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Abstract: Cerium oxide nanoparticles were obtained using aqueous extracts of Chelidonium majus and
Viscum album. X-ray diffractometry analysis confirmed the crystalline structure of the synthesized
cerium oxide nanoparticles calcined at 600 °C. Scanning electron microscopy, UV-Vis reflectance
and Raman spectroscopy, XPS, and fluorescence studies were utilized to interpret the morphological
and optical properties of these nanoparticles. The STEM images revealed the spherical shape of the
nanoparticles and that they were predominantly uniform in size. The optical band gap of our cerium
nanoparticles was determined to be 3.3 and 3.0 eV from reflectance measurements using the Tauc
plots. The nanoparticle sizes evaluated from the Raman band at 464 cm~! due to the F>¢ mode of
the cubic fluorite structure of cerium oxide are close to those determined from the XRD and STEM
data. The fluorescence results showed emission bands at 425, 446, 467, and 480 nm. The electronic
absorption spectra have exhibited an absorption band around 325 nm. The antioxidant potential of
the cerium oxide nanoparticles was estimated by DPPH scavenging assay.

Keywords: cerium oxide nanoparticles; plant extract; biogenic preparation; optical properties; XPS;
Raman spectra; antioxidant activity

1. Introduction

Over the past few decades, there has been a significant development in the field of
nanomaterials and nanotechnology. The interest in the utilization of nanomaterials, espe-
cially metal and metal oxide nanoparticles, has increased due to their unique characteristics,
such as smaller particle size, large surface-to-volume ratio, and tunable morphological
properties compared to their bulk counterparts. The nanoscale materials also possess dif-
ferent optical, thermal, chemical, magnetic, and mechanical properties relating to the bulk
equivalents. As a result of these specific and tailorable properties, nanostructured materials
have found applications in many fields, such as optics [1], environmental ones [2,3], cataly-
sis [1,3], electronics [4], solar cells [5], biomedical [2,6], antibacterial ones [6,7], luminescent
materials [8], etc.

Among the different kinds of nanoparticles, the metal oxide nanoparticles with tai-
lored structures have gained great attention because of their unique size and their shape-
dependent physico-chemical characteristics [9-11]. The design and synthesis of the metal
oxide nanoparticles of controllable structural properties (optical, electrical, magnetic, cat-
alytic, etc.) can be achieved through different fabrication conditions. In general, cerium can
exist in two oxidation states: Ce*™ and Ce*" due to the presence of ground state electrons
in the 4f (Xe 4f'5d'6s?) orbital, which provide its redox properties [12,13]. At the nanoscale
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level, the cerium oxide presents a cubic fluorite structure, and the two Ce®t and Ce*t states
can exist on the nanoparticle surface. The presence of the Ce>" state determines a charge
deficiency, which can be compensated by a corresponding member of oxygen vacancies in
the lattice. Therefore, the cerium oxide nanoparticles possess intrinsic oxygen defects. The
activity and performance of materials containing cerium oxide nanoparticles depend on
the content of the oxygen vacancies. In order to change the oxygen vacancy extent on the
cerium oxide surface, many methods, such as decreasing nanoparticle size, morphology
modification or metal doping, have been developed [14-16]. The properties of the cerium
oxide nanoparticles depend on different parameters, such as synthesis procedures, type of
surfactants, solvent or capping agents, and reaction temperature or time [8,17-19]. The syn-
thetic strategies of the cerium oxide nanoparticles have been based mainly on physical and
chemical methods. The physical methods for the cerium oxide nanoparticle preparation
include pulsed laser ablation in liquids, the hydrothermal route, spray pyrolysis, chemi-
cal vaporization, ball milling, microwave irradiation, combustion, etc. [1,11,20-23]. The
pulsed laser ablation technique presents the advantage of the lack of contamination with
chemical reagents and a high stability of nanoparticles. The cerium oxide nanoparticles
can be prepared via chemical pathways such as coprecipitation, sol-gel, microemulsion,
electrochemical, and photochemistry, to name just a few [8,11,24-27]. The chemical and
physical-mediated routes for the synthesis of the cerium oxide nanoparticles involve higher
energy consumption to assure the temperature and pressure during synthesis, the use of
the hazardous reagents and solvents generating toxic by-products for human health and
the environment, long reaction time, or many steps in the synthesis protocol. In addition,
some physical approaches need a high vacuum and also expensive equipment. However,
these synthetic routes are not adequate when the nanoparticles are utilized in biomedical
applications [28,29].

As a consequence, biological resources, such as plant extracts, fungi, algae, bacteria, or
nutrients, become viable alternatives for synthetizing metal oxide nanoparticles, which are
biodegradable and do not give off hazardous compounds [2,12,30]. The green chemistry
methods mentioned above are eco-friendly, safer, and cost-effective processes for the
preparation of the metal oxide nanoparticles. Among the biogenic methods, the plant-
mediated synthesis of the cerium oxide nanoparticles using whole or parts of plants are
very frequently utilized. The biogenic synthesis is similar to a chemical route where toxic
and expensive reagents are replaced by plant extracts obtained from roots, leaves, flowers,
seeds, fruits, or stems. The plant extracts contain different bioactive compounds such as
flavonoids, polyphenols, terpenoids, amines, ketones, saponins, tannins, and other types of
biomolecules, which are able to reduce the metal salt to nanostructured materials, acting as
reducing and capping agents in the formation of metal oxide nanoparticles with different
sizes and morphologies [16,26,30-32].

The biogenic synthesis of the cerium oxide nanoparticles have been applied already
using different plant extracts from Leuca aspera leaves, Gloriosa superba L. leaves, Morinda
citrifolia L. fruits, Cydonia oblonga miller seeds, Rubia cordifolia L. leaves, Acorus calamus
rhizomes, and Hibiscus sabdariffa flowers, to name just a few [5,12,16,26,33-36]. The biogenic
approach offers several benefits compared to the conventional methods, such as a minimum
of hazardous by-products, without adding standard alkaline/acid compounds and without
high temperatures.

The Chelidonium majus L. (Chelandine) is a familiar plant from Romania and it belongs
to the Papaveraceae family. The plant develops on cultivated lands or close to houses. The
biological active compounds can be found mainly in the roots, but also in flowers and
leaves. The plant extract is a rich source of benzophenanthridine and isoquinoline alkaloids,
such as chelerythrine, berberine, sanguinarine, coptsine, chelidonine, chelirubine, stylop-
sine, and methoxychelidonine. Other phytochemicals present in C. majus include organic
acids (chelidonic, citric, malic, succinic), phenolic compounds (p-coumaric acid, ferulic
acid, cafeic acid, kaemferol, rutoside, quercetol), phytosterols (stigmasterol, campesterol,
sitosterol), saponosides, tannins, and mineral salts [37-39]. Viscum album extract was also
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used to prepare cerium oxide nanoparticles by the biogenic route. The phytochemical pro-
file of Viscum album extract consists of lectines as the main group compounds, viscotoxins,
polyphenolic compounds (chlorogenic, ferulic, p-coumaric, sinapic, and salicylic acids),
phenylpropanoid derivatives (coniferin, syringenin, and lignans), flavonoids, terpenoid
compounds, phytosterols, and carbohydrates [40,41]. These phytochemicals can replace
the toxic reagents used in the reduction and capping processes in the formation of cerium
oxide nanoparticles. In this way, the plant extract ingredients can stabilize the nanoparticle
formation and monitor their morphology.

Here, the toxic effect of the utilized conventional chemicals in the synthesis of nanopar-
ticles is reduced, and a more efficient synthetic strategy was developed in order to obtain
cerium oxide nanoparticles with potential biomedical applications, including antioxidant,
antibacterial, or antifungal activities. The cerium oxide nanoparticles prepared by biogenic
routes are also biocompatible, which recommends them for use in the biomedical field.

In this study, the synthesis of the cerium oxide nanoparticles by a completely eco-
friendly route, using aqueous extracts of Chelidonium majus (C. majus) roots and Viscum
album (V. album) plants, has been reported. To the best of our knowledge, this study is the
firstly report on C. majus extract-mediated synthesis of cerium oxide nanoparticles and their
investigation by X-ray diffractometry (XRD), UV-Vis absorption, fluorescence and Raman
spectra, scanning electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS).
The prepared cerium oxide nanoparticles were explored for their antioxidant potential.
However, C. majus extract was used previously for the preparation of the silver and zinc
oxide nanoparticles [37,42].

2. Results and Discussion

Structural and crystalline characteristics of the cerium oxide nanoparticles obtained
using C. majus plant extracts are investigated by XRD analysis. The XRD patterns of
phytosynthesized cerium oxide nanoparticles are depicted in Figure 1. The X-ray diffraction
peaks of C-CM are located at 26 angles of 28.61°, 33.14°, 47.55°, 56.47°, 59.04°, 69.45°, 76.96°,
and 79.08°, corresponding to (111), (200), (220), (311), (222), (400), (331), and (420) planes of
the cerium oxide nanoparticles. This suggests a satisfactory agreement with the structure
(space group Fm3m) of cerium oxide (JCPDS card No 34-0394), which indicates the high
purity of the synthetized cerium oxide nanoparticles. These characteristic crystal planes
in cerium oxide nanoparticles are consistent with those reported previously [8,19,26,43].
The diffraction pattern of the sample C-CM1 matched with that of sample C-CM (Figure 1).
The corresponding Miller indices were provided, and no additional peaks were found. A
highly intense diffraction peak of (111) provides the preferred orientation.

The cell constant, a, was estimated using the following equation:

_ VA

= 5sind (1)

where A is the X-ray wavelength and 6 is Bragg angle. The calculated value of the lattice
parameter is 5.3765 A for the C-CM sample, 5.3875 A for the C-CM1 sample and 5.3980 A
for C-VA, respectively. The unit cell volume (V = a%) was found to be 155.417 AS for C-CM,
156.373 A’ for C-CM1, and 157.341 A’ for C-VA (Table 1). The values of the lattice parameter
of the as-synthetized samples are lower than the value corresponding to the bulk cerium
oxide crystals (2 = 5.412 A). This can be due to the appearance of the oxygen vacancies
leading to the modification of the Ce-O bonds, and, thus, a decrease in the lattice parameter
and the crystallite size can occur. Lower values of lattice parameter 4 compared to the bulk
value were reported in the literature for cerium oxide nanoparticles [34]. The crystallite
size of the cerium oxide samples was determined using the Scherrer relation [44]:

D— 0.98 A
B cost

@
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where B denotes the full width at half maximum (FWHM), A is the X-ray wavelength
(A =0.15406 nm), and 6 is the diffraction angle (in radians). The average crystallite sizes
were found to be 10.14 nm and 9.86 nm for the cerium oxide nanoparticles prepared
by C. majus plant extract and 5.97 nm for the C-VA sample, which matches with other
published results, indicating the corresponding crystalline nature and the smaller grain
size of the nanoparticles [10,45].

(111)

(331)
(420)

(a)

(222)  (400)

Intensity (a.u.)

(b)

(c)

20 60 80
20 (degree)

Figure 1. XRD pattern of cerium oxide nanoparticles using plant extract: (a) C-CM; (b) C-CM1;
(c) C-VA.

Table 1. Structural parameters of cerium oxide nanoparticles.

- T L - T

C-CM 321 10.14 5.3803 463.9 9.69 155.74 9.03 x 1020
C-CM1 328 9.86 5.3875 463.6 12.09 156.37 7.17 x 1020
C-VA 327 5.97 5.4023 461.4 5.59 157.66 1.61 x 104

The results of the SEM morphological analysis of the cerium nanoparticles are pre-
sented in Figure 2. As can be seen from the images, the nanoparticles have a spherical shape
and they are homogeneous in terms of dimensions. In the case of the C-CM1 sample, the
dimensions of particles are between 5-12 nm in size and appear as clusters of nanoparticles
(Figure 2a). At higher magnification, it can be observed that the particles have an organic
part with a smooth texture from the process of obtaining cerium nanoparticles (Figure 2b).
C-CM nanoparticles also exhibit a spherical morphology with well-individualized particles
dimensions in the range of 7-14 nm.

To better identify the morphology of the synthesized cerium oxide nanoparticles, the
samples were analyzed with a STEM3+ detector using the Verios G4 UC scanning electron
microscope. The STEM mode in SEM allowed us to obtain images with a higher resolution,
and for this reason more images were recorded in order to establish both the morphology
and the dimensions of these nanoparticles. The STEM micrographs of the two analyzed
samples are given in Figure 3 at two magnifications 250,000 x (Figure 3a,c) and 350,000 x
(Figure 3b,d). From these images, it can be seen that the samples are homogeneous in terms
of size and shape.
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Figure 2. SEM morphology of synthetized nanoparticles: (a) C-CM1 50,000 x; (b) C-CM1 100,000 x;
(c) C-CM 50,000 (d) C-CM 100,000 .

Figure 3. STEM morphology of cerium oxide nanoparticles: (a) C-CM1 250,000%; (b) C-CM1
350,000 (c) C-CM 250,000 ; (d) C-CM 350,000 x.

EDX analysis was used to highlight the presence of the chemical elements of the
synthesized samples, i.e., cerium (Ce) and oxygen (O). In Figure 4, the EDX spectra and
the chemical composition are presented. Both spectra indicate the characteristic peaks of
cerium (L- and M-shell transition energies) and oxygen (K-shell transition energy). From
the EDX spectra, the presence of the C peak can be observed. In the case of the C-CM1
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Intensity (Counts)

Frequency

sample, the percent of C is higher compared to the C-CM sample. This was also evident
in the case of the SEM micrographs, which can be attributed to the organic part of the
synthesis mixture.

3.12K+

2.73K-

2.34K-|

1.95K+

1.56K-

1.17K+

0.78K-|

0.39K-|

0.00K-
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PtM 2 0.5 7.7 2.6
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0.91 1.52 2.13 2.74 335 3.96 457 5.18 5.79
Energy (KeV)

Figure 4. EDX spectra and chemical composition of the cerium oxide samples: C-CM (black color)
and C-CM1 (red color).

In order to determine the average diameter of the obtained cerium oxide nanoparticles,
a number of 50 nanoparticles were measured for each sample using the Image J software.
The results are presented in the form of histograms in Figure 5. From the measurements, it
transpired that in the case of the sample C-CM1, the average diameter of the particles was
8.2 nm, and in the case of the C-CM sample, the average diameter was 10.26 nm.

Il ccm1 C-CM

Frequency

4 5 6 7 8 9 10 11 12 13

Diameter (nm) Diameter (nm)

Figure 5. Particle size distribution of the cerium oxide samples determined from the STEM images.

The Raman spectra were also used to confirm the successful preparation of cerium
oxide nanoparticles. Figure 6 shows the Raman spectra of cerium oxide nanostructures.
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For samples C-CM and C-CM1, a prominent Raman band has been observed at 463.9
and 463.6 cm™!, respectively, assigned to the Raman active F¢ symmetrical stretching
mode of the Ce-08 vibrational unit, indicating the cubic fluorite structure of cerium oxide
nanoparticles [43,46,47]. The P, stretching mode appears at 461.4 cm™ for the C-VA
sample. This observation confirms the XRD results. Furthermore, the cerium oxide-based
samples obtained using plant extracts present two weak Raman modes around 601 and
near 260 cm . The low intensity vibration mode at 601 cm™ can be assigned to the oxygen
vacancies in the cerium oxide lattice due to the presence of Ce>" ions, whereas the Raman
band around 260 cm~! can be due to the doubly degenerate transverse optical mode,
contributing to the disorder in the system [26,45,47-49].

—(a)
—(b)
—(c)
S
] 5
> s
(] s
£ £
200 400 600 800
Raman shift (cm”‘)
T T v T T T T
200 400 600 800 1000

Raman shift (cm")

Figure 6. Raman spectra of cerium oxide nanostructures: (a) C-CM; (b) C-CM1; (c) C-VA.

The particle size of cerium oxide has been estimated using the relation (3) [50]:
I'=5.48+498.4/Dr ©)]

where T in cm ™! represents the full width at half maximum of the Raman active mode, and
Dg stands as the particle size of the cerium oxide sample. According to relation (3), the
particle size was found to be 9.69 nm for the C-CM sample, 12.09 nm for sample C-CM1,
and 5.59 nm for C-VA, respectively. The particle size of the investigated cerium oxide
samples practically coincided with those obtained from XRD and SEM data.

Using the grain size determined by relation (3), the average distance separating two
lattice defects or the correlation length, L, can be estimated [51,52]:

1/3
L= { (22")R>2 [(DR —20)% + 4DRa] } @)

where « is the radius of the cerium oxide units (« = 0.34 nm) [51]. The defect concentration
(N, cm~3) can be calculated by the relation (5) [50,52]:

3

N= 13 ©®)

The values of N are given in Table 1. As can be seen, the sample C-VA having the
lowest grain size exhibits a higher concentration of oxygen defect on the surface of the
nanoparticles.
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The surface chemistry of cerium oxide nanoparticles, regarding to the composition
and stoichiometry, was studied by X-ray photoelectron spectroscopy (XPS). The XPS core
levels of Ce 3d and O 1s were performed and fitted by deconvolution in multiple Gaussian—
Lorentzian peaks (Figure 7). It can see from Figure 7a,b that the Ce 3d core level spectra
contain eight peaks, divided in two categories of V and U type, corresponding to the two
states Ce 3d5,, and Ce 3d3/, [53]. These states are obtained by the splitting of the Ce 3d
core level through spin—orbit interaction, and their peaks were grouped into four pairs:
(UV), (U, V), (U" V") and (U, V"). According to the literature, the three doublets are
characteristic of the Ce*t ionas U, U”; U, V": V", V, and the peaks U’ and V' are attributed
to Ce®™ [54,55]. The presence of the characteristic peaks for the Ce>" ion highlights the
fact that cerium oxide nanoparticles are a mixture of cerium ions corresponding to the two
valences +3 and +4. In order to calculate the content of Ce>™ and Ce*", the sum of peak
areas for each ion species against the sum of areas for whole Ce 3d spectrum was used as
in the relations below [55,56]:

ALI’ + AV’

Celt| = -100 6
|: :| Au/// —|— Au// —|— Au/ + Au —|— AVIH —|— AV” + AV/ —|— AV ( )

A m+Am +AG+A i +Ayn + A
[Ce‘**] - u S 4 iy 100 @)
Au/// + Au// + Au/ + AU + AV/// + AV” + Av/ + AV

e
[

where A; represents the integrated area of peak

The values of the integrated areas for each sample are listed in Table 2, whereas the
calculated values of the [Ce®>"] and [Ce®"]/[Ce*t] ratio with Equations (6) and (7) are
reported in Table 3. As can be seen, sample C-CM1 has a higher [Ce>*]/[Ce**] ratio than
sample C-CM. This indicates an alteration of the +4 pure oxidation number of cerium in
nanoparticles such as CeO, with the generation of mixed oxide species as CeOy where
Cey03 was formed. The increase in the content of Ce®* can appear due to the reduction of
the oxidation state of cerium from +4 to +3 as a result of the elimination of oxygen during
the synthesis process, as in the reaction below:

Table 2. Integrated areas of Ce 3d and O 1s XPS peaks.

Ce 3d3/2 Ce 3d5/2 O1s
Sample
U/// U// U/ U V/// V// V/ V OA OL] OL2
C-CM1 24,513 14,310 19,634 30,158 37,141 21,682 29,749 45,694 3740 16,433 12,263
C-CM 32,269 18,315 12,929 32,362 48,892 27,750 19,589 49,033 5288 21,166 2832

Table 3. Concentrations of Ce*™ and Ce*" ions and stoichiometry of cerium oxide nanoparticles.

[Ce3+] [Ce4+]

3+ 4+ /
Sample %) %) [Ce>*]/[Ce™] x x Ax
C-CM1 22.16 77.84 0.28 1.89 1.51 0.37
C-CM 13.49 86.51 0.16 1.93 1.26 0.67
X
CeOy — CeOy + (1 - E)oz ®)

The Ce®* ion can contribute to the formation of Cey O3 that coexists with CeO; to form
mixed CeO, oxides with 1.5 < x < 2. This happens if we assume that the whole O content is
the sum of the required oxygen to fully oxidize cerium ions with both positive oxidation
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numbers, Ce>" (x = 3/2) and Ce**t (x = 2). Taking into consideration the above assumption,
the stoichiometric parameter x can be calculated using Equation (9) [57]:
x = 2[Ce] 4 2[CeH) ©)

It can be observed from Table 3 that the values of x, calculated with Equation (9),

are slightly lower than two, and so the coexistence of CeO, with Ce;03 is possible, but
with a clear majority of cerium oxide with the upper oxidation number due to the fact that
[Ce*T] > [Ce*]. Based on these considerations, the CeO, mixed oxides may have a slightly
altered fluorite cubic structure. This was not clearly observed in the XRD diffractograms,
which leads us to the conclusion that the amount of Ce,Oj is somewhat negligible. Because
the content of Ce>" for both samples cannot be considered negligible, it can be assumed
that the oxygen deficiency in cerium oxide is mainly determined by oxygen vacancies and,
to a small extent, by the presence of Ce,O3 oxide. The oxygen vacancies can appear due to
the necessity of compensation of the charge imbalance generated by the presence of the
Ce3* ion, as dopant in nanoparticles, but with the fluorite cubic crystal structure preserved.

35,000 30,000
898.5(v'") (a) 882.19 (v) (h)
903.59 (u) 58539 :""?
: 882.7 (v) ! e
30,000 -| spaa0n s n N |
e~ ‘ i 9 (v
8 | 9075 (u) | | g—zs,ooo- A o
L o = ! Lo
T 25,000 - ; c | o
c d o i i
=] | 7] o |
7] 20,000 - ' VA
& 20,000 < WA
15,000 - 3 5 15,000 - N
. , L Il i : : — ‘I 3 : :
920 910 900 890 880 870 920 910 900 890 '880 870
Binding energy (eV) Binding energy (eV)
529.4% (O
16,000 529.‘5(0L) (©) 11,000 : (=})] (d)
14,000 526.59 (0 } 10,000 526.59 (0,)
! i 1 !
—_ : = 9,000 |
2 12,000 5318 (0,) | 2 531.89(0,) w
o i i 3 ] i
= ! = 8,000+ !
o : © i
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o ! S 7,000 !
» : o ] !
9 8,000 ; 2 6,000 |
X ’ | | [~
6,000 - / i : 5,000 1 VAN
s * - \
e : H : 4,000 - 3
4,000 T 5 T — — T T s — T —T | —
536 534 532 530 528 526 536 534 532 530 528 526 524

Binding energy (eV)

Binding energy (eV)

Figure 7. XPS Ce 3d (a) C-CM; (b) C-CM1 and O 1s (c) C-CM; (d) C-CM1 core levels spectra of cerium

oxide nanoparticles.

Equation (10) gives the oxygen content, taking into account the Ce 3d spectrum only,
and, therefore, the calculated values for x can be considered as having a pronounced
theoretical character. The actual stoichiometry, x’, can be directly calculated as the ratio
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of the sums of integrated areas of XPS peaks of the O 1s (Ap) and Ce 3d (Ac,) cores,

divided by the ratio of the sensibility factors of O (Sp = 0.711) and Ce (Sc, = 7.399) atoms
as follows [57]:

p_ Ao S

Ace So

The O 1s spectra of cerium oxide nanoparticles consist of three peaks, which can be
associated with the different types of oxygen species bound to cerium having different
oxidation numbers. Generally, in the literature, the peaks with a lower energy level, in our
case 526.59 eV and 529.50 eV for C-CM or 526.59 eV and 529.49 for the C-CM1 sample, are
attributed to lattice oxygen noted Oj, and the peaks corresponding to a higher energy level
such as 531.89 eV for C-CM and 531.89 eV for C-CM1 are assigned to weakly adsorbed
oxygen species on the surface of nanoceria, noted O4 [58,59].

Table 3 illustrates the values of the actual stoichiometry x” calculated with relation (10),
taking into account the integration areas of the peaks from the O1s spectra. These values are
clearly lower than two for both samples. The sample C-CM has the real stoichiometry, x’,
lower than the sample C-CM1, indicating a greater oxygen deficiency in the case of the first
sample. Moreover, from the same table, it is observed that the real stoichiometry parameter
x” is lower than the theoretical one, x, for both samples. In other words, the oxygen content
of nanoparticles is considerably lower than that required for the complete oxidation of
cerium atoms to Ce>™ and Ce*" ions. The positive value of difference Ax = x — x” indicates
the presence of oxygen vacancies due to a lower oxygen amount than the stoichiometric
needs. The Ax value corresponding to sample C-CM is higher than that corresponding to
C-CM1, despite the higher content of Ce®>" of the latter. Therefore, increasing the content
of Ce®>", depending on the synthesis process, the possibility of Ce;05 formation to the
detriment of oxygen vacancies increases. Thus, sample C-CM, with a lower content of
Ce*T, as compared to C-CM1, generates a small enough charge imbalance so that it can
be compensated by oxygen deficiencies. When the Ce>" content increases, in the case of
the C-CM1 sample, the charge imbalance can no longer be effectively compensated by the
oxygen vacancies, so a larger amount of Ce(III) oxides is formed.

The UV-Vis absorption spectra of cerium oxide nanoparticles dispersed in isopropanol
that were obtained by the biogenic approach using plant extracts are shown in Figure 8.
These samples display an absorption band around 330 nm, which can be caused by the
direct charge transfer transition from the valence band of O 2p to the 4f conduction band
of Ce** ions [60-63]. Because these materials absorb the UV radiation below 300 nm, the
obtained cerium oxide nanoparticles could be used as UV-shielding materials [5].

The band gap energy is an important characteristic of the nanomaterials that can be
used in optoelectronics. The band gap of the synthesized samples was estimated from
diffuse reflectance spectra, applying the Tauc relation in which the absorption F(R«) is
related to the reflectance by the Kubelka-Munk equation F(Re) = (1 — R3,) / (2R« ), where
R represents the sample reflectance and F(R«) is also named the Kubelka-Munk function.
In these conditions, Tauc relations can be written as [64]: [F (Roo)hv]l/ " = A(hv—Eg),
where h is the Planck constant, v denotes the frequency of the incident photon, A is a
constant for material, nis 1/2 for a direct transition or 2 for an indirect transition, and Eg

(10)

is the hand gap energy. By plotting [F (Rm)hv]l/ " as a function of hv, the band gap energy
values were obtained for the two transitions of the cerium oxide nanoparticles. The linear
part of the curves was extrapolated to intercept the photon energy axis in order to obtain
Eg [65]. Our results indicate that from the Kubelka-Munk plots, two band gap energies for
the direct transition (Figure 9a,b) and one band gap for the indirect transition (Figure 9¢,d)
were observed for samples C-CM and C-CM1, respectively. This dual band gap behavior for
the direct transition was also reported for cerium oxide nanoparticles [8,66]. The two-step
transition in the band gap was shown by Ho et al. for rod- and spherical-shaped cerium
oxide nanoparticles [66]. A band gap value of 3.10 eV and 3.33 eV (Egl) was found for the
direct transition of samples C-CM and C-CM1. For sample C-CM, the E; is smaller than
the band gap value corresponding to bulk cerium oxide (3.19 eV) [67,68]. This red shift
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in the band gap can be due to the presence of higher number of defects, leading to the
formation of some localized states within the band gap of the materials [48,69]. Although
the nanoparticle size of the two samples practically does not differ between them, the
band gap of sample C-CM1 is greater compared to C-CM due to the lower defect content
(Table 3). The indirect band gap energies are lower than the direct ones. The calculated
values of indirect band gap were estimated from Kubelka—Munk plots as being: 2.83 eV
(C-CM) and 3.07 eV (C-CM1) (Figure 9c,d). The values of Eg,l and Eé of the cerium oxide
nanoparticles are consistent with some reported results [67,70].

0.3
0.2
(a)
A
(c)
0.1-
(b)
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A (nm)
Figure 8. UV-Vis absorption spectra of cerium oxide nanoparticles: (a) C-CM; (b) C-CM1; (c) C-VA.

The Urbach energy (Ey;) near the optical band edge of the cerium oxide nanoparticles
was determined in order to obtain information about the influence of the lattice defects on
the band structure and the contribution of these defects in the localized states of the band
gap. The Urbach energy has been estimated from the empirical relation [71,72]:

o =g exp(hv/Ey) (11)

where ag a constant, hv is the incident photons energy, « represents the absorption coeffi-
cient, and Ey; denotes the Urbach energy describing the width of localized state in the band
gap. In this case, the absorption coefficient is proportional to F(Rs ), and equation then
becomes by linearization:

InF(Reo) = Inp+hv/Ey (12)

where B represents a constant. Urbach energy was determined as the inverse slope of the
linear fit resulting from the plot of InF(Rw) as a function of hv (Figure 10). The Urbach
energy for the cerium oxide nanoparticles was found to be 486.7 meV for C-CM and
364.1 meV for C-CML1, respectively. The increase in the band tail energy (E;;) in sample
C-CM shows an increased degree of the structural disorder, defect states, and vacancy level.
This fact is confirmed by XPS data (Table 3).
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Figure 10. Urbach plots of cerium oxide nanoparticles: (a) C-CM; (b) C-CM1.
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The relative position of the valence band (VB) maximum and the conduction band
(CB) potentials of the cerium oxide nanoparticles can be estimated using the optical band
gap energy values according to the following relations [32,73]:

EVB =X EC + OSEg (13)

Eyp = X — EC — 0.5Eg (14)

where x represents the electronegativity of cerium oxide (5.56 eV) and E¢ is the energy of
free electrons on the hydrogen scale (—4.5 eV) [60,74].

The calculated values of CB were —0.53, —0.65 and —0.60 eV, respectively, whereas the
following values for CV were found: 2.57, 2.69, and 2.64 eV for C-CM, C-CM1, and C-VA
samples, respectively. The results show that the highest values for Eyp and Ecp were found
out for samples the C-CM1 and C-CM samples, respectively. The CB and VB values of the
cerium oxide nanoparticles were in good agreement with those previously reported [73,75].

The refraction index of the cerium oxide nanoparticles can be determined using the
relation [76]:

(n2 _ 1) / (n2 n z) —1— (E,/20)"" (15)

The estimated values of the refractive index of our samples were 2.37 for C-CM and
2.15 for C-CM1, respectively. These low refractive indices determine high transmittance in
the visible range and high absorption in the UV region.

Figure 11 displays the emission spectra of cerium nanoparticles at the excitation wave-
length of 300 nm. The emission spectra of cerium oxide samples dispersed in isopropanol
show a broad band profile ranging from violet to green. The fluorescence spectra of samples
C-CM and C-VA have similar characteristics (Figure 11). It can be seen that a strong blue
emission band positioned at 468 nm with a blue-green shoulder at 481 nm and a blue
band of lower intensity at 427 nm were observed. The sample C-CM1 displays a different
emission pattern, which consists of an emission band at 422 nm, being the most intense
band, a blue emission band (shoulder) at about 446 nm, and a blue-green emission band
at 480 nm (Figure 11). These emission bands are consistent with data already reported in
the literature for cerium oxide nanoparticles [19,77-79]. The emission energies of cerium
oxide nanoparticles are revealed to be below the band gap energy due to the presence of
the crystal defects or the oxygen vacancies in the crystal lattice. The cerium oxide samples
prepared using C. majus extract have different fluorescence profiles, probably due to the
formation of different densities of defects in crystal lattice during synthesis of the samples.
Generally, the emission bands in the range of 350-550 nm could be attributed to the surface
structural defects in the cerium oxide nanoparticles, including oxygen vacancies with
trapped electrons that are localized between the Ce 4f state and the O 2p valence band in
lattice [16,19,77,80]. The blue emission bands located around 422 nm (C-CM1) and 427.5 nm
(C-CM) can be associated with defect states existing between Ce 4f level and O 2p valence
band, such as dislocations, which is useful for the fast oxygen transportation [4,34,48,81].
The prominent blue emission band around 467 nm and the blue-green shoulder around
480 nm can be assigned to oxygen vacancies and oxygen interstitial defects in the crystalline
unit with defect states below Ce 4f level [10,77,81].
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Figure 11. Emission spectra of cerium oxide nanoparticles: (a) C-CM; (b) C-CM1; (c) C-VA.

The room temperature fluorescence spectra of as-prepared cerium oxygen nanoparticle
using C. majus extract were excited at different wavelengths (270, 280, 300, 320, and 360 nm).
The emission spectra of the samples are practically identical, but the band intensities
are different, and as the excitation wavelength increases, a lower emission response was
recorded. In our case, a defect concentration of 1.61 x 102! cm™ was obtained for sample
C-VA, which exhibits higher emission intensity.

The investigation of the antiradical scavenging properties of the synthetized cerium
oxide nanoparticles was made using the reduction reaction of the DPPH colored free radical.
In a very general mechanism, the free radical can accept an electron, donated from cerium
oxide nanoparticles through redox-cycling between +3 and +4 oxidation states. As the
reaction advances, the color saturation decreases due to the disappearance of the DPPH
free radical with the increase in the contact time. The complete reduction of DPPH by
cerium oxide leads to a discoloration of the DPPH and nanoparticle mixture solution from
purple to pale yellow or even to colourless. This process can be monitored by recording the
absorbance decay at 515 nm and calculating the antioxidant activity or radical inhibition
rate (A A%) with the following formula:

A —A
AA% = <1 _ WWW‘) 100 (16)
Aref

where Apj;,x and A, represent the absorbance of the sample, blank, and reference solu-
tions, respectively. The sample is represented by the cerium oxide nanoparticle suspension
in methanol solution of DPPH. The blank and reference solution represent the nanoparticle
suspension and the DPPH solution, respectively, and separately, in methanol, with the
same concentration as in the sample.

The scavenging effect was studied for the biogenic synthesized samples, C-CM and
C-CM1, by DPPH colorimetric assay, and the results are illustrated in Figure 12. The
absorbance decay at 515 nm was rather slow for both samples with a radical inhibition rate
around 28.5% for C-CM sample and 14.8% for C-CM1, respectively. Our last studies on the
cerium oxide nanoparticles, obtained by precipitation reaction with inorganic bases as the
precipitating agent, proved that the oxygen deficient sites are the active sites that enhance
the possibility of Ce>" to donate an electron [82]. This process transforms the cerium oxide
nanoparticles into a reducing agent. However, these nanoparticles were both deficient and
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rich in oxygen [8]. In the present study, the cerium oxide nanoparticles were obtained using
natural extracts, and both samples are oxygen deficient, as can be seen from the XPS data.
However, it is useful to note that sample C-CM1, which has a higher oxygen deficiency than
C-CM, presents a lower inhibitory activity than the last sample. Instead, the antioxidant
activity is very well correlated with the concentration of Ce>" ions, also calculated from
the XPS data (Table 3). The C-CM sample has a considerably higher concentration of Ce>*
ions than C-CM1, so the antioxidant activity is in directly proportional relationship with
superficial Ce>". This is logical, taking into account that Ce®>" ion has the ability to reduce
to Ce*t, yielding an electron to an oxidizing agent. The results are in agreement with the
data in the literature, where the difference of Ce>" content is determined by the difference
due to the nanoparticle dimensions [83,84]. Smaller nanoparticles means a higher specific
surface and, therefore, a higher surface concentration of Ce®t ions occurs, leading to a
higher scavenging effect. As a result, the antioxidant activity can be determined by the dual
effect of the Ce®" concentration and the nanoparticle dimension. In our case, the samples
C-CM and C-CM1 have almost the same dimension (Table 1). Therefore, in this case, the
scavenging effect is clearly correlated with the concentration of Ce>*, independent of the
size of the nanoparticle. As can be seen, the antioxidant effect is not satisfactorily high and,
therefore, further efforts will have to be made to increase it by keeping the optimal ratio
between the two oxidation states of cerium.
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Figure 12. Antioxidant potential of cerium oxide nanoparticles: (a) C-CM; (b) C-CM1.

3. Materials and Methods
3.1. Materials

Cerium (III) nitrate hexahydrate (Ce(NO3),-6H>O) was purchased from Sigma Aldrich,
Darmstadt, Germany. 2,2-Diphenyl-1-picrylhydrazyl (DPPH), isopropanol, methanol and
acetone were procured from Merck.

3.2. Preparation of Chelidonium majus Plant Extract

The Chelidonium majus roots were collected from lasi county, Romania and washed
with running water, and then with double distilled water before cutting and drying in dark
at room temperature for 5 days. After that, they were crushed to obtain a fine powder. 10 g
of C. majus powder was then added to 100 mL of double distilled water under continuous
magnetic stirring for 2 h at 50 °C. The prepared extract was filtered using Fisher Whatman-
540 filter paper. The filtrate was stored at 5 °C in a refrigerator for further use.

3.3. Synthesis of Cerium Oxide Nanoparticles Using C. majus Extract

Briefly, 7 g of cerium nitrate hexahydrate was dissolved in 10 mL of double distilled
water. This solution was added drop-by-drop into 80 mL of aqueous C. majus extract at
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50 °C under vigorous stirring for 50 min. The color change from the white product to
the yellowish precipitate at a high reaction time indicates the formation of cerium oxide
nanoparticles. This reaction mixture resulted in the yield of a yellow color precipitate. Once
the reaction was finished, the resulting solution was allowed to stand at 5 °C for 24 h to
decant. The precipitate was then subjected to centrifugation at 6000 rpm for 45 min at 5 °C
in order to remove any residuals. The resulting cerium oxide nanoparticles were dried in a
hot oven at 60 °C for 24 h. The dried material was ground into fine powder and calcined
for 5 h at 600 °C. This cerium oxide sample was designated as C-CM. The aqueous solution
obtained after filtration was diluted with acetone in the volume ratio of 1:10. The resulting
precipitate was centrifuged (6000 rpm) at 5 °C to obtain a yellow product. The sample was
washed twice with double distilled water and then dried in a conventional furnace at 60 °C
for 24 h, followed by calcination at 600 °C for 5 h. Thus, the cerium oxide nanopowder
denoted as C-CM1 was obtained.

3.4. Preparation of Viscum Album Aqueous Extract

Fresh Viscum album plant was rinsed with running water followed by bi-distilled
water several times at room temperature for 7 days, and then ground to fine powder.
Aqueous extraction was made by heating the powdered material (10 g) in bi-distilled water
(100 mL) at 70 °C for 5 h on a magnetic stirrer hotplate. The extract was filtered using Fisher
Whatmann-540 filter paper and deposited at 5 °C.

3.5. Biogenic Synthesis of Cerium Oxide Nanoparticles Using Viscum Album Extract (C-VA)

Firstly, 4.6 g of (Ce(NO3);-6H,0) was dissolved in 10 mL of bidistilled water. The
above solution was then added dropwise to 85 mL of V. album extract. This reaction mixture
was stirred vigorously for 20 min at 50 °C. The resulting precipitate was stored for 24 h at
5 °C. Further, the collected precipitate was centrifuged (6000 rpm) for 45 min and washed
with ethanol. The resulting product was calcined in air at 600 °C for 5 h, after which it
was allowed to cool in an oven at room temperature, and was then ground to obtain a fine
powder of cerium oxide nanoparticles.

3.6. Characterization
3.6.1. X-ray Diffractometry

An X-ray diffraction (XRD) pattern of the cerium oxide nanoparticles was performed
on a Bruker 18 Avance X-ray diffractometer using the CuK« irradiation line (A = 1.5406 A),
between the scan angles 10° and 90° with an accelerating voltage of 40 kV and a current of
40 mA. The values of the full width at half maximum (FWHM) and the diffraction angles
(0) were utilized to estimate the crystallite size and the peak broadening.

3.6.2. Spectral Measurements

The Raman analysis of our samples was made with a micro-Raman system (Ren-
ishaw in a Via Reflex) using a He-Ne laser (New Mills, UK), the beam having wavelength
of 633 nm. The Raman determinations were performed at atmospheric pressure and
room temperature. The electronic absorption spectra are monitored using SPECORD
210Plus spectrometer (Analytik Jena, Jena, Germany) in isopropanol. The UV-Vis diffuse
reflectance spectra were measured using Shimadzu UV-3600 spectrometer equipped with
an integrating sphere within a wavelength range of 300-800 nm at room temperature.
Photoluminescence measurements were performed on a Perkin Elmer L55 luminescence
spectrometer in 10 mm path length quartz cells in isopropanol. X-ray photoelectron spec-
troscopy (XPS) determinations had been performed on Physical Electronic PHI-500 Versa
Probe instrument using a monochromatic AlK« radiation source (1486.6 eV). Survey scan
spectra were recorded on the ranges 870-930 eV and 522-538 eV, respectively.
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3.6.3. SEM Investigations

The morphology and elemental composition of the synthesized cerium oxide samples
were analyzed with a Verios G4 UC Scanning electron microscope (Thermo Scientific,
Brno, Czech Republic) equipped with energy dispersive X-ray (EDX) analyzer (Octane
Elect Super SDD detector, Pleasanton, CA, USA). The atomic and weight percentages of
elements presented in the samples were estimated using a EDX spectra. For SEM analysis,
the samples were fixed on aluminum stubs with double-adhesive carbon tape and coated
with 6 nm platinum using a Leica EM ACE200 Sputter coater (Vienn, Austria) to provide
electrical conductivity and to prevent charge buildup during exposure to the electron beam.
SEM investigations were made in immersion mode using a secondary electron detector
(Through the Lens Detector, TLD) at an accelerating voltage of 5 kV. Scanning transmission
electron microscopy (STEM) studies were performed using the STEM3+ detector (Bright-
Field Mode) at an accelerating voltage of 30 kV. For STEM analysis, the samples were
dispersed in water and ultrasonicated, and were then placed on carbon-coated copper
grids with a 300-mesh size and dried in an oven until the solvent was removed. The
size distribution of the nanoparticles was calculated using Image] software based on a
representative set of STEM images taken from different areas on the samples.

4. Conclusions

Cerium oxide nanoparticles were successfully prepared by adopting a facile approach
using aqueous extract of abundant available C. majus and V. album plants. All the samples
show absorption bands below 400 nm according to the electronic absorption spectra,
suggesting the formation of the cerium oxide nanoparticles. The cerium oxide nanoparticles
present almost spherical-shaped morphology, having a cubic fluorite structure with the
average particle size ranging from 6 to 10 nm according to XRD data, confirmed by SEM
analysis (8-10 nm) and Raman results due to the existence of the strong Raman band
around 464 cm~!. Band gaps were determined from the diffuse reflectance spectra using
Tauc plots. The photoluminescence spectra confirmed the presence of localized states in the
gap by the blue and blue green emissions. Using the same precursors in the synthesis of
the cerium nanoparticles, two fractions were obtained—the first by primary precipitation
(C-CM), and the second by reprecipitation of the supernatant (C-CM1). The sample C-CM
revealed a Ce>" content of 13.49%, leading to a higher oxygen deficiency (Ax = 0.37) than
sample C-CM1 (Ax = 0.67) with a higher level of Ce®>" at 22.16%. These findings have
shown that the C. majus plant can act as a stabilizing agent for obtaining nanoparticles. The
presence of oxygen vacancies in the crystal lattice of cerium oxide nanoparticles is closely
related to their antioxidant activity, and C-CM has an antioxidant activity value of 28.5%,
almost double that of the C-CM1 sample. This paper has attempted to report the biogenic
preparation of the cerium oxide nanoparticles using toxic-free solvents in order to reduce
environmental pollution.

Author Contributions: Conceptualization, A.A. and N.E; Investigation, N.F, T.S.A,, ED., D.T.,, M.D.
and E.-L.U.; writing—-original draft preparation, A.A., N.F. and ED.; writing—-review and editing,
A.A. and N.E. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data presented in this study are available upon reasonable request
from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2023, 24, 8917 18 of 21

References

1. Zhang, D.; Du, X; Shi, L.; Gao, R. Shape-controlled synthesis and catalytic applications of ceria nanomaterials. Dalton Trans. 2012,
41,14455-14475. [CrossRef] [PubMed]

2. Zikalala, N.; Matshetshe, K.; Parani, S.; Oluwafemi, O.S. Biosynthesis protocols for colloidal metal oxide nanoparticles. Nano-
Struct. Nano-Objects 2018, 16, 288-299. [CrossRef]

3.  Fauzi, A.A,; Jalil, A.A.; Hassan, N.S.; Aziz, FEA.; Azami, M.S.; Hussain, I.; Saravanan, R.; Vo, D.V.N. A critical review on
relationship of CeO,-based photocatalyst towards mechanistic degradation of organic pollutant. Chemosphere 2022, 286, 131651.
[CrossRef]

4. Calvache-Munoz, J.; Prado, F.A; Rodriguez-Paez, ].E. Cerium oxide nanoparticles: Synthesis, characterization, and tentative
mechanism of particle formation. Colloids Surf. A 2017, 529, 146-159. [CrossRef]

5. Liu, X,; Iocozzia, J.; Wang, Y.; Cui, X.; Chen, Y.; Zhao, S.; Li, Z.; Lin, Z. Noble metal-metal oxide naonohybrids with tailored
nanostructures for efficient solar energy conversion, photocatalysis and environmental remediation. Energy Environ. Sci. 2017, 10,
402-434. [CrossRef]

6.  Fifere, N.; Airinei, A.; Dobromir, M.; Sacarescu, L.; Dunca, S.I. Revealing the effect of synthesis conditions on their structural,
optical and antibacterial properties of cerium oxide nanoparticles. Nanomaterials 2021, 11, 2596. [CrossRef] [PubMed]

7. Qi, M, Li, W; Zheng, X,; Li, X; Sun, Y.; Wang, Y.; Li, C.; Wang, L. Cerium and its oxidant-based materials for antibacterial
applications: A state-of-the-art review. Front. Mater. 2020, 7, 213. [CrossRef]

8.  Malleshappa, J.; Nagabhushana, H.; Sharma, S.C.; Vidya, Y.S.; Anantharaju, K.S.; Prashantha, S.C.; Prasad, B.D.; Naika,
H.R.; Lingaraju, K.; Surendra, B.S. Leucas aspera mediated multifunctional CeO, nanoparticles: Structural, photoluminescent,
photocatalytic and antibacterial properties. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2015, 149, 452—-462. [CrossRef]

9.  Vishnukumar, P,; Vivekanandhan, S.; Misra, M.; Mohanty, A K. Recent advances and emerging opportunities in photochemical
synthesis of ZnO nanostructures. Mater. Sci. Semicond. Process. 2018, 80, 143-161. [CrossRef]

10. Rajan, A.R.; Vihas, V;; Rajan, A.; John, A.; Philip, D. Synthesis of nanostructured CeO, by chemical and biogenic methods: Optical
properties and bioactivity. Ceram. Int. 2020, 46, 14048-14055. [CrossRef]

11.  Corradi, A.B.; Bondioli, F.,; Ferrari, A.M.; Manfredini, T. Synthesis and characterization of nanosized ceria powders by microwave-
hydrothermal method. Mater. Res. Bull. 2006, 41, 38—44. [CrossRef]

12.  Singh, K.R.B.; Nayak, V.; Sarkar, T,; Singh, R.P. Cerium oxide nanoparticles: Properties, biosynthesis and biomedical applications.
RSC Adv. 2020, 10, 27194-27214. [CrossRef] [PubMed]

13. Celardo, I; Pedersen, ].Z.; Traversa, E.; Ghibelli, L. Pharmacological potential of cerium oxide nanoparticles. Nanoscale 2011, 3,
1411-1420. [CrossRef] [PubMed]

14. Chen, S,; Li, L.; Hu, W,; Huang, X,; Li, Q.; Xu, Y.; Zuo, Y.; Li, G. Anchoring high-concentration oxygen vacancies at interfaces of
CeO,_4 Cu toward enhanced activity for preferential CO oxidation. ACS Appl. Mater. Interf. 2015, 7, 22999-23007. [CrossRef]
[PubMed]

15. Akdogan, C.S.; Gokcal, B.; Polat, M.; Haucaloglu, K.O.; Kip, C.; Tuncel, A. Porous oxygen vacancies enhanced CeO,_y micro-
spheres with efficient enzyme-mimetic and photothermal properties. ACS Sustain. Chem. Eng. 2022, 10, 9492-9505. [CrossRef]

16. Elahi, B.; Mirzaee, M.; Darroudi, M.; Oskuee, R K.; Sadri, K.; Gholami, L. Role of oxygen vacancies on photocatalytic activities
of green synthetized ceria nanoparticles in Cydonia oblonga miller seeds extract and evaluation of its cytoxicity effects. J. Alloys
Compds. 2020, 816, 152553. [CrossRef]

17. Xu, Y.; Mofarah, S.S.; Mehmood, R.; Cazorla, C.; Koshy, P.; Sorrell, C.C. Design strategies for ceria nanomaterials: Untangling key
mechanistic concepts. Mater. Horiz. 2021, 8, 102-123. [CrossRef]

18. Ozkan, E.; Cop, P,; Benfer, F.; Hofmann, A.; Votsmeier, M.; Guerra, ].M.; Giar, M.; Heilinger, C.; Over, H.; Smarsly, B. Rational
synthesis concept for cerium oxide nanoparticles: On the impact of particle size on the oxygen storage capacity. J. Phys. Chem. C
2020, 124, 8736-8748. [CrossRef]

19. de Oliveira, R.C.; Amoresi, R.A.C.; Marama, N.L.; Zaghete, M.A.; Chiquito, A.J.; Sambrano, J.R.; Longo, E.; Simones, A.Z.
Influence of synthesis time on the morphology and properties of CeO, nanoparticles. An experimental—Theoretical study. Cryst.
Growth Des. 2020, 20, 5031-5042. [CrossRef]

20. Pugachevskii, M.A.; Mamontov, V.A.; Syuy, A.V.; Kuzmenko, A.P. Effect of pH on oxidant properties of ablated CeO, nanoparticles
on photocatalytic process. J. Ind. Eng. Chem. 2022, 106, 74-76. [CrossRef]

21. Trenque, I; Magnano, G.C.; Barta, J.; Chaput, F,; Bolzinger, M.A_; Pitault, J.; Briancon, S.; Masenelli-Varlot, K.; Bugnet, M.;
Dujardin, C.; et al. Synthesis routes of CeO, nanoparticles dedicated to organophosphorus degradation: A benchmark. Cryst.
Eng. Comm. 2020, 22, 1725-1737. [CrossRef]

22.  Yadav, T,; Srivastava, O. Synthesis of nanocrystalline cerium oxide by high energy ball milling. Ceram. Int. 2012, 38, 5782-5789.
[CrossRef]

23. Madler, L.; Stark, W.]J.; Pratsinis, S.E. Flame-made ceria nanoparticles. . Mater. Res. 2002, 17, 1356-1362. [CrossRef]

24. Chen, HI,; Chang, H.Y. Synthesis of nanocrystalline cerium oxide particles by the precipitation method. Ceram. Int. 2005, 31,
795-802. [CrossRef]

25. Alifanti, M.; Baps, B.; Blangenois, N.; Naud, J.; Grange, P.; Delmon, B. Characterization of CeO, mixed oxides. Comparison of the

citrate and sol-gel preparation methods. Chem. Mater. 2002, 15, 395-403. [CrossRef]


https://doi.org/10.1039/c2dt31759a
https://www.ncbi.nlm.nih.gov/pubmed/23027607
https://doi.org/10.1016/j.nanoso.2018.07.010
https://doi.org/10.1016/j.chemosphere.2021.131651
https://doi.org/10.1016/j.colsurfa.2017.05.059
https://doi.org/10.1039/C6EE02265K
https://doi.org/10.3390/nano11102596
https://www.ncbi.nlm.nih.gov/pubmed/34685037
https://doi.org/10.3389/fmats.2020.00213
https://doi.org/10.1016/j.saa.2015.04.073
https://doi.org/10.1016/j.mssp.2018.01.026
https://doi.org/10.1016/j.ceramint.2020.02.204
https://doi.org/10.1016/j.materresbull.2005.07.044
https://doi.org/10.1039/D0RA04736H
https://www.ncbi.nlm.nih.gov/pubmed/35515804
https://doi.org/10.1039/c0nr00875c
https://www.ncbi.nlm.nih.gov/pubmed/21369578
https://doi.org/10.1021/acsami.5b06302
https://www.ncbi.nlm.nih.gov/pubmed/26444246
https://doi.org/10.1021/acssuschemeng.2c01981
https://doi.org/10.1016/j.jallcom.2019.152553
https://doi.org/10.1039/D0MH00654H
https://doi.org/10.1021/acs.jpcc.0c00010
https://doi.org/10.1021/acs.cgd.0c00165
https://doi.org/10.1016/j.jiec.2021.10.036
https://doi.org/10.1039/C9CE01898K
https://doi.org/10.1016/j.ceramint.2012.04.025
https://doi.org/10.1557/JMR.2002.0202
https://doi.org/10.1016/j.ceramint.2004.09.006
https://doi.org/10.1021/cm021274j

Int. ]. Mol. Sci. 2023, 24, 8917 19 of 21

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Arumugam, A ; Karthikeyan, G.; Hameed, A.S.H.; Gopinath, K.; Gowri, S.; Karthika, V. Synthesis of cerium oxide nanoparticles
using Gloriosa superba L. leaf extract and their structural, optical and antibacterial properties. Mater. Sci. Eng. C 2015, 49, 408-415.
[CrossRef] [PubMed]

He, HW.; Wu, X.Q.; Ren, W,; Shi, P;; Yao, X.; Song, Z.T. Synthesis of crystalline cerium dioxide hydrosol by a sol-gel method.
Ceram. Int. 2012, 38, S501-S504. [CrossRef]

Darroudi, M.; Hoseini, S.J.; Oskuee, R.R.; Hosseini, H.A.; Gholami, L.; Gerayli, S. Food-directed synthesis of cerium oxide
nanoparticles and their neurotoxicity effects. Ceram. Int. 2014, 40, 7425-7430. [CrossRef]

Gharagozlu, M.; Baradaran, Z.; Bayati, R. A green chemical method for synthesis of ZnO nanoparticles from solid-state
decomposition of Schiff-bases derived from amino acid alanine derivatives. Ceram. Int. 2015, 41, 8382-8387. [CrossRef]

Khan, M.; Mashwani, Z.R.; Ikram, M.; Raja, N.I.; Mohamed, A.H.; Ren, G.; Omar, A.A. Efficacy of green cerium oxide nanoparticles
for potential therapeutic applications: Circumstantial insight on mechanistic aspects. Nanomaterials 2022, 12, 2117. [CrossRef]
Dhall, A ; Self, W. Cerium oxide nanoparticles: A brief review of their synthesis methods and biomedical applications. Antioxidants
2018, 7, 97. [CrossRef]

Navada, K.M.; Nagaraja, G.K.; D’Souza, ].N.; Kouser, S.; Nithyashree, B.R.; Manasa, D.]. Biofabrication of multifunctional
nanoceria mediated from Pouteria campechiana for medical and sensing applications. J. Photochem. Photobiol. A Chem. 2022, 424,
113631. [CrossRef]

Yulizar, Y.; Juliyanto, S.; Sudirman; Apriandanu, D.O.B.; Surya, R.M. Novel sol-gel synthesis of CeO, nanoparticles using Morinda
citrifolia L. fruit extract: Structural and optical analysis. J. Mol. Struct. 2021, 1231, 129904. [CrossRef]

Sisubalan, N.; Ramkumar, V.S.; Pugazhendhi, A.; Karthikeyan, C.; Indira, K.; Gopinath, K.; Hameed, A.S.H.; Basha, M.H.G. ROS
mediated cytotoxic activity of ZnO and CeO; nanoparticles synthetized using the Rubia cordifolia L. leaf extract on MG-63-human
osteosarcoma cell lines. Environ. Sci. Pollut. Res. 2018, 25, 10482-10492. [CrossRef] [PubMed]

Altaf, M.; Manoharadas, S.; Zeyad, M.T. Green synthesis of cerium oxide nanoparticles using Acorus calamus extract and their
antibiofilm activity against bacterial pathogens. Microsc. Res. Tech. 2021, 84, 1638-1648. [CrossRef] [PubMed]

Thovhogi, N.; Diallo, A.; Gurib-Fakim, A.; Maaze, N. Nanoparticles green synthesis by Hibiscus extract: Main physical properties.
J. Alloys Compds. 2015, 647, 392-396. [CrossRef]

Dobrucka, R.; Dlugaszewska, J.; Kazmarek, M. Cytotoxic and antimicrobial effect of biosynthesized ZnO nanoparticles using
Chelidonium majus extract. Biomed. Microdevices 2018, 20, 5. [CrossRef]

Parvu, M,; Vlase, L.; Fodorpataki, L.; Parvu, O.; Rosca-Casan, O.; Bartha, C.; Barbu-Tudoran, L.; Parvu, A.E. Chemical composition
of Celandine (Chelidonium majus L.) extract and its effects on Botrytis tulipae (Lib.) lind fungus and the tulip. Not. Bot. Horti
Agrobot. 2013, 41, 414-426. [CrossRef]

Hadaruga, D.I.; Hadaruga, N.G. Antioxidant activity of Chelidonium majus L. extracts from the Banat county. J. Agroalim. Process.
Technol. 2009, 15, 396-402.

Dalibarca, C.V.; Popescu, R.; Dumitrascu, V.; Cimporescu, A.; Vlad, C.S.; Vagvolgyi, C.; Krisch, J.; Dehelean, C.; Horlat, FE.G.
Phytocomponents identification in mistletoe (Viscum album) young leaves and branches by GC-MS and antiproliferative effect on
HepG2 and MCF7 cell lines. Farmacia 2016, 64, 82-87.

Nazaruk, J.; Orlikowski, P. Phytochemical profile and therapeutic potential of Viscum album L. Nat. Prod. Res. 2016, 30, 373-385.
[CrossRef] [PubMed]

Alishah, H.; Seyedi, S.P.; Ebrahimipour, S.Y.; Mahani, S.E. A green approach for the synthesis of silver nanoparticles using root
extract of Chelidonium majus: Characterization and antibacterial evaluation. J. Clust. Sci. 2016, 27, 421-429. [CrossRef]

Tiseanu, C.; Parvulescu, V.I.; Boutonnet, M.; Cojocaru, B.; Primus, P.A.; Teodorescu, C.M.; Solans, C.; Sanchez Dominguez, M.
Surface versus volume effects in luminescent ceria nanocrystals synthesized by an oil-in-water microemulsion method. Phys.
Chem. Chem. Phys. 2011, 13, 17135-17145. [CrossRef]

Cullity, B.D.; Stock, S.R. Elements of X-ray Diffraction, 3rd ed.; Pearson Education Ltd.: London, UK, 2014.

Igbal, A.; Ahmed, A.S.; Ahmad, N.; Shafi, A.; Ahamad, T.; Khan, M.Z,; Srivastava, S. Biogenic synthesis of CeO, nanoparticles
and its potential application as an efficient photocatalyst for the degradation of toxic amido black dye. Environ. Nanotechnol.
Monit. Manag. 2021, 16, 100505. [CrossRef]

Xu, H.E; Li, H. The effect of Co-doped on the room temperature ferromagnetism of CeO, nanorods. |. Magn. Magn. Mater. 2015,
377,272-275. [CrossRef]

Oliveira, A.C.; da Silva, A.N.; Junior, ].A.L.; Freire, PT.C.; Oliveria, A.C.; Filho, .M. Structural changes in nanostructured catalytic
oxides monitored by Raman spectroscopy: Effect of laser heating. J. Phys. Chem. Solids 2017, 102, 190-198. [CrossRef]
Choudhury, B.; Choudhury, A. Ce>* and oxygen vacancy mediated tuning of structural and optical properties of CeO, nanopar-
ticles. Mater. Chem. Phys. 2012, 131, 666—671. [CrossRef]

Askrabic, S.; Dohcevic-Mitrovic, Z.; Kremenovic, A.; Lazarevic, N.; Kahleenberg, V.; Popovic, Z.V. Oxygen vacancy-induced
microstructural changes of annealed CeO,_ nanocrystals. |. Raman Spectrosc. 2012, 43, 76-81. [CrossRef]

Saitzek, S.; Blach, J.F; Villain, S.; Gavari, ].R. Nanostructured ceria: A comparative study from X-ray diffraction, Raman
spectroscopy and BET specific surface measurements. Phys. Status Sol. A 2008, 205, 1534-1539. [CrossRef]

Kosacki, A.L; Suzuki, T.; Anderson, H.U.; Colomban, P. Raman scattering and lattice defects in nanocrystalline CeO, thin films.
Solid State Ion. 2002, 149, 99-105. [CrossRef]


https://doi.org/10.1016/j.msec.2015.01.042
https://www.ncbi.nlm.nih.gov/pubmed/25686966
https://doi.org/10.1016/j.ceramint.2011.05.063
https://doi.org/10.1016/j.ceramint.2013.12.089
https://doi.org/10.1016/j.ceramint.2015.03.029
https://doi.org/10.3390/nano12122117
https://doi.org/10.3390/antiox7080097
https://doi.org/10.1016/j.jphotochem.2021.113631
https://doi.org/10.1016/j.molstruc.2021.129904
https://doi.org/10.1007/s11356-017-0003-5
https://www.ncbi.nlm.nih.gov/pubmed/28963600
https://doi.org/10.1002/jemt.23724
https://www.ncbi.nlm.nih.gov/pubmed/33559164
https://doi.org/10.1016/j.jallcom.2015.06.076
https://doi.org/10.1007/s10544-017-0233-9
https://doi.org/10.15835/nbha4129077
https://doi.org/10.1080/14786419.2015.1022776
https://www.ncbi.nlm.nih.gov/pubmed/25813519
https://doi.org/10.1007/s10876-016-0968-0
https://doi.org/10.1039/c1cp21135h
https://doi.org/10.1016/j.enmm.2021.100505
https://doi.org/10.1016/j.jmmm.2014.10.124
https://doi.org/10.1016/j.jpcs.2016.11.005
https://doi.org/10.1016/j.matchemphys.2011.10.032
https://doi.org/10.1002/jrs.2987
https://doi.org/10.1002/pssa.200723419
https://doi.org/10.1016/S0167-2738(02)00104-2

Int. ]. Mol. Sci. 2023, 24, 8917 20 of 21

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.
77.

78.

79.

80.

Trogads, P.; Parrondo, J.; Ramani, V. CeO, surface oxygen vacancy concentration governs in situ free radical scavenging efficacy
in polymer electrolytes. ACS Appl. Mater. Interf. 2012, 4, 5098-5102. [CrossRef] [PubMed]

Burroughs, P.; Hamnett, A.; Orchard, A.F; Thornton, G. Satellite structure in the X-ray photoelectron spectra of some binary and
mixed oxides of lanthanum and cerium. J. Chem. Soc. Dalton Trans. 1976, 17, 1686-1698. [CrossRef]

Meng, F.; Zhang, C.; Fan, Z.; Gong, J.; Li, A.; Ding, Z.; Tang, H.; Zhang, M.; Wu, G. Hydrothermal synthesis of hexagonal CeO,
nanosheets and their room temperature ferromagnetism. J. Alloys Compds. 2015, 647, 1013-1021. [CrossRef]

Wang, L.; Meng, F. Oxygen vacancy and Ce>* ion dependent magnetism of monocrystal CeO, nanopoles synthesized by a facile
hydrothermal method. Mater. Res. Bull. 2013, 48, 3492-3498. [CrossRef]

Li, H.; Meng, E; Gong, J.; Fan, Z.; Qin, R. Structural, morphological and optical properties of shuttle-like CeO, synthesized by a
facile hydrothermal method. J. Alloys Compds. 2017, 722, 489-498. [CrossRef]

Calvache-Munoz, J.; Prado, F.A.; Tirado, L.; Daza-Gomez, L.C.; Cuervo-Ochoa, G.; Calambas, H.L.; Rodriguez-Paez, J.E. Structural
and optical properties of CeO; nanoparticles synthesized by modified polymer complex method. J. Inorg. Organomet. Polym.
Mater. 2019, 29, 813-826. [CrossRef]

Oosthuizen, D.N.; Motaung, D.E.; Swart, H.C. Gas sensors based on CeO, nanoparticles prepared by chemical precipitation
method and their temperature-dependent selectivity towards HyS and NO; gases. Appl. Surf. Sci. 2020, 505, 144356. [CrossRef]
Afzal, S.; Quan, X.; Lu, S. Catalytic performance and an insight into the mechanism of CeO, nanocrystals with different exposed
facets in catalytic ozonation of p-nitrophenol. Appl. Catal. B Environ. 2019, 248, 526-537. [CrossRef]

Darroudi, M.; Hakimi, M.; Sarani, M.; Oskuee, R.K.; Zak, A.K.; Gholami, L. Facile synthesis, characterization and evaluation of
neurotoxicity effect of cerium oxide nanoparticles. Ceram. Int. 2013, 39, 6917-6921. [CrossRef]

Zhang, YW.; Si, R.; Liao, C.S.; Yan, C.H.; Xiao, C.X.; Kou, Y. Facile alcohothermal synthesis, size-dependent ultraviolet absorption
and enhanced CO conversion activity of ceria nanocrystals. J. Phys. Chem. B. 2003, 107, 10159-10167. [CrossRef]

Choudhury, B.; Chetri, P.; Choudhury, A. Oxygen defects and formation of Ce3* affecting the photocatalytic performance of
CeO; nanoparticles. RSC Adv. 2014, 4, 4663—-4671. [CrossRef]

Jiang, L.; Tinoco, M.; Fernandez-Garcia, S.; Sun, Y.; Traviankina, M.; Nan, P.; Xue, Q.; Pan, H.; Aguinaco, A.; Gonzales-Leal, ] M.;
et al. Enhanced artificial enzyme activities on the reconstructed sawtoothlike nanofacets of pure and Pr-doped ceria nanocubes.
ACS Appl. Mater. Interf. 2021, 13, 38061-38073. [CrossRef]

Escobedo Morales, A.; Sanchez Mora, E.; Pal, U. Use of diffuse reflectance spectroscopy for optical characterization of un-
supported structures. Rev. Mex. Fis. 2007, S53, 18-22.

Makula, P.; Pacia, M.; Macyk, W. How to correctly determine the band gap energy of modified semiconductor photocatalysts
based on UV-Vis spectra. J. Phys. Chem. Lett. 2018, 9, 6814—6817. [CrossRef]

Ho, C.; Yu, J.C.; Kwong, T.; Mak, A.C,; Lai, S. Morphology-controlable synthesis of mesoporous CeO; nano- and microstructures.
Chem. Mater. 2005, 17, 4514-4522. [CrossRef]

Wang, Z.; Quan, Z.; Lin, J. Remarkable changes in optical properties of CeO; nanocrystals induced by lanthanide ions doping.
Inorg. Chem. 2007, 46, 5237-5242. [CrossRef]

Wang, L.; Meng, E; Li, K,; Lu, F. Characterizations and optical properties of pole-like nano-CeO, synthesized by a facile
hydrothermal method. Appl. Surf. Sci. 2013, 286, 269-274. [CrossRef]

Zhou, H.P; Zhang, YW.; Mai, H.X; Sun, X,; Liu, Q.; Song, W.G.; Yan, C.H. Spontaneous organization of uniform CeO, nanoflowers
by 3D oriented attachment in hot surfactant solutions monitored with an in situ electrical conductance technique. Chem. Eur. |.
2008, 14, 3380-3390. [CrossRef] [PubMed]

Murali, A.; Lan, Y.P; Sohn, H.Y. Effect of oxygen vacancies in nonstoichiometric ceria on its photocatalytic properties. Nano-Struct.
Nano Objects 2019, 18, 100257. [CrossRef]

Urbach, E. The long-wavelength edge of photographic sensitivity and the electronic absorption of solids. Phys. Rev. 1953, 92,
1324-1333. [CrossRef]

Boubaker, K. A physical explanation to the controversial Urbach tailing universality. Eur. Phys. ]. Plus 2011, 126, 10. [CrossRef]
Islam, M.J.; Reddy, D.A.; Choi, J.; Kim, T.K. Surface oxygen vacancy assisted electron transfer and shuttling for enhanced
photocatalytic activity of Z-scheme CeO, — Ag nanocomposite. RSC Adv. 2016, 6, 19341-19350. [CrossRef]

Wetchankun, N.; Chaiwichain, S.; Inceesungvorn, B.; Pingmuang, K.; Phanichphant, S.; Minett, A.L,; Chen, J. BiVO,;/CeO,
nanocomposites with high visible light-induced photocatalytic activity. ACS Appl. Mater. Interf. 2012, 4, 3718-3723. [CrossRef]
Ansari, M.].; Machek, P,; Jarosova, M.; Abed, A.M.; Khalaji, A.D. Facile coprecipitation thermal degradation synthesis of CeO,
nanoparticles and their photocatalytic degradation of Rhodamine B. . Mater. Sci. Mater. Electron. 2022, 33, 5686-5695. [CrossRef]
Dimitrov, V.; Sakka, S. Linear and nonlinear optical properties of simple oxides. II. ]. Appl. Phys. 1996, 79, 1741-1745. [CrossRef]
Nusrath, K.; Muraleedharan, K. Synthesis, evaluation of kinetic characteristics and investigation of apoptosis of Cu?t -modified
ceria nano discs. J. Rare Earths 2018, 36, 1050-1059. [CrossRef]

Maensiri, S.; Labuayai, S.; Laokul, P; Klinkaewnarong, J.; Swatsitang, E. Structure and optical properties of CeO, nanoparticles
prepared by using lemongrass plant extract solution. Jap. J. Appl. Phys. 2014, 53, 06]G14. [CrossRef]

Babitha, KK.; Sreedevi, A.; Priyanka, K.P; Sabu, B.; Varghese, T. Structural characterization and optical studies of CeO,
nanoparticles synthesized by chemical precipitation. Ind. J. Pure Appl. Phys. 2015, 53, 596-603.

Poornaprakash, B.; Subramanyan, K.; Kumar, M.; Kim, Y.L. Enhanced photoluminescence characteristics and intrinsic ferromag-
netism in Co-substituted CeO, nanoparticles. Mater. Sci. Semicond. Process. 2021, 123, 105566. [CrossRef]


https://doi.org/10.1021/am3016069
https://www.ncbi.nlm.nih.gov/pubmed/22999007
https://doi.org/10.1039/dt9760001686
https://doi.org/10.1016/j.jallcom.2015.06.186
https://doi.org/10.1016/j.materresbull.2013.05.036
https://doi.org/10.1016/j.jallcom.2017.06.156
https://doi.org/10.1007/s10904-018-01056-1
https://doi.org/10.1016/j.apsusc.2019.144356
https://doi.org/10.1016/j.apcatb.2019.02.010
https://doi.org/10.1016/j.ceramint.2013.02.026
https://doi.org/10.1021/jp034981o
https://doi.org/10.1039/C3RA44603D
https://doi.org/10.1021/acsami.1c09992
https://doi.org/10.1021/acs.jpclett.8b02892
https://doi.org/10.1021/cm0507967
https://doi.org/10.1021/ic0701256
https://doi.org/10.1016/j.apsusc.2013.09.067
https://doi.org/10.1002/chem.200701348
https://www.ncbi.nlm.nih.gov/pubmed/18260069
https://doi.org/10.1016/j.nanoso.2019.100257
https://doi.org/10.1103/PhysRev.92.1324
https://doi.org/10.1140/epjp/i2011-11010-4
https://doi.org/10.1039/C5RA27533D
https://doi.org/10.1021/am300812n
https://doi.org/10.1007/s10854-022-07754-4
https://doi.org/10.1063/1.360963
https://doi.org/10.1016/j.jre.2018.03.022
https://doi.org/10.7567/JJAP.53.06JG14
https://doi.org/10.1016/j.mssp.2020.105566

Int. ]. Mol. Sci. 2023, 24, 8917 21 of 21

81.

82.

83.

84.

Tamizhdurai, P,; Saktimathan, S.; Chen, S.M.; Shanthi, K.; Sivasanker, S.; Sangeetha, P. Environmentally friendly synthesis of
CeO; nanoparticles for the catalytic oxidation of benzyl alcohol to benzaldehyde and selective detection of nitrite. Sci. Rep. 2017,
7,46372. [CrossRef]

Fifere, N.; Airinei, A.; Asandulesa, M.; Rotaru, A.; Ursu, E.L.; Doroftei, F. Investigating the vibrational, magnetic and dielectric
properties, and antioxidant activity of cerium oxide nanoparticles. Int. J. Mol. Sci. 2022, 23, 13883. [CrossRef] [PubMed]

Shlapa, Y.; Solopan, S.; Sarnatskaya, V.; Siposova, K.; Garcarova, I.; Veltruska, K.; Timashkov, I.; Lykhova, O.; Kolesnik, D.;
Musatov, A ; et al. Cerium dioxide nanoparticles synthesized via precipitation at constant pH: Synthesis, physical-chemical and
antioxidant properties. Colloids Surf. B Biointerf. 2022, 220, 112960. [CrossRef] [PubMed]

Eriksson, P.; Tal, A.A.; Skallberg, A.; Brommesson, C.; Hu, Z.; Boyd, R.D.; Olovsson, W.; Fairley, N.; Abrikosov, I.A.; Zhang, X,;
et al. Cerium oxide nanoparticles with antioxidant capabilities and gadolinium integration for MRI contrast enhancement. Sci.
Rep. 2018, 8, 6999. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/srep46372
https://doi.org/10.3390/ijms232213883
https://www.ncbi.nlm.nih.gov/pubmed/36430362
https://doi.org/10.1016/j.colsurfb.2022.112960
https://www.ncbi.nlm.nih.gov/pubmed/36308885
https://doi.org/10.1038/s41598-018-25390-z
https://www.ncbi.nlm.nih.gov/pubmed/29725117

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Materials 
	Preparation of Chelidonium majus Plant Extract 
	Synthesis of Cerium Oxide Nanoparticles Using C. majus Extract 
	Preparation of Viscum Album Aqueous Extract 
	Biogenic Synthesis of Cerium Oxide Nanoparticles Using Viscum Album Extract (C-VA) 
	Characterization 
	X-ray Diffractometry 
	Spectral Measurements 
	SEM Investigations 


	Conclusions 
	References

