. crystals

Article

Influence of Ce* on the Structural, Morphological, Magnetic,
Photocatalytic and Antibacterial Properties of Spinel MnFe;O4
Nanocrystallites Prepared by the Combustion Route

Salma A. Al-Zahrani 1'*, A. Manikandan %3 *(, K. Thanrasu %, A. Dinesh 4, K. Kanmani Raja 4,
M. A. Almessiere >, Y. Slimani ¢, A. Baykal 7, S. Bhuminathan 8, S. Raghavendra Jayesh 8 Jahir Ahmed ?,
Hajar S. Alorfi 1, Mahmoud A. Hussein 1110, Imran Khan !2 and Anish Khan 10-13*

check for
updates

Citation: Al-Zahrani, S.A.;
Manikandan, A.; Thanrasu, K.;
Dinesh, A.; Raja, KK.; Almessiere,
M.A; Slimani, Y.; Baykal, A.;
Bhuminathan, S.; Jayesh, S.R.; et al.
Influence of Ce®* on the Structural,
Morphological, Magnetic,
Photocatalytic and Antibacterial
Properties of Spinel MnFe;O4
Nanocrystallites Prepared by the
Combustion Route. Crystals 2022, 12,
268. https://doi.org/10.3390/
cryst12020268

Academic Editors: Faheem Ahmed,
Nishat Arshi, Shalendra Kumar,
Nagih Shaalan, Vladimir I. Zverev

and Rajratan Basu

Received: 29 December 2021
Accepted: 31 January 2022
Published: 16 February 2022
Corrected: 2 April 2025

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Chemistry Department, Faculty of Science, University of Ha’il, P.O. Box 2440, Ha'il 81451, Saudi Arabia

2 Department of Chemistry, Bharath Institute of Higher Education and Research (BIHER),

Chennai 600073, India

Centre for Catalysis and Renewable Energy, Bharath Institute of Higher Education and Research (BIHER),

Chennai 600073, India

Department of Chemistry, Government Arts College for Men (Autonomous), Nandanam,

University of Madras, Chennai 600035, India; thanrasuk@gmail.com (K.T.); dineshal@gmail.com (A.D.);

kkanmania@gmail.com (K.K.R.)

Department of Physics, College of Science, Imam Abdulrahman Bin Faisal University,

P.O. Box 1982, Dammam 31441, Saudi Arabia; malmessiere@uod.edu.sa

Department of Biophysics, Institute for Research & Medical Consultations (IRMC),

Imam Abdulrahman Bin Faisal University, P.O. Box 1982, Dammam 31441, Saudi Arabia;

yaslimani@iau.edu.sa

Department of Nanomedicine Research, Institute for Research & Medical Consultations (IRMC),

Imam Abdulrahman Bin Faisal University, P.O. Box 1982, Dammam 31441, Saudi Arabia;

abaykal@iau.edu.sa

8 Sree Balaji Dental College, Bharath Institute of Higher Education and Research (BIHER),

Chennai 600073, India; sbhuminathan@gmail.com (S.B.); raghavendrajs@gmail.com (S.R.J.)

Promising Centre for Sensors and Electronic Devices (PCSED), Advanced Materials and Nano-Research

Centre, Najran University, P.O. Box 1988, Najran 11001, Saudi Arabia; jahmedsust@gmail.com

10 Chemistry Department, Faculty of Science, King Abdulaziz University, Jeddah 21589, Saudi Arabia;

hsalorfi@gmail.com (H.S.A.); mahussein74@yahoo.com (M.A.H.)

Chemistry Department, Faculty of Science, Assiut University, Assiut 71516, Egypt

Applied Sciences and Humanities Section, University Polytechnic, Faculty of Engineering and Technology,

Aligarh Muslim University, Aligarh 202002, India; imrannano@gmail.com

Center of Excellence for Advanced Materials Research, King Abdulaziz University,

Jeddah 21589, Saudi Arabia

*  Correspondence: s.alzahrane@uoh.edu.sa (S.A.A.-Z.); manikandana.che@bharathuniv.ac.in (A.M.);
editoranishkhan@gmail.com (A.K.)

11
12

13

Abstract: The present work describes the effect of Ce%* jon doping on the structural, morphological,
and magnetic properties of spinel manganese ferrite (MnFe;Oy4) nanocrystallites (NCs) using var-
ious instrument techniques. Rare earth element (REE) Cerium (Ce3) doped MnFe,O4 NCs were
prepared by a simple microwave combustion technique. In the present scenario, ferrites are widely
used for photocatalytic dye degradation and antibacterial applications. Aiming to achieve this, we
prepared Ce>* doped MnFe,04 NCs by microwave combustion method and urea as burning agent
and the obtained powder samples were characterized by powder X-ray diffraction (XRD), Fourier
transform infrared (FT-IR), high resolution scanning electron microscope (HR-SEM), high resolution
transmission electron microscope (HR-TEM) and vibration sample magnetometer (VSM) techniques.
The pure spinel phase formation was confirmed by XRD analysis. FTIR spectra show two prominent
absorption bands under 1000 cm !, which confirms the formation of the spinel structure. HR-SEM
and HR-TEM pictures demonstrated a sphere-shaped morphology and also expose the combination
and agglomeration of grains, which are mostly due to the magnetic characteristics of the samples. The
magnetic properties of the synthesized MnCeyFe;_,Oy4 (x = 0.0, 0.1, 0.3, and 0.5) NCs were studied by
VSM analysis at room temperature (RT) shows ferromagnetic behavior. The photodegradation results
showed that MnFe,O4 and Ce doped MnFe;O4 NCs have a higher potential to degrade methylene
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blue (MB) and the sample MnCe( 3Fe; 704 NCs showed superb photocatalytic performance (91.53%)
compared to other samples. The antibacterial activities of Gram-positive S. aureus, B. subtilis and
Gram-negative K. pneunonia and E. coli were investigated using pure and Ce3* substituted MnFe,O,
NCs and a higher activity for MnCeg 3Fe; 704 NCs than other samples was observed, which indicated
that they can be used in biomedical applications.

Keywords: Ce* substituted MnFe,Oy; magnetic nanoparticles; organic dyes; photocatalysis; efficiency

1. Introduction

Spinel ferrites (AFe;O4, where A = Ni, Cu, Mg and Zn, etc.) are a well-known family
of scientific materials and have been well studied owing to their unique magnetic prop-
erties, as they are endowed with high electrical resistivity [1-5]. The excellent properties
of spinel ferrites are well utilized in modern technological applications. Ferrites often
have a spinel structure with the formula AB,O4, where A and B are various metal cations,
with iron being the most common (Fe). Spinel ferrites typically adopt FCC oxides (O?~)
with A cations reside in one-eighth of the tetrahedral holes and B cations reside in half of
the octahedral holes, i.e., instead of the normal spinel structure, ferrite crystals have the
inverse spinel structure: B cations occupy (one-eighth of the tetrahedral holes, A cations
occupy one-fourth of the octahedral sites, and B cations occupy the remaining one-fourth
octahedral sites. Spinel ferrites with a mixed structure can also be possible with the for-
mula [M;_ 52" Fes3*][Mb o, Fey 537]0y4, where & represents the degree of inversion [6-10].
Additionally, ferrites are hard and brittle, contain iron, are generally grey or black, and
are polycrystalline materials. They can be magnetized or drawn to a magnet since they
are ferrimagnetic. Conflicting with other ferromagnetic materials, most of the ferrites
are insulating materials, making them ideal for transformers to defeat eddy currents for
applications such as magnetic cores [11-15]. Spinel ferrites have vast applications in the
present technological world. The main applications are precursors for ferro-fluids, radio,
magnetic guided drug-delivery agents, telecommunication, biomedicine, magnetic stor-
age, gas sensor, television, microwave, military devices, microwave absorbers, satellite
communication, humidity sensors and magnetic storage [16,17].

Among them, manganese ferrite (MnFe,Oy,) is an important material with good chem-
ical stability, moderate magnetization, high sensitivity, band gap of ~2.0 eV, and high
electrical resistivity, and it is widely used in the transformer core, gas sensor, anode mate-
rials, photocatalysis, microwave absorber, and magnetic hyperthermia applications [18].
MnFe,O4 nanoparticles exhibit a spinel cubic structure. Manganese ferrite (MnFe;Oy) is a
kind of lenient magnetic material among different ferrites with little saturation magnetiza-
tion (Ms) and coercivity (Hc). They are used for sensing gases and temperature, and for
catalytic applications. MnFe;O4 nanoparticles have been shown to be superparamagnetic
or ferrimagnetic depending on its size. MnFe,O4 nanoparticles with a size smaller than
15 nm behave as a superparamagnetic material and those above 15 nm behave as ferri-
magnetic materials. The oxygen atoms in ferrites surround the metal ions, resulting in a
super exchange interaction between the A- and B-sublattices, which disturbs the ferrites’
magnetic properties [19]. These interesting properties motivated us to choose MnFe, Oy
magnetic nanoparticles for the present study.

The bulk MnFe,Oy crystallizes mostly in a normal spinel structure with interstitial
sites, such as A- and B-sites. Among the two sites, the manganese ions occupy the A-sites,
whereas the iron ions occupy the B-sites [20]. Compared with the bulk form, nanocrystalline
ferrites exhibit unusual behaviors, such as metastable cation distribution, super paramag-
netism, enhanced coercivity and improved electrical resistivity [21]. Hence, the preparation
and performance evolution of nanocrystalline ferrites attract increasing scientific attention.
Additionally, the surface area and crystallite size of the ferrites are leads to the properties
of the materials. It is reported that the replacement of Fe by other elements, such as Ce,
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La, Al etc., occupies the B sites and modifies the magnetic and electrical properties of
MnFezO4 [22]

The great effort made by previous studies demonstrates that the substitution of Ce
for Fe in MgFe, Oy effectively tunes the size of the crystallites, enhances the magnetization,
and alters the electrical properties [23]. Since the preparation method plays a dominant role
in deciding the size of the crystallites and its properties, in the present work we intend to
synthesize nanocrystalline MnCe,Fe, Oy ferrites using a microwave combustion method,
which is not reported in earlier literature surveys. The present method is practically efficient,
due to the short reaction time and a relatively low temperature of processing.

In recent years, many physical and chemical methods have been used to synthesize
nanosized ferrites. Because their composition and microstructure influence their structural,
magnetic, and electrical properties, they are vastly reliant on the preparation method and
conditions. R. Foroutan et al. reported the adsorption properties of montmorillonite (MMT)
using graphene oxide (GO) and CoFe;O4 magnetic nanoparticles for methyl violet (MV)
removal. They observed that the MMT/GO/CoFe,O4 magnetic composite demonstrates
the high adsorption capacity and suitable reusability toward MV removal from aqueous
media [24]. M. M. Boushehrian et al. reported a new nanocomposite of kaolin/copper iron
oxide (CuFe,Oy), which were used to remove cationic dyes of methylene blue (MB) and
methyl violet (MV) from an aqueous media in a batch system. They observed that, under
the optimal conditions, the removal efficiency of MB and MV dyes using a kaolin/CuFe;O4
nanocomposite was obtained with values of 98.64% and 99.25%, respectively, which show
the highest removal ever achieved for MB and MV [25]. Additionally, the elimination
of methyl violet dye (MVD) and Nile blue dye (NBD) from a water solution using a
CNT/MgO/CuFe;O4 magnetic composite powder produced by co-precipitation was in-
vestigated. The magnetic composite powder could be used several times in the adsorption
process of MVD and NBD without a significant reduction in removal efficiency. The results
showed that the CNT/MgO/CuFe,O4 magnetic composite powder can be successfully
used in textile wastewater treatment [26].

R. Foroutan et al. reported activated carbon oak wood (ACOW600) and modi-
fied activated carbon using ZnO (ACOW600/Zn0O) and Fe304 (ACOW600/ZnO/Fe304)
nanoparticles were used to remove methyl violet 2B dye (MV2B) from aqueous solu-
tions. Textile wastewater was significantly treated by ACOW600, ACOW600/Zn0O, and
ACOW600/Zn0O/Fe304 adsorbents. The recycling of the adsorbents was demonstrated
that the investigated adsorbents could be re-utilized many times in the MV2B removal
process [27]. Additionally, a new nanocomposite, clinoptilolite (CLT)/Starch/CoFe;Oy,
was synthesized using the co-precipitation method. The prepared magnetic composite
powder was utilized for the decontamination of methylene blue dye (MBD), methyl violet
dye (MVD), and crystal violet dye (CVD) from water media. The maximum adsorption ca-
pacity of CVD, MBD, and MVD to the desired composite was determined as 32.84 mg-g~*,
31.81 mg-g~!, and 31.15 mg-g~!, respectively. Finally, the ad(de)sorption experiments’
results showed that the synthesized nanocomposite adsorbent has an excellent ability to
adsorb cationic dyes after several consecutive cycles [28].

Among all the spinel ferrite systems, rare earth element (REE) doped MnFe,O, are
soft materials called ferromagnetic materials. Furthermore, these materials have attractive
magnetic properties, such as large M, low H, moderate M, remarkable Y-K angle, high
initial permeability, high electrical resistivity, and low energy loss. REE doped MnFe,O4
NPs are widely used in scientific applications, such as spintronic systems and data transfer
circuits as magnetic wave absorbers, converters, and inductor cores [29]. The concentration
of Ce>" in the host material is expected to enhance structure properties. By incorporating
different cations into the crystal structure, it is possible to tune the catalytic response of
MnFe,0O4 nanoparticles. Due to the higher spin-orbit pairing in their 4f electrons, REE
ions with massive ionic radii experience strong magnetostriction, magnetic moments,
and magneto-crystalline anisotropy at low temperatures [30-32]. Replacing trivalent iron
with REE ions at the Fe site improves dielectric, structural, optical, sensing and magnetic
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phenomena in MnFe;O4 NPs. There have been several studies on the integration of REE
ions into MnFe,O4 NPs [33-35].

Ceramics, polymers, and organic compounds can be used to make photocatalytic
materials. Photocatalytic materials with low hysteresis and high stability are improving
their efficiency and are reusable [36]. In terms of high mechanical strength, mechanical and
chemical stability, low cost and operability in a wide range of catalyst are found to be a
better alternative to all other nanocatalytic materials [37,38]. To the best of our knowledge,
only a limited number of articles discussed the influence of cerium ions on the morphology,
crystal structure, and magnetic properties of MnFe,O4 NCs. In the present work, for the
first time, we investigate the structural, morphological, and photocatalytic properties of
Ce3* doped MnFe,O4 NCs and the obtained results are reported in detail.

2. Experimental Procedure
2.1. Synthesis of Spinel MnCexFe;_,O4 Nanocrystallites

Spinel MnCeFe;_,O4 nanocrystallites were synthesized using the corresponding
nitrates of metals Mn(NO3),-6H,O (manganese nitrate), Fe(NO3)3-9H,O (ferric nitrate),
and Ce(NOj3)3-6H,0 (cerium nitrate), and urea was used as the fuel. Here, urea acted as fuel,
whereas the precursors of metal nitrates (manganese, ferric and cerium nitrates) functioned
as oxidizers. The chemicals were brought from SD fine (India) and were of systematic grade
and utilized as usual. For pure manganese ferrite, the precursors of manganese nitrate
and ferric nitrate were mixed by a continuing molar ratio 1:2 and dissolved in double
distilled water. Urea was added to the main achieved solutions and agitated for 1 h and
the final obtained homogeneous substances were transported to a silica crucible and were
placed in a microwave oven (SAMSUNG, Noida, India), utilized as the mechanism of
treatment. The microwave oven power was set as 900 W for 10 min (2.54 GHz). Under
the influence of microwave energy (ME), the solutions were subjected to the following
procedures: steaming, vaporization, desiccation, and finally decomposition; this caused
the progression of the reaction gas and an explosion took place, which ground the speedy
flame feathery construction of pure MnFe,Oy. Similarly for the preparation of Ce** doped
MnFe;O4 NCs, cerium nitrate was added by a stoichiometry ratio. Additionally, products
were splashed by water and ethanol, then dried at 70 °C for 30 min. The obtained samples,
viz., x = 0.0, 0.1, 0.3 and 0.5, were labeled as MnFe,O4, MnCe( 1Fe; 9O4, MnCe( 3Fe; 7O,
and MnCe sFe; 504 NCs, respectively.

2.2. Characteri Zation Techniques

Powder X-ray (Model Rigaku Ultima III, Tokyo, Japan) was used to authorize the phase
formation by employing CuK« energy (A= 1.5406 A) and within 20 series of 20-80°. The
morphological and elemental analysis was recorded using scanning electron microscope
accompanied by FEI Quanta FEG 200 (Hillsboro, OR, USA). The transmission electron
micrographs were carried out by Philips-TEM (CM20, Brussels, Belgium). Perkin Elmer
spectrophotometer (Spectrum RX1, Los Altos, CA, USA) was utilized to log the FTIR
spectra. Lake Shore (Model7404, Westerville, OH, USA) vibration sample magnetometer
(VSM) equipped with 3 magnets is used to perform magnetization measurements at RT.

2.3. Photocatalytic Evaluation

The photocatalytic performances of MnFe,O4, MnCe 1Fej 9O4, MnCe 3Fe; 704 and
MnCeg5Fe; 504 NCs were examined under a visible light (Xenon lamp 300 W; X > 400 nm)
treatment. The photocatalytic activity was analyzed at RT. Exactly 100 mg of the nanocata-
lyst was distributed in 100 mL of methylene blue (MB) (10 mg/L), which was reserved in
a quartz glass photocatalytic reactor. Before irradiation, the aliquot was stirred 30 min in
dark conditions and it was ensured that the catalyst equilibrium of adsorption-desorption
was reached between the dye and photocatalyst. The degradation efficiency was exam-
ined using UV absorption readings, which lead to govern the dye absorptions at a certain
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time interval. The photo-catalytic performance of the pure MnFe;O4 and cerium doped
MnFe,O4 NCs at various percentages was also investigated.

2.4. Antibacterial Activity

The antibacterial action (ABA) of MnFe,;O4, MnCe 1Fe1 9Oy, MnCeq 3Fe; 7O4 and
MnCe 5Fe; 504 NCs was examined by the human pathogens (HPs) Gram-positive S. aureus
and B. subtilis, and Gram-negative K. pneumonia and E. coli. An immediate culture of all
microbes was performed and wiped onto MH (Mueller Hilton) agar dishes. By a CB, hovels
were embossed on agar, monitored by adding MnFe,O,, MnCeq 1Fe; 9O4, MnCeq 3Fe; 704
and MnCesFe; 504 (10 ng/mL). Dishes were nurtured at 37 °C/24 h and zone of reserves
on the HPs were distinguished by diameter.

3. Results and Discussion
3.1. Structural Analysis

Figure 1 illustrates an X-ray diffractogram (XRD) of the spinel MnCeyFe;_,Oy4 (x = 0.0,
0.1, 0.3 and 0.5) NCs in the 26 range of 20-80° at RT. With the presence of narrow and high
diffraction peaks, the patterns show good crystallinity. The existence of high diffraction
peaks corresponding to crystal planes (111), (220), (311), (222), (400), (422), (511), and (442)
indicate that the cubic spinel phase is present. The XRD analysis shows the formation
of a single-phase spinel structure having Fd-3m space group [39]. The lattice parameter
increases with dopant concentration, reaching the limit of 8.388 A as shown in Table 1.
Scherrer’s formula was used to measure the average crystallite size of the as synthesized
samples between 22 and 24 nm in size. The values of lattice parameter and crystallite size
are shown in Table 1.

Table 1. The lattice parameter (a, A)and crystallite size (L, nm) of spinel MnCeyFe,_,O4 (x =0.0,0.1,
0.3 and 0.5) NCs.

L (nm) by Debye D (nm) by

Sample Code Scherrer Williamson-Hall Plot a (A)
MnFe; Oy 26.48 27.13 8.359
MnCe 1Fe; 904 25.76 26.47 8.362
MnCe(3Fe; 704 23.98 24.56 8.375
MnCe( 5Feq 504 24.33 25.84 8.386

To deduce the lattice parameter of the MnFe,O, and Ce:MnFe,O4 NCs, Equation (1)
was used.

a = dyg\/ (h2 + k2 +12) 1

where dj; is the inter-atomic space consistent to /1, k, and [ planes (Miller indices), respec-
tively, and a is the lattice constant. Lattice parameter ‘a’ resembles the spinel cubic structure
(Figure 2). The lattice parameter ‘a” value was calculated for MnFe;O4 and Ce doped
MnFe;O, NCs and it was found to be 8.348 A and 8.388 A, respectively [40]. The increase
of ‘a’ is due to doping of larger ionic size Ce ions (0.92 A) in place of the lower ionic size Fe
cations (0.67 A), which obeys Vegard’s law [41-43].
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Figure 1. Powder XRD patterns of spinel MnCeyFe;_,O4 (x = 0.0, 0.1, 0.3, and 0.5) NCs.
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Figure 2. Crystallite size (a) and lattice constant (b) values of spinel MnCeyFe;_,O4 (x =0.0,0.1,0.3
and 0.5) NCs.

The particle size (D) was obtained by employing the Williamson—-Hall (W-H) plot, as

shown in Equation (2):
Bcosf k= 4esinf

A DA @)

where k is the constant and strain associated with samples signified by e. The W-H plot

is 4sinf /A vs. Bcost /A, wherever the interrupt (k/D) is used to control the actual D. The

W-H plot for MnFe;O4 and Ce doped MnFe;O4 NCs is represented in Figure 3 and the D

size attained by the W-H plot method is greater when compared with the L size obtained
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Bcoso/A

0.042

by the Scherer method. The variance is, chiefly, due to participation of the strain module in
the plot of the W-H route. It can be perceived that, with the increase in Ce ions (x), the L
size shrinks, whereas an escalation in the ‘a’ can also be detected.
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Figure 3. W-H plots of spinel MnCe,Fe,_,O4 (x = 0.0, 0.1, 0.3 and 0.5) NCs.

3.2. Fourier Transform Infrared (FT-IR) Spectral Analysis

To better understand the presence of metal-oxygen (M-O) in these materials, FTIR
studies of MnCeyFe,_,O4 (x = 0.0, 0.1, 0.3, and 0.5) NCs were conducted, as shown in
Figure 4. In the literature, the absorption band seen at a higher wavenumber (575 cm™!) is
relegated to the metal-oxygen (M-O) bond in A-sites, while the absorption band seen at a
lower wavenumber (437 cm 1) is the metal-oxygen bond in B-sites. In the 500-600 cm !
frequency range, all ferrites studied in this study have a broad, intense absorption band.
Due to the statistical distribution of Mn%*, Ce3* and Fe®* ions at A- and B-sites, band broad-
ening is usually seen in inverse spinel ferrites. As a result, the higher wavenumber band
corresponds to M-O vibrations in A-site, while the lower wavenumber band corresponds
to M-O vibrations in B-site and the obtained results concur well with the literature on these
kind of ferrites [44—46]. In the spectrum of MnCexFe;_Oy4, a broad peak approximately
in the 3400-3500 cm ! region was designated due to the stretching vibration of the OH
groups by the water molecule adsorbed on the catalyst surface during handling. Small
peaks at 2926 and 2851 cm ! are associated with the C-H stretching vibration. The C-O
stretching vibration on the samples is attributed to the small peaks at 1638 and 1412 cm ™.
The small peaks at 1012-1210 cm ™! correspond to the vibration of spinel structure. The
M-O stretching of octahedral (B-) sites is caused due to the bands at 437 cm 1. The M-O
stretching at the tetrahedral (A-) sites of the spinel is due to the band at 575 cm ™.
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Figure 4. FT-IR spectra of spinel MnCeyFep_,Oy4 (x = 0.0, 0.1, 0.3 and 0.5) NCs.

3.3. HR-SEM Analysis

The study of the surface morphology of spinel MnFe,O, and the morphology of the
Ce doped MnFe;O4 NCs was achieved with the aid of HR-SEM analysis. The obtained
SEM pictures of MnFe,Oy (Figure 5a) and Ce doped MnFe,O4 NCs (Figure 5b,c), respec-
tively, demonstrated a sphere-shaped morphology and also exposed a combination and
agglomeration of grains. An agglomerated and sphere-shaped morphology was noticed,
which is mostly due to the magnetic characteristics of the samples [47,48]. The surface of
Ce doped MnFe; Oy ferrites shows the agglomerated coalescence behavior. Furthermore, it
can be seen that the Ce substitution in MnFe,O4 NCs influence the surface morphology of
nanocrystalline MnCeyFe,_,O4 NCs.

3.4. HR-TEM Analysis

To find additional confirmation on the nano-scaled samples, an HR-TEM study was
performed and is shown in Figure 6a,b. In order to investigate the particle size and shape
and nanostructure, the HR-TEM analysis was executed for MnFe,O4 NCs (Figure 6a)
and MnCe 3Fe; 7O4 NCs (Figure 6b). HR-TEM photographs of the samples clearly show
spherical-shaped particles in the manner of nanostructures. Crystallographic clarifications
were performed by SAED patterns of MnCeFe;_,O4 NCs (x = 0.3) as shown in Figure 6c¢.
A regular of significant Debye rings agreeing to the planes hkl; 311, 400, 511, and 440 of
the MnFe,Oy cubic crystal structure indexed a test of the purity and crystallinity of the
products. The Debye rings appeared incessant and diffused, and they also had an evidently
visible agreement with good crystallinity, which show additional leaflets that demonstrate
that the products are very much in the nano regime and well-developed nanoparticles. The
images demonstrate that the spherical-shaped MnCexFe;_O4 NCs are aggregated and
differences were observed among the surface of the samples.
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Figure 5. HR-SEM images of (a) MnFe,O4 and (b) MnCeq 3Fe; 7O;. (c,d) Different magnifications of
MnFe,;O4 NCs.

Figure 6. HR-TEM images of (a) MnFeyO4, (b) MnCegsFe; 704 and SAED pattern of
(C) M_nCeo,gFel.704 NCs.
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Magnetization, M (emu/g)

3.5. Magnetization Analysis

The magnetic properties of the synthesized magnetic nanoparticles were studied using
a vibrating sample magnetometer (VSM) at RT. The magnetic parameters of MnFe,Oy
and Ce doped MnFe,O4 NCs were undertaken at the field of —15kOe to +15kOe by VSM
techniques and the obtained results of magnetization (M) vs. external field (H) plots
are shown in Figure 7. The Mg, H¢, and M, were also determined and are shown in
Table 2 [49,50]. The increasing trend in M, H¢, and M, was described on the basis of cerium
substitution for prescribed nanoferrites and this fluctuation in values is due to the ionic
size and electronic structure of Ce>" ions. Spinel MnFe,O4 NCs exhibited ferromagnetism.
The H. of MnFe;O4 and Ce doped MnFe,O4 NCs were found to lie within the range of
260.72 Oe to 298.25 Oe. The H. value is primarily organized by its influences, such as
high anisotropy and cationic rearrangement [51,52]. From the M—H hysteresis loop, the
M; values of pure and Ce doped MnFe,O4 NCs were 5.757 emu/g (x = 0), 6.362 emu/g
(x=0.1),7.521 emu/g (x = 0.3) and 8.533 emu/g (x = 0.5), whose values were dependent
on the grain size and structural shape of MnFe,O,. From the M-H loop, the M; values
for MnFe;O4 and Ce doped MnFe,O4 NCs were found to be within the range of 17.86
to 31.22 emu/g. With a smaller crystallite size (specific surface area becomes relatively
higher), and once the magnetic field (H) is applied, it is easier to change the direction of
magnetic domains, leading to a higher coercive field. In other words, the size effects in
nanostructured materials could increase in Mg value. The existence of magnetic layers on
the surfaces of materials and the effects of spin canting within the whole volume of the
samples can produce a development in Mg value.
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Figure 7. M-H hysteresis loops of spinel MnCeyFe; Oy (x = 0.0, 0.1, 0.3 and 0.5) NCs.
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Table 2. Remnant (M;), Coercivity (H.), and saturation (M) values of spinel MnCe,Fe;_,O4 (x = 0.0,

0.1, 0.3 and 0.5) NCs.
Sample Code H,, (O¢) M; (emu/g) M; (emu/g)
MnFe; Oy 260.72 17.86 5.757
MnCeq 1Feq 9Oy 278.65 24.39 6.362
MnCe 3Fe; 704 292.44 27.65 7.521
MnCeq 5Fe; 50,4 302.25 31.22 8.533

3.6. Photocatalytic Studies

Spinel MnFe;O,4 and Ce doped MnFe;O4 NCs were examined towards the adsorption—
desorption equilibrium that was reached in 30 min, towards the photocatalytic degradation
(PCD) of methylene blue (MB) under visible light treatment [53,54]. The PCD efficiency
rates of C/Cy (%) vs. time for MB are shown in Figure 8. The photocatalytic constancy
of the blank solution under visible light treatment was calculated in the nonappearance
of MnFe,O, and Ce doped MnFe,O; NCs over 120 min, resulting in a PCD efficiency of
5.85%. The PCD efficiency of the MB solution using MnCeq 3Fe; yO4 NCs showed a higher
degradation percentage (91.53%) than other samples (Table 3).

1.0 Methvlene Blue (ME)
0.5 -
Dark
0.0 -
=
hed
0
0.4 - Blank
1[“FE:U4
02 EII]C:EG_]_FELQG“_
' MnCeg 3Fey 70y
1II]CE|]5FE'15G4
0.0 T T T T T

1 1
-20 0 20 40 60 80 100 120

Time (min)
Figure 8. MB dye degradation using spinel MnCexFe;_O4 (x = 0.0, 0.1, 0.3 and 0.5) NCs.

Table 3. Percentage of PCD of MB on to spinel MnCe,Fe;_,O4 (x = 0.0, 0.1, 0.3 and 0.5) NCs.

Sample MB Dye Degradation Efficiency (%)
Blank 5.85
MnFe;O4 68.66
MnCeo.l F81.904 78.95
MnCeO,3Fe1,704 91.53

MnCe0_5Fe1_5O4 88.56
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3.7. Kinetic Studies

The photocatalytic degradation (PCD) kinetic rate value of MB dye, PCD study of
MnFe;04 and Ce doped MnFe;O4 NCs and can be signified by the pseudo-first-order equation:

_ln(Ct/CO) = kabs(t) (3)

where Ct = concentration of MB at different time (t); Cy is the initial dye attentive-
ness; and kg, is the pseudo-first-order rate constant (Figure 9). It should be noted that
MnCe3Fe; 704 possesses a higher rate constant than other compositions [55,56]. Hence,
spinel MnCeg 3Fe; 704 NCs is the optimal attentiveness to enhance the PCD of MB. The
rate constant k,ps value of MB from the experimental data are given in Table 4.

-In(C/Cy)

N\

Blank Methyvlene Blue -
1II.'IFE'1E|4
Mn EEDIFElng‘
AMn CEHJFEL?U“ |
Mn CE"] ;FE]_ ;ﬂ4
- . -
[ |
|
[ |
[ |
[ |
[ ]
[ |
o
—i L ————

| | | | | |
20 40 60 S0 100 120
Time (min)

Figure 9. Pseudo-first-order kinetic plot for MB dye degradation using spinel MnCeyFe;_,Oy4 (x = 0.0,
0.1, 0.3 and 0.5) NCs.

Table 4. Rate of constant k,ps value for the degradation of RhB on spinel MnCeyFe;_Oy4 (x = 0.0, 0.1,
0.3 and 0.5) NCs.

k min—1
Blank Ml’lFez 04 MnCeoJ Fel.g 04 MnCe0,3 Fe1,704 MnCe0,5Fe1,5 04
MB 0 0.005 0.0126 0.0193 0.0153

Samples
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Visible Light

*

3.8. Photocatalytic Degradation Mechanism

Based on the above outcomes, PCD mechanism for MB degradation by Ce doped
MnFe,04 NCs is shown in Figure 10. When passing through the visible light on the
nano-catalysts surface, the electrons, e’, become excited from the valence band (VB) to the
conduction band (CB), along with producing h* in VB. The CB excited electrons of MnFe; Oy
NCs become combined cerium and electron-hole (e-h) pair recombination rates become
lower, hence the PCD process improves [57-60]. The CB electron becomes combined with a
dissolved oxygen molecule to form anions of peroxide radicals (¢O, ™) and similarly created
e¢OH, owing to the reaction amongst h* and OH— ions. MB decomposes into a simpler
molecule in the presence of #OH and ¢O,~ species into CO, and H,O. The appropriate
PCD mechanism is listed in the following equations:

MnCeyFe; Oy + Visible Light — e~ (CB) + h*(VB) + 4)
h*(VB) + H,O — H" + «OH (5)
e +0p — 0Oy (6)
[MB Dye] + ¢O,~ + ¢OH — H,O + CO, (7)
0,

CB

Figure 10. Photo-degradation (PCD) mechanism of MB dye using spinel Ce:MnFe;O4 NCs.

3.9. Antibacterial Studies

The antibacterial action of MnFe;O4 and Ce doped MnFe,O4 NCs (Figure 11) were in-
spected by the Gram-positive B. subtilis and S. aureus, and Gram-negative K. pneumonia and
E. coli, which are bacterial strains, correspondingly. It was supposed that there is no region
of inhibition found over the control (Figure 11). The antibacterial activity showed that all
samples have a positive response in killing bacterial strains. The different concentrations of
the samples were used to determine the optimized concentration at which bacterial growth
stopped. The measured values of radial diameters of ZOI at varying concentrations are
presented in Table 5. The zones of inhibition elucidate that the increase in the concentration
of Ce ions leads to a bigger zone of inhibition. The trend was followed: the increasing
concentration eventually stops the process of replication and ceases the growth of bacteria.
A higher activity can be seen in MnCexFe;_O4 (x = 0.3) NCs compared to the doped and
undoped samples. The enhanced antibacterial activity can be defined as the exposure of
positively charged ions, such as Ce*, Fe3*, and Mn?*, which charged bacterial membrane
and distorted membrane integrity and can impair electrostatic interaction, leading to the
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crossing of membrane barriers, thus disrupting the electron transport chain, and causing
cell death. The major element that has played a central role is the ROS species ¢OH and
02—, and they were higher in MnCeyFe; Oy (x=0.0, 0.1, 0.3 and 0.5) NCs and the highest
in the case of MnCe,Fe;_,Oy4 (x = 0.3) NCs (evident from photocatalysis). These species
have unpaired electrons and can generate oxidative stress and cytotoxicity in the cellular
environment. Further, they can start a series of reactions, such as DNA damage, enzyme
protein peroxidation, and membrane lipid peroxidation, and inhibit the functioning of the
electron’s transport mechanism [61,62]. Furthermore, a better attentiveness of Ce ions re-
placement impact improved antibacterial activity than the smaller Ce exchanged MnFe;Oy4
NCs. The smaller grain size and developed surface area with bulk ratio of the products
show an exciting atmosphere in antibacterial activity [63,64].

Figure 11. Antibacterial activity of MnCeyFe;_4Oy4 (x = 0.0, 0.1, 0.3 and 0.5) NCs.

Table 5. Antibacterial activity of spinel MnCe,Fe;_,O4 (x = 0.0, 0.1, 0.3 and 0.5) NCs.

Zone of Inhibition (mm, Diameter)

Bacteria
Control x=0.0 x=0.1 x=0.3 x=0.5
B. subtilis 14 12 14 16 16
S. aureus 14 12 14 17 16
E. coli 10 12 14 17 16
K. pneumoniae 16 15 17 20 19

4. Conclusions

Spinel MnCeyFe;_,O4 NCs were synthesized using manganese nitrate, ferric nitrate,
and cerium nitrate, and urea was used as the fuel. In this paper, urea acted as fuel,
whereas the precursors of metal nitrates (manganese, ferric and cerium nitrates) functioned
as oxidizers. The spinel cubic structure of the sample was confirmed by XRD patterns.
Because of lattice distortion, the average crystallite size (nm) shrinks as the concentration of
Ce3" rises. Since the particle size decreases as the concentration of Ce3* increases, the PCD
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efficiency increases. As a result, these samples could be used to develop photocatalytic
materials in the future. According to the VSM analysis, the pure and Ce** doped MnFe,O,
NCs shows ferromagnetic behaviour. The photodegradation results exhibited that MnFep, Oy
and Ce doped MnFe;O4 NCs have the higher potential to degrade methylene blue (MB) and
the sample MnCe 3Fe; yO4 NCs has shown superb photocatalytic performance (91.53%)
than other samples. The antibacterial activities of Gram-positive S. aureus and B. subtilis,
and Gram-negative K. pneumonia and E. coli were investigated using undoped and Ce**
substituted MnFe,O4 NCs, and observed a higher activity, which indicated that they can be
used in biomedical applications. Additionally, a higher antibacterial activity of Ce3* doped
MnFe,O4 NCs was observed.
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