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Spinel nano-ferrites offer a promising photocatalytic approach for environmental remediation. Employing a combustion method, a new
spinel MnosCdosPrxFe2xO4 (x = 0-5) nano-ferrite as photocatalysts have been developed for the degradation of Congo red dye. P-XRD,
FTIR, HR-TEM, UV-VIS, VSM and photon-driven catalytic processes for the degradation of Congo red dye have been employed to
analyze each of the Mno.sCdo.sPr«Fe2xO4 (x = 0-5) nano-ferrites. P-XRD analysis was used to determine the lattice strain and crystallite
size of each nano-ferrite sample, revealing the crystallite sizes ranging from 23.11 to 32.84 nm. The total surface areas, densities, bond
lengths and hopping lengths of each Pr-sample nanocrystal were also determined and calculated. FTIR analysis revealed two prominent
frequency bands at 602 and 425 cm%, characteristic of spinel ferrites. The particle size and distribution of the nano-ferrites in the Pr-0 to
Pr-5 samples were examined using FE-SEM, which showed spherical Pr-Mn-Cd nanoparticles with a tendency to aggregate. The direct
allowed bandgap (Eg) values for Pr-0 through Pr-5 were estimated from Tauc plots as 2.66, 2.45, 2.34, 2.22, 2.10 and 1.97 eV, respectively.
The variation in bandgap (Eg) values can be attributed to the combined effects of doping and particle size. Magnetic measurements showed

a systematic decrease in saturation magnetization (Ms), magnetocrystalline anisotropy (K1), coercivity (Hc) with Pr-substitution.

Keywords: Spinel ferrite nanoparticles, Pr-Mn-Cd ferrites, PL spectra, Soft magnet.

INTRODUCTION

The remarkable structural, magneto-optical, electrical pro-
perties and photocatalytic activity of spinel ferrite nanoparticles
synthesized from various transition metal ions (Mn, Zn, Cd,
Ni and Co) have made them a highly attractive class of nano-
materials in recent years [1,2]. Spinel ferrites based on transition
metal ions set a new benchmark due to their unique and remar-
kable properties, enabling their use in a wide range of applica-
tions such as high-frequency devices, energy storage systems,
transformers and microwave absorbers. Rare-earth (RE) soft
magnets, such as those based on Nd-Fe-B and Sm-Co, have
been the subject of a significant amount of research over the
last ten years. However, the development of rare earth-free
magnets has continually taken precedence in research due to
the growing demand for high-performance soft magnets and
the growing supply risk of rare earth strategic raw materials
[3-5]. These magnets can nevertheless be used in applications

where lesser performance is needed, even if their magnetism
is weaker than that of compounds based on RE materials.
Photocatalysis is an eco-friendly process that uses light
to generate electron-hole pairs, converting harmful organic
pollutants into benign substances like CO, and H,O [6-8]. Its
advantages include high efficiency, low energy consumption,
stability and versatility. Since only 4-5% of sunlight is UV,
research focuses on developing visible-light-responsive photo-
catalysts to harness more solar energy [9,10]. Semiconductor
photocatalysts are effective in degrading organic contaminants
for environmental remediation. Magnetic semiconductor photo-
catalysts, such as spinel ferrites, also enable easy catalyst
recovery from water, making them ideal for water treatment
applications due to their excellent magnetic properties [11].
Manganese ferrite (MnFe20.), a member of the spinel
ferrite family, is a hard magnetic material with excellent pro-
perties such as high electrical resistivity, low coercivity and
moderate saturation magnetization. Its exceptional chemical
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stability and mechanical hardness make it suitable for harsh
environments. MnFe;O4 has also proven effective in photo-
catalysis and can be easily recovered using an external mag-
netic field. Therefore, Mng sCdo.sFe204 was chosen as pristine
sample for this study due to its outstanding characteristics.
As reported by Akhtar et al. [12], although the incorporation
of rare-earth (RE) cations in spinel ferrites is limited, the
lattice offers significant potential for modifying their structural
and physical properties. The 4f-electrons of RE cations shift
the valence and conduction bands in spinel nano-ferrites,
enhancing the visible light absorption. Similarly, cadmium
ferrite (CdFe20.), a soft magnetic material, is widely used as
a photocatalyst for dye degradation due to its recyclability,
narrow bandgap (1.2-2.4 eV) and chemical stability [13,14].
However, pure CdFe;O4 suffers from rapid electron-hole recom-
bination under visible light, limiting its efficiency. Doping
CdFe,O4 with additional elements, especially RE cations, imp-
roves photocatalytic performance as RE ions preferentially
occupy octahedral sites due to their larger ionic radius, enhan-
cing light absorption and degradation. Yet, the ionic radius
difference between Fe and RE ions restricts RE solubility and
doping levels in the spinel lattice. Nonetheless, appropriate
RE3* doping can significantly modify the physical properties
of these ferrites [15-20]. The unique electrical configuration
of 4f15s?5p® distinguishes praseodymium from other rare earth
elements [21]. The presence of praseodymium in the ferrite
matrix may influence the interaction between 4f and 3d orbitals.
This study focuses on the effect of Pr¥* doping on Mn-Cd
ferrite nanoparticles, a topic not reported in the literature. The
main objective is to synthesize the smallest possible ferrite
nanoparticles using the new formula (x < 0.01, step 0.05) and
to investigate the effect of Pré* ions on their structural, optical,
spectral and soft magnetic properties.

EXPERIMENTAL

Synthesis of spinal ferrites: The starting materials were
used in the citrate combustion method to synthesize praseo-
dymium-substituted manganese-cadmium ferrites having gen-
eral formula MngsCdosPrxFe»«Os, where 0.0 < x < 0.05: citric
acid, Mn(N03)2-6H20, Cd(NOg)z-GHzO, Fe(N03)3-6H20 and
Pr(NO3)s-9H,0. The metal nitrates were mixed in stoichio-
metric ratios in ethylene glycol, continuously stirred and heated
to 250 °C until powder formation [22]. To accelerate the pro-
cess, ammonia was gradually added to the metal nitrate and
citric acid solution until the pH reached 7 [23]. The mixture
was then heated on a hot plate at 250 °C until it gelled, prod-
uced dense smoke and underwent self-sustained combustion.
The resulting MnosCdo sPr«Fe»xO4 samples (labeled as Pr-0 to
Pr-5) were converted into ash. The powders were collected,
ground and prepared for further analysis.

Characterization: This work employed several kinds of
techniques to obtain a better understanding of the physical
characteristics of nano-ferrite MngsCdosPryFezxO4 samples.
The Shimadzu P-XRD 6000 diffractometer was utilized to anal-
yze X-ray diffraction (P-XRD) peaks using a radiation source
with a wavelength of CuKa (A = 0.15405 nm). The infrared
(IR) absorption characteristics of the Pr-Mn-Cd samples were
investigated in the wavenumber range of 1000-200 cm™ using
a Perkin-Elmer 1430 spectrometer. The surface morphology

of MngsCdo sPr«Fe,xO4 nano-ferrites was analyzed using field
emission scanning electron microscopy (FE-SEM). After
dispersion in DMF, UV-Vis absorption spectra were recorded
in the 200-1000 nm range using a UVS-2800 spectrophoto-
meter. Photoluminescence (PL) emission and excitation spectra
were measured with an Edinburgh Instruments FS920 spectro-
meter equipped with a 450 W Xe lamp. Magnetic properties,
including anisotropy constant, initial permeability and magn-
etic moment, were evaluated using a Lakeshore 7410 vibrating
sample magnetometer (VSM) under a 20 kOe field at room
temperature (300 K).

RESULTS AND DISCUSSION

XRD studies: The synthesized MnosCdosPr«Fez<O4 nano-
ferrites were analyzed using P-XRD, with Pr* concentration
varied from x = 0.00 to 0.05 in additions of 0.010. As shown
in Fig. 1, the diffraction patterns of the ferrite samples exhibit
distinct peaks corresponding to the (111), (220), (311), (222),
(400), (511), (440) and (533) crystallographic planes, confir-
ming the spinel structure. These peaks strongly indicate the
formation of homogeneous single-phase products, as they
closely match the standard diffraction patterns of MnFe,O4
(JCPDS card no. 74-2403) and CdFe,04 (JCPDS card no. 22-
1086). No impurities were detected in the MngsCdo sPrFe2xO4
samples (x = 0 to 5), regardless of Pr3* content [24,25]. These
findings confirm the successful synthesis of single-phase
nano-ferrites, indicating that Pr3* ions effectively substituted
Fe3* without disrupting the cubic symmetry of the host lattice.
Both doped and undoped samples exhibited high purity [26].
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Fig. 1. P-XRD patterns of Mng sCdgsPr«Fe2xO4; X = Pr-0 to Pr-1 nano-ferrites
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Table-1 presents the structural parameters derived from
the analysis and Fig. 1 illustrates the shift in the angular posi-
tion of the prominent (311) diffraction peak. As Pr¥* substi-
tution increased from Pr-0 to Pr-5, the 26 value for the (311)
plane generally decreased from 35.878° to 35.831°, indicating
slight lattice expansion. This shift suggests that Pr¥* ions are
incorporated into the ferrite lattice, likely occupying interstitial
or substitutional sites, leading to structural distortions and chan-
ges in interplanar spacing. The observed peak shift corresponds
to the introduction of tensile strain, which increases the inter-
planar distance, which is consistent with the strain data.

The average crystallite size (D) was determined using
Scherrer’s equation [27] and the most prominent (311) peak.
Moreover, the other structural parameters such as the lattice
parameter, cell value, X-ray density, bulk density and poro-
sity of fabricated samples were also determined [28,29].
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According to the Scherrer equation (egn. 1), the crystallite
size increases gradually as the Pr3* level rises, extending from
23.11 nm for the undoped sample (Pr-0) to 32.841 nm for Pr-5.
The presence of rare-earth ions may improve grain growth by
acting as growth promoters all over the synthesis process,
which could explain this increase in the crystallite size. The
magnetic characteristics can be determined from the hopping
lengths (La and Lg), demonstrating the separation between
magnetic ions in the tetrahedral (A) and octahedral (B) sites.
As x grows from Pr-0 to Pr-5, the hopping lengths La and Lg
exhibit a small increase, rising from 3.5943 A to 3.6026 A
and 2.9415 A t0 2.9480 A, respectively. The lattice expansion
seen in the P-XRD analysis, where the substitution of more
expansive Pré* jons corresponds to an overall enhancement
of lattice parameters, which is consistent with this increase in

)

DP-XRD (nm)

hopping lengths [28,30,31]. The super-exchange interactions
that give the ferrite system its magnetic characteristics can be
influenced by the increased distances between the magnetic
ions caused by the lattice’s expansion. The magnetic ordering
temperature and total magnetization of the material may be
impacted by the weaker super-exchange interactions, which
are generally produced through longer hopping lengths. Table-2
shows the value of lattice constant (a) which was improved
from 8.4351 A to 8.4497 A. As ions Pré* have greater ionic
radius (1.14 A) as compared to Fe3* ion (0.69 A), Therefore,
this increase is attributed due to the substitution of Pr3* ions.
The incorporation of Pr3* ions into the cubic structure of
Mno sCdosFexxPrkO4 nano-ferrites contributes to the structural
stabilization by integrating Pré* ions into the crystal lattice [32].
As shown in Table-2, the X-ray density (d) of the nano-
spinel ferrites increases with rising Pré* content, from 5.9451
g/cm? (Pr-0) to 5.9859 g/cm® (Pr-5). This increase is attributed
to the substitution of lighter Fe3* ions (atomic weight 55.85
g/mol) with heavier Pr3* ions (atomic weight 59.675 g/mol)
[33]. Similarly, the bulk density (dg) shows a slight rise from
2.435 g/cm® to 3.164 glcm?®. However, the prominent differ-
ence between d, and ds suggests the presence of porosity in the
samples, which may affect overall densification. Calculated
porosity (P) increases from 47.47% to 59.32% with higher
Pr3* substitution, likely due to the lattice distortion and looser
packing caused by the larger ionic radius of Pr3* ions [34].
Mechanical parameters of nano-spinal ferrites: P-XRD
data is used to estimate mechanical parameters such as crysta-
llite size, microstrain, dislocation density and specific surface
area, providing insight into the microstructural quality of the
material [35,36]. As Pr¥* concentrations increase, the specific
surface area (S) decreases from Pr-0-43.1017 m?/g for Pr-5-
30.5260 m?/g. P-XRD and strain studies have verified that the
increase in grains linked to the growing crystallite size is most

TABLE-1
DETAILS OF STOICHIOMETRIC CONCENTRATIONS OF PRECURSORS
REQUIRED FOR THE Pr-DOPED Mn-Cd NANO-FERRITES SYNTHESIS

oo MnosCdlosFe20s MnosCdos MnosCdos Mnos5Cdos MnosCdos MnosCdos
’ ’ Fe1.99Pr-0.01004 Fe1.98Pr-0.02004 Fe1.97Pr-0.03004 Fe196Pr-004004  Fe1.985Pr-0.05004
Molecular weight 259.3301 259.3640 259.4050 259.4351 259.4608 259.5010
Mn(NOs3)2-6H20 g/mol 11.2992 11.2160 11.1340 11.0532 10.9736 10.8951
Cd NO3)2-6H20 g/mol 1.08214 1.07417 1.06632 1.05858 1.05095 1.04343
Pr (NOz)3.5H20 g/mol — 0.2822 0.5603 0.8344 1.1045 1.3708
Fe (NOz)3.9H20 g/mol 34.1004 33.5954 33.0978 32.6074 32.1240 31.6476
CeHsO7-H20 g/mol 26.6059 26.4100 26.2169 26.0266 25.8391 25.6542
TABLE-2
STRUCTURAL AND PHYSICO-CHEMICAL PARAMETERS OF SYNTHESIZED MnosCdosPrkFe2xO4 (x = 0 to 4) NANO-FERRITES
X Pr-0 Pr-1 Pr-2 Pr-3 Pr-4 Pr-5
FWHM 0.3614 0.2991 0.2963 0.2833 0.2708 0.2543
d spacing (nm) 2.5356 2.5383 2.5391 2.5393 2.5398 2.54
D (nm) 23.11 27.91 28.18 29.47 30.83 32.84
a(A) 8.4351 8.444 8.4466 8.4474 8.449 8.4497
V (A)? 571.93 578.1 577.968 577.267 576.94 575.914
La 3.5943 3.6072 3.6069 3.6055 3.6048 3.6026
Le 2.9348 2.9453 2.945 2.9438 2.9433 2.9415
dx (g/cmd) 5.9451 5.9599 5.9623 5.9706 5.9744 5.9859
ds (g/cm?) 3.164 2.833 2.745 267 2.628 2.435
P (%) 47.47 52.47 53.96 55.28 56.01 59.32
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likely the cause of this drop in specific surface area (Table-3).
Reduced specific surface area values result from a decrease in
surface area per unit mass as crystallite size increases. This trend
is expected, as larger grains possess fewer grain boundaries,
which are significant contributors to the overall surface area [37].

TABLE-3
MECHANICAL PARAMETERS OF MnosCdo.sPrsFezxOa (X = 0 to
4) NANO-FERRITE DERIVED FROM STRUCTURAL DATA

Compo- Specific Packing ) Dislocation

sition surface factor (P) Strain (g) density

area (m?/g) (g/m®)
Pr-0 43.1017 9.2618 0.1606 0.1163
Pr-1 36.0712 11.1452 0.1595 0.1147
Pr-2 35.7128 11.2534 0.1595 0.1147
Pr-3 34.1019 11.7734 0.1596 0.1149
Pr-4 32.5736 12.3202 0.1597 0.1150
Pr-5 30.5260 13.1292 0.1599 0.1152

FESEM-EDS analysis: Fig. 2 shows FESEM images of
the prepared MngsCdosPriFeQs (X = 0 to 5) nanoferrites. The
grains exhibit an irregular distribution and predominantly the
spherical morphology. The agglomeration observed may be
attributed to the strong interactions between magnetic nano-
particles and their high surface energy at small sizes. The
particle diameters of the Pr-substituted nano-ferrites range
from approximately 25 to 35 nm. The presence of larger Pr3*
ionic radii likely contributes to the formation of smoother,
more uniform structures and a reduction in particle size.

Moreover, Pré* ions also influence the microstructural
evolution in two distinct ways: half of the ions accumulate at
grain boundaries, introducing disturbances that hinder grain
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growth, while the remaining ions induce internal lattice stress
and distortion. As illustrated in Fig. 2, the incorporation of
Pr3* ions promotes an insulating effect, leading to the forma-
tion of well-connected fine grains [38]. This results in a reduced
number of charge carriers (holes) and contributes to a more
ordered and homogeneous microstructure.

Fig. 3 presents the particle size distribution histograms
for MnosCdosPrFeO4 (x = 0 to 5) nanoferrites. The observed
ferromagnetic behaviour in the synthesized Mn-Cd nano-
ferrites is primarily attributed to their particulate nature and
aligned spin structure. In materials science, a single particle
may comprise multiple grains. In this study, the introduction
of a dopant significantly influenced particle size and compo-
sition, although the overall morphology remained unaffected.
Notably, increased grain size correlates with enhanced domain
wall formation, which requires greater energy for wall motion
compared to the domain rotation during magnetization and
demagnetization processes [39].

Elemental composition was assessed using EDS as shown
in Fig. 4. Only the characteristic peaks corresponding to Mn,
Cd, Pr, Fe and O were detected, confirming the chemical purity
of all synthesized nanoferrites. The stoichiometric ratios of
the elements matched the initial precursor concentrations. A
quantitative EDS analysis was performed for all MngsCdos
PryFeO4 (x = 0 to 5) nano-spinel ferrites, with the results sum-
marized in Table-4. Due to the low atomic weight and small
ionic radius, Pr in samples Pr-1 and Pr-2 was not distinctly
detected in the EDS spectra. Additionally, the increase in atomic
percentages of Pr and O is associated with the formation of
the (311) Miller index phase shift, which enhances their X-ray
signal intensity in the EDS analysis.
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Fig. 2. FE-SEM images of different samples: Pure Pr-0 to Pr-5 ferrite samples
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TABLE-4
ELEMENTAL AND ATOMIC PERCENTAGES OF ELEMENTS IN MnosCdosPrFezxOs (x = 0 to 4) NANO-FERRITES

E('S':_‘S;“ Weight (%)  Atomic (%) E('g'r‘jg‘t Weight (%)  Atomic (%) E('S’r‘jg“ Weight (%)  Atomic (%)
oK 20.77 2877 oK 21.84 29.91 oK 21.84 49,91
Mn K 10.04 6.87 Mn K 8.83 5.83 Mn K 8.83 5.88
Fe K 62.71 4219 Fe K 65.8 43.07 Fe K 65.8 4307
cdL 6.48 2.16 cdL 353 115 cdL 353 1.15

Pri 0 0 PrL 0 0

Totals 100 Totals 100 Totals 100

E('g:‘_‘g;‘t Weight (%)  Atomic (%) E('g'r‘[‘z;t Weight (%)  Atomic (%) E('Srr‘_‘g;“ Weight (%)  Atomic (%)
oK 25.63 56.15 oK 25.63 56.15 oK 2161 50.74
Mn K 8.66 5.52 Mn K 8.66 5,52 Mn K 9 6.15
Fe K 56.64 35.55 Fe K 56.64 35.55 Fe K 59.28 39.68
cdL 8.14 254 cdL 8.14 254 cdL 7.96 2.66
PrL 0.94 0.23 PrL 0.94 0.23 PrL 2.16 0.58
Totals 100 Totals 100 Totals 100

HR-TEM analysis: TEM images of MngsCdosPr«FezxOs;
(x=0to 5) nanoferrites exhibit a uniform spherical morphology,
as confirmed by FE-SEM micrographs (Fig. 5). To determine
the physico-chemical properties of the nano-ferrites, particle size
distribution was analyzed using ImageJ software by evaluating
over 200 particles per sample (Fig. 5). The crystalline nature of
the samples is evidenced by clear lattice fringes with interplanar
spacings of 0.251 nm and 0.650 nm for Pr-0, 0.653 nm and 0.254
nm for Pr-3 and 0.654 nm and 0.250 nm for Pr-5. These spacings
correspond to the (311) and (422) planes of the spinel structure,
respectively. The results showed good agreement with P-XRD
and TEM measurements, with particle sizes decreasing from
32.10 nm to 26.55 nm as the Pré* doping level increased from
Pr-0 to Pr-5. HRTEM images of Pr-Mn-Cd nanoparticles (Fig.
5b) also show distinct lattice fringes associated with the same
atomic planes, confirming their well-defined crystalline struc-
ture [40]. Furthermore, selected area electron diffraction (SAED)
patterns for both undoped and Pr-doped samples (Fig. 6) display
ring patterns indicative of polycrystalline nature. These HRTEM
and SAED results are consistent with the findings from P-XRD
analysis.

FTIR analysis: The characteristic infrared bands at in
the 602-415 cm™ range correspond to the metal-oxygen
vibrational modes typical of spinel ferrites, originating from
two distinct sub-lattices: the tetrahedral (A) and octahedral
(B) sites, as shown in Table-5.

Fig. 7 shows the FTIR spectra of MngsCdosPr«Fes«Oa (X
= 0 to 5) nanoferrites within the 1000-390 cm™ far-infrared
region. All nano-spinel ferrite samples exhibit two distinct

TABLE-5
KEY IR VIBRATIONAL BANDS AND BAND GAP (Eg)
VALUES OF Pr-DOPED Mn-Cd NANO-FERRITES

X Vibrational Vibrational Bandgap
modes (v1) modes (v2) energy (Eg)
Pr-0 588 415 2.66
Pr-1 591 417 2.45
Pr-2 594 420 2.34
Pr-3 597 422 2.22
Pr-4 599 423 2.10
Pr-5 602 425 1.97

(422);0.650 nm

(311);0.251 nm

(311):0.254 nm
(422),0.654 nm

Fig. 5. TEM and HR-TEM images of as-synthesized representative
MnosCdosPr«Fe,xO4 ferrite samples Pr-0, Pr-3 and Pr-5, respec-
tively

M-O vibrational modes, vi1 and v», which correspond to the
characteristic infrared bands. The second band (v.: 602-588
cmh) is attributed to the vibrations of trivalent metal ions bon-
ded to oxygen in the tetrahedral (A-site) coordination, whereas
the first band (vi: 425-415 cm™?) is associated with the stretc-
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Fig. 6. SAED images of as-synthesized representative MnosCdosPrxFe2-«O4 ferrite samples Pr-0, Pr-3 and Pr-5, respectively
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Fig. 7. FTIR spectra of all MnosCdosPr«Fe2-xOa; x = Pr-0 to Pr-5 nanomaterials
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hing vibrations of metal ions (Cd?*, Mn?* or Fe3*) in the octa-
hedral (B-site) environments [41]. The presence of both v
and v, modes confirms the successful formation of the MngsCd
0sPrFe2<O4 spinel nanoferrite phase via the sol-gel synthesis
route [42].

UV-VIS analysis: The optical behaviour and bandgap
energy (Eg) variation of MnosCdosPriFe2«Oa4 (x = 0 to 5) nano-
ferrites were investigated using a UV-Vis spectrophotometer
in the 300-800 nm wavelength range. The absorbance spectra
of Pr¥*-doped Mn-Cd ferrites samples are presented in Fig. 8.
As shown, the absorption intensity is highest at shorter wave-
lengths and gradually decreases with increasing wavelength,
approaching near-zero absorption as saturation is reached. The
optical bandgap of the nanomaterials was determined using
Tauc’s method [43-46]:

(ahv)" = A (hv — Eg) )
3.8 — Pr-0
I Pr-1
i Pr2
3.6 Pr-3

—— Pr-4
— Pr-5

1 T T
200 300 400 500 600 700 800
Wavelength (nm)

UV-Vis absorbance spectra for MngsCdo sPr«Fe;-xO4; X = Pr-0 to Pr-
5 nanoferrites

Fig. 8.

The Tauc plots for all MnosCdosPriFe;«Os (x = 0 to 5)
samples are shown in Fig. 9. Bandgap energies (Eg) were
estimated by extrapolating the linear portion of the plot to the
x-axis and the calculated values are listed in Table-5. As
shown, the bandgap gradually decreases from 2.66 eV for the
undoped sample to 1.97 eV with increasing Pré* doping. The
higher bandgap in the undoped Mn-Cd ferrite is attributed to
orbital interactions between O? 2p and Fe®* 3d states. Upon
Pr¥* doping, the appearance of Pr3* 4f states just below the
conduction band introduces new energy levels, reducing the
bandgap. This reduction is due to charge transfer from the Pr3*
4f-states to the conduction band, facilitated by their inter-
action with the O?~ 2p valence band orbitals [47]. A similar
study by Somvanshi et al. [48] on Zn-Mg ferrites using diffuse
reflectance spectroscopy reported the bandgap values ranging
from 2.66 to 1.97 eV, consistent with the trend observed in
the present work, though the minimum value reported here is
slightly lower.

VSM analysis: The magnetic characteristics of ferrites
are produced through the cations at the tetrahedral site (A) and
octahedral site (B). Trivalent metal cations in conventional

— Pr-Q; 2.66 eV
— Pr-1: 2.45 eV
— Pr-2; 2.34 eV
— Pr-3; 2.22 €V
s Pr-4: 2.10 €V
— Pr-5: 1.97 eV

(ahv)’ (eViem®)

1

\ \ EE L ,
16 18 20 22 24 26 28 30
hv (eV)

Fig. 9. Tauc plots for MngsCdosPr«Fe;xOs; x = Pr-0 to Pr-5 nano-ferrites

spinel nanoferrites tend to occupy octahedral positions, while
bivalent metal cations occupy tetrahedral positions. The net
magnetization in nano-ferrites primarily arises from the B-
site, which possesses a higher magnetic moment compared to
the A-site. Fig. 10 displays the magnetic hysteresis loops of
MnosCdosPriFe;«Oa (x = 0 to 5) nanoferrites recorded at room
temperature.

Table-6 provides a summary of key parameters such as
coercivity (Hc), magnetic moment (ng), squareness ratio (M,/
Ms), remanent magnetization (M), saturation magnetization
(Ms) and anisotropy constant (K). As Pr¥* concentrations
increased, a decrease in saturation magnetization was observed.
Magnetization in MngsCdosPryFe2«Oa (X = 0 to 5) nanoferrites
depends on the distribution of ions between tetrahedral (A)
and octahedral (B) sites. Increasing Pr®* content causes Fe®*
ions to shift from B to A sites, while Mn?* ions occupy both.
Saturation magnetization (M) decreases with higher Pr doping,
as Pré* preferentially occupies B sites, weakening magnetic
interactions, consistent with prior studies [49].

Coercivity initially increases due to the uniform cation
distribution and high anisotropy but then decreases with fur-
ther doping, correlating with reduced crystallite size and square-
ness ratio (Table-6). The highest coercivity occurs at Pr-5,
attributed to its small particle size, high anisotropy and cation
distribution. Squareness ratios below 0.10 indicate paramag-
netic behaviour, while values above 1.0 at Pr-0 and Pr-5 suggest
ferromagnetism [50]. Table-6 also presents the synthesized
spinel nanoferrites computed initial permeability magnetic
moment and anisotropy constants.

Conclusion

In this work, Pr¥*-substituted Mn-Cd spinel nanoferrites
were successfully synthesized using the sol-gel technique. The
crystalline sizes of the prepared spinel nanoferrites ranged
from 23.11 to 32.84 nm and the P-XRD tests suggested a cubic
spinel structure having developed. HR-TEM and FE-SEM
images showed spherically formed and uniform nanoparticles.
Furthermore, EDS analysis confirmed the elemental compo-
sition with no detectable impurities, corroborating the P-XRD
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TABLE-6
MAGNETIC PROPERTIES DATA INCLUDING SATURATION MAGNETIZATION,
REMANENCE AND COERCIVITY OF Pr-DOPED Mn-Cd NANO-FERRITES

Anisotro Initial Magnetic

X e b () iU (@) AR constant (% permeability (i) mon?ent ns
Pr-0 28.045 6.0365 0.215 194.554 6.9372 2620.1498 1.3022
Pr-1 1.5645 0.2056 0.131 180.336 115.2675 0.5927 0.0727
Pr-2 0.7863 0.0745 0.095 211.678 269.2077 0.0647 0.0365
Pr-3 0.8891 0.0542 0.061 232.117 261.0696 0.0892 0.0413
Pr-4 0.6901 0.0437 0.063 274.452 397.6989 0.0369 0.0321
Pr-5 0.5134 0.0385 0.075 384.675 749.2696 0.0116 0.0239

results. These findings indicate that Pr*-doped Mn-Cd nano-
ferrites exhibit enhanced magnetic properties, making them
promising candidates for magnetic filters, storage devices, and
other magnetic applications. The maximum saturation magne-
tization (M) of MngsCdosPriFe2xOs (X = 0 to 5) nanoferrites
reached 28.045 emu/g, which significantly decreased to appro-
ximately 0.5134 emu/g for the highest doped Pr3* (Pr-5). This
reduction in Ms, along with decreased coercivity and reman-
ence, is attributed to the lower magnetic moment of Pr3* ions
compared to Fe ions.
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