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1. Introduction

The widespread use of wireless devices and telecommunication networks

has given rise to electromagnetic interference (EMI) pollution that

can cause data corruption, critical device failure, and detrimental effects

on wildlife and human health. Developing EMI shielding materials can block
these harmful electromagnetic waves. This study explores inter-dimensional
composite systems composed of dielectric and magnetic phases

(WS, /biphasic lithium iron oxide) for EMI shielding applications. WS, is

a 2D material with unique dielectric properties and flake-like morphology

The emergence of high-speed internet
networks, such as 5G and 6G, has in-
voked a worldwide transformation in the
wireless communication industry. Wire-
less communication devices like smart-
phones, smartwatches, laptops, desktops,
and Wi-Fi routers have become an indis-
pensable part of our daily life. These de-
vices emit electromagnetic (EM) waves

W) Check for updates

that enhances surface effects. In contrast, biphasic magnetic lithium

iron oxide nanocomposites have grain-like morphology with greater magnetic
losses. The formation of interfaces between these two phases with different
morphologies and dimensionalities leads to enhanced interfacial polarization
loss. This work demonstrates that by carefully controlling the weight
percentage of the two phases, and thereby the interfaces, the EMI shielding
properties can be significantly enhanced. An optimum phase composition

is determined that exhibits maximum shielding efficiency (SE; ~55.6 dB at
12.4 GHz) with high absorption shielding (SE, ~48.8 dB at 12.4 GHz), and an
absorption coefficient more than 100% higher than either end member. The
studied nanocomposites, with their tunable absorption and reflection

within the microwave frequency range
(~GHz). These EM waves can inter-
fere with the functioning of other de-
vices leading to catastrophic device fail-
ure, data corruption, and data packetloss.
This kind of electromagnetic interference
(EMI) poses a serious threat to sensi-
tive equipment in healthcare and aviation
security.l'] The adverse effects of EMI
are not only confined to devices and elec-
tronic systems but are also evident on
the health of humans and wildlife.[>* To

capabilities, are suitable for a wide range of EMI shielding applications.

address these concerns, researchers have
focused on developing high-performance
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EMI shielding materials. A good shielding material should block
by reflection and/or absorption the incoming EM waves from
reaching the victim device. Reflection occurs due to impedance
mismatch at the air-material interface, while absorption requires
the conversion of EM energy into heat through dielectric or mag-
netic loss mechanisms.”] In this context, materials with high
conductivity, large surface area, and good chemical and thermal
stability are preferred for developing EMI shielding materials.

2D materials satisfy many of these criteria: they have large spe-
cific surface area, excellent dielectric properties, suitable mor-
phologies, and vacancy defects.®®] Defects and polarized inter-
faces can generate polarization loss mechanisms resulting in ab-
sorption of EM waves.['% Therefore, they have been increasingly
used in developing efficient EMI shielding materials. Fan et al.
investigated the shielding performance of lightweight MXene
(Ti,C,T,)/graphene hybrid foams in the X-band (8.2-12.4 GHz).
High shielding effectiveness of 50.7 dB was obtained for the sam-
ple with 1:2 ratio of MXene and reduced graphene oxide (rGO).
The improved shielding performance of the composite was at-
tributed to its porous structure and high electrical conductivity.l'!]
2D materials/ferrite-based composites have also been used to in-
crease absorption and minimize shielding due to reflection. Ab-
sorption is affected by dielectric and magnetic losses while reflec-
tion is governed by impedance mismatch. In this context, the ad-
dition of magnetic nanoparticles like ferrites into the 2D-material
systems creates a magneto-dielectric synergy. The dielectric and
magnetic behavior of the composite is modified, which may
reduce impedance mismatch. Moreover, since the ferrite and
the 2D-material have very different dielectric properties, the for-
mation of interfaces between them opens up the possibility of
interfacial polarization loss and thus, better absorption of EM
waves. Prasad et al. synthesized MoS,-rGO/CoFe, 0, nanocom-
posites, which registered a maximum shielding effectiveness of
~19.26 dB with shielding due to absorption (SE,) accounting for
~12.62 dB. The SE, value of the triphasic composite was higher
than those of the individual phases (MoS,, tGO, CoFe,0,) as
well as biphasic MoS,-rGO."2l MoS,-rGO/Fe;0, also exhibited
a total shielding effectiveness of ~8.27 dB, which was higher
than that of the MoS,-rGO composite.l'3] Shen et al. modified
the 2D-material/magnetic nanoparticle system further by intro-
ducing high-performance polymer. The resulting polyetherimide
(PEI)/graphene@Fe;0, (G@Fe;0,) composite foams registered
a shielding effectiveness of 14.3-18.2 dB in the X-band. More-
over, the SE, improved from 12.7 to 17.3 dB when the G@Fe,0,
loading was increased from 7 to 10 wt.%.['*!

The above reports are indicative of the advantages of magneto-
dielectric synergy on EMI shielding properties of multiphasic
composites, although the influence of the weight fractions of
the magnetic and dielectric components on the shielding mecha-
nism is less understood. Among the different types of 2D materi-
als, transition metal dichalcogenides (TMDCs) are an emerging
class with potential for a variety of applications. TMDCs have the
empirical notation MX,, where M = transition metal atom (W,
Mo, Tj, etc.) and X = chalcogens like S, Te, and Se.[**! The layered
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structure, defects, and active surface sites typical of TMDCs offer
great opportunities for polarization effects. They have been used
in gas sensing devices,!'®) as anodes in batteries,!'”) and as charge-
trapping layers in resistive switching devices and in optoelec-
tronic synapses.!'8] Recently, they have also garnered attention as
EMI shielding materials. Apart from the most commonly studied
MoS,, tungsten disulfide (WS,) is another important member of
the TMDC family with potential for EMI shielding applications.
Zhang et al. prepared WS,-rGO architecture and obtained a to-
tal shielding effectiveness (SE;) of 32 dB (frequency range: 2—
18 GHz) for the composite with 5 wt.% rGO. The ratio of WS,
and rGO affected the shielding parameters with dielectric loss
mechanisms playing a major role in absorbing the incident EM
waves.['?] Microwave absorption capability of WS, nanosheets in
the 2-18 GHz range has been studied. WS, nanosheets produced
by hydrothermal synthesis were loaded with wax. The highest re-
flection loss (RL) of —15.6 dB was attained by the wax sample con-
taining 40 wt.% WS, and a thickness of 5.5 mm.[?° The good per-
formance of these WS,-based shielding materials indicates that
WS, is suitable as a dielectric component in a multiphasic EMI
shielding material. However, the possibility of magneto-dielectric
synergy in WS,-based hybrid systems remains less explored.
The preferred magnetic components for shielding applica-
tions are soft spinel ferrites, which are ferrimagnetic nanopar-
ticles with low coercivity, high saturation magnetization, and
high Curie temperature. Biphasic lithium iron oxide (54 wt.% a-
LiFe;Og4 | 46 wt.% a-LiFeO,) has been reported to possess a mix-
ture of ferrimagnetic (a-LiFe;Og) and paramagnetic (a-LiFeO,)
phases resulting in improved absorption due to formation of
interfaces. The composite also retains a saturation magnetiza-
tion of 36 emu g~ and low coercivity (<50 Oe).['] Consider-
ing their advantages, complementary properties, and contrast-
ing morphologies, we investigate here the EMI shielding per-
formance of WS, /biphasic lithium iron oxide nanocomposites.
Combining a biphasic ferrite with layered WS, gives us the pos-
sibility of exploring the behavior of a triphasic composite system.

2. Results and Discussion

X-ray diffraction patterns of the composites are shown in
Figure 1 and the corresponding weight fractions (wt.%) of the
constituent phases are tabulated in Table 3. The lithium fer-
rite sample (L(100)) exhibits a superposition of a-LiFesOg4 cubic
spinel phase (P4;32 space group) and rock salt a-LiFeO, phase
(Fd3m space group). Based on previously reported work, the
L(100) sample is composed of 54 wt.% a-LiFe;O4 and 46 wt.% a-
LiFeO,.1" The XRD pattern of the WS, (W(100)) sample matches
with the space group P/6;mmec. The characteristic reflections at
14.2°,32.1°, 35.4°, and 43.4° correspond to the (002), (100), (102),
and (006) crystallographic planes of WS,. In addition, the reflec-
tion ~56.9° has been attributed to the (110) plane of WS,. Many
of the reflections are broad and weak indicating low dimensional-
ity of the WS, nanoflakes.[?!-23] For the nanocomposites, the XRD
patterns reveal a superposition of reflections corresponding to all
three constituent phases (a-LiFe;Og, a-LiFeO,, and WS,). Addi-
tionally, a minor reflection appears at 26 ~23°, which can be at-
tributed to a WO, impurity phase.[?*! This impurity phase likely
originated from oxidation of WS, during synthesis inside the au-
toclave, and under high temperature conditions.!?]
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Figure 1. X-ray diffraction patterns of the nanocomposites (A= 1.5406 A).

The Raman spectrum of a representative sample, W(33)L(67)
(Figure 2), shows three distinct Raman signatures obtained from
different parts of the sample. These correspond to the spectra of
a-LiFe;Og, WS,, and WO, confirming the formation of the multi-
phasic composite. The two Raman peaks at ~351 and ~416 cm™!
correspond to the Ezlg and A, modes of WS, ***’ certifying the
presence of WS, phase without any apparent peak broadening
from amorphicity. The presence of WO, impurity phase is indi-
cated by the peak ~807 cm™'.28] The characteristic peaks of the
a-LiFe;O,4 phase are also visible in Figure 2.[!l However, peaks
related to the a-LiFeO, phase are not seen clearly in any of the
Raman signatures. The Raman spectrum of a-LiFeO, is charac-
terized by three broad peaks located ~180, 394, and 624 cm~'.[1]
These broad peaks must be overlapped by the background
that is observed in the signal from the WS,/WO,/a-LiFe;Oq4
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—— WS,/a-LiFe,04/a-LiFe0,

126 351/353)
1
416" )
- :198(+) I |488(+) 797
= A '
. A 1
8 k i A i
1 H 1 1 1
<3 i : O\
~N ! ' ' ' ' L
K7 - | b
= [ : b —— WS,/WO,
[P} ! ' ' ' H
N : ' : 1 H
R IR . i L
!
b P —
- : ' P
b : b
] N [ 1 ' —
M o
; ity .
0

T T T T T T T T
200 400 600 800 1000 1200
Raman shift (cm™)

Figure 2. Raman spectra obtained from different parts of the W(33)L(67)
composite under 532 nm laser illumination.
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sample (Figure 2). Further details on the Raman spectra of bipha-
sic lithium iron oxide can be found in our previous article.!]

The normalized XPS survey spectra for W(100), L(100), and
W(33)L(67) are shown in Figure S1 (Supporting Information).
The main photoemission lines are marked in the figure. The en-
ergy scale was calibrated by setting the C 1s line at 284.5 eV (ad-
ventitious carbon). We observe that the W(100) sample also ex-
hibits a non-negligible O 1s intensity, suggesting the presence
of traces of tungstate. This conclusion is supported by the high-
resolution W 4f and S 2p lines shown in Figure 3. The spectrum
for W(100) shows not only the W 4f doublet expected for WS,
(with peaks at 32.1 and 34.2 eV) but also a lower intensity dou-
blet at higher binding energy (BE) (blue components at 35.9 and
38 eV). The BE of this doublet are close to those reported for
tungstate and are assigned to oxidized W.[?! Moreover, an ad-
ditional lower intensity doublet at 32.9 and 35.1 eV close to the
main one (also green) is also needed to properly fit the asymmet-
ric spectra. We tentatively assign it to WS, in a slightly different
local environment. The presence of two doublets for WS, corre-
lates with the presence of two S 2p doublets shown in Figure 3
(right panel). The more intense one with S 2p 3/2 peak at 161.6 eV
corresponds to regular WS, and the lower intensity one with a S
2p 3/ peak at 163.1 eV to the minority component. The higher BE
for both W 4f and S 2p of this minority component suggests that
they correspond to WS, close to tungstate patches. This assign-
ment is supported by inspection of the spectra for W(33)L(67).
For this sample, the intensity of the tungstate doublet (35.9 and
38 eV) as for W(100), is significantly larger than for W(100). Due
to the higher amount of oxygen present, the relative intensity of
the high-energy S 2p doublet with respect to the main line has
also increased. The energy of the differently coordinated W atoms
(doublet at 33.2 and 35.3 eV) is only slightly blue-shifted. There is
a tiny contribution due to the W 5p line overlap with the tungstate
peaks (see Figure 3), but their relatively low intensity does not af-
fect our conclusions.

Inspection of Figure 4 shows the effect of mixing between
W(100) and L(100) for the Fe 3p and Li 1s lines. The Li 1s line at
57.4 eV is actually quite close to the Fe 3p line at 55.3 eV. Indeed,
for the W(33)Li(67) composite, the centroid of the photoemission
feature is at a higher BE since for this sample the Fe content is
lower compared to L(100). For the L(100) sample, the main Li 1s
peak has a BE (57.4 eV) close to the one reported for LiFeO, .3
We did not attempt to fit the Fe 3p lines including all multiplets
due to their overwhelming complexity; instead, we fitted the Fe
2p line with two doublets and satellites as done in.3!l These au-
thors, following also,32! deconvoluted the spectra of the Fe 2p line
into two peaks, corresponding to Fe?* (709.18 and 722.65 eV) and
Fe** (710.57 and 724.31 eV). Two satellite peaks were observed at
718.26 and 732.22 eV due to the Fe** oxidation state. In our ex-
periment, we find for L(100), the main lines at 710.7 and 713.1 eV
for the Fe 2p 3/ line. The former value is intermediate between
those reported for LiFe;O4 and for LiFeO, while the latter one is
higher than found reported previously for Fe**. The peaks with
13.5 higher BE are the corresponding Fe 2p %2 lines while the
peaks at 719 and 733 eV are satellites. The corresponding Fe 2p
line for the W(33)L(67) sample is quite similar indicating that the
Fe atoms are not significantly affected by mixing with WS, .

The room temperature M-H curves of the samples are
presented in Figure 5. The W(100) sample (i.e., pure WS,
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Figure 3. High resolution XPS spectra for W(100) and W (33)L(67) samples: W 4f (left) and S 2p (right).

nanoflakes) exhibits a diamagnetic behavior.?”] All the other
samples exhibit mainly superparamagnetic behavior, and a clear
monotonic increase in saturation magnetization is observed with
increasing lithium iron oxide content in the nanocomposite sys-
tem (Table 1). This enhancement in magnetic response is at-
tributed to the presence of ferrimagnetic a-LiFe;O, within the
biphasic lithium iron oxide.

2.1. Internal Morphology and Interfaces in the Nanocomposites

The phases in the nanocomposites are morphologically distinct.
This is seen in the SEM images in Figure 6a,b, where the two end
members, L(100) and W(100), are shown. The biphasic lithium
iron oxide shows granular morphology with irregular-shaped
grains (<1 pm), Figure 6a. In contrast, Figure 6b depicts the
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Figure 4. High resolution XPS spectra of L(100) and W (33)L(67) samples
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Fe 2p (left) and Li 1s and Fe 3p (right).
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Figure 5. M-H hysteresis curves of the nanocomposites at room temperature (300 K). (Inset: Hysteresis curve of W(100) showing diamagnetic behavior).

flake-like morphology of WS, in the W(100) sample. The WS,
flakes are stacked in random orientations giving rise to a floral
pattern. SEM images of all the samples and the atomic percent-
ages of different elements obtained from EDS mapping are pro-
vided in Figures S2-S6 and Tables S1-S5 (Supporting Informa-
tion), respectively.

For a more accurate inspection of the internal structure and
the interfaces in the nanocomposite samples, TEM analyses
were performed. The observations reveal that L(100) is com-
posed of irregularly shaped grains with sizes ranging from 200
to 700 nm (Figure 6¢, white arrows), and aggregates of smaller
grains (=10 nm) (Figure 6¢, dark arrows); see also Figure S7
(Supporting Information) for more details. Selected area elec-
tron diffraction (SAED) measurements allowed us to identify
the large grains as the LiFe;Og phase, while the smaller ones
correspond to the LiFeO, phase (Figure S7c,d, Supporting In-

Table 1. Saturation magnetization (M) of the nanocomposites at 300 K.
Uncertainties in the last digit are indicated in parentheses.

Sample label Ms [emu g~]
W(100) -

W (7T)L(29) 10.5(1)

W (33)L(67) 24.0(2)

W (3)L(97) 35.2(3)
L(100) 36.1(3)

Adv. Mater. Interfaces 2025, 12, e00687 e00687 (5 0f14)

formation). The W(100) sample is composed of thin stacked
nano-platelets, which give rise to intricate nanoflakes (Figure 6d).
In some cases, the nanoplatelets are oriented with their short
side perpendicular to the electron beam, appearing in the im-
age as black ribbons (dark arrows and dark square in Figure 6d),
and their lateral structure and thickness can therefore be ana-
lyzed. In particular, atomic planes are visible within the thick-
ness of the platelets and their interplanar distance, d = 0.616(8)
nm, obtained by the Fast Fourier Transform (FFT) of the image,
corresponds to the WS, (002) planes (dys, (002) = 0.618 nm,
hexagonal description), inset of Figure 6d; see also Figure S8
(Supporting Information) for more details. These results sug-
gest that the larger surface area of the platelets corresponds
to the (002) WS, planes, while the thickness of the platelets
is in the c-axis direction. The thickness of the platelets varies
from 1 to 70 nm, while their lateral dimensions range from
10 to 500 nm, as determined by TEM measurements. A typical
TEM image of the W(33)L(67) composite is shown in Figure 6e.
The irregularly shaped grains of the LiFe.O, phase, together
with the WS, nanoflakes, are clearly visible. The two phases
are in contact with each other and uniformly distributed (see
also colored EDS map in Figure S4b, Supporting Information).
The presence of contacts between these phases correlates with
the presence of additional minority components in the XPS
spectra for the S 2p line. A very close contact between the
two phases is also observed, Figure 6f, supporting the possibil-
ity of polarization effects between the dielectric and magnetic
phases.

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

85US017 SUOWILLOD) BAIERID 3(qed1jdde B Aq pauseAoh a/e SSPIE YO (88N JO SN 104 ARIGIT BUIIUO AB]IM UO (SUOHIPUOD-PUR-SWLIBI Y A8 1M ARe1d 1pU1IUO//SANY) SUORIPUOD PuUe SW L 33 39S *[9202/20/90] U0 Aiqi auiuo MAJim *31ea Hied A1sieAlun -sidy 01pues Aq 289005202 ILUPE/Z00T OT/I0P/U0Y 4| 1M ARe.q U U0 PeoURADE//SANY WOJ PBPEOIUMOQ ‘2 ‘G202 ‘0SELIBTZ


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

)

www.advmatinterfaces.de

-

#L(100)

(c)

#W(100)

LT

#W(33)L(6

WSZ‘:’ |

WS,

(e)

Figure 6. SEM images of: a) L(100), b) W (100); TEM images of: c) L(100) showing the typical grain structure; d) W(100) revealing that the nanoflakes are

g
B \:\‘
A\
al
9 nm
]
- . q
WS,
0
AR /,

(f)

composed of thin stacked platelets (the inset shows the thickness of a platelet with visible dys, (002) lattice planes); e) W(33)L(67) where the LiFesOg
grains are in contact with the WS, nanoflakes; f) a detail of the previous image showing the intimate contact between the two phases.
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2.2. Tuning of EMI Shielding Properties in the Inter-Dimensional
Nanocomposites

The EMI shielding performance of a sample can be analyzed
based on the shielding effectiveness (SE) and the power fractions
corresponding to reflection (R), absorption (A), and transmission
(7). When EM waves are incident on an EMI shielding material
placed inside a hollow transmission line, a part of the incident
power is reflected from the air-material interface. This is denoted
Dby the reflection coefficient (R), which can be used to calculate the
shielding due to reflection (SE; in dB). A fraction of the power
that penetrates the material is absorbed due to dielectric and mag-
netic losses. The amount of absorption can be estimated from the
absorption coefficient (A) and shielding due to absorption (SE,
in dB). The total shielding (SE;) is then defined as the sum of the
reflection and absorption shielding (SE, + SE, = SE;). The trans-
mission coefficient (T) denotes the power fraction that can trans-
mit through the shielding material without being attenuated. The
purpose of a good shielding material is to reduce T as much as
possible. Since the law of power balance is satisfied by the con-
dition: R + A + T = 1, there are two ways to reduce T; either by
increasing reflection (R) of EM waves at the air-material interface
or by enhancing absorption (A) within the material. An optimum
balance between R and A may also be achieved to minimize Tand
maximize the EMI SE. Researchers have often used the power
coefficients R, A, and T to quantify the reflective and absorptive
capabilities of shielding materials.['>*}] Moreover, it has been dis-
cussed in literature that power coefficients represent the actual
amount of reflected and absorbed power. Therefore, power coef-
ficients are more useful in quantifying the reflection and absorp-
tion contributions to the overall shielding.** In a two-port trans-
mission line method, R, A, and T can be calculated from the four
scattering parameters (S,;, S,;, S;,, and S,,), which are measured
directly by a vector network analyzer (VNA). A more detailed dis-
cussion on these parameters along with relevant mathematical
expressions is provided in our previous work.!]

Frequency-dependent shielding values (SEg, SE,, and SE; in
dB) of the samples are provided in Figure 7. From Figure 7a,
it is clear that W(100) consisting of pure WS, has the highest
shielding due to reflection (SE; ~16-15 dB), whereas the bipha-
sic lithium iron oxide denoted as L(100) has a very low reflection
shielding (SE; ~5 dB). In the nanocomposites, the SE, values
decrease with increase in ferrite content. The W(3)L(97) sample
recorded the lowest SEj value of 3 dB at 12.4 GHz, while its SE,
is higher than for L(100) at lower frequencies. Figure 7b depicts
the frequency variation of shielding due to absorption (SE,) for
different samples. L(100) showed the lowest SE, value (=3 dB),
while W (33)L(67) registered the maximum SE, value of ~#48.8 dB
at 12.4 GHz. This large increase in SE, can be attributed to the
magneto-dielectric synergy in the triphasic W(33)L(67) nanocom-
posite with nearly equal fractions of dielectric WS,, ferrimag-
netic a-LiFe;Og, and paramagnetic a-LiFeO,, which increased its
absorption capability.l'>*] Moreover, the formation of interfaces
between a-LiFe;Og/a-LiFeO, and WS, also increases the inter-
facial polarization loss, thereby increasing the absorption of EM
Waves.[12,35,36]

The total shielding effectiveness (SE;) of the samples is
plotted in Figure 7c. Both W(71)L(29) and W(33)L(67) exhibit
very high SE; values (~50-55 dB). W(100) also exhibits a very
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Figure 7. a) SEg; b) SE,; and c) SE; as a function of frequency in the X
band.
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Table 2. Comparison of EMI shielding parameters (SEg, SE4, SE7, SE7/d, and A) of reported materials with this work.

Material Frequency [GHZ] Thickness (d) SEg [dB] SE, [dB] SE; [dB] SE/d [dB/mm] A Refs.
[mm]
LDPE: MWCNT: GNP: ZrFe, O, (50:5:40:5) 8.2-12.4 3.5 0.3 58.14 ~58.57 16.73 0.9 [38]
W (33)L(67) 8.2-12.4 3 6.72 48.83 55.55 18.52 0.21 This work
Mxene-rGOy., 8.2-12.4 3 - - 50.7 16.9 03 1
CoFe,0,/MWCNT/GNP/LDPE (50/5/40/5) 8.2-12.4 35 036 49.55 ~50 14.29 - 39]
16 wt% of graphene in 8.2-12.4 2 ~1 ~37 ~38 19 - [40]
Polypyrrole/CoFe, O, /graphene

LDPE: MWCNT: GNP: LaFeO; (50:5:40:5) 8.2-12.4 35 ~3.11 ~30.48 ~33.57 9.59 - [47]
WS, /rGO (Swt%) 2-18 15 ~7 ~28 ~32 2133 0.2-0.4 9]
LiFe5Og/20 wt.% Carbon black 8.2-18 3 4.85 23.17 28.02 9.34 - [3]
LiFes. Dy, Og/Carbon black (x =0.1) 8.2-18 3 2.64 24.05 26.69 8.90 - [2]
Polystyrene/MWCNT/ GNP 8.2-12.4 5.6 - - ~20.2 3.61 - [42]
MoS,-rGO/CoFe,0, 8.2-12.4 14 7.80 12.62 19.26 13.76 - 2]
Polyetherimide (PEl)/graphene@Fe; O, 8-12 25 ~0.5 ~17.3 14.3-18.2 7.28 - [14]
MoS,-rGO/Fe;O, 8.2-12.4 13 ~3.73 ~4.53 ~8.27 6.36 0.25-0.3 [13]
PLA/10C@PBS/BN (S(5:5)-10B5C) 8.2-12.4 3 - - 41.06 13.69 0.2-0.3 [43]

impressive SE; value of 48-45 dB. However, both W(100) and
W(71)L(29) have much higher SE; values than W(33)L(67).
Therefore, W(33)L(67) is by far the better absorber among the
nanocomposites for the majority of the X-band frequency range.
In Table 2, the shielding parameters of the nanocomposites have
been compared with those of other composites reported in lit-
erature. For a fair comparison, the total shielding effectiveness
(SE;) was normalized with the sample thickness (d). The quan-
tity SE;/d (dB mm™') was defined as total shielding effective-
ness (SE;) per unit thickness (d) as per convention found in
literature.l%)

The absorption capabilities of the samples can be better un-
derstood by studying the frequency variation of R, A, and T
(Figure 8). The reflection coefficient (R), plotted in Figure 8a, is
a measure of the fraction of incident power that is reflected. If
R is equal to 0.50, then 50% of the incident power is reflected.
For W(100), R is 0.97, which implies that almost 97% of the in-
cident power was reflected at the air-material interface. The dia-
magnetic behavior of WS, observed in the room temperature M-
H curve (Figure 5, inset) may explain the high reflection observed
in W(100). Diamagnetic materials repel externally applied mag-
netic fields, which can result in high reflection of EM waves at the
air-material interface. As the wt. % of biphasic lithium iron oxide
increased, the value of R decreased. For W(3)L(97), R reached a
minimum value of 0.50 at 12.4 GHz. However, for a major part
of the X band, L(100) exhibited the lowest value of R among all
the samples. The absorption coefficient (A) plotted in Figure 8b
gives an estimate of the amount of incident power that is ab-
sorbed within the material. The absorption of EM waves requires
the conversion of EM energy into heat. This can be achieved by di-
electric and magnetic loss mechanisms. Absorption (4) is higher
in the multiphasic nanocomposites than both W(100) and L(100).
From 8.2-9 GHz, L(100) has indeed A = 0.15-0.20, but this value
decreases rapidly 9 GHz onward and becomes very low at higher
frequencies. In contrast, W(33)L(67) maintains a high absorp-
tion (A) value of 0.12-0.21 throughout the X band. Overall, the
nanocomposites W(3)L(97) and W(33)L(67) have better absorp-
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tion capabilities than both the end members, W(100) and L(100).
The improvement in absorption in these multiphasic nanocom-
posites is attributed to the formation of interfaces between the
different phases.'?] The transmission coefficient of the differ-
ent samples is depicted in Figure 8c. Both W(3)L(97) and L(100)
have high T values ranging from roughly 0.10 to 0.30. This indi-
cates that almost 10-30% of the incident power passes unatten-
uated through these materials. The other three samples includ-
ing W(100), W(71)L(29), and W(33)L(67) have negligible T values
(=0).

In Figure 8d, we show the correlation between phase per-
centage and power fractions of the different samples. The re-
flection coefficient (R) increases steadily with an increase in the
WS,-WO, content. Reflection in W(100) (pure WS,) is ~42%
higher than that of L(100) (pure lithium iron oxide). The absorp-
tion coefficient (A) increases at first reaching a maximum for
W(33)L(67), and then decreases with further increase in the WS-
WO, content. It is observed that only a small amount (=3 wt.%)
of WS,-WO, is sufficient to improve the absorption coefficient of
W(3)L(97) by ~71% compared to that of L(100). When the WS-
WO, content reaches x33 wt.% in W(33)L(67), the absorption
coefficient improves by a massive ~147% compared to L(100).
This improvement in absorption is due to the interfacial polariza-
tion loss effects. For a good shielding material, the transmission
coefficient (T) must be very close to 0. In all the nanocompos-
ites, the transmission coefficient (T) is much lower compared to
that of L(100). Taking into account all the parameters, W(33)L(67)
emerges as the optimum material with very high total shielding
(SE; = 55.6 dB at 12.4 GHz), high absorption shielding (SE, =
48.8 dB at 12.4 GHz), and improved absorption coefficient (A =
0.21 at 12.4 GHz).

2.2.1. Reflection Loss (RL)

Along with EMI shielding, reflection loss (RL) is an important
parameter that quantifies the microwave (EM wave) absorption
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capability of a material. RL (dB) quantifies the amount of ab-
sorption at the air/material interface. For a good absorber, |RL|
> 10 dB is required as it corresponds to absorption of 90% of
the incident electromagnetic (EM) waves. However, |RL| > 20 dB
may be considered more suitable for applications since this corre-
sponds to 99% absorption of EM waves. As per the transmission
line theory, the reflection loss parameter can be expressed as a
function of complex permittivity (¢’ and ¢”) and permeability ('
and p”).[*

in _ZO
Z. +2,

in

RL =20log

1)

2zfd
n =

Z, =72, % tanh (J
€

\/ure,> @)

T
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where, d is the absorber thickness, ¢ is the speed of light in free
space, fis the frequency, Z, is the free space impedance (~377
Q), and Z,, is the input impedance.

Figure S10a,c,e (Supporting Information) depict the RL values
of the composite samples (W(71)L(29), W(33)L(67), W(3)L(97))
for multiple thicknesses. W(71)L(29) has poor reflection loss val-
ues (|RL| < 10 dB) for the majority of X-band. This is expected
since the large WS, content results in high reflection. With a re-
duction in WS, content, the RL values improved in W(33)L(67)
and W(3)L(97). W(3)L(97) showed the best RL,;, of =70 dB at
a thickness of 3.75 mm. On the other hand, W(33)L(67) exhib-
ited RL ;, of —55 dB at a much lower thickness of 3 mm. More-
over, for W(33)L(67), |RL| > 10 dB for all thicknesses greater
than 2.25 mm. This demonstrates the superior absorption capa-
bility of the W(33)L(67) composite owing to dielectric loss and
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interfacial polarization effects. High microwave absorption per-
formance in the composite samples can be attributed to the
nanoflake morphology of WS, which results in multiple scatter-
ing of the microwaves within the composite.l**] This dissipates
the EM wave energy thereby enhancing absorption. Moreover, the
formation of interfaces between WS, and LiFe;Oq results in in-
terfacial polarization, which can further improve absorption.[*]
The absorption of microwaves is directly related to the impedance
matching at the air-material interface. Impedance matching is
defined as the ratio between input impedance (Z,,) and free space
impedance (Z,). Absorption occurs when there is impedance
matching (Z,,/Z, = 1) at the interface.[*’] The impedance match-
ing of the composites in X-band is depicted in Figure S10b,d,f
(Supporting Information). Similar to the trend noticed in the case
of RL, W(33)L(67) exhibited the best impedance matching for
thicknesses of 3-3.5 mm. Impedance matching is bolstered by
the presence of interfacial polarization loss.[*¥]

It is clearly observed from Figure S10e (Supporting Informa-
tion), that the frequency of RL, decreases with the increase
in absorber thickness (d). This phenomenon is explained by the
quarter-wavelength theory. According to this theory, for optimal
microwave absorption, the absorber thickness must satisfy the
criterion:[*+4]

d:n—/lz n.c

= n=1,35,... (3)
4/ e

Here, f,,, and d,, denote the frequency and thickness corre-
sponding to RL, ;. ¢ is the speed of light, u, and ¢, are the rela-
tive permeability and permittivity, respectively. As seen in Figure
S11 (Supporting Information), the experimentally obtained data
points (black dots) are in good agreement with the simulated
black curve. Therefore, the obtained data satisfy the quarter-
wavelength model.

When electromagnetic (EM) waves travel through a material,
they get attenuated. The attenuation constant (a) quantifies the
spatial decay of EM waves traveling through a material. For a good
absorber, the attenuation constant should be high. The attenu-
ation constant is computed from the complex permittivity and
permeability:(*4]

2
a= \/_”f \/(/4”6‘” _ /4’8’) + \/(/t”&” _ /4/6’)2 + (”/5// + ”//5/)2 (4)
[

Figure S12 (Supporting Information) depicts the attenuation
constant of the composite samples as a function of frequency
in the X-band. The W(33)L(67) and W(3)L(97) composites have
greater attenuation constants than W(71)L(29). This indicates
that both these composites are better absorbers than W(71)L(29).
This aligns well with the experimentally obtained RL values
(Figure S10, Supporting Information) and absorption coefficient
data (Figure 8b).

2.2.2. Material Parameters
Material parameters like permittivity and permeability are usu-

ally extracted from the measured S-parameters (S;; and S,;) us-
ing the Nicolson—Ross-Weir algorithm.[1*5%51 However, for the
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nanocomposites containing WS,, the Nicolson-Ross—Weir algo-
rithm can be less reliable. The equations used in the algorithm
tend to become algebraically unstable when | S;;| — 0. Moreover,
atvery low values of | S|, the uncertainties in the phase measure-
ments become large, which could lead to unreliable results.l>!]
The S, values obtained for the samples W(100), W (71)L(29), and
W(33)L(67) were small. In particular, for W(100), the S,; values
ranged from —0.09 to —0.13. This is due to the fact that WS, has a
very high reflection coefficient (R 0.97) and high shielding due
to reflection (SE ~#16-15 dB). To mitigate this problem, the Re-
flection/Transmission Epsilon Precision mathematical model of
the Keysight N1500A Materials Measurement Suite was used to
calculate the complex permittivity. However, the drawback of this
method is that it cannot compute the complex permeability of the
sample.

The material parameters of the biphasic lithium iron oxide
(L(100)) have been discussed in detail in our previous work.["]
In the current study, we focus on the material parameters of the
samples containing WS,. The complex permittivity values of the
samples are plotted in Figure 9a,b. The polarization within a ma-
terial is given by the real part of permittivity (¢”). W(33)L(67) ex-
hibited the higheste” value of 12 at 8.2 GHz. The value decreased
gradually at higher frequencies and reached 5.4 at 12.4 GHz.
The other samples with high amount of WS, like W(100) and
W(71)L(29) showed identical decaying trends in &’. For W(100),
¢’ varies from 9.7 to 4.3, which is in good alignment with data
found in literature.[?’] The decay of ¢’ with increase in frequency
is a common feature in many dielectrics and can be attributed
to the reduction in space charge polarization effect.[>3 Accord-
ing to Koop’s theory,>* the reduction in ¢’ can be analyzed by as-
suming the dielectric material to be an inhomogeneous Maxwell-
Wagner type medium composed of conducting grains separated
Dy resistive grain boundaries. When an EM field is applied, space
charge polarization builds up at the grain boundaries giving rise
to the observed trend in real permittivity (¢”). Space charge effects
from different species, like oxygen vacancies and grain boundary
defects, may be responsible for the high value of dielectric con-
stant (¢”) at lower frequencies. At higher frequencies, the space
charge effect is reduced as the charged species are slow and lag
behind the applied field.[>?!

For W(3)L(97), the dielectric constant follows a slightly increas-
ing trend. The dielectric constant increases from 8.4 at 8.2 GHz
to 10 at 12.4 GHz. The small increment in the real part of per-
mittivity may indicate the presence of a resonance peak at higher
frequencies (beyond the X-band). However, in the measured fre-
quency interval (8.2-12.4 GHz), the dielectric constant can be
considered to be almost constant. It is to be noted that the dielec-
tric response of W(3)L(97) is different than the trends observed
in WS,-rich samples, but is similar to the response observed in
pure biphasic lithium iron oxide (L(100)). The dielectric constant
of biphasic lithium iron oxidel!l also increases slightly from 6.3
at 8.2 GHz to 7.7 at 12.4 GHz (Figure S13, Supporting Infor-
mation). The similar dielectric response between W (3)L(97) and
L(100) is expected since W(3)L(97) has almost 97 wt.% of L(100).
The dielectric constant of W(3)L(97) is higher than that of L(100),
which is attributed to the incorporation of WS, in the ferrite ma-
trix.

The imaginary part of permittivity (¢”) quantifies the ability of
a material to dissipate the EM energy in the form of heat. The
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Figure 9. a) Real part of permittivity (¢); b) Imaginary part of permittivity (¢”); c) Dielectric loss tangent (tané,).

dielectric loss tangent (tand, = ¢” /¢’) measures the amount of di-
electric loss suffered by the EM wave inside the material. In this
context, it is a crucial parameter that can heavily influence the ab-
sorption capabilities of the nanocomposites. A correlation may be
drawn between the variation of tané, (Figure 9¢) and the absorp-
tion coefficient, A (Figure 8b) with respect to the phase composi-
tion of the samples. A similar trend is noticed—both tans, and A
increase with increase in the biphasic lithium iron oxide content
and attain a maximum value for the composite W(33)L(67). The
end members, W(100) and L(100), have tans, values ~0.04 and
~0.03, respectively. Since both the end members have low loss
tangents, the increase in dielectric loss tangent in the nanocom-
posites may be attributed mainly to the formation of interfaces
between them. The interfacial effect increases gradually as more
and more lithium iron oxide is incorporated and reaches an opti-
mal point for the nanocomposite W(33)L(67). Further increase in
lithium iron oxide content has a slight negative effect on tans,,
and this is evident for the sample W(3)L(97). This is because a
majority of one phase (97% of lithium iron oxide) reduces the
number of interfaces between the 0D ferrite nanoparticles and

Adv. Mater. Interfaces 2025, 12, e00687 e00687 (11 0f14)

the 2D layered WS,. To further analyze the effects of interfacial
polarization, Cole—Cole plots (¢’ vs €”) of W(100) and W (100)-
based composites are depicted in Figure S14d (Supporting Infor-
mation). Prominent Cole—Cole semicircles depicting relaxation
mechanisms are observed for W(33)L(67) and W(3)L(97) compos-
ites. The presence of Cole-Cole semicircles confirms the pres-
ence of interfacial polarization in these composites.[**>5] The ac-
cumulation of charges at the WS, /LiFe;Oy interface can result
in significant interfacial polarization response, which attenuates
EM wave energy.*>5%) On the contrary, these semicircles are not
clearly visible for the W(100) and W(71)L(29) samples. This rein-
forces the conclusion that EMI shielding in WS, -rich composites
(W(100) and W(71)L(29)) is primarily due to reflection while the
shielding mechanism is dominated by absorption in L(100)-rich
composites (W(33)L(67) and W(3)L(97)). An in-depth analysis of
the Cole—Cole plots is presented in Section S6 (Supporting Infor-
mation).

The ac conductivity values (o, = we,¢”) of the samples are de-
picted in Figure S14c (Supporting Information). The conductivity
of the samples ranges from ~0.2 to 1.2 S m~! in the X-band. The
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ac conductivity follows a trend similar to dielectric loss tangent
(tand,) (Figure 9c¢). This can be explained by the fact that conduc-
tion loss is a crucial part of dielectric loss mechanisms and helps
boost the absorption of EM waves.

Magnetic parameters like complex permeability (¢’ and u”) and
magnetic loss tangent (tand, = u”/u’) also play an important role
in the analysis of EMI shielding performance since they quantify
the amount of dissipation of magnetic energy within the mate-
rial. The frequency variation of magnetic parameters is depicted
in Figure S14a,b (Supporting Information). Since WS, is a non-
magnetic phase, the biphasic lithium iron oxide (L(100)) is the
source of magnetic loss in all the composites. Detailed analysis
of the magnetic parameters is provided in Section S6 (Supporting
Information).

3. Conclusion

WS,-WO, /biphasic lithium iron oxide nanocomposites were pre-
pared with different weight fractions of WS, and biphasic lithium
iron oxide (54 wt.% a-LiFe;Og / 46 wt.% a-LiFeO,). The EMI
shielding properties and dielectric parameters of the nanocom-
posites were studied in the X-band. The structural and mor-
phological characterization, together with an investigation of the
magnetization curves and dielectric parameters, revealed that the
EMI shielding properties can be significantly altered by modify-
ing the weight fraction of the constituent (magnetic versus di-
electric) phases as well as by controlling the interfaces. The ad-
dition of WS, into the biphasic lithium iron oxide significantly
improved the total shielding effectiveness (SE;) of the nanocom-
posites. The W(33)L(67) nanocomposite achieved the highest SE;
value of ~55.6 dB which, to the best of our knowledge, is one of
the highest values reported in literature for TMDC/ferrite-based
composites (Table 2). The corresponding absorption coefficient
(A) was on average a massive ~147% higher than the L(100)
composite (Figure 8d). For absorption-based applications, the re-
flection of EM waves must be reduced to minimize secondary
sources of EMI originating from the reflected waves. In such
a scenario, W(33)L(67) composition is a good choice. However,
high absorption also results in heating, which may be undesir-
able in other applications. This can be solved by using materials
that have high reflection. Composites W(71)L(29) and W(100) fit
nicely into this category as both have good shielding effective-
ness with a significantly high amount of reflection (R > 0.9). The
reflection coefficient (R) was on average ~38% and ~42% higher
than L(100), respectively. Therefore, based on the application sce-
nario, the reflection and absorption properties of WS, /biphasic
lithium iron oxide nanocomposites can be easily tuned by alter-
ing the relative phase fractions. In conclusion, this study demon-
strates that the shielding performance of inter-dimensional, mor-
phologically distinct magnetic-dielectric nanocomposites can be
effectively tuned by precisely adjusting their composition, weight
fraction, and interfacial characteristics.

4. Experimental Section

Preparation of WS, nanoflakes: Sodium tungstate dihydrate
(Na,WO,.2H,0), thiourea (CH,4N,S), oxalic acid (H,C,0,), and Pluronic
F127 from Merck were used as precursors for hydrothermal synthesis
of ultra-thin WS, nanoflakes. All the precursors were of analytical grade

Adv. Mater. Interfaces 2025, 12, e00687 e00687 (12 0f14)

www.advmatinterfaces.de

Table 3. Sample labels and corresponding composition (in wt.%) of WS,-
WOj;/lithium iron oxide nanocomposites.

Sample label WS, /WO, [wt. %] a-LiFe;Og/a-LiFeO, [wt.%)]
W(100) 100 -

W(71)L(29) 71 29
W(33)L(67) 33 67

W(3)L(97) 3 97

L(100) - 100

and were used without further purification. For the synthesis, sodium
tungstate dihydrate (6.93 g) and thiourea (7.98 g) were weighed carefully
and transferred into a beaker filled with de-ionized water (210 mL). The
precursors were thoroughly dissolved by continuous magnetic stirring for
15 min after which oxalic acid (3.50 g) and Pluronic F127 (1.40 g) were
added to the above solution. The solution was further stirred for 15 min.
The mixture was then transferred into a 300 ml stainless-steel autoclave
and heated at 240 °C for 24 h. The autoclave was allowed to naturally cool
down to room temperature and the black powder product was washed
several times with de-ionized water and ethanol. It was then dried in an
oven at 60 °C for 12 h. Sample code W(100) was assigned to the final
powder sample.

Preparation of Biphasic Lithium Iron Oxide: ~ Biphasic lithium iron oxide
(54 wt.% a-LiFesOg / 46 wt.% a-LiFeO,) composite was prepared using a
sol-gel auto combustion method as described in a previous work.l'! Cit-
ric acid was used as fuel and chelating agent. Analytical grade chemicals
were obtained from Merck and used without further purification. In a typi-
cal synthesis, lithium nitrate and iron nitrate nonahydrate were taken in 1:2
Molar ratio and dissolved in de-ionized water. A stoichiometric amount of
citric acid was added to the mixture to maintain a 1:1 Molar ratio between
metal nitrates and citric acid. The mixture was then heated at 110 °C with
continuous magnetic stirring. The water slowly evaporated leaving behind
a reddish-brown viscous gel, which was further heated at 220 °C to obtain
the powder product. The powder was crushed thoroughly in an agate mor-
tar and annealed at 700 °C for 10 h. The final composite was assigned the
sample code L(100).

Preparation of WS,/Biphasic Lithium Iron Oxide Nanocomposites:
Biphasic lithium iron oxide (L(100)) and WS, nanoflakes (W (100)) were
weighed and dispersed in deionized water using an ultrasonic bath for
15 min. The mixture was then transferred to a stainless-steel autoclave.
The autoclave was filled to 60% of its volume and placed in an oven at
130 °C for 1 h. The mixture was allowed to cool down naturally to room
temperature. To facilitate precipitation, the mixture was left undisturbed
overnight. The precipitate was collected and washed several times with
ethanol and deionized water. The final powder was left overnight to dry at
room temperature. To study the effect of phase composition on the EMI
shielding properties, different weight fractions of W(100) and L(100) were
used. The different compositions and the corresponding sample codes are
provided in Table 3. Structural characterization (described later) revealed
a small impurity phase of WO5 in the nanocomposite samples. Therefore,
we report the phase fractions as WS, /WOj; in Table 3.

Structural, Morphological, and Magnetic Characterization:  X-ray diffrac-
tion was used to investigate the crystal structure and phase composition
of the nanocomposites. The samples were studied under Cu-Ka radiation
(4= 1.5406 A) using the Bragg Brentano Focusing Geometry on a Siemens
D5000 X-ray diffractometer. A 26 scan from 10° to 90" with a step size of
0.02° was used to record the diffraction patterns. Raman spectra were ac-
quired using a Renishaw inVia Reflex confocal microscope, equipped with
a frequency-doubled Nd:YAG laser operating at 532 nm with a maximum
power of 43 mW at the sample surface. The spectra were collected using a
50x objective (Leica), 2400 lines mm~" grating, and a laser power adjusted
to 5% of the maximum power (2.15 mW) using neutral density filters to
avoid any deterioration from the laser heating. The spectra were recorded
with 10 s acquisition time and 1 accumulation, covering a static scan
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range of 85-1345cm™". Prior to spectra acquisition of the samples, the
spectrometer was calibrated with measurements on silicon, confirming
that the characteristic Si peak was found at 520.5 cm™'. X-ray photoelec-
tron spectroscopy (XPS) was used to study the elemental composition of
the samples. The XPS spectra were obtained using a PHI-5500 X-ray photo-
electron spectrometer attached with an Al K-alpha source. The XPS spectra
were fitted using KoIXPD software.[”] Shirley background and Voigt func-
tions were used to fit the spectra. The magnetic behavior of the samples
at room temperature was investigated using a vibrating sample magne-
tometer (LakeShore 7404 VSM). The magnetization (M) versus magnetic
field (H) hysteresis curves of all the samples were recorded in an interval
of —18 to +18 kOe.

The morphology of the samples was studied using scanning elec-
tron microscopy (SEM) including elemental composition through energy-
dispersive X-ray spectroscopy (EDS). A Zeiss LEO 1530 SEM equipped
with an EDS detector was used for this purpose. Transmission electron
microscopy (TEM) analysis was performed by a Philips CM200 electron
microscope to further investigate the samples’ internal morphology and
specifically the interfaces between the dielectric and magnetic phases. For
TEM observations, the samples in the form of powders were dispersed in
ethanol and sonicated for 1 min. A drop of the suspension was deposited
on a commercial holey-carbon grid for TEM and kept in air until complete
ethanol evaporation.

EMI Shielding Measurements: ~ Keysight N5227A Network Analyzer was
used to measure the EMI shielding performance of the samples in the
X-band frequency range (8.2-12.4 GHz). The network analyzer was cali-
brated using a two-port transmission line mode with the Keysight N9911X-
WR90 mechanical calibration kit. The powder samples were pelletized in a
rectangular shape (22.85 mm X 10.16 mm x 3 mm) with a hydraulic press
using 30 kN force. The pellets were then placed inside a waveguide sam-
ple holder to measure the EMI shielding response. The complex permit-
tivity (¢,) and permeability (u,) values were calculated using the Keysight
N1500A Materials Measurement Suite (2020).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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