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Cobalt ferrite Mn-substituted CoFe04 (Co;_xMnyFes04; x = 0.0-0.2; CMF) microgranules and their structural, morphological,
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and magnetic properties and performance characteristics in detail. The comprehensive study explored the inti-
mate relationships between cation disorder or inversion degree due to Mn substitution in CoFe304 (CF) micro-
granules and corresponding changes in the structural and magnetic properties. Crystal structure and morphology
studies indicate the formation of spherical shape, single cubic mixed inverse spinel structure of all the CMFO-
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microgranules with a size variation in the range of ~6.5-7.5 pm. Small angle X-ray scattering analyses indicate
that the nanostructured CMF microgranules exhibit a virtually hard-sphere-like interaction. It is concluded that
distortions are related to Co ions at octahedral locations due to Mn substitution in all materials. Raman spec-
troscopic studies, which corroborate with other structural studies, also reveal that replacing Co with Mn in-
creases the degree of inversion in the cubic inverse spinel structure. Divalent (C02+, Mn”) and trivalent (Fe3+,
Mn>*") cations are distributed differently across tetrahedral and octahedral sites. In addition to large-scale
chemical synthesis, our results demonstrate the enhanced magnetic saturation from 82.27 to 86.18 emu/gm
and 77.05-79.87 emu/gm for CopoMng1Fez04 at 10 K and 300 K, respectively. In order for the proposed
architectural design to serve as a crucial building block for a wide range of technological applications and be
applicable to a large class of spinel ferrites, we present our attempt to draw the necessary fundamental scientific
explanation from the trends in the local structural parameters and magnetic characteristics of CMF

nanomaterials.

1. Introduction

Nanoscale spinel ferrite particles have exceptional magnetic, elec-
trical, and optical capabilities [1-3], making them a desirable building
blocks for creating new technologies [4-12]. In addition, the
nano-ferrite family has proved essential in promoting innovation across
a wide range of disciplines, most notably biomedicine [1], catalysis [2],
environmental remediation [13], and microwave technologies [14].
Cobalt ferrite (CoFep04; CF) has been studied extensively as an alter-
native to magnetite (Fe304) among the spinel-type ferrite systems owing
to its superior chemical resistance to oxidation and inherent magnetic
characteristics[15]. Because of its high coercivity and magnetocrystal-
line anisotropy [16], CoFe;04 is the material of choice for high-density
information storage and stress-sensing applications. The thermal sta-
bility of cobalt ferrite is well established up to 1000 °C. CoFeyOy4 is a
promising material for splitting methane into hydrogen because of its
solid thermal stability [17]. Because of its superior magnetic anisotropy
compared to other nano-ferrites [18], it is attracting increasing interest
in biological applications. The ability to modify the structural and
magnetic configuration of the CoFeOy4 ferrite by switching the identities
of the Co?" and Fe®" cations is a crucial characteristic that has revolu-
tionized applied technology and basic research. It has been suggested
that the electrical, magnetic, and magneto-mechanical characteristics of
CF may be modified by replacing cations for Fe[19-22]. On the other
hand, the research and development of many researchers focused to
designing new compositions with Co substitution in CF, namely with
(nickel (Ni?")[23], zinc (Zn?)[24], palladium (Pd?*)[25], magnesium
(Mg?") [26], copper(Cu?t) [271, aluminum(AI>™) [28], calcium(Ca®™))
[29]. However, among the many proposed cation substitutions, Mn
substitution within CF attracted the scientific and engineering commu-
nity because of the saturation magnetization enhancement compared to
others [30-33]. Diverse strategies, such as the low-temperature chemi-
cal method, hydrothermal [30], sol-gel [34], co-precipitation [15], auto
combustion [33], the polyol method [35], and ceramics method [36],
have been adopted to synthesize nano and bulk form of CoxMn; _xFesO4
(CMF) mixed ferrites. Most of these methods, however, were either
time-consuming or complicated (requiring high temperatures, organic
solvents, and post-synthesis processing) or resulted in ferrite products
with large particle sizes, irregular shapes, and agglomerated with low
yield. In this context, herein, we directed our efforts to low-cost, eco--
friendly, fast-processing, and large-scale synthesis of magnetic ferrites
using chemical approach.

Sustainable, less time-consuming, and repeatable technologies for
large-scale synthesis are currently being sought in this topical area of
nanostructured materials for magnetic, electromagnetic, electronic and
optoelectronic applications. However, it is still a significant challenge
for scientists and engineers to develop nano- and bulk-scale magnetic
ferrites with structural, magnetic, and electrical characteristics tailored
to specific uses. Specifically, the precise control of the phase, structure
and morphology, surface area, and size and/or size-distribution during
the chemical reaction is a challenging, even if those synthetic proced-
ures enable materials’ production with a narrow size distribution.

Furthermore, since many cutting-edge technological applications are
sensitive not only to nano-size features of the crystals but also to a
material with uniformity in crystal size, large-scale production of uni-
formly sized magnetic nanoparticles is essential. Studies have revealed,
for instance, that size/size distribution has a significant role in deter-
mining the mechanical and thermal stability of magnetic nanofluids
employed as heat transfer medium. Most importantly, note that public
safety will be under jeopardy because of natural disasters and climate
anomalies brought on by rising global carbon emissions. Therefore,
there is an increasing global awareness on carbon neutrality in an effort
to mitigate the environmental pollution crisis. Low-carbon technology is
also essential toward realizing these emerging synthetic routes, tech-
nologies while improving public health at any cost. On the other hand,
building ordered microscale or nanoscale structures without affecting
the ecosystems is quite important in an extensive range of fields, such as
biomedicines, targeting drugs, microsensors, heat transfer devices and
advanced functional materials [37-41]. In this context, we present the
spray-drying manufacturing of magnetic CoFe;O4 and Mn-substituted
CoFey04 microgranules synthesized from an aqueous solution of the
precursor elements (Fig. 1a). Our approach to synthesize CF and CFM in
a large scale is presented in Fig. 1, where the key idea of Mn occupying
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Fig. 1. (a) Schematic representation of the formation mechanism of nano-
structured Co;_,Mn,Fe,O4 micro-granules during spray drying; (b) The key
approach of Mn into CF spinel crystal structure in terms of specific site occu-
pation is shown.

\ Drying ’
\Slze Shape, and




S.M. Ansari et al.

the specific sites in CF is also illustrated (Fig. 1b). Spray drying is more
environmentally friendly than other methods since it uses inexpensive
chemicals and aqueous conditions and can be readily scaled for indus-
trial purposes. There seems to be a lack of research on the spray-dry
synthesis of mixed ferrites. Here, we provide a novel spray-drying
method for producing CMF ferrite granules (Fig. 1a) with magnetic
nanostructures. By gradually varying the Mn(II) with Co(II) in the sys-
tem, we aim to fine-tune the saturation magnetization and inversion
degree of the nanostructured CoFe;O4 ferrites granules on a massive
scale. Both structural and magnetic characteristics are discussed to
illustrate the impact of the replacement. Using the CMF system studied
elaborately, we demonstrate that this method provides excellent size/-
size distribution and yields magnetic nanocrystals with a stronger
magnetic response while the synthesis approach itself is affordable,
ecologically friendly, and more efficient.

2. Experimental details
2.1. Manufacturing of Co;_,Mn,Fe;04 (CMFO) micro-granules

The following raw materials and chemicals, which were purchased
from Sigma Aldrich, were used in the manufacturing process of CMF
materials. Co(NOs3)3-6 HoO, Mn(NO3)2.4H;0, and Fe(NO3)3-9 Hy0,
ethanol, and ammonia solution (25%). The compounds were utilized in
their original form. Spray drying was used to create granules of
Coj_xMnyFep04. Metal precursors ((Co +Mn): Fe — (1:2)) and PEG-
6000 (0.005 M) were dissolved in deionized water at stoichiometric
molar ratios to produce a transparent solution; this was followed by the
addition of ammonia (25% solution) to create a homogenous colloidal
suspension that could be stored at room temperature (pH was kept at
10). A spray drier (dried length ~ 425 cm) in the lab was used to dry the
colloidal solution (Labultima LU 228). We sprayed it with an ultrasonic
spray nozzle. Aspiration rates of 45 m>/hr were used to keep the input
temperature at 140 °C. Throughout the trials, the vacuum was main-
tained at — 220 mm WC, and the feed pump flow rate was held at a
steady 2-1 ml/min. The powder that was sprayed-dried was placed in a
glass cyclone separator. It was discovered that the spray-dried powder
was dark in color and quickly poured. The virgin powder was charac-
terized after being annealed at 400 °C for an hour. Co;_xMnyFesO4
samples are conveniently denoted as CF, CMF1, and CMF2 for the values
of x =0.0, 0.1, and 0.2. Fig. 2 shows a representation of the synthesis
process layout.
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2.2. Characterization

D8-Advanced Bruker powder X-ray diffractometer (A = 1.5406 /o\)
was used for structural analysis. The settings employed were: scan range
of 20-80° (26 range), 0.02° step size, and 0.4° scan rate per minute. The
experimental X-ray diffraction (XRD) patterns were refined using the
Rietveld structure method in Fullprof. By Fullprof Software, we are able
to gather electron density maps in addition to calculating bond lengths
and angles. The Rietveld method was used to generate the theoretical
XRD patterns, which were based on data from the Inorganic Crystal
Structure Database (ICSD) under code 109044. VESTA software pro-
gram creates designs for the unit cell. Electron dispersive spectroscopy
(EDS) was used to measure elemental quantification energy, and a
scanning electron microscope (JEOL-JSM-6360) was used to examine
the microstructural characteristics of pure microgranules. To decipher
nanoscale structural information, we used small-angle x-ray scattering
(SAXS) experiments in the lab. The scattered intensities I (q) were
measured based on the scattering vector transfer (g =(4zsin 6) /1), where
0 is the scattering angle and A is the x-ray wavelength (1.54 A), and a
mathematical model was fitted to the experimental scattering profile
using SASFIT Software. The InVia Micro RAMAN (Renishaw) spectro-
photometer was used for Raman research, and the 532 nm laser was
used to conduct the experiments at room temperature. The Quantum
Design Evercool II PPMS-6000 was used to detect magnetic M-H loops at
10 K and 300 K with magnetic fields up to 90 kOe. The temperature
dependence of magnetization under an applied magnetic field of 100 Oe
was investigated from 10 to 390 K using both zero-field cooling (ZFC)
and field cooling (FC) approaches.

3. Results and discussion
3.1. Surface/Interface morphology, microstructure and internal structure

3.1.1. SEM and EDS

The pristine samples’ morphology is shown in Fig. 3 at various
magnifications. SEM micrographs show that all of the manufactured CF
and CFM microgranules are spherical in appearance, despite some
inevitable changes in granule size throughout the ultrasonic atomization
process. However, a small percentage (1%) of hollow buckled [42,43]
spherical particles have been discovered for the CF and CMF2 (see,
Fig. 3d and k). To be clear, the drying rate in this scenario is far slower
than it would be with an industrial spray drier and is thus insufficient.
When the gas flow rate (45 m3/hr) is divided by the cross-section of the
drying chamber (diameter = 22.86 cm), the velocity (Vgss) of the carrier
gas within the tube may be determined. Finally, we find that Vg,s equals
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Fig. 2. Illustration of spray drying for Co;_xMnsFe;04 micro-granules.
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Fig. 3. SEM images of CF (a to d), CMF1 (e to h) and CMF2 (i to 1) micro-granules at different magnifications.

18.28 cm/s. Drying time may be well estimated to be 23 s as droplets
become dried at the end of the drying chamber, which is 425 cm in
length; such a drying time corresponds to a slow drying regime or a
non-buckling regime. It is important to note that this computation was
performed to provide a rough estimate of the drying time. The speed
within the tube may vary radially.

Fig. 3 shows that the self-assembled granules are perfectly spherical
for all of the samples, which implies that the drying process is now
operating in a non-buckling regime. Fig. 3(c, h, 1) included enlarged
micrographs that made the granules easier to see. Fig. 3(c, h, and 1) also
shows that compared to CF and CMF2, CMF1’s subunit assemblies are
somewhat fussed and organized compactly. One possible explanation is
that CMF1 has a more excellent magnetic saturation value than CF and
CMF2. The average size of the granules in CF, CMF1, and CMF2 is 6.55
+ 0.45, 6.14 +0.20, and 7.34 + 0.41 pm, respectively. During the
drying process of micrometric droplets containing a colloidal solution,
droplet size reduction is driven mainly through evaporation. Due to the
existence of wetting liquid between solid particles, capillary forces
emerge, causing the component particles to combine due to attractive
magnetic force. It has been reported [42] that when drying rates are low
enough, droplets containing stable dispersions of colloidal nanoparticles
shrink isotropically. The resulting configurations of the nanoparticles
inside an assembled granule correspond to a packing owing to random
jamming of the component particles. The formation mechanism of
Co;_xMnyFe;04 micro-granules during spray drying is exactly as shown
in Fig. 1(a).

In addition, EDS analysis of all samples is used to verify elemental
quantification. Fig. S1 displays the EDS spectra that were acquired for all
samples. The findings show that the target ratio of Co: Fe (1:2) is being
maintained throughout all three samples, and the presence of Mn is
measured to a significant degree in CMF1 and CMF2.

3.1.2. SAXS assessment

SEM micrographs could only reveal the granules’ shape, not the
nanoparticles’ internal arrangements or correlations. As a result, SAXS
was used to investigate all the samples. In order to establish a correlation
between granule structure and nano-structured assemblies, the inter-
particle structure factor was taken into account. Here, scattering data

may reveal the inter-particle structure factor in terms of the correlation
of interlocked nano-assemblies inside the granules and the precise
nanostructure size distribution. Figures 4(a-c) demonstrates that the
scattering patterns of CF, CMF1, and CMF2 samples are similar. The
scattering intensity I(q), as a function of the wave vector transfer (q),
was used to determine the presence of density fluctuations on the
mesoscopic scale in a condensed matter system [44]. Scattering was
approximated here by the sum of contributions from density changes in
the whole granule and in the nano-entities that make it up.

Scattered information from samples with a q value between 0.1 and
0.3nm™! is attributed to the first region (Region I), while that from
samples with a q value between 0.3 and 1.0 nm ™ is attributed to the
second (Region II). The expression for the overall scattering intensity is:

2
Low(q) = > 1) = 1(9) + 1>()- M
i=1
Scattering profiles of all samples have been examined using the
polydisperse spherical particle model in the local-monodisperse
approximation [39], which allows for an estimation of the size of the
nano-structured entity and its modification with Mn substitution. The
ot component’s scattering contribution is denoted by °I;’ here. The
formula for the scattering intensity Ii(q) is as follows:

Ii(g) =G /"" P;(q,R)Si(q,R)R°D;(R)dR. 2)
0

C; represents the scale factors, P; (g, R) represents the form factors, S;
(g, R) is the structure factor, and D; (R) is the size distribution for the ith
component of scattering intensity. Assuming the spherical shape of the
particles with radius (R), Eq. (3) [45] expresses the form factor P; (q, R).
Assuming a normalized log-normal distribution, we get Eq. (4) [46] for
D;i(R):

P(g.R) = F Si“(qR)(;R‘gf °°S(qR)} - @
N 5 5
Di(R) = \/WRexp{—[ln(R/Ro)] /20] (4)
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Fig. 4. SAXS profile for CoFe,04 (a), CogoMng 1Fe204 (b), Cog.gMng 2Fe;04 (¢) micro-granules with a fitted mathematical model and the corresponding volume-

weighted size distribution calculated are shown in (d), (e) and (f).

where N denotes a normalization factor, Ry represents the median
radius, ¢ indicates polydispersity index.

In this case, the magnetic interaction between the nano-spherical
assemblies is crucial. Structure factor for sticky hard-sphere type po-
tential [47] [48] with adjustable inverse stickiness parameter (z) for
area II is therefore included in Eq. (2) to account for the interparticle
correlation in all three samples. Such a potential is analogous to a
hard-sphere potential with a positive tail. A high value of ‘z” is analogous
to a hard-sphere kind of contact, while a low value of ‘z” enhances the
attractive contribution, resulting in more stickiness. All experimental
profiles were fitted using Eq. (1). Fig. 4(a-c) shows the fitted SAXS

Table 1

Parameters obtained from the mathematical fitting to experimental small angle
scattering profile; where R,- median radius, ¢ - polydispersity index, z-sickness
parameter, and ¢-volume fraction.

Sample Region I Region II

CF Ro (nm) =13.59 Ry (nm) =7.26 = 0.4
6 (nm)=0.25 6 (nm)=0.33 9=0.55

CMF1 Ry (nm) =14.59 Ry (nm) =7.47 7= 0.35
6 (nm)=0.25 o6 (nm)=0.35 »=0.58

CMF2 Ro (nm) =13.29 Ro (nm) =7.00 7=0.3
6 (nm)=0.25 ¢ (nm)=0.37 $=0.53
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profiles. The model closely matches scattering data evolution. Table 1
lists the model-fitting estimates for the local volume fraction (o),
stickiness (7), and structural characteristics of nano-structured. The
stickiness of the nano-spherical entities is shown to drop from 0.4 to 0.3
as the Mn concentration rises. The volume percent is smaller for the
CMF2 sample compared to the CMF1 and CF samples, and the value is
smaller than unity for all three samples. These findings suggest that the
nano-structured microgranules interact with one another in a manner
like that of hard spheres. High-magnification SEM pictures further
corroborate this by demonstrating how magnetic attractive contact
strongly binds together fundamental nano-structure assemblies. As a
result, secondary structure for an appealing potential form, leading to a
rise in intensity in Region I. The volume weighted size distribution
derived from the SAXS fit for all three samples is shown in Fig. 4(d-f). It
is worth noting that the Fourier transform connects real space and
scattering space, thus information regarding enormous length scales,
such as secondary particles, and associated nano-structure entities at
lower length scales may be found in the scattering profile’s region-I and
11, respectively. The effective volume weighted mean size distribution
for CF is shown in Fig. 3(d); the median radius for region-I is Riedian ~
13.59 nm with a polydispersity index (¢) of 0.25, while the median
radius for nanostructure recovered from region-II is Rpyedian ~ 7.26 nm
with a (o) of 0.33 value. Fig. 4(d-f) shows that the secondary particles
were restricted to a narrow diameter range, and that the
nano-assemblies were only moderately polydispersed inside the
granules.
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3.2. Crystal structure, phase, and electron density

3.2.1. XRD and rietveld refinement

All XRD patterns were analyzed using the Rietveld refinement
method [30]. All XRD patterns for Co.nMn,FesO4 (x = 0.0-0.2) fer-
rites were refined to peaks in space group Fd3m with the following
planes: (220), (311), (222), (400), (422), (511), (440), (620), (533),
(622), and (444), demonstrating the development of a single-phase
cubic spinel structure [30]. The XRD data of CF and CFM micro-
granules along with respective refinement data are presented in Fig. 5.
As can be seen in Fig. 5(d), the (311) peak location is shifted toward
lower 26 for CMF1 and CMF2 compared to CF. Consequently, the
equivalent lattice constant (a) varies as Mn concentration increases.

The peak profile of the XRD patterns was modelled using a pseudo-
Voigt function with the oxygen positions as free parameters. All other
atomic fractional positions, however, were considered as fixed values.
Other factors, namely lattice constants, peak shape, and site occupancies
were free parameters. Fig. 5 depicts observed and computed data, along
with the difference between the two, so proving the acceptable fit of all
samples. To preserve stoichiometry, the cation occupancy at tetrahedral
and octahedral sites is restricted during the refinement of ferrites. Ac-
cording to Table S1, the resultant site occupancy factors are computed
such that their total in A and B sites equals about one and two, which is
compatible with the spinel ferrites formula ABy04. The distribution of
cations was calculated using the Rietveld refinement of occupancy
values, and the results are shown in Table S1. This distribution reveals
that regardless of the Mn content, all samples exhibit partially inverted
spinel structures.
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Fig. 5. Refined X-ray diffraction patterns of CF(a), CMF1(b), CMF2 (c) microgranules. And the enlarged diffraction plots for (311) peak for Co 1.5y Mn,Fe;04

samples (d).
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Cationic stoichiometry usually affects the lattice constant in ferrites
[5,49,50]. With increasing Mn content (x = 0.1), the lattice constant
increases somewhat because Mn®" (0.83 ;\) ions replace Co*" ions
(0.78 A) in the system [51], and these findings are in excellent agree-
ment with the literature [36] [32]. Replacement of Mn?* (0.83 [o\) at the
tetrahedral position by Fe>™ (0.49 A) or Fe?* (0.63 A) and by Fe®*

(a)CF
c
b
(c)CMF1
c
b
(e)CMF2
Cc
b

Colloids and Surfaces A: Physicochemical and Engineering Aspects 672 (2023) 131697

(0.64 ;\) or Fe?* (0.78 10\) at the octahedral site may be responsible for
the same effect in CMF2.

Cubic spinel ferrite’s magnetic interaction strength is determined by
the estimated cation-cation bond length, as well as the cation-anion
bond length and bond angle [52]. Table S2 shows the results of all the
calculations for bond lengths and bond angles. The cation-oxygen bond

0 1 2 3 4 5 6 .7 8 91

-2.707
2 3 4 5 6 .7 8 9 1

y/b

Fig. 6. The electron density plots in the yz-plane taken at an x intercept of zero (x = 0) for CF (b), CMF1 (d) and CMF2 (f) along with the corresponding section of

unit cell (a, b, and c).
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length in CMF1 is 2.147 10\, which is longer than that in CF (2.075 f\) and
CMF2 (2.063 A) at the octahedral location. While the cation-oxygen
bond length is shorter (1.722 i\) in the tetrahedral site of CMF1, it is
longer (1.865 10\) and (1.845 10%) in the tetrahedral sites of CMF2 and CF,
respectively.

Table S2 demonstrates without a doubt that all samples have an O-
Fe2-O bond angle that is identical to the spinel value of 109.47°.
Furthermore, for CMF1, the O-Co1-O and O-Mn1-O bond angles deviate
to 87.22° at the octahedral site, but the O-Fel-O bond angle deviates to
92.78° from the ideal spinel value of 90°. Additionally, the bond angle
values between the (cation)octahedral site-0Xygen-(cation) tetrahedral site il
CF, CMF1, and CMF2 are 124.53°, 127.25°, and 124.07°, respectively,
which is somewhat off from the ideal spinel value of 125°. CMF1 ex-
hibits substantial local octahedral distortion, which is consistent with a
replacement of Co** (0.78 /O\) for Mn** (0.83 1°\) at an octahedral site. In
this way, the buckles of the FeOg and CoOg octahedra caused by the
substitution of Mn?" ions are shown by the notable deviation in the Co1-
O-Fe2 and Fel-O-Fe2 bond angle. The well-known antiferromagnetic A-
B interaction may be affected by this skewed angle. The O-Co1-O and O-
Fel-O bond angles measured for CF and CMF2 samples are likewise
slightly off from the ideal spinel value of 90°, at 91.05° and 91.71°,
respectively. When Mn?" is replaced at the octahedral and tetrahedral
sites in CMF2, the bond lengths of the Mn1-O atoms are elongated to
3.471 A from CF and CMF1 samples, while the Fe2-O atoms are short-
ened to 2.063 A. Therefore, we have projected that the antiferromag-
netic A-B interaction for CMF2 should be lower than for CF and CMF
based on observed values of bond angles and bond lengths in all three
samples. In this way, CMF2 has a lower saturation magnetization than
CF and CMF1.

Examining bond lengths and angles indicates that the whole
composition tends to stabilize in a cubic form with no tetrahedral
distortion. However, Co and Mn cations cause a slight local deformation
at the octahedral location.

3.2.2. Electron density mapping

The electron density graphs help better clarify the distortion caused
by the Mn replacement. In order to comprehend the interactions at the
molecular level, electron density maps are crucial. Inverse Fourier
transformation of the structure factors Fpy; obtained from the Rietveld
refinement gives the electron density p(x, y, 2) as [53]:

Fyueel
plx,y,2) =Y =

hkl

—27i(hx-+ky+1z) ]

T )

where (h, k, [) are the Miller indices and V is the volume of a unit cell.
Because CF, CMF1, and CMF2 occupy separate sub-lattices, the electron
density map reveals that the quality of the tetrahedral "A" sites and the
octahedral "B" sites are distinct. This is due to the inversion of the
structures of CF, CMF1, and CMF2, as well as the substitution of Co?* for
Mn?*. Unit cell sections matching to all three samples are shown in the
leftmost column of Fig. 6. We have cut the unit cells in such a way that
the disparities between the electron concentrations in the octahedral yz-
plane and the tetrahedral sites are readily apparent. Octahedral site
cation (Col, Fel) yz-plane at x = 0 and 072 ion interactions are shown
well (octahedral site electron cloud is shown by arrow arranged diago-
nally). Cation-oxygen bonds at the B site appear in the yz plane to create
a cube with a central cation (Col or Fel) and vertices made up of oxygen
ions (red solid cubic drawn as a guide to the eye). Even though the
particle size is different for CMF1 and CMF2 compared to CF, the oxygen
atoms are still organized in a cube with a diagonal in the yz plane,
however the cation-oxygen Col-O bond length shifts as mentioned
above. Fig. 6 further demonstrates that the octahedral site has a greater
electron density distribution than the tetrahedral site across all three
samples. Please refer to Fig. 6 where the tetrahedral location is high-
lighted in red. This may be interpreted as follows: because electron
clouds are the root cause of diffraction, we can assume that the larger the
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predicted atomic number of elements, the more massive the electron
cloud will be. So, the presence of Mn?* with the Co?" and Fe>" domi-
nates in the CMF2 sample, as shown by the greater electron density
cloud detected at the B site compared to the CMF1 and CF samples.
When comparing CMF2 and CF to CMF1, the electron density cloud
order at the A site suggests the existence of Mn?* and Co?* in addition to
Fe3". Moreover, it is also found that the three samples have slightly
different bond angles from ideal values at the B site, which leads to a
little anisotropy in electron density (deviated spherical electron cloud).
This study of particles of variable sizes and cation distributions con-
tributes to our knowledge of the variations in magnetic characteristics
reported in CF, CMF1, and CMF2 samples.

3.3. Chemical bonding

3.3.1. Raman spectroscopy

Raman spectroscopy, a supplementary approach for structural
characterization [54], was used to describe samples further to expose
the influence of Mn substitution in CoFe;O4 microgranules. Fig. 7 shows
the Raman spectra of the CF and CMF1 samples, and Table 2 summarizes
the Raman modes. Five Raman active phonon modes, characteristic of
spinel-type cubic ferrites in the Fd3m space group, can be seen in both
spectra, including A; ¢, 3 T2 g and Eg. The lack of other modes confirmed
the samples’ excellent phase purity. A; g symmetry, including symmetric
stretching of oxygen ions with respect to metal ions in a tetrahedral void,
is responsible for the peaks at 687 cm ™. The metal ion produces phonon
modes E; and 3 T4 below 600 em ™! in an octahedral void. These
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1000  Octahedra mode §

1 A —o—CF
8oo | T2g(2) ——E, mode
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Fig. 7. Raman spectra for CF (a) and CMF1 (b) micro-granules captured at
room temperature.
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Table 2
Raman parameter summary.

Sample Peak position FWHM Area Intensity Raman active Assigned
(em™ (em™ (em?) mode Polyhedra

CF 307.52 49.18 9501.85 122.99 Eg FeOg
+1.60 +4.81 + 696.18 Octahedra
468.08 41.16 31366.54 485.09 T2 ¢(2)
+0.37 +1.24 + 778.61
573.56 74.95 17097.32 145.21 T2 4(3)
+1.78 +6.67 + 1249.08
687.71 45.16 55686.19 784.98 Ag FeO, tetrahedra
+0.24 +0.78 + 790.64

CMF-1 306.86 49.94 15763.36 200.96 Eg FeOg
+1.29 +3.89 + 922.48 Octahedra
467.22 41.20 44678.13 690.29 To4(2)
+0.34 +1.17 + 1082.96
584.74 96.65 35264.50 232.27 T2 ¢(3)
+1.79 +7.31 + 2302.28
687.91 41.23 75520.59 1165.98 Ag FeO, tetrahedra
+0.20 +0.72 +1197.22

vibrational patterns reflect the symmetric and anti-symmetric bending e., Ag/Ta g (3), Ag/T2 ¢ (2), and A4/E,, is found to be (3.26, 1.78, 5.86)
in the M-O bond when oxygen ions occupy octahedral vacancies. The and (2.14, 1.69, 4.79) for CF and CMF1, respectively. The intensity ratio
Raman spectra of CMF1 display a minor blue shift in peak position for of tetrahedral to octahedral mode peak, i.e., Ag/T2 ¢ (3), Ag/T2 4 (2), and
T2 ¢(3) and Ag mode and a slight red shift in peak position for Eg and T2 ¢ Ag/Eq is found to be (5.41, 1.62, 6.38) and (5.02, 1.69, 5.80) for CF and
(2) mode compared to CF. A possible explanation is that Co and Mn have CMF1, respectively. With Mn substitution, the area and intensity ratio of

a greater mass at the octahedral position than Fe. Furthermore, when tetrahedral to octahedral mode decreases. Overall, the change in the
comparing the FWHM of CF and CMF1, the FWHM of the octahedral site area, FWHM, and intensity of the Raman active mode suggest a pro-
peak expanded, whereas the FWHM of the tetrahedral mode peak gressive increase in the degree of inversion of the spinel lattice. In
declined. The presence of Co?* and Mn?* cations is thought to cause addition, this suggests the cation migration within both positions.
local disorder, which in turn causes the octahedral mode to expand. The Similar behaviour was observed for the CMF2 sample (not shown here).

shift in bond length and angle further supports it.
Furthermore, the area ratio of tetrahedral to octahedral mode peak, i.

-
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Fig. 8. M-H curve at 300 K (a), along with the magnified plot, (b) M-H curve at 10 K, (c) and Mg/Dy,q measured at 300 K and 10 K as a function of Mn content for
Co;_x MnyFe,;O4 samples.
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3.4. Magnetic property and performance evaluation

The magnetization dependence of the DC magnetic field M-(H)
hysteresis loops of the Co;_x MnyFesO4 microgranules, measured at
300K and 10K in the magnetic field ranging from — 90 kOe to
+ 90 kOe, is presented in Fig. 8(a,b) and (c). The magnetic parameters
obtained from the M-(H) hysteresis loops of the Coj_y MnyFe;Oq4
microgranules, are listed in Table 3. The existence of a well-defined
magnetic hysteresis loop at 10 K, as well as the enlarged image of M-
(H) hysteresis loops (Fig. 8(b)), reveals the long-range ferromagnetic
behavior of the Co;_x MnyFe;O4 microgranules. At 300 K, maximum
saturation magnetization (Mg) values are 77.05, 79.87, and 68. 89 emu/
gm for CF, CMF1, and CMF2, respectively. It is important to note that the
Mg value observed for CF microgranules is close to the bulk CFO
(80 emu/g) and higher than the Mg value reported for nano/microscale
CF at the same experimental conditions [18,30,55].

For x = 0.1 Mn substitutions, Mg and M, values improved for CMF1
compared to CF microgranules at 300 K and 10 K. However, the Mg and
M; value fall in comparison to CF when Mn content rises more. Here, an
increase in Mg value for CMF1 is due to the substitution of high (5 pg)
magnetic moment Mn?* for low (3 pg) magnetic moment Co®*. Mag-
netic characteristics in the ferrite system are significantly affected by the
site preference of cations in the spinel lattice [56], in addition to ex-
change interactions between the magnetic ions residing at B and A sites.
Over-oxidation of the Mn ions increases the likelihood of Mn ions
occupying octahedral sites [57] and raising the valence of Mn ions from
2+, 3+, and 4 + reduces the total magnetization. If Mn is present in
larger quantities (i.e., x = 0.2), it will be replaced as Mn%*t (5 up) and
Mn®* (4 up). Then, the magnetization is predicted to drop as Fe** (5 uB)
is reduced to Fe?* (4 up). Thus, Mg value variation with Mn substitution
is ascribed to the magnetic moment contributions at the A-site and B-site
of the spinel ferrite. Moreover, their corresponding decrease in magne-
tocrystalline anisotropy of Co with the Mn substitution.

Additionally, the magnetic characteristics are sensitive to variations
in particle size, cation distribution, exchange couple interaction, and
surface area/volume ratio. Therefore, the Mg/Dyq values should be
compared for an accurate reflection of the variations in magnetic
properties among nano-structured microgranules. Fig. 8(d) displays the
Ms/Dyq values as a function of x determined in this study at tempera-
tures 300 K and 10 K. (d). CMF1 has the most significant Mg/Dy,q values,
and the findings follow a similar pattern.

Consistent with prior research [58], we also found that the Mg, M;,
and Hc values of all the microgranules samples were significantly higher
at 10 K than those obtained at 300 K. This spin structure consists of a
spin-ordered core and a spin-disordered shell owing to either spin
canting or surface anisotropy [59]. It is likely responsible for the
observed rise in Mg at 10 K for nano-structured granules. In this inves-
tigation, however, the size of nano-structured micro-granules, as well as
the simultaneous impact of spin disorder (or spin canting), effective
anisotropy, and interaction among the NPs, all play essential roles. It is
noteworthy that none of the three samples thoroughly saturate in
magnetization at 10 K, despite having done so at 300 K. At the nano-
scale, this is ascribed to spin canting at the particle surface [60], and it is
a characteristic hallmark of magnetism in CF-based materials. Surface
spins at 10 K are not perpendicular to core spins but are skewed away
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from the anisotropy axis of the particles.

Furthermore, an extra kink (depicted by the arrow in Fig. 8(c)) is
found in the M (H) curve for all samples at 10 K. Kinks in the M (H) loop
emerge owing to magnetic exchange coupling between the hard-soft
phases of the material, spin reorientation of the surface spine, and
interparticle interactions, according to the literature [61]. However, in
the current investigation, all samples are single-phase, as confirmed by
XRD and Raman spectroscopy. As a result, the magnetic exchange
interaction between the hard and soft phases is ignored. The observed
kink in M(H) loops at 10 K may be attributed to surface spin reor-
ientation, domain wall pinning, and interparticle interaction. Because
morphological SEM images and SAXS analysis evidenced that the
microgranules are made of the primary NPs and making the magnetic
coupling stronger, thus presence of surface spin reorientation, domain
wall pinning, and interparticle interaction is quite reasonable and can
justify the presence of kink in M(H) loops at 10 K.

The nano-structured CF granule has a coercivity (Hg) at 10 K of
9.54 kOe, which is a much higher value than bulk CFO (~5 kOe at 5 K)
[601,[62]. It was also shown that the coercivity of the Co;_y MnyFe;04
system increased from x = 0 to x = 0.2. In this regard, the Hc/Dxgp and
Hc/Dsgm values as a function of x were determined (not shown). The
results follow similar trends, with CopgMngoFexO4 presenting the
highest He/Dxrp and H¢/Dsgy values at 10 K. This is in line with pre-
vious reports that the particle size of MNPs monitor the coercivity.
Particle size distribution, morphology, surface spin, and interparticle
interactions all have a role in determining the Hc. However, in the
current investigation, the primary elements that determine H¢ are the
effective anisotropy, the various exchange-couple interaction, and the
interactions between the nanostructure. Because of this, the high-field
area (40-90 kOe) of the M-(H) curve was carefully studied for all sam-
ples. Smaller magnetization-field effects are often seen in the high-field
area, where domain rotation is the primary influence. For a poly-
crystalline magnetic material, the relation between "M’ and "H’ in this
area is often expressed as, which is referred to as the "law of approach" to
saturation [63].

(6

where M(H) is the magnetization at applied field (H), Mg is the satura-
tion magnetization and term y,H denote the field-induced increase in the
spontaneous magnetization of the domains, or forced magnetization.
This factor is beneficial at high temperatures and high fields. This
component is negligible at temperatures below the Curie temperature
(To) (for bulk CFO, T¢c = 798 K); hence it may be disregarded in the
current investigation [64]. The term a/H is attributed to the strain field
around dislocation in the material [64]. Eq. (6) may be expressed in two
more ways:

)

(8

First, a test fit was performed using Eqgs. (7) and (8) by adjusting the

Table 3

Summary of magnetic parameters obtained from M-(H) hysteresis loops of the Co;_x MnyFe;04 microgranules at 300 K and 10 K temperatures.
Sample Saturation magnetization Saturation magnetization Remanent magnetization Coercivity Squarness

(Mg, emu/gm) (Ms, pg/F.U) (M;, emu/g) (Hc, KOe) Ratio
(M;/My)

Temperature 300 K 10k 300 K 10k 300 K 10k 300 K 10k 300 K 10k
CF 77.05 82.27 3.237 3.456 30.9 62.47 1.76 9.54 0.401 0.759
CMF-1 79.87 86.18 3.350 3.614 32.53 65.61 1.96 10.80 0.407 0.761
CMF-2 68.89 74.1 2.884 3.102 27.98 57.54 2.16 14.35 0.406 0.777

10
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minimum field limit to more than 40, 60, and 70 kOe while maintaining
the maximum field at around 90 kOe. This was done to find the best field
range where the law of approach can be used. Fig. S3 (a, b, ¢) and (d, e, f)
show a test fit for all the samples using Eq. (7) at 300 K and 10 K,
respectively. Statistical parameters give information on applying the law
of approach to saturation over the varied range of the applied field in
this instance. Table 4 contains the fitting parameters. Intriguingly, it was
discovered that the statistical parameters, namely the y? and R? values,
varied depending on the initial magnetic field. It is evident that both
values improve immensely with increasing lower fields. In addition, the
values of 32 and R? for 70 kOe are deemed ideal. Table 4 indicates that
when the value of Mg rises, statistical metrics improve. The lower
magnetic field limit for Eq. (7) is determined to be more than 70 kOe
based on these studies.

Table 5 enlists all the parameters obtained from Eq. (8) fitting. In the
prepared microgranules, Eq. (7), ¥* and R? values are best for a lower
limit above 60 kOe. Similarly, Fig. S4 (a—c) and (d-f) show the results of
a test fitting for all the prepared samples using Eq. (8) at 300 K and 10 K,
respectively. It also indicates that the contribution of (a/H) to variations
in the statistical parameters characterizing the dependence plays a vital
role. Therefore, the current research finds the minimal field based on the
optimal range predicted by statistical characteristics. In the case of Eq.
(7), for the magnetic field range 70 < H < 9,0 kOe, the value of Mg and b
increases for x = 0.1 while both values decrease with increasing con-
centration of Mn. Similarly, improving values of a and b were observed
at the x = 0.1 for Eq. (8) in the 60 < H< 90 kOe magnetic field range.
Eq. (7) fitting to experimental data shows the negative value of b. This
negative number lacks considerable particular value [65].

Typical fittings for the CF, CMF1 and CMF2 are shown in Fig. 9(a),
(b), and (c), respectively, using Eqs. (7) and (8) at 300 K. In the applied
magnetic field 40 < H < 90 kOe, the equation comprising 1/H and 1/H?
components provided the best fit to the curve. Magnetization is
discovered to be a function of 1/H and 1/H? for all samples within the
same field range. In addition, it is evident that the elimination of the 1/H
term reveals the changes in the statistical characteristics, indicating the
importance of each term to characterizing the dependence. In addition,
the following relationship exists between coefficient b and Kg [64]:

sz (KK K 1 3KY)
CISME 15.M?

b=—FH=—""—"—S5—-H—+>.... 9

where Kgy, is shape anisotropy, Kg; is stress anisotropy, Kss is surface
anisotropy, and K; is magnetocrystalline anisotropy. The parameters ‘b’
and ‘Mg, obtained through fitting Eqs. (7) and (7), are used to determine
Kg at 10 K and 300 K in the corresponding best-fitted applied region.

Table 4
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The values of Kg are summarized in Tables 4 and 5. Notably, the Kg value
of nano-structured CF granules is more significant (11.1 x 10”7 and
15.21 x 107 erg/cm®) than that of CF NPs prepared by another method
(9.90 x 10° erg /em® at 10 K) [66] and that of bulk CFO (1.8-3.0 x 10°
erg/cm3 at 300 K) [60]. In addition, with a decrease in temperature from
300 K to 10 K, the Kg, value increases for all three samples. The high H¢
and Kg values are believed to result from the surface anisotropy of
canted spins at the NP surface [66].

The ZFC and FC magnetization curves for all samples are shown in
Fig. 10. Qualitatively, all samples are very similar: From 390-39 K (at
100 Oe), the FC magnetization decreases monotonically; this corre-
sponds to a non-interaction zone; below 39 K, the magnetization dis-
plays almost saturated behavior, exhibiting temperature independence.
Possible causes include the size-dependent effects of dipolar and inter-
particle coupling interactions [18]. The blocking temperature is the
temperature at which cups define the ZFC curve of NPs (Tg). Materials
exist in a superparamagnetic state at Tg with about 0% H¢, whereas a
hysteresis loop is seen below Tg. Here, the maximum (Tpax) Mzpc tem-
perature occurs at 390 K and climbs as the temperature increases.
Furthermore, increasing volume anisotropy and interparticle interaction
may cause Tpayx to shift to higher temperatures [67]. Tpax = ATp, where
A is a number between 1 and 2.73, is a first-order estimate for the
connection between Tp,x and Tg. According to the results of this study,
Tp is about 390 K. The comparatively higher Tg may be explained by the
high anisotropy of Coj_yMnyFe;O4 samples [18,58]. Thus, at 390 K,
Co;_xMnyFe;04 samples are superparamagnetic, as shown by ZFC and
FC at 100 Oe. As can be shown in Table 3, the squareness ratio of
samples at 10 K is much higher than the 0.68 at 5K, 0.75 at 5 K and 0.6
at 10 K reported earlier [68,69,70]. However, for non-interacting sin-
gle-domain particles with arbitrarily oriented easy axes, R is 0.5 for
uniaxial anisotropy and 0.832 (K; > 0) or 0.87 (K; > 0) for cubic
anisotropy [70,71]. As a result, the observed values of cubic anisotropy
at 10 K are quite close to the predicted value. Furthermore, the R-value
predicts the presence of different inter-grain group exchanges; for R
< 0.5, the particles can interact via magnetostatic interaction; for R
= 0.5, randomly oriented non-interacting particles undergo coherent
rotations [18], and 0.5 <R <1 confirms the existence of
exchange-coupling particles. Thus, at 300 K and 10 K, the sample par-
ticle interaction is analogous to the magnetostatic and exchange
coupling interactions between grains.

4. Conclusions

We present a detailed and exploration study, which is the very first
report to the best of authors’ knowledge, of the spray drying-based

H?

Adj. R-Square, Ms (emu/g), b (0e?), Kg (erg/cm3) derived from the curve fitting using M(H) = Mg (1 —i> at various field areas for varied concentrations (x) of Co;_y

Mn,Fe;04 microgranules at 300 K and 10 K.

Sample Field range Field range Field range
40,000 < H < 90,000 Oe 60,000 < H < 90,000 Oe 70,000 < H < 90,000 Oe
¥, R? Ms b (x107) ¥*R> Ms b (x107) ¥ R? Mg b (x107) Kg (x10°)

At 300 K

CF 0.0109 77.49 06.22 0.0007 77.90 08.91 0.00013 78.06 10.20 8.42
0.97475 +0.01 +0.60 0.99203 +0.00 +0.62 0.99618 +0.00 + 0.60

CMF1 0.00869 80.33 05.66 0.00057 80.69 07.96 9.36 x 10°° 80.83 09.07 9.12
0.9772 +0.01 +0.53 0.99291 +0.00 +0.53 0.9969 +0.00 +0.49

CMF2 0.00832 69.29 06.56 0.00056 69.64 09.17 8.66 x 107> 69.78 10.46 8.44
0.97815 +0.01 +0.58 0.99293 +0.00 +0.59 0.997 +0.00 +0.54

At10K

CF 0.1030 83.06 17.15 0.0066 84.31 24.68 0.00088 84.78 28.15 15.21
0.97212 +0.04 +0.16 0.99215 +0.02 +0.16 0.99721 +0.01 +0.13

CMF1 0.10129 86.95 17.50 0.00498 88.17 24.53 0.00060 88.59 27.43 17.41
0.97607 +0.04 +0.15 0.99444 +0.02 +0.13 0.99811 +0.01 +0.10

CMF2 0.07429 75.75 19.36 0.00351 76.79 26.13 0.00043 77.13 28.90 15.51
0.98151 +0.03 +0.15 0.99549 +0.02 +0.13 0.99844 +0.01 +0.10
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Table 5
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b
Adj. R-Square, Ms (emu/g), a (Oe), b (Oe?) derived from the curve fitting using M(H) = Mg (1 71% - ﬁ) at various field areas for varied concentrations (x) of Co;_y

Mn,Fe,;0,4 microgranules at 300 K and 10 K.

Sample  Field range Field range Field range
40,000 < H < 90,000 Oe 60,000 < H < 90,000 Oe 70,000 < H < 90,000 Oe
¥, R? Ms a b ¥, R? Ms a b Kg ¥, R? Ms a b
(x107) (x107) (x10%) (x107)
At 300 K
CF 6.62 x 107°  79.65 3268.08 -03.27  1.17 x107°  80.09 4040.48 -06.00 6.46 1.08 x 10> 80.36 4561.50 -08.10
0.99985 +0.01  +£1532  +£0.44  0.99987 +0.02  +39.82 +0.14 0.99969 +0.06  +£129.40  +0.51
CMF1 476 x 10°° 8224 2806.83  -02.47  6.62x10°° 82,61 3416.87 -04.63 6.52 576 x 10°° 8275 3680.35 -05.67
0.99987 +0.00 +1274  +0.37  0.99992 +0.01  +29.14 +0.10 0.99981 +0.04 +91.12 +0.36
CMF2 427 x107°  71.17 319458  -02.73  4.53x107° 71.55 3920.25 -5.29 6.00 3.42x10°°  71.70 4244.78 -6.59
0.99989 +0.00 +13.66 +0.40  0.99994 +0.01  +27.15 +0.10 0.99988 +0.03  +81.32 +0.32
At10K
CF 0.00077 89.73 9010.31  -9.94 413 x107°  90.76 10466.56  -15.06 11.1 3.66 x 107> 90.68 10347.97  -14.59
0.99979 +0.03  +4454  +£0.13  0.99995 +0.04  +60.32 +0.22 0.99988 +0.11  +£19257  +0.79
CMF1 0.00026 93.56 8534.61  -8.13 3.93x10°° 93.83 8886.13 -09.23 10.1 3.63x10°°  93.54 8425.98 -07.35
0.99994 +0.02 +2500 +0.75 0.99996 +0.03  +5891 +0.22 0.99989 +012  +£19521  +0.80
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Fig. 9. Fitting to the law of approach using M(H) = Mg (l

microgranules at 300 K.

synthesis of Mn-substituted CoFe;O4 microgranules on a large-scale,
which has the potential to be adopted industrially. All the CF and
CFM granules created were found to be perfectly spherical and isolated.
The SEM and SAXS studies addressed the critical issue and commonly
seen scientific challenge of size-distribution of microgranules and the
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—a_ HL) and M(H) = M (1 f%) at field regions 40 < H< 90 kOe for CF (a), CMF1 (b), and CMF2 (c)

characteristics of individual nano-entities. A better understanding of the
factors contributing to the morphology development enables to process
control to produce CFM microgranules with controlled morphology.
Results from SAXS indicate that the nanostructured microgranules
interact with one another in a way that is remarkably identical to that of
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Fig. 10. ZFCFC curves for Co; _x Mn,Fe,04 microgranules recorded from 10 to
390 K under an applied field of 100 Oe.

hard spheres. Rietveld’s reanalysis of XRD data validates, for all CF and
CFM compositions, a single-phase cubic mixed inverse spinel structure.
As a result of Mn substitution at the octahedral sites, it is concluded that
Co ions are involved in the distortions. By analyzing the Raman spectra,
we can see that the Mn substitution of CoFey04 increases the degree of
inversion in the cubic inverse spinel structure. The tetrahedral and
octahedral positions are occupied by different numbers of divalent
(Co*", Mn?") and trivalent (Fe>*, Mn®") cations. Saturation magneti-
zation is enhanced with x = 0.1 Mn concentration at 300 K (79.87 emu/
gm) and 10 K (86.18 emu/gm). The Co; _xMnyFesO4 microgranules have
a superparamagnetic property above 390 K, as shown by ZFC and FC
experiments recorded at 100 Oe field. Our results show that spray drying
may be used to produce magnetic microgranules with better magnetic
behavior, including the ability to manipulate their size and shape in
addition to zero-carbon emissions. We believe that, a more detailed
account of necessary fundamental scientific explanation derived from
the trends in the local structural parameters and magnetic properties of
CF and CMF nanomaterials as presented in this paper may be quite
useful for the proposed production method/design to serve as a crucial
building block for a wide range of technological applications and be
applicable to a large class of spinel ferrites for large scale production
with low cost and in a ecofriendly manner.
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