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ABSTRACT

The Zn, ;Cu, ;Fe,O, nano ferrites were prepared by the solution combustion
method using aloe vera gel. The polyaniline-Zn, sCu, sFe,O, nano ferrite compos-
ites were prepared by Ex-situ polymerization method with different weight per-
centage ratio. The prepared samples were examined by X-Ray diffraction, SEM,
EDAX, BET, TEM, VSM and Impedance analyser to investigate their structural,
morphological, elemental analysis, average pore size and the porosity, magnetic,
and dielectric properties, respectively. The cubic spinel structure was confirmed
by X-ray diffraction patterns. Addition of PANI to zinc-copper nano ferrite exhib-
its shift in crystalline peaks towards larger angle. The existence of spherical and
clumped particles was revealed by SEM examination. The retentivity and coerciv-
ity are determined and the magnetic moment values were decreases with increase
in PANI to the ferrite nanocomposites. The ac conductivity constant at lower
frequency and there is a sudden increase and decrease in its value as a function
of frequency shows resonance behaviour. The CZF-1 (CZF 30%) composite shows
highest ac conductivity and dielectric constant. The electromagnetic shielding
interference studies were conducted for S-band frequency. The CZF-1 (CZF 30%)
nano composite shows highest shielding effectiveness as compared to other com-
posite in the frequency range 2 to 3 GHz. The experimental result showed that
these materials are used for applications in electromagnetic interference shielding.
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1 Introduction

There has been a huge growth in demand for the pro-
duction of absorbing materials to reduce the effect
of electromagnetic radiation interference (EMI) [1].
EMI and its impact on electronic devices have been
ongoing for decades. In recent years, there has been
an increased focus on the impact of EMI on medical
devices [1, 2], such as implantable devices and pace-
makers. Additionally, there has been a growing inter-
est in the effect of EMI on autonomous vehicles and
their sensors [2]. To obtain high-quality microwave
absorbing properties, it is necessary for shielding
materials to exhibit two fundamental characteris-
tics: wave attenuation, which refers to the ability to
reduce the amplitude of electromagnetic waves as
they pass through the material layer, and impedance
matching [3], where the resistance of the material
should be equivalent to that of free space to minimize
wave reflection [4]. Alongside these essential attrib-
utes, other factors such as low weight, thinness, high
mechanical strength, miniaturization, wide absorp-
tion-reflection loss, and resistance to environmental
factors should also be considered when producing
and designing microwave absorbing materials [5].
Although they are bulky and costly, ferrite absorbers
have been produced throughout the years to research
the microwave absorbing capabilities. It has been
discovered that they display outstanding magnetic
and dielectric qualities [5]. Ferrite nano composites
have attracted tremendous interest in various fields
such as biomedicine, sensing, energy storage, satellite
communication, mobile communication, and envi-
ronmental applications due to their unique proper-
ties, including high surface area, biocompatibility,
and magnetic behaviour [6]. Among these magnetic
nanoparticles, Copper—Zinc ferrites have been widely
studied because of their high magnetic moment,
excellent stability, and potential applications in vari-
ous areas. Similarly, researchers have shown that a
variety of plant extracts are used in the production of
nanoparticles with diameters ranging from 5 to 50 nm
[6, 7]. But aloe vera is recognised as a boon among
them due to its availability in large quantities in Indian
lands and other countries. The 99.5% of water content
and 1.5% of water along with 75 different ingredients
made aloe vera as unique material for green synthe-
sis. In addition, it is employed in "pharmacology” for
the treatment of “burns and inflammation” [7]. The
particle size is varied to nanometers using aloe vera,
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which is an excellent reducing agent [8, 9]. Polymers
have been recognized as an attractive material for
numerous applications, including energy storage,
electrochromic devices, and biosensors [10]. Polymers,
especially conductive polymers, have been widely
researched in the field of electromagnetic interference
(EMI) shielding. Among these, polyaniline (PANI)
has shown great potential for EMI shielding applica-
tions due to its excellent electrical conductivity, low
density, and ease of synthesis. The result shows that
ZnFe,O,/Polyaniline/Graphene oxide composite has
excellent absorbing property [10]. M A Almessiere
et.al study explores the impact of manganese and
yttrium co-substitution on the morphology and mag-
netic properties of strontium nano hexaferrites [11].
Slimani, et al. are reported the electrical and dielec-
tric characteristics of ceramics made of BaTiO; and
SrTiO; are significantly influenced by the study of
WO; nanoparticles. This study probably explores the
modifications and improvements introduced into the
ceramic composition at the nanoscale by the presence
of WO; [12]. A Safeen et.al studied the explorations
of the influence of dual doping with manganese (M,
and cobalt (C,) on ZnO nanostructures and reported
the how this process affects their structural, optical,
dielectric, and magnetic properties [13]. Jabbar et al.
shows the properties of ZnO nanoparticles doped with
transition metal elements, providing an in-depth look
into the properties of diluted magnetic semiconduc-
tors [14]. Izaak et al. explored the various properties
of ZnFe,O,, such as its magnetic, electrical properties,
and how they contribute to its absorption capabilities
[15]. Zulfiqar et.al, examined the impact of oxygen
vacancies on room temperature ferromagnetism and
improved dielectric properties in ZnO nanoparticles
co-doped with cobalt (Co) and manganese (M,,) [15].
Khan et al. studied the effects of doping ZnO nanopar-
ticles with tin (Sn) on their structural, optical, dielec-
tric, and magnetic characteristics, with an emphasis
on the possible uses of this information in spintronics
[16]. Naagar et al. showed the various properties of
nano ferrites, including their electrical and magnetic
properties, and how they can be utilized to enhance
the performance of randoms [16]. Khan et al. inves-
tigated the effects of oxygen vacancies on the struc-
tural, dielectric, and magnetic characteristics of ZnO
nanostructures co-doped with cobalt (Co) and manga-
nese (M,) follow [17]. Khan et al. work focuses on the
magnetic properties and structure of ZnO-based nano-
particles co-doped with cerium (Ce) and cobalt (Co).
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It investigates the addition of these components and
how it affects the material’s diluted magnetic semicon-
ductor characteristics [18]. In particular, the magnetic
behaviour arising from the (Co, Ce) co-doping in ZnO
nanoparticles is investigated, and the structural fea-
tures are explored. Madhu et al. discussed the proper-
ties of polyaniline/ferrite composites, including their
structural, dielectric, AC conductivity, and electro-
magnetic shielding properties [19]. Salem et al. noted
YBa,Cu;0 microstructure and pinning qualities are
significantly altered by the addition of SiO, nanoparti-
cles [19]. The superconducting properties of polycrys-
talline YBa,Cu;0,~d, formed through the sintering
process of ball-milled precursor powder, are investi-
gated, and reported [20]. To the best of our knowledge,
there hasn’t been any documentation on the synthe-
sis of nanocomposites of Cu,;Zn;sFe,O4 using the
solution combustion method with aloe vera as fuel,
with purposefully varied polyaniline compositions
by ex-suit technique, despite the difficulties of meet-
ing the combined demands for thinness, lightness,
reflection loss, and absorption properties required for
creating EMI shields. The aim of the present investiga-
tion is to synthesis Cu, 5Zn, sFe,O, nano powders by
employing solution combustion as a green synthesis
technique. Additionally, using the ex-suit approach,
Cug5Zn, ;Fe,O4 and Polyaniline (PANI) nanocompos-
ites with systematically different compositions were
produced. Due to its saturation magnetization and
dielectric constant, Cu, 5Zn, sFe,O, was selected. The
Cuy 5Zn, sFe,O,/PANI composite’s complex permittiv-
ity, conductivity fluctuation, magnetic property and
reflection loss were studied for various thicknesses.
The use of spinel ferrites in these investigations is
consistent with the larger framework of developing
materials for a variety of uses, from superconductivity
to EMI shielding, illustrating their potential influence
on a range of technological frontiers.
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2 Materials and methods
2.1 Materials used

AR grade zinc nitrate [Zn (NO;), 6H,0], copper nitrate
[Cu(NOs),.6H,0], ferric nitrate [Fe(NO;); 9H,0], Ani-
line, Ammonium persulphate (APS), Hydrochloric
acid (IN), ethanol, aloe vera, and distilled water were
used as starting raw materials.

2.2 Preparation of aloe vera gel

Aloe barbadensis miller is the scientific name of aloe
vera, and it is a member of the Liliaceae (Asphodelacease)
family. The pulp inside the aloe vera leaves is released
by gently picking them up, cleaning them properly,
and scraping them. Without using any water, the
pulp is next thoroughly crushed. Then this is filtered
through purified muslin fabric to remove the precipi-
tate. The procedure of solution combustion is then car-
ried out using this precipitate. The Fig. 1 shows the
preparation of aloe vera gel.

2.3 Synthesis of Zn; ;Cu, ;Fe,O,

The preparation of ferrite through the outlined steps
involves the meticulous transformation of metal
nitrates into metal oxides using a combustion reaction
induced by aloe vera as a fuel. The subsequent oxide
formation during combustion is followed by a crucial
calcination process, where controlled heating facili-
tates crystallization and phase formation, ultimately
resulting in the desired nano ferrite structure.

Chemical reaction

[0.5Cu (NO3),"6H,0] +0.5 [Zn (NO;3),-6H,0] +6
[Fe (NOj);-9H,0] +20 [CO(NH,),] — 3
{Cuy 5Zn; sFe,O,} + 10 ml aloe vera

Extract the pulp inside

Aloe vera plant leaves

¥

- =4
- 3

pulp Nicely ground without adding any

water. extracted aloe vera gel

Fig. 1 Schematic representation of aloe vera gel preparation
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Analytical pure Zn (NO3),-6H,0, Cu (NOj),-3H,0,
and Fe (NO3)3-9H,0 (<98% AR grade metal nitrates)
were used as starting materials. These materials were
combined in the appropriate stoichiometric ratio along
with 20 ml of Aloe vera solution (C16H13NO3) to cre-
ate ferrite. (“Acemannan” and “aloin” are the main
active ingredients in aloe vera gel; acemannan’s chem-
ical formula is C;gH,30,,, whereas aloe vera’s molec-
ular formula is C;;H;3NOj3). The 50 ml of deionized
water was added to resulting mixture with constant
stirring for 45 min. Then, the mixture was ultrasoni-
cated around 20 min to create homogeneous solution.
The solution was heated up to 450 °C. Zn,, sCu, sFe,O,
nano ferrites are effectively synthesised by the solu-
tion combustion process. This approach, which was
chosen for its ease of use and affordability, produces
finely split nanostructures with control over the size
and structure of the particles, which makes it perfect
for accurate Znj;Cu,sFe,O, nano ferrite produc-
tion, the prepared samples are termed as CZF. The
obtained materials were crushed into powder by using
agate mortar. The powder samples were calcinated at
800 °C up to 1 h to remove moisture and unwanted
contaminants.

2.4 Synthesis of PANI

With constant stirring, 0.1 M aniline dissolved in
100 mL of 1 M HCI solution. Then kept the solution
in the ice bath for 2 to 3 h by adding 0.1 M ammo-
nium persulfate solution dropwise along the side of
the beaker. The dark green solution was obtained and
then centrifuged to separate the precipitate. Lastly,
systematically washed the obtained precipitate with
deionized water and methanol.

2.5 Synthesis of PANI-ferrite composite

For the PANI-Zn, ;Cu,sFe,O, nanocomposite, the
appropriate weight percentage of nano ferrite and
PANI has been dissolved in 50 mL of ethanol as tabu-
lated in Table 1. To achieve the homogeneity in the
mixture 80 min of sonication at 35 °C have been car-
ried out, the solution underwent filtration and exten-
sive washing with distilled water until the washings
reached pH=7. Further, the solution is kept at room
temperature for around 12 h to remove ethanol from
the mixture. The composite material was washed mul-
tiple times with ethanol, and then dried.
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Table 1 The different weight percentages of PANI and
Zn sCuy sFe,0, in each sample of PANI/Zn ;Cu, sFe,O4 nano-

composites

Samples Nomenclature PANIwt% CZF wt%
PANI PANI 100 0

Zn, sCu, sFe,0, CZF 0 100

Zn, sCu, sFe,0,/PANI CZF1 70 30

Zn, sCu, sFe,0,/PANI CZF2 60 40

3 Result and discussion
3.1 XRD

Figure 2 depicts the X-ray diffraction (XRD) spectra of
PANI-CZF nanocomposites. The XRD spectrum shows
pure PANI with no sharp peaks, which indicates a
nanocrystalline, amorphous nature. However, a dif-
fuse broad peak ranging from 15° to 30° was observed,
which is non-crystalline. The PANI-CZF nanocompos-
ites exhibit crystalline peaks due to the presence of fer-
rite in these nanocomposites. The original broad peaks
of pure PANI disappeared due to the incorporation
of ferrite nanocomposites. The PANI-CZF nanocom-
posites are in the spinel cubic structure, and the cop-
per ferrite matches JCPDS card no. 901-2438, and zinc
ferrite findings were also found to be consistent with
the accepted references (JCPDS file no. 22-1012). The
XRD pattern of PANI-CZF nanocomposites (Fig. 2)
shows that the main characteristic peaks of CZF are
consistent with the Fd™ m spinel cubic structure with
indexed planes near (220), (311), (400), (442), (511), and
(440), respectively [20-22]. This supports the copper
phase, PANI, and ferrite spinel phase’s coexistence
[23]. With the use of Scherrer’s Eq. (1), the average
crystalline size was determined.

_ 0942
Wkl = Bosd (1)

where, A =X-ray wavelength equal to 1.5406 A,
0 =Bragg diffraction angle, § (radians) = full width at
half maximum.

The average crystallite size of the samples was
determined from the most conspicuous XRD line
width of the 311 peaks. Changes in particle size can
influence peak broadening in XRD patterns. Smaller
particle sizes often lead to broader peaks. If the addi-
tion of PANI influences particle size, it could contrib-
ute to the observed changes in peak shape [24], and
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Fig.2 a XRD peaks of CZF, PANI, CZF-1, CZF-2 nano composites. b XRD peaks shift at an angle 35.4° of CZF, PANI, CZF-1,

CZF-2 nano composites

it was discovered that crystallite sizes typically fall
between 40 and 60 nm [20, 25]. From the spectra, it
was observed that there is a shift in peak position with
an increase in PANI in the composite, attributed to a
small modification in the structure of the nanocom-
posites. The lattice parameters of the composite may
undergo changes due to the introduction of PANI. This
alteration in the crystal lattice could result in a shift in
diffraction peaks. A similar trend was observed in the
several reported studies done by different researchers
[26, 27].

Figure 3 illustrates the Rietveld refinement plots
of CZF sample, the method is considered to do the
quantitative analysis of the secondary phase along
with spinal phase and obtained data is tabulated
in Table 2. This refinement approach allows for the
detailed understanding of the structural changes and
influences on XRD patterns. Figure 4 depicts the crys-
tal structure of CZF.

3.2 FTIR

Figure 5 illustrates the FTIR spectra of PANI, CZF,
CZF1 and CZF2 nanocomposites. The C=C quinoid

band (1598 cm™!) of PANI was shifted towards the
lower band (~ 1558 cm™) for the nanocomposites
and C=C benzenoid rings are shifted from 1494
to ~ 1470 cm™! [28, 29]. C-N stretching vibrations
of the PANI-CZF nanocomposites were shifted
to the lower band compared to pure PANI (1295
to~ 1288 cm™'). N=Q=N wide range vibrational
band of PANI was found to be ~1119 cm™ but
for the PANI-CZF nanocomposites was found to
be ~ 1075 cm™'. The band at 776 cm™' for PANI but
for PANI-CZF nanocomposites was shifted towards
higher band of ~ 793 cm™! this was attributed due to
the out of-plane deformation of C-H in the 1,4-disub-
stituted benzene ring [30, 31]. The PANI-CZF nano-
composites shows characteristic bands of CZF nano-
particles at ~ 554 cm™! this was due to the presence
of the structural vibrations in tetragonal metal-oxide
(Zn*-0*, Fe*-0%) bonds & ~ 395 cm™! was due to
the presence of the structural vibrations of octahe-
dral metal-oxide (Cu**-O%, Fe**~0?") bonds [32].
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Table 2 Rietveld refinement parameter from the PXRD data for Cu,Zn,_Fe,0,(X=0, 0.3, 0.5,0.7, 1)

Compound name

Crystal system  Crystal system  Crystallite
size (nm)

R—factors

Ry

Parameter (A®)

Cell volume (A°3) R

wp R

GOF(?) exp

a=b=c

CZF Fd3m
CZF-1

CZF-2

34.94
6
16

Spinal cubic

8.40 594.43 2.18 278 145 1.92

c‘-rtv-’ b

Fig. 4 CZF crystal structure

3.3 Brunauer-Emmett-Teller (BET) analysis

The N, Adsorption plot of synthesized samples
is shown in Fig. 6a which belongs to the type II
adsorption isotherm. For each of the PANI, CZF,
CZF-1 samples, the absorbed amount of N, showed
a gradual increment, for CZF-1 composite sample
implying the presence of highly pore structure [33,
34]. According to Brunauer-Emmett-Teller calcu-
lations [35] the specific pore surface area of PANI,

@ Springer

CZF, CZF-1 samples were found to be in the range
of 39.455 to 13.727 m?g! as shown in Fig. 6b. As the
crystallite size rises, the surface area was found to
increase. In general, crystal size decreases for the
composites and porosity increases with increase in
the relative pressure of the sample.

The best explanation for this usual behaviour of
polymer-metal oxide composites is the concept of
nucleation and crystal development. In the case of
metal oxides, the number of defects decreases with
concentration, which lowers the number of atoms
per unit area. The Barrett-Joyner-Halenda (BJH) tech-
nique [36] is used to determine the distribution of
pore sizes as in Fig. 7a—d. The average pore diameter
of PANI was found to be 1.955 nm, CZF which is
3.996 nm and the composites shows 1.929 nm. It is
found to have a mesoporous structure; pore diameter
increases as the specific surface area decreases. The
porous structures and abundant gaps in the sam-
ples, according to Junlei Qi et al., are advantageous
for achieving full contact with electrolytes and offer
advantages in buffering the volume changes in long-
term tests, resulting in better performance of EMI
shielding materials.
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Fig. 5 FTIR spectra of N
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Fig. 6 BET a pore volume and b pore surface area spectra of PANI, CZF, CZF-1 sample

3.4 SEM and EDX analysis

Figure 8 shows the SEM micrographs of PANI-CZF
nanocomposites. The well-granular, non-porous,
and agglomerated structure with a homogeneous
surface were observed, indicating that PANI layers
might arranged on the surface of CZF nano compos-
ites. A closer examination of these primary structures
reveals that nearly spherical particles with an average
particle size of 40-60 nm. The composites were well
mixed with PANI, one can observe that the ferrites
samples were surrounded with PANI and no extra
granules of ferrites were seen on the surface of the

sample. Comparing the observed nanoparticles with
the crystallite size estimated from X-ray suggests that
the observed nanoparticles may have crystalline char-
acter [37-39].

The analysis tool known as energy-dispersive X-ray
(EDX) spectroscopy is used to ascertain the chemical
make-up of a material. Energy-dispersive X-ray (EDX)
analysis is used to verify the elemental assessment
in the instance of PANI/CZF nano ferrites [40]. The
findings are displayed in Fig. 9. Iron (Fe), zinc (Zn),
copper (Cu), oxygen (O), nitrogen (N), carbon (C),
and chlorine (Cl) are detected in the prepared sam-
ples of (a) PANI, (b) CZF, (c¢) CZF-1, and (d) CZF-2

@ Springer
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Fig. 7 (a—c) N, Adsorption isotherm of PANI, CZF and CZF-1 d Pore size of PANI, CZF, CZF-1 samples

nanocomposites, indicating the excellent purity. The
EDX results and the X-ray diffraction (XRD) data were
very well matched [41]. This change in elemental
composition suggests that the PANI has successfully
coated on the surface of the Cu, ;Zn sFe,O, nanoparti-
cles, resulting in a hybrid nanocomposite material [42].

3.5 TEM analysis

TEM pictures of CZF and CZF-2 were captured in
Fig. 10a and b. The computed crystallite sizes using
Scherrer’s equation were very well agreed with the
crystallite sizes deduced from the XRD line broaden-
ing of the strongest (311) peak, which ranged from
40 to 45 nm [43, 44]. In the TEM images of CZF and
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CZF-2 showed lattice fringes with interplanar spac-
ings ‘d” of 0.406 nm for (311) planes and 0.52 nm for
(220) planes. The effective production of pure-phase
polycrystalline cubic nanoparticles was confirmed
by XRD and TEM studies. Figures 10a and b display
the crystallite size histograms of CZF and CZF-2
nanocomposite samples. The PANI matrix equally
distributes the spherically shaped CZF nanoparti-
cles. For the CZF-2, the TEM images show particles
with average sizes of 10-12 nm [45, 46]. The ex-suit
process pounds the ferrite particles by attrition,
resulting in a decrease in size. This includes grind-
ing a combination of ferrite and PANI, which causes
the particles to repeatedly collide with one another
and reduces their size comparatively to CZF/PANI
nanocomposite.
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3.6 VSM (vibrating-sample magnetometer)

Magnetization hysteresis loop tests at room tempera-
ture have been used to examine the specific magnetiza-
tion property of PANI and PANI-CZF nanocomposites
using a vibrating sample magnetometer (VSM) [47,
48]. PANLI is the conducting polymer that may interact
with CZF and other magnetic nanoparticles via charge
transfer and other methods. Adding PANI can change
the magnetic properties of the nanocomposite material
by changing the magnetic anisotropy [47-49].

From Fig. 11, it was observed that the prepared
nanocomposites show ferrimagnetic activity in
the M-H loops. Table 3 shows the coercivity (Hc),
remanent magnetization (Mr), and saturation mag-
netization of the PANI-CZF nanocomposites. It is
abundantly obvious that when ferrite concentration
increases, the values for magnetization (MS) rise. A
significant observation was the enhancement of satura-
tion magnetization (Ms) with increasing PANI content.
The enhancement of the saturation magnetization (Ms)

SEM MAG: 70.0 kx |

View field: 2.97 ym |Date(m/dly): 01/18/22
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with increasing PANI content can be attributed to the
intrinsic magnetic moments of PANI The interaction
between PANI and the zinc-copper nano ferrite likely
influenced the overall magnetic alignment, leading to
a decrease in Ms. The reduced crystallite sizes can be
attributed to the surface effects of the magnetic NPs.
Surface spin disorders may lead to the formation of
departed magnetic layers, providing a possible expla-
nation for the reduced crystallite sizes. It is expected
that when the size of the crystallites decreases, the
number of spins at the surface of various produced fer-
rites will grow [49]. The higher magnetic interactions
between the nanoparticles result in stronger magnetic
coupling and a bigger saturation magnetization (Ms)
value [49-51].

The magnetic moment and magnetic anisotropy of
the nanoparticles may be reduced when the PANI con-
centration is increased in CZF nano ferrites because
of the modifications made to the magnetic interac-
tions and spin configurations. As a result, the mag-
netic saturation may be reduced and the coercivity of

@ Springer
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the nanocomposite material may rise. The crystalline
structure, size, and number of the magnetic particles
in the samples all affect the magnetic characteristics of
composites containing magnetite or ferrite particles.

3.7 Dielectric properties

Figures 12 and 13 illustrate the real (') and imaginary
(e") components of permittivity for the PANI, CZF,
CZF-1, and CZF-2 nanocomposites. The addition of
PANI to CZF results in an increase in their dielec-
tric characteristics. Specifically, the incorporation of
30 wt% and 40 wt% of CZF resulted in a change in
the dielectric constant, proving that PANI creates an
interconnected network structure that alters the die-
lectric characteristics of the material. In Fig. 12, the
trend of decreasing dielectric constant with increas-
ing frequency indicates that the polarisation process in
CZF is like a conducting phenomenon. The exchange
of electrons between Fe?" and Fe®" e~ causes local dis-
placement of electrons in the direction of the applied

@ Springer
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electric field, which explains the polarisation of CZF
[50, 52]. In Figs. 12 and 13, the complex dielectric con-
stant is plotted against frequency, with high losses at
low frequencies and low losses at higher frequencies
[53, 54]. Defects and grain boundaries are attributed
to the losses at low frequencies, while conducting
grains are responsible for the losses at high frequen-
cies [54]. For the CZF At low frequencies, the charge
carriers” hopping frequency aligns with the externally
applied electric field, leading to an increase in the
dielectric constant. However, at higher frequencies,
the charge carriers’ hopping frequency cannot track
the applied electric field, causing a reduction due to
random dipolar orientation [55]. In CZF-1 and CZF-2
nanocomposites, the dielectric constant decreases
with increasing frequency; the trend of the graph is
the same for both real (¢') and imaginary (e") com-
ponents of permittivity, but resonance occurs at a
particular frequency. Interestingly, there is a sudden
increase in the dielectric constant sharply with slight
increases in frequency. A sharp peak is observed for



] Mater Sci: Mater Electron (2024) 35:391

(b)

Fig. 10 a TEM images of CZF: (a) HR-TEM revealing lattice
fringes of CZF, (b) The SAED pattern of CZF, and (c) displays
a size histogram of CZF. b TEM images CZF-2: (a) HR-TEM

the corresponding frequency, indicating a resonance
behaviour [56, 57].

This behaviour is expected when the PANI-CZF
nanocomposites samples are conductive, and skin
effect becomes significant. At low-frequency regions,
the resonance phenomenon for nanocomposites is
mainly caused by vacancy or pores, provided that
there exist space charges in the materials. At high-
frequency regions, resonance behaviour is attributed
to atomic and electronic polarization [56]. As the fre-
quency increases, the dipoles in the individual mate-
rials begin to relax, causing the dielectric constant
to decrease. Eventually, at higher frequencies, the
interfacial polarization effect becomes negligible, and
the dielectric constant returns to its original behav-
iour of constant with increasing frequency resulting
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revealing lattice fringes of CZF-2, (b) The SAED pattern of CZF-
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in a greater dielectric constant for the CZF-1 than the
CZF-2 composite. The dispersion of the filler material
in the matrix, as well as the frequency at which the
dielectric constant was measured, [57] can all have an
impact on the composite material dielectric constant.

3.8 AC conductivity

Figure 14 shows the room temperature frequency-
dependent ac conductivity of pure polyaniline, CZF,
CZF-1 and CZF-2 composites. The ac conductivity
is almost constant at low frequencies, this is mainly
due to very strong resistivity of the grain boundaries
and causes a low conductivity [58]. For pure poly-
aniline conductivity obeys the universal power law,
rising with higher frequencies [58]. Due to atomic

@ Springer
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polarisation, CZF-1 composites exhibit conductivity of
0.0895 Sem™ at 3.28 Hz and 0.1146 Sem™ at 3.2 Hz. The
conductivity of PANI-ferrite composite materials can

Table 3 The saturation magnetization (Ms), remnant magnetiza-
tion (Mr), and coercivity (Hc) of CZF-PANI samples

Compounds Coercivity Remnant magneti- Saturation mag-
(Hc) (Oe) zation (Mr) emu/g netization (Ms)
emu/g
PANI 369 0.086 0.3
CZF 100 6.65 48.8
CZF-1 45 0.001 34
CZF-2 5 0.0006 28

@ Springer

be affected by various factors, including the relative
concentrations of PANI and ferrite in the composite. At
some specific frequencies, the charge carriers may be
resonantly excited, or the relaxation of the charge car-
riers may occur. This can lead to a temporary increase
in conductivity at those frequencies. However, at other
frequencies, the charge carriers may not be resonantly
excited, or the relaxation may not occur, leads to the
sudden increase in conductivity at some frequencies
and gradual decrease can be explained by the reso-
nance or relaxation phenomena of the charge carriers
[59] in the composite material.

The composition, synthesis method, concentra-
tion, stoichiometry, and particle size are a few of the
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variables that affect the dielectric loss tangent. The
dielectric loss tangent is determined by taking the ratio
of (¢"") and (e') which is denoted as tand Eq. (2) [59, 60]

1

tans = i—, @)

The PANI and CZF frequency-dependent dielectric
loss tangent (tano) plot is shown in Fig. 15. The dielec-
tric loss tangent plot resembles the dielectric constant
(¢) in appearance [61]. It was observed that the dielec-
tric loss tangent (tand) is largest at low frequencies and
minimum at higher frequencies [62].

In the case of PANI-ferrite, composites the addition of
PANI to the ferrite nanoparticles results in a frequency-
dependent dielectric loss tangent [63]. This means that
the amount of energy that is dissipated in the material
varies with the frequency of the applied electric field.
The peak in the dielectric loss tangent plot at a frequency
of 3.2 Hz is likely due to the resonance of the electric
dipoles in the material at that frequency. This resonance
can result in a large amount of energy being dissipated

in the material [64]. The combination of enhanced polar-
izability due to the addition of PANI, the magnetic prop-
erties of the ferrite nanoparticles likely contribute to the
resonance [65] observed at 3.2 Hz in the dielectric loss
tangent plot of the PANI-ferrite nanocomposites.

3.9 EMI shielding properties

Shielding effectiveness is the phenomenon of reducing
the harmful electromagnetic radiation by using unde-
sired interface between the source and receiver. EMI
shielding is very important in industrial and military
application. EMI shielding effectiveness (EMISE) was
measured in dB. The three phenomena of reflection
(SER), absorption (SE,), and multiple reflection (Sy)
are combined to form the electromagnetic interfer-
ence shielding effectiveness (EMISE total), which is
expressed as:

The equations SEg = 10log;,(1 — R)

@ Springer
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SE4 = 10log, ( % ) theoretically yields SE, and SEg.

Where the power coefficients of absorption (A),
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] Mater Sci: Mater Electron (2024) 35:391

154

: f?ws

total (dB)

SE

30 -

354 —&— 3mm CZF-1
—&— 1mm CZF-1
—&— 3mm CZF-2
—¥— 1mm CZF-2

-40

—————r——r—TrT————TT
20 21 22 23 24 25 26 27 28 29 30 31
frequency in G Hz
Fig. 16 The total SE in dB with change in frequency of PANI-

CZF nano composites, a 3 mm film of CZF-1, b 3 mm film of
CZF-2, ¢ 1 mm film of CZF -1, d 1 mm film of CZF -2

Table 4 EMI shielding effectiveness (dB) for different thickness
CZF composites

PANI composite Thickness of  Frequency EMI shielding
the film in in G (Hz) effectiveness. SE
mm total (dB)

CZF-1 1 2.8 -24
3 2.8 —15

CZF -2 1 2.8 -32
3 2.8 =21

reflection (R), and transmission (T) are such that
A+R+T=1

Total electromagnetic shielding effectiveness can be
expressed as.

P E
SE= —1Olog<P—T> = —2010g<E—T> 4)
I I

Page 150f18 391

where Py, (E;) and Py, (Ep) are the incident and trans-
mitted powers of electromagnetic waves, respectively,

The fluctuation of the total EMI shielding effec-
tiveness of PANI-CZF nanocomposite in the fre-
quency range 2-3 GHz S-band is illustrated in the
Fig. 16. From the Fig. 16, it was observed that, the
shielding effectiveness increases with increases in
the frequency of all the nano composites. Accord-
ing to experimental estimations shown in Table 4,
the CZF-1 composite shows highest shielding effete-
ness as compared to CZF-2 nano composites. This is
mainly due to high ac conductivity of the nanocom-
posite and magnetic property. The total shielding
effective due to reflection is more as compared to
total internal reflection and absorption. The 3 mm
thickness CZF-1 and CZF-2 nanocomposite shows
highest shielding effectiveness as compared to 1 mm
thickness. Polymeric composites have multiple inter-
faces, each interface acts as effective EM radiation
shielding at the surface. The electromagnetic shield-
ing interference studies demonstrated significant
effectiveness of CZF-1 nano composites at S-band
frequencies. Comparative analysis against other
materials reveals superior shielding effectiveness,
attributed to the unique properties of CZF-1, mak-
ing it a compelling choice for enhanced electromag-
netic interference attenuation. The total shielding
effectiveness increases with increase in thickness
of the nanocomposite is mainly due to highest sur-
face reflection, more absorption, and more time to
interact with composite. As a result, these created
composites may be employed successfully in EMI
applications as microwave absorption materials.
Table 5 shows the comparison of shielding effective-
ness with similar type composites prepared by other
investigators.

Table 5 Characteristics of

) o Shielding material Shielding Thickness Frequency region Reference
Current Materials’ Shielding
. . . performance(dB) (mm) (G Hz)

Effectiveness in Comparison

to Literature-Related Zn,, 5Cu, sFe,0,/PANI SE=15 1 2-3 Present work

Materials Zn,, sCuy sFe,0,/PANI SE=24 3 2-3 Present work
Mn, sCu, sFe,0,/PANI SE=20 [66]
Ni,, sCu, sFe,0,/PANI RL=39.6 2.5 7.5-13 [67]
Mg, «Cu, ,Fe,0,/PANI SE=32.8 8-12 [68]
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4 Conclusion

Using the Ex-suit method, successfully synthesized
the PANI-CZF nanocomposites by incorporating
PANI and CZF. CZF nanopowders were obtained
through a green synthesis method known as solution
combustion. For prepared samples XRD, SEM, BET,
TEM, and EDAX analyses were performed to assess
the structural characteristics of the nanocomposites.
The FTIR confirms the characteristic bands of CZF
nanoparticles at ~ 554 cm ™!, this was due to the pres-
ence of the structural vibrations in tetragonal metal-
oxide (Zn**-0%, Fe**-0O%) bonds & ~ 395 cm™ was
due to the presence of the structural vibrations of
octahedral metal-oxide (Cu*-0?", Fe**~0%) bonds.
BET analysis of CZF nanoparticles was performed it
reveals the surface area of pores in the range 39.455
to 13.727 m?g ™. The PANI-CZF composite exhibited
ferrimagnetic properties. These analyses confirmed
the samples’ purity, uniformity, and absence of any
excess material. The addition of PANI to the zinc-
copper nano ferrite significantly influenced its mag-
netic properties, enhancing saturation magnetiza-
tion, reducing coercivity, and altering remanence,
thereby opening avenues for tailored applications in
magnetic devices. As the frequency increased, there
was a slight decrease in the value of the dielectric
constant. The real part of the permittivity displayed
abrupt increases, while the imaginary part exhibited
a sharp peak. The dielectric and magnetic properties
of these nanocomposites contribute to the observed
reflection loss. It was the combination of magnetic
and conducting polyaniline that made it possible to
get a shielding effectiveness of -15 dB in the S-band
frequency range. Consequently, these nanocompos-
ites hold great promise for applications in electro-
magnetic interference (EMI) shielding.
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