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People are continuously exposed to electromagnetic waves
emitted by mobile phones, base stations, computers, household
electrical appliances, and nearby devices. Shielding against
electromagnetic radiation is of great importance to avoid
potential adverse effects on human health. This study addresses
the development of electromagnetic shielding paints contain-
ing magnetic metal oxide nanoparticles. Magnetic metal oxide
nanoparticles with a spinel ferrite structure, namely Fe3O4,
CoFe2O4, and SnFe2O4, were synthesized using the co-precip-
itation method. Their structural, morphological, and magnetic
properties were characterized through FTIR, XRD, TEM, and VSM
measurements. Electromagnetic shielding efficacy was assessed
within the 3.5–12.5 GHz frequency range using waveguide

measurements. Notably, pure magnetic metal oxide nano-
particles exhibited limited shielding efficiency, but incorporat-
ing conductive materials like multi-walled carbon nanotubes
improved the efficacy. Optimization studies, involved adjusting
the nanoparticle-to-carbon nanotube ratios and coating thick-
ness, demonstrated the best shielding to be with 50 :10
[MFe2O4:PEG]:mwcnt ratio (M :Fe, Co, Sn) and 0.720 mm thick-
ness, achieving up to 99% of radiation shielding. The subse-
quent incorporation of the optimized magnetic composites into
a water-based wall paint at a 1 :2 weight ratio demonstrated
their effectiveness in shielding, successfully blocking 84% of
incoming radiation.

Introduction

In the last 50 years, electronic devices have become an integral
part of our daily lives due to remarkable advancements in
science and technology. These devices emit electromagnetic
waves into the environment constantly. We are continuously
exposed to electromagnetic radiation not only from the
electronic devices in our immediate surroundings, such as
microwave ovens, vacuum cleaners, laptops, and mobile
phones, but also from high-voltage lines, base stations, high-
tech diagnostic, and treatment devices, and so on. The resultant
pollution of electromagnetic radiation has now reached such
limits that it has the potential to negatively impact human life.
The World Health Organization (WHO) has declared that
electromagnetic radiation become the root cause of many
health issues, both proven and unproven.[1] Studies have shown
that prolonged exposure to electromagnetic waves can result in

severe health problems, such as weakness, high blood pressure,
headaches, weakened immune systems, and even cancer.[2] In
2001, the International Agency for Research on Cancer (IARC)
classified electromagnetic fields as possible class 2B
carcinogens,[3] and a meeting on the “Sensitivity of Children to
Electromagnetic Fields,” organized by WHO and Gazi University,
Ankara-Turkey in 2004, reported that electromagnetic radiation
doubles the risk of leukemia in children.[4] These findings
highlight the significance of the potential impact of electro-
magnetic radiation on human health, underlining the need to
of being shielded from the radiation from electronic device.
Furthermore, in addition to health concerns, shielding electro-
magnetic radiation is also vital for military and defense
applications. With the advent of technology that allows the
transformation of electromagnetic waves emitted by computers
into usable data without the need for cables or networks,
shielding electromagnetic waves has become a critical need for
the security of confidential government information and docu-
ments.

Electromagnetic shielding refers to the process of partially or
completely blocking the propagation of electromagnetic radia-
tion using a shielding material.[5] The effectiveness of electro-
magnetic shielding is determined by a parameter called the
shielding efficiency (SE), also referred to as the “shielding
effectiveness” (SE), expressed in decibels (dB). Shielding
efficiency (SE) can be defined as a parameter that quantifies a
material‘s ability to obstruct electromagnetic (EM) energy of a
specific frequency as it passes through and calculated using
Equation 1.
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Here P, E and H refer to power, electric and magnetic field
intensities while i and t represent the incident and transmitted
components, respectively.[5] In order for shielding to be
effective, the material should ideally reduce and/or absorb the
energy of the electromagnetic wave. When electromagnetic
radiation passes through a material of thickness t, three distinct
mechanisms occur; (i) reflection, which arises from the
interaction between the incoming EM wave and charge carriers
(electrons or holes) in the material, (ii) absorption, which
depends on the thickness of the material, and multiple
reflections, which occur due to secondary reflections within the
material.[5,6] Therefore, the overall shielding efficiency (SE) of a
material is the sum of the contributions from all three
mechanisms, as follows:

SE¼SEabsorption þ SEreflection þ SEmultiple internal reflections (2)

The level of attenuation of electromagnetic radiation is
typically expressed as the shielding percentage (% shielding or
Sp), which is based on the shielding efficiency (SE) calculated by
Eq. 2:

Sp ð% shieldingÞ ¼ ð1 � 10� SE=20Þ � 100 (3)

The effectiveness of electromagnetic shielding is then
quantified based on the value of Sp as calculated from Eq. 3.
Two key properties that affect the EM shielding performance of
materials are magnetism and conductivity, and they are closely
related to the frequency of the radiation.[7] At low frequencies,
the shielding capability of the material increases with its
magnetic properties. The magnetic property of a material
enhances the absorption of EM radiation while reducing
reflections. Conversely, the conductivity of a material enhances
the shielding performance by affecting the electrical field
component of EM radiation through reflection. This phenomen-
on is particularly practical at high frequencies. Additionally, the
thickness of a material affects the shielding performance;
thicker materials are required to shield the magnetic field
component of EM radiation, while thinner materials are
sufficient for the electrical field component of the radiation.[7]

Shielding electromagnetic waves is of great importance,
and consequently, many studies have been conducted in this
field. The most desirable features in such studies are low
density and cost. Conductive materials have been found to be
particularly effective in shielding electromagnetic waves. Most
of the studies have employed either metals or composites for
this purpose. While this approach has been effective in
shielding, it has resulted in increased costs, high specific gravity,
and susceptibility to corrosion. Furthermore, the use of such
materials has been limited due to difficulties associated with
electricity grounding.[8] Moreover, it is considered a disadvant-
age that metal-based conductive materials reflect rather than
absorb electromagnetic waves, resulting in electromagnetic

wave pollution. Despite this issue, their widespread use persists
due to their exceptional conductivity.[9] Alternatively, some
composite materials through the incorporation of graphite and
boron into a conductive polymer were prepared and inves-
tigated their effectiveness in shielding electromagnetic waves.
Despite the advantages offered by these materials such as their
lightweight and flexible nature, their inferior shielding proper-
ties compared to metals have restricted their application in
certain areas, as noted by previous research.[10] Magnetite and
metal oxide-magnetite blends have been employed in several
investigations.[11] The feasibility of using composite materials
comprising graphene oxide, magnetite and conductive poly-
mers has also been explored. In the studies, conductive polymer
materials have typically yielded superior results in terms of high
reflectivity and absorption of electromagnetic radiation.[12]

The shielding of high-frequency electromagnetic waves (>
300 MHz) can be achieved through the utilization of materials
with high electrical conductivity. Effective shielding of both
electrical and magnetic components can be achieved using
good conductors. However, at frequencies below 30 MHz,
reducing the magnetic component becomes challenging and is
feasible only using ferromagnetic materials.[7] As a result,
conductive structures are employed for electrical field shielding,
while ferromagnetic materials are utilized for magnetic
shielding.[13] Considering the literature, it is emphasized that
spinel-structured ferrites are one of fairly efficient materials for
electromagnetic shielding. These materials are capable of
absorbing magnetic waves in both the high-frequency and
ultra-high-frequency regions as a result of their conductivity
and loss of magnetic properties in the frequency range.
However, their magnetic characteristics reduce in high fre-
quency regions.[14] Magnetite is a ferrimagnetic iron mineral
characterized by the Fe3O4 formula within the spinel structure.
It is commonly known as Ferro-ferric oxide, indicating that iron
has two distinct valence states (2+ and 3+) simultaneously,
denoted as FeO.Fe2O3. The material loses its magnetic proper-
ties beyond the temperature of 858 K. At room temperature,
electrons in magnetite exhibit the property of switching
between Fe2+ and Fe3+ ions. This property categorizes magnet-
ite as a semi-metallic material.[15] Various divalent transition
metals such as Co2+, Cu2+, Ni2+, Sn2+ etc. can be doped by
replacing Fe2+ ion in the spinel ferrite structure (MFe2O4) to
gain different magnetic, catalytic and shielding properties.
Specifically, spinel ferrite structure magnetic nano metal oxides,
in which Fe2+ ions are replaced by M2+ ions (M: Co, Ni, etc.),
have been developed through various methods, and their
ability to inhibit electromagnetic waves has been
evaluated.[10c,16] Furthermore, several studies have investigated
the shielding properties of composites that contain these
particles when applied to materials such as textiles and
wood.[5c,10b] Overall, these findings demonstrate the potential of
spinel ferrite nanoparticles for enhancing the properties of
materials and inhibiting electromagnetic waves in various
applications. Studies have also explored the synthesis of nano-
magnetic (Fe3O4) particles for lower frequencies.[17]

EM shielding paints employ one or several combinations of
metallic conductive materials such as nickel (Ni), copper (Cu),
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silver (Ag), graphite etc. in order to effectively shield against
electromagnetic radiation. Although silver is known as a very
effective material for shielding, its high cost is considered a
disadvantage. The most commonly used composite paint
contains Ni� Cu powder (flakes) and is typically utilized as a
primer due to its gray or black colour. Due to its high metal
content, it primarily reflects electromagnetic waves.[8a]

Carbon nanotubes (CNTs) have been utilized for electro-
magnetic (EM) shielding by incorporating them into various
materials. To improve the shielding properties, CNT- CoFe2O4

was added to the electrospun PAN fibers, resulting in a
shielding efficiency of approximately 4 dB within the 8–12 GHz
frequency range.[18] In another study, the EM shielding effective-
ness of a composite material consisting of MWCNT- Fe3O4-Fe
(MWCNTs with Fe3O4 and Fe) was evaluated in the epoxy matrix
within the frequency range of 13–40 GHz, and the results
showed a range of 40–100 dB.[19] Composite materials were also
produced by the blending of silicon carbide (SC), graphene
oxide (GO), and epoxide and their electromagnetic (EM)
shielding effectiveness were measured within the 8–12 GHz
frequency range. The results showed these composites to
exhibit shielding effectiveness up to 35–60 dB.[20] Graphene,
graphene oxide and carbon nanotubes are among the preferred
matrices in the composites for shielding electromagnetic waves
because of their advantages in electrical conductivity.

The present study addresses a significant gap in existing
literature by providing the first comprehensive investigation
into the electromagnetic shielding properties of the MFe2O4-
PEG-MWCNT mixture in the frequency range of 3.5–12.5 GHz.
Additionally, it explores the development of electromagnetic
(EM) shielding paints. The primary objective is to synthesize
magnetic nanometal oxides with a spinel ferrite structure,
MFe2O4, (Fe, Co, Sn) and examine their EM shielding properties
to advance the development of paints using these nano-
particles for protection against electromagnetic radiation. To
achieve this, magnetic nanoparticles (MFe2O4) having a spinel
ferrite structure (M: Fe, Co, Sn, etc.) were synthesized using the
co-precipitation method. Their structural, morphological, and
magnetic properties were characterized through FTIR, XRD,
TEM, and VSM measurements. The resulting magnetic metal
oxide nanoparticles’ electromagnetic radiation shielding effi-
cacy was assessed by preparing composite materials with PEG
and various conductive materials, including carbon black (cb),
multi-walled carbon nanotubes (mwcnt), graphene oxide (go),
graphene (gr), and boron carbide (bc), with varying thicknesses
and concentrations. The magnetic nanocomposites, demon-
strating the highest EM shielding properties, were then
incorporated into a water-based wall paint, and their EM
efficacy was evaluated.

Results and Discussion

Synthesis and characterization of magnetic MFe2O4 (M:
Fe2+,Co2+,Sn2+) nanoparticles

Magnetic MFe2O4 (M: Fe2+, Co2+, Sn2+) nanoparticles with a
spinel ferrite structure were synthesized through co-precipita-
tion a well-known method recognized for its reproducibility and
homogeneous particle size distribution, without producing
hazardous by-products. The structural and morphological
properties of the synthesized magnetic nanoparticles were
characterized using FTIR, TEM, and XRD measurements while
their magnetic properties were analysed using VSM measure-
ments.

Fourier transform infrared (FTIR) spectra of the synthesized
magnetic nanoparticles are comparatively presented in Fig-
ure 1. Spinel ferrite structures (MFe2O4) have tetrahedral and
octahedral sites hosting cations. Depending on how M2+ and
Fe3+ ions occupy the sites, there are three types of spinel
structures: i) normal spinel, ii) inverse spinel, and iii) mixed
spinel. In the typical spinel ferrite structure, M2+ and Fe3+ ions
occupy tetrahedral and octahedral sites. However, in inverse
spinel ferrite structures, only iron(III) ions occupy the tetrahedral
sites in the crystal lattice, while the octahedral sites are
randomly shared by metal(II) and iron(III) ions..[21]

The infrared (IR) spectrum of the magnetic nanoparticle
crystal lattice in the spinel ferrite structure reveals the bond
vibrations of the ions in the range of 350–1000 cm� 1.[22]

Typically, two characteristic vibration bands of the metal-
oxygen bond (M� O) are observed in the FT-IR spectrum based
on the bond length. The first occurs at approximately 350–
500 cm� 1, which is attributed to longer M2+-O and Fe3+-O
bonds octahedrally coordinated in the structure. The second
occurs in the range of 550–580 cm� 1 and may be attributed to
tetrahedrally coordinated Fe3+-O bonds.[21c] in Figure 1, the
peak at 553 cm� 1 corresponds to the stretching vibrations of
Fe3+-O in tetrahedral sites of the structure of Fe3O4 nano-
particles. The peak at 440 cm� 1 corresponds to Fe� O stretching
vibrations octahedrally coordinated in the crystal lattice.[21] The
shoulder between 600–650 cm� 1 is most likely attributed to

Figure 1. FTIR spectra of the synthesized MFe2O4 nanoparticles.
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Fe2+-O stretching vibrations which disappeared when Fe2+ ions
were replaced by Co2+ and Sn2+ ions in the crystal lattice (cf.
Figure 1). The stretching vibrations of Fe3+-O bonds in the
tetrahedral sites of CoFe2O4 nanoparticles were observed at the
exact wavenumber of 553 cm� 1, similar to those observed in
Fe3O4 nanoparticles. This indicates that CoFe2O4 nanoparticles
probably possess the same inverse spinel structure since the
ionic radii of Fe2+ and Co2+ ions are close to each other.
However, the corresponding Fe3+-O vibration peaks in tetrahe-
dral sites were slightly shifted to a higher wavenumber of
561 cm� 1 with a lower shoulder at 600–650 cm� 1. This may be
attributed to two reasons: i) the longer ionic radius of Sn2+ ions
possibly forcing the Fe3+-O bonds to be shorter in the structure,
and, ii) SnFe2O4 nanoparticles potentially having a mixed spinel
ferrite structure where Sn2+ ions may occupy some tetrahedral
sites, as reported in previous studies.[21c,23] Shokri et al. (2018)
have identified three bands in the range of 720–880 cm� 1 in
addition to the primary peak at 550–580 cm� 1, arising from Fe3+

-O vibrations at tetrahedral sites.[21c] These bands could be
attributed to Sn2+-O and Fe3+-O vibrations at tetrahedral sites
of a mixed spinel ferrite structure. The highest peak at
approximately 875 cm� 1, together with the primary Fe3+-O
bond vibrations in tetrahedral sites, suggest that the other two
bands may have originated from a combination of Sn2+-O and
Fe3+-O bond vibrations in tetrahedral sites. Consequently, the
peaks at 561 and 878 cm� 1 in Figure 1 could be attributed to
the primary Fe3+-O bond vibrations in tetrahedral sites in
SnFe2O4. However, the peak at 800 cm� 1 indicates the presence
of a fraction of Sn2+-O ions occupying tetrahedral sites. No such
peak at approximately 800 cm� 1 is observed for CoFe2O4 nano-
particles (see Figure 1). The stretching vibrations of Sn2+-O and
Fe3+-O in octahedral sites are observed as broad between 400–
460 cm� 1, while Co2+-O stretching vibrations are observed
below 400 cm� 1. Furthermore, the O� H stretching vibrations for

Fe3O4, CoFe2O4, and SnFe2O4 were observed at 3175, 3365, and
3168 cm� 1, respectively, and their corresponding bending
vibrations of O� H bonds on the surface of the nanoparticles
were observed at 1620, 1634, and 1640 cm� 1.[21c,24]

The size and morphology of the synthesized MFe2O4 nano-
particles (M: Fe, Co, and Sn) were characterized using trans-
mission electron microscopy (TEM). The resulting TEM images
are given in Figure 2(A), 2(B) and 2(C). It can be observed that
the MFe2O4 nanoparticles have a uniform particle size distribu-
tion and cubic morphology. The average particle sizes were
determined to be 10�1, 15�5, and 95�10 nm for Fe3O4,
CoFe2O4, and SnFe2O4 nanoparticles, respectively (see Figure-
s 2A–C and Figure S1). The X-ray diffraction (XRD) analysis was
performed to investigate crystal structures of MFe2O4 nano-
particles. The obtained XRD patterns of the synthesized nano-
particles is given comparatively in Figure 2(D). The prominent
diffraction peaks at 2θ values of 30.30°, 35.68°, 37.36°, 43.29°,
53.73°, 57.37°, and 62.88° were indexed to the (220), (311),
(400), (422), (511) and (440) planes of the cubic magnetic Fe3O4

nanoparticles having an inverse spinel ferrite structure with
space group fd-3 m based on international powder diffraction
standards (JCPDS Cardno.19–0629).[25] Considering the diffrac-
tion patterns from CoFe2O4 and SnFe2O4 nanoparticles in
Figure 2(D), it is apparent that both CoFe2O4 and SnFe2O4

nanoparticles possess an inverse cubic spinel ferrite structure
with space group fd-3 m.[25b,26] The X-ray diffraction pattern
shown in Figure 2(D) for CoFe2O4 nanoparticles displays the
peaks at 2θ values of 18.61°, 30.4°, 35.75°, 37.46°, 43.40°, 53.91°,
57.29°, 62.86°, 71.33° and 74.20° which can be assigned to
reflections from the planes (111), (220), (311), (222), (400), (422),
(511), (440), (622), and (533), respectively, in the inverse cubic
spinel ferrite structure with space group fd-3 m (JCPDS
Cardno.22–1086).[25b,26] Although the peaks in the XRD pattern
for SnFe2O4 nanoparticles were observed at lower 2θ values

Figure 2. Characterization data from TEM (A–C), XRD (D), and VSM (E) measurements of the synthesized MFe2O4 nanoparticles.
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compared to those of CoFe2O4 nanoparticles, the peaks were
also indexed to reflections from the (111), (220), (311), (222),
(400), (422), (511) and (440) planes of SnFe2O4 indicating an
inverse cubic spinel ferrite structure with space group fd-3 m
(JCPDS Cardno.10–0325).[25b,27] The corresponding 2θ values are
consistent with the reported data for SnFe2O4 nanoparticles.[27a]

The magnetic properties of the synthesized MFe2O4 nano-
particles were determined using a vibrating sample magneto-
meter (VSM) by applying an external magnetic field in the �10
kOe range at room temperature. The resulting plots of magnet-
ization (emu/g) as a function of magnetic field (Oe) are given in
Figure 2E. The synthesized magnetic Fe3O4 nanoparticles exhibit
superparamagnetism as evidenced by the absence of a
hysteresis loop in Figure 2E,[28] and possess a saturation magnet-
ization (Ms) value of approximately 61 emu/g. However,
CoFe2O4 and SnFe2O4 nanoparticles demonstrate soft ferromag-
netic characteristics with relatively narrow hysteresis loops.[28a]

The saturation magnetization of CoFe2O4 was determined to be
65 emu/g, whereas the magnetization was 22.7 emu/g for larger
SnFe2O4 nanoparticles with 95 nm. Other magnetic character-
istics of the CoFe2O4 and SnFe2O4 nanoparticles were inves-
tigated by analysing various magnetic parameters, including
the remanent magnetization (Mr), coercivity (Hc), and rema-
nence ratio (Mr/Ms). These parameters were obtained by
analysing the magnetization (emu/g) versus magnetic field (Oe)
plots and determining the corresponding intercepts on the x-
and y-axes, respectively. The obtained values for the various
magnetic parameters are presented in Table 1.

The coercivity values of the CoFe2O4 and SnFe2O4 nano-
particles were determined to be 454 and 210 Oe, respectively.
The coercivity of magnetic materials is a measure that signifies
the strength of the magnetic field required to reduce its
magnetization to zero, subsequent to reaching saturation.[26b,28a]

This property is highly dependent on the size of the material in
question. As the size of particles decreases, the coercivity
initially increases until it reaches a maximum and then begins
to decrease toward zero. Once the critical diameter is reached,
the coercivity becomes zero. At this point, the particles have a
single domain structure, and they transition to a superparamag-
netic structure.[26b,28a] The coercivity of CoFe2O4 nanoparticles is
found to be lower than what has been reported in previous
studies.[26a,29] This value falls within the expected limits for
nanoparticles with a size of 15 nm, as stated in the literature.[26a]

On the other hand, the magnetic saturation (Ms) of SnFe2O4

nanoparticles is lower, and as a result, the coercivity is larger
than what has been reported in the literature since the particles

were synthesized with a larger size..[21c,26a,30] The remanence
ratios of the CoFe2O4 and SnFe2O4 nanoparticles were deter-
mined to be 0.33 and 0.28, respectively. These values suggest
that the particles have a single domain structure since the Mr/
Ms ratio<0.5.[26a,31]

Electromagnetic shielding measurements

Selection of coating substrate

Glass, cardboard and cellulose acetate films were used to
choose a suitable substrate for electromagnetic (EM) measure-
ments. The selected substrate should not exhibit either
absorption or reflection in the working EM frequency range.
The first optimization studies aimed to compare the effect of
substrate type on electromagnetic (EM) shielding. Aqueous
dispersions containing MFe2O4:PEG (1 :5) were mixed with
commercial water-based paint in a 1 :1 weight ratio, and the
resulting mixture was applied to a glass surface using dipping
and thin film methods. The EM shielding results for the 3.3–
7.05 GHz range are presented in Tables S1 and S2 (see
Supporting Information). The EM shielding results showed that
magnetic Fe3O4 nanoparticles-paint mixture on the glass surface
provided up to 50% shielding at some frequencies on glass
substrates. However, it should be noted that the observed
results are attributable to the glass and its composition. In
studies on electromagnetic (EM) shielding, it is essential for
materials to exhibit minimal reflection to avoid becoming a
new source of EM waves in the surrounding environment. As
such, glass substrates were deemed unsuitable due to their
inherent higher reflection and absorption properties within the
operational range of EM radiation, as illustrated in Figure S2. To
reduce the absorption and reflection of electromagnetic (EM)
waves, cardboard surfaces of equivalent size and thickness to
the glass substrate were employed as substrates. However, the
cardboard substrate experienced deformation upon wetting,
resulting in markedly low shielding efficiencies. On the other
hand, the paint used in the experiment exhibited some inherent
EM shielding properties due to its composition, thereby making
it difficult for isolation of the EM shielding properties of the
MFe2O4 nanoparticles. As a result, subsequent optimization
measurements were conducted exclusively on coatings contain-
ing aqueous dispersions of MFe2O4 nanoparticles, applied onto
acetate film surfaces (see Table S3). The frequency range under
investigation for shielding efficiency was changed to the range
of 8.2–12.5 GHz, which aligns with the higher shielding
capabilities of the magnetic nanoparticles, and acetate paper
sheets were selected as the substrate material. Various parame-
ters, including the conductive material, ratio, and coating
thickness, were systematically tested in the coatings comprising
solely of aqueous MFe2O4 nanoparticle dispersions, to achieve
significant shielding efficiency. (See Table S2).

Table 1. Magnetic properties of the synthesized MFe2O4 nanoparticles (Ms:
saturation magnetization; Mr: remanent magnetization and Mr/Ms: rema-
nence ratio).

MFe2O4 Size
(nm)

Ms
(emu/g)

Mr
(emu/g)

coercivity
(Oe)

Mr/Ms

Fe3O4 10�1 61 – – –

CoFe2O4 15�5 65 21.5 454 0.33

SnFe2O4 95�10 23 6.5 210 0.28
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Effect of conductive material type and amount

The electromagnetic shielding performance is enhanced by the
conductivity and magnetic properties of the material, with
conductivity being a crucial parameter.[32] Initial studies using
mixtures containing only magnetic Fe3O4 nanoparticles did not
achieve the desired shielding performance within the specified
thickness range. To enhance the electromagnetic shielding
properties, various conductive materials, such as carbon black
(cb), multi-walled carbon nanotubes (mwcnt), graphene oxide
(go), graphene (gr), and boron carbide (bc), were added to
aqueous dispersions of Fe3O4:PEG nanoparticles (1 :5). Conduc-
tive materials were added and dispersed in a weight ratio of
50 :1 at 10,000 rpm for 15 minutes. Subsequently, the disper-
sions were coated onto a 120-micron thick cellulose acetate
sheet using the thin film method. Electromagnetic shielding
measurements were performed in the X-band frequency range
of 8.2–12.5 GHz, and the results are presented in Table S3 and
Figure 3(A). The samples containing multiwalled carbon nano-
tubes (mwcnt) exhibited the most significant improvement in
electromagnetic shielding performance. The study revealed that
the shielding effectiveness of the material was significantly
improved to approximately 40% from its original value of
around 20% by increasing the amount of the mwcnts in the
mixture by a factor of five, as shown in Table S3 and Fig-
ure 3(A).

Furthermore, it was observed that the acetate sheet
substrate had negligible electromagnetic (EM) shielding proper-
ties as seen by the gray dashed line in Figure 3(B). Subse-
quently, the influence of varying mwcnt amounts on the EM
shielding performance of the Fe3O4:PEG mixture was inves-
tigated in the frequency range of 8.2–12.5 GHz, with mwcnts
identified as a more effective conductive material for EM
shielding. Three different ratios of [Fe3O4:PEG]:mwcnt, namely
50 :1, 50 :5, and 50 :10, were prepared in an aqueous solution
and coated on acetate sheets using the thin film coating
method. The EM shielding properties were measured in the
range of 8.2–12.5 GHz. The results revealed that the EM
shielding effectiveness increased with increasing the amounts
of multiwalled carbon nanotubes (mwcnts) in the aqueous
Fe3O4:PEG mixture (see Table S3 and Figure 3(B)). Based on the
observed improvements, the study ratio of [Fe3O4:PEG]:mwcnt

ratio of 50 :10 was selected as the optimal ratio for further
study. The decision to use this ratio was based on the most
significant enhancement in EM shielding properties.

Effect of sample thickness

The influence of coating thickness on the electromagnetic (EM)
shielding performance was investigated through a comparative
analysis of two types of coated samples: Fe3O4:PEG and [Fe3O4:
PEG]:mwcnt mixtures in the range of 8.2–12.5 GHz. The
magnetic material compositions used in these experiments
were kept constant at a ratio of 1 :1 for the aqueous Fe3O4:PEG
mixture and 50 :10 for [Fe3O4:PEG]:mwcnt. A standard EM
shielding test was applied on acetate sheets measuring 1x1 cm,
coated with a thickness of 120 microns using the thin film
method. To investigate the impact of coating thickness, EM
shielding measurements were conducted on the two, four, and
six overlayed coated samples with corresponding thicknesses of
240, 480, and 720 microns, respectively. The findings revealed
that the EM shielding properties of samples coated solely with
magnetic nanoparticles increased with increasing coating thick-
ness. Notably, a shielding efficiency of 2.5 dB was achieved with
six overlayed acetate sheets coated with a Fe3O4:PEG mixture
(~720-micron thickness), resulting in 25% shielding of EM
waves. On the other hand, when the conductive material
(mwcnt) was incorporated into the magnetic material (Fe3O4:
PEG) at a ratio of 10 :50, the shielding efficiency was measured
as 17 dB for a 120-micron thick coating. Remarkably, a shielding
efficiency of 52 dB was attained by further increasing the
coating thickness to ~720 microns with six overlayed coated
samples in the frequency range of 8.2–12.5 GHz (see Table 2,
Figure 3(C)) The comparative graphs were given in Figure S3 to
show the effect of coating thickness on EM shielding properties
of all MFe2O4 nanoparticles. (see Supporting Information)

Consequently, the optimization study revealed that the
shielding efficiency of magnetic nanoparticles can be enhanced
by incorporating a conductive material, increasing the amount
of conductive material and coating thickness. These findings
are consistent with the results reported by Mostaani et al.
(2018).[32] Based on the optimization study, it was determined
that multiwalled carbon nanotubes are better as conductive

Figure 3. Effect of the conductive material (A), amount of conductive material (B) and coating thickness (C) on the electromagnetic shielding properties (abbr.
bc: boron carbide, cb: carbon black, go: graphene oxide, gr: graphite, cnt: multiwalled carbon nanotube.
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materials, and the optimal ratio of [MFe2O4:PEG]:mwcnt in
aqueous mixtures is 50 :10.

Electromagnetic shielding properties of different magnetic
MFe2O4 (M:Fe2+, Co2+, Sn2+) nanoparticles in the range of 8.2–
12.5 GHz

The electromagnetic (EM) shielding properties of three different
spinel ferrite nanoparticles, namely MFe2O4 (M: Fe2+, Co2+,
Sn2+), were comparatively investigated in the frequency range
of 8.2–12.5 GHz. The EM shielding capabilities of both the bare
MFe2O4 nanoparticles and mixtures of MFe2O4 with multi-walled
carbon nanotubes were systematically measured, taking into
account the conductive material composition and coating
thickness. The results revealed that the EM shielding perform-
ance of bare MFe2O4 nanoparticles (where M=Fe2+, Co2+, Sn2+)
with a thickness of 240 microns in the frequency range of 8.2–
12.5 GHz was relatively low, with the shielding efficiency values
of 1.5, 0.6, and 1.5 dB, respectively. However, the shielding

efficiency improved by approximately two-fold when the coat-
ing thickness was increased from 240 microns to 720 microns,
as shown in Figure S2 and Table S4. The EM shielding
efficiencies of bare MFe2O4 nanoparticles with a coating thick-
ness of ~720 microns were measured on six overlayed samples,
resulting in shielding efficiency values of 2.5, 1.2, and 3.0 dB for
Fe3O4, CoFe2O4 and SnFe2O4 nanoparticles, respectively. The
corresponding results show that MFe2O4 nanoparticles can
shield up to 25%, 13%, and 29% of EM radiation in the
frequency range of 8.2–12.5 GHz, respectively and higher
shielding effectiveness can be achieved by increasing the
coating thickness containing bare MFe2O4 nanoparticles, as
seen in Figure 4.

Table 2. Electromagnetic shielding performance of Fe3O4 and Fe3O4-mwcnt depending on the coating thickness and conductive material amount in the
range of 8.2–12.5 GHz.

Code t (μm)[a] Material composition SE (dB) % shielding

Effect of conductive materials amount

[Fe3O4:PEG] 120 [Fe3O4:PEG] (1 :1) 0.0–0.8 0.0–9.0

50 :1 [Fe3O4:PEG]:cnt 120 50 :1 [Fe3O4:PEG]:mwcnt 1.5–2.5 15.9–25.0

50 :5 [Fe3O4:PEG]:cnt 120 50 :5 [Fe3O4:PEG]:mwcnt 3.8–5.3 35.0–44.0

50 :10 [Fe3O4:PEG]:cnt 120 50 :10 [Fe3O4:PEG]:mwcnt 12.0–17.0 75.0–85.9

Effect of coating thickness

Fe3O4 (240) 240 [Fe3O4:PEG] (1 :1) 0.0–1.5 0.0–15.9

Fe3O4 (480) 480 [Fe3O4:PEG] (1 :1) 0.8–2.0 9.0–20.6

Fe3O4 (720) 720 [Fe3O4:PEG] (1 :1) 0.0–2.5 0.0–25.0

Fe3O4-cnt (240) 240 50 :10 [Fe3O4:PEG]:mwcnt 18.0–25.0 87.4–94.4

Fe3O4-cnt (480) 480 50 :10 [Fe3O4:PEG]:mwcnt 22.0–45.0 92.1–99.4

Fe3O4-cnt (720) 720 50 :10 [Fe3O4:PEG]:mwcnt 24.5–52.0 94.0–99.8

Acetate – Uncoated 0 0

[a] t: coating thickness.

Figure 4. Electromagnetic shielding measurements of different magnetic MFe2O4 (M:Fe2+,Co2+,Sn2+) nanoparticles between 8.2–12.5 GHz.
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Change in the electromagnetic shielding properties of
magnetic MFe2O4 (M:Fe

2+,Co2+,Sn2+) nanoparticles depending
on the frequency of EM radiation

Following the assessment of the electromagnetic (EM) shielding
performance of MFe2O4 (M: Fe2+, Co2+, Sn2+) nanoparticles in
the X-band range, further studies were carried out for
investigation of their performances in the lower frequency
ranges of 5.5–8.5 GHz and 3.5–6.0 GHz, respectively. Specifically,
only samples coated with a 50 :10 ratio of [MFe2O4:PEG]:mwcnt
mixtures, 240 microns thick, were compared within the 5.8–
8.2 GHz range (see Figure 5). The results were found to be in
agreement with those obtained in the X-band range, and no
significant differences were observed in the effects of the
various magnetic nanoparticles on EM shielding at lower
frequencies. Shielding efficiency of up to 94% was achieved
with only two overlayed samples coated with a mixture of
[MFe2O4:PEG]:mwcnt in a ratio of 50 :10 (as shown in Figure 5).
It was observed that the shielding efficiency varied by the order
CoFe2O4>Fe3O4>SnFe2O4. The shielding values obtained for a
thickness of ~240 microns were higher at lower frequencies
than those obtained for the frequency range of 8.2–12.5 GHz.
Therefore, it can be concluded that the shielding performance
of MFe2O4 nanoparticles is better at lower frequencies.

The shielding data in this study are comparatively summar-
ized with the literature in Table 3. In order to ensure a suitable
comparison, the materials with relatively thinner coatings were
selected from the literature. Only the highest results in each

frequency range from this study were given in Table 3.
Considering the results presented in Table 3, it can be
concluded that the highest electromagnetic shielding proper-
ties in this study were comparable to the data from the
literature even though they were obtained with thinner coat-
ings (see Table 3). The addition of conductive materials and/or
increasing the thickness of the coatings will further improve the
shielding efficiency. On the other hand, the magnetic nano-
particle type and the measured frequency range do not much
affect the electromagnetic shielding properties of the surface
coating since there is no systematic differences between the
shielding efficiencies obtained from different magnetic nano-
particles (cf. Figures 4 and 5).

EM Shielding Properties of Paint Samples Containing
Magnetic MFe2O4 Nanoparticles

The electromagnetic shielding properties of wall paint-mag-
netic, MFe2O4 (M: Fe2+, Co2+, Sn2+) nanoparticle composites
were investigated in the range of 8.2–12.5 GHz. A mixture of
magnetic MFe2O4:mwcnt (50 :10) and water-soluble wall paint
with a 1 :2 weight ratio was prepared to analyse whether the
inclusion of MFe2O4:mwcnt (50 :10) materials in standard water-
soluble wall paint could enhance its EM shielding capabilities in
comparison to conventional paint (dyes). The mixture was
homogenized by a homogenizer at 10000 rpm for 15 min and
then coated on acetate paper sheets with 120 microns. The EM

Figure 5. Electromagnetic shielding measurements of different magnetic MFe2O4 (M:Fe2+,Co2+,Sn2+) nanoparticles in the frequency range of 8.2–12.5 (A), 5.5–
8.5 (B) and 3.5–6.0 (C) GHz.
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shielding efficiencies measurements were performed on six
overlayed samples in the 8.2–12.5 GHz frequency range. Consid-
ering the results in Figure 6, it was observed that the paint
exhibited shielding behaviour at a specific ratio, which is
consistent with expectations due to the shielding property of
TiO2 in the white wall paint within the frequency range of the
study.[38,40] However, the samples containing MFe2O4-mwcnt
nanoparticles showed a significant improvement in EM radia-
tion shielding within the working frequency range. The highest
EM shielding efficiency was measured for the samples coated
with paint mixtures containing CoFe2O4:mwcnt, while the coat-
ings with SnFe2O4-mwcnt:paint mixtures demonstrated the
lowest shielding properties. Comparing the EM shielding results
in Figure 6 with measurements from MFe2O4:mwcnt samples of

the same thickness within the 8.2–12.5 GHz frequency range
(see Figure 4), it can be observed that the paint somewhat
reduced the EM shielding efficiencies of the samples by
approximately one-third. This reduction can be attributed to
the dilution of MFe2O4 with paint, as the sample was prepared
by mixing the optimized MFe2O4:mwcnt (50 :10) sample for its
EM shielding property with paint at a 1 :2 weight ratio. The best
shielding results in the paint-containing samples were observed
in the samples coated by [SnFe2O4:mwcnt]:paint with the
shielding percentage of 84% within the 8.2–12.5 GHz range.
Changes in the characteristic properties of paints with the
addition of magnetic materials were investigated through
standard light transmittance and hardness tests. To this end,
paint mixtures were prepared and coated on a 3x3 cm glass

Table 3. Comparison of the EM shielding values of the obtained coating materials with those in the literature.

Nanoparticle-composite system Thickness (mm) Frequency range (GHz) Shielding (dB) Literature

[CoFe2O4:PEG]:mwcnt (50 :10) 0.24 3.5–6.0 23 This study

[CoFe2O4:PEG]:mwcnt (50 :10) 0.24 5.5–8.5 24 This study

[Fe3O4:PEG]:mwcnt (50 :10) 0.24 8.2–12.5 25 This study

[Fe3O4:PEG]:mwcnt (50 :10) 0.72 8.2–12.5 52 This study

%15 Fe3O4/%50 Carbon Black (cb) 0.7 8.2–12.4 36.6 [33]

PANI/% 20 Nb2O5 – 8–12 28.8 [34]

Ultrahigh performance concrete (UHPC)/%2 cnt) 3 0,1–1.5 25 [35]

PMMA/10 wt% MLG/10 wt% MWCNT 2 8–12 43 [36]

3D CNT-Epoxy 5 8–12 55 [20b]

CNT-GO-PMMA 16 2–18 60 [20d]

Cement-stainless steel powder 5 0.5–1.5 6–9 [37]

Ti3AlC2 doped ceramic 23 12–18 40 [38]

CoFe2O4� ZnS� GO 5 2–18 43 [16a]

Wood-BaSO4� C� Fe2O3� NiSO4 10 0.3–2.4 52 [39]

CoFe2O4� SnS2� GO 1.6 8–12 54 [10c]

PS� Fe2O4� GO – 8–12 30 [12b]

PANI-BaTiO3 3 12–18 70 [40]

CoFe2O4� cnt� PAN 1 12–18 4 [18]

Ni0.5Zn0.5Fe2O4/MWCNTs 1.2 8.2–12.4 40.1 [41]

Figure 6. Electromagnetic shielding measurements of wall paint-magnetic nanoparticle mixtures between 8.2–12.5 GHz.
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surface using the thin film method with a thickness of 120
microns. The light transmittance of the samples was measured
at a wavelength of 550 nm using a Haze-gard plus device. The
pencil hardness method was employed using pencils with
hardness ranging from 9H to 8B to evaluate the mechanical
strength of the coatings. The results showed a reduction in the
light tolerance of paints with magnetic material addition.
Additionally, the coatings obtained with the water-soluble paint
(MFe2O4:mwcnt) exhibited poor mechanical strength and
adhesion problems on the glass surface, indicating a need for
improvement.

Conclusions

Shielding electromagnetic radiation is vitally important to
protect against possible adverse effects on human health. For
this aim, we present the synthesis of three types of spinel ferrite
nanoparticles, namely Fe3O4, CoFe2O4, and SnFe2O4, and employ
them to develop electromagnetic shielding paints. Magnetic
nanoparticles, including Fe3O4, CoFe2O4, and SnFe2O4, with sizes
of 10�1, 15�5, and 95�20 nm, respectively, were synthesized
through the co-precipitation method. The electromagnetic (EM)
shielding properties of these nanoparticles and their corre-
sponding factors were subsequently studied. Although mag-
netic nanoparticles synthesized exhibited lower EM shielding
properties, it was observed the shielding efficiency could be
increased by increasing the coating thickness and conductivity.
Various conductive materials, such as multiwalled carbon nano-
tube (mwcnt), graphene (gr), graphene oxide (go), carbon black
(cb) and boron carbide (bc), were tested, where the most
significant improvements were observed in samples with added
multiwalled carbon nanotubes (mwcnts). Different ratios of
mwcnts were added to the synthesized MFe2O4 nanoparticles,
and the EM shielding efficiency improved as the mwcnt ratio
increased. [Fe3O4:PEG]:mwcnt ratios of 50 :1, 50 :5, and 50 :10
were prepared, and the best EM shielding results were achieved
with a 50 :10 mwcnt ratio in a mixture of [Fe3O4:PEG (1 :1)]. The
best EM shielding efficiency in the range of 3.5–12.5 GHz were
achieved as 52 dB with the sample coated by [Fe3O4:PEG]:mwcnt
(50 :10) mixture having 0.72 mm thickness, corresponding to a
shielding percentage of 99.75%. Magnetic MFe2O4 nanoparticles
with optimum compositions were mixed with a standard water-
soluble wall paint at a 1 :2 weight ratio, and the resulting EM
shielding properties of the paint mixtures containing [Fe3O4:

PEG]:mwcnt (50 :10) ratio achieved 84% shielding with a
coating thickness of 0.72 mm. However, the mechanical proper-
ties of the [Fe3O4:PEG]:mwcnt (50 :10):paint mixture needs
improvement. This study presents a comprehensive perspective
to protect human beings from possible negative effects of EM
radiations inevitably surrounding our environment. The protec-
tive paints to be developed using EM shielding materials having
absorptive properties against EM radiation pollution can help to
increase living quality in closed places in the near future.

Experimental

Materials

Iron(III) chloride hexahydrate (FeCl3.6H2O, Merck), iron(II) chloride
tetrahydrate (FeCl2.4H2O, Merck), tin(II) chloride dihydrate
(SnCl2.2H2O, Merck), and cobalt(II) chloride hexahydrate
(CoCl2.6H2O, Merck) were used as precursors for the synthesis of
nanoparticles. Sodium hydroxide (Merck) and ammonia (35%,
Merck) were used for basic conditions. Polyethylene glycol (PEG
8000, Acros) was used to disperse magnetic nanoparticles, and
argon gas (99.9999%) provided an inert atmosphere. Multiwalled
carbon nanotubes (MWCNTs, Nanocyl), graphene (Nanography
Company, purity 99.9%), graphene oxide (Nanography, Purity
99.5%), and boron carbide (Boroptic 94%) were used to ensure the
conductivity of the medium. Ultrapure water was used in all studies
performed in an aqueous medium. All chemicals were used as
supplied without further purification.

Synthesis of magnetic MFe2O4 (M:Fe2+,Co2+,Sn2+)
nanoparticles

Magnetic nano metal oxide (MFe2O4) particles (M: Fe2+, Co2+, Sn2+)
were synthesized in an aqueous solution under basic conditions
and an argon atmosphere by a coprecipitation method[25a] (Eq. 4). In
a typical synthesis, weighed amounts of metal(II) chloride hydrate
(M: Fe2+, Co2+, Sn2+) and iron(III) chloride hexahydrate (FeCl3.6H2O)
with a 1 :2 molar ratio of M2+ :Fe3+ were dissolved in 100 mL of
argon-washed ultrapure water. The solution was then heated to
90 °C with stirring at 800 rpm, and ammonia solution (32%) was
added dropwise to the solution up to pH 10–11. Then, the blackish
mixture was heated at 90 °C for 1 hour under an argon atmosphere.
The synthesized magnetic MFe2O4 nanoparticles were cooled at
room temperature and separated using a magnet. Magnetic MFe2O4

was washed with ultrapure water several times to remove excess
base residue and then dried at 40 °C in a vacuum oven.

M2þ þ 2Fe3þ þ 8OH� ! MFe2O4 þ 4H2O (4)

The structural, morphological, and magnetic properties of the
magnetic nanoparticles were characterized by Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), transmission
electron microscopy (TEM) and vibrating sample magnetometer
(VSM) measurements. FTIR spectrometric measurements were
performed by a Perkin Elmer TWO model FTIR spectrometer with
the ATR technique. XRD measurements characterized the crystal
phases of the magnetic MFe2O4 nanoparticles. XRD measurements
of the nanoparticles were measured by using a Bruker Axs D8
Advance Model diffractometer operated with Cu Kα radiation in the
2θ range of 0–80° with a scanning rate of 0.01 degrees/s according
to the powder diffraction technique. Zeiss Leo 906E TEM instrument
was used to determine the size and morphology of magnetic
nanoparticles by counting 200 particles in TEM images by the
ImageJ program. Measurements were performed at 80 kV using the
samples coated on carbon-coated copper grids. The magnetic
properties of all synthesized MFe2O4 nanoparticles were determined
by VSM measurements by applying an external magnetic field at
�1.0 Tesla range at room temperature. Measurements were
performed with a Cryogenic Limited PPMS Vibrating Sample
Magnetometer.

Electromagnetic (EM) shielding measurements

Electromagnetic (EM) shielding measurements were carried out
using an Anritsu VNA Master MS2028 C model vector network
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analyser where test samples were placed inside metallic waveguide
structures with suitable geometry at each frequency range. The
measurements were performed at three frequency regions between
3.5–12.5 GHz frequencies using WR187 waveguide for 3.5–5.85 GHz,
WR137 waveguide for 5.85–8.20 GHz, and WR90 waveguide for 8.2–
12.5 GHz. The system was calibrated with the Anritsu OSLN50 A–18
calibration kit prior to measurement with each waveguide. The
synthesized magnetic MFe2O4 nanoparticles were mixed with poly-
ethylene glycol (8000 g/mol) in 10 mL of ultrapure water to a ratio
of 1 :5 by weight of PEG: MFe2O4 and mixed with a homogenizer for
10 minutes at 10000 rpm. At the end of this period, the mixture
was applied on the surfaces of the selected substrates (glass,
cardboard, and cellulose acetate film) with a thickness of 120
microns by the thin film coating technique using an Erichsen
manual film applicator and dried at room temperature. EM
shielding measurements were performed by cutting 3x6 cm and
2.5x2.5 cm dimensions from the dried samples. The effect of
parameters such as the coating method (dipping and thin film
coating), conductivity, and application substrate (glass, cardboard,
and cellulose acetate film) on the EM shielding measurement was
optimized. For conductivity, multiwalled carbon nanotubes
(MWCNTs), carbon black (CB), graphene (GR), graphene oxide (GO),
and boron carbide (BC) were added to the mixture in 50 :1 and
50 :5 ratios, and their effects on EM shielding were investigated.
Then, the EM shielding effects of 50 :1, 50 :5, and 50 :10 by weight
of the MWCNT sample with the best shielding effect were
investigated with [Fe3O4:PEG (1 :1)]. According to the results
obtained, [MFe2O4:PE (1 : 1)] and MWCNTs were mixed in a 50 :10
ratio, and the EM shielding effects were investigated.
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