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Synthesis of cobalt ferrite (CoFe,O4) nanoparticles (NPs) through a sol-gel process is an efficient and
cost-effective approach. This process is carried out at different calcination temperatures (500 °C,
600 °C, 700 °C, 800 °C, 900 °C and 1000 °C) using cobalt nitrate [Co(NOs),-6H,0], ferric nitrate
[Fe(NO3)3-9H,0], citric acid (CgHgO7-H,0), glycerol (CzsHgO=), and ammonium hydroxide (NH4OH). It
is found that different calcination temperatures affect the size of the crystallte produced, ie., at
higher temperature the size of the crystals increases. To study the structural, optical, magnetic and
dielectric properties of the cobalt ferrite nanoparticles synthesized by a sol-gel method, characterization
techniques such as X-ray diffraction (XRD), simultaneous thermal analysis (STA), vibrating sample
magnetometry (VSM), scanning electron microscopy (SEM) and Fourier transform infrared (FTIR)
spectroscopy were carried out. XRD proved the face centered cubic structure of the NPs. At 1000 °C
the sample T6 exhibited a higher zeta potential proving the stability of the solution. The crystallite size
and lattice strain were measured by the Debye—Scherrer (D-S) method, Williamson—Hall (W-H) process,
Halder—Wagner (H-W) method and size—strain plot (SSP) technique. XRD data confirm the presence of
the single spinel phase of cobalt ferrite NPs for all the samples. The sample T1 showed the lowest crys-
tallite size, and the crystallite size ranged from 33 nm to 169 nm for the T6 sample. Two FTIR absorption
bands observed at about 402-403 cm™ and 576-580 cm™ are due to the octahedral M—O bond and
the M-0O bond at the tetrahedral site in the spinel cobalt ferrite, respectively. The SEM micrographs
showed that the produced NPs are spherical in shape and homogenously distributed. The average parti-
cle size is found to be 46.72 nm for the sample annealed at 800 °C. The maximum saturation magneti-
zation was found to be around 85-62 emu g~ . The band gap energy was found using the Kubelka—
Munk method, and it was found that as the annealing temperature increases the size of crystals
increases and band gap energy ranges from 3.00 to 3.52 eV, respectively. Thus the sol-gel method can
be used to modify the crystallite size at different calcination temperatures.

1. Introduction

Nanotechnology has revolutionized materials science through
the development of materials with specific properties that can
be very different from their bulk counterparts. Among
the various nanomaterials, magnetic nanoparticles have
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cells, power transformers, magnetic hyperthermia microwave
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electronics, and magnetic refrigerants due to their low produc-
tion cost, easy production, and fast production rate.'”” These
spinel ferrite materials have high coercivity, significant magne-
tization values, high magnetic characteristics, mechanical
hardness, large magnetostrictive coefficient and outstanding
chemical and thermal stability.® "

The magnetic properties of cobalt ferrite NPs are signifi-
cantly influenced by their shape, size and purity, which are
determined by the initial conditions used in their production
process and thus impact the material’s microstructure.'” Add-
ing cobalt ions to ferrite produces better coercivity because of
increased magneto-crystalline anisotropy, which happens due
to the spin coupling of the iron and cobalt ions."® Among
different spinel ferrite compounds, these CoFe,O, nano-
particles have an inverse spinel structure with Co®" ions in
the octahedral lattice position but the Fe®" ions are positioned
differently with half of them in the tetrahedral sites and the rest
at the octahedral sites."* They are found to be amazing dielec-
tric materials and thus can be used in many applications using
microwave to radio frequency. These nanoparticles show catio-
nic inversion as the Fe®* and Co®" distribution is changed
among the tetrahedral and octahedral sites. This affects the
properties of cobalt ferrite NPs in applications like biomedical
imaging, computer tomography (CT scan), magnetic data sto-
rage, targeted drug delivery for tumor treatment and microwave
devices."

Cobalt is responsible for the emission of gamma rays, which
are used in radiation therapy to treat cancer, and it can also be
used to sterilize medical implants like syringes and for manu-
facturing plastics. Also, it is used for sterilizing food to kill
bacteria and increase the shelf-life of food. It also helps to
reduce the rate of ripening of fruits and prevent sprouting of
potatoes and onions."® In an antimicrobial study conducted by
Gole et al., it was found to be more effective against S. aureus
than the ciprofloxacin drug and it also showed antifungal
activity against Candida albicans and Rhizopus orzae."” In
another study conducted by Zhang et al, the sensing of
bimetallic oxides was explored and cobalt ferrite, due to its
variable polyvalent cations, has been shown to be a potential
candidate towards acetone gas sensing.'® Cobalt ferrite is also
used with biochar in carbon paste electrodes and Souza et al.
have found it to be effective in voltammetric detection of
paracetamol in synthetic urine.'® Cardoso et al. successfully
removed 93% of phosphorus at 60 °C at pH 6 using cobalt
ferrite nanoparticles, showing their effectiveness in effluent
treatment, and they are a cheaper and environment friendly
option.>® Cobalt ferrite nanoparticle catalysts have good cata-
lytic efficiency and can be retrieved magnetically as shown by
Bekhit et al.*!

There are numerous techniques used to form cobalt ferrite
nanoparticles like co-precipitation,*® solvothermal synthesis,?
sol-gel methods,* reverse micelle approaches,” electrochemi-
cal methods,*® microwave-assisted synthesis,” combustion
methods,”® or micro-emulsion methods.”® The sol-gel method
is technically one of the most versatile and widely used methods
for producing cobalt ferrite nanoparticles. This is advantageous

© 2025 The Author(s). Published by the Royal Society of Chemistry
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due to low cost and reduced processing temperatures and it has
the ability to achieve high-purity and also modify the crystallite
size and shape.** In the sol-gel method, the metal precursors
such as alkoxides or salts undergo hydrolysis reaction and then
calcination to produce the final cobalt ferrite nanoparticles. The
hydrolysis facilitates the formation of hydroxyl groups (M-OH),
which then condense into robust metal-oxo-metal bridges
(M-0-M).*" The reaction conditions such as the concentration
of the metal precursor, pH and the calcination temperature can
modify the structural and magnetic characteristics of the resulting
nanoparticles. This method ensures the desired stoichiometry
and provides superior control over phase formation, as well as
homogeneity in particle size.*>

The chemical and physical properties of nanomaterials are
influenced by the synthesis technique, as mentioned by several
researchers.®*?* Ivanova et al investigated the impact of
annealing temperature on the magnetic characteristics of iron
doped cobalt oxide nanoparticles produced by the combustion
method and found that increasing the annealing temperature
to 800 °C from 400 °C decreased the Congo red dye adsorption
capacity of the nanoparticles by half.>® The author observed
that the crystallite size of the nano-particles increased as the
annealing temperature increased, and there were notable
changes in other physical attributes with increase in magneti-
zation properties. According to Swatsitang et al. the average
crystal size increases from 80 to 103 nm as the annealing
temperature increases when the cobalt ferrite nanoparticles
are produced using the polymer pyrolysis technique.*® Thus, all
these studies show that the characteristics of cobalt ferrite
nanoparticles can be changed by many factors such as stabili-
zation energy, specific ionic radii, synthesis method, annealing
temperature and synthesis conditions.?”

In this study, the effects of different calcination tempera-
tures on the synthesis of cobalt ferrite nanoparticles through
the sol-gel method and on the structural, magnetic, optical or
dielectric properties of the nanoparticles are studied. The
temperature range of 500 °C to 1000 °C is used because
important phase changes like the formation of a spinel phase,
enhancement in grain size and variations in properties like
conductivity take place in this range. Temperatures below
500 °C produce less well crystallized particles and the tempera-
tures above 1000 °C cause excessive grain growth or the sinter-
ing effect. This temperature range allows cobalt ferrite to meet
the thermal requirements for applications in magnetic data
storage, photocatalysis, MRI, and other fields. Thus, this
research focuses on optimizing the sol-gel process to synthe-
size nanoparticles with better characteristics while keeping the
pH value of the preparation solution constant throughout the
synthesis process.

2 Experimental
2.1. Chemicals and materials

Cobalt nitrate [Co(NO3),-6H,0], ferric nitrate [Fe(NO3)3-9H,0],
citric acid (C¢HgO,-H,0), glycerol (C3HgO3), and ammonium

Mater. Adv,, 2025, 6, 6724-6741 | 6725
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Fig. 1 A schematic diagram showing the preparation of cobalt ferrite nanoparticles by a sol—gel method (at different calcination temperatures).

hydroxide (NH,OH) used in this experiment were from Merck
KgaA, Germany and were of analytical grade. Deionized dis-
tilled water is also used in this experiment.

2.2. Synthesis of cobalt ferrite by a sol-gel method (at
different calcination temperatures)

Cobalt ferrite nanoparticles were synthesized by using the
aqueous solutions, including highly pure salts of cobalt nitrate
[Co(NO3),-6H,0] and ferric nitrate [Fe(NOj3);-9H,0] with the
molar ratio of 1: 2, which were stirred for 30 minutes at 40 °C. A
mixture of the chelating agent citric acid and the dispersant
glycerol with a molar ratio of 1:1 was added into the above
solution and the precursor solution was heated for 1 hour with
magnetic stirring. An ammonia solution was added dropwise to
adjust the pH value to ~7.50 and the mixed solution was then
allowed to evaporate at 85 °C on a hotplate with continuous
stirring until a highly viscous gel was formed. After the for-
mation of the viscous gel, waited for for the formation of ash.
Then the ash was placed in an oven at 110 °C for 5 hours and a
black precursor was obtained. Finally, the resulting powder was
calcined at desired temperatures of 500 °C, 600 °C, 700 °C,
800 °C, 900 °C and 1000 °C in a furnace for 4 hours at the
heating rate of 5 °C min~! to obtain black CoFe,O, NPs. The
obtained black CoFe,O, nanoparticle (NP) samples were
denoted as T1, T2, T3, T4, T5 and T6 for 500 °C, 600 °C,
700 °C, 800 °C, 900 °C and 1000 °C respectively. This process
is demonstrated in Fig. 1.

2.3. Characterization of synthesized cobalt ferrite at different
calcination temperatures by a sol-gel method

Using Cu-Ko radiation (4 = 1.5406 A), the X-ray powder diffrac-
tion (XRD) data were found using a scan speed of 10 min~" at
10° < 20 < 90°. The model of the XRD machine is Smart Lab
SE, Rigaku, Japan. Fourier transform infrared (FTIR) spectra

6726 | Mater. Adv,, 2025, 6, 6724-6741

were taken between 4000 and 400 cm ™' using an IRAffinity-IS,
MIRacle 10, Shimadzu, Japan model. Simultaneous thermal
analysis (STA) with the model NETZSCH STA 449 F5
was utilized for TGA and DSC analysis at a heating rate of
10 K min~" in a nitrogen atmosphere. UV-visible spectroscopy
with the model PerkinElmer Lambda 1050+ was used to find
out about the CFOs’ optical features and band gap energies in
solid powder forms. The vibrating sample magnetometer (VSM)
was used to determine the magnetism of the nanoparticles at
room temperature.

3 Results and discussion

3.1. X-ray diffraction analysis (XRD)

By utilizing Cu-Ka radiation (A = 1.5406 A) with a scan speed of
10° min~" in the range of 10° < 20 < 90°, an X-ray diffract-
ometer (Smart Lab SE, Rigaku, Japan) was used to examine the
phase composition of synthetic CoFe,O4. Synthesized and
calcined CFO nanoparticles’” XRD patterns for 500, 600, 700,
800, 900 and 1000 °C are depicted in Fig. 2. The lack of peaks
for the as-synthesized sample indicates that calcination is
necessary to stabilize the size of crystallites and avoid their
aggregation. The 20 peaks corresponding to reflection planes
(111),(220),(311),(222),(400),(511),(440),and (620)
are visible in the X-ray diffraction patterns of all the calcined
samples, verifying that the solitary spinel phase is present. The
acquired XRD peaks match the CoFe,O, standard pattern
described in JCPDS card no. 00-066-0244 rather well. These
reflections are part of a fcc type cubic structure.**

The Debye-Scherrer and Wilson method, the Williamson-
Hall method, the Halder-Wagner method, and the size-strain
plot method are all used to calculate the average crystallite size.

The results show that, with the increase of calcination
temperature, the diffraction peaks become sharper and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns of CFO nanoparticles calcined at 500 °C, 600 °C,

700 °C, 800 °C, 900 °C and 1000 °C with the standard XRD pattern of
CFO.

narrower, and their intensity increases, which confirms that the
variation of the calcination temperature has a significant effect
on the phase and stoichiometry of the prepared CoFe,O,
nanoparticles.

3.1.1. Lattice strain and crystallite size estimation

3.1.1.1 The Debye-Scherrer and Wilson (D-S and W) method.
The Debye-Scherrer equation was developed to calculate the
nanocrystallite size (D) by XRD radiation of wavelength A (nm)
by measuring full width at half maximum of peaks (f) in
radians located at any 26 in the pattern.

KA

Dpy o« = —2
b-s pcost

()
Eqn (i) is the Debye-Scherrer equation, where K represents the

Scherrer constant (0.98).>% Again the following relationship can
be used to fix this instrumental broadening:

Ba® = Bm” — Bi® (ii)

where f; is the instrumental widening, f4 is the corrected
broadening, and f, is the measured broadening. For the sake
of this computation of instrumental broadening and position
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calibration, crystalline silicon has been employed as a standard
reference material. Full width at half maximum (FWHM) mea-
surements have been performed to determine the instrumental
and physical widening of the sample.*®

By rearranging eqn (i), the internal breadth may be calcu-
lated,

KA

=———— det
cosl - Dp_g €

B (i)
If lattice strain is represented by &gain and internal breadth for
the strain effect is denoted by Pgtrain, the sample’s lattice strain
may be determined using the Stokes and Wilson equation in
ref. 40,

_ ﬁ strain

" 4tan6

(iv)

The Debye-Scherrer method for calculating the crystallite size
employs a single peak to compute the average crystallite size,
which ranges from 24.52 to 148.144 nm. Estimating the average
crystallite size may contain some mistake and comparable sorts
of inaccuracies are explored in the literature.

The values of average crystallite size (Dp_g) and lattice strain
(¢) are given in Table 1.

3.1.1.2. Williamson-Hall (W-H) method. Crystallites with a
size (D) of less than or equal to 1 um show profile widening.
Through the so-called Scherrer equation, the integral breadth
(in radians), fip, caused by the influence of tiny crystallites, is
related to D*'

KA

bo “Dcosl

V)
By varying Bragg’s law, it is possible to determine how isotropic
microstrain affects profile broadening.

A =2dsin0

(vi)
Williamson and Hall*® suggested a simple approximation that
the integral width, f, due to both small crystallite sizes and
micro-strains is just the sum of the Lorentzian, f, and Gaus-
sian, f§, components:

142

ﬁ = ﬂD + ﬁz: (Vll)
According to Stokes and Wilson law™?
B. = 4etan (viii)

Table1 The average crystallite size and lattice strain of the cobalt ferrite nano-crystallites (synthesized using the sol-gel method at different calcination
temperatures) determined using the Debye—Scherrer and Wilson method, Williamson—Hall method, Halder—Wagner method and size—-strain plot

D-S and Wilson method Williamson-Hall method

Halder-Wagner method Size-strain plot technique

Sample Dp_s (nm) sw X 1072 Dy_y (nm) swoy X 107* Dy_w (nm) few X 1073 Dsgp (nm) Essp
T1 24.52 0.41 32.40 10.20 33.52 1.74 4.17 0.75
T2 49.10 0.21 44.15 2.72 41.85 0.58 7.82 0.26
T3 77.49 0.34 95.27 1.48 83.70 0.52 9.52 0.18
T4 117.12 0.09 147.44 1.98 120.68 0.24 15.92 0.12
T5 135.39 0.07 147.80 0.65 150.42 0.24 19.33 0.12
T6 148.14 0.33 152.25 0.01 169.20 0.36 19.59 0.14

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 W-H plot of cobalt ferrite nanoparticles (for different calcination temperatures).

From eqn (v) and (viii) the values of f, and f, are put in

eqn (vii),

f=

or,

. K
/3(:050:4£s1110+3/L

Eqn (x), ¥y = ax + b, is thought of as a straight line. The
Williamson-Hall (WH) plot is a conflict between the equations

K

4etan 0
Dcos()Jr etan

"

y =pcosl and x = sin0 in Fig. 3.
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This model was inaccurate since the straight lines that were
shown did not produce a good regression co-efficient (R* value
is low), even though the predicted crystallite sizes ranged from
32.4 to 152.25 nm. The W-H plot does not suit the presented
straight lines well, as evidenced by the R* correlation coeffi-
cient. 0.17997, 1.21019, 0.7082, 0.04847, 0.40974, and 0.09772
are the respective R> values of the plotted straight lines accord-
ing to the W-H method, not good fitted as well.*®

3.1.1.3. Halder-Wagner (H-W) method. Halder and Wagner**
developed an alternative equation incorporating the integral
width, f*, of the reciprocal lattice point and the lattice plane

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 H-W plot of cobalt ferrite nanoparticles (for different calcination temperatures).
spacing, d*, for the reciprocal cell to determine D and &: and,
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on the grounds that the size and strain effects are the only
causes of the Lorentzian and Gaussian components of f*,
respectively. So, eqn (xi) can be rephrased as,
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Fig. 5 SSP plot of cobalt ferrite for different calcination temperatures.
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Since sin and cos are included in eqn (xv), the corresponding
version of eqn (xiv) is selected. Eqn (xiv) is shaped like a straight
line, y = ax + b. As seen in Fig. 4, the Halder-Wagner (H-W) plot

6730 |

+ 166>

D sin?0 (V)
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compares y = (B/tan0)* to x = f/(tan0sin@). The resulting
straight line’s slope and y intercept then yield KA/D and 16¢%,
respectively. As stated in the preceding section, the value of
K = 4/3 is thought to be true when the crystallite size is defined
as the volume-weighted average for spherical crystallites.
Similar sorts of observations have been reported in the
literature.®® The correlation co-efficient values of R> for the
straight lines drawn using the H-W approach are 0.98693,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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0.99914, 0.99565, 0.93829, 0.95762, and 0.99643, respectively.
The correlation coefficient value of R® indicates that the
straight lines shown using the H-W approach fit the data well.

3.1.1.4. Size-strain plot (SSP) method. The SSP method has
the advantage of giving more weight to peaks in the low and
intermediate angle ranges since the overlap between the
diffraction peaks is significantly less. The Halder-Wagner
technique now provides the connection between the crystal
size and the lattice strain.*®

()50
dut) D\ di 2

The Williamson-Hall approach actually evaluates peak broad-
ening as a function of diffraction angle (26), which is supposed
to represent a joint effect of size and strain driven broadening.
However, there are models that deal with peak profile analysis.
One such method is the size-strain plot (SSP), which assumes
that the XRD peak profile is a combination of Lorentzian and
Gaussian functions, with size broadened XRD profiles labeled
as Lorentz functions and strain broadened profiles labeled as

(xvi)

X 100,000

15.0kv_SET

Fig. 6 SEM micrographs of the CoFe,O4 sample.
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Gaussian functions.*® As a result, the overall broadening of SSP
can be written as eqn (vii).

ﬂ:ﬁD+ﬂs-

Furthermore, the SSP technique always produces a better result
for isotropic broadening because it prioritizes low angle reflec-
tions, where accuracy and precision are higher, above higher
angle reflections. This is due to the decreased quality of XRD
data at higher angles, and peaks are often substantially over-
lapped at higher diffracting angles.

As a result, the SSP calculation is carried out using the
equation®” shown below,

, Ki, ., & ..
(dys - By - cos 0)°= 3(dhk1 < B - cos 0) + 7 (xvii)
where the (hkl) plane’s lattice distance is denoted by the symbol
dnw. Now, using eqn (xvii), the graphs are made with each
diffraction peak’s (dpx’-Brircos?) term along the X-axis and
(dpir Bri-cos 0)* along the Y-axis, as shown in Fig. 5. The average
sizes are given as 4.17 to 19.59 nm by the straight line’s slope.

100nm BTRI 3/4/2024
SEM WD 7.6mm  12:31:32
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The correlation coefficient values of R for the straight lines
plotted using the SSP approach are 0.99693, 0.99580, 0.99761,
0.99576, 0.98411, and 0.99557, respectively and the correlation
coefficient value of R* indicates that the straight lines plotted
using the SSP approach are well fitted.

The results obtained for structural parameters are quite
similar for SSP and H-W plots and the data are more accurately
fit in both these methods with all high intensity points touch-
ing linear adaptation. So, it is clear that SSP and H-W methods
are the best methods. The values of the crystallite size for
different metal ion concentrations of CoFe,O, nanoparticles
synthesized using different methods are more or less similar.
Different analytical methods like Debye-Scherrer, Williamson-
Hall, Halder-Wagner, and size-strain plots are used to check
and cross-check the estimation of the crystallite size and
contribution of strain and instrumental broadening and the
values are not necessarily similar but they all follow the same
pattern that as calcination temperature increases the crystal
size also increases. Different methods use different positions of
crystals and the size and shape of the crystals vary with crystal
strength and thus using multiple methods gives a better under-
standing of the whole picture. Also, different methods have
different advantages and assumptions like Debye-Scherrer
assumes strain almost negligible but Williamson-Hall and
Halder-Wagner include strain effects and the lattice distortions
observed at higher calcination temperatures. The size-strain
plot (SSP), which separates the size and strain effects, yields the
most reliable values. Table 1 tabulates the strain and the
nanoparticle crystal size data for the Debye-Scherrer and
Wilson method, Williamson-Hall method, Halder-Wagner
method and size-strain plot. It also shows that as the calcina-
tion temperature is increased, the size of the crystals of cobalt
ferrite nanoparticles is also increased.

3.2. Morphological analysis

SEM micrographs of the CoFe,O, sample annealed at 500 °C,
600 °C, 700 °C, 800 °C, 900 °C and 1000 °C are shown in Fig. 6. It
shows that the majority of the particles have nearly spherical
morphology. The particles are homogeneously distributed, and
their size is non-uniform. The average size of the particles for
each sample has been estimated by fitting the particle size
distribution histogram to the log-normal distribution function,
which is represented as*®
In? (2)
Dy

202

where D corresponds to the average particle size and oy, is the
standard deviation. The estimated average particle size for the
800 °C annealed sample is found to be 46.72 nm along with a
standard deviation of 1.16 nm. The particles of the sample
annealed within 500-1000 °C falls in the nanometer range,
which will be near to the average crystallite size estimated by
the XRD study. Table 2 shows the average particle size and the
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Table 2 Average particle size estimation from SEM analysis

Synthesis Average Standard
Sample temperature particle size deviation
name (°C) (nm) (op)
T1 500 45.45 1.91
T3 700 73.64 3.70
T4 800 46.72 1.16
TS5 900 136.23 7.30
T6 1000 349.97 6.28

standard deviation of the samples as estimated from the SEM
image using Image] software.

The possible explanation for the increase of the particle size
with annealing temperature is as follows: smaller particles
possess a big surface area. Upon increasing the annealing
temperature, a number of nearby particles fuse together to
agglomerate via surface melting. As a result, the size of the
particles becomes large.

3.3. Magnetic properties of CoFe,0,

The magnetic properties of the CoFe,O, nanoparticles calcined
at 500 °C, 600 °C, 700 °C, 800 °C, 900 °C and 1000 °C were
examined by vibrating sample magnetometer (VSM) analysis.
From the VSM measurements, the magnetization and coercivity
values with respect to the magnetic field are shown in Fig. 7 for
the CoFe,O, samples measured at room temperature, revealing
the ferromagnetic behavior. This sort of behavior will be
influenced by cobalt ferrite’s high magneto-crystalline
anisotropy.*’

With a view to assess the magnetic behavior of the cobalt
ferrite nanoparticles, the recorded hysteresis loops of all the
samples at ambient temperature using a vibrating sample
magnetometer are presented in Fig. 7. From the hysteresis
loops, various magnetic parameters viz., saturation magnetiza-
tion (M), coercive field (H.) and reduced remnant magnetiza-
tion (R = M,/M;) are evaluated and presented in Table 3.
The non-zero value of remnant magnetization, M,, and a

[emu/g]
o

-20 4

-40

Mass magnetization (M

-60 4

-80 4

-100

T T T T T T
-15000 -10000 -5000 0 5000 10000 15000

Field [Oe]

Fig. 7 M-H curves measured at room temperature for CoFe,O4 samples
calcined at various temperatures.
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Table 3 The values of saturation magnetization (My), retentivity (M,), coercivity (H.), magnetic anisotropy (K) and rectangular ratio (Rs) for T1, T2, T3, T4,

T5and T6
Saturation magnetization Remnant magnetization Coercivity Magnetic anisotropy Reduced remnant magnetization

Sample M, M, H. K = (M x H.)/0.96 R, = M,/M,

T1 62.00 26.00 1460.00 1679.16 0.42

T2 76.00 35.00 1319.00 2770.83 0.46

T3 74.00 36.00 1122.00 2775.00 0.48

T4 85.00 39.00 889.00 3453.13 0.45

T5 83.00 34.00 757.00 2939.58 0.41

Te6 84.00 28.00 609.00 2450.00 0.33

considerably high value of H,. are the general characteristics of
hard ferro- or ferri-magnetic materials.*®

Samples suggest that the developed cobalt ferrite nano-
particles fall under the above-mentioned categories. Moreover,
decrease of H. with increase of calcination temperature is also
observed. The maximum value of H. is found to be 1460 Oe for
the temp. 500 °C. For the cobalt ferrite nanoparticles of still
higher dimensions, the value of H. is found to be lower. Upon
heating at 500 °C, the smaller particles should be single
domain particles with high anisotropy. The bigger particles
for T4, T5, and T6 will start behaving like multi-domain
particles. The coercivity of the bigger particle will be lower as
it becomes multi-domain. The Stoner-Wohlfarth model sup-
ports the idea that as the particle size becomes larger domain
wall motion plays a significant role in coercivity.”’ To be
mentioned in detail, for the nanoparticles of the average temp.
800 °C, the value of Mj is extraordinary higher (85 emu g~ ') and
the corresponding coercive field is found to be 889 Oe (Table 3).
This falls in line proving the high crystallinity and larger
particle sizes confirmed by XRD and SEM, respectively, redu-
cing surface spin disorder and improving the alignment of the
magnet.”®> The inference of this behavior is that there is a
transition of the state of the material from low temp. to high
temp. Above 800 °C, there is a slight decrease in saturation
magnetization, which is attributed to excessive grain growth or
partial cation migration disrupting optimal spin alignment of
Fe'/Co®".>® At higher temperature, the Co®" ions move from
octahedral sites to tetrahedral locations, which changes the net
magnetization. To throw more light on the magnetic character-
istics of the studied samples, the magneto-crystalline aniso-
tropy constant, K, using the Stoner-Wohlfarth relation has been
evaluated for the cobalt ferrite nanoparticles annealed at dif-
ferent temperatures. The value of K is observed to increase with
the particle size. The maximum value of K for the sample with
the temp. of 800 °C is estimated to be 3.4 x 10° erg cm*
(Table 3); this value of K is nearly equal to that of the bulk
single phase CoFe,0, reported by other authors, due to optimal
Co®" occupancy in octahedral sites enhancing spin-orbit cou-
pling. Furthermore, it may be noted here that with the decrease
of temperature (from 800 °C) the value of K is found to decrease
rather than remaining invariant as reported earlier. This shift
in intrinsic magnetic anisotropy is caused by differences in
(i) the particle size, (ii) the particle shape, and (iii) interparticle
interactions.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The theoretical value of M,/M; for non-interacting uniaxial
single domain particles with a randomly oriented easy axis is
0.5, according to the Stoner Wohlfarth model.>* The observed
M,/M; values for the pure samples T1, T2, T3, T4, T5, and
T6 are 0.42, 0.46, 0.48, 0.45, 0.41 and 0.33 respectively. As a
result, CFO displays uniaxial anisotropy. The optimum tem-
perature for achieving the peak of magnetic saturation and
anisotropy is 800 °C. The ¢ and domain structure at this
temperature will provide high magnetization and moderate
coercivity. Magnetic storage applications will benefit from this
property. Also, lower temperatures favor applications needing
high coercivity while higher temperatures are good for soft
magnetic materials.>

3.4. Fourier transform infrared (FTIR) analysis

The presence of functional groups (metal-oxygen bonding) and
impurities on the surface of the prepared samples was investi-
gated using Fourier transform infrared (FT-IR) analysis, where
the IR absorption bands of solid matrices are typically attrib-
uted to the vibration of ions in the crystal lattice. The main
vibrational modes of metal-oxygen (M-O) bonds, which corre-
spond to metals in a tetrahedral or octahedral configuration
for spinel structures, are depicted in Fig. 8 between 300 and
670 cm ™ '. Bands of M-O bonds typically develop in octahedral
sites between 380 and 450 cm ™', whereas they do so in tetra-
hedral sites between 540 and 600 cm™*.>°

In this instance, the presence of the CoFe,O, spinel was
indicated by a band of M-O bonds at the octahedral sites,
which appeared at 402-403 cm™ ', and the band at the tetra-
hedral sites appeared at 576-580 cm ™ '.”” Besides, the vibration
at 470 cm "' indicates the band of Co-OH.”® The vibrational
modes of the absorbed water molecules’ -OH stretching and
bending are responsible for the broad bands near 3462 and
1630 cm !, respectively.®® Little peaks are produced at around
2925 ecm™ ' by the C-H stretching vibration. A small peak at
1400 cm ™' is caused by residual nitrogen groups from the
combustion event, whilst the absorption band caused by CO,
is at 2350 cm .°® Each sample’s vibrational modes revealed
the presence of spinel CoFe,0,.

3.5. Thermal analysis

The thermal stability of CFO nanoparticles was explored by
using a NETZSCH STA 449 F5 simultaneous thermal analyzer
(STA). In Fig. 9 the TGA curve shows six stages of weight loss,
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Fig. 8 FT-IR spectra of T1, T2, T3, T4, T5 and T6.

while the DSC curve shows five exothermic peaks and an
endothermic peak. First, it is evident that as water evaporates
from ambient temperature to 143 °C, 3.27% of its weight
is lost. Furthermore, 4.54% of the weight is lost due to the
evaporation of the remaining moisture up to 162 °C. which is
related to an exothermic sharp peak around 156 °C in the DSC
curve.®! The third weight loss occurs at 160 to 240 °C due to the
decomposition of the functional groups of citric acid and
glycerol, which corresponds to the exothermic peak obtained
at a temperature of 200 °C in the DSC curve. The highest

6734 | Mater. Adv, 2025, 6, 6724-6741

(21.39%) weight loss was observed for organic matter and
nitrogen compound’s combustion in the fourth stage from
242 to 475 °C. Finally, 8.52% weight loss occurred for the
development of nanoparticles at up to 586 °C, which is related
to the sharpest exothermic peak in the DSC curve at 590 °C.%*
And the last 7.44% weight loss occurs due to other internal
reactions.®?

FC(NO3)3'9H20 + CO(NOg)zﬁHzo + CgHgO; + C3HgO;3
— CoFe,0, + CO, + HyO + N, + O,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Thermal behavior of the CoFe,O4 sample before calcination (for the sol gel method) (a) DTG and (b) DSC.

3.6. Dielectric properties

The formula was used to find the cobalt ferrite’s dielectric
constant,

e
& =—
8()A

where A is the cross-sectional area of the flat surface of the
pellets in meter square, ¢, is the permittivity of free space, and
C is the capacitance of the pellets. Fig. 10 shows the dielectric
constant versus frequency curves. In all samples, the dielectric
constant drops with increasing frequency. The dielectric con-
stant (¢') decreases at higher temperature from around 1.1 X
107 for T1 to around 0.5 x 10° for T6 due to reduced grain
boundary density, as coalesced grains minimize interfacial
polarization. Higher calcination temperature for T4, T5, and
T6 causes more grain growth and coalescence, which reduces
grain boundary density. Thus, the total interfacial polarization
sites are reduced, which is why the dielectric constant
decreases as temperature increases.®® When the temperature
of calcination is lower, the structural defects, oxygen vacancies
and Fe®" ions of the solid samples are in a greater amount.

Defects are sites for polarization and at low frequency as charge
carriers accumulate at the grain boundaries, which creates
space charge polarization, there is high resistivity, which
requires a large amount of energy to transfer electrons between
Fe** and Fe®' at the octahedral site.®® Thus, the dielectric
constant increases. Higher calcination temperatures reduce
these defects, which causes a decrease in polarization mechan-
isms, and thus the dielectric constant decreases. As Maxwell-
Wagner anticipated, this frequency-dependent behavior is due
to interfacial polarization.®® This model assumes that a ferrite
material’s dielectric structure is composed of two layers: the
grain boundaries, which are poor conductors, and the conduc-
tive layer, which is made up of big ferrite grains. As a result of
the electron exchange between Fe** and Fe®", the electrons are
locally displaced in the direction of the applied field, which
creates the polarization. The prevalence of species such as Fe**
ions, oxygen vacancies, grain boundary defects, etc. could be
the cause of the increased dielectric constant value at lower
frequencies. Any effect contributing to polarization is seen to
show lagging behind the applied field at higher frequencies,
making the reduction in the dielectric constant with frequency.
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Fig. 10 Dielectric constant (¢/ & ¢”) behaviour of the samples in the frequency range 20 kHz to 20 MHz.
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The dielectric constant decreases as the frequency is raised over
a certain point because the electron hopping is unable to follow
the variations in the electric field. According to Koop,®” the
grain boundaries, which have a high dielectric constant
because of high resistivity there, are where the dielectric con-
stant at low frequency originates. Due to their low resistivity,
grains have a small dielectric constant, which is the source of
the dielectric constant at high frequencies. It is possible to
draw the conclusion that the direction of an electric field,
which causes electrical polarization in ferrites, is caused by
the exchange of electrons between Fe>* and Fe*" ions. Potential
causes of the elevated dielectric constant at low frequencies
include flaws, dislocations, and voids. Dielectric loss, tand, is
proportional to the loss of energy by means of heat when the
electric field is applied and increases with synthesis tempera-
ture at low frequencies.®® Thus, the calcination temperatures
can be used for tuning the dielectric properties of CFO nano-
particles, which can be used for enhanced electronic
applications.

3.7. Band gap energy analysis

Because electrons are transferred through energy bands, mate-
rials often show a considerable increase in light absorption at a
specific energy value.®® The optical absorption spectra of
CFO (CoFe,0,) nanoparticles at ambient temperature were
collected in order to determine the band-gap energy of the
calcined particles at different temperatures as shown in Fig. 11.
In many cases, the direct form is more valuable than the
indirect form. All the ferrite compounds’ energy band gaps
have been computed using the optical absorbance (4) and
wavelength (1) data.

On the other hand, the formula o = A(hv — E,)"/hv represents
the relationship between the absorption coefficient (o) and the

—T1

T3
— T4

T5
——T6

Absorbance

: \

200

600 800
A(nm)

Fig. 11 Absorption spectra of CoFe,O4 (T1, T2, T3, T4, T5, and T6)
nanoparticles in the visible wavelength range.
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Table 4 Band gap energy for T1, T2, T3, T4, T5 and T6

Sample Crystal size (nm) Band gap energy (eV)
T1 4.17 3.37
T2 4.82 3.10
T3 9.51 3.25
T4 15.92 3.52
T5 19.33 3.00
T6 19.59 3.12

incident photon frequency (v), where E, is the band gap energy
and h is the Planck constant. The optical band gap (E,) is
determined from this equation and the value of n is 1/2 for
direct transition and direct band gap is estimated using Tauc’s
model because the cobalt ferrite samples’ band structure and
optical transitions have been consistently modeled as direct in
many studies especially in nanocrystalline spinel ferrites.”®”*
The sol-gel prepared CoFe,O, was optically examined at
room temperature using the diffuse refraction (R) technique.
(xhv)* is plotted in the y-axis and Av is plotted in the x-axis. The
following formula may be used to calculate o from R,”*

(em™)

The band gap energy is determined by the line’s intercept at
o = 0.

The values of the energy band gap for all the samples have
been found to be in the range of ~3.00 eV, as listed in Table 4.
The direct band gap is found to be 3.10-3.52 eV for as-
synthesized CFO nanoparticles,”® whereas it is 3.37, 3.10,
3.25, 3.25, 3.52, and 3.12 eV for CFO nanoparticles annealed
at 500 °C, 600 °C, 700 °C, 800 °C, 900 °C and 1000 °C for
4 hours, respectively (Fig. 12).

(1- R)?

*T IR

(xviii)

3.8. Zeta potential analysis

The zeta potential of the synthesised cobalt ferrite nano-
particles was evaluated using a Zetasizer (SZ-100, HORIBA
Scientific Ltd, Japan) in water as a dispersant at neutral pH
(~6.20). Fig. 13 shows the distributions of intensity and zeta
potential for the six NPs. Table 5 also provides a summary of
the values for calcination temp. and zeta potential, where
cobalt ferrite samples calcined at 500 °C, 600 °C, 700 °C,
800 °C, 900 °C, and 1000 °C have zeta potentials of
—31.9 mV, —45.1 mV, —40.7 mV, —53.3 mV, —50.2 mV, and
—61.4 mV respectively. The table shows that the zeta potential
value of calcined particles at all temperatures is less than
—30 mV. Generally, particles whose zeta potential values are
greater than +30 mV and less than —30 mV are considered
stable particles.”* The stability of the solution is improved by
proving the repulsion of the particles and achieving a strong
negative value for the ferrites at 1000 °C, the calcination
temperature. Again, at 500 °C temperature, the value of zeta
potential is the lowest (—31.9 mV) and it settles down faster
than others due to less electrostatic repulsion present for less
negatively charged oxygen ions at the particle surfaces, and
thus they are unstable.”> The T6 particles are much more

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Band gap energy of cobalt ferrite (CFO) NPs (T1, T2, T3, T4, T5 and T6).

stable in water, which means their shelf-life is larger when
suspended in water and will not agglomerate over a long
period compared with the other samples. Due to their strong
negative charges these nanoparticles exhibit greater stability
as calcination temperature increases. The more ordered crys-
talline surface at higher calcination temperature has greater
charge distribution and hence stronger zeta potential values.
Also, higher calcination temperatures cause redistribution of
Co®" and Fe®" ions between tetrahedral and octahedral

© 2025 The Author(s). Published by the Royal Society of Chemistry

locations in the spinel structure, which results in different
surface charge density and electrical double layer properties.>"
Thus, they can be used for many applications including
magnetic drug delivery systems and magnetic hyperthermia
for cancer therapy as they can stay stable in solutions and
avoid formation of clumps that can decrease the heating
efficiency. They can also be used in magnetic resonance
imaging (MRI), catalysts, data storage devices, sensors and
magneto-optical devices.
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Table 5 Zeta potential values of the CoFe,O,4 samples (T1, T2, T3, T4, T5
and T6)

Calcination Crystal Zeta potential

Sample temp. (°C) size (nm) (mv)

T1 500 4.17 —31.90
T2 600 7.82 —45.10
T3 700 9.52 —40.28
T4 800 15.92 —53.30
T5 900 19.33 —50.20
Té6 1000 19.59 —62.40

4 Conclusion

This study concludes that the sol-gel method can be used to
synthesize different crystallite sizes at different calcination
temperatures. The lattice strain and crystallite size determina-
tion using SSP and H-W methods proved the production of
crystalline nanoparticles. XRD values justify that with increase
in the temperature of calcination the size of the crystalline
nanoparticles increases. The VSM results showed that the
magnetic coercivity decreased while the saturation magnetiza-
tion increased as the calcination temperature increased for
samples T1-T6. FTIR confirms cobalt ferrite nanoparticle for-
mation due to the M-O bond vibrational peaks. The dielectric
constant decreased with rising temperature and as the crystal
size increases it is found that the band energy gap decreases.
The zeta potential also proved that the nanoparticles are more
stable at higher temperatures. Thus, there is no denying that
with different calcination temperatures (500 °C, 600 °C, 700 °C,

6738 | Mater. Adv, 2025, 6, 6724-6741
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800 °C, 900 °C, and 1000 °C) the size of the crystalline cobalt
ferrite nanoparticles varies greatly. These results can be used to
synthesize and modify nanoparticles with better characteristics
using the sol-gel method.
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