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A B S T R A C T

There is a great demand for efficient electromagnetic interference (EMI) shielding materials due to exponential 
growth in wireless telecommunication devices. These devices emit electromagnetic radiation that can disrupt 
electronic devices, and cause health hazards. Therefore, it is crucial to develop materials that can shield devices 
and humans from exposure to electromagnetic radiation. In this context, nanocomposite materials offer huge 
advantages due to the dual possibility of tailoring the interfaces as well as using the complementary properties of 
magnetic and dielectric components in the nanocomposite to enhance the EMI shielding performance. This work 
shows that by a careful tuning of the synthesis parameters, we can grow biphasic lithium iron oxide (ferri
magnetic α-LiFe5O8 and paramagnetic α-LiFeO2) nanocomposite with different relative fractions of the two 
phases. The variation of the phase fraction and the simultaneous growth of the two phases allow us to control the 
interfaces between the two phases as well as the physical properties of the nanocomposite, which have a direct 
effect on the EMI shielding performance. Detailed structural (X-ray diffraction), compositional (Raman spec
troscopy), and morphological (high-resolution transmission electron microscopy) characterization is presented to 
understand the effect of the synthesis conditions on the EMI shielding parameters. Improved dielectric and 
magnetic properties together with an increased number of interfaces in the sample with nearly equal amounts of 
the two phases results in the best performance. This work demonstrates the significant potential of using biphasic 
magnetic oxide nanocomposites with controllable interfaces and physical properties for EMI shielding, which can 
form the base for more complex triphasic systems in the future.

1. Introduction

In the current age of technology and wireless communication, elec
tromagnetic interference (EMI) is a major concern in aviation, health
care, and electronic information systems [1–5]. Nowadays, most devices 
like smartphones, smart-watches, and computers operate in the micro
wave frequency region (~109 Hz). The exponential proliferation of such 
wireless devices has led to band congestion [5,6]. EMI occurs when stray 
microwave frequency signals interfere with electrical devices and cause 

device malfunction, data corruption, and performance loss. Military 
aircrafts and equipment like radars also emit electromagnetic (EM) 
waves that can disrupt other electrical instruments and even pose health 
threats to plants, animals, and humans [1–8]. To combat these serious 
challenges, research on EMI-shielding materials has gained increased 
attention in the last few years. An EMI-shielding material ‘shields’ the 
device by blocking unwanted EM waves. The shielding mechanism can 
be achieved in two ways: reflection of the incident EM waves at the 
interface, and/or absorption of the EM energy within the material. 
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Reflection can be achieved by using highly conductive materials which 
have free charge carriers that can interact with the incident EM field. 
Absorption requires the presence of electrical and magnetic dipoles 
within the material that can dissipate the EM energy in the form of 
dielectric and magnetic losses [9]. Current research is focused on 
lightweight EMI-shielding materials that can be effectively integrated 
into delicate electronic systems, aircrafts, and military gears [10,11].

Metals are highly conductive, and their low skin depth makes them 
good reflectors of EM waves. However, metals are heavy, and also 
vulnerable to oxidation and corrosion. Other lightweight candidates 
include polymer composites that are flexible and resistant to corrosion. 
However, the degradation of polymers at moderately high temperatures 
limits their scope in EMI shielding applications [12,13]. Magnetic 
nanoparticles containing iron have also attracted attention due to their 
low-cost synthesis, high magnetization, good temperature stability, and 
better biodegradability [14]. The most important Fe-based compounds 
include Fe2O3 (α, β, γ, and ε polymorphs) [15], ferrites (spinel and hex
agonal) [16,17], magnetite (Fe3O4) [18], and LiFeO2 (α, β, and γ poly
morphs) [19]. These magnetic nanoparticles are often used to make 
composites with polymers to enhance EMI shielding. Research on 
multi-component materials involving ferrites, polymers, carbon, and 
two-dimensional materials is increasing. In multi-component materials, 
the EMI shielding properties are enhanced due to a synergistic effect and 
contributions from dielectric and magnetic components. In addition, the 
increased effect of interfaces between different components in nano
composites also lead to interfacial polarization effects that can improve 
absorption of EM waves [20,21]. Microwave absorption properties of 
α-Fe2O3-based composites with interesting morphologies have been 
investigated thoroughly. Wan et al. devised a novel cellulose-based 
carbon aerogel/α-Fe2O3/polypyrroles composite which registered total 
shielding effectiveness of 39.4 dB [22]. Manjappa et al. synthesized 
α-Fe2O3/Multi Walled Carbon Nanotube (MWCNT)/graphene nano
pellets in low-density polyethylene polymer matrix. The composite with 
5 wt% α-Fe2O3 exhibited the highest shielding effectiveness (39.19 dB at 
10.3 GHz) [23]. Ferrites also enjoy a similar popularity as EMI shielding 
materials. Lithium ferrite (LiFe5O8) is one of the most common spinel 
ferrites used in EMI applications due to its low weight, thermal stability, 
low-cost synthesis process, and high magnetization [21]. Li et al. 
fabricated MoS2/LiFe5O8 composites with an interesting morphology 
where raspberry like ferrite particles were lodged on MoS2 nanoflowers 
[20]. Lin et al. prepared reduced graphene oxide (r-GO)/ LiFe5O8 
nanocomposites which showed broadband (3.5 GHz) microwave ab
sorption in X-band (8.2 – 12.4 GHz) and Ku-band (12 – 18 GHz) [21]. In 
both scenarios, the multi-phase composites showed significant 
enhancement in EMI shielding compared to the individual phases.

Nanostructured LiFe5O8 can be synthesized using different methods 
such as sol-gel auto combustion, solid state reaction, and hydrothermal 
synthesis [24–26]. The sol-gel method is preferred due to the low tem
perature requirement and greater control over homogeneity and particle 
size distribution of spinel ferrites [27,28]. Teixeira et al. synthesized 
LiFe5O8 using nitrate precursors (Fe(NO3)3⋅9 H2O, and LiNO3) via solid 
state method and found α-Fe2O3 impurity in the samples annealed at 
600◦C and 1000◦C [25]. Lucas et al. encountered α-Fe2O3 impurity in 
lithium ferrite prepared by pectin sol-gel route [24]. This suggests a 
phase competition, leading to an additional level of complexity in pre
paring pure LiFe5O8. Recently, Granados-Miralles et al. explored the 
effect of Li-content on the phase composition of lithium ferrite. They 
demonstrated that by increasing the Li:Fe molar ratio to 1:3, a controlled 
mixture of α-LiFe5O8 and α-LiFeO2 can be obtained [29]. The tailoring of 
Li-content is crucial for lithium ferrites as Li tends to evaporate at high 
processing temperatures. Moreover, the Li-content and the phase 
composition have significant effect on several physical properties. Sun 
et al. developed LiFeO2 (13.6 wt%)/ZnFe2O4(86.4 wt%) composites via 
sol-gel route. The composites showed significant improvement in 
dielectric and magnetic properties with minimum absorption loss of 
− 10.4 dB at 17.7 GHz for a thickness of 16.7 mm. The improved 

absorption was attributed to interfacial polarization loss due to forma
tion of interfaces between ZnFe2O4 and LiFeO2 [19]. In this context, the 
possibility to create biphasic lithium ferrite nanocomposite (by chang
ing the initial Li:Fe molar ratio) and thereby increase the number of 
interfaces offers a way to tune the EMI shielding properties without 
incorporating a third cation like Zn.

Most reported composite-based EMI shields use several components 
like MXenes/PBO (poly(p-phenylene-2,6-benzobisoxazole)) nanofiber 
films[30], liquid metal reinforced cellulose nanofiber/MXene[31], and 
MXene/polyimide[32] to achieve high shielding effectiveness. These 
materials typically involve a mixture of two-dimensional materials, 
polymers, and nanofibers. The formation of multiple hetero-interfaces 
between different phases has also been exploited to improve micro
wave absorption[33]. However, the synthesis process of these materials 
can be complex, time consuming, and expensive. On the other hand, this 
paper focuses on ceramic materials (i.e., lithium ferrite) that can be 
easily synthesized using sol-gel auto combustion techniques. A biphasic 
composite can also be achieved easily by carefully tuning the ratio of the 
nitrate precursors. Furthermore, since LiFe5O8 is the preferred choice as 
the ferrite component in various composite systems for EMI shielding 
applications, it is interesting to explore the effect of phase competition 
and varying content of lithium iron oxide phases on its EMI shielding 
properties. By investigating the effect of Li-content on the EMI shielding 
properties of lithium iron oxide nanocomposites, we can identify the 
optimum ratio that will give maximum EMI shielding.

In this framework, lithium-iron oxides with different Li/Fe molar 
ratios were prepared via the sol-gel route. This paper focuses on the 
investigation of the synergistic effect of α-LiFe5O8/α-LiFeO2 on the EMI 
shielding properties in X-band.

2. Experimental details

Sample Preparation: The lithium-iron oxide nanocomposite sam
ples were synthesized using sol-gel auto combustion method with citric 
acid as fuel. All chemicals were obtained from Merck and used without 
further purification. In a typical synthesis, stoichiometric amounts of 
lithium nitrate (LiNO3), iron (III) nitrate nonahydrate (Fe 
(NO3)3⋅9 H2O), and citric acid (HOC(COOH)(CH2COOH)2) were dis
solved in de-ionized water. A 1:1 molar ratio of metal nitrates to citric 
acid was maintained. The water was slowly evaporated by heating at 
110◦C under continuous magnetic stirring. The resultant viscous gel was 
heated at 220◦C to obtain the final powder product which was thor
oughly crushed and annealed at 700◦C for 10 h. Four samples were 
synthesized with different Li/Fe molar ratios of the precursors (Li/Fe =
0, 0.31, 0.50, and 1). The samples are coded as S1, S2, S3, and S4, 
respectively (see Table 1).

Crystal Structure, Composition, Morphology, and Magnetic 
Characterization: The crystal structure and phase composition of the 
annealed powders were investigated using a Siemens D5000 X-ray 
diffractometer with Bragg-Brentano Focusing Geometry (2θ = 10◦ to 
90◦, step size = 0.02◦, Cu-Kα radiation with λ = 1.5406 Å) operated at 
45 kV and 45 mA. Rietveld refinement was performed on the X-ray 
diffraction patterns using FullProf suite to reveal the phase composition 
of the samples [34,35]. During the refinements, several structure pa
rameters were allowed to vary, including the unit cell parameters and 
atomic positions, and the peak shapes were described using the 
Thompson-Cox-Hastings pseudo-Voigt function.

The determination of Li and Fe content was carried out by 
microwave-assisted acid digests. Determination of the elements in the 
digests was performed by inductively coupled plasma atomic emission 
spectrometry (ICP-AES) using a Varian Vista PRO instrument. More 
details of sample preparation for ICP-AES are given in the Supplemen
tary Material. Raman spectra were acquired using a Renishaw inVia 
Reflex confocal microscope, equipped with a frequency doubled Nd:YAG 
laser operating at 532 nm with a power of 43 mW for an unmodified 
laser beam. The single spot and mapping spectra were collected using 
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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 5–7 seconds acquisition time and 2–3 accumula
tions, covering a static scan range of 85–1345 cm–1. Prior to spectra 
acquisition of the samples, the spectrometer was calibrated with mea
surements on silicon, confirming that the characteristic Si peak is found 
at 520.5 cm–1.

The inner structure of the samples was investigated by transmission 
electron microscopy (TEM) techniques. A Philips CM200 electron 

microscope operating at 200 kV and equipped with a LaB6 filament was 
used for the analysis. For TEM observations, the samples in the form of 
powder were dispersed in ethanol and sonicated for one minute. A drop 
of the suspension was put over a commercial holed-carbon-coated TEM 
grid and kept in air until complete ethanol evaporation. Room temper
ature magnetization hysteresis loops were recorded within a range of 
− 18 kOe to +18 kOe using a vibrating sample magnetometer (Lake
Shore 7404 VSM).

Microwave Characterization: EMI shielding properties in the X 
band (8.2 – 12.4 GHz) was studied using a two-port Network Analyzer 

Table 1 
Table summarizing the sample codes, ratio of nitrate precursors, Li/Fe molar ratio obtained from ICP-AES, and the phase fractions calculated using Rietveld refinement 
of XRD patterns and Raman mapping. (Errors are shown in parentheses.).

Sample code Molar ratio of Li/Fe nitrate precursors Li/Fe molar ratio (from ICP-AES) Weight percentage of phases from 
Rietveld refinement (%)

Weight percentage of phases 
from Raman mapping (%)

α - LiFe5O8 α - LiFeO2 α - Fe2O3 α - LiFe5O8 α - LiFeO2

S1 - - - - 100 - -
S2 0.31 0.30(3) 83.6(5) 16.4(3) - 84.0(8) 16.0(2)
S3 0.50 0.44(4) 54.0(3) 46.0(4) - 55.8(5) 44.2(2)
S4 1.00 1.0(1) 2.8(8) 97.2(4) - - -

Fig. 1. Rietveld refinement plots of all samples annealed at 700◦C.
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(Keysight N9918A FieldFox Handheld Microwave Analyser, 26.5 GHz) 
in Transmission Line mode. The network analyzer was calibrated using 
the Keysight N9911X-WR90 mechanical calibration kit. A hydraulic 
press was used to press the powder samples at 30 kN pressure to produce 
rectangular pellets of required dimensions (22.85 mm × 10.16 mm ×
3 mm). The pellets were then tightly fitted into the waveguide to obtain 
the EMI shielding response. The complex permittivity and permeability 
values were calculated by the Nicolson – Ross – Weir Method using 
Keysight N1500A Materials Measurement Suite (2020).

In Fig. S1 in the Supplementary Material, a schematic diagram shows 
the full sample preparation flow, starting from the precursors to the final 
pellet used for the microwave characterization.

3. Results and discussion

3.1. Structural characterization and phase composition

X-ray diffraction (XRD) patterns (Fig. S2 in the Supplementary 
Material) were recorded to reveal the mono/biphasic nature of the 
samples formed as a result of varying the initial Li:Fe molar ratio in the 
nitrate precursors. The XRD pattern for sample S1 (Li/Fe = 0) matched 
with the standard pattern of α-Fe2O3 (R3c) indicating that the absence of 
Li results in the formation of pure α-Fe2O3. The XRD patterns of S2, S3, 
and S4 showed coexistence of α-LiFe5O8 (P4332) and α-LiFeO2 (Fm3m). A 
molar ratio of Li/Fe = 0.2 is expected to yield single-phase α-LiFe5O8 
[25,29]. To form biphasic lithium iron oxide, we have intentionally 
selected initial molar ratios of Li/Fe > 0.2 during synthesis for samples 
S2, S3, and S4. This leads to the formation of the secondary phase of 
α-LiFeO2, as has been reported in literature [29]. S4 has a molar ratio of 
Li/Fe = 1, which leads to the formation of α-LiFeO2 majority phase, 
while the α-LiFe5O8 phase is significantly suppressed. The obtained 
diffraction patterns were analyzed using the Rietveld method imple
mented in the software FullProf. The XRD patterns were analysed, and 
the refinements are shown in Fig. 1. S2, S3, and S4 were analysed using a 
biphasic refinement using the phases α-LiFe5O8 and α-LiFeO2, whereas 
S1 could be indexed with the single-phase α-Fe2O3. The phase fractions 
obtained from the refinements are summarised in Table 1. These indi
cate that increasing the initial Li/Fe molar ratio increases the amount of 
α-LiFeO2 phase in the final sample. During the refinements, the Fe/Li 
occupancies within the α-LiFe5O8 phase were also refined, but no sys
tematic changes were seen in the calculated diffraction pattern nor were 
there any systematic changes between the different samples. The refined 
unit cell parameters are presented in Table 2 and are in good agreement 
with reported works [29,36].

Raman mapping of the samples were performed to further check the 
phase quantification as an additional confirmation of the phase fractions 
obtained from XRD. The Raman spectra of the samples are depicted in 
Fig. 2. For sample S1, the obtained Raman spectrum (shown in Fig. 2a) 
has all the characteristic peaks corresponding to the α-Fe2O3 phase. The 
peaks located at 224 and 498 cm− 1 are assigned to the A1g modes while 
the remaining peaks at about 244, 291, 408, 609, and 818 cm− 1 corre
spond to the Eg modes [37–39]. The peaks around 1056 and 1315 cm− 1 

are also associated with α-Fe2O3 [38]. No other significant peaks are 
present in the spectrum which reinforces the X-ray diffraction analysis 
and confirms the formation of pure hematite (α-Fe2O3) phase.

For samples S2 and S3, Raman scans at different parts of the sample 

yielded different spectra, which were a combination of the spectra of the 
two phases α-LiFe5O8 (Fig. 2b) and α-LiFeO2 (Fig. 2c). In Fig. 2b, the 
Raman modes of the LiFe5O8 spinel phase are observed with the peaks 
around 199 cm− 1 and 235 cm− 1 confirming the presence of the α-phase. 
6A1 +14E + 20 F2 Raman modes are allowed for the α-polymorph of the 
LiFe5O8 phase [25,29,40,41]. The most prominent Raman peaks are 
observed around 126, 199, 235, 261, 298, 353, 378, 396, 439, 488, 603, 
and 707 cm− 1. The band located near 1160 cm− 1 corresponds to 
second-order mode [29]. In Fig. 2c, the obtained spectrum from S4 is 
completely different from that of the LiFe5O8 spinel phase. Three main 
broad peaks are present roughly around 180, 394, and 624 cm− 1 which 
correspond to the LiFeO2 phase with rock salt structure. A1 + Eg are the 
Raman active modes in LiMO2 (M = Ni, Co, Cr) type materials. Apart 
from the broad peaks, a second order mode is also present at 1256 cm− 1 

[29,42]. S4 exhibits only the α-LiFeO2 spectrum since LiFeO2 is the 
majority phase in S4 as per XRD data. Fig. 2d depicts a mixed Raman 
spectrum obtained from S3 which exhibits contribution from both 
α-LiFe5O8 and α-LiFeO2 phases. It is evident that Fig. 2d is a super
position of Figs. 2b and 2c. To quantify the phase fraction of S2 and S3, 
Raman mapping was performed on both samples with a spot size of 1 µm 
to ensure better spatial resolution. The phase fractions obtained from the 
mapping data are in good agreement with those obtained from X-ray 
diffraction data (Table 1). Similar Raman mapping technique has been 
used in literature to quantify the LiFeO2 secondary phase in LiFe5O8 
[29]. Details of the mapping spectra and the method of phase fraction 
calculation are described in the supplementary material (Figs. S3 and S4
in the Supplementary material).

3.2. Inner structure – morphology and interfaces

S2 and S3, the two samples with appreciable amounts of the two 
phases, were selected for TEM analysis to further investigate the struc
ture and morphology of the materials (Fig. 3). In particular, Fig. 3a 
shows a typical bright field image of the S2 sample which appears 
composed of large aggregates of grains having a regular shape. The 
corresponding selected area electron diffraction (SAED) pattern is 
imaged in the inset and all the visible diffraction spots can be attributed 
to the α-LiFe5O8 phase. The S2 sample is composed mainly of the 
α-LiFe5O8 phase, as indicated by XRD measurements (approximately 
84 %), so the sample morphology can be attributed to the α-LiFe5O8 
phase. Bright-field TEM images of the S3 sample are shown in Fig. 3b-d. 
This sample is composed of large grains’ aggregates as S2, but only a few 
regions show grains with a regular shape (Fig. 3c), while a major part of 
the sample reveals the presence of grains having an irregular, pointed 
shape (Figs. 3b and 3d). The SAED pattern of the sample’s area of Fig. 3d 
is shown in Fig. 3e. Although it is difficult to distinguish among the 
interplanar distances of the α-LiFeO2 and α-LiFe5O8 phases, the 
diffraction spots corresponding to the interplanar distance d = 0.239 nm 
can be presumably attributed to the {111} atomic planes of α-LiFeO2 
rather than the {222} planes of α-LiFe5O8 because the intensity for these 
spots should be 5/100 of the intensity of the spots corresponding to 
d (311) = 0.251 nm for the α-LiFe5O8 phase. In this case, the intensity 
between the diffraction spots is approximately the same (see magnified 
area of Fig. 3e) suggesting the presence of the α-LiFeO2 phase, in addi
tion to the α-LiFe5O8 phase to which some diffraction points can be 
uniquely attributed. In any case, XRD measurements and Raman map
ping indicate the presence of ~45 % of α-LiFeO2 in the S3 sample and 
TEM analysis reveals that the simultaneous growth of the two phases 
tends to modify the growth of the α-LiFe5O8 grains. They appear more 
irregular suggesting an increase in interfaces with other grains. Due to 
the very similar lattice parameters, a more careful investigation of the 
interface appears to be tricky. Moreover, elemental analysis using en
ergy dispersive spectroscopy (EDS) is also not straightforward in these 
samples. More details on these limitations are provided in section 1.5 of 
the Supplementary Material.

Table 2 
Refined unit cell parameters of the samples. (Errors are shown in parentheses.).

Sample code Unit cell parameters (Å)

LiFe5O8 – (a) LiFeO2 – (a) Fe2O3 – (a) Fe2O3 – (c)

S1 - - 5.0334(2) 13.7436(6)
S2 8.3274(5) 4.1590(5) - -
S3 8.3238(3) 4.1566(2) - -
S4 8.316(1) 4.1535(1) - -
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3.3. Magnetic properties

The M-H loops recorded at 300 K (Fig. 4) show lower saturation 
magnetization (MS) for samples with lower fraction of α-LiFe5O8 

following closely the trend obtained from Rietveld refinement (Table 1). 
S1 is composed of pure α-Fe2O3 phase which exhibits weak ferromag
netic behavior characterised by a wide M-H loop with magnetization of 
0.55 emu/g at 17.55 kOe, coercivity (HC) of ∼4390 Oe, and remanent 
magnetization (Mr) of 0.20 emu/g, all of which are in good agreement 
with other reports in literature. Coercivity and other magnetic proper
ties of α-Fe2O3 are greatly influenced by temperature, morphology, and 
factors like shape anisotropy [43–45]. The unusual hysteresis behavior 
of α-Fe2O3 has been attributed to its antiferromagnetic core which is 
represented by the absence of saturation and linear dependence of the 
M-H curve at higher magnetic fields. The surface spin disorder may be 

Fig. 2. Raman spectra of (a) α-Fe2O3 obtained from S1, (b) α-LiFe5O8, (c) α-LiFeO2, and (d) mixed spectrum from S3 exhibiting signals from both α-LiFe5O8 and 
α-LiFeO2 phases under 532 nm laser illumination. SOM indicates second order modes.

Fig. 3. Bright-field TEM images of (a) S2 and corresponding SAED pattern 
(inset), (b-d) S3 showing different grains’ morphology. (e) SAED pattern of the 
grains shown in (d); magnified area evidence portions of the diffraction rings 
that can be attributed to α-LiFe5O8 (d = 0.251 nm) and α-LiFeO2 (d 
= 0.239 nm).

Fig. 4. Field dependence of magnetization at 300 K. Inset: Enlarged portion of 
the M-H loop of S1 around the origin.
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responsible for the weak ferromagnetism and large hysteresis. [44,46]. 
Both S2 and S3 have large amount of the soft ferrimagnetic LiFe5O8 phase 
which results in high saturation magnetization and low coercivity. In 
spinel-ferrites like α-LiFe5O8, the magnetization behavior is determined 
by the cationic distribution in A (tetrahedral) and B (octahedral) sites as 
per Néel’s sublattice model. According to the sublattice model, the 
magnetic response is due to the contribution from AB sites and not due 
to the interactions from AA and BB sites. The resultant magnetization is 
obtained from the difference of the A and B sub-lattice magnetizations 
[47]. In the ordered α-LiFe5O8, the octahedral 4b sites are occupied by 
the Li+ cations while iron (Fe3+) cations occupy the tetrahedral 8c (A 
site) and octahedral 12d (B site) positions [48–50]. S2, which has 
~84 wt% α-LiFe5O8 phase exhibited a saturation magnetization of 
52 emu/g. In literature, it is reported that pure α-LiFe5O8 has a slightly 
higher saturation of approximately 61.5 – 64.4 emu/g [29,36]. There
fore, the lower saturation value obtained in this work can be attributed 
to the presence of the paramagnetic α-LiFeO2 phase (∼16 wt% as per 
Rietveld analysis), which has an antiferromagnetic ordering tempera
ture far below room temperature [29]. In S3, the weight fraction 
α-LiFeO2 is much higher (∼46 wt% as per Rietveld analysis) which 
further reduces the saturation magnetization (36 emu/g). In fact, 
considering that 100 wt% α-LiFe5O8 exhibits an MS value of 61.5 emu/g, 
~84 wt% α-LiFe5O8 (in S2) and ~54 wt% α-LiFe5O8 (in S3) should 
exhibit MS values of 51.66 emu/g and 33.21 emu/g respectively, which 
are remarkably close to the observed value of MS in the two samples. 
Finally, in S4, α-LiFeO2 is the majority phase (~97 wt%) along with a 
small amount of α-LiFe5O8 (~3 wt%). In literature, the room tempera
ture magnetization curve of pure α-LiFeO2 exhibits a linear para
magnetic behavior with a magnetization of 1 emu/g at 20 kOe [42]. 
This explains the low magnetization and linear behavior of the M-H 
curve along with a small amount of hysteresis arising from the presence 
of α-LiFe5O8. However, sample S4 has a slightly higher coercivity 
(80 Oe) than S2 and S3 (< 50 Oe). The increase in coercivity can be due 
to the dispersion of small amounts of ferrimagnetic α-LiFe5O8 in a 
nonmagnetic LiFeO2 matrix which reduces dipole-dipole interactions 
and increases magnetic hardening [29,51,52]. Apart from the phase 
fractions and cationic distribution, the magnetic properties can also be 
influenced by homogeneity, defects, porosity, grain size, and synthesis 
conditions. The obtained magnetic parameters are listed in Table 3. The 
step size of the applied field (H) was 50 Oe and hence coercivity values 
less than 50 Oe fall below the tolerance limit of the measurement.

3.4. EMI shielding performance

The EMI shielding performance of a material is measured by its 
ability to attenuate and dissipate the incident electromagnetic (EM) 
wave and ‘shield’ the enclosed device. When an EM wave is incident on a 
dielectric medium, a fraction of the incoming power is reflected while 
another part is absorbed within the medium. The remaining part is 
transmitted across the dielectric. Due to the law of conservation of en
ergy, the power coefficients corresponding to transmission (T), absorp
tion (A), and reflection (R) must add up to unity (R + A + T = 1) [53,54]. 
According to the calculation theory of shielding effectiveness [53], the 
total shielding effectiveness (SET) of a shielding layer can therefore be 
expressed as a ratio of the transmitted power (Pout) to the incident power 
(Pin). 

SET(dB) = 10log10

(
Pin

Pout

)

= 10log10

⃒
⃒
⃒
⃒
1
T

⃒
⃒
⃒
⃒ = SER(dB)+ SEA(dB) (1) 

Here, SER represents the loss in power due to reflection. Reflection 
occurs at the interface between two media when there is an impedance 
mismatch. When the impedance mismatch is large, the reflection is also 
large. The electromagnetic impedance faced by an EM wave travelling 
through any material medium is given by the ratio of the electric and 
magnetic fields. Air has an impedance of approximately 377 Ω while 
ferrites have much lower impedance causing a large impedance 
mismatch at the air-ferrite interface. This results in large reflection of the 
EM wave. The reflection loss due to shielding (SER) [53] can be 
expressed as, 

SER(dB) = 10log10

⃒
⃒
⃒
⃒

1
1 − R

⃒
⃒
⃒
⃒ (2) 

The power that enters the material is partly absorbed while the rest is 
transmitted. SEA denotes the shielding due to absorption [53] and is 
expressed as, 

SEA(dB) = 10log10

⃒
⃒
⃒
⃒
1 − R

T

⃒
⃒
⃒
⃒ (3) 

SEA quantifies the ability of the material to absorb the EM wave that 
has penetrated the material. When there is good impedance matching at 
the interface, EM waves suffer negligible reflection and penetrate the 
material. In such cases, absorption becomes the dominant shielding 
mechanism. The contribution of absorption in the shielding mechanism 
can be estimated by the absorption efficiency (Aeff %) [50] given as, 

Aeff (%) =
(1 − R − T)
(1 − R)

× 100 (4) 

For example, an Aeff of 50 % means that 50 % of the power that 
penetrated the material was absorbed. The total EMI shielding effec
tiveness (SET) in dB can also be expressed as EMI shielding efficiency 
(SEeff %), which denotes the total percentage of power blocked by the 
shielding layer. 

SEeff (%) = 100 −

⎛

⎜
⎜
⎝

1

10
SET
10

⎞

⎟
⎟
⎠× 100 (5) 

The shielding effectiveness of a material is greatly influenced by its 
dielectric and magnetic properties. As per the EM theory, ac conduc
tivity (σac = ωε0έʹ, where ω is the angular frequency of incident EM 
wave, ε0 is the permittivity of free space, and έʹ is the imaginary part of 
complex permittivity), permeability (µr), and thickness (d) of the me
dium defines the total shielding effectiveness of the medium [50,55] as 
follows: 

SET(dB) = SER(dB)+ SEA(dB)

≈ 10log10

(
σac

16ωε0μr

)

+20d
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
μrωσac

2

√

log10e (6) 

SER therefore increases with an increase in ac conductivity (σac) but 
decreases when the frequency (ω) and permeability (µr) of the shielding 
medium increase. The shielding performance of a material can thus be 
improved by carefully tuning its magnetic and dielectric properties. In 
this work, the reflection (R) and transmission (T) coefficients were 
calculated from the measured S-parameters [53].

The SER, SEA, and SET values of all samples are plotted as a function 
of frequency (in the X-band) in Fig. 5. The SER values of all samples lie 
within a range of 6.2 – 3.6 dB, while the SEA values vary between 3.8 – 
0.1 dB. The higher value of SER indicates that reflection is the dominant 
shielding mechanism throughout the X-band. S4 exhibits the highest SER 
value below 9.4 GHz suggesting that α-LiFeO2 offers significant imped
ance mismatch at the interface causing high reflection. From 

Table 3 
Saturation magnetization (MS), coercivity (HC), and remanence magnetization 
(Mr) of the samples at 300 K. (Errors are shown in parentheses.).

Sample MS (emu/g) HC (Oe) Mr (emu/g)

S1 0.55(3) 4390 0.20(1)
S2 52(3) < 50 4.1(2)
S3 36(2) < 50 1.9(1)
S4 2.8(1) 80 0.27(1)
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∼10.3 GHz, sample S3 exhibits the highest SER value while the other 
samples have lower reflection losses at higher frequencies. For SEA, both 
S2 and S3 exhibit comparable values throughout the X-band. S2 and S3 
have large amounts of ferrimagnetic α-LiFe5O8 phase, resulting in higher 
absorption due to higher magnetic loss. For losses within the material, 
magnetic and electric dipoles must be present. Therefore, lower ab
sorption losses in S1 and S4 may be due to the absence of the ferrimag
netic phase [9,56]. By comparing the SER and SEA data, it is observed 
that in S1 (100 wt% α-Fe2O3) and S4 (97.2 wt% α-LiFeO2), the shielding 
mechanism is completely dominated by reflection. Therefore, both 
α-Fe2O3 and α-LiFeO2 are poor absorbers in the X-band. Both SER and 
SEA are affected by conductivity and permeability, which suggests that 
the co-existence of almost equal amounts of two phases in S3 (54 wt% 
ferrimagnetic LiFe5O8, 46 wt% paramagnetic LiFeO2) may have resulted 
in improved dielectric and magnetic properties. It has been reported in 
literature that the presence of LiFeO2 secondary phase can effectively 
modify the dielectric and magnetic parameters of ZnFe2O4 [19]. Inter
estingly, calculating SET (shown in Fig. 5c), which is an additive com
bination of SER and SEA, we find that S3 (the biphasic sample with nearly 
equal amounts of the two phases) exhibits the highest total shielding 
effectiveness (SET) throughout the X-band, while S1 (the only completely 
single-phase sample) shows the poorest performance. This indicates the 
advantage of using biphasic samples with increased number of interfaces 
over pure single phases for achieving better total shielding performance.

Shielding efficiency (%) and absorption efficiency (%) were calcu
lated (Fig. 6a, b) to better understand the shielding performance and 
mechanism. The shielding efficiency of all samples decreased mono
tonically with increase in frequency. At 8.2 GHz, S3 blocks ~83 % of the 
incoming EM radiation, while S1 blocks ~77 %. The performance gap 
increases at higher frequencies with S3 blocking ~69 % of the incoming 
radiation at 12.4 GHz compared to only ~58 % by S1. For most of the X- 
band, absorption efficiency (Aeff %) of all samples is less than 50 %, 
indicating that the samples are not good absorbers in the measured 

frequency range. Nevertheless, we note that S3 exhibited the highest 
absorption efficiency of ~57 % at ~8.65 GHz, slightly outperforming its 
nearest competitor S2 (also a biphasic sample with appreciable amounts 
of both phases), which registered a maximum Aeff of ~56 % at 
~8.47 GHz. The synergistic effect of α-LiFe5O8/α-LiFeO2 has thus 
modified the EMI shielding parameters, resulting in improved perfor
mance of sample S3. The presence of increased number of interfaces 
between LiFeO2 and LiFe5O8 (as indicated by TEM analysis) can cause 
interfacial polarization increasing the dielectric loss and absorption ef
ficiency [19]. A schematic illustration of the shielding mechanism in 
biphasic lithium iron oxide is provided in the lower panel of Fig. 6). The 
important shielding parameters of the samples are tabulated in Table S1
(in the Supplementary Material). We also compare the total shielding 
effectiveness of similar ferrite-based materials with that of sample S3 
(Table 4). S3 has better shielding performance than those reported for 
pure phase iron oxides and oxides like γ-Fe2O3, LiFe5O8, and Mn3O4. 
Moreover, it showed slightly better or similar shielding as obtained for 
ferrite/polymer and ferrite/two-dimensional composite systems.

The reflection loss (RL) values were also calculated to quantify the 
microwave absorption capability of the samples. The method of calcu
lation is provided in Section 1.6 in the Supplementary Material. For 
good microwave absorption performance, RL value of less than − 10 dB 
is desirable[57–60]. The corresponding frequency range is defined as 
the effective absorption bandwidth (EAB). The frequency variations of 
RL for different sample thicknesses are provided in Fig. S5 in the Sup
plementary Material. All the samples show good microwave absorption 
properties with RL values varying between − 10 dB to − 30 dB for most 
of the X-band. At a thickness of 4 mm, the EAB of sample S1 and S4 are 
approximately 2.7 GHz and 2.3 GHz, respectively. The EAB improved 
with higher LiFe5O8 content in S2 and S3. For S2, a maximum EAB of 
3.6 GHz is observed, whereas, for S3 the EAB is approximately 3 GHz. 
The frequency variation of the impedance matching for all samples is 
shown in Fig. S6 in the Supplementary Material. Overall, the samples 

Fig. 5. EMI shielding effectiveness of all samples as a function of frequency. (a) SER, (b) SEA, and (c) SET.
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with biphasic lithium iron oxide show better microwave absorption 
properties and wider EABs. Better absorption properties can be attrib
uted to the formation of interfaces among the two competing phases[58, 
59]. Moreover, LiFe5O8 is a soft ferrimagnetic material, whereas LiFeO2 
has better dielectric property. This can lead to magnetic-dielectric syn
ergy which boosts microwave absorption[58].

3.5. Permittivity and permeability

To understand better the effects of the magnetic and dielectric 
properties of the composites on the EMI shielding performance, the 
complex permittivity (εr) and permeability (μr) values were calculated 
from the scattering (S) parameters (obtained from the vector network 
analyzer) using the Nicolson – Ross – Weir algorithm [67]. The obtained 
results are plotted as a function of frequency in Fig. 7a – d. The relative 
permittivity of a medium can be expressed as the sum of real and 
imaginary parts (εr = έ − jέʹ). The real part of permittivity (έ ) gives a 
measure of the polarization within the material. When EM waves 
propagate through the material, a part of its energy is dissipated in the 
form of heat which can be quantified by the imaginary part (έ )́ of the 
complex permittivity. Permittivity of a material is mainly determined by 
electronic, ionic, dipolar, and interfacial polarization. Electronic and 
ionic polarization governs the permittivity behavior in the GHz fre
quency range[56,68,69]. From Fig. 7a, it is evident that the έ  values of 
the samples do not vary much with increasing frequency. For S1 con
taining pure α-Fe2O3, έ  ranges from 6 – 6.7. S2, which has a majority 
α-LiFe5O8 phase exhibits έ  value of ~5.5 – 6. This indicates that the soft 
ferrimagnetic α-LiFe5O8 phase has lower dielectric polarization. The 
value of έ  increases with increase in wt% of α-LiFeO2 in the sample and 
attains a maximum value of ~7.5 – 8.6 for S4 (~97.2 wt% α-LiFeO2). 
Thus, the dielectric property of biphasic lithium iron oxide can be tuned 
by controlling the relative weight percentages of α-LiFeO2 and 
α-LiFe5O8. The effective medium theory states that increase in conduc
tivity leads to an increase in έ . However, very high έ  can generate 
surface eddy currents which increase reflection of microwave signals at 
the interface and minimises absorption [70]. Therefore, to obtain good 

Fig. 6. (a) Shielding efficiency and (b) absorption efficiency as a function of frequency. Lower panel: Schematic illustration of electromagnetic interference shielding 
mechanism in biphasic lithium iron oxide.

Table 4 
Comparison of EMI shielding effectiveness (SET) of reported materials with this 
work.

Material Frequency 
(GHz)

SET 

(dB)
Thickness 
(mm)

Reference

LiFe5O8 2 – 18 6.27 3 [50]
LiFe5O8/ Carbon black 
(5 wt%)

2 – 18 10.42 3 [50]

5 wt% RGO@MoS2 +

PVDF
2 – 18 ~ 6 1 – 5 [61]

Mn3O4 2 – 18 ∼ 2.5 -
[62]

MoS2-RGO/Fe3O4 8.2 – 12.4 8.27 - [63]
γ-Fe2O3 8.2 – 12.4 2.5 3

[64]
LDPE:MWCNT:GNP: 
ZrFe2O4 (50:5:5:40)

8.2 – 12.4 5.09 3.5 [65]

Graphene/epoxy 
composite (1 wt% 
loading)

8.2 – 12.4 < 5 - [66]

S3 (54 wt% α-LiFe5O8/ 
46 wt% α-LiFeO2)

8.2 – 12.4 7.74 3 This work
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impedance matching, the έ  value must be tuned properly. From Fig. 7b, 
it is clear that all the samples have very similar έʹ values in the X-band. 
However, a closer look reveals that S2 has a slightly lower έʹ value 
compared to the other samples, indicating lower dielectric loss. The 
dielectric loss tangent (tanδε = έʹ/έ ) represents the dielectric loss suf
fered by the EM waves that enter the material [70]. The loss tangent, 
shown in Fig. 7e, has a similar trend to έ .́ Loss tangent values of all 
samples lie within a range of 0.07 – 0.01, indicating that all the samples 
are low-loss dielectrics. According to Eq. 6, increase in conductivity (σac) 
improves both SER and SEA. Therefore, conductivity plays an important 
role in shielding. The frequency variation of conductivity of the samples 
in the X band is depicted in Fig. S7 (in the Supplementary Material). The 
conductivity of all samples vary within the range of 0.01 – 0.26 S/m.

Complex permeability (μr) also has real and imaginary components 
(μr = μʹ − jμʹ́ ). The complex permeability (μ́  and μ́ )́ values are plotted 
in Fig. 7c and d. μ́ʹ denotes the magnetic loss in the material. The real 
part of permeability (μ́ ) has very small fluctuations throughout the X 
-band. S1 has a μ́  value close to 1, while the μ́ʹ value varies between 0.1 

and 0. This is expected as S1 (pure α-Fe2O3) is antiferromagnetic with 
very low values of magnetization [71]. A similar trend in μ́  and μ́ʹ is 
observed for S4, which is reasonable since S4 has paramagnetic (at room 
temperature) α-LiFeO2 as the major phase. In contrast, both S2 and S3 
exhibit higher values of μ́ʹ which correspond to higher magnetic losses 
due to the presence of the ferrimagnetic α-LiFe5O8 phase. The magnetic 
loss in S2 is slightly higher than that in S3 due to the presence of greater 
wt% of α-LiFe5O8 in S2. Hysteresis loss is an important mechanism of 
shielding[72]. When subject to rapid magnetization and demagnetiza
tion, the orientation of magnetic dipoles within a material lags behind 
the applied field. Therefore, the incident magnetic energy gets con
verted to heat. The permeabilities (μʹ) of S1 and S4 are close to 1 which 
indicates that they offer less resistance to the incoming magnetic field. 
Moreover, both have very low saturation magnetization (Fig. 4). Hence, 
S1 and S4 allow the magnetic part of the electromagnetic waves to pass 
with little attenuation. This is reflected in the lower values of magnetic 
loss (μʹ́ ) for S1 and S4 (Fig. 7d). However, the ferrimagnetic samples S2 
and S3 possess sufficient magnetic dipoles that can interact strongly with 

Fig. 7. (a, c) Real and (b, d) Imaginary parts of permittivity (εr) and permeability (μr) in X-band, (e) Dielectric and (f) magnetic loss tangents as a function 
of frequency.
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the incoming magnetic fields resulting in hysteresis loss and conversion 
of magnetic energy into heat. The absorption of magnetic energy and its 
dissipation as heat is evident from the higher magnetic loss (μʹ́ ) for S2 
and S3.

The magnetic loss tangent (tanδμ = μʹ́/μʹ) of the samples are shown 
in Fig. 7f. We observe some peaks in the μ́ʹ and tanδμ curves within the 
frequency range 8.2 – 10.6 GHz. Peaks located at these low frequencies 
are typically attributed to natural ferromagnetic resonance, whereas 
peaks at very high frequencies correspond to exchange resonance [9]. 
Magnetic losses in the microwave range, especially in ferrites can be 
caused either by eddy current loss or due to natural resonance. For 
magnetic nanoparticles, the eddy current loss is influenced by the 
electrical conductivity (σac) and diameter of the nanoparticle and can be 
expressed as Co = μʹ́(μʹ)− 2f − 1, where, f is the frequency of the micro
wave signal. As per the skin-effect criterion, if Co remains constant with 
varying frequency, then the magnetic loss can be attributed to eddy 
current loss [9,70,73]. In our case, Co varies significantly for S2 and S3 
(Fig. S8 in the Supplementary Material), which indicates that the peaks 
in the frequency range 8.2 – 10.6 GHz do not originate from eddy cur
rent loss but can instead be attributed to natural resonance [70]. The 
permittivity and permeability values of the samples at different fre
quencies are tabulated in Table S1 in the Supplementary Material.

4. Conclusions

In summary, biphasic lithium iron oxide nanocomposites with 
different phase fractions of α-LiFe5O8 and α-LiFeO2 were prepared and 
their EMI shielding performance in the X-band was studied. Detailed 
analyses of the crystal structure, morphology, and dielectric and mag
netic properties demonstrated that the EMI shielding performance can 
be tuned by controlling the physical properties as well as the interfaces, 
with the biphasic samples exhibiting superior performance compared to 
the single-phase sample. The latter is evident in the chart presented in 
Fig. 8 where we show a comparison of the mean shielding parameters of 
the different samples across the X-band. The single-phase sample (S1: 
100 wt% α-Fe2O3) is taken as the base sample since it has the poorest 
shielding performance. The shielding parameters of S1 have been sub
tracted from those of S2, S3, and S4 to obtain the difference values. Mean 
difference values were then computed by taking the average throughout 
the X-band, which are then plotted as percentage change with respect to 
the corresponding values for S1.

The biphasic samples (S2 and S3) have higher SEA values due to 
greater absorption (with nearly 80 % increase compared to single-phase 
S1). Notably, although the percentage increase in SEA for S3 is marginally 
less than that of S2, S3 exhibits the maximum improvement in total 
shielding (SET), since it also has a higher reflection (SER) than all the 
other samples. Both reflection and absorption contribute to the shielding 
performance of S3. For S2, the shielding mechanism is completely 
dominated by absorption, whereas, in the case of S4 reflection is domi
nant. From this comparison, it can be concluded that the use of S2 ab
sorbers is preferred in applications requiring minimizing disturbance to 
the radiation performance of microwave sensors since the shielding 
mechanism of S2 is predominantly absorption-based (SEA), resulting in 
low reflection (SER). On the other hand, S3 absorbers are well-suited for 
applications requiring isolation between multiple microwave sensors as 
they not only absorb radiation but also reflect microwaves away from 
the sensors, ensuring optimal isolation [74–77]. Additionally, both S2 
and S3 offer wide EABs in the X band and can be used as efficient mi
crowave absorbers. This work thus offers fundamental insights for the 
intelligent design of EMI shielding materials based on specific applica
tions and needs.
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