound magnetopolarons
in Eu-doped Zinc-oxide leads to ferromagnetism [39]. Wen et al. (2018) found that the magnetic behavior of Ce-doped Zinc-oxide
crystals changes from ferromagnetic to antiferromagnetic, indicating that the presence of Ce alters the magnetic properties of
Zinc-oxide [40].
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As Ce concentration increases, Jia et al. (2018) observed that the hybrid conjugation of Ce-4f, Ce-5d, and O-2p states leads to the
ferromagnetic behavior of Ce-doped Zinc-oxide [41].

Zhang et al. (2011) used the generalized gradient approximation (GGA) and GGA + U methods in density functional theory cal-
culations to examine the impacts of cerium incorporated in Zinc-oxide. It was discovered that cerium inclusion creates a new localized
band between the valence and conduction bands, improving Zinc-oxide’s optical properties [42].

2. Experimental section
2.1. Materials and reagent

Zn(NO3)2-6H,0 (Merck Schuchardt, >99.0 %), Ce(NO3)3-6H30 (Merck Schuchardt, >99.0 %) were purchased and used without
any further treatment. For oxidation and capping, withania coagulants plant extract was used [3,43-45].

2.2. Synthesis process of Ce-doped zinc-oxide flower-shaped nanopetals

Cerium-doped Zinc-oxide (Ce% doped Zinc-oxide) nanostructures were synthesized using the Withania coagulans plant extract. In
order to obtain the plant extract, 10 g of dried leaves of Withania coagulans plant were boiled in 1000 ml distilled water in a glass flask
for 2 h. After boiling for 2 h, a light yellow extract was obtained. The extract was further purified by passing through filter paper. In the
next step, the Ce(NO3)3-6H20 and Zn(NO3)2-6H20 were dissolved with the content percentage ratio of 1:99 %, 3:97 %, and 5:95 %,
respectively, in the obtained plant solution in three different beakers. To boost the reaction, the obtained solutions in three different
beakers were stirred at 80 °C on a hot magnetic plate for 2 h. After 2 h, dark yellow solutions were collected and centrifuged at 3000
rpm for 4 min. The thick slurries of Ce;¢, doped Zinc-oxide, Cesy, doped Zinc-oxide, and Cesy, doped Zinc-oxide were dried at 80 °C in
three different porcelain dishes for 3 h. In order to obtain organic-free nanostructures, the dried samples were heated at 180 °C for 3 h.
Pure Zinc-oxide nanostructure was also obtained using the similar method.

2.3. Characterization

The crystallographic structure was investigated using a powder X-ray Diffractometer (D-8 Advance Bruker) equipped with Cu Ko
radiation (A = 0.15406 nm) source. Morphological analysis was carried out using scanning electron microscopy (SEM, JEOL JSM651).
For the assessment of optical bandgap in CuO/Ag nanocomposites, Ultraviolet-visible spectroscopy (UV-Vis, Shimadzu 1700) was
used.

The photocatalytic activity of Zinc-oxide and Ce-doped Zinc-oxide photocatalysts was tested by the degradation of methyl orange
(MO) as a model pollutant under visible light with a wavelength greater than 400 nm. Methyl orange is a commonly used organic dye
that is often employed as a model pollutant in photocatalytic studies due to its well-defined absorbance spectra and high sensitivity to
photocatalytic degradation.

Density Functional calculations were executed through the plane-wave pseudopotential method [46,47]. The generalized gradient
approximation (GGA) was used to depict the exchange-correlation potential in the Perdew-Burke-Ernzerh (PBE) form [48-50]. To
achieve optimal outcomes and prevent electron leakage, the RMT x Kmax = 8.00 basis functions and 25000 k points were used. In the
Monkhorst-Pack approach, the Brillouin zone was discretized using 4 x 4 x 2 k-point meshes. Furthermore, the cut-off energy of the
plane wave for the equipotential muffin tin sphere can be set at 380 eV. This results in the materials’ most stable structural features.
The following convergence tolerances are established during geometry optimization: The convergence energy is 2.0 x 10~° eV atom-1;
the maximum strength is 0.05 eV A1 ; the maximum stress on each cell is 0.1 GPa; the maximum offset of each atom is 0.002 A and the
self-consistent field (SCF) is set to 2.0 x 107% eV atom™ L.

2.4. Photocatalysis

A photocatalytic process is a process that uses light energy to trigger a chemical reaction on a surface. In a photocatalytic reaction, a
substance called a photocatalyst is used to absorb light energy and initiate or accelerate the chemical reaction. The photocatalyst is
usually a semiconductor material, such as Zinc-oxide (ZnO), which can generate electron-hole pairs when light is absorbed.

The electron-hole pairs generated in the photocatalyst can react with molecules adsorbed on or near its surface to form highly
reactive intermediates that can trigger chemical reactions. These reactions can be used to break down pollutants such as volatile
organic compounds, nitrogen oxides, and other organic molecules into harmless substances [51]. Cerium-doped zinc-oxide is a type of
photocatalyst used in photocatalysis to break down pollutants in water. The addition of cerium to zinc-oxide can improve its pho-
tocatalytic properties by increasing its light absorption and ability to separate charges.

Photocatalytic activity can be assessed by measuring the degradation rate of target contaminants when irradiated with ultraviolet
or visible light. The most commonly used contaminants are organic dyes such as methylene blue (MB), which can be easily monitored
by UV-Vis spectroscopy.

3. Results and discussion

The dimensions and shape of the materials can have significant effects on their properties. A scanning electron microscope was used
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to analyze morphology (Fig. 1). The surface morphology of pure Zinc-oxide (Fig. 1 a, b) and Cesy, doped Zinc-oxide nanopetals (Fig. 1
¢, d) is homogeneous and smooth, according to the SEM images. Pure Zinc-oxide displayed nanopetals in the form of nanoflowers.
Based on earlier studies documented in the literature, the diameter of the nanopetals is around several nanometers [52]. Zinc-oxide is
known to have a high surface area due to its nanoflower-like form, which is helpful for photocatalysis. On the other hand, Cesy, doped
Zinc-oxide has oval-shaped nanoflower-like nanopetals, which suggests that their surface area is greater than that of pure Zinc-oxide.
Ce-doped Zinc-oxide’s greater surface area may lessen charge recombination, which could result in effective pollutant
photodegradation.

Using an X-ray diffractometer, structural analysis was performed on flower-shaped nanopetals of Zinc-oxide, Ceyo, doped Zinc-
oxide, Cesy, doped Zinc-oxide, and Cesy, doped Zinc-oxide in the 26 range of 20-80°. Fig. 2 a exposes the (100), (002), (101),
(102), (110), (103), (200), (112) and (201) planes of the flower-shaped nanopetals of Zinc-oxide that exhibit sharp peaks at 26 31.75°,
34.35°, 36.2°, 47.55°, 56.6°, 62.75°, 66.3°, 67.9°, and 69.09° respectively, as revealed by the XRD spectrum. The hexagonal wurtzite
crystal structure of Zinc-oxide and the Joint Committee Powder Diffraction Standards (JCPDS number 36-1451) fit the observed peaks
and their matching planes quite well [53,54]. The impact of cerium doping was examined using the XRD spectrum; a magnified XRD
pattern is shown in Fig. 2b. Because of the Ce inclusion in the structure, peak shifting of the 1 % and 3 % Ce/Zinc-oxide nanopetals
nanostructures was seen at the planes of (100) and (101). Ce®* and Ce** have greater ionic radii (1.03 A>0.97A>0.74 /0\) than Zn?*.
However, there is no corresponding increase in lattice parameters for higher doping of Ce contents (5 %), which indicates some defects
and compensates the increasing ionic radii. Furthermore, samples with a Ce content ranging from 1 to 5 % doping of cerium showed a
decrease in the width of the diffraction peaks. The X-ray spectra of the 1 %, 3 %, and 5 % Ce/Zinc-oxide nanopetals demonstrated the
successful synthesis of a nanostructure. The Scherrer equation was utilized to compute the sizes of the crystallites. The measured
diameters of the crystallites were determined to be 16.48 + 02 nm for pure Zinc-oxide and 17.8 + 2, 18.8 + 2, and 18.87 + 2 nm for
nanopetals containing 1 %, 3 %, and 5 % of Ce/Zinc-oxide, respectively. The crystal size of produced Ce/Zinc-oxide nanocomposites
was estimated to be in the range of 16.48-18.87 nm in a previous study applying the Scherrer equation. The Ostwald ripening phe-
nomena suggests that relatively large particles growing at the expense of smaller ones may be the cause of the 3 % doping of Ce ions
and subsequent rise in crystallite size [55]. Wegard’s law states that the lattice parameters rise according to the Ce3+ concentration
[56]. The full-width half-maximum (FWHM) was determined following a peak fitting (Fig. 2 c). For pure Zinc-oxide, Cej, doped
Zinc-oxide, Cesy, doped Zinc-oxide, and Cesy, doped Zinc-oxide nanopetals, the estimated FWHM values were computed as 0.51, 0.45,
0.42, and 0.41, respectively. The breadth of the diffraction peaks, or the drop in FWHM, appears to diminish when Ce concentration
rises from 1 to 5 wt percent. This suggests that the crystalline nature and properties of the Ce-doped Zinc-oxide samples are enhanced.

The bandgap energies of the pure Zinc-oxide and Ce/Zinc-oxide nanopetals were significantly different, according to UV-Vis
spectroscopy. Zinc-oxide, Ce;o, doped Zinc-oxide nanopetals, Cesy, doped Zinc-oxide nanopetals, and Cesy, doped Zinc-oxide nano-
petals all showed absorption maxima at 373, 376.4, 377, and 378 nm, respectively. The redshift happens and advances toward higher
wavelengths, as shown by the UV-Vis spectrum (Fig. 3 a). Ce3+ ions’ tendency to re-absorb light may be the cause of the redshift seen
in Ce/Zinc-oxide nanopetals [57]. The energy gaps of the synthesized materials were calculated from the Tac plot and measured were
found as 2.796, 2.645, 2.534, and 2.448 eV for the pure Zinc-oxide, Ce;q, doped Zinc-oxide, Cesq, doped Zinc-oxide, and Cesq, doped
Zinc-oxide nanopetals, respectively (Fig. 3 b). The doping of cerium atoms caused the change in the energy band gap, which may

Fig. 1. SEM images of (a, b) Zinc-oxide and (c, d) Cesy, doped Zinc-oxide flower-shaped nanopetals.
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(a)

—2Zn0 400} ZnO (2.796 eV)
—~0.48} —1% Ce/Zn0O = 1% Ce/ZnO (2.645 eV)
S —3% Ce/ZnO ——3% Ce/ZnO (2.534 eV)
© ——5% Ce/ZnO 300 5% Ce/ZnO (2.448 eV)
o~
Bo.44 =
S 5 200}
O -u—;-' R
o
®0.40f k__/
O 100
<
036 L L i A 0 L
400 500 600 700 800 3 4
Wavelength (nm) hv (eV)
(©) == (d) :
——2Zn0 20 min in dark 80} 5% Ce/ZnO
1.00F — 5% Ce/ZnO 20 min in sunlight ZnO
— == 5% Ce/Zn0O 40 min in sunlight —
3_ e 5% Ce/Zn0O 60 min in sunlight NS
5% Ce/ZnO 80 min in sunlight 2= 60k
~0.75 =
s S
c b
©
© 40F
8 050 S
o
o S
2 o
g 0.25 Qa 20F
0.00 n : 0 : . . .
200 400 600 800 0 20 ) 40 ) 60 80
Wavelength (nm) Time (min)

Fig. 3. (a) Absorption spectra of Zinc-oxide, Ce;q, doped Zinc-oxide, Cesy, doped Zinc-oxide and Ceso, doped Zinc-oxide (b) (athv)? with hv for the
Zinc-oxide and Ce-doped Zinc-oxide (c) Absorption spectra demonstrating the photocatalytic degradation of MO solution in the presence of Zinc-
oxide, and Cesy, doped Zinc-oxide (d) Percent degradation of MO.

produce the photoelectronic trapping centers during the photocatalysis process. Based on the Tac plot, the energy gaps of the produced
materials were determined to be 2.796, 2.645, 2.534, and 2.448 eV for the nanopetals of pure Zinc-oxide, 1 %, 3 %, and 5 %
Ce/Zinc-oxide, respectively (Fig. 3b). The energy band gap changed as a result of the doping of cerium atoms, and this could lead to the
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production of photoelectronic trapping centers during photocatalysis. The emergence of new energy states in the band gap that capture
photoelectrons and cause a drop in energy band gap values at greater doping concentrations is what causes the change in the energy
band gap. The redshift of the absorption edges in Ce-doped Zinc-oxide photocatalysts was also reported by Liu et al. [58]. The
introduction of defects within the crystal by dopants has the potential to greatly improve the photocatalytic activity of doped
Zinc-oxide nanocatalysts [59].

The observed redshift is caused by charge transfer transitions between the valence band/conduction band (CB/VB) of Zinc-oxide
and the lanthanide °f electrons. Ce>" ions interact with the Zinc-oxide CB/VB through partially filled 4f orbitals, which results in the
observed alterations in the absorption spectra. The absorption spectra show a redshift in the band gap from 2.796 eV to 2.448 eV,
which suggests that Ce>* ions have added more energy levels to Zinc-oxide’s band gap. This has the effect of decreasing the energy
needed for light absorption [60]. This redshift may have a significant impact on the material’s optical and electrical characteristics
since it may change how the material behaves in situations where light absorption and emission are critical, such as optoelectronic
devices, photocatalysis, and sensors.

Significant details on the photocatalytic activity of the materials are revealed by the absorption spectra of methylene orange (MO)
degradation on Zinc-oxide and Zinc-oxide doped with Ce ions under visible light irradiation (Fig. 3 c).

The findings show that Cesy, doped Zinc-oxide demonstrated strong photocatalytic activity, degrading most of the methylene
orange in less than 100 min, including dark time (Fig. 3 d). This implies that under visible light irradiation, the Ceso, doped Zinc-oxide
photocatalyst is quite effective in breaking down methylene orange.

The two samples’ Zinc-oxide and Cesy, doped Zinc-oxide nanopetals’ MO degradation data are statistically analyzed (Fig. 4). A
linear regression analysis of the degradation data was done in order to determine the correlation coefficient (R?) between the time and
the MO’s degradation and to construct a model that represented the degradation.

For Zinc-oxide photocatalyst, degradation follows a polynomial of order 2 (y = at? — bt* + ¢), but for Ce/Zinc-oxide nanopetals
photocatalyst, degradation follows a linear equation (y = at + b). where t is the time in minutes and a, b, and c are constants. Zinc-
oxide and Cesy, doped Zinc-oxide nanopetals were found to have correlation coefficients (R?) of 0.9999 and 0.9924, respectively.
Piecewise linear regression splitting is used to optimize the degradation model for the samples (Zinc-oxide and Ce-doped Zinc-oxide
nanopetals), resulting in two segments that have improved correlation coefficients (R).

The findings imply that the dopant presence of Ce ions in Zinc-oxide can greatly increase Zinc-oxide’s visible light photocatalytic
activity, which will result in a more effective breakdown of methylene orange. The photocatalytic performance of Zinc-oxide appears
to be positively impacted by the specific concentration of Ce ions (in this example, 5 %), leading to a faster breakdown of methylene
orange in a comparatively short amount of time—100 min.

These results demonstrate the efficacious photocatalytic degradation of organic pollutants, like methylene orange, by Ce-doped
Zinc-oxide photocatalysts, especially the Cesy, doped Zinc-oxide. They also point to the possibility of using these catalysts in envi-
ronmental remediation and pollution control applications.

The P6smc, C6v-4 symmetry Zinc-oxide hexagonal wurtzite model is the ideal structure that was employed in the investigation
[61]. The simulated XRD, as shown in Fig. 5c~is consistent with earlier research. The initial lattice parameters are: a =b = 3.249 A, c=
5.206 A, a = p = 90° and y = 120° [62]. The optimized supercell models for pure and Ce-doped Zinc-oxide are displayed in Fig. 5a and
b. To create Zng 9Ceg 10, Ce atoms are substituted for Zn atoms in accordance with the Zinc-oxide model.

As illustrated in Fig. 5f, it was found that the bond length and bond angles of Zinc-oxide are, respectively, 1.994 A and o« = p =
110.21° and y = 108.71°. However, as can be shown in Fig. 5g, the bond lengths and bond angles of Ce-doped Zinc-oxide are 2.219,
2.185, and 2.179 A, and o = p = 107.81° and y = 107.69°, separately.

These findings are in agreement with the experimental data and imply that the insertion of Ce ions into the Zinc-oxide lattice results
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Fig. 4. Mo degradation with interpolation.
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Fig. 5. (a) Crystal structure of Zinc-oxide (b) Crystal structure of Ce/Zinc-oxide nanopetals (c) Simulated XRD of Ce/Zinc-oxide nanopetals (d) & (e)
Differential charge density of t and Ce/Zinc-oxide nanopetals (f) & (g) bond lengths and bond angles of Zinc-oxide and Ce/Zinc-oxide nanopetals (h)
& (i) Band structures of Zinc-oxide and Ce/Zinc-oxide nanopetals.

in a little structural distortion. One Zn atom was substituted with a Ce atom in a 4 x 2 x 2 supercell of relaxed Zinc-oxide, increasing
the bond length from 1.994 to 2.194 A.

Additionally, as illustrated in Fig. 5d & e, the Zincoxide’s differential charge density and the differential charge density of the
cerium-doped zinc-oxide nanostructure are computed.

Based on the baders charge analysis, the Cerium atom transfers ~0.93e to O atoms in the Zinc-oxide structure, as shown in Fig. 5d.
(The yellow color shows depletion and the green represents the buildup of charges). Fig. 5e illustrates how the net charge transfers to
the O atom in Cerium-doped Zinc-oxide are around 0.911e. As seen in Fig. 5h & i, the band structures of Zinc-oxide and Cerium-doped
Zinc-oxide are plotted to observe the electronic change in structure. Pure Zinc-oxide’s band gap is 0.7 eV, following earlier DFT
predictions [63]. Cerium-doped Zinc-oxide now has a smaller band gap, which is in line with the results of the experiment. The
formation energies for Ce/Zinc-oxide nanopetals and pure Zinc-oxide nanopetals nanostructures were —3.924 eV/atom and —4.328
eV/atom, respectively. This validates the stable structures’ thermodynamic advantage.

4. Conclusions

A novel green route method using an organic extract of the Withania coagulans plant was effectively exploited in Ce/Zinc-oxide
nanopetals synthesis. The X-ray diffractograms of the Zinc-oxide, Cejy, doped Zinc-oxide nanopetals, Cesy, doped Zinc-oxide nano-
petals and Cesy, doped Zinc-oxide nanopetals showed sharp peaks that correspond to the crystal planes (100), (002), (101), (102),
(110), (103), (200),(112), and (201) of the hexagonal wurtzite crystal structure of Zinc-oxide. The particles of the fabricated structure
had a nanoflower-like morphology consisting of nanosheets about 1-2 nm in diameter. A crystallite size of about 18 nm was deter-
mined. In contrast, Cesy, doped Zinc-oxide nanopetals exhibited oval-shaped nanoflowers-like morphology, indicating a larger surface
area compared to pure Zinc-oxide. Zinc-oxide and Ce/Zinc-oxide nanopetals nanostructures have significantly different bandgap
energies, as revealed by UV-Vis spectroscopy. The energy gaps of 2.796, 2.645, 2.534, and 2.448 eV were observed for Zinc-oxide,
Ceyo, doped Zinc-oxide nanopetals, Cesy, doped Zinc-oxide nanopetals, and Cesy, doped Zinc-oxide nanopetals respectively. DFT
analysis is used to evaluate the bandgap’s decreasing tendency. The photocatalytic activity was analyzed statistically. Degradation
followed the polynomial of order 2 (y = at? - bt + ¢) for Zinc-oxide photocatalyst and linear equation (y = at + b) for Ce/Zinc-oxide
nanopetals photocatalyst. The findings suggested that the particular concentration of Ce ions—in this case, 5%—seems to have a
positive impact on Zinc-oxide’s photocatalytic activity, leading to a faster pace of methylene orange breakdown.
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