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Dhaka, Bangladesh, 2Department of Physics, University of Dhaka, Dhaka, Bangladesh, *Department of
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In this study, Mg;_,Co,Fe,O4 (0<x < 1 with Ax = 0.1) or MCFO nanoparticles were
synthesized using a chemical co-precipitation method and annealed at 200, 400,
600, and 800°C respectively to investigate the structural properties of the
materials by X-ray diffractometer (XRD), transmission electron microscopy
(TEM), and Fourier-transform infrared spectroscopy (FTIR). Controlled
annealing increased particle size for each value of x. The aim was to
investigate how specific loss power (SLP) and maximum temperature (T,.x)
during local magnetic hyperthermia were affected by structural alterations
associated with particle size and composition. The lattice parameter, X-ray
density, ionic radius, hopping length, bond length, cation-cation distance, and
cation-anion distance increase with an increase in Co®* content. Raman and FTIR
spectroscopy reveal changes in cation distribution with Co®* content and particle
size. Magnetic properties measured by the physical property measurement
system (PPMS) showed saturation magnetization (M), coercivity (H.),
remanent magnetization (M,/M¢), and anisotropy constant (K;) of the
Mg;_,CoFe,O,4 nanoparticles increase with Co®* content and particle size.
When exposed to an rf magnetic field, the nanohybrids experienced an
increase in both the SLP (specific loss power) and Tpmax (Maximum
temperature) as the particle size initially increased. However, these values
reached their peak at critical particle size and subsequently decreased. This
occurs since a modest increase in anisotropy, resulting from the presence of
Co®* and larger particle size, facilitates Néel and Brownian relaxation. However,
for high anisotropy values and particle size, the Néel and Brownian relaxations are
hindered, leading to the emergence of a critical size. The critical size increases as
the Co?* content decreases, but it decreases as the Co?* content increases, a
consequence of higher anisotropy with the increase in Co?*. Additionally, it is
noteworthy that the maximum temperature (Tax) rises as the concentration of
nanohybrids grows, but the specific loss power (SLP) decreases. An increased
concentration of chitosan-MCFO nanohybrids inhibits both the Neéel and
Brownian relaxation processes, reducing specific loss power.

hyperthermia, specific loss power, magnesium ferrite, cobalt ferrite, Raman spectra
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1 Introduction

Magnetic nanoparticles demonstrate promise for biomedical
that with
superparamagnetic  or Magnetic
nanoparticles are injected intravenously or directly into the

applications need smaller particle  sizes

ferromagnetic  behavior.
malignant cell after appropriate functionalization. Incompatibility
is a grave concern for biomedical applications for any
physiological implant (Tran and Webster, 2010; Bao et al., 2015;
Rajan and Sahu, 2020). Magnesium ferrite is biocompatible because
the tolerable limit of magnesium and iron in the human body is
higher. According to the Food and Drug Administration of the
United States, the reference Daily Intake RDI of Fe and Mg is
18 and 420 mg, respectively. In the case of local magnetic
hyperthermia, the temperature range that destroys malignant cells
is around 42°C-46°C (Liu et al. 2020). Magnetic nanoparticles with a
higher magnetic moment and anisotropy constant increase the
efficiency of hyperthermia treatment (Liu et al, 2000; Darwish
et al, 2019; Mohapatra et al, 2019). The substitution of
magnesium by cobalt in magnesium ferrite and heat treatment can
optimize the particle size, magnetic moment, and anisotropy constant,
which makes it suitable for hyperthermia application (Nlebedim et al,,
2010; Abenojar et al., 2016; Kafrouni and Savadogo, 2016). A higher
surface-to-volume ratio of the nanoparticle may adhere them to the
walls of the blood vessel, which needs appropriate coating for rolling
the particles, transport to a targeted region, and attaining
biocompatibility (Fang et al., 2018; Li et al., 2018).

The magnetic properties of ferrite nanoparticles, such as
saturation magnetic moment and magnetic anisotropy, are
highly structurally sensitive. Therefore, a detailed study of
the structure by X-ray diffraction with composition and
particle size is worthwhile. Cation distributions of the
tetrahedral (A) and octahedral (B) sites play a determining
role in controlling the magnetic properties of ferrites (Vijaya
and Thyagarajan 2015; Tatarchuk et al. 2017). By substituting
non-magnetic magnesium ions with cobalt, one can optimize
the structure-property relationship, especially saturation
magnetic moment, coercive field, and anisotropy constant,
which contribute to the Néel and Brownian relaxation
mechanism responsible for particle heating in case of local
magnetic hyperthermia treatment (Nemala et al, 2015;
Martinez-Boubeta et al., 2013).

In magnetic particle hyperthermia, the particles flow with blood
to the targeted region either for the purpose of drug delivery, local
magnetic hyperthermia, or in situ chemotherapy/hyperthermia or
radiotherapy/hyperthermia to kill localized or deeply seeded tumors
(Mcbain et al., 2008; Sensenig et al., 2012). In the case of magnetic
hyperthermia, magnetic nanoparticles generate heat by the
Brownian and Néel relaxation processes when subjected to an
alternating magnetic field. The heat is generated by all three
mechanisms of the Néel relaxation process, the Brownian
relaxation process, and hysteresis loss. However, which
mechanism will dominate depends on the particle size and
composition of the particles. Consequently, each composition
of the nanoparticles would have a critical diameter, which would
bear an optimum magnetic moment and anisotropy of the
particle (Sensenig et al. 2014; Torres et al., 2019). Therefore,
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strict control of particle size to optimize magnetization and
anisotropy is of utmost importance to tune T,,,x and SLP.

Magnesium is a biocompatible cation that is essential for the human
body. For adults, the recommended daily allowances for magnesium are
420 and 320 mg for men and women, respectively. Magnesium is a
cofactor for more than 300 enzymes. It plays the most vital role in muscle
contraction, neuromuscular conduction, glycemic control, myocardial
contraction, bone development, and blood pressure (Alawi et al., 2018).
Cobalt is also an essential element for humans. It is present in the human
body as cobalamin (vitamin B,,). Approximately 1 mg/mL of cobalt is
present in the adult human body, where 85% of it is in the form of
vitamin Bj,. The human daily allowable intake of cobalt is 5-50 ug
(Chen and Lee 2023). Though cobalt is more toxic than magnesium, a
small amount of magnesium replaced with cobalt would enhance the
magnetic properties of Mg;_,Co,Fe,O,, which reduces the required
dosage of the magnetic particle in hyperthermia treatment. A small
number of nanoparticles as implant alone could reduce the toxicity
significantly. Surface coating with chitosan also remarkably reduces the
toxicity of the nanoparticle. Considering all these facts, optimization of
the parameters of hyperthermia by tuning composition and particle size
is crucial, where the combination of cobalt- and magnesium-mixed
ferrite with the variation of particle size bears promise for tailoring the
structure-property relationship.

In this study, we will synthesize Mg; ,Co,Fe,0, (Where 0 <x < I
with Ax = 0.1), i.e, MCFO and chitosan nanohybrids by chemical
co-precipitation and vary the core size of the MCFO by heat
treatment at the temperatures of 200, 400, 600, and 800°C. We
will study the tailoring effect on the efficiency of hyperthermia by
estimating the specific loss power, SLP, and maximum temperature,
Tmaw for each composition and core particle size.

2 Materials and methods
2.1 Synthesis technique

In this study, a series of Mg; _,Co,Fe,0, (where x = 0 to 1.0 with
Ax = 0.1) were synthesized by the wet chemical co-precipitation
method using NaOH as the co-precipitating agent. Analytical grade
of Mg(NOs), 6H,0, CoCl,.6H,0, and FeCl; were mixed in the
required molar ratio under continuous stirring using a magnetic
stirrer at a speed of 400 rpm. Then, 8 M of NaOH solution was
added dropwise to the solution and the solution was left until the
pH was stable. An extra 6 M NaOH was added dropwise to maintain
the pH of the solution to a value of 11-13. The mixture was heated to
353K for 1h for the completion of the ferritization reaction. We
added highly concentrated NaOH to coprecipitate hydroxides to
keep the volume of the solvent at a minimum. The following
reaction and side reactions took place while adding NaOH:

(1 -x)Mg(NOs), - 6H,0 + 2 (1 — x)NaOH
=> (1 -x)Mg(OH), | +2(1-x)NaNO; +6(1 - x)H,O

xCoCl,.6H,0 + 2xNaOH
=> xCo (OH), | + 2xNaCl + 6xH,0

2FeCl; + 6NaOH
=> 2Fe(OH); | + 6NaCl

(1- x) Mg (OH), + x Co(OH), + 2Fe (OH),
=> Mgl_xCOXFe204 l + 4H20
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Combining the above four reactions, the key reaction was by centrifugation at 13,000 rpm for 20 min to remove extra
NaOH. The removal of NaOH was confirmed by the AgNO;
test. The particles were then heated at 343K for 72h for
=> Mg, ,Co.Fe;04 | +2(1 - x) NaNO; +2xNaCl + 10H,0 complete ferritization. The as-dried MCFO nanoparticles
The solvent was cooled to room temperature and the ferrite ~ were collected from the petri dish, pelletized, and annealed at
nanoparticles precipitated. The particles were washed 10 times 200, 400, 600, and 800°C, respectively.

(1 - x)Mg (NO;), - 6H,0 + xCoCl,.6H,0 + 8NaOH

F/e F/e Fo Ferrite
(0] 0o O/
¢ e
o NH, NH, NH2
——
OH
5 /{ﬁ /,ﬁ } Chitosan
OH* OH- OH-S

FIGURE 1
Schematic representation of the bonding between a chitosan polymer chain and Mg;_,Co,Fe,O, ferrite. The bonding occurs between the oxygen

ion of ferrite and hydrogen of the amine group of chitosan, while the hydroxyl group remains free with a slight positive charge, leading to overall particles
being positively charged.
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FIGURE 2

X-ray diffraction pattern of Mg;_,Co,Fe,O4 (where 0 < x < 1; Ax = 0.1) nanoparticles annealed at 200°C, 400°C, 600°C, and 800°C. The XRD scan was
performed on the powder samples, 26 angle ranging from 15°-70° with a scan step size of 0.0167°.
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FIGURE 3

Variation of (A) the particle size D, (B) the observed lattice parameter a, (C) the X-ray density, (D) the specific surface area of the particles S, (E) the
ionic radius of the tetrahedral site r4, (F) the ionic radius of octahedral site rg, (G) the theoretical lattice parameter ath, (H) the hopping length for
tetrahedral site d,, (I) the hopping length for octahedral site dg, (J) the bond length of tetrahedral site dax, (K) the bond length of octahedral site dgy, (L) the
tetrahedral edge daxe, (M) the shared octahedral edge dgye, and (N) the unshared octahedral edge dgxey of MCFO nanoparticles at different values of

x annealed at 200°C, 400°C, 600°C, and 800°C.

2.2 Coating technique

The annealed samples were ground and coated with a 2% (w/
v) chitosan solution. The 2% (w/v) chitosan solution was
prepared firstly by adding 2 gm chitosan in 70 mL de-ionized
water under continuous stirring at 400 rpm for 72 h. During this
process, 7 mL acetic acid was added four times to the solution to
dissolve chitosan in water. Then the solution was centrifuged two times
at 13,000 rpm to ensure that the solution was free from any impurity.
We added 20 mg of annealed MCFO nanoparticles to 1 mL 2% chitosan
solution, followed by vortexing and sonication several times to get
20 mg/mL chitosan-MCFO nanohybrid colloidal suspension as a stock.
Finally, the other concentrations were prepared by diluting from the
stock of the colloid.
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Coating/surface functionalization of Mg;_,Co,Fe,O, ferrite
nanoparticles by chitosan occurs because of the bonding between
the oxygen of ferrite and the hydrogen of the amine group (-NH,)
of chitosan. The -OH group remains free, which leads to the net charge
of chitosan-Mg; _,Co,Fe,O, nanohybrid (Rhee et al., 2010) (Figure 1).

2.3 Characterization technique

To determine the structural properties of MCFO nanoparticles,
X-ray diffraction analysis was performed using a PW 3040 X-ray
X’Pert PRO PANalytical model, Philips,
Netherlands. A powder sample was subjected to X-ray diffraction
(XRD) analysis, with the 26 angles set between 15 and 70°. The XRD

diffractometer,
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FIGURE 4

Variation of (A—E) the interionic distances between the cations b, c, d, e, and f, (F-1) the cation-anion distance p, g, r, and s, and (J—N) the bond
angles 64, 65, 63, 64, and 85 of Mg;_,Co,Fe,O4 nanoparticles annealed at 200°C, 400°C, 600°C, and 800°C.

scan was conducted using CuK, radiation, with a voltage of 40 kV
and a current of 30 mA. The wavelength of the radiation (A) was
1.54059 A. We conducted transmission electron microscopy
TALOS 200X, manufactured by
Thermofisher, United States, operating at a voltage of 200 kV. In
order to conduct a TEM investigation, we dispersed the samples in

investigations using a

ethanol and dropped them over a carbon-coated Cu grid that is
electron-transparent. We dried the drop-cast samples and acquired
TEM and HRTEM images and selected area diffraction (SAED)
patterns. The Raman spectroscopy measurements were conducted
using a CRS+ 500/BX53, MonoVista, S & I Instrument, Germany. A
diode laser system operating at a wavelength of 785 nm and with a
power of 100 mW was utilized. The laser line was filtered using an
edge filter with a width of 60 cm™". Raman spectra were obtained
using pellets of samples within the wavelength range of
200-3,500 cm™". The scan step size was set to 0.0167°. The FTIR
spectroscopy measurements were acquired using the PerkinElmer
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machine, United Kingdom, with the attenuated total reflection
(ATR) attachment. The powder sample was combined with
potassium bromide (KBr) to make pellets and the FTIR spectra
was obtained within the range of 350-3,000 cm™'. The magnetic
properties of all the samples were assessed using the Physical
Property Measurement (PPMS) System, Quantum Design,
United States, which has a maximum magnetic field strength of
9 T. The time-dependent temperature profiles were obtained using a
hyperthermia set-up, namely, the EASY HEAT 5060LI model
manufactured by Ambrell in the United States. The hyperthermia
set-up comprises a sample coil with eight turns and a diameter of
4 cm. Throughout the the coil
maintained a current of 283 A and a signal frequency of

hyperthermia experiment,

343 kHz, resulting in a magnetic field of 26 mT at the center of
the sample coil. For each test, 600 pL of chitosan-MCFO nanohybrid
with varying concentrations was poured in an Eppendorf tube. The
tube was then placed at the center of the sample coil and subjected to
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FIGURE 5
TEM image of Mg;_,CoFe,O4 nanoparticles (where 0 < x < 1; Ax = 0.1) annealed at 200°C, 400°C, 600°C, and 800°C. TEM images were acquired

from drop cast samples on carbon-coated Cu grid. Particle size increases with increasing cobalt content x and annealing temperature. In the inset,
selected area electron diffraction patterns (SAED) are presented.

induction heating for different time intervals under a magnetic field
of 26 mT. The temperature was promptly measured with a
thermometer right after the power was turned off.

3 Results and discussion
3.1 Structural characterizations

3.1.1 X-ray diffraction (XRD)

We conducted rigorous studies by X-ray diffraction of the MCFO
nanoparticles in the entire range of composition to understand the
structure-property relationship, which in turn affected the efficiency of
hyperthermia of the nanoparticles. Nanoparticles' size, shape, and
magnetic characteristics affect specific loss power (SLP) and maximum
attainable temperature (T,,,,) of hyperthermia, the ultimate engineering
parameters for hyperthermia efficiency. The relaxation phenomena that
incur self-heating properties are the Néel and Brownian relaxations and
hysteresis loss. Néel relaxation is directly proportional to the volume and
anisotropy of the nanoparticles. On the other hand, Brownian motion is
directly proportional to the size of the nanoparticles. Nanoparticle size,
cation distribution, and magnetic state (ferro/superparamagnetic) affect
hysteresis loss. The structure of Co-Mg mixed-spinel ferrites undergoes
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200°C

400°C

600°C 800°C

considerable change throughout the whole spectrum of composition of
MCFO due to the nano-magnetism of MgFe,O, and CoFe,O, at an
ultrasmall scale, which again changes with particle size. Hence, acquiring
an in-depth understanding of the structure of MCFO nanoparticles at
different compositions would contribute to perceiving structure-property
relationship, which would affect SLP and T,,,, of hyperthermia.

At an annealing temperature of 200°C and when x = 0 to 0.3,
the XRD pattern exhibits a broad diffuse hump at the 35°
position. We delineated in the TEM section that the existence
of lattice fringes within the x = 0 to 0.3 range indicates ultra-small
particle size. The peaks corresponding to the spinel structure are
observable at the annealing temperature of 200°C for the composition,
X > 0.4. Peak shift occurs as x increases due to the difference in the ionic
radii of Co* (0.072 nm) and Mg’ (0.065 nm) (Islam et al, 2022;
Anjum et al, 2017). At an annealing temperature of 400°C, similar
variations occur, although all six peaks are noticeable for x > 0.3. At the
annealing temperatures of 600°C and 800°C, all the peaks are clearly
visible with narrower peak widths, indicating grain growth and higher
crystallinity right from x = 0. The peaks have shifted towards the lower
angle side, indicating an increase in lattice spacing due to the grain
growth. The nanoparticles possess a high ratio of surface area to volume.
As the particle size increases, the core of the particles increases, and the
surface atoms reduce. Consequently, the ordered phase increases,
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Lognormal distribution of Mg;-,Co,Fe,O4 (where 0 < x < 1; Ax = 0.1) nanoparticles annealed at (A) 200°C, (B) 400°C, (C) 600°C, and (D) 800°C and (E)
variations of average particle size acquired from (A) to (D) with cobalt content and annealing temperatures. Particle size increases with increasing cobalt

content and annealing temperature.

replacing an incomplete coordination of disordered surface atoms. This
results in a peak shift as the crystallinity and grain growth increase

(Fouad et al., 2019).

The peak width of the diffraction peaks estimates the crystallite
size. The kinematical theory of x-ray diffraction reveals that the

Frontiers in Chemistry

total intensity of each diffraction peak from a single crystal, which
relates to the scattering angle, 26, is directly proportional to the

volume of the crystal (Valério and Morelhao 2019). As the volume

07

of the crystallites increases, the peak area also increases while the
peak width (FWHM) f8 decreases. The width of the peak is
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HRTEM images of Mg;_,Co,Fe,O4 nanoparticles (0<x < 1; Ax = 0.1) annealed at 200°C, 400°C, 600°C, and 800°C. In the figure, lattice spacings of the
lattice fringes are marked. Lattice fringes are more pronounced with the increase of x and annealing temperature. Particle size increases with increasing

cobalt content x and annealing temperature.

inversely proportional to the size of the crystallite. The width of
each peak ascertains the mean particle size of the crystallites. It is
common practice to utilize the width of the maximum intensity
peak, which has the highest multiplicity factor. In the current
study, the peak of Miller indices (311) exhibits the highest
multiplicity factor, resulting in the maximum intensity we used
to determine the crystallite size. Figure 2 demonstrates that the
peak width decreases as the crystallinity increases due to a
concurrent rise in Co concentration and annealing temperature.
Crystallinity and grain growth also result in a displacement of the
peaks. This is because smaller particle size results in larger surface
areas. When the crystallinity increases, the surface area decreases
due to the coalescing of smaller grains and the increased
coordination number, while the lattice strain decreases. By
altering the lattice spacing, d, the position of the peak changes
following Bragg’s Law.

We used Eq. 1 to determine the grain size where D is the average
crystallite size, A is the X-ray wavelength, f3 is the full width at half
maximum value of the highest intensity (311) peak in radians, and 0
is the Bragg angle (Kumar et al., 2013).

0.941

= Beost M
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Figure 3 presents the variations of (a) the particle size D, (b)
the observed lattice parameter a, (c) the X-ray density, (d) the
specific surface area of the particles S, (e) the ionic radius of the
tetrahedral site r 4, (f) the ionic radius of octahedral site rg, (g) the
theoretical lattice parameter ath, (h) the hopping length for
tetrahedral site d,, (i) the hopping length for octahedral site
dp, (j) the bond length of tetrahedral site d 4y, (k) the bond length
of octahedral site dgyx, (1) the tetrahedral edge dsxp (m) the
shared octahedral edge dpxp, and (n) the unshared octahedral
edge dpyry of MCFO nanoparticles at different values of x and
annealed samples. Supplementary Table S1-S4 present the
relevant data.

Figure 3A represents the variation of particle size with Co**
content, x of MCFO ferrite nanoparticles annealed at different
temperatures. Particle size increases with an increase in x and
annealing temperature. The observed lattice parameter for each
plane was calculated using Bragg’s law presented in Eq. 2 Kumar
et al. (2013).

)

Apkie_a___
=T

Figure 3A presents the precise values of the lattice parameters
determined using the Nelson-Riley function, F (6). The intercept
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FIGURE 8
TEM images of chitosan-MCFO nanohybrids (Mg;_,CosFe,O4; 0<x < 1; Ax = 0.1). In this figure, MCFO nanoparticles were annealed at 200°C. The
nanohybrids in this figure are more disperse compared with the images of the uncoated MCFO nanoparticles annealed at the same temperature in
Figure 5. Uncoated samples are more agglomerated than the coated nanohybrids.

of the linear extrapolation of a vs. F () for each plane gives the
precise value of the lattice parameter (Cullity 2014; Chintala
et al., 2021).

Figure 3B shows that the lattice parameter increases linearly
with the increase in x and annealing temperature, which indicates
that the dependence of the lattice parameter with composition
follows Vegard’s Law (Denton and Ashcroft, 1991; Yadav et al,,
2017). The lattice parameter increases with an increase in Co**
content because the ionic radius of the Mg>" (0.065 nm) ion is
smaller than that of the Co*" (0.072 nm) ion (Islam et al., 2022;
Abraham et al., 2018). The lattice parameter also increases with
an increase in annealing temperature because the core of the
grains increases, replacing the disordered surface atoms with an
increase in annealing temperature, and surface tension decreases
(Li et al., 2020).

Figure 3C represents the variation of X-ray density with Co**
content, x of MCFO nanoparticles annealed at different annealing
temperatures. The X-ray density increases with an increase in x and
annealing temperature. We calculated the specific surface area of the
particles (S), the radius of the tetrahedral site (r,), the radius of the
octahedral site (rp), the theoretical lattice parameter (ath), the

Frontiers in Chemistry

hopping length for the tetrahedral site (d4), hopping length for
the octahedral site (dp), the tetrahedral and the octahedral bond
length(d4x and dgx), the tetrahedral edge (dxg), and the shared and
unshared octahedral edge (dgxr and dpxgy) for cubic spinel ferrite
nanoparticles using the equation given in the literature (Satalkar and
Kane, 2016). We used the equations in the supplementary section
and Supplementary Table S1-S4 present all data at different
compositions and annealing temperatures. Figures 3D-N shows
the variation of S, r4, rg, d4, dg, dax, dgxodaxe dexe and dgxgy with
Co”" content, x of MCFO nanoparticles annealed at different
annealing temperatures. The value of specific surface area, S,
decreases with Co®" content, x, and annealing temperature. This
is expected because, when particle size increases with x and
annealing temperatures, the specific surface area decreases since
the core of the nanoparticles grows at the expense of disordered
surface atoms. The value of 14, rg, da, dg, dax, dgx> daxe dexe and
dpxpy increases with an increase in Co®* content and annealing
temperature because particle size increases with an increase in Co™
content and annealing temperature, which is associated with cation
redistribution with grain growth. Co®* has a tendency to occupy
B-site, while Mg®" ion has the tendency to occupy A-site. Changes in
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(a) Room temperature Raman spectra of Mg;_,Co,Fe,O4 nanoparticles (0<x < 1; Ax = 0.1) annealed at 200°C, 400°C, 600°C, and 800°C in the range
of 190-1,000 cm™ using the pelletized solid samples. Five Raman active modes Ag, Eg, Fog(1),Fog(2), and Fo4(3) are assigned in the Raman spectra

according to the previous work.

composition and annealing temperatures cause changes in cation
distribution, which lead to the change in tetrahedral and octahedral
radii, hopping length at the tetrahedral and octahedral sites, the
bond length, shared tetrahedral
octahedral edges.

and and unshared and

Figures 4A-E presents the variation of the interionic
distances between the cations, (f-i) the cation-anion distance,
and (j-n) the bond angle of Mg;_,Co,Fe,O, nanoparticles
annealed at 200°C, 400°C, 600°C, and 800°C. Figures 4A-E
presents the interionic distances between cations b, ¢, d, e,
and f obtained using the equation presented in the literature
by (Satalkar and Kane, 2016). We presented all the equations in
the supplementary the deduced data
Supplementary Table S5-S8. Figures 4F-I present the spaces

section and in

between cations and anions p, ¢, 1, and s using the equations in
the the deduced data
Supplementary Table S5-S8. The cation-cation distances and

supplementary section and in
cation-anion distances increase with an increase in Co*" content
and annealing temperature because the ionic radius of Co*
(0.072 nm) is higher than that of Mg>* (0.065nm). Figures
4]-N show the variations in bond angles 6,, 6,, 0, 64, and 0s
at different compositions and annealing temperatures. Change
in cation distribution with composition and annealing
temperature also leads to change in the cation-cation, cation-

anion distances, and the bond angles.
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3.1.2 Transmission electron microscopy (TEM)
Figures 5A,B displays transmission electron microscopy (TEM)
images of Mg;_,CoyFe,O, nanoparticles, where x ranges from 0 to
1 with an increment of 0.1. The nanoparticles were annealed at
temperatures of 200, 400C, 600, and 800°C. The inset displays
selected area diffraction (SAED) patterns, exhibiting the most
prominent peak (311) as well as additional planes such as (220),
(400), (420), (511), and (440). The dy,q values in the SAED patterns
were determined using Velox software, and the corresponding
diffractograms were indexed accordingly. In addition, SAED
patterns also indicate that the Debye rings are wide for smaller
particle sizes. The sharpness of the rings increases as the crystallinity
and particle size increase. The TEM images exhibit semi-spherical
particles that exhibit grain growth as the cobalt concentration x and
annealing temperatures increase. The particle size distributions for
all annealing temperatures and compositions were determined by
analyzing the histogram of the size distribution, which exhibits a log-
normal distribution. Figures 6A-D displays the log-normal
distribution of MCFO nanoparticles and Figure 6E presents the
relationship between particle size and composition, as obtained from
the histogram. The data also indicates that the particle size tends to
rise as the cobalt content and annealing temperature increase.
Figure 3A depicts the relationship between the size of crystallite
and x, obtained by X-ray diffraction, at various annealing
temperatures. The particle sizes measured by X-ray diffraction
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Representative curves that demonstrate the best Gaussian fitting of the experimental Raman spectra of Mg;_,Co,Fe,O4 nanoparticle (0 < x <1; Ax =
0.1) annealed at (A) 200, (B) 400, (C) 600 and (D) 800°C. The Gaussian fitting was performed with background subtraction and deconvolution operation.

(XRD) in Figure 3A and transmission electron microscopy (TEM) in
Figure 6E are in good agreement.

Figure 7 displays high-resolution transmission electron
(HRTEM) of MCFO nanoparticles
subjected to different annealing temperatures: 200, 400, 600,
and 800°C. The HRTEM images indicate that all the samples

under investigation possess a nanocrystalline structure, with the

microscopy images

degree of crystallinity being directly proportional to both the x
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and the annealing temperatures. MCFO with higher cobalt
concentration and higher annealing temperatures exhibited
distinctive lattice fringes in the HRTEM image, which result
in a significant enhancement of crystallinity.

Figure 8 displays chitosan-MCFO nanohybrids with varying
compositions (0 < x < 1; Ax = 0.1) that have been subjected to
annealing at a temperature of 200°C. The illustration demonstrates
that the particles exhibit a higher degree of dispersion when they are
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Variation of area integral with Co concentration x of the A, Eg, Fo4(1), F24(2), and F4(3) peaks assigned to the Raman spectra of MCFO nanoparticles
in the previous figure, obtained by Gaussian fitting and deconvolution operation. In the Figure, the variation of the area integral for the samples annealed

at (A) 200, (B) 400, (C) 600, and (D) 800°C are presented.

coated with chitosan. These figures can be compared with the images
depicted in Figure 5 of uncoated samples annealing at the same
temperature of 200°C. The samples annealed at other temperatures
are anticipated to exhibit a more comparable dispersion of chitosan-
MCFO nanohybrid than the MCFO nanoparticles.

3.1.3 Raman spectroscopy

To conduct a more detailed structure analysis, we employed
Raman spectroscopy to examine MCFO nanoparticles subjected to
annealing at 200°C-800°C to find vibrational modes. Figure 9
displays the Raman spectra of MCFO nanoparticles of annealed
samples. The spectra were acquired in the range 190-1,000 cm™" at
room temperature. It was well-established in the literature that
MCFO ferrites possess a partially inverse spinel structure
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belonging to the Fd-3m space group. The vibrational modes
associated with this space group are A;; (R), Eg (R), Fig 3F5
(R), 2A,,, 2E,, 4F,, (IR), and 2F,,. The notation “R" indicates
Raman active vibrational modes, “IR” represents infrared-active
vibrational modes, and the other modes are silent. The Raman
spectrum would exhibit the Raman active modes A, Eg, Fa,(3),
Fg(2), and F54(1) (Soler et al., 2004; Galinetto et al., 2018).
Figure 10 illustrates the rendition of the Raman spectra of
annealed nanoparticles achieved by applying the Gaussian
function after subtracting the background and performing
deconvolution. Gaussian function yielded the validation between
the experimental and theoretical data. The A;; modes correspond to
the symmetric stretching of MeO, (where Me represents Co and
Mg) and FeO, at the A-site. The E, modes correspond to the
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TABLE 1 Wavenumbers of the five Raman active modes A, g, Eg, F24(1),F24(2),
and F»4(3) of nanoparticles annealed at 200°C assigned to the Raman
spectra.

10.3389/fchem.2024.1347423

TABLE 3 Wavenumbers of the five Raman active modes A, g, Eg, F24(1),F24(2),
and F24(3) of nanoparticles annealed at 600°C assigned to the Raman
spectra.

X Main Raman mode peak energy (cm™) X Main Raman mode peak energy (cm™)

Fogl) Eg Fog(2)  Fog(3) Ag A Fogl) Eg Fog(2)  Fag(3) Ag A

(Me-0) (Fe-0) (Me-0O) (Fe-0)

0.1 - 327 | 478 - 673 707 0.1 219 331 481 589 677 712
02 - 327 | 477 - 675 706 02 213 318 475 657 704
03 210 341 480 - 674 706 03 200 | 325 466 480 651 702
04 | 208 326 476 - 651 703 04 | 213 331 478 519 666 704
05 207 325 475 - 653 700 05 205 317 474 553 650 698
06 214 323 475 - 645 698 06 229 310 472 514 641 696
0.7 181 323 474 553 642 697 07 212 313 470 507 629 687
0.8 174 323 472 - 638 692 0.8 314 471 476 617 691
0.9 146 322 474 545 621 691 0.9 198 316 471 535 616 691
1 164 325 473 570 618 690 1 215 319 471 574 618 693

TABLE 2 Wavenumbers of the five Raman active modes A, E, Fo4(1), F24(2),
and F,4(3) of nanoparticles annealed at 400°C assigned to the Raman
spectra.

X  Main Raman mode peak energy (cm™)

Fogl) Eg Fpg(2)  Fpy(3) Aig Aig

(Me-0) (Fe-O)

01 - 330 | 479 - 652 706
02 162 333 479 - 645 702
03 142 323 476 564 648 702
04 214 334 480 581 664 705
05 127 336 | 479 591 653 697
06 182 333 476 566 642 695
07 208 320 472 563 644 696
08 210 320 471 524 640 694
09 243 317 473 490 646 697
1 215 319 471 574 618 693

bending of oxygen atoms with respect to the iron atom at the B-site.
The F,4(3) modes correspond to the antisymmetric bending of
oxygen in the presence of Fe while the Fp,(2) modes depict the
asymmetric stretching of Fe in conjunction with O. The F,,(1)
modes exhibit the translational movement of both Fe and O. The
Raman peaks within the range of 660-720 cm™ correspond to the
vibrational modes of the A-site, while the Raman peaks within
the range of 460-660 cm™" correspond to the vibrational modes of
the B-site in the ferrites (Soler et al., 2004; Galinetto et al., 2018; Baig
et al., 2021).
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Figures 11A-D illustrate the relationship between the area
integral and composition at the annealing temperatures ranging
from 200 to 800°C. The largest A-site occupancy for both Me and
Fe in Figure 11A is observed for MgFe,O, at an annealing
temperature of 200°C, corresponding to a particle size range
of 4.3-9.6 nm. The rise in Co content leads to a decrease in the
occupancy of both Me (Mg and Co) and Fe on the A-site, while
Eg and F,4(2) increase due to the increase in B-site occupancy.
These findings indicate that for 4.3-9.6nm particle size,
compositions with a higher concentration of magnesium tend
to favor the normal spinel structure, while compositions with a
higher concentration of cobalt tend to favor the inverse spinel
structure. The area integral of additional small intensity peaks,
Fag(1)
composition.

At 400°C, for particle size range 5.5-15.8 nm in Figure 11B, the
relationship between the area integral A;,; and F,4(2) becomes
relatively random with x. Nevertheless, there is a noticeable

and Fy4(3), remain constant regardless of the

tendency of decreased Ay and increased F,4(2) with x. This
reflects a transformation of the spinel structure from normal to
inverse spinel structure. In Figure 11C, the scattered nature of the
area integral with composition is more pronounced for the particle
size range of 10.1-24.9 nm at an annealing temperature of 600°C.
Nevertheless, it was seen that the area integral of A, for Fe ions is
dropping (A-site occupancy), while the area integral of F,4(2) is
growing (B-site occupancy). This indicates a decrease in A-site
occupancy and an increase in B-site occupancy with the increase of
Co, resulting in a transition from a normal to an inverse spinel
structure with x. At 800°C, specifically for particle sizes ranging
from 15.9 to 30.3 nm, the occupancy of A-sites declines while
B-sites increase with the increase of Co. This indicates a transition
in the spinel structure from normal to inverse spinel with x. The
Raman shift values for the Raman-active modes A;g, Eg, Fpq(1),
F14(2), and Fpy(3) of the Mg;_,Co,Fe,O4 composition annealed at
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TABLE 4 Wavenumbers of the five Raman active modes Alg, Eg, F2g(1),F2g(2), and F2g(3) of nanoparticles annealed at 800°C assigned to the Raman spectra.

Main Raman mode peak energy (cm™)

F2g(1) F29(2) F2g(3) Alg (Me-O) Alg (Fe-O)

0 224 337 482 550 655 708
0.1 202 331 479 549 654 707
0.2 216 331 474 505 653 703
0.3 216 329 474 532 653 703
0.4 216 324 472 548 640 697
0.5 204 311 465 486 626 685
0.6 263 309 469 580 609 685
0.7 208 317 471 607 690
0.8 208 317 471 607 690
0.9 206 311 468 626 686

1 206 310 467 579 626 685

temperatures ranging from 200°C to 800°C are provided in Tables
1, Table 2, Table 3, and Table 4. These values were obtained using
Gaussian fitting and deconvolution of the spectra shown in
Figure 10. The frequencies of A, vibrational modes decrease
when the cobalt content, x, increases in all samples. This is due
to the substitution of lighter magnesium (24.3050 emu) ions with
heavier cobalt (58.9332 amu) ions with the increase of Co®*. The
Raman shift of F,,(2) also exhibits a reduction as the Co®
increases. In this case also, magnesium (24.3050 amu) ions are
replaced with the heavier cobalt (58.9332 amu) ions, which have a
greater atomic mass. To summarize, particles with higher
magnesium content have a more pronounced normal spinel
structure. Conversely, particles containing higher amounts of
cobalt display a more pronounced inverse spinel structure.
Raman shift basically decreases at all values of x for both A and
B sites because of the greater atomic mass Co** than Mg*".

3.1.4 Fourier-transform infrared
spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) of MCFO
nanoparticles annealed at 200°C, 400°C, 600°C, and 800°C are
presented in Figure 12. Absorption peaks at 3,430-3,493 cm™'
were observed due to the stretching vibration of the O-H group
(Zeeshan et al., 2018). Two characteristic peaks of spinel ferrite of
the cubic structure at the lower frequency region were observed.
The higher frequency band is related to the stretching vibration of
a metal-oxide bond at the tetrahedral (A) site and the lower
frequency band is related to the stretching vibration of a metal-
oxide bond at the octahedral (B) site because the bond length of the
A site is shorter than the bond length of the B site (Zeeshan et al.,
2018; Naseri et al., 2014; Gadkari et al., 2009; Pawlak and Mucha,
2003; Josyulu and Sobhanadri, 1981; Mund and Ahuja, 2016;
Sharma et al, 2016). The frequency of both the higher
frequency band and the lower frequency band shifted towards
the higher frequency region with an increase in Co** content
because Co** (0.072 nm) replaces Mg®* (0.065 nm) at the A site

Frontiers in Chemistry

14

and Fe’+ (0.0645 nm) at the B site which extends the covalent
bond. Both the frequency bands shifted toward the higher
frequency region with increasing annealing temperatures
because particle size increases with an increase in annealing
temperature.

Magnesium-rich  compositions prefer normal spinel
structures in their Raman spectroscopy, whereas cobalt-rich
compositions demonstrate a preference for mixed spinel
structures. Raman and FTIR spectroscopy produce similar
outcomes. The reason is that the vibrational modes of the
inverse spinel structure exhibit more clarity compared to those
of the normal spinel structure, making them more readily
detectable using Raman spectroscopy. FTIR spectroscopy can
detect a wider variety of vibrational modes, which allows it to
accurately identify both inverse and normal spinel structures.
Consequently, these two methods can be employed in
conjunction to discern and distinguish various spinel
configurations. Additionally, they aid in the characterization
of the vibrational modes of A-site and B-site at different
compositions and annealing temperatures. At a temperature of
200°C, an absorption band with a lower frequency (v;) was
detected in the range of 403-418 cm™, while an absorption
band with a higher frequency (v,) was found in the range of
603-622 cm™" for various compositions. The lower frequency
absorption band (v;) was detected at a temperature of 400°C,
with a range of 398-415 cm™. Similarly, the higher frequency
absorption band (v,) was identified within the range of
597-618 cm™'. The absorption band (v;) with lower frequency,
ranging from 395 to 412 cm™', was seen at a temperature of 600°C.
Additionally, the absorption band (v,) with higher frequency,

! was also observed at the same

ranging from 593 to 610 cm~
temperature. Finally, at a temperature of 800°C, the absorption
band with a lower frequency (v;) was detected in the range of
391-408 cm ', while the absorption band with a higher frequency
(v2) was seen in the range of 580-600 cm™'. The frequency band

changed towards the lower frequency region as the particle size
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FIGURE 12
(A) The FTIR spectra of Mg;_,Co,Fe,O4 nanoparticles (0 < x < 1; Ax = 0.1) annealed at 200°C, 400°C, 600°C, and 800°C, (B) the variation of the

octahedral force constant Fco, and (C) the variation of tetrahedral force constant Fcr with cobalt content x are presented for the annealed samples.

(annealing temperature) increased, due to the contraction of the  leads to incomplete coordination. In contrast, larger particles
covalent bond with larger particle sizes (annealing temperatures).  have a smaller surface area, resulting in more complete
Smaller particles exhibit a greater surface-to-volume ratio, which  coordination and causing covalent bonds to decrease.
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Variation of magnetization with an applied magnetic field of 10 kOe of Mg;-,Co,Fe,O4 nanoparticle (0 < x < 1; Ax = 0.1) annealed at (A) 200°C, (B)

400°C, (C) 600°C, and (D) 800°C are presented.

The force constants (FC) for the A site (Fcr) and B site (Fo) are
obtained using the following relation:

Fc = 41°v*m

(4)
where c is the speed of light, v is the vibration frequency of the A
site and B site, and m is the reduced mass for the Fe*+and O?” ions
(Yadav et al., 2017). Variations of Fcr and Fep of Mg;_,Co,Fe,O4
ferrites annealed at 200°C, 400°C, 600°C, and 800°C with Co**
content, x are presented in Figure 12B,C. The data are presented in
Supplementary Table S9. The Fgr and Fgo increases with
increasing Co®" content x because the bond length of the A site
and the B site decreases with an increase in Co**content (Rana
etal.,2010). In our previous study, Islam et al. (2022), FTIR spectra
of uncoated and chitosan-coated MCFO in the as-dried condition
are presented. The good bond of chitosan and MCFO is manifested
from the peak shift of A and B-site bonding. FTIR spectra of
uncoated and chitosan-coated MCFO in the as-dried condition are
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presented. The chitosan and MCFO bonded well, which was
manifested in the peak shift of A and B-site bonding before
and after coating. We expect a similar situation in the
present study also.

3.1.5 Magnetization measurements

The variation of magnetization (M) with an applied magnetic
field (H) of MCFO ferrite nanoparticles annealed at 200°C-800"C
are presented in Figure 13. The magnetization increases with an
increase in Co®" content because Co** replaces Mg®*, and the
magnetic moment of Co”" (3.88up) is higher than Mg* (Oup)
(Mund and Ahuja 2016; Anis-Ur-Rehman et al, 2011). The
magnetization also increases with an increase in annealing
temperature because of the increase in the ordered core replacing
disordered surface atoms. The saturation magnetizations (M;) were
determined by using Law of Approach to Saturation Jr. and Silva
(2011). The anisotropy constants (K) were obtained by using
the relation
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K= H. x M, )
0.96
where H, is the coercive field (Yadav et al., 2017). Figure 14
shows the variation of (M;), anisotropy constant (K), coercivity
(H.), and remanence ratio (M,/M;) with particle size of MCFO
with
temperatures. The data are presented in Supplementary Table
S10. The values of M and M,/M; increase with the particle size

ferrite nanoparticles compositions and annealing

because of the increase of ferrimagnetic core at the expense of
the disordered surface. Further, we observed from Raman and
FTIR spectroscopy that B-site occupancy of Fe tends to increase
rather than the A-site occupancy, which increases the A-B
exchange interaction. The values of K and H. increase
because, with the increase of particle size, the particles
become multidomain and there is an increased amount of Co.
However, with the increase of Co?**, all the values of M,, M,/M,,
K, and H, increase because of the higher magnetic moment of
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Co" (3.88up) than Mg** (Oup). The values of K and H, increase
with an increase in Co®" content because of the higher
anisotropy of CFO (Mund and Ahuja, 2016).

3.1.6 Hyperthermia properties

Figure 15 shows the time-dependence temperature evolution
of chitosan-MCFO nanohybrids with different particle sizes for
the entire range of composition for the concentration of 4 mg/
mL. Similar experiments were also carried out for three more
concentrations of 0.5, 1, and 2 mg/mL, which show similar
heating profile. The temperature increases with time linearly
first and then it reaches a plateau value. The temperature
evolution of chitosan-MCFO nanohybrid increase with the
particle size for all compositions. The temperature at the
plateau region also increases with the Co®" content because of
the increase in magnetic moment with Co”*. Habib et al. (2008)
reported similar behavior for Fe-Co alloy, magnetite, and
maghemite nanoparticles.

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1347423

Islam et al. 10.3389/fchem.2024.1347423
et ¢ 2.0x10° f . 2.5x10°
L2a0% 1.5x10° | 2.0x10°
y ] o 1.0x105 | 1.5x10°5
8.0x10°6}
Z 60xost .,./ — 5.0x10¢} - g A RS
W 40x0% L _ 00 C> b x=0.1 3 — 5.0x10°
pBdnf —==7 i * souo
1.1x100f —e—Tp gy ) Ty 6.0x10°
L1a0°f |, o 1'1:10_10 L —a—1,, 4.0x10'1°
iionl e | Tbaci} we T | 20G0T) we e
4 6 8 10 12 14 16 . 4 6 8 10 12 14 16 18 20 4 6 810 121416182022
d (nm) d (nm) d (nm)
3.0x10°° 3.0x10° = 3.0x10°5
2.5x105 2.5x105} x=0.5
2.0x10°5F 2.0x105} 2.5x105
1.5x105 | . 1.5x105}F . —.—T,
—10x105} __— e 2.0x10%} N
L 5.0x104f x':o 3 ) ;:gig-s. --‘/ —_ s : :n
[ g: gz: _:_;N [ ! x-= 0.4 P ~:‘ 1.5x10° eﬁ
0x107F —*~"8 1.5x107f —®~Ty 1.0x105 |
4.0x107F —a-T, -
2ox107f o Lox107f —%"7Tp 5.0x10 } ".
ot 2 0x108f —A—Tef :
46 81012141618202224 ob, pa——oo” ol ag———
d(nm) 46 81012141618 2022 24 a% & it a
3.0x10° e d(nm) s e d (nm)
[ x=0.6 . -6x100 T
o b | 20a0%f xo07 e Ry
2.0x105 | 2.0x103 } _.—‘[N . ¢ %
1.5x10° B LIXI0% o7y :
e~ ~18x103} _,_
2 § —A—Tu 5 4 4
o 1ox10° & ; 1
5.0x10° 2.1x10°5} ]
' 1.4x10°} ./. 1 A
0 i aa s " 7.0x10°5F ¢~ 1
Of = 3 I
4 68 1012141618202224 4 6 8 10 12 14 16 6 8 101214161820222426
d (nm) d (nm) d(nm)
5.0x10° w 5.0x102 F
Foaoll x=09 4.0x102f x=1.0
—20x105} ~"Tn 3.0x10°'} =%y,
L 1ox108f —*—Ts —_ i.m:o:: f —*—Tg
Lol E AT * % . [ —ATerr p
-5
.0x105} /‘ 4.0x10°L
2 0x10% 3.0x10°f v
Lox105t o—* 2.0x10°5} e
Pk 1.0x105}
ana A b i of » -~ . . .
8 1012 14 16 18 20 22 24 26 28 10 15 20 25 30
d (nm) d (nm)
FIGURE 15

(A—K) The temperature evolution with time of chitosan-MCFO nanohybrids

(Mg1-xCoFe,O4 nanoparticle; 0 < x < 1; Ax = 0.1). The heating profiles

show the evolution of temperature with particle size for the concentration of 4 mg/mL. The hyperthermia set-up consists of a sample coil of eight turns

that has a 4 cm diameter. The rf magnetic field amplitude was 26 mT and
different concentrations were transferred in an Eppendorf tube and placed

the frequency 343 kHz. In each test, 600 pL of nanohybrid suspension of
inside the sample coil. The temperature was measured with a digital

thermometer immediately after switching off the power supply in each case.

Figures 16, 17 represent the variation of T,,,, and specific loss
power (SLP) with the particle size of chitosan-MCFO nanohybrid
of different The data are presented
Supplementary Table S11, S12. Initially, the value of T,,,, and

concentrations. in
SLP increases with particle size for each sample, reaches a
maximum, and then decreases. It is intriguing to note that
both T,,,, and SLP exhibit similar behaviors with x and
particle size. However, with the increase of nanoparticle

concentration in water from 0.5 to 4 mg/mL, speciﬁc loss

Frontiers in Chemistry

power decreases while T,,,, increases. This might be because,
with the increase of concentration, Brownian relaxation will be
impaired because of agglomeration of the particles at the initial
stage of particle heating. This is because the initial slope of time-
dependence temperature curve determines SLP. With time, when
the particles get sufficient energy, this hindrance of Brownian
relaxation is overcome. By the time the temperature reaches the
plateau value, particles gain sufficient energy to increase T,y
with concentration.
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(A—K) Variation of maximum temperature T,,.x acquired from Figure 15 for chitosan-MCFO nanohybrids (Mg;_,Co,Fe,O4 nanoparticle; 0 < x < 1;

Ax = 0.1) of different concentrations of 0.5, 1, 2, and 4 mg/mL.

It will be interesting to revisit the expressions responsible for
the self-heating properties of the nanoparticles and the
dependence on the particle size and magnetic anisotropy with
an alternating magnetic field. The self-heating properties of the
nanoparticles are affected by the Néel and Brownian relaxations
and hysteresis loss (Torres et al., 2019; Barati et al., 2014; Reeves
and Weaver, 2014; Ferguson et al., 2013). By definition, specific
loss power is the energy absorbed by the nanoparticles per unit
volume and time and can be expressed as,

SLP (W/g) = P/p ©)

Where,
2
P=muy H f {2nfreff /(1 +(27fTess) )} (7)
P is the mean volumetric dissipation power, p is the density of the
magnetic material, y, is the initial magnetic susceptibility, H is the
magnetic field amplitude, fis the frequency, and ,, is the permeability of
the vacuum (Ota and Takemura, 2019). The 7.¢is the weighted average

of the Néel and Brownian relaxations and related to the Néel and
Brownian relaxations by the following formula

(8)

Tepp = (tn+75) [Tn T3
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The Néel and Brownian relaxations are very effective for the self-
heating properties of nanoparticles up to small anisotropy and
particle size, which can be expressed as,

T~ = Toexp(KV [kpT) 9)

and

Tg = 471'711’?_1/kBT (10)

where K is the anisotropy of the magnetic nanoparticle, V is the
volume of the magnetic core, # is the viscosity of the solvent, 7y is the
hydrodynamic radius of the magnetic nanoparticle, kg is the
Boltzmann’s constant, and T is the temperature. The above
equations show that the Néel relaxation is directly proportional
to the anisotropy and the particle size, while the Brownian
relaxation is directly proportional to the hydrodynamic diameter,
which is again related to the particle size. There exists a critical
diameter above which hysteresis loss comes into play for the self-
heating properties of the nanoparticles (Barati et al.,, 2014; Islam
et al., 2020),

The
following relation:

critical diameter can be expressed using the
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(A-K) Variation of specific loss power, SLP, acquired from Figure 15 for chitosan-MCFO nanohybrids (Mg;_,CoxFe,O4 nanoparticle; 0 < x < 1; Ax =

0.1) of different concentrations of 0.5, 1, 2, and 4 mg/mL.

D, = [6In(t, fo)ksT/nK]"” (11)
Where, K is the anisotropy constant of MCFO, f, is the
frequency, kg the Boltzmann’s constant, T the temperature,
and t,, the measurement time (Barati et al., 2014). The given
expression shows an inverse relationship between magnetic
anisotropy and critical diameter. The anisotropy constant
the Co**
diameter,

to decrease
the
anisotropy exceeds the threshold for Néel relaxation. For

causes the critical diameter as

concentration increases. Beyond critical
lower Co** content and smaller particle sizes, Néel relaxation
dominates the effective relaxation time, t.¢. However, Brownian
relaxation dominates the relaxation mechanism beyond the
18 depicts the

dependence of Néel and Brownian relaxation time, as well as

critical diameter. Figure particle size
the effective relaxation time. It is observed in the figure that the

Néel relaxation, 7y, is faster while Brownian relaxation, 75, is

slower. Up to x = 0.5, the Néel relaxation time, 7y, and the
effective relaxation time, Tofps coincide fully. For x = 0.6, 7y and
Ty Starts separating beyond 16 nm particle size. For x = 0.7 and
above there is crossover at a certain particle diameter below

which 7y is faster and in this range 7.4 coincides with 7y. Above
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the crossover, 75 is faster and in this range 7.4 coincides with 7.
The magnetic domain’s influence on anisotropy is widely
recognized. Particles are monocrystalline and monodomain,
having minimal anisotropy at small sizes. However, as particle
size grows, they become multidomain, resulting in the presence of
anisotropy. Anisotropy rises with particle size. As the Co®" content
increases, particle size and critical diameters reduce further
because of the intrinsic increase of anisotropy. In Figures 16,
17, the SLP and T, increase up to the critical diameter, reach
a maximum, and then decrease with particle size. The foregoing
rationale illustrates how anisotropy and average particle size affect
these parameters.

The range of T,,.x and SLP obtained in this study can be
efficiently used for the annihilation of cancer cells as we
observed in our previous studies (Hoque et al., 2016; Hoque
et al., 2021; Hyder and Hoque., 2017). We observed above 98%
annihilation of 9L Gliosarcoma cancer cells by using CoFe,04
and Fe,Co, (Fe, 04 the
thermotherapeutic agent for 15min exposure to an rf

and chitosan nanohybrid as
magnetic field. We expect similar annihilation of cancer cells
by the chitosan-MCFO nanohybrids for comparable specific loss

power and T ,ax.
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(A—K) The contribution of Néel relaxation time, 7y, Brownian relaxation time, 75 to the effective relaxation time, 7o, of chitosan-MCFO
nanohybrids (Mg;.,Co,Fe,O4 nanoparticle; 0 <x <1; Ax = 0.1) with the particle size. Itis interesting to note that up to x = 0.5, 7o coincides with 7y
and is faster in this range of composition and particle size than 75 because of the limited anisotropy. For x > 0.6, there exists a crossover below
which 7. coincides with 7y. The 7 is faster than 7z in this range of particle size. Above the crossover, the tgis faster than ry and, therefore, 7o

coincides with 7z.

Conclusion

The lattice parameter, the particle size, the X-ray density, the
ionic radius of the tetrahedral and octahedral site, the hopping
length of the tetrahedral and octahedral site, the bond length of the
octahedral and tetrahedral site, cation-cation distance, and cation-
anion distance of the MCFO nanoparticles increases with an
increase in Co** content and annealing temperature. The TEM,
HRTEM, and SAED patterns clearly demonstrate grain growth and
increased crystallinity with the Co** content and annealing
temperature. The FTIR and Raman spectra demonstrates strong
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dependence of cation distribution with x, with the spinel becoming
increasingly inverse with the increase of Co®". The above structural
transformation causes A-B exchange interaction to be stronger,
facilitating an increase in the saturation magnetization. With the
increase of Co®" content, x, and particle size, anisotropy also
increases. A limited increase of anisotropy and particle diameter
help increase Néel and Brownian relaxations, facilitating effective
relaxation, which increases the efficiency of hyperthermia. Beyond a
critical diameter where anisotropy exceeds the threshold for Néel
relaxation, the effective relaxation is dominated by the Brownian
relaxation.
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