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ABSTRACT: Efforts to produce microwave absorber materials that are inexpensive
and environmentally friendly have become a means of greening the environment. The
breakthrough can be focused on industrial waste and natural materials for functional
purposes and how to enhance their performance. We successfully synthesized nickel
slag/laterite soil (NS/LS) and nickel slag/iron sand (NS/IS) nanocomposites using a
simple mechanical alloying technique, and the electromagnetic (EM) wave absorption
capacities of the nanocomposites were measured using a vector network analyzer. The
structural properties of the nanocomposites were analyzed by X-ray diffraction
spectroscopy, where the results of the analysis showed that NS/IS has the largest
crystallite size (15.69 nm) and the highest EM wave absorption performance. The
optical properties of the nanocomposites were determined from their Fourier transform
infrared spectra using the Kramers−Kronig relation. As determined through a
quantitative analysis of the optical properties, the distance between the longitudinal
and transversal optical phonon wavenumber positions (Δ(LO − TO) = 65 cm−1) is inversely proportional to the reflection loss. The
surface morphologies of the nanocomposites were analyzed by scanning electron microscopy, and the particle diameters were
observed by binary image and Gaussian distribution analyses. The nanocomposite surface exhibits a graded-like morphology, which
indicates multiple reflections of the EM radiation, consequently reducing the EM interference. The best nanocomposite for an
attenuated EM wave achieved a reflection loss of −39.14 dB at 5−8 GHz. A low penetration depth has implications for the electrical
charge tuning of the storage and composite magnets. Finally, the EM absorption properties of NS/IS and NS/LS indicate a 2-mm-
thick environmentally friendly nanocomposite for EM absorption.

1. INTRODUCTION
Nickel slag (NS) is a waste product from the nickel industry,
which can be incorporated with other natural resources to
enhance specific characteristics for various applications.1 The
high magnetite content of NS is the primary reason for its use
in the absorption of electromagnetic interference (EMI)
emissions,2 sensors,3 batteries,4 alkaline activations,5 and
shielding.6 Fayalite is a perovskite-type material that can be
extracted from NS with useful properties, such as ferromag-
netism, ferroelectricity, and superconductivity.7 Fayalite is
formed by SiO2 and has a tetrahedral structure with four O
atoms bonding to Si atoms at the center coordinate. Six O
atoms surrounding the Fe atoms in tetrahedral SiO4 can be a
suitable combination of metal and semimetal atoms that have
the potential to store and absorb energy. Some studies have
reported best-performing microwave absorber materials
(MAMs), including Fe−Si flakes, Fe−Si−Al alloy powder,
CoFe2O4 pellets, and Fe3O4/carbon nanowires, possibly
because of their high atomic weight and density.8−11 Thus,
the utilization of fayalite as an electromagnetic (EM) wave
absorber could be the focus of further study. Moreover, the low

cost and novelty of the utilization of waste materials for MAM
applications should be considered. Other studies have used NS
as a raw material in the production of Portland cement for road
construction12 or to investigate its effect as a fine aggregate on
the properties of concrete containing the same superplasticizer
content.13

Thin pellets,14 many layer-structured materials,15 induced
structural defects on surfaces,16 and surfaces covered by
conductive nanosheets17 are important innovations to change
the electrical conductivity and mechanical properties of
absorption materials in the military and electronics industries
for EMI absorption. Currently, MAM applications have been
extended to several fields, such as energy storage18/batteries,4

alkaline activations,3 sensors,3 and spacecraft.19 In Figure 1,
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some applications of fayalite are shown. In advanced
application areas, such as batteries, a fayalite nanocomposite
(α-Fe2SiO4)@C was successfully fabricated via a solid-state
reaction under nitrogen gas flow with enormous potential for
next-generation lithium-ion batteries. Another study inves-
tigated the mineralogical conditions and content of alkali-
activated NS glass to adjust the reactivity, mechanical
properties, and microstructure of the material. The alkali-
activated samples exhibited differences in the chemical
composition of their binder gels at an early stage;
consequently, the binder became increasingly homogeneous
and consisted of a Na−K−Fe−Si gel with Mg, Ca, and Al. Two
effective methods of multisensor detection for reinforced
concrete structures, namely, active infrared thermography with
microwave excitation and eddy current technique, were
employed to identify the steel reinforcement features.
Although its structure is different from that of fayalite, the
3D hybrid f-Fe3O4-VCNTs@rGO hierarchical hybrid for-
mation fabricated by Rajesh Kumar et al. utilized a
combination of magnetite and non/semi-magnetite materials
to enhance EM interface shielding. An EM interface shield for
spacecraft based on self-assembled nanostructures of 3D
hierarchical triangles of iron oxide containing vertical carbon
nanotubes on reduced graphene oxide hybrids has been
fabricated. Thus, various combinations of large and medium
atoms can be good absorbers for various fields of physics.
EM wave absorption by electrons and atomic resonance

occurs when the interaction energy is dissipated by being
converted into heat energy or another energy form.20 The
development of interfacial interactions can regulate the
capability of the material to respond to physical phenomena
around it. The discovery of the giant electrocaloric effect
induced by interfacial charge indicates that multilayered oxide
heterostructures hold tremendous promise for the develop-
ment of highly efficient and scalable solid-state cooling
applications.21,22 A material with a microlayered surface can

achieve maximum energy absorption as a multifunctional
electronic device. Given that the combination of Fe and Si
performs as effectively as a promising MAM, we need to
determine how to change the magnetic and electrical
properties of NS. Doping methods and their derivatives lead
to the formation of defects, which affect the change in electrical
conductivity and mechanical properties of the material.
Structural defects affect the reflection angle and enhance
absorption opportunities, thereby increasing the shielding
effectiveness.23 Impurities derived from natural materials can
be used to fine-tune important effects that favor new
properties, such as changes in crystallite size, crystal shape,
and thermodynamic properties,24,25 and the selection of
materials from nature makes composites an environmentally
friendly material during or after use. Therefore, we combine
NS with natural materials, such as iron sand (IS) and laterite
soil (LS), using the milling method26,27 to form NS/IS and
NS/LS nanocomposites. The performance of IS and LS as
construction materials, radioactive waste treatment, environ-
mental remediation, absorbents, and adsorbents exhibits quite
favorable capabilities as doping materials.28−31 Fayalite is a
type of mineral with medium electrical conductivity, and we
aim to enhance and control its electrical conductivity by
doping IS as a material that is dominated by magnetite and LS
as a material that is dominated by a combination of Fe and Si,
respectively. To the best of our knowledge, only a few reports
on environmentally friendly EMI absorbers have been
published, and the MAM manufacturing method still takes a
long time, uses large amounts of solvents, and is expensive to
analyze. Based on these limitations, NS/IS and NS/LS
nanocomposites were selected and fabricated by mechanical
alloying as an environmentally friendly method. The principle
of the mechanical alloying process is that the ball transfers its
momentum to the unit mass of the nanocomposite per unit of
time as the specific power injected creates a mechanochemical
reaction.32 The mechanochemical process can stabilize

Figure 1. Several applications of fayalite materials.
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chemical phases, grain repositioning, and crystal defects
without using solvents or high temperatures, making it
ecosustainable.33,34

The chemical composition of this nanocomposite was
observed and characterized by X-ray fluorescence (XRF),
and its structural properties were analyzed by X-ray diffraction
(XRD) spectroscopy. The absorption characteristics were
identified by vector network analysis spectroscopy; subse-
quently, the relationship between reflection loss and structural
properties was discussed. The objective of this study was to
develop a new, natural, high-performance, and low-cost
nanocomposite material based on LS, IS, and NS synthesized
via simple and environmentally friendly methods.

2. MATERIAL AND EXPERIMENTAL METHODS
2.1. Materials. NS was collected from the nickel industry

of Bantaeng Regency, South Sulawesi, Indonesia. IS was
obtained from Pantai Lere, Bima Regency, Nusa Tenggara
Barat Province, Indonesia (−8.866147°, 118.527858°), and LS
was sourced from the Faculty of Mathematics and Natural
Sciences, Hasanuddin University, Indonesia. The compound
percentage in all samples was characterized and regulated using
an XRF spectrometer. The elemental concentration derived
from the XRF results indicated that NS contained 58.12 ± 2%
Fe and 19.57 ± 0.8% Si, LS contained 34.25 ± 0.39% Fe and
43.48 ± 0.53% Si, and IS contained 77.29 ± 0.27% Fe and 3.09
± 0.33% Si.
2.2. Experimental Methods. NS/IS and NS/LS were

mixed using a RETSCH Mixer Mill MM 400 at 10 Hz for 1 h
to homogenize the particle size of the nanocomposites. For
more details, a schematic illustration of the synthesis methods
used in this study is shown in Figure 2. The sample
abbreviations based on the weights of the nanocomposites
are as follows

=NS nickel slag(90 g)

= +NS/IS nickel slag(90 g) iron sand(10 g)

= +NS/LS nickel slag(90 g) laterite soil(10 g)

The optical properties and functional groups of the nano-
composites were analyzed using a Fourier transform infrared
(FTIR) spectrophotometer (Shimadzu Corp.) in the wave-
number range of 400−4000 cm−1. The structural properties of
the nanocomposites were analyzed via XRD (Shimadzu 7000)

using Cu−Kα radiation (λ = 1.54 Å). Scanning electron
microscopy (SEM) was used to identify the surface
morphology and particle distribution in the nanocomposites.
The EM wave absorption properties were measured using a
vector network analyzer. The details of the experimental
method can be found in our previous publication.35

The nanocomposite powder was first mixed with 2%
poly(vinyl alcohol) solution and then pelleted by applied
pressure of 1 kbar for 10 min until a uniform thickness of 2
mm was reached. The sample pellets were heated for 5 h at 80
°C using a Lab Tech muffle furnace and stored at room
temperature for further use.

3. RESULTS AND DISCUSSION
3.1. Fourier Transform Infrared Characterization.

Figure 3a shows that the FTIR transmittance spectra were
slightly different because of the composition, atomic bond, and
physicochemical properties.36 The functional groups of the
nanocomposites were identified as C−OH,37 C−H,38 C�O,39

OH−,40 C−O,41 and Fe−O.42 In the subsequent analysis, we
focused on the wavenumber range of 800−1000 cm−1 to
identify the stability of the Fe−O bond. These wavenumbers
were used to determine the effect of the addition of IS and LS
to the NS matrix on the optical properties of the nano-
composite. The strongest absorption bands were attributed to
the Fe−O stretching and bending in the octahedral modes, as
shown in Figure 3b. The vertical bending vibration occurred
because of the connection between one Fe atom and two O
atoms moving vertically at different angles. The stretching
vibration arises from the longitudinal bending occurring when
the Fe atom in the middle of the two O atoms changes like a
spring atom, as indicated by the lattice parameters.
The optical properties were determined from the FTIR

spectra using the Kramers−Kronig (K−K) relation43 (Figure
3a).44 We successfully applied the K−K relation to determine
the optical properties from the FTIR spectra of the
nanocomposites Fe/CNs/PVA,45 SPF/starch/chitosan,46 geo-
polymer fly ash−metal,47 and CuO/C.35 We repeated the
methods and the equation for all of the nanocomposites and
converted the transmittance spectra into the reflectance spectra
[R(ω)] as follows

= [ ]R T A( ) 100 ( ) ( ) (1)

Figure 2. Illustration of pellet compaction for the NS, NS/LS, and NS/IS nanocomposites.
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To assess the absorption performance, we applied Lambert’s
principle43

=A T( ) 2 log( ( )%) (2)

The optical properties consist of n(ω) and k(ω), which can be
determined using the following relations48−51

=
+

n
R

R R
( )

1 ( )

1 ( ) 2 ( ) cos ( ) (3)

=
+

k
R

R R
( )

2 ( ) sin ( )

1 ( ) 2 ( ) cos ( ) (4)

where φ(ω) is the phase change between the incident and
reflected signals.

= x x
R

( )
4 ln( ( ) )j

i i j
2 2

(5)

Equation 5 was derived from the infrared spectra by applying
the K−K relation.52 The dielectric function is the square of the
refractive index and is expressed as follows

= [ ] = [ + ]N n ik( ) ( ) ( ) ( )2 2 (6)

The real part of the dielectric function is ε1(ω) = n2(ω) −
k2(ω), and the imaginary part of the dielectric function is
ε2(ω) = ε2 = 2n(ω)k(ω). The main peak of ε2(ω) is used to
identify the transversal optical phonon denoted by TO and the

Figure 3. Full Fourier transform infrared (FTIR) spectra: zoomed-in image of the wavenumber range of 700−1000 cm−1 (a), schematic illustration
of the atomic interaction via stretching and bending vibrations (b), X-ray diffraction (XRD) spectra, including Joint Committee on Powder
Diffraction Standard (JCPDS) number 900559 for comparison, and zoomed-in image of the diffraction angles ranging from 33 to 38° and from 50
to 54° (c), and schematic illustrations of the atomic plane based on the d-spacing model for uniform NS and nonuniform NS/IS and NS/LS with
its effect on the peak of Bragg’s angle position (d).
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longitudinal optical phonon denoted by LO, which is
confirmed by the main peak of the energy loss function

(ELF) [ ( )Im 1
( )1

]

i
k
jjjjj

y
{
zzzzz =

+
Im

1
( )

( )
( ) ( )1

1

1
2

2
2

(7)

The attenuation constant (α) via ELF, the dielectric function
as the input parameter,53 and the phase constant (β) were
determined using the following relations

= + i (8)

=

{

+ [ + + + ] }

2

( ) ( ) ( ) ( )

o

2 2 1 1

1 1
2

2 2
2

1 2
2

2 1
2 1/2 1/2

(9)

=

{

+ [ + + + ] }

2

( ) ( ) ( ) ( )

o

1 1 2 2

2 2
2

1 1
2

2 1
2

2 1
2 1/2 1/2

(10)

The EM radiation can travel inside a material, and its
penetration depth was calculated as follows54

= {

+ [ + + + ] }

P
2

( ) ( ) ( ) ( )

d
o

2 2 1 1

1 1
2

2 2
2

1 2
2

2 1
2 1/2 1/2

(11)

The permeability and permittivity of a material are denoted by
μ1,2 and ε1,2, respectively. Figure 4 shows the results of the
calculation of eq 11.
Figure 4 shows the optical properties (n and k), dielectric

functions (ε1 and ε2), ELF (Im(−1/ε)), attenuation constant
(α), phase constant (β), and penetration depth. The optical
properties were used to identify the wavenumber position of
the longitudinal (LO) and transversal (TO) optical phonon
vibration modes. We have successfully identified the LO and
TO to analyze the optical properties of nanocomposites.55 The
peaks of ε2 and Im(−1/ε) are similar to the TO and LO
positions, respectively. The quantitative analysis of the FTIR
spectra shows that Δ(LO − TO) for NS is wider than for NS/
LS and NS/IS nanocomposites. The wider Δ(LO − TO)
indicates the stable bonding of the nanocomposite,56 and the
higher value of NS indicates that the bonding is more stable
than others. This finding can be attributed to the differences in
bond stability because of the effects of doping and the
formation of new bonds; thus, the addition of IS and LS
successfully reconditions the initial state of the fayalite
structure in NS and can stimulate coherent vibrations.57

In Figure 4 (fourth row), the NS/IS nanocomposite exhibits
the highest wavenumber position change of α, which can be
attributed to the structural properties and more compact
bonds.58−60 Furthermore, the highest wavenumber position for
the attenuation and phase constants of NS/IS corresponds to
the amount of magnetite and the atomic density of IS.61,62 In

Figure 4. Optical properties (n and k), dielectric functions (ε1 and ε2), energy loss function (Im(−1/ε)), attenuation constant (α), phase constant
(β), and penetration depth from the quantitative analysis of the FTIR spectra.
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general, the higher the attenuation coefficient, the less the EM
energy transmitted, which means that the density of the
nanocomposite increases. For β in Figure 4 (fifth row), NS/LS
shows the minimum peak and consistent wavenumber position
with NS. This is comparable to a transmission line, where low-
intensity β indicates an increase in phase velocity. Some small
peaks of α and β are detected, which can be attributed to the
contribution of the purity level and the large and nonuniform
shape of the particles in the nanocomposites.63 Given these
factors, the nanocomposites exhibit different wavelengths in
the frequency domain.
In terms of infrared penetration depth into nanocomposites

shown in Figure 4 (last row), NS/IS nanocomposites have
lower yields than NS/LS and NS nanocomposites. The
difference in the penetration depth of EM waves in
nanocomposites can be attributed to the atomic arrangement
that can be related to the conversion of energy into atomic
structural vibration.64 It is also possibly due to the dominant
Fe in the interaction processes.65 However, NS samples and
NS/LS nanocomposites require high penetration depth to
absorb EM, resulting in low performance as MAM.
3.2. X-ray Diffraction. The XRD spectra of NS, NS/LS,

and NS/IS are shown in Figure 3c, with the corresponding
JCPDS number 900559 to identify the crystal plane. The
diffraction peaks in reported ref 66 indicated that the fayalite
(Fe2SiO4) phase was dominant in the NS sample. Fayalite is an
orthorhombic structure with the (111), (021), (130), (112),
(140), (222), and (242) crystal planes corresponding to the
diffraction peaks at 22.37, 24.89, 31.68, 36.2, 40.41, 51.97, and
62.04°, respectively. Another phase detected was Fe, with

JCPDS number 4113921, with the (400), (402), (424), and
(404) crystal planes at 2θ angles of 45.15, 53.5, 67.54, and
68.36°, respectively. The multiple phases may have originated
from the matrix material used, and the basic material in this
study is waste. The diffraction peaks of NS/LS and NS/IS
shifted to a higher wavelength for LS and a lower wavelength
for IS from the pure NS, as indicated by the diffraction shift
from 33 to 38° and from 50 to 54° shown in Figure 3c. The
(222) crystal plane of NS/LS exhibited a shrinkage strain and
that of NS/IS showed a widening strain. The broadening peaks
indicated the change in the crystallite size, as reported in ref
67, and the convolution between crystallite size and micro-
strain can be calculated using the Scherrer, Williamson−Hall
(W−H), and size−strain plot (SSP) methods. The crystallite
size was calculated using the Scherrer method by focusing on
the diffraction peaks of the fayalite phase using Ds = kλCu/
β cos θ,68 where the crystallite size determined using the
Scherrer method is (Ds), the full width at half-maximum is (β),
where β2 = βmeasures2 − βinstrumental2 , the Scherrer constant or
shape factor (k) is equal to 1 for orthorhombic structures, the
wavelength (λCu − kα) is equal to 1.5418 Å, and θ is Bragg’s
angle. In ref 69, the calculated crystallite size can also be
included, and the stacking fault of the nanocomposite can also
be predicted using the W−H method. The aforementioned
method has been successfully used to obtain our previously
reported results for CuO/C,35 Fe3O4/C,

67 and Ca2Fe2O5−
AC/chitosan.70 In determining the structural parameters using
XRD, if the diffraction peaks of the nanocomposites are
assumed to be isotropic, then the SSP method can be applied
to calculate the size−strain parameters. In this method, the

Figure 5. Quantitative analysis of the XRD patterns of the nanocomposites using the Williamson−Hall and size−strain plot methods.

Table 1. d-Spacing, Lattice Parameters, and Linear Line Equation Fitting from Figure 5

ID d-spacing lattice parameters (Å) volume (Å3) y = ax + b UDM USDM UDEDM SSP

NS 2.648 a: 4.78 ± 4 × 10−3 slope −0.00042 −5.17 × 10−6 −3.31 × 10−5 0.024164
b: 10.31 ± 8 × 10−3 298.3 ± 0.678 int. 0.012059 0.012059 0.01205 −2.22 × 10−5

c: 6.04 ± 0.004
b: 10.26 ± 0.006 292.6 ± 0.441 int. 0.007611 0.0076 0.00761 −0.00614
c: 5.97 ± 0.003

NS/IS 2.661 a: 6.23 ± 0.18 slope −0.00665 −8.11 × 10−5 5.20 × 10−4 0.031955
b: 9.54 ± 0.107 337.1 ± 17.32 int. 0.022354 2.24 × 10−2 0.02235 −3.7 × 10−5

c: 5.66 ± 6.4 × 10−2
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strain profile is denoted by a Gaussian function and the
crystallite size is denoted by a Lorentzian function.71,72 Figure
5 shows W−H and SSP methods for determining the slope and
intercept based on the contribution of microstrains to the
isotropic diffraction spectra.
Table 1 shows the d-spacing, lattice parameters, and linear

line equation fitting obtained from the slope orientation
affected by the d-spacing and Young’s modulus of the crystal,
as indicated by peak broadening. The highest dislocation was
observed for NS/IS because of the infiltration of Fe atoms,
which have a large atomic radius, and the intrinsic strain in
fayalite. In Figure 5, the positive and negative slopes that
resulted from plotting using the W−H method are related to
the lattice rearrangement and lattice shrinkage, respectively.73

As shown in Figure 3d, lattice strain needs to be observed as it
is caused by the increase and decrease in the d-spacing having a
linear effect on the early and late 2θ positions. In a related
study, the strain mechanism for the elastic properties of the
material was linked to the energy density of the unit cell.74 The
change in lattice size will also provide opportunities for outer
atoms to fill, substitute, or sit in suitable positions, thus
triggering changes in the magnetic saturation and coercivity
properties of the material.75 The quantitative analysis of the
XRD spectra using the W−H and SSP methods is shown in
Table 2.

The average crystallite size of the NS/IS nanocomposite is
the largest at 15.69 nm, whereas that of the NS/LS
nanocomposite is the smallest at 10.09 nm and that of NS is
12.81 nm, which depends on the atomic dislocation by the
Burgers and line vectors. The influence of the crystallite size in
enhancing the EM wave absorption properties by surface
modification was reported in ref 76.

3.3. Scanning Electron Microscopy. Figure 6 shows the
SEM images of different shapes and diameters of particles. The
second column in Figure 6 shows the enlarged image on the
left side, and we have included a binary image for a clear
particle boundary observation. The grain boundary diameter of
the particle was observed at the particle edge and used to
calculate the distribution of the average particle diameter. The
average particle diameter, as shown in the third column in
Figure 6, of NS/LS is (3.5 ± 1.5) μm, that of NS/IS is (11.2 ±
3) μm, and that of NS is (13.5 ± 6.5) μm.
The nanocomposite surface exhibits a graded-like morphol-

ogy, which indicates multiple reflections of the EM radiation,
consequently reducing the EMI. The effect of multiple
scattering supported EMI reduction and the conversion of
the incoming energy into a different form of energy or heat.
The heat affected the lattice, phonon, and plasmon vibration,
as well as the magnetic domain wall and electron spin loss, as
described in refs 77−79.
3.4. Vector Network Analysis. Figure 7 shows the

reflection loss in the maximum frequency range of 1−8 GHz
measured using a vector network analyzer. The efficiency of
absorbing EM waves can be identified by the broad bandwidth
and lowest reflection loss.
In Figure 7 and Table 3, the effectiveness of the

nanocomposites in absorbing the EM wave is indicated by
the broadest bandwidth and lowest reflection loss of NS/LS,
followed by NS/IS and NS. The relationship between the
structural and optical properties and the EM wave absorption
performance is shown in Table 3.
Table 3 shows that LS and IS successfully modified the

structural and optical properties of NS along with its
morphology and internal reflection, consequently enhancing
the EMI absorption.80−82 Energy dissipation was reduced
probably because of the reorientated magnetic domain,
indicated by the magnetic particles present at the nano-
composite surface.83−85 Several physical phenomena can be
correlated to the released energy from the incoming wave to
the nanocomposite, such as thermal energy, the generation of
new magnetic moment, electron spin loss, hooping of
electrons, and eddy current loss.86−88 We also believe in
reporting the EM absorption phenomena affected by the step
ladder shape of the nanocomposite surface, which directly
decreased the EMI wave during multiple interactions to form
multiple reflections.89

The dielectric constant (ε) indicates how much a material
can store electrical charge, and the magnetic permeability (μ)
relates to how easily a material is magnetized.90,91 The
penetration depth is the depth that EM energy can penetrate
before being absorbed or attenuated.95 Impedance matching
also plays an important role in determining how the electric
and magnetic fields can propagate through the material, which
indicates the effectiveness of the nanocomposites in absorbing
EM energy.92 The penetration depth of the material should be
proportional to the thickness of the material to ensure effective
EM absorption. In general, materials with greater dielectric
constant and magnetic permeability have a thinner penetration
depth and thus are more effective as a shield; for more details,
the correlation results are shown in Figure 4 (last row) and
Figure 7 (middle panel). The relationship between these
properties is essential to achieve a balance between penetration
depth and impedance.
The capability of the material to respond to a magnetic field

also plays a prominent role in the absorption of EMI. The

Table 2. Structural Properties Determined from the
Quantitative Analysis of the X-ray Diffraction Spectra of the
Nanocomposites

Scherrer (hkl) NS NS/LS NS/IS

Ds (021) 14.05 16.05 6.69
(111) 13.08 17.64 9.45
(130) 12.76 14.94 15.00
(131) 11.20 14.89 11.97
(112) 13.80 14.16 10.35
(222) 13.28 9.53 16.24
(242) 14.21 15.43 12.77

εs (021) 0.0137 0.0119 0.0292
(111) 0.0132 0.0097 0.0181
(130) 0.0108 0.0092 0.0093
(131) 0.0111 0.0093 0.0103
(112) 0.0088 0.0079 0.0118
(222) 0.0065 0.0091 0.0054
(242) 0.0052 0.0046 0.0058

Williamson−Hall parameters NS NS/LS NS/IS

UDM DWH 12.53 19.85 6.77
ε 0.42 0.234 0.66

USDM DWH 12.51 19.87 6.75
ε 0.5 0.25 0.72

UDEDM DWH 12.56 19.80 6.77
ε 0.44 0.435 0.69

SSP DWH 10.93 10.43 8.33
ε × 10−2 47.21 78.30 60.91
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appropriate permeability properties can work optimally at
certain working frequencies so that the magnetization process
will occur to dissipate the EM energy. For the range of 1−10
GHz, only a few studies reported the corresponding
permeability related to this study.93−95 The effective
permeability for frequencies 5 ≥ 7 ≤ 10 GHz is determined
to be 2.4 ≥ 2.6 ≤ 2.9. In addition to the permeability
properties, the conductive properties of materials also affect
the performance of MAMs. The conductive properties of
materials contribute to the conversion of microwave energy
into heat through resistive losses; meanwhile, the high

dielectric constant enables the storage of EM energy, which
can increase absorption. Overall, structural and optical
properties, interfacial interaction, and magnetic, conductive,
and dielectric properties, as well as specific frequencies and
polarization, are the main factors that influence the absorption
of incident EM radiation.
Future perspectives and possible challenges for metal-based

and semimetal-based materials used in the field of EM
absorption and how they can be applied are discussed by
comparing their properties and preparation methods. In ref 96,
excellent absorption performance was observed from Co/

Figure 6. Scanning electron microscopy images of the nanocomposite (left) (a) for sample NS/IS, (b) for NS/LS, and (c) for NS, binary image
(center) for the size 20 μm and corresponding probability of particle size prediction from the middle rows (right).

Figure 7. Reflection loss of nanocomposites in the frequency range of 0−8 GHz (a) and several illustrations of a physical phenomenon that
describes the interaction of electromagnetic wave attenuation when interacting with nanocomposites (b).
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Fe2O3 with a unique atomic arrangement obtained from a
<20% carbon doping system using the mechanical alloying
method. Alternatively, nonideal crystal conditions contribute
to the EM absorption capability of the material. In ref 97, the
polycrystalline oxide was prepared via a low-cost micro-
emulsion method. As the concentration of yttrium ions
increased, their electrical and magnetic properties changed.
This variation also affected the magnetic behavior of the
prepared Mn-based spinel ferrites, which is responsible for
increasing the magnetic moment and saturation magnetization
(Ms). The secondary phase also affected the grain boundaries
by increasing the Y3+−O2− bond energy that decreased the
grain size, which is responsible for the increase in the Hc value.
Nanomaterials also have an advanced role to play in EM
absorption. Particles smaller than 100 nm and possessing
unique optical and electrical properties due to their small size
are designed to have a high surface area-to-volume ratio, which
ensures their effectiveness in absorbing EM radiation. Thus,
nanomaterials can be engineered to have specific shapes and
sizes, which enable precise control over their optical and
electrical properties, such as carbon-based nanomaterials/
allotropes98 and 1D−2D sp2 carbon nanomaterials.99 Based on
the properties of the material, EM-absorbing devices can be
designed to have specific control of the absorption properties.
These materials can also be lightweight and flexible, making
antenna devices easier to incorporate.

4. CONCLUSIONS
The mechanical alloying method has been successfully used to
fabricate nanocomposites using materials from NS with natural
materials, such as IS and LS. The NS/LS nanocomposite
exhibited the best bandwidth EMI absorption that has a good
correlation to the smaller particle size, which resulted in the
formation of multiple reflections. By contrast, the NS/IS
nanocomposite showed the largest attenuation of EM wave
energy, which can be attributed to the shortening optical
wavenumber position for Δ(LO − TO) phonon vibrations,
where it can stimulate the presence of coherent vibrations.
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