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The citrate gel method was used to prepare nanostructured ferrites having composition Co;,Mn,Yb,Fe,..Os (x = y = 0.00, 0.02, 0.04, 0.06,
0.08 and 0.1) nanoferrites and investigated their structural, magnetic, catalytic and antibacterial activities. A cubic spinel structure with
crystallite diameters between 16.77 nm to 34.84 nm was established by X-ray diftraction (XRD), while granular morphology and elemental
composition were disclosed by scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). Molecular vibrations
were described by Fourier-transform infrared (FTIR) and Raman spectroscopy, which verified the production of spinel structures. Vibrating

characteristics like coercivity and saturation magnetization. Methylene blue and rhodamine blue dyes were used to investigate the
photocatalytic activity of these ferrites and YMN-5 showed the best degradation efficiency. Moreover with optimal doping, the antimicrobial
activity against a variety of pathogens showed increased efficiency. These results demonstrate the potentiality of Yb-doped Mn-Co ferrites

in the biomedical applications and environmental remediation.

INTRODUCTION

In material science, nanoferrites are extensively studied
for their versatility in applications like catalysis, energy storage,
sensors and biomedical technologies [ 1], because of their unique
properties such as super paramagnetism, high surface area and
tunable magnetic behaviour at the nanoscale. Their properties
can be precisely controlled through synthesis methods and by
doping or altering their cation composition. These modifica-
tions influence their thermal stability and magnetic performance
[2]. A type of ceramic magnetic materials known by the general
formula AB,O, spinal ferrites are extensively researched due
to their special structural, catalytic and magnetic characteristics.
Where, A and B represent distinct cations, such as divalent
and trivalent metal ions, respectively, and the spinel crystal
arrangement represents the basis of these materials’ structure.
The cations occupy the interstitial tetrahedral and octahedral
positions inside the closely packed cubic lattice of oxygen

sample magnetometry (VSM) revealed that doping doses caused considerable changes in magnetic anisotropy by varying magnetic |
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atoms (O). Although there may be cation inversion depending
on the conditions of the material’s creation, (A) ions typically
occupy tetrahedral sites in a typical spinel ferrite, whereas (B)
ions occupy octahedral sites [3].

Doping nanoferrites with rare earth or f~block elements,
such as La, Yb, Nb or Sm, significantly enhances their func-
tional properties by introducing unique electronic configura-
tions and localized magnetic moments. These dopants improve
saturation magnetization, coercivity and thermal stability,
making the materials ideal for applications in high-density
magnetic storage and spintronic devices [4,5]. Moreover, the
rare earth ions develop defect states within the bandgap, boos-
ting the photocatalytic efficiency and visible-light absorption
for environmental pollutant degradation [6]. The ionic radii
of rare-earth cations are bigger than those of Fe™* or Co* [7].
They produce strain and cause lattice deformation when they
replace these ions in the spinel lattice. This strain results from
changes in bond angles and lengths caused by the bigger ions
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upsetting the lattice’s normal organization. The density, elastic
qualities and crystallinity of the material can all be impacted
by such distortions.

The magnetic anisotropy and coercivity of the spinel
materials are changed by the induced strain, which also affects
the magnetic interactions between cations at tetrahedral and
octahedral sites. The d-electrons of the transition metal ions in
the spinel structure interact with the unpaired f-electrons that
rare-earth ions supply. The total magnetic moment of the material
is altered by this interaction [8-10]. The magnetic characteristics,
including saturation magnetization, coercivity and Curie temp-
erature, can be customized according on the particular rare-
earth ion utilized. For example, increased anisotropy from the
replacement may result in increased coercivity, which would
make the material appropriate for high-density magnetic storage.
Because of these benefits, the citrate gel approach is the method
of choice for creating nanoferrites with specific characteristics
for use in biomedical, catalytic and magnetic applications
[11,12].

The nanoferrites also stand out for their magnetic separa-
bility and multifunctional applications [13,14]. Magnetic nano-
ferrites, like ZnFe,O,4 or CoFe,Os, can adsorb heavy metals or
degrade organic pollutants through photocatalysis while being
easily removed from treated water using an external magnetic
field [15]. Rare earth-doped nanoferrites further enhance the
photocatalytic activity by improving visible-light absorption
and reducing electron-hole recombination, making them effec-
tive in breaking down stubborn pollutants. These materials
not only improve treatment efficiency but also offer sustainable
and reusable solutions, crucial for addressing global water
quality challenges. In this work, the Yb and Mn doped Co nano-
ferrites were prepared by citrate gel auto-combustion method
having composition Co;,Mn,Yb,Fe,..O4(x =y = 0.00, 0.02,
0.04,0.06, 0.08 and 0.1). The effects on the structural, optical,
magnetic, photocatalytic and biological activities of varying
the Yb and Mn concentrations during the synthesis of cobalt
nanoferrites were studied.

EXPERIMENTAL

Synthesis of nanoferrites: The Co,,Mn,Yb,Fe,..O, spinel
ferrite nanoparticles (x = y = 0.00, 0.02, 0.04, 0.06, 0.08 and
0.1) were synthesized by citrate gel auto-combustion method.
In brief, the nanoferrites were produced by dissolving stoichio-
metric amounts of metal nitrates, such as ytterbium nitrate,
manganese nitrate, ferric nitrate and citric acid, in deionized
water. Ammonia solution was used to regulate the pH of the
stock solution. The dark green colouration of solution indicated
neutrality, as the pH was maintained at 7. The gel was synthe-
sized through continuous agitation on a magnetic stirring plate
at 80 °C. After self-ignition, the gel underwent a transformation
into porous ferrite powder, and the resulting reaction product
was subsequently calcinated in a muffle furnace. The heating
process was conducted at 500 °C for 4 h. The ferrite powder
residue underwent grinding for 30 min with a mortar and pestle
[16,17].

Characterization: To ascertain the spinel-phase and cubic
nature of Co,,Mn,Yb,Fe, O, (x =y =0.00 YbMN-0; 0.02 =

YbMN-1; 0.04 = YbMN-2; 0.06 = YbMN-3; 0.08 = YbMN-4
and 0.1 = YbMN-5) nanoparticles, the X-ray diffraction was
performed using a Bruker D-8 advanced and an X-ray diffrac-
tometer with CuKo radiation at 0.15406 nm. Energy dispersive
spectroscopy (EDS) (JEOL JSM-6480LV) and a field emission
scanning electron microscope (FE-SEM, JEOL JSM-6480LV)
were used to analyze the morphology. A laser FTIR (Perkin-
Elmer L1600) can be used to confirm the spinel phase deve-
lopment of the materials. Utilizing a Shimadzu UV-NIR UV-
36001 Plus double beam spectrophotometer, the spectral band
gaps of Mn & Yb-substituted CoFe,O4 were measured. The
magnetism of prepared sample was evaluated using a vibrating
sample magnetometry (VSM) (VSM-Quantum Design, USA,
PPMS-DynaCool-9T).

Photocatalytic activity: The methylene blue (MB) and
rhodamine blue (RB) dyes, which were influenced by visible
light, demonstrated the photocatalytic activity of the synthe-
sized nanoferrites samples. The process comprised the prepara-
tion of 0.05 g of MB and RB dyes, along with the individual
dissolution of 0.05 g of catalysts (nanoferrite sample) in double
distilled water. A magnetic stirrer was employed for thoroughly
mixing the dye and catalyst followed by the addition of 50 mL
of double distilled water. The mixture was kept in the dark for
20 min and then 400 W power bulb was utilized to produce
the irradiation light. A 20-gauge syringe was utilized to collect
the irradiation samples at the predetermined time intervals,
specifically set at 20 min.

RESULTS AND DISCUSSION

XRD studies: The XRD patterns of the synthesized cobalt
nanoferrities Co,,Mn,Yb,Fe, .O4 (x =y = 0.0, 0.02, 0.04, 0.06,
0.08 and 0.1) nanoferrites are shown in Fig. 1. Different crystal-
lographic planes are represented by separate peaks in the X-ray
diffraction (XRD) patterns, including (111), (220), (311), (222),
(400), (422), (511) and (440). The crystalline phase and struc-
tural characteristics of the prepared Co-Mn-Yb nanoferrites
are validated by the X-ray diffraction (XRD) spectra. Accord-
ing to the JCPDS card 001-1121, the measured diffraction
peaks are accurately indexed to the cubic spinel structure [18].
The synthesized materials crystallize in the Fd3m space group,
which is a property of the cubic spinel structure and this group
is frequently linked to a face-centered cubic (FCC) layout,
emphasizing the symmetry and stability of the nano-ferrites
materials. The absence of impurities or secondary phases in the
XRD patterns confirms the efficient synthesis of Co-Mn-Yb nano-
ferrite particles. The calculated crystallite sizes range from
16.77 nm to 34.84 nm and the broadening of the peaks indicates
the formation of the nanocrystalline particles. The Debye-
Scherrer’s equation was used to determine the crystalline size
of the nanoferrites [19].

0.941

Crystalline size (D) =
Y ®) BcosO

The lattice parameter of the samples was calculated by
following equation:

Lattice parameter a =dvh* +k* +1°
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X-ray diffraction patterns of Co,,Mn,Yb.Fe,..Os (x =y = 0.0, 0.02,

0.04, 0.06, 0.08 and 0.1) nanoferrites

Fig. 1.

where d indicates interplanar distance and h, k and / indicates
the miller indices. The average crystalline size and lattice para-
meter of Co,.,Mn,Yb,Fe,.,O, nanoferrites with x = 0.0, 0.02,
0.04, 0.06, 0.08 and 0.1 vary, as shown in Fig. 2. The average
crystalline size decreases 16.77 nm from about 34.84 nm. The
lattice parameter of the pure sample was found to be 8.364 A.
It gradually decreases with further modifications, but for the
YbMN-4 sample, it was found to be the highest 8.378 A. This
variation shows that the structural modifications like ionic
substitution, lattice strain or synthesis have changed the unit
cell size (Table-1). Both characteristics may change if metal
cations with various ionic radii are substituted.
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Fig. 2. Variation of crystalline size and lattice parameter of Co;.,Mn,Yb.
Fe,..04 (x = y = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.1) nanoferrites

The computed unit cell volume was ranged from 580 to
588 A, which indicate the slight changes due to the addition
of Yb to the host material. Strain effects, minor crystal lattice
distortions or the substitutional insertion of Yb and Mn can all
cause these differences in the lattice parameters and unit cell
volume. The change in X-ray density and unit cell volume for
a set of samples is shown in Fig. 3. The X-ray density shows
an inverse trend and rapidly decreasing at the sites where the
unit cell volume is maximized (Table-1).
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Fig. 3. Volume of unit cell and X-ray density of Co,,Mn,Yb.Fe,,O4 (x =y

= 0.0, 0.02, 0.04, 0.06, 0.08 and 0.1) nanoferrites

Morphological studies: The FE-SEM images of prepared
Co;.,Mn, Yb,Fe, ,O4 nanoferrites with x = y = 0.0, 0.02, 0.04,
0.06, 0.08 and 0.1 show granularly structured particles that
clearly cluster in all samples (Fig. 4). The particles are homo-
geneous and smaller at low doping concentrations (x = 0.0
and 0.02), suggesting the regulated nucleation and growth during
synthesis. However, the larger particles and improved agglo-
meration as the doping concentration increases (x = 0.08 and
0.1). The observed behaviour is attributed to grain growth and
enhanced interparticle magnetic interactions commonly found
in doped nanoferrites. Furthermore, denser clusters and some
obvious gaps or pores occur as the degree of agglomeration
seems to increase with increasing Yb and Mn content [20]. These
morphological modifications imply that the dopants have an
impact on the surface energy and crystal lattice structure, which
in turn affects the kinetics of particle formation. To comprehend
the material qualities, these observations are essential.

Fig. 5 shows the EDS spectrum of Co,.,Mn,Yb.Fe,..O, x
= 0.0, 0.02, 0.04, 0.06, 0.08 and 0.1 nanoferrites. The EDS
analysis confirmed the presence of the major elements, such as

TABLE-1
XRD PARAMETERS OF Co, ,Mn,Yb,Fe, O, x = 0.0, 0.02, 0.04, 0.06, 0.08 AND 0.1 NANOFERRITES

Name of the Peak position FWHM (B) Average crystalline Lattice . Volume of unit X-ray density

composition (20) (°) size (nm) parameter (A) cell (A) (g/mm®)
YbMN-0 35.503 0.2268 34.84 8.364 585.30 5.323
YbMN-1 35.582 0.2889 27.34 8.346 581.52 5.461
YbMN-2 35.539 0.3169 24.93 8.356 583.49 5.442
YbMN-3 35.441 0.3860 20.47 8.378 588.19 5.450
YbMN-4 35.593 0.3997 19.76 8.344 580.97 5.570
YbMN-5 35.584 0.4710 16.77 8.346 581.41 5.617
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Fig. 4. FE-SEM images of Co,,Mn,Yb,Fe,..O, (x =y = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.1) nanoferrites
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Fig. 5. EDS spectra of Co;.,,Mn,Yb.Fe,..O4 (x =y = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.1) nanoferrites
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TABLE-2
EDX ANALYSIS OF Co,,Mn,Yb,Fe, O, x = 0.0, 0.02, 0.04, 0.06, 0.08 AND 0.1 NANOFERRITES
.. Co (%) Mn (%) Yb (%) Fe (%) O (%)
Composition - - - - - - - - - -
Atomic Weight Atomic Weight Atomic Weight Atomic Weight Atomic Weight
YbMN-0 18.16 27.32 0 0 0 0 38.57 55.00 43.27 17.67
YbMN-1 14.67 24.47 0.41 0.64 0.39 1.92 30.88 48.73 53.62 24.24
YbMN-2 19.99 27.47 0.60 0.76 0.96 3.88 41.59 54.15 36.85 13.74
YbMN-3 16.01 24.66 0.89 1.28 1.20 543 32.99 48.17 48.91 20.46
YbMN-4 24.29 16.91 1.36 1.02 6.28 1.49 51.34 37.70 42.89 16.73
YbMN-5 17.14 24.47 1.24 1.54 2.52 1.53 51.39 37.98 27.71 34.48
Fe and Co, along with dopants like Yb and Mn and found to 710
. . S . . ] —— YbMN-0
be consistent with the stoichiometric ratio (Table-2). 700 — YBMN-1
FTIR studies: The FTIR spectra of prepared nanoferrites 690: ——— YbMN-2
with x, y = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.1 are displayed in ] —— YbMN-3
Fig. 6. The vibrations associated with the tetrahedral and octa- 680-] — YbMN-4
hedral sites in the spinel ferrite structure are represented by > 670: — YbMN-5
distinctive peaks in the low wavenumber region (800-400 cm™) % 660:
of the FTIR spectrum. In the tetrahedral sites, the vibrational IS ]

modes associated with the stretching of metal-oxygen bonds
often occur in the higher range of the low wavenumber area,
roughly 600-500 cm™. The interaction between the oxygen
atoms and the cations (such as Co, Yb and Fe) which are
occupying the tetrahedral spaces is indicated by these peaks.
The vibrational modes of the metal-oxygen bonds in the octa-
hedral sites can be identified in the lower range, which is usually
between 500 and 400 cm™ [21,22]. The bonding of oxygen
with cations located in the octahedral gaps is represented by
these peaks. The formation of a spinel ferrite structure with
cations dispersed between tetrahedral (A) and octahedral (B)
voids is confirmed by the different peaks within this range.
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Fig. 6. FTIR spectra of Co;,Mn,Yb.Fe,..O4 (x =y = 0.0, 0.02, 0.04, 0.06,
0.08 and 0.1) nanoferrites

Raman studies: The stretching and bending of metal-
oxygen bonds in tetrahedral and octahedral sites correspond to
the characteristic Raman-active vibrational modes of nano-
ferrites, which often exhibit spinel structures [23]. It can also
detect secondary phases or contaminants and differentiate bet-
ween various ferrite phases. Raman spectrum of Yb-Mn-Co
nanoferrites (Fig. 7) demonstrates prominent peaks in the low-
wavenumber region, indicative of vibrational modes associated

650
640
630

620

— T——1T——T——T——T——TT
0O 200 400 600 800 1000 1200 1400 1600 1800 2000
Raman shift (cm ')

Fig. 7. Raman merged spectra of Co;,Mn,Yb,Fe, 04 (x =y = 0.0, 0.02,
0.04, 0.06, 0.08 and 0.1) nanoferrites

with the lattice dynamics of spinel ferrites. These peaks corres-
pond to the stretching and bending vibrations of metal-oxygen
bonds, typically observed in spinel structures. The peaks near
800-200 cm™ can be attributed to the symmetric stretching of
tetrahedral (A-site) metal ions and asymmetric bending of
octahedral (B-site) metal ions. The observed variations in the
intensity and slight shifts across the Yb-Mn-Co nanoferrites
suggest changes in the local structural symmetry or cation
distribution due to varying compositions. The spinel structure
belongs to the Fd3m space group, where the irreducible repre-
sentations predict Raman-active modes as Aj,, E, and To,. The
visible peaks correspond to these Raman-active modes, reflec-
ting the vibrational dynamics of the tetrahedral and octahedral
sites. Substitution of Yb, Mn and Co likely alters the cation
occupancy and bond lengths, affecting the lattice symmetry
and shifting vibrational frequencies. Fig. 8a-f show the Raman
deconvoluted spectrum of the synthesized Yb-Mn-Co nano-
ferrites.The deconvolution of Raman spectra into individual
peaks (green curves) allows the identification of various vibra-
tional modes associated with the spinel ferrite structure. In
the low-wavenumber region (700-200 cm™), the intense peaks
correspond to the symmetric and asymmetric stretching vibra-
tions of metal-oxygen bonds at the tetrahedral sites (A,) and
bending vibrations at the octahedral sites (T,,) [24,25]. Peaks
at higher wavenumbers, though less intense, may be attributed
to secondary vibrational modes or lattice disorder-induced
effects. The fitting curves (red lines) closely follow the experi-
mental data (black lines), confirming the accuracy of the fitting
process and the suitability of the chosen model.
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Fig. 8. Raman deconvoluted spectra of Co,,Mn,Yb,Fe,..O, (x =y = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.1) nanoferrites
Optical studies: The absorbance-based analysis was done Fig. 9 illustrates the correlation between absorbance and
with the help of Tauc’s and Urbach’s relations [26]. The optical the wavelength of UV light incident on the prepared Yb & Mn
absorption coefficient ‘0" wass determined as a function of thick- doped cobalt nanoferrites and the cut-off edge varies with dopant
ness and absorbance data. Using the following relation, the concentration. For pure sample YbMn-0, the cut-off found to
‘o’ have been determined as: be the highest (539 nm) among the series of samples with
Absorb different concentrations of the dopant (Table-3). It might occurs
o=2.303x%x sorbance due to the changes in the structure of the nanoferrites with a

Thickness of the sample replacement of dopant into base matrix. The rare earth metals
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TABLE-3
OPTICAL PARAMETERS OF Co, ,Mn,Yb,Fe, 0, x = 0.0, 0.02, 0.04, 0.06, 0.08 AND 0.1 NANOFERRITES
Sample cods Cut-off Indirect band gap Direct band gap Urbach energy Refractive index Dielectric
wavelength (nm) (eV) (eV) V) (n) constant
YbMN-0 539 225 223 0.72 2.42 5.85
YbMN-1 537 2.28 2.30 0.78 2.45 6.00
YbMN-2 536 2.35 238 0.85 2.48 6.15
YbMN-3 533 2.39 2.42 0.90 2.53 6.40
YbMN-4 531 2.44 2.49 0.93 2.58 6.65
YbMN-5 528 2.50 2.56 0.98 2.62 6.86
1.6 structural variations as Yb content was increased. The Tauc’s
] relation for both direct and indirect bandgaps is represented
1'4-. as follows [27]:
2] (¢hv)"* =C(hv -E,)
§ 1.0 Fig. 10b reflects the variation of (othv)* with the incident
S energy of photon. The series of Yb-Mn-Co nanoferrites of the
§ 0'8-. present study have shown the band gap (Eqiw.) value as 2.23
< 0.6 Y bMN-0 eV. Further, doping of Yb into the base matrix, it increased in
o — zgm:; a systematic manner and found to the highest as 2.56 eV for
0.4 === YbMN-3 YbMN-5 sample (Table-3). It may be due to the conversion of
1 === YbMN-4 structural fluctuations because of the presence of Yb content
0.2 m— YbMN-5 [28].

— 7777
100 200 300 400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 9. UV-optical spectra of ytterbium doped cobalt-manganese nano-
ferrites

like La, Tm, Yb, efc. prefers to enter into the octahedral sites
and sometimes occupies both the Oy, and T, sites of the base
ferrite. The cut-off wavelength is fluctuated between 539-528
nm with a decreasing trend.

The Tauc’s plot is a reliable way for determining the indirect
and direct band gaps of materials compared to alternative
approaches. Fig. 10a depicts the variation of (othv)"® with the
incident energy of photon. The series of Yb-Mn-Co nanoferrites
have shown the band gap (Eiwiree) value as 2.25 eV. Moreover,
doping of Yb into the base matrix, it increased in a systematic
manner. The highest value recorded was 2.50 eV for the YbMn-
5 sample, potentially resulting from the transformation of
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Urbach energy (Euac) calculation: One of the parameters
linked to the randomness of material is Urbach energy, which
is dependent on the absorption coefficient and may be expressed
as follows:

Fig. 11 reflects the variation of absorption coefficient with
photon energy which leads to derive the Urbach energy value.
In present approach, it varied linearly as a function of dopant
concentration from O to 0.1 with a step of 0.02. The variation
of AE found between 0.72 eV to 0.98 V, which gives an addi-
tional information that the dopants develops more randomness
in the structure of base ferrite composition (Table-3).

Refractive index (u): The refractive index evaluated from
the Tauc’s relation using direct band gap energy value. The
refractive index of the Yb-Mn-Co nanoferrites increased with

hv

Urbach

In(or) = In(or,) +[

— YbMN-0

(o)

o+l v+
10 15 20 25 3.0 35 40 45 50 55 6.0 65
hv (eV)

Fig. 10. Taucs relation for (a) indirect and (b) direct energy band gap of ytterbium doped Co-Mn nanoferrites
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Fig. 11. Urbach energy (Eumacn) calculation of ytterbium doped Co-Mn nano-
ferrites

the dopant linearly and varied between 2.42-2.62 as the linear
increment found (Table-3). The optical dielectric constant is
the square of refractive index. It observed to be in the range of
5.85 to 6.86 with an increasing manner (Table-3).
Extinction coefficient (k): In the fabrication and design
of optical devices, an evaluation is required about the reflection,
transmission, or absorption of light at a specific wavelength.
Fig. 12 shows the variations in the k value with wavelength
and clearly indicate that the k value increasing at a wavelength
around 540nm. The increasing trends of the k values reflects

10

44

Extinction coefficient (k)

24

L) M L) M L) M L) M L) M L) M L) M 1
200 300 400 500 600 700 800 900
Wavelength (nm)

Fig. 12. Extinction coefficient variation with wavelength of Yb doped Co-Mn
nanoferrites

the suitability and efficacy of the Yb-Mn-Co nanoferrites for
the optical device applications.

Magnetic properties: The VSM hysteresis loops exhibit
the typical ferromagnetic behaviour, characterized by clear
saturation magnetization (M;), remanent magnetization (M,)
and coercive field (H.). The decreasing trend in M; across sam-
ples indicates a reduction in magnetic properties or ferromag-
netic phase content (Table-4), whereas alterations in loop breadth
signify variances in coercivity, potentially arising from the
differences in domain wall pinning or crystal anisotropy [29].
The hysteresis loops of Yb-Mn-Co nanoferrites are shown in
Fig. 13. It is observed that M decreases with increasing Yb**
substitution. This trend is attributed to the replacement of
magnetic Fe™ ions with weakly magnetic or non-magnetic Yb**
ions, which reduces the net magnetic moment. The substitution
also weakens the super exchange interactions between Fe**
ions at the tetrahedral (A) and octahedral (B) sites, further
lowering the saturation magnetization. Similarly, M, follows
a decreasing trend, as it is directly related to the material’s
ability to retain magnetization, which diminishes with reduced
magnetic ion content. The squareness ratio (M,/M;) remains
relatively consistent, with minor fluctuations around 0.4 (Table-
4). This indicates that the material retains its multi-domain
structure throughout the substitution range, characteristic of
soft magnetic materials [30,31]. On the other hand, coercivity
(H,) initially increases with Yb** substitution, reaching a
maximum at x = 0.08 and then slightly decreases for x = 0.1.

807 | ——vbMN-0
60_' —e— YbMN-1
] [—+—vYbmN-2
40 | —"— YbMN-3
1|+ YbMN-4
209 | —+— YbMN-5

Magnetization (emu/g)
o

-20 1 —=— YbMN-0
] ; —e— YbMN-1
-40 1 —a&— YbMN-2
1 —— YbMN-3
-60 +— YbMN-4
1 —e— YbMN-5

-80

T T T L |
-15000 -10000 -5000 0 5000 10000 15000
Magnetic field (Oe)

Fig. 13. Hysteresis loops of Co;,Mn,Yb,Fe,..Os (x =y = 0.0, 0.02, 0.04,

0.06, 0.08 and 0.1) nanoferrites

TABLE-4
MAGNETIC PARAMETERS (M;, M,, H AND M/M,) OF Co, ,Mn,Yb,Fe, O, x = 0.0, 0.02, 0.04, 0.06, 0.08 AND 0.1 NANOFERRITES
Ie - Saturation magnetization, Remanence magnetization, Squareness ration Coercivity,
omposition
M, (emu/g) M, (emu/g) M/M; (emu/g) H, (Oe)

YbMN-0 74.48 32.99 0.4429 1341
YbMN-1 68.70 32.066 0.4667 1515
YbMN-2 67.59 30.885 0.4569 1446
YbMN-3 63.61 27.47 0.4318 1504
YbMN-4 57.96 25.86 0.4461 1721
YbMN-5 56.11 23.17 0.4129 1593
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The initial increase in H. can be explained by enhanced magneto-
crystalline anisotropy introduced by Yb* ions, making it more
difficult to reverse magnetization. However, at higher substit-
ution levels, the dilution of the magnetic lattice weakens magn-
etic coupling, resulting in a slight reduction in coercivity. These
trends indicate potential tunability of magnetic properties,
making the materials suitable for applications such as magnetic
storage or sensors. Further quantitative analysis could provide
more insights into the exact influence of structural or compo-
sitional changes on their magnetic performance.
Photoctalytic activity: The removal of organic dyes from
wastewater depends heavily on the photocatalytic activity, parti-
cularly when nanoferrites are used as catalysts. The efficacy
of the photocatalytic process is increased by the increased contact
with dye molecules made possible by the high surface area of
nanostructured ferrites. Moreover, the magnetic separation facili-
tates the integration of ferrites into a photocatalytic system, enhan-
cing the reusability of catalyst and also reduces the treatment
costs. The efficient photocatalytic degradation as observed in
Fig. 14 shows the significant decrease in absorbance with longer
exposure times to visible light. Pure YbMN-0 sample shows
highest degradation efficiency of methylene blue. Degradation

0.5
Pure YbMN-0
Dark
0.4 7 —— 20 min
—— 40 min
i —— 60 min
3 03 —— 80 min
§ —— 100 min
S —— 120 min
@ 0.2
Q
<

0.1

0.0 7

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

0.5

0.4

0.3

0.2

Absorbance

0.1+

0.0

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

activity of nanosamples depends on various factor like irradiation
light, time, surface area and band gap energy of the samples
[32].

Fig. 15 shows the photocatalytic activity of rhodamine blue
(RB) dye of Yb-Mn-Co nanoferrites. The absorbance spectra
were plotted against wavelength, highlighting the primary RB
peak around 554 nm. In each subplot, the absorbance intensity
decreases progressively with increasing irradiation time, indi-
cating the breakdown of RB molecule due to the photocatalytic
activity. Among the samples, YbMN-1 exhibits a more pronou-
nced reduction in absorbance over time, suggesting superior
photocatalytic efficiency, likely due to favourable material pro-
perties such as a lower bandgap, enhanced charge separation,
or a higher surface area. In contrast, YbMN-0, YbMN-1, YbMN-
3 and YbMN-5 nanoferrites show relatively slower degra-
dation, with minimal reduction during the initial dark phase,
confirming that light activation is critical for the photocatalytic
process. Among the samples, YbMN-1 exhibits the highest
degradation efficiency, reaching approximately 25% at 120
min, outperforming the other samples. This suggests that YbMN-1
may possess superior photocatalytic properties due to factors
such as optimized composition, surface area or band gap energy
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0.57 YbMN-1
0.4
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T T T T T T T T T T T
300 400 500 600 700 800
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Fig. 14. Photocatalytic activity of Co,,Mn,Y,Fe,..O4 (x =y = 0.0, 0.02, 0.06 and 0.1) nanoferrites towards methylene blue dye



940 Neeradi et al. Asian J. Chem.

1.2 1.2
1 Pure A 1
1.04 | — Dark A YbMN-0 1.0 YbMN-1
—— 20 min i\ .
—— 40 min A
.8 0.8
° iy — 60 min / °
8 —— 80 min 2
5 0.6+ | —— 100 min 5 0.6 1
§ {|—— 120 min §
< 0.4 < 0.4 4
0.2 0.2
0.0 0.0
T T T T T T T T T T T T T T T T T T T T T T
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
1.2 1.2
J Pure J
1.0 YbMN-3 Dark. 1.0 - YbMN-5 Pure
— 20min i Dark
—— 40min —— 20min
0.8 ——— 60 min 0.8 1 40 min
§ 1 ?gomm_ g 1 —— 60 min
S 0.6 min S 0.6 —— 80min
§ —— 120 min x8- —— 100 min
< 0.4+ 2 04 —— 120 min
0.2 0.2
0.0 0.0
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Fig. 15. Photocatalytic activity of Co,,Mn,Yb,Fe,.Os (x =y = 0.0, 0.02, 0.06 and 0.1) nanoferrites towards rhodamine blue dye

[33]. The remaining samples show relatively similar trends, down of organic contaminants depends on these ROS, whereas
with slightly lower efficiencies, highlighting the influence of  the hydroxyl radicals ("OH) oxidize the organic pollutants and
material composition on photocatalytic performance. convert them into innocuous byproducts like CO, and H,O.

Mechanism: As shown in Fig. 16, the process of photo- The photocatalytic effectiveness of the material under visible

catalytic activity of nanoferrites consists of multiple phases light is largely dependent on its bandgap energy (E,). Thus,
[34]. The electrons (¢") in the valence band of the Co-Ni-La the Yb-Mn-Co nanoferrites are efficient photocatalysts for the
nanoferrites are excited by photons when exposed to visible environmental applications such as wastewater treatment due
light energy, which causes them to move to the conduction to their customized electronic structure, which maximizes

band. Electron-hole pairs are produced by this process e/h*. charge separation and ROS formation.

While the corresponding holes stay in the valence band, the Antibacterial activity: The antibacterial activity of the
excited electrons gather in the conduction band. The photo- produced Yb & Mn doped Co nanoferrites was examined using
catalytic process may become less efficient due to the possi- two Gram-positive (Bacillus and Staphylococcus) and two
bility of electron and hole recombination. However, the recom- Gram-negative (E. coli and Pseudomonas) bacterial agents
bination is reduced by appropriate nanoferrite design and doping. [35]. Among the tested nanoferrites, YbMN-5 showed the highest
The electrons in the conduction band contribute to the reduc- antibacterial activity against Bacilli (14 mm), E. coli (13 mm),

tion of the system’s oxygen (O,) molecules, creating reactive Pseudomonas (10 mm) and Staphylococcus (11 mm), appro-
oxygen species (ROS) like superoxide anions (O;). The break- aching the efficacy of the antibiotic control (Table-5). This

TABLE-5
ANTIBACTERIAL ZONE OF INHIBITION VALUES AGAINST GRAM-POSITIVE AND GRAM-NEGATIVE BACTERIA OF
Co, ,Mn,Yb,Fe, O, x = 0.0, 0.02, 0.06 AND 0.1 NANOFERRITES AGAINST Staphylococcus, Bacillus, E. coli AND Pseudomonas

YbMN-0 YbMN-1 YbMN-3 YbMN-5 Antibiotic
Bacilli 3 mm 6 mm 10 mm 14 mm 17 mm
E. coli 7 mm 8 mm 10 mm 13 mm 18 mm
Pseudomonas 4 mm 6 mm 7 mm 10 mm 16 mm

Staphylococcus 3 mm 5 mm 6 mm 11 mm 16 mm




Vol. 37, No. 4 (2025)

Influence of Mn and Yb on the Properties and Biological Activity of Cobalt Nanoferrites 941

Photocatalysis mechanism
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Fig. 16. Mechanism of photocatalytic activity

enhanced activity can be attributed to the substitution of Yb
ions in the ferrite structure, which likely improves the surface
charge, particle size and surface area. These factors enhance
the interaction of Yb-Mn-Co nanoferrites with bacterial cell
membranes, leading to higher ROS generation and membrane
damage [36]. Other nanoferrites, such as YbMN-3, showed mod-
erate inhibition, while YbMN-0 (control ferrite) exhibited the
least activity, indicating a clear enhancement in antibacterial
performance with increased Yb content. The results indicate
that the composition and concentration of Yb in nanoferrites
significantly enhance antibacterial activity, with YbMN-5
demonstrating the most effective results against both Gram-
positive and Gram-negative bacteria.

Antifungal activity: Because of the destructive effects
that Sclerotium rolfsii and Phytophthora infestans have on
agriculture, the antifungal efficacy of nanoferrites against these
diseases is extremely important. The antifungal activity of nano-
ferrites was evaluated against P. infestans and S. rolfsii, with
inhibition zones compared to a standard antibiotic. Among
the tested samples, YbMN-5 exhibited the highest activity against
P. infestans with a zone of inhibition of 62.2%, significantly
outperforming the other nanoferrites but still lower than the
antibiotic, which showed 71.5% inhibition. YbMN-1 outper-
formed the other nanoferrites against S. rolfsii, inhibiting it at
44.22%, slightly less than the standard (46.12%). The control
sample (YbMN-0) displayed moderate inhibition for both fungi,
serving as a baseline for comparison (Table-6). These results
highlight the potential of nanoferrites, particularly YbMN-5,
for antifungal applications. However, the variations in activity
across samples suggest the need for further optimization to
enhance efficacy and achieve results comparable to conven-
tional antibiotics [37].

TABLE-6
ANTIFUNGAL ZONE OF INHIBITION VALUES AGAINST
Phytophthora infestans AND Sclerotium rolfsii

Composition Phytophthora infestans Sclerotium rolfsii
YbMN-0 41.7% 33.33%
YbMN-1 32.2% 44.22%
YbMN-3 33.3% 40.00%
YbMN-5 62.2% 43.22%
Antibiotic 71.5% 46.12%

Conclusion

Ytterbium (Yb) and manganese (Mn) doped cobalt nano-
ferrites having composition Co;.,Mn,Yb,Fe,..O4(x = y = 0.00,
0.02,0.04, 0.06, 0.08 and 0.1) were effectively synthesized by
citrate gel auto-combustion technique. Single phase and cubic
spinel structure were confirmed from X-ray diffraction tech-
nique. The crystalline size of the samples were ranged from
16.77 nm to 34.84 nm. The lattice parameter of pure sample
found to be 8.364 A. It gradually decreases as increasing dopant
content, but for YbMN-4 sample, it was found to be the highest
8.378 A. Tetrahedral and octahedral spinel structure confirmed
by Raman and FTIR spectroscopy. The development of a cubic
spinel phase with improved magnetic and catalytic capabilities
as aresult of doping was validated by structural analysis. Under
visible light, photocatalytic activity showed that dyes may be
effectively degraded, with YbMN-0 exhibiting the best results
against the methylene blue dye. The antimicrobial activities of
the Yb-Mn-Co nanoferrites showed that they are effective against
the studied the bacterial strains, making them attractive options
for biomedical and environmental treatments. These findings
highlight the adaptability of nanostructured nanoferrites and
their promise for longterm, scalable uses in antibacterial and
wastewater treatment technologies.
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