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Abstract:

Understanding the life cycle of nanoparticles is one of the major concerns that needs to be
addressed. In this study, we have evaluated the bio-transformations of bismuth silicate
nanofibers, considering the potential applications of bismuth and silicon dioxide nanoparticles
in the biomedical field. Our studies have shown that bismuth silicate nanofibers lose their
technologically relevant optical properties very rapidly when introduced into the biological
environment. In the meantime, there was an increase in pH and electrical conductivity was
observed which might be due to the released metal ions by the degradation of the bismuth silicate
nanofibers. SEM images confirm the transformations in the nanofiber's morphology and show
saline-like material attached to the degraded nanofibers, which can be a possible reason for the
loss of optical properties. These results provide initial information about the behavior of the
nanoparticles in the lysosome-like environment.
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1. Introduction

The hexaferrites, also known as hexagonal ferrites, have attracted increasing amounts of interest
since their discovery in the 1950s, and this interest is still developing rapidly today. Hexaferrites
are ferromagnetic substances, which means they have a magnetic moment even when there is
no external magnetic field. The common hexa ferrite formula is MFe 2019, in which M can be

Sr, Ba, Pb, etc. The spinel structure and the hexa ferrites lattice both have tightly bound oxygen
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ions, but some of the layers in these materials are made of metal ions, which have the same
ionic radius as the oxygen ions [1-4].

Hexagonal ferrites are used in microwave and radio frequency applications such as
filters, circulators, absorbers and phase shifters. There have also been a number of investigations
into the magnetic characteristics of hexagonal ferrites. Hexaferrites are crucial in the electrical
sector because of their magneto-dielectric characteristics. Polycrystalline ferrite is one of the
most significant materials that has drawn a lot of interest in the field of technological
applications because of its low cast cost, ease of manufacture, and intriguing electric and
magnetic properties. The hexagonal ferrites can be divided into several categories, including M
and [ based on their chemical compositions and crystal structures. These particular types of
crystal formations are composed of a sequential arrangement of the primary elements S, R, and
T. Furthermore, these fundamental constituents also have the ability to exist autonomously.
The hexagonal ferrites of the R type have garnered considerable interest in recent years within
the hexagonal ferrite family. This is attributed to their utilization in various applications such
as switching, sensing, high frequency applications, and high frequency dielectric resonators.
The fundamental differentiating factor between the different hexagonal ferrite variants lies in
the sequential arrangement of their constituent building blocks (S, R, and T) in the crystal
lattices. In the crystal lattice of hexagonal ferrite with the R-type structure, the primary
constituent is the "R" block, which is arranged in a repetitive manner denoted as RR*. The
symbol R* signifies the rotation of the block along the ¢ axis by an angle of 180° and fall in the
space group P63/mmc. It’s structure is comprised of a Kagome lattice that is arranged in a stack
with layers of M(2)Os (6 g sites), M(1)Os (4e sites), and M(3)Os (4f site). The heavy Ba**/Sr**
ion has replaced the oxygen ion O in the core M(3)Os layer, accelerating the transition of the
tetrahedral site into the trigonal bipyramidal site (4f site), which is encircled by five oxygen
ions. The existence of the heavy ion disturbs the regular arrangement of atoms in the lattice and
is referred to as the 2d site positioned opposite to the 4f site. Divalent and trivalent elements
can be substituted on the interstitial sites of the crystal lattice for modifying the characteristics
of R type hexagonal ferrites. Moreover, the dimensions of the particles, the crystallization, the
chemical composition, and the distribution of atoms within the lattice all have significant
implications in establishing the characteristics relating to the structure, electrical conductivity,
dielectric behavior, and magnetic features of R-type hexaferrites. Researchers have used a
variety of techniques to manufacture nanomaterials in earlier studies on hexagonal ferrites,

including co-precipitation, the hydrothermal process, the sol-gel auto combustion approach,
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standard ceramic, citrate combustion, etc. The sol-gel auto combustion process has an
advantage over other procedures due to its reduced calcination temperature as well as its ability
to better regulate the grain's microstructure and uniformity [5-9].
2. Experimental Details
R-type hexagonal ferrites, which possess the general chemical formula Ca;xCdxZn2Fe4O11 and
encompass various concentrations (x=0, 0.02, 0.06, 0.1), were synthesized via the sol-gel auto
combustion technique. Firstly, 0.4M homogenous solutions were made for all necessary
chemicals like Ca(NO3), Cd(NO3), Zn(NO3)2, Fe(NO3); and Citric Acid in multiple beakers
using de-ionized water and stirring them at the room temperature. Due to the differing required
chemical composition, the different nitrates homogenous solutions were finally mixed in several
1000 mL beakers. All of these solution beakers were positioned on hot plates in order to
facilitate the process of stirring and heating. At a temperature of 40 degrees Celsius, ammonia
was incrementally introduced into each solution in order to preserve a pH level of 7. Then the
temperature of the solutions of all compositions was maintained at 85° C with continuous
stirring for 6 hours until the greenish wet gel was formed due to water evaporation. The gel was
subsequently subjected to combustion for a duration of 15 minutes, resulting in the production
of ashes. These desiccated ashes were then grinded for a period of 20 minutes using an Agar
mortar and pestle, thus yielding a fine powder composed of nanoparticles. Subsequently, the
aforementioned powder was subjected to sintering at a temperature of 800° C within a furnace
box for a period of 4 hours. The samples were grind into fine powder after sintering and used
for different characterization techniques.

1) Forx=0 CaZnyFe4O1y

2) Forx=0.02 Cag.98Cdo.02Zn2FesOn1

3) Forx=0.06 Cao.94Cdo.0sZn2Fe4O11

4) For x=0.1 Cap.9Cdo.1Zn2FesOn1

Table. 1. Molecular Weight of materials

Sr. Material Name Molecular Weight (g\mol) Required Molecular Weight (g)

1 Ca(NO3) 236.15 36.083

2 Cd(NO3) 308.48 2.221

3 Zn(NO3)2 297.49 47.598

4 Fe(NO3)3 179.85 28.776

5 Citric Acid 210.14 33.622
73

http://jn.wum.edu.pk



JN - Volume 7, Issue 1, June 2026

Table.2: Quantity of materials used for each sample is mentioned below

Sr. No. Ca(NO3) Cd(NO3) Zn(NO3)2 Fe(NO3)3 Citric Acid

(ml) (ml) (ml) (ml) (ml)

1 100 0 100 100 100

2 98 2 100 100 100

3 94 6 100 100 100

4 90 10 100 100 100

Total stock solution 382 18 400 400 400

3. Results And Discussions

Figures 1, 2, 3 and 4 represents XRD and FTIR pattern of synthesized Ca;xCdxZn,FesO11 R
type hexaferrite with concentration (x = 0.0, 0.02, 0.06, 0.1) by utilizing auto sol gel combustion
technique. The primary objective is to explore the structural, magnetic, morphological,
electrical, and chemical properties by using different methods. FTIR is used to obtain the
infrared spectrum of desired hexaferrites. The X-ray Diffraction technique is employed for the
purpose of investigating the crystal's structure, the configuration of atoms within the materials,
and the identification of the material's phase. The examination of the physical structure of the
formed ferrite samples is conducted through the utilization of a high-resolution Scanning
Electron Microscope (SEM). Dielectric spectroscopy as a function of frequency is used to
measure a medium's dielectric and electric properties.

3.1. XRD Analysis

The structure of all synthesized samples was study by XRD. The XRD plane and miller indices
of prepared Ca;xCdxZn2Fe4O11 R-type hexaferrites with (x = 0.0, 0.02, 0.06, 0.1) shown in Fig
1. The X-ray diffraction (XRD) patterns of experimentally synthesized crystalline materials
have provided valuable insights into the underlying crystal structure, unit cell volume,
dislocation density, bond length, and atomic positions. Notably, no impurity phase was
detected, and all observed peaks in the XRD patterns were found to align with the standard
ICDD card # 01-077-1505, which corresponds to the space group (P63/mmc). The intensity of
the peaks was observed to change with the introduction of Cd substitutions, as illustrated in
Figure 4.4. Intriguingly, despite the fact that all peaks belonged to the R-type hexagonal crystal
structure, certain peaks in the XRD patterns were abolished while others were enhanced
following Cd replacement. Given that these R-type hexagonal ferrites consist of small particles,
the width of the peaks varied with the amount of Cd in the replacement samples. This
broadening of the peaks signifies a reduction in both the dislocation density and the unit cell
volume of the crystalline material.

The lattice parameters were calculated by using following formula:
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1 4<h2+hk+k2> [?
C

523 a?

Strain (&) was calculated by using Stokes Wilson equation:

B

4 tan®

Strain (¢) =

Dislocation density (6) was determined from:

5= 1
- D2
Distortion parameter (g) was calculated from:
__B
g tanf

The cell volume (V) based on the lattice parameter "a" with "dna" standing for the plane
spacing was calculates by following expression:
Veeu = @*

a=dy,(h? + k% +12)'2
The values of the Miller indices (hkl) were derived from (20) values received from XRD
patterns. Index numbers for the observed hexagonal peaks are (103), (200) (204), (108), (118),
(224) and (218).
The sample's crystallite size was determined by using Debye Scherer's relation:

D kA
~ Bcosb

Where, k is constant 0.94, (1) is wavelength of X-ray source (1.54 A), B is full width half

maximum that represents peaks width at half maximum and 0 is the Bragg’s angle of X-rays
[10-13]. Table 4.1 includes the values for the lattice parameters a (A), ¢ (A), X-ray density
(g/cm?), and unit cell volume V (A)>.
Table.3: Lattice constant and cell parameters of Ca1.xCdxZn2Fe4O11 R-type hexaferrites at (x
=0.0, 0.02, 0.06, 0.1).

X A c c/a Cell Volume Density
(A) (A) ratio (A)3 (g/cm3)
0.00 5.83 13.57 2.32 401.00 5.22
0.02 5.82 13.60 2.31 400.00 5.23
0.06 5.84 13.59 2.32 402.00 5.20
0.1 5.84 13.61 2.33 403.00 5.21
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Figure 1: XRD stack patterns of Ca;xCdxZn2Fe4O11 R-type hexaferrites at (x = 0.0, 0.02,
0.06, 0.1).

3.2. FTIR Analysis

FTIR is a technique for examining the vibrational characteristics of molecules and materials.
By observing how they absorb and emit infrared light, FTIR technique was used to analyze the
interactions among the atoms and functional groups found in Cai.«CdxZn,FesO11 R-type
hexaferrites (x = 0.06, 0.1). In the FTIR experiment, the material is exposed to infrared light.
The infrared light relates with the sample, and the light that comes out the other side is captured
and examined. Data is gathered by the FTIR instrument in the form of a spectrum. This spectrum
demonstrates the amount of infrared light absorbed at various wavelengths. Because of the
sample's vibrational modes, the peaks in the spectrum show which specific wavelengths of light
are absorbed by it.

The functional groups and chemical bonds that are present in the hexaferrite material can
be identified by examining the FTIR spectrum. Additionally, more about the material's
composition and crystal structure was discovered, including the extent to which calcium (Ca)
and cadmium (Cd) have been substituted. The FTIR spectra of Cd substituted Caj.
xCdxZn>FesO11 R-type hexagonal ferrite is shown in figures 2,3 and 4. The created powder's
FTIR spectra were captured between 4000 and 500 cm™. In this FTIR spectra, several
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absorption bands can be seen. It is possible to attribute the absorption band at wave numbers of
3452 cm™! and 2343 cm! to the H-O-H stretching vibration, which denotes the existence of
humidity in the material. Stretching vibration of the carbon and hydrogen bonds is what causes
a resonance at wave number 1470 cm™!. The peak at wave number 1095 cm™! results from the
existence of nitrogen that was taken in from the atmosphere. The existence of metal oxygen
stretching Fe-O-Fe vibration, that is a feature of hexaferrites, can be attributed to the absorption

peaks at wavenumbers 617 cm™ found in FTIR spectra.
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Figure 2: FTIR spectra analysis of Ca;xCdxZn2Fe4O11 R-type hexaferrites at (x =0.1)
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Figure 3: FTIR spectra analysis of Ca;.xCdxZn2Fe4O11 R-type hexaferrites at (x = 0.06)
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Figure 4: FTIR spectra analysis of Ca1.xCdxZn2Fe4O11 R-type hexaferrites at (x = 0.06, 0.1)
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3.3. SEM Analysis

SEM method was utilized to study the surface morphology of CaixCdxZn2FesO11 R-type
Hexaferrites (x =0, 0.02, 0.06, 0.1). The SEM images of synthesized samples of R-type
Hexaferrites are shown in figure 5 and 6. The surface morphology of R-type hexaferrites can
be observed in extreme detail in these SEM pictures. The texture of the material’s surface
depends on the specific sample preparation and techniques used. The qualities of the material
can be affected by the size and form of these particles. A consistent particle dispersion may be
a sign of the material's high quality and consistency. The existence and features of grain
boundaries in R-type hexaferrites can be seen in these SEM pictures. The lines indicate where
the material's individual crystal grains change from one another. The line intercept process was
utilized to measure the size of the grain. These particular grains obviously reorganize
themselves in reply to the externally provided frequency in a way which improves the material's
overall penetrability. This is a very advantageous situation for high-frequency applications like
microwave absorption qualities. These SEM pictures show that the hexaferrite materials contain

pores or spaces. It's critical to evaluate the size and distribution of these pores since porosity

Figure 5: SEM images of Ca;xCdxZn2Fe4O11 R-type hexaferrites (x = 0.01, 0.02)
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3.4.  Dielectric Analysis

The Ca;xCdxZnoFesOrn1 (x =0, 0.02, 0.06, 0.1) synthesized R-type hexagonal ferrites were
transformed into pallets. The smooth surface of pallets was covered with aluminum foil to
improve dielectric interaction for dielectric calculation. An equipment named as Agilent
Precision LCR meter was utilized to find the dielectric properties like dielectric constant (g'),
dielectric loss (&") and dielectric tangent loss (tan d) of produced specimen in the frequency
range of 1 MHz to 3GHz while samples were at room temperature.

3.4.1. Dielectric Constant (&')

A material's response to an external electric field can be measured by its dielectric constant. It
is also referred to as the material's permittivity or the relative permittivity. It evaluates how well
a material is capable of holding electric charge when exposed to an electric field and how well
it can transmit electric field lines across it. Depending on the frequency, a material's dielectric
constant may change. This is particularly significant in high-frequency and microwave
applications because it may change by the frequency of the external electric field.

The dielectric constant was calculated by using the formula:

cd
Cg,A

8’

Where C represents the capacitance of the capacitor, d represents thickness of the pallet, €o
denotes the permittivity of the free space having value 8.85 x 107'2C2N'm? and A is the area
of the pallets [14-16]. The dielectric constant may cause dispersion and different polarization
mechanisms, relaxation processes, and material characteristics can affect how it behaves.

The frequency dependency of the dielectric constant in R-type hexaferrites is strongly
influenced by the crystal structure and atom arrangement. This data indicates that the dielectric

constant is large on low frequency, has low values at high frequencies. This performance can
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be described on the foundation of Wagner model and Koop’s theory. According to these two
representations, ferrites consist of two layers, the first of which has fewer resistant grains and
acts as a conducting surface, and the second of which contains more resistive grain boundaries
and is totally insulated in nature. Because the grains are conducting, charges can travel liberally
throughout them and eventually approach grain borders that slow down charge movement. As
a result, a lot of charges build up at grain borders, increasing the space charge polarization. The
resistive behavior of grain boundaries is responsible for this high dielectric constant value. The
dielectric constant increased at low frequencies because the charge carriers can't move quickly
enough to cross the layer of resistive grain boundaries; as a result, they build up on the grain
boundaries. Therefore, it can be said that grain boundaries have a significant influence in the
dielectric characteristics of ferrites materials at low frequency, whereas grains are prominent at
high frequency. Additionally, the existence of voids, flaws, and dislocations results in great
dielectric constant value at low frequencies. At higher frequencies, electronic polarization
usually becomes more significant. The individual atoms or molecules in the dielectric substance
have less time to react to the change in the electric field. As a result, the polarization of these
atoms or molecules lags behind the field, which reasons a reduction in the effective dielectric
constant. At intermediate frequencies, the relaxation mechanisms start to work. In these
procedures, dipoles or other charged species of the material are realigned or reoriented. The

sample with concentration x = 0.0 shows less dielectric dispersion as compared to others.
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Figure 7: Variation of dielectric constant of Ca;xCdxZnFe4O11 (x =0, 0.02, 0.06, 0.1) verses
frequency.

3.4.2. Dielectric Loss (g")

The imagined component (") of the dielectric is a factor that specifies how much energy is

used when an electric field changes because of the movement of molecules or the loss of energy

into the mode. The dielectric loss was found by using the relation below:
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" =tand €

Where €' represents the dielectric constant and tan & represents the tangent loss. Above
mentioned mathematical formula shows that €' and €" are directly proportional to each other.
The dielectric loss factor of all synthesized samples of Cai.«CdxZn2FesO11 R-type hexaferrites
with concentration x =0, 0.02, 0.06, 0.1 are shown in figure 8. This data shows that ionic
polarization grows more significant as the applied electric field's frequency rises. Ionic
polarization refers to the movement of charged ions presents in the hexaferrite crystal lattice in
reaction to the fluctuating electric field. As a result of the frictional forces the moving ions lost
energy encounter during this motion. First, there is a greater dielectric loss factor than at a
certain point of increased frequency, the dielectric loss reduces with a constant ratio up to the
maximum frequency values. From figure 4.8, it can be observed that the &" for all synthesized
samples of Cai.xCdxZn2FesO11 R-type hexaferrites with concentration x =0, 0.02, 0.06, 0.1 is
different.

For a material with composition x = 0.1 a peak can be seen at 1.0 GHz frequency. The
escalation in electron leaping among Fe** and Fe*" ions may be the cause of the rise in the €"
with surge in frequency. In order for the charge carriers to pass the resistive grain boundaries at
low frequencies, they need more energy. As a result, at great frequencies, the charge carriers
have greater energy, which causes an increase in €" because of the rise in electron leaping.
Because highly conductive materials exhibit substantial losses, it is stated that the loss factor

for ferrite materials is frequently a substitute for the amount of conductivity.

4
= x=0.0
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— v x=0.1
o,
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= 17
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Figure 8: Variation of dielectric loss of Ca;xCdxZn2FesO11 (x =0, 0.02, 0.06, 0.1) verses

frequency.
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3.4.3. Dielectric tangent Loss (g'")

Tan loss is the fundamental ratio of dielectric loss and dielectric constant denotes resistive/loss
current versus charge current. It is referred to the tangent loss of ferrite materials in the
compositions.

The tangent loss was found out by below mentioned formula:
tand = —
€
Where €" represents dielectric loss and &' represents dielectric constant. Moreover, it can also

be expressed in terms of AC conductivity:

o
tanéd = #}fg,
Where .. is the AC conductivity and f'is the applied field frequency. Above equation expresses
that the tangent loss tan 0 is in reverse related to the dielectric constant ¢’ and directly relative
to the AC conductivity [17].
An abnormal behavior of tangent loss as a role of frequency can be observed in Fig. 9 for Ca;.
xCdxZnyFesO11 R-type hexaferrites with concentration (x = 0, 0.02, 0.06, 0.1). The value of tan
d first rises and subsequently falls by aggregating frequency. Dielectric relaxation peaks cause
this anomalous behavior. The tangent loss factor and the dielectric loss exhibit the same
manners with the external frequency.
According to the Fig. 9, a sample with concentration x = 0.1 exhibits a sudden hype between
0.5 and 1.0 GHz, which suggests the existence of peaks and can be illuminated by using
Rezlescu's model. The conduction process in ferrites begins with ions hopping from Fe** to
Fe?*and then reverses. It may be deduced from the current R-type hexaferrite's decreasing
tendency at high frequencies that the synthesized samples are ideal for usage in high-frequency

microwave appliances as well as inductors for microchips.
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Figure 9: Variation of tangent loss of Ca;xCdxZn2FesO11 (x =0, 0.02, 0.06, 0.1) verses

frequency.

The conductivity of the synthesized material R- type hexaferrites CajxCdxZnoFe4O11 with
composition (x = 0.0, 0.02, 0.06 and 0.1) was obtained by using the following relation:

or = 01(T) + oy¢
Where o, (T) shows the DC conductivity is in addition is independent of frequency, gy is the
AC conductivity and frequency dependent. The following empirical formula can be used to
determine AC conductivity:

Oyc = 2mfe"s,

Here, 2m represents constant, f denotes the frequency, €” represents dielectric loss and &,
indicates the permittivity of space.
4. Conclusions
R-type hexaferrites with the formula Ca;xCdxZnoFe4sO1nr (x=0, 0.02, 0.06, 0.1). were
successfully prepared via the sol-gel route. X-ray diffraction analysis confirmed that all samples
crystallized in a hexagonal phase. Introducing Cadmium ions induced notable variations in the
lattice parameter, crystallite size and unit cell volume. Specifically, the unit cell volume ranged

from 401 to 403 (A)?. FTIR spectra displayed characteristic absorption bands corresponding to
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octahedral and tetrahedral sites, observed in the regions of 300450 cm™ and 500-650 cm™,

respectively. With increasing cadmium content, the dielectric constant, dielectric loss, and

tangent loss all showed a decreasing trend, while the AC conductivity exhibited an increasing

trend. This frequency-dependent conductivity behavior was attributed to the influence of grains

and grain boundaries: conductivity remained low at lower frequencies but increased at higher

applied frequencies.. Due to their reduced dielectric losses, these synthesized ferrites are

promising candidates for high frequency device.
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   1    d 2 =  4 3  (    h 2 + h k +   k 2    a 2 ) +     l 2    c 2


  S t r a i n    ( 𝜀 ) =   𝛽  4   t a n 𝜃


  𝛿 =  1  D 2


  g =   𝛽  t a n 𝜃


    V  c e l l =   a 3


  a =   d  h k l   (  h 2 +   k 2 +   l 2 )   1 2


  a =   d  h k l   (  h 2 +   k 2 +   l 2 )   1 2


  D =   k 𝜆  𝛽  cos ⁡  𝜃


  𝛽


  𝜀 ′ =   C d    𝜀  o A


  𝜀 " = t a n 𝛿     𝜀 ′


   tan ⁡  𝛿 =   𝜀 "  𝜀 ′


   tan ⁡  𝛿 =     𝜎  a c  2 𝜋 f 𝜀 ′


    𝜎  T =   𝜎 1  ( T ) +   𝜎  A C


    𝜎 1 ( T )


    𝜎  A C


    𝜎  A C = 2 𝜋 f 𝜀 "   𝜀  o


  2 𝜋

