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Abstract

Magnetic and microwave absorption properties of CoxFepxOs semi-hard
materials (x = 0.75, 1.0, and 1.5) synthesized have been carried out using the
chemical method of sol-gel. The mixture of iron nitrate Fez(NOs)s and cobalt
nitfrate Co(NO3s)2 dissolved in ethylene glycol, then the mixture was heated while
stiring at 60 °C for 1 hour to form a gel. After that dried at a temperature of
120°C for 5 hours. A fine powder of CoxFe;xOs was obtained through the

Graphical abstract

- X=075

i

namely CoFe2O4 and Fe20s. The sample composition for x > 1 is a single phase of
CoFe204. The particle morphology is homogeneous with spherical and the
particle size is about 100 — 500 nm. The samples act ferromagnetic behavior with
a saturation magnetization (Ms) of 26.1-40.4 emu/g and coercivity field (Hc) of
223-299 Oe. The maximum reflection loss (RL) value of -14.03 dB at the frequency
10.98 GHz occurred in a single-phase sample with a composition of x = 1.0. This
sfudy provided a new composite material with great potential for the
development of microwave-absorbing materials.

X=1 —
grinding process. The CoxFe;zxO4 powder crystallization was done by sintering at
~— il 1000 °C for 5 hours. The X-Ray Diffraction (XRD), Scanning Electron Microscope
e (SEM), Vibrating-sample magnetometer (VSM), and Vector Network Analyzer
- wiis g- (VNA) is used to investigate phase identification, particle morphology, magnetic
i 3 properties, and microwave absorption ability, respectively. Based on the phase
) Mg . identification show that the samples with composition x = 0.75 have two phases,
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development of technology in elecfronics and
telecommunications for microwave protection and
anechoic chambers. Microwave-absorbing materials
protection are used to overcome

1.0 INTRODUCTION

Research on microwave-absorbent materials has
become extremely important because of the rapid as
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aelectromagnetic wave interference because they
can absorb and eliminate the energy emitted by the
microwave source [1, 2]. Much effort is fo find the
ideal microwave-absorbing material fo increase
microwave absorption. Starting from research on the
material itself to its geometric design. Generally, ideal
microwave-absorbing  materials  have  several
characteristics of light, broadband, thin, and
resistance to heat and chemistry change [2, 3].

Microwave absorbent materials that are relatively
cheap and abundant are ferrite-based magnetic
materials. There are many types of ferrite-based
materials, namely M, W, Y, X, and Z types and spinel
ferrite types. Spinel ferrite is more stable compared o
other types because it has a simple structure and a
high resistivity. It is also a potentfial material
candidate for microwave absorbers in a wide
frequency range from C-band (5.85-8.20 GHz) to X-
band (8.20-12.4 GHz) frequencies [4]. The main
characteristic of microwave-absorption materials has
to have a value of permeability and permittivity and
behaves as a semi-hard magnet. Spinel ferrite
material that has these characteristics is cobalt ferrite
[5. 6]. Cobalt ferrite with the chemical formula
CoFe204 shows a fully reverse spinel structure with
ferromagnetic behaviour below 790 K. The magnetic
intferaction of this cobalt ferrite structure is very
stfrong. CoFe204 is dominated by inverted oxide
spinels with Co?* ions at site B and Fe3* ions evenly
distributed aft sites A and B [7, 8]. In addition, this
material has a high Curie temperature, moderate
anisofropy magnetocrystalline, high magnetostrictive
coefficient, and is chemically stable [?, 10].
Therefore, the CoFe204 material has the potential for
applications as a microwave absorber [8, 11].

It is known that ferrite spinel structures are of three
types, namely normal, inverted, and mixed ferrite,
depending on the position of the divalent and
trivalent metal ions. A normal ferrite in which all the
tetrahedral sites (A) are occupied by eight divalent
cations and the octahedral sites (B) by 16 trivalent
metal ions [A2tB3]O%4. An inverted ferrite in which
eight of the 16 ftrivalent metal ions occupy the
tefrahedral sites, and the octahedral sites are
occupied by eight divalent metal ions and eight
trivalent cations [B3*][A2*B3*]0Z4. Meanwhile, mixed
ferrites where the tetrahedral and octahedral sites
are occupied randomly by divalent and trivalent
metal ions [A2HB3*1 4] [AZH1xB3*144]OZ4. As a microwave
absorbing material, the material must have high
complex permeability and permittivity in a single
phase so that it is expected to provide an
opportunity to have magnetic properties and high
dielectric losses.

In previous studies, CoFe204 material has been
prepared and reported through chemical and
physical processes [4, 7-8, 10]. However, from some
of the literature there has not been found research
that integrates the selection of the right type of spinel
ferrite for use as a microwave absorbent material. In
addition, this study chose the sol-gel method to
obtain CoFe204 nanoparticles because this method

is known as one of the most promising processes for
obtaining nano-sized materials. The chemical formula
in this study is CoxFe;xO4 with (x = 0.75, 1.0 and 1.5).
These three compositions are expected to be able to
represent the three types of spinel ferrite, namely
inverse, normal, and mixed ferrite successively. Thus
this research aims to make semi-hard magnets based
on CoxFepxOs and it is hoped that the most
appropriate composition can be obtained as a
material that has the best microwave absorptfion
ability.

2.0 METHODOLOGY

Iron Nitrate (Fe(NOs)3.9H20) (Merck), Cobalt Nitrate
(Co(NQO3)2.6H20) (Merck) was mixed and dissolved
in ethylene glycol with chemical formula reaction as
follows :

XCo(NO;,), + (3—x)Fe(NO,), + (CH,OH), —
Co,Fe3,)0,) + NOyqy + COyyy + H,0y,

2(9 2(g

The sample was heated and stirred at 60° C for 1
hour to gel. After that, it was dried at 120° C for 5
hours and pulverized to obtain CoxFepxOs fine
powder with (x = 0.75, 1.0 and 1.5). The sample was
sintered at 1000° C. for 5 hours in the end process.

Phase identification of the sample was carried out
by using X-ray Diffraction (XRD) of PW1710 Empyrean
Panalytical type with radiation CuKa (A= 1.5406 f\) at
range angle of 10° - 80° and step size of 0.02°. The
particle morphology was observed by SEM (Scanning
Electron Microscope) of JEOL, JSM-6510 LA type.
Meanwhile, the magnetic properties of the samples
were obtained from VSM (Vibrating Sample
Magnetometer) of OXFORD type at magnetic range
-1 up to 1 Tesla. The last characterization is the ability
of microwave absorption by using VNA (Vector
Network Analyzer) of Advatest-R3370 type in the
range 8 GHz - 12 GHz (X-Band).

3.0 RESULTS AND DISCUSSION

The diffraction spectra in the range 10°-70° for
various compositions x of CoxFexO4system (x = 0.75,
1.0, and 1.5) are denoted in Figure 1. The formed
diffraction patftern shows that the composition with
value x = 0.75 was formed with two phases, namely
Fe203 and CoFe20s4 phases. On the other hand,
compositions with values x = 1 indicate that the
sample is a single phase of CoFe20a4.
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Figure 1 Refinement result of XRD pattern of the CoxFe3xO4
system with (x=0.75; 1.0 dan 1.5)

The Fe203 phase has a hexagonal crystal structure
with the highest peak of the (104) crystallographic
plane (104) appearing at an angle of 33° and
another peak characteristic of Fe2O3 at an angle of
24°, 36°, 41°, 54°, 63°, and 66° are the crystal planes
(012), (110), (113), (024), (300), and (125),
respectively, corresponding to ICDD database 96-
901-5965. On the other hand, the CoFe204 phase has
a main peak at an angle of about 35°, which is the
highest peak of the crystal plane (311). CoFe204 has
a cubic structure with space group Fd3m. This
analysis reveals a second peak that is also
characteristic of CoFe204: crystallographic plane
peaks (111), (220), (222), (400), (511), (422), and (440).
Enhanced by presence at angles of approximately
18°, 30°, 37°, 43°, 53°, 57°, and 64°, respectively. This
phase identification is related to that of Xavier's
report in 2014 [12] and the ICDD database 96-100-
6117.

Further analysis of the XRD pattern of the CoxFe(s-
xO4 for x = 0.75, 1.0, and 1.5 system material was
carried out using the GSAS program which was

calculated based on the XRD pattern refinement
results. General structure analysis system (GSAS) is a
crystallographic modelling software obtained based
on the analysis of the XRD pattern structure [13]. In
this study it was used to analyse the XRD pattern of
CoxFezxO4 samples. This GSAS software is very
comprehensive and is expected fo be able to
explain the complexity of the CoxFeixOa structure.
Statistical parameters to measure the degree of
suitability of the Bragg diffraction pattern between
the experimental result profile and the calculated
result profile based on input from the database are x2
(goodness of fit) and Rwp (weighted profile residual)
as shown in Figure 1. The results of this refinement
show that the observation and calculation curve
resulted in a good fitting, as shown in Table 1.

Table 1 Detailed refinement results for all variation of
CoxFepxOssystemwith (x =0.75, 1.0, and 1.5)

Sample x=0.75 x=1.0 x=1.5
Phase CoFeO4 Fe20s CoFex0s CoFex04
sﬁ&st‘:rle Cubic  Hexagonal Cubic Cubic
:rqc:::eeter a=b=c= a=b=5.028 a=b=c= a=b=c=
P 7 8381  c=13735 8374 8.378
V‘z%‘;‘e 588.596 300781 576026  581.025
p (gr.cm?)  9.080 5.290 5.014 5.024
x2 1.318 1.273 1.292

The surface morphology observations of the
CoxFezxO4 sample (x = 0.75, 1.0 and, 1.5) by using a
scanning electron microscope (SEM) at 10,000x
magnification are shown in Figure 2.
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Figure 2 SEM image of the CoxFepxOs system
with (x =0.75; 1.0 and 1.5)

The CoxFe;xO4 samples exhibit homogeneous
and evenly distributed particles across the sample
surface, and the particles are composed of fine
particles of varying sizes and shapes. Particle sizes
range from 100 nm to 500 nm and consist of multiple
large and small particles. For the value x = 0.75, the
sample appears to consist of two different mean
particle sizes. On the other hand, values of x 2 1.0
have a uniform grain size. These are consistent with
the XRD results showing that sample values at x =0.75
contain two phases and values at x 2 1.0 is single
phase.

The magnetic properties of the CoxFepxOs (x =
0.75, 1.0, and 1.5) system synthesized by the sol-gel
method were characterized using VSM. The results of
this characterization are represented by M-H
hysteresis curves in the magnetic field range -1 Tesla
to 1 Tesla. This curve provides information on the
magnitude of the remanent magnetization (M),
saturation magnetization (Ms), and coercivity field
(He) as shown in Figure 3. The results of observation
show that all samples as ferromagnetic behavior with
moderate coercivity values (semi-hard). The detailed

values of the magnetic parameters for each sample
from the hysteresis curve are displayed in Table 2.

Table 2 Magnetic properties of the CoxFexOas system with
(x=0.75;1.0and 1.5)

X Sample i s i
(emu/g) (emu/g) (Oe)

0.75 CoorsFe22504 26.1 7.2 296
1.0 CoFe204 40.4 11.6 223
1.5 Cois5Fe1 504 34.1 10.5 299

An increase in x concentration can be interpreted
as an addition to the CO2 content in the sample. The
conditions affect the value of Ms increases and the
change in Hc value is not linear. The lowest
magnetization value occurs at the composition x =
0.75 and is associated with the phase analysis where
the sample has two phases, namely the phases of
CoFe20s and Fe20s. It means that the Ms value
depends on the mass fraction of CoFe20..
Meanwhile, the Fe20s phase can increase the
anisofropic energy so that it is not easy to be
magnetized by an external field and the Hc value
fends to become wider when it is demagnetized.
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Figure 3 Hysteresis curve of the CoxFepxOs system with (x =
0.75,1.0and 1.5)

The single phase of the sample is formed af
composition x > 1.0. The sample has the highest Ms
and lowest Hc values at x = 1.0. That is 40.4 emu/g
and 223 Oe, respectively. This indicates that the total
magnetic dipole moment of the material increases
with ascending Co?* ion contfent. This resulf is almost
the same as the report of Imam ef al. in 2014 and
Nagasa ef al. in 2015 [14], [15]. Ms is the total number
of magnetic dipole moments of atoms that can be
aligned in crystals per unit volume, and one factor
that influences is the effective magneton number p
in units of us, where Co?* and Fe3* have p values of
6.63 and 5.92 us, respectively. However, besides
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increasing this p-factor value, Ms is also influenced by
magnetic interactions in ferrites. The magnetic
moment of ferrite is the number of magnetic
moments of each sublattice [2]. The exchange
intferactions between the ions in this sublattice has
various values. The inferaction between the
magnetic ions from the Co2* and Fe3* sublattice is the
strongest compared to the Co2* - Co?* interactions
which are almost ten fimes weaker, and the weakest
interactions are the Fe3* - Fed* interactions. At value x
= 1 having dominant Co?* - Fe3* interactions lead to
complete ferrimagnetism.

The last characteristic is microwave absorption
ability which is presented by reflection loss (RL). The
RL parameters are measured by VNA at a frequency
range of 8 GHz - 12 GHz (X-Band). RL indicates the
existence of a magnetic spin resonance mechanism
between electromagnetic waves and materials so
that microwaves are absorbed [16]. RL can be also
calculated by the Equation [17]:

Zin :Jztanh{j(@j\/ﬂrgr} (1)
&y

7,2

in~ “o
| |_ Zin +Zo (2)
RL(dB) =20 log [ (3)

Where Zin, Zo, and |T'|are the input impedance of
material, impedance free space, and reflection
coefficient, respectively.
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Figure 4 Reflection loss curva of the CoxFepxOs system with
(x=0.75; 1.0and 1.5)

Figure 4 shows RL curves for different
concenftrations x of the samples. Table 3 shows the
relationship  between reflection loss (RL) and
microwave absorption grade obtained from VSWR
Conversion Table by Marki Microwave [18]. The
Microwave absorpfion begins to occur in the
frequencies range 8 GHz to 12 GHz and peak
absorption occurs at frequencies 10.98 GHz and 11
GHz. The best performance of microwave absorption

occurs on a single phase sample af x = 1.0 because
this sample has the highest Ms and lowest He.

Table 3 Microwave absorption of the CoxFexOs

Frequency RL Absorption
(GHz) (dB) (%)
0.75 10.98 -11.50 92,88
1.0 10.98 -14.21 96,19
1.5 11.0 -9.41 88,47

Table 3 shows that for the CoxFepxOas system
sample, the best RL values were obtained at the
composition x = 1.0, while for x = 0.75 and 1.5, the RL
values decreased. This means that the composition
of the CoxFeExOs system sample affects the
magnetic properties and absorption of microwaves.
For compositions x = 0.75 and 1.5 both magnetic
properties and microwave absorption decrease.
According to the results of the XRD pattern analysis, it
was identified that the sample with a concentration
of x = 0.75 was identified as consisting of two phases,
namely the CoFe2O4 and Fe2Os phases, so that the
magnetic properties and microwave absorption
were presumably determined only by the CoFe204
phase fraction. These results are suitable with the
results of research conducted by Huang, et al., 2014
[19]. The greatest absorption of microwaves is shown
by samples with a value of x = 1.0 (CoFe204 sample),
which is 926.19% at 10.98 GHz. For this reason the
composition of the value x = 1.0 is the most stable
composition in the CoxFepxOas system. Whereas for
samples with a composition value of x = 1.5 also
formed a single phase CoFe204, but the magnetic
properties and absorptfion of microwaves are still
lower than the composition of x = 1 because it is
suspected that the magnetic interaction of Co?* -
Fe3* is also low. The results obtained in this study have
similarities with the results of other studies although
the results are still lower than those reported by Li, et
al., 2014 [20] and Ismail, et al., 2018 [21] respective RL
values of -18 dB and -28 dB.

4.0 CONCLUSION

According to this study result, it can be concluded
that the synthesis of the CoxFezxOa4 system (x = 0.75,
1.0 and 1.5) has been successfully carried out by the
sol-gel method. The results of the phase analysis
showed that the CoxFepxyOs sample  with
composition of x < 0.75 formed CoFe204 and Fe20s3
phases, while for the composition of the composition
of x > 1.0 formed a single phase of CoFe204. The
measurement results of the magnetic properties of
the CoxFe;xOs4 sample with composition of x = 1.0
(CoFe204 sample) showed the highest Ms value of
40.4 emu/g and the best microwave absorption,
which was 96% at 10.96 GHz. Thus, composition is the
main factor influencing magnetic properties and
absorption of microwaves in CoxFeixOs system
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samples, where composition x = 1 is the best
composition to obtain the best magnetic properties
and microwave absorption, while for composition x <
1.0 or x > 1.0 causes the magnetic properties and
absorption of microwaves to decrease. Thus, for
further development as a microwave absorbing
material, the CoFe20s composition which has the
best magnetic properties and microwave absorption
of the ferrite spinel type can be used.
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