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Abstract

In recent years, spinel ferrites have attracted considerable research interest due to their distinctive structural, magnetic and electrical
properties, positioning them as promising candidates for a wide range of advanced technological applications. Aluminium substituted
cobalt-zinc spinel ferrite with chemical composition Coo.2Zno.sFe2xAlxOs (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) were synthesized by the
sol-gel auto-combustion technique. The structural properties of the synthesized ferrites were studied by X-ray diffraction (XRD),
Fourier transform infrared (FTIR) spectroscopy, energy dispersive X-ray (EDX) analysis, transmission electron microscopy (TEM)
and magnetic properties were analyzed by vibrating sample magnetometry (VSM). XRD results confirmed the formation of a single-
phase cubic spinel structure with a space group Fd-3m and particle sizes were in the range of 12 nm to 72 nm. The FTIR spectra
showed distinct absorption bands around 570 cm™ and 450 cm™, which were attributed to the stretching vibrations of metal-oxygen
bonds at tetrahedral and octahedral sites, respectively. The magnetic studies demonstrated a progressive reduction in magnetic
properties with increasing aluminium substitution concentration, culminating in the observation of superparamagnetic behavior at
higher substitution levels. This behaviour is indicative of the significant influence of aluminium substitution on the magnetic

characteristics of the material.
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Introduction

Recently, metal-oxide nanoparticles have gained significant
attention owing to their unique properties that distinguish
them from bulk materials. Among these, spinel ferrites are
particularly important in both industry and research because
of their outstanding electrical and magnetic properties.
Spinel ferrites have diverse applications in medicine,
electronics, energy storage and  environmental
photocatalysis [1-3]. Zinc substituted cobalt ferrite
nanoparticles are utilized in electronic devices such as
transducers, transformers, and sensors due to their high
magnetic, optical, and electrical properties [4-5]. Zinc

ferrite nanomaterials with doped variants are the most
suitable for magnetic hyperthermia therapy and targeted
drug delivery because of their excellent biocompatibility
and magnetic properties [6]. Therefore, research on non-
magnetic doped cations in cobalt-zinc ferrite is crucial due
to its potential benefits to society. Spinel-type ferrite is
characterised by chemical formula MFe;O, (M = Co, Ni,
Mn, Mg, or different divalent cations) with interstitial
tetrahedral (A) and octahedral (B) sites. The distribution of
cations within these interstitial sites plays a crucial role in
determining the essential properties of the ferrites [7-8].
Spinel ferrites are often categorized as normal, inverse or
mixed depending on occupancy of divalent cations and Fe®*
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ions at interstitial sites. Mixed ferrites are regarded as
important materials among these three categories due to
their wide range of tunability in its properties. The spinel
structure of ZnFe;O4 is normal, with all Fe®* ions present in
B sites and all Zn?* ions in the A sites. In contrast, the spinel
structure of CoFe;0y4 is inverse, with Fe®* ions distributed
almost equally between the B and A sites and the Co?* ions
primarily in the B sites. Thus, cobalt zinc ferrite has a
structure similar to mixed spinel [9-10]. The structural and
magnetic characteristics of mixed spinel ferrites have been
significantly impacted by the substitution of nonmagnetic
AP* ions [11]. Over recent decades, multiple studies have
been conducted to explore and enhance the magnetic and
electrical properties of mixed ferrites through various
synthesis techniques that involve substituting different
divalent and trivalent cations. Several synthesis techniques,
such as sol-gel auto-combustion [12], co-precipitation [13],
hydrothermal [14], high-energy ball milling [15] and micro-
emulsion [16] have been developed for synthesizing cobalt
zinc ferrite nanoparticles. The sol-gel auto-combustion
technique is particularly advantageous due to its ability to
produce nanocrystallites with minimal contamination, low
cost, high reactivity, straightforward processing and
enhanced control over particle size and uniformity [17].
This study investigates the impact of aluminium
substitution on the structural and magnetic properties of
cobalt zinc ferrite (Coo.2Zno.sFea—AlxO4, where x = 0.0, 0.2,
0.4, 0.6, 0.8, 1.0) synthesized via the sol-gel auto-
combustion method. The synthesized samples were
characterized using X-ray diffraction (XRD), transmission
electron microscopy (TEM), energy-dispersive X-ray
spectroscopy  (EDX), Fourier transform infrared
spectroscopy (FTIR), and vibrating sample magnetometry
(VSM). The obtained results are systematically analysed
and discussed in this paper. Overall, this study contributes
valuable insights into the influence of Al doping on the
properties of cobalt zinc ferrite, offering potential pathways
for the customization of ferrites in various applications.

Method

Nanoparticles of aluminium-substituted cobalt zinc ferrite,
with the chemical composition Coo.2Zno.sFe2—Alx Os (Where
x =0.0, 0.2, 0.4, 0.6, 0.8, 1.0), were synthesized using the
sol-gel microwave assisted auto-combustion method. The
precursor materials included cobalt nitrate hexahydrate,
zinc nitrate hexahydrate, ferric nitrate nonahydrate and
aluminium nitrate nonahydrate, all of analytical reagent
(AR) grade with 99% purity, procured from Merck. Urea
was used as a fuel in a stoichiometric ratio. The metal
nitrates and urea were dissolved in deionized water to form
a homogeneous gel solution, which was continuously
stirred using a magnetic stirrer at 70°C until gel formation.
The formed gel spontaneously ignited in a microwave oven,
producing a loose powder. This powder was then finely

ground using a mortar and pestle and annealed at 800°C for
4 hours to obtain the final nanoparticle phase.

The characterization of the synthesized samples was
conducted using various analytical techniques. Fourier
Transform Infrared Spectroscopy (FTIR) was performed
using a Bruker 3000 Hyperion Microscope with a Vertex 80
FTIR System. Powder X-ray diffraction (XRD) analysis
was carried out using Rigaku Miniflex 1800 with Cu-Ka
radiation (operating at 40 kV and 15 mA) over a 20 range
of 10°-80°. For elemental microanalysis, a JEOL JSM-
7600F Field Emission Gun-Scanning Electron Microscope
(FEG-SEM) equipped with an Energy Dispersive X-ray
Spectroscopy (EDS) detector was used. Transmission
electron microscopy (TEM) was performed using Tecnai
G2 F30 Field Emission Gun-Transmission Electron
Microscope (FEG-TEM) operating at 300 kV for high-
resolution imaging. Finally, magnetic measurements were
conducted at room temperature using a Lakeshore 7410S
Vibrating Sample Magnetometer (VSM).

Result and Discussion
FTIR Analysis

FTIR spectroscopy is a valuable technique for analysing
cation distribution in spinel ferrites, as well as lattice
vibrational modes. Figure 1 shows the infrared spectra of
Coo.2Zno sFe2xAlQO4 in frequency range 400-4000 cm™.
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Figure 1: FT-IR spectrum of C0o.2Zno.sFe2-xAlxO4.

Tetrahedral and octahedral clusters are identified by the
existence of distinctive absorption bands in the frequency
range of 450 cm* and 570cm?, that validate the stretching
vibration resulting from interaction between the oxygen
atom and cations in tetrahedral and octahedral sites in the
spinel lattice structure [18]. The values of the corresponding
bands have been presented in Table 1. It is found that both
tetrahedral and octahedral vibrational frequencies shift
towards higher frequencies as the Al ions' concentration
increases. This shift indicates changes in force constants
and bond lengths within the lattice as well as the expansion
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of sites due to cation migration among them. The following
relation is used to calculate the force constant values.

K= 4n?c2v?p L

Where ¢ = speed of light, v denotes the vibrational
frequency. The reduced mass p is calculated by finding
molecular weight of cations in octahedral sites, tetrahedral
sites and oxygen atom. Where K; and K, is the force
constant in accordance with both the sites i.e., tetrahedral
and octahedral and K is the average force constant. In the
Al-substituted cobalt zinc ferrite, we observe notable trends
in band edge positions and force constants as shown in
Table 1.

Table 1: The absorption bands (v1, v2) and force constant (K, Ko)
in Coo.2Zno.sFe2xAlxOa.

X Position of band | Force constants, N/m
edge, cm?!
Vi V2 Kk Ko Ka

0 462.9 556.93 161.4 254.23 | 207.815

0.2 | 467.14 563.45 157.55 258.54 | 208.045

0.4 | 459.16 582.12 143.15 273.98 | 208.565

0.6 | 476.93 594.05 139.82 282.84 | 211.33

0.8 | 483.34 632.72 118.96 318.05 | 218.505

1 500.89 604.31 76.3 287.14 | 181.72

The low-frequency band (vi) fluctuates initially but
generally increases, indicating changes in cation
distribution and lattice dynamics, while the high-frequency
band (v2) consistently rises, suggesting lattice stiffening due
to AP** ions. The tetrahedral force constant (K,) decreases
significantly, implying weaker tetrahedral bonds as Fe*" is
replaced by AI**. The octahedral force constant (K,) initially
increases, peaking at x = 0.8, before decreasing, indicating
structural imbalance. The average force constant (K.)
follows a similar trend. Moderate Al substitution (x = 0.6 -
0.8) stabilizes the lattice, while excessive substitution
weakens it.

X-RD Patterns Analysis

The X-ray diffraction patterns of Al-substituted cobalt-zinc
ferrite (COO.zZno.sFez—xAlx 04, x=0.0,0.2,0.4, 0.6, 0.8, 10)
confirm the formation of a single-phase spinel ferrite
structure. Figure 2 presents the diffraction patterns, where
the most intense reflection is observed for the (311) plane,
along with additional peaks corresponding to the (220),
(400), (422), (511), and (440) planes. These characteristic
reflections indicate the formation of a cubic spinel structure

with the Fd-3m space group [19].
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Figure 2: X-RD Pattern for Coo.2Zno.sFe2-xAlxO4 (x = 0.0, 0.2,
0.4, 0.6, 0.8,1.0).

The absence of secondary phases suggests the successful
incorporation of AI** ions into the ferrite lattice without
disrupting its fundamental structure, making the material
suitable for further investigation. All the peaks in the
diffraction are indexed and refined by Powder X software.
The crystallite size (D) of the samples was determined using

the Debye-Scherrer equation (2).

0.89A
b= B Cosb (2)

where A is the X-ray wavelength, 3 represents the full-width
at half-maximum (FWHM) of the (311) peak, and 0 is the
Bragg diffraction angle [20]. The calculated crystallite sizes
for different compositions are presented in Table 2. The
results show that crystallite size varies significantly with
AI** substitution, initially increasing and then decreasing at
higher concentrations.

Table 2: Structural parameters of Coo.2Zno.sFe2-xAlxOa.

(x) Crystallite | Interplanar | Lattice X-ray
size spacing d Consta density
(nm) (A%) nt Ppm (g/cmd)
a(A?)

x=0 47 2.5497 8.4566 0.3766

x=0.2 | 48 2.5406 8.4263 0.3689

x=04 | 72 2.5323 8.3987 0.3610

x=06 | 17 2.5112 8.3288 0.3545

x=0.8 | 12 2.4878 8.2513 0.3456

x=1.0 | 13 2.5139 8.3379 0.3329

The initial increase in crystallite size (x = 0.4) suggests that
A" enhances grain growth up to a certain limit. The sharp
decrease in crystallite size at x > 0.6 indicates that excessive
Al** substitution inhibits crystal growth, possibly due to
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lattice distortion and increased strain. This trend implies
that aluminium incorporation inhibits grain growth at higher
concentrations by introducing lattice strain and increasing
nucleation sites, resulting in finer crystallite sizes. The
lattice constant (a), determined using interplanar spacing (d)
through Bragg's law, shows a systematic decrease with
increasing AI** concentration, as presented in Table 2. The
observed contraction in lattice constant is attributed to the
smaller ionic radius of AI** (0.59 A) compared to Fe** (0.63
A) [21]. As Fe** ions are progressively replaced by Al*
ions, the shorter bond lengths lead to an overall reduction in
lattice size. The slight increase at x = 1.0 suggests a possible
rearrangement of cations within the spinel lattice. The X-
ray density (px) was calculated using the formula:

8M
Py = o ®3)

where M is the molecular weight of the sample, Na is
Avogadro’s number, and a is the lattice parameter. The
calculated X-ray density values, presented in Table 2, show
a continuous decline with increasing A1** substitution. This
continuous decrease in X-ray density is primarily due to the
lower atomic weight of AI** (26.98 g/mol) compared to Fe**
(55.85 g/mol). As AP** replaces Fe* in the lattice, the
overall molecular weight of the unit cell decreases, leading
to a corresponding reduction in X-ray density. This trend
further confirms the successful incorporation of Al** ions
into the ferrite structure and the associated lattice
contraction. The XRD study indicate that moderate Al**
substitution (x = 0.4-0.6) promotes crystallinity, while
higher concentrations (x > 0.8) induce lattice distortion and
grain refinement, affecting the overall microstructural
stability of Co-Zn ferrite.

EDS Analysis

The elemental composition of aluminium-substituted cobalt
zinc ferrites, was analysed using energy dispersive X-ray
(EDS) spectroscopy.
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Figure 3: Energy dispersive X-ray analysis spectra of
Coo.2Zno.sFe2xAlxOs (8) X =0 (b) x =0.2 (¢) x = 0.4 (d) x = 0.6
(e) x=0.8 and (f) x = 1.00 samples.

The characteristic EDS spectra, shown in Figure 3(a)—(f),
confirm the presence of Co, Zn, Fe, Al, and O elements,
indicating the successful incorporation of aluminium into
the ferrite lattice.

The experimentally obtained elemental percentages closely
align with the nominal composition, validating the accuracy
of the synthesis process. Furthermore, the absence of
significant material loss or extraneous elements within the
detection limits ensures the high purity and compositional
integrity of the synthesized samples.

TEM Analysis

According to the HRTEM images, the obtained sample's
particles are agglomerated and have a size that is entirely
consistent with the information obtained from the X-RD
investigations.

The agglomeration is due magnetic nature of the sample and
large surface to volume ratio.
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Figure 4: TEM Image of C0o.2Zno.sFez2-xAlxO4 (x=0.6) and
Histogram.

The Figure 4 indicates the HRTEM image of synthesised
sample for the composition x=0.6 its particle size
distribution histogram.

Figure 5: HR TEM Image of Coo.2ZnosFez2-xAlxO4 (x=1.0).

The Figure 5 gives the HRTEM image for the composition
x= 1.0 at the scale of 2nm indicates the crystalline nature
with interplanar spacing equal to 0.257nm, which is closely
matched with the data of X-ray diffraction.

Magnetic Measurement

The typical hysteresis loop of Coo2ZnosFerxAlxO4 with
varying composition of x are shown in Figure.5 there is
gradual decrease in saturation magnetization (Ms) from
5.444 emu/g to 1.799 emu/g with negligible value of
coercivity (Hc) from 8.2353 Oe to 1.3504 Oe. The spinel
ferrite's A-site and B-site cation occupancy and exchange
interaction strength causes the variation in saturation
magnetization (Ms).
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Figure 5: Hysteresis loop of C0o.2Zno.sFe2xAlxOa.

Tetrahedral A-site magnetism in spinel ferrite is anti-

parallel to octahedral B-site magnetization. Neel's
molecular field model indicates that A-B super-exchange
interactions predominate over the A-A and B-B
interactions [22].

The equation (4) provides net magnetic moment in ferrites.
Ne(X)= Ma(x)— Ma(X) 4)

The B- and A-sublattice magnetic moments in Bohr
magneton (uB) are represented as Mg(x) and Ma(x),
correspondingly. The saturation magnetization depends on
the concentration of aluminium, and it is found that as
aluminium’ concentration increases, saturation
magnetization decreases. The lower magnetic moment of
the AI** ion relative to the Fe®* ion (5uB) is the cause of this
declining tendency. Based on particle sizes that ranged from
17nm to 12nm, the decline in saturation magnetization with
X > 0.4 can also be elucidated. As the size of the grains
increases, their contribution reduces, and Neel's two sub
lattices indicate that the magnetization value surpasses the
theoretical limit. The relationship between coercivity (Hc)
and grain size can be understood through the domain
structure, critical diameter, and crystal anisotropy. Due to
thermal factors, coercivity in single domain region falls as
grain size decreases. In single domain region, the coercivity
Hc is given following equation.
H=g — ©)

Where g and h are constants. ‘D’ represents particle
diameter [23]. Even at the greatest applied magnetic fields,
the single domain structure with superparamagnetic nature
is indicated by the negligible values of coercive field and
remanence magnetization (M;) and the lack of full
saturation.

Conclusion

The  Aluminium-substituted Cobalt Zinc Ferrite,
Coo.2Zno.sFe2Alx O4 (X = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0), was
successfully synthesized using the sol-gel microwave-
assisted auto-combustion method. The infrared spectrum,
displaying fundamental peaks at 450 cm™ and 570 cm?,
confirms the formation of metal oxide bonds in the
synthesized mixed ferrite. X-ray diffraction analysis
identified a single-phase cubic spinel structure with the
Fd-3m space group, exhibiting particle sizes ranging from
12 nm to 72 nm. Magnetic measurements reveal a
superparamagnetic nature characterized by a single domain
structure and a negligible coercivity value of 1.3504 Oe,
particularly in particles as small as 12 nm. The study
demonstrates that Aluminium substitution leads to lattice
contraction and enhanced crystallinity up to an optimal
concentration of x = 0.6; higher concentrations result in
lattice distortion and inhibited crystal growth due to induced
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stress and altered cation distributions. Furthermore, the non-
magnetic nature of Aluminium dilutes the overall magnetic

properties of the

material, affecting saturation

magnetization and coercivity. Thus, controlled AI** doping
is essential for optimizing the structural and magnetic
characteristics of ferrites, making it significant for tailored
industrial applications.
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