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Abstract—A novel conductive nano material, nano spinel ferrites having the composition of calcium chromium mag-
nesium nanoferrites (Ca,Cr,;_ Mg, sFe,0,), was fabricated via sol-gel auto combustion process. The main objective was
to fabricate highly stable nanocomposite as conductive material. Reaction among highly pure grade magnesium nitrate
Mg (NO,),-6H,0, calcium nitrate Ca (NO;),-4H,0, and chromium nitrate Cr (NO5);-9H,0, ferric nitrate Fe (NO;);-9H,0
took place to fabricate the desired material and, later on, an inductance (L)--capacitance (C)--resistance (R) meter
(LCR meter) was used to determine the conductive behavior of the material. During characterization, thermogravimet-
ric study confirmed that the stable phase was obtained above 950 °C. Fabricated ferrite FTIR spectrum was observed
between 400 cm ™' and 4,500 cm ™. The entire sample's structural investigation was carried out employing X-ray diffrac-
tion. Morphological analysis confirmed that particles possess angular structures having acute angles adjoining surfaces.
During conductivity test, all fabricated nanoferrites presented that with the increase of frequency by LCR meter, AC
conductivity had been increased. The outcome of doping of calcium on chromium magnesium nanoferrites on struc-

tural in addition to dielectric properties was synergistic.
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INTRODUCTION

Nanomaterials are undergoing rapid development in recent years
because of their existing and potential applications in many scien-
tific areas, such as electronics, ceramics, biomaterials, and structural
components. The particle size of the developed material is consid-
ered a key point while talking about a materials properties. This is
because of reduced material size, which finally leads to rapid change
in material properties [1-3]. Nanomaterials’ high surface energies
play a pivotal role in physical, chemical, and biomedical areas [4-
6]. Nanocomposite materials composed of nanometric metal and
metal oxide particles embedded in various matrices disclose vari-
ous exciting electric, magnetic and catalytic properties [7-11]. The
spinel ferrite structure with the formula of MFe,O, (M=Co, Ni, Zn,
or other metals) can be described as a cubic, closely packed arrange-
ment of oxygen atoms, and M** and Fe** ions can occupy either
tetrahedral (A) or octahedral (B) sites [12]. Spinel ferrite nanopar-
ticles have attracted much attention because of their electronic,
magnetic, and catalytic properties, which are different from their
bulk counterparts.

To acquire materials with the desired physical and chemical prop-
erties, the preparation of ferrite nanoparticles through different routes
has become an important area of research and development. Vari-
ous methods of synthesizing spinel ferrite nanoparticles have been
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reported, such as ball milling, a ceramic process by firing [13], co-
precipitation [14,15], reverse micelles [16], hydrothermal methods
[17,18], a polymeric precursor [19], sol-gel [20], microemulsions
[21], laser ablation [22], a polyol method [23], sonochemical ap-
proaches [24], and aerosol method [25]. Among these strategies,
co-precipitation, as well as sol-gel, is usually renowned. Igbal et al.
[26] discussed the study of Ce™* doped nano-ferrite synthesized sol-
gel auto combustion method. X-ray diffraction (XRD) results revealed
the spinel cubic structure and spinel cubic structure with Fourier
transform infrared analysis (FTIR). Dielectric properties were aug-
mented with the increase of doping. Nosheen et al. [27] reported the
La* substituted spinel ferrites with composition La,Mg,_,Yo,Fe,O;
were fabricated by following sol-gel auto combustion process. Struc-
tural interpretation of all synthesized nanoferrite specimens was
carried out by means of XRD, scanning electron microscopy (SEM)
in addition to FTIR process. Fabricated ferrite x-ray pattern con-
firms cubic spinel ferrite configuration. La™ replacement effect on
diverse fundamental criterion of yttrium magnesium ferrites was
noted. Dielectric properties, for instance, dielectric constant, dielec-
tric loss along with ac conductivity as a part of frequency on room
temperature goes on mounting with incorporation of Lanthanum
fon in yttrium magnesium nanoferrites. Mg-Zn nanocrystalline
territes (Mg, ,Zn,Fe,0,, were synthesized by the citrate gel auto-
combustion route. XRD revealed the formation of nano-sized par-
ticles with cubic spinel structure. SEM micrographs revealed inho-
mogeneous grains with agglomerates. FTIR and Raman spectra
recorded at room temperature confirmed the spinel structure of
ferrites. The study reveals the superparamagnetic nature of the syn-
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thesized samples, showing that the blocking temperature (TB)
depends on interparticle interaction [28]. Optimum sintering
temperature plays an important role in controlling densification
and growth of grains, which greatly affects the magnetic and elec-
trical properties of polycrystalline materials. Y substituted Mg-
Zn[Mg,sZn,5Y Fe, O, (0<x<0.05)] ferrites have been prepared by
using conventional standard ceramic technique. Characterization
of the samples analyzed and the results confirmed the same infor-
mation regarding phase analysis at different Impedance spectros-
copy also exhibiting similar trend as ac-electrical resistivity. The
initial permeability revealed the wide stability zone of frequency.
The ac resistivity values were higher for bulk density and permea-
bility: The effect of sintering temperature on the physical properties
of Y-substituted Mg, sZn,;Y,Fe, O, ferrites was improved [29].

In the present research, the calcium doping effect on structural
properties of Cr-Mg nano spinel ferrites formulated by the sol-gel
method has been investigated. The main objective of this study was
to fabricate highly stable nanocomposite as the conductive mate-
rial. Therefore, the designed conductive nanostructure spinel ferrites
material was characterized by thermogravimetric analysis (TGA),
FTIR, SEM, XRD, and impedance studies. The multifunctional pre-
pared nano-ferrites would be applicable in different fields, includ-
ing optoelectronics, magnetic recording media, security switching
applications.

MATERIALS AND METHODS

1. Materials

Nanoferrites with stoichiometric composition Ca,Cr,; Mg, sFe,O,
where x varies from 0-0.5 with the interval of 0.1 were fabricated
via sol-gel auto combustion approach. For this purpose, nitrate salt
purchased from Sigma Aldrich (as high purity) including magne-
sium nitrate Mg (NO;),-6H,0O, calcium nitrate Ca (NO;),-4H,0,
chromium nitrate Cr (NO;);-9H,0, ferric nitrate Fe (NO5);-9H,0,
ammonium hydroxide, and ethylene glycol.
2. Sample Preparation

Salts of calcium, magnesium, chromium and iron nitrate were
weighed to the stoichiometric amount and dissolved in 100 ml etha-
nol on continuous stirring and heating at 50 °C. We added 20 ml
3 M NH,OH solution after 30 minutes and enhanced temperature
to 100°C and after that, added 1 ml PEG. Later, the temperature
was increased to 220 °C, further adding 10 ml NH,OH. After half
an hour, we stopped stirring, moreover increased the temperature
to 235 °C. For completion, the entire reaction took approximately
3 hours. Subsequently, samples were ground into fine powders then
placed in a furnace for sintering.
3. Characterization Techniques

Synthesized Ca,Cr,s Mg, sFe,0, ferrite samples were annealed
at 800 °C for 8 hours. Structural study of sintered nano-ferrites was
performed by powder X-ray diffraction technique at room tem-
perature by Cu Ko (1=1.5406 A) radiation with 2-theta in the range
of 20-60° by using D/MAX2400 diffractometer. The wide-angle pow-
der test employed a scanning speed of 6°/min, step width 0.04°
with voltage 50 kV, current 150 mA. Ferrite powder morphology is
studied by scanning electron microscopy (SEM, JSM 6940A, Jeol,
Japan). Perkin Elmer Diamond 100 TG/DTA, Japan, was used to

analyze the thermal degradation and endothermic/exothermic
response of the nanostructure-designed ferrites within the tempera-
ture span 25-1,000 °C at a heat integrated —10 °C/min in ambient
atmosphere. Absorption band spectroscopic analysis was completed
by FTIR (Perkin Elmer). 10mm diameter pellets of designed nano-
structure ferrites were used for calculating the complex permittiv-
ity (¢ and &") and dielectric tangent loss (tan &) by RF impedance/
material analyzer (Agilent E4991A) in the frequency range of 1 MHz-
1 GHz. The AC conductivity can also be calculated using the val-
ues of frequency and dielectric loss factor.

RESULTS AND DISCUSSION

1. TGA

TGA assesses mass loss (%) of a sample due to the increase in
temperature. This method was used for determining the phase con-
figuration and degeneration response display in the specimen. TGA
curve for Ca,Cry5 Mg, sFe,0, ferrite is represented in Fig. 1. TGA
was carried out in oxygen atmosphere from room temperature to
950 °C. The initial phase of weight loss was in the range of room
temperature to 150 °C, resulting from moisture loss in nanopow-
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Fig. 1. Thermal reliability response against temperature from 25-
950 °C of designed nanoferrites.
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Fig. 2. Heat flow response against temperature ranging room tem-
perature to 950 °C of designed nanoferrites.
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der. The next step ended at 400 °C, which is linked with nitrate
ignition and remaining carbon-based entities. Later, no additional
foremost weight loss was noticed ascertaining the existence of merely
chromium magnesium ferrites as well as calcium doped chromium
magnesium ferrites up to 950 °C.

Nanoferrite sample difterential thermal analysis was performed
at temperature ranging from 25°C-950 °C in an oxygen environ-
ment The assembled information is represented in Fig. 2. DTA
curves explain exothermic conduct from 100-300 °C owing to evapo-
ration as well as hot gas exhaust. Subsequently; an endothermic pro-
cess advanced followed employing heat absorption; however, there
was no extra altering of the nature of phases. This confirms that
nanoferrites are incredibly dense with much fewer air voids (pores).
Configuration of remarkably perfect Ca,Cr,s MgsFe,O, ferrite
was obtained from TGA/DTA outcome. Assist, it is confirmed via
FTIR, XRD as well as SEM study.

2. Morphological Study

To examine nanopowder morphology, particle configuration/
magnitude, a scanning electron microscope was utilized. Fig. 3(a)
presents micrographs of fabricated chromium magnesium ferrites
and calcium doped chromium magnesium ferrite nanopowder
(Ca,Cry5_Mg,;Fe,0,) through changing x from 0-0.5 with a gap
of 0.1 with polyethylene glycol as the chelating agent. In SEM micro-
graphs, fabricated nanoferrites have an angular configuration pos-
sessing acute angle neighboring surfaces. Alternatively, doping
calcium particles depict further irregular shapes and massive clus-
ters because of agglomeration in Fig. 3((b), (c), (d), (e), ().

3. XRD Study
XRD analysis was used to verify the nanostructure of synthe-

Fig. 3. SEM micrographs of Ca,Cr,; Mg, Fe,O, ferrite nanostruc-
ture with varying x value from x=0.0, x=0.1, x=0.2, x=0.3,
x=0.4, and x=0.
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Fig. 4. XRD pattern of Ca,Cr, 5 Mg, sFe,O, ferrite nanostructure with
varying x value from x=0.0, x=0.1, x=0.2, x=0.3, x=0.4, and
x=0.5.

sized nanoferrite specimen (Ca,Crs Mg, sFe,O,), as revealed in
Fig. 4. The cubic spinel phase structure is affirmed by Interna-
tional Center for Diffraction Data by card #01-073-1720. Strong
evidence for assembly of spinel arrangement of ferrites is matched
up with diffraction peaks of associated planes (220), (222), (311),
(400), (440), (422), and (511). The nanosize of fabricated nanofer-
rites is an obvious sign from the broad peak in XRD patterns. To
calculate nanoferrite average crystallite size (D), Debye Scherer’s
formula is utilized via noticing widened peaks with high intensity
(311). Calcium ions generally exist at B octahedral position. Cat-
ion allocation is verified from the lattice constant of theoretical
assessment. This displays good union with experimental as well as
ICDD cards of related nanoferrites.
4. FTIR Analysis

FTIR band of fabricated nanoferrites with doping of calcium is
represented in Fig. 5. B octahedral metal vibration stretching occurs
at 500-700 cm ™, and at 800-900 cm ', absorption max out is cor-
related to metal vibration stretching at the tetrahedral position.
Oxide lattice vibrations against cations emerge at 1,000-1,200 cm™".
From the FTIR spectrum, it is apparent that absorption bands of
dried gel at 3,200 cm™" are significant signatures of the O-H bond.
Adsorption of CO, from the environment is acquired at 2,395 cm™.
The existence of the carboxyl group and traces of NOj ions at
1,629 and 1,394 cm™' in the position of absorption bands corre-
spond to stretching vibration, respectively. However, bands at
1,068, 825, and 640 cm™' are connected with the deformation of
the C-H group because of the stretching vibration band.
5. Dielectric Constant

Dielectric constants of all ferrites were computed from the fre-
quency range 20 Hz-5 MHz, as shown in Fig. 6. The figure depicts
the variation of dielectric constant with frequency for different
concentrations of calcium ions. It is apparent that nanoferrites dis-
play dielectric allocation where the drop in dielectric constant (&)
takes place with a rise of frequency from 20 Hz-5 MHz. The rapid
decline in dielectric constant occurs in the less frequency segment
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Fig. 5. FTIR Spectra of designed nanoferrites.
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Fig. 6. Dielectric constant vs. Inf of designed nanoferrites.

and decreases in the high-frequency segment, and practical meth-
odologies are independent of frequency. In ferrite samples, dielec-
tric dispersal has been elaborated on the root of Maxwell-Wagner
model and Koops phenomenological theory of dielectrics [12-14].
Maxwell-Wagner model suggests that the dielectric medium com-
prises superior conducting particles, which are distinct by less con-
ducting particle borders. It was observed that in ferrites, permittivity
has a direct link to the square root of conductivity [15].

Consequently, particles have enhanced conductive and permit-
tivity values, while particle borders are less conductive and pres-
ent lower permittivity values. At lesser frequencies particle borders
are more valuable than particles in electrical transmission. Thin-
ner particle border--advanced is the value of dielectric constant.
Upper dielectric constant (&) matters noticed at lower frequencies
are also elaborated on interfacial/space polarization because of
inhomogeneous dielectric configuration [16,18].
6. Dielectric Loss

Homogeneities in the system can be detected based on porosity
and particle arrangement. The dielectric loss tangent is presented
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Fig. 7. Dielectric loss factor vs. Inf of designed nanoferrites.

in Fig. 7. It is apparent that through the increase in frequency, the
loss tangent decreases, followed by the emergence of a relaxation
peak. Debye relaxation theory is practical to clarify the existence of
relaxation peak. The current study presents a relaxation peak at
frequency 450 kHz and shifted towards lower frequency with in-
creased calcium ion amount. Relaxation peak shifting from higher
to lower frequency area with an increase in Ca® discloses the
enhancement of dipole-dipole interactions, which ground obsta-
cle to the rotation of dipoles. For this reason, resonance among the
rotation of dipoles and applied field happens at a lower frequency.
Fallout represents a decrease in dielectric constant as well as loss
tangent with the increase in Ca*™ quantity.
7. AC Conductivity

For conductivity study of ferrites, sample porosity, compactness,
grain margin, chemical makeup, and particle size are significant
factors that are accountable. Frequency reliant AC conductivity
means plus calcium doped chromium magnesium nanoferrites
are portrayed in Fig. 8. For all fabricated nanoferrites, increase in
AC conductivity is noticed with the increase in frequency. This is
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Fig. 8. AC conductivity against Inf of designed nanoferrites.

a result of the movement of the charge carrier since the field is
applied. From Fig. 8, it is observed that with the increase of fre-
quency, the hopping of charge carrier is improved and cause of
boost in conductivity. However, at low frequency, AC conductiv-
ity is not elevated because of resistive grain margins that are the
basis for the opposition of electron movement.

Conversely, at higher frequencies, conductivity increases due to
the movement of electrons that holds swiftly due to active conduc-
tive particles due to the movement of electrons that hold new charge
carriers from diverse sites. It is clear from the response that AC
conductivity is enhanced with calcium concentration at room tem-
perature. An increase in AC conductivity took place since calcium
has less resistivity than chromium. Alteration in the conduction
mechanism is because of the movement of hopping holes that cause
reduction and increase in conductivity.

CONCLUSION

The sol-gel auto combustion approach was used for the success-
tul synthesis of designed Ca,Cr, s Mg, ;Fe,O, nanoferrites. The varia-
tion in structural, electrical and dielectric properties was observed
for Ca,Cry; ,Mg,sFe,O, ferrites nanostructures with varying x
value from x=0.0, x=0.1, x=0.2, x=0.3, x=0.4, and x=0.5. XRD
analysis confirmed the formation of a single-phase cubic spinel
structure with the space group Fd3m for all synthesized samples.
SEM images reveal particles in the nanosized range. Moreover,
thermograms and differential thermal contours showed the stabil-
ity of Ca,Cry;_,Mg,sFe,O, nanoferrites. The complex impedance
spectra of all ferrites nanostructures show only one semicircular
arc, suggesting a principal role of the grain boundary contribution.
The decrease in dielectric constant with increasing frequency was
observed, which may be attributed to the Maxwell-Wagner polar-
ization and conduction mechanism in these nanostructured ferrites.
The AC conductivity increased with frequency. The experimental
results reveal that synthesized materials are highly porous and exhibit
their size at the nanoscale. They are useful in applications to reduc-
ing noise ratio, gas sensors, and nanoelectronic devices.
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