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Abstract— PANI can be used as a promising candidate for radar absorbing material. However, the PANI single-composition 
structure lacks sufficient loss mechanisms, resulting in limited absorption capabilities. This is because PANI is a non-magnetic 
material, so its microwave absorption properties mostly contributed to dielectric loss. Fe3O4 is highly attractive for enhancing the 
magnetic loss and electromagnetic attenuation. Therefore, the combination of Fe3O4 and PANI can improve the impedance 
matching of the nanocomposites while achieving the demand for lightweight. In this research, PANI/Fe3O4 is prepared via 
chemical oxidative polymerization. The structure and morphology of nanocomposites are characterized using Field Emission 
Scanning Electron Microscopy with Energy Dispersive X-Ray spectroscopy (FESEM-EDX), X-Ray Diffraction (XRD), and Fourier 
Transform Infrared spectroscopy (FTIR). The microwave parameters are measured using Vector Network Analyzer (VNA). The 
maximum reflection loss of PANI/Fe3O4 is up to -21.43 dB at 9.2 GHz with its thickness being 2 mm, and its absorption 
bandwidths exceeding -10 dB are in the range from 8.1 to 10.8 GHz with its thickness being in the range from 2-5 mm. It 
provides that PANI/Fe3O4 nanocomposites have a great potential application for radar absorbing material. 
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1. INTRODUCTION 

The utilization of electromagnetic waves-based 
devices accross various fields, such as electronic 
devices, communication technologies, as well as Radar 
systems, have been developed rapidly. Radar works by 
emitting electromagnetic waves, which are then 
reflected by objects such as aircraft, and detects the 
location of the object. On the other hand, a material that 
can reduce the Radar Cross Section (RCS) of the 
objects is required in the military field. Recently, Radar 
Absorbing Materials (RAMs) have received increasing 
attention among researchers. RAMs are electromagnetic 
structures used to attenuate incident electromagnetic 
waves, thereby significantly reducing both reflected and 
transmitted power [1]. Principally, Radar waves 
composed of perpendicular magnetic and dielectric field 
components [2]. Therefore, a RAM should have high 
electrical and magnetic conductivity to maximize the 
Radar waves absorption. 

In recent years, conductive polymers (CPs) have 
been widely used as microwave absorber, especially in 

the range of Radar waves (X-band). A few examples of 
CPs are Polyacetylene, Polypyrrole, Polyaniline, 
Polythiophene, etc [3]. CPs have unique characteristics 
that distinguish them from other polymers, such as 
tunable or reversible conductivity [4]. Among them, 
Polyaniline (PANI) has become one of the most 
extensively investigated CPs because of  its remarkable 
properties, including excellent electrical conductivity, low 
density, and good chemical stability [5]. The density 
value of Polyaniline (emeraldine) was 1.329 g/cm-3 at 
20°C [6]. Additionally, PANI is easy to synthesize and 
cost-effective, making it a feasible alternative to other 
CPs [7]. Based on previous study, the conductivity of 
Polyaniline varied from 0.01-10 S/cm depend on the 
dopant [8]. Due to the high conductivity, PANI exhibits 
high dielectric constant and excellent impedance 
matching. However, the PANI single-composition 
structure lacks design flexibility and sufficient loss 
mechanisms, resulting in limited absorption capabilities. 
Moreover, the impedance mismatch of PANI single-
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composition leads to reduced microwave absorption 
performance [9]. Consequently, further enhancement 
strategies are needed to optimize the microwave 
absorption performance of PANI. The conductivity of 
PANI can be improved by compounding it with carbon-
based materials, ferrite materials, natural materials, and 
multicomponent materials [10]. 

Ferrites, as a magnetodielectric material, exhibit both 
magnetic loss and dielectric loss mechanisms [11]. 
Among various ferrites, magnetite (Fe3O4) nanoparticles 
have been thoroughly investigated as microwave 
absorber due to its cost-effective synthesis, tunable 
morphology, and strong saturation magnetization [12,13]. 
Fe3O4 can reached high saturation magnetization up to 
75.3 emu/g [14]. Furthermore, Fe3O4 nanoparticles have 
unique characteristics such as high magnetic 
permeability and electrical resistivity, which can 
effectively reduce the adverse skin effect, thereby 
enhance the attenuation of electromagnetic waves [15]. 
The Fe3O4 interface generates resonance that leads to 
increased magnetic loss, thereby enhanced the 
microwave absorption performance over a wider range 
[16]. Despite all of the advantages, the broad frequency 
bandwith of Fe3O4 nanoparticles is limited due to their 
unsuitable dielectric loss [17]. To overcome the above 
limitations, combining Fe3O4 and PANI can achieve 
better impedance matching without adding significant 
weight of the nanocomposites. 

Recent studies show that integrating lightweight 
conductive polymer with magnetic nanoparticles could 
reduced the composite’s density and simultaneously 
enhaced its electromagnetic properties by introducing 
dielectric loss to the matrix. A previous study revealed 
that employing hollow structures could produce 
lightweight Fe3O4-based composites with reduced 
effective density (ρ < 1.0 g/cm3) [18]. Janem et al. 
synthesized thin film Fe3O4@Polypyrrole 
nanocomposites with maximum reflection loss (RL) 
value of 1.5 mm film was -33.8 dB at 11.5 GHz [19]. 
Zhang et al. also successfully prepared Fe3O4/PANI 
nanocomposite with minimum reflection value of -17.8 
dB at 6.22 GHz at the thickness of 5.0 mm [20]. Another 
dendritic structured Fe3O4@PANI composites was 
synthesized by Luo et al. with the minimum reflection 
loss (RL) was -53.08 dB at 3.04 GHz with only 1.3 mm 
thickness. The presence of interface and dipole 
polarization in the composites leads to enhanced 
microwave attenuation [21]. 

In this work, PANI/Fe3O4 nanocomposites 
synthesized via in situ polymerization method and 
thoroughly evaluated the potential application as RAM. 
The electromagnetic (EM) waves absorption 
performance of PANI/ Fe3O4 was investigated in the X-
band frequency (8-12 GHz) using VNA. The results 
show that the EM waves absorption performance of 
PANI/Fe3O4 nanocomposites has been enhanced 
compared with pure Fe3O4. The RLmax of PANI/Fe3O4 is 
up to -21.43 dB at 9.2 GHz with its thickness being 2 
mm and its absorption bandwidths exceeding -10 dB are 
in the range from 8.1 GHz to 10.8 GHz (2.7 GHz). 
Furthermore, the nanocomposite’ structure and 

morphology were further analyzed using FESEM, XRD, 
and FTIR. This study aims to synthesize and 
characterize PANI/Fe₃O₄ nanocomposites and evaluate 
their performance as radar absorbing materials in the X-
band frequency. 

2. EXPERIMENTAL SECTION 

2.1. Materials 

The materials used in this research were ammonium 
persulfate (APS), aniline monomer, 1 M hydrochloric 
acid (HCl), iron (III) chloride (FeCl3), iron (II) chloride 
(FeCl2), 5 M sodium hydroxide (NaOH), deionized water, 
ethanol. All of the materials were purchased from Sigma 
Aldrich, USA. 

2.2. Instrumentation 

The surface morphology and composition analysis of 
the samples were observed by FESEM-EDX 
(ThermoFisher Scientific Apreo 2S, USA). The FTIR 
spectra of the samples were recorded with 
Thermoscientific Nicolet iS-10 Fourier Transform 
Infrared Spectrophotometer (USA). The X-ray diffraction 
patterns (XRD) were recorded using Cu Kα light 
source (λ = 1.54056 Å) by SMARTLAB RIGAKU (Japan). 

The EM parameters of the samples were recorded in 
the frequency range of 8-12 GHz by using a vector 
network analyzer (Anritsu MS2038C VNA Master,USA). 
The samples were tested using 2, 3, 4, and 5 mm 
thickness variations. The EM parameters of the samples 
were measured in the frequency range of 8-12 GHz 
using waveguide method. The VNA was calibrated for 
full two-port reflection and transmission measurements 
at each port. 

2.3. Preparation of Fe3O4 Nanoparticles 

The Fe3O4 nanoparticles were synthesized using co-
precipitation methods. Briefly, 5.2 g and 2 g of FeCl3 and 
FeCl2 were dissolved in 75 mL deionized water, 
respectively. The two solutions were mixed and then 20 
mL of 5 M NaOH was added to the mixture. The Fe3O4 
solution was then washed with ethanol and deionized 
water. After being washed, the Fe3O4 solution was dried 
in oven at 60°C 

2.4. Preparation of PANI/Fe3O4 Nanocomposites 

In situ polymerization was carried out to synthesize 
PANI/Fe3O4 nanocomposites. First of all, 5 g of APS 
was dissolved in 20 mL deionized water and 5  mL of 
aniline was mixed with 70 mL of 1 M HCl. The Fe3O4 
powder was then added to the aniline solution. After 
that, the APS solution was added to the mixture 
gradually. The mixture was put in an ice bath and stirred 
for 4 h. The PANI/Fe3O4 solution was then washed with 
ethanol and deionized water. After cleansing, the 
PANI/Fe3O4 solution was dried in oven at  60°C. 
Furthermore, the powder was filtered with 400 mesh. 
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The schematic illustration of the nanocomposites 
fabrication are shown in Fig. 1. 

 

Fig. 1 Schematic illustration of PANI/Fe3O4 nanocomposites 
fabrication 

2.5. Formation Mechanism of PANI/Fe3O4 

Fig. 2 presented the formation mechanism of 
PANI/Fe3O4 nanocomposites. The formation of PANI/ 
Fe3O4 nanocomposites is typically achieved through an 
in situ oxidative polymerization mechanism, in which the 
aniline monomers are polymerized in the presence of 
Fe3O4 nanoparticles. Initially, aniline is protonated in the 
acidic medium (HCl), which promotes adsorptions onto 
the surface of Fe3O4. Protonation of PANI by HCl results 
in the donation of protons to the nitrogen atoms, 
converting from emeraldine base to emeraldine salt form 
and enhancing conductivity. The introduction of 
ammonium persulfate (APS) caused aniline to oxidize 
and form radical cations. The radical cations 
subsequently undergo coupling reactions, initiating the 
oxidative polymerization process. Fe3O4 acts as the 
nucleation sites, directing the growth of polyaniline 
chains and enabling the formation of a polymer shell. 
The resulting nanocomposites exhibit a core-shell 
structure of PANI in the emeraldine salt phase [22,23]. 

 

Fig. 2 Formation mechanism of PANI/Fe3O4 nanocomposites 

3. RESULT AND DISCUSSION 

3.1. FESEM-EDX 

FESEM images of the Fe3O4 and PANI/Fe3O4 
nanocomposites are depicted in Fig. 3. As it could be 
seen in Fig. 3(a), it is obvious that Fe3O4 nanoparticles 
possess a spherical shape. The Fe3O4 nanoparticles 
exhibit a uniform size distribution. From Fig. 3(b), the 
coral-like structure of PANI could not be seen because 
polyaniline nucleation on the surface of the 
nanoparticles. It confirmed the success of synthesis 
process of PANI/Fe3O4 nanocomposites. 

Table 1 shows the EDX analysis of the Fe3O4 and 
PANI/Fe3O4 nanocomposites. The weight percent of iron 

 

Fig. 3 FESEM images of (a) Fe3O4 and (b) PANI/Fe3O4 

Table 1. Elemental composition of synthesized Fe3O4 and 
PANI/Fe3O4 nanocomposites 

Materials Elements Atomic % Weight % 

Fe3O4 Fe 48.4 76.6 

O 51.6 23.4 
 

PANI/Fe3O4 

N 15.9 14.5 

Cl 3.0 6.8 

C 50.0 39.1 

O 28.2 29.4 

Fe 2.8 10.2 

and oxygen in Fe3O4 are 76.6 and 23.4, respectively. In 
the EDX analysis of PANI/Fe3O4, the peaks of carbon, 
nitrogen, iron, and oxygen can be clearly seen, 
confirming the formation of the nanocomposites. The 
appearance of chlorine peaks are due to the presence of 
HCl as the dopant. 

3.2. FTIR 

Fig. 4 indicates the FTIR absorption spectra of PANI, 
Fe3O4, and PANI/Fe3O4 nanocomposites in the range of 
wavenumber from 4000 to 500 cm-1. For PANI 
nanocomposites, the peaks at 1564.5 and 1494.1 cm-1 
are due to C=C and C=N stretching vibrations of 
benzenoid and quinoid rings, respectively. The band at 
1293.1 cm-1 is attributed to C-N stretching vibrations of 
aromatic amine. The strong peaks at 875.1, 742, and 
682.2 cm-1 are assigned to group of C-H bending. The 
band at 3120.4 cm-1 corresponds to N-H stretching 
vibration of secondary amine.  

 

Fig. 4 FTIR spectra of PANI, Fe3O4, and PANI/Fe3O4 



4 Indones. J. Chem. Stud., 2026, 5(1), 1–7 

 

Salsabila et al. 

A characteristic absorption band is observed at 584.3 
cm-1 due to the stretching vibration of Fe-O bonds in the 
Fe3O4 spectrum (Table 2). This band value closely 
resembles the previous study [24]. The observed 
absorption band centered at 3441.9 cm-1 corresponds to 
O-H stretching vibration attached to the Fe3O4 surface, 
as reported in the early work [25]. 

Table 2.  Shift of wavenumber of the functional groups in 
FTIR spectra 

Functional 
Groups 

Wavenumber (cm-1) 

PANI Fe3O4 PANI/Fe3O4 

N-H 3120.4 - - 
C=C 1564.5 - 1562.1 
C=N 1494.1 - 1474.8 
C-N 1293.1 - 1237.6 
C-H 875.1 - 800 
O-H - 3441.9 3406.3 
Fe-O - 584.3 554.4 

The FTIR absorption spectra of PANI/Fe3O4 
nanocomposites appear slight shift toward high 
frequency. This spectral shift is because of the existence 
of physical forces between PANI and Fe3O4 [26]. The 
appearance of a weak peak at 554.4 cm-1 (due to Fe-O 
bond) shows the presence of Fe3O4 in the PANI/Fe3O4 
nanocomposites. All of the characteristic peaks of PANI 
are found, proving that the Fe3O4 nanoparticles are 
successfully dispersed into PANI/Fe3O4 nanocomposites. 
The spectral shift towards lower wavelengths indicating 
blue shift. 

3.3. XRD 

The XRD patterns of Fe3O4 nanoparticles and 
PANI/Fe3O4 nanocomposites are shown in Fig. 5. The 
characteristic diffraction peaks of Fe3O4 nanoparticles 
appeared at 2θ = 35.6°, 62.8°, 30.2°, 57.2°, 43.2°, and 
53.6° correspond to (311), (440), (220), (511), (400), 
and (422) crystal planes, respectively. The positions of 
the diffraction peak and the relative intensities of the 
plane diffraction peak are matched in good agreement 
with the ICSD 98-015-8744. Therefore, the crystal 
system of Fe3O4 nanoparticles is cubic Fd-3m space 
group with face-centered cubic (FCC) lattice and inverse 
spinel as the crystal structure. The broad diffraction 
band from 10° to 20° indicated the amorphous structure 
of PANI. Furthermore, these results indicated that Fe3O4 
nanoparticles are still present in the nanocomposites 
structure. 

The crystallite size of the nanocomposites can be 
calculated using the Scherrer equation [27]: 

D=  kλ/βcosθ (1) 

where k is integer (0.9), λ is X-Ray wavelength (0.154 
nm), β is full width at half-maximum (FWHM) (Rad),  and 
θ is Bragg-diffraction angle or peak positions in radian 
(degree). From the calculation, the obtained average 
particle diameter of Fe3O4 nanoparticles is 
approximately 11 nm, whereas the average particle 
diameter of the PANI/Fe3O4 nanocomposites is around 
21 nm. This increase in particle size is caused by the 

PANI nucleation on the surface of Fe3O4. The obtained 
values are similar to that reported in previous work [28]. 

 

Fig. 5 XRD pattern of Fe3O4, and PANI/Fe3O4 

3.4. VNA 

According to the transmission line theory, the value of 
RL was calculated using the equation summarized 
below [29]: 

 (2) 

 (3) 

 
(4) 

where f is the microwave frequency, d is the material 
thickness, c is the speed of light, ε0 and μ0 are the 
permittivity and permeability of the free space, εr and μr 
are the relative complex permittivity and permeability, 
meanwhile Zin and Z0 are the impedances of the 
absorber and the free space, respectively. If the RL 
value obtained is less than -15 dB, it indicates that 
96.9% of the radar waves are absorbed by the 
nanocomposites. Meanwhile, if the RL value obtained is 
less than -20 dB, then the absorbed wave is almost 
99.0% [30]. 

Fig. 6 presents the RL values of PANI/Fe3O4 
nanocomposites at different thickness versus frequency 
in the range of 8-12 GHz. The appearance of absorption 
valleys represented the amount of radar waves were 
absorbed by the material. As can be seen, the thickness 
of an absorber has no significant influence on either the 
frequency of reflection loss or intensity. The maximum 
RL value obtained is -21.43 dB at 9.2 GHz with a 
thickness of 2 mm. Meanwhile, the effective absorption 
bandwidth (EAB) over -10 dB ranged from 8.1-10.8 GHz 
(2.7 GHz). It means that the wave being absorbed by 
the material is almost 99.0%. This result showed an 
improvement in PANI/Fe3O4 compared to single PANI, 
as reported in previous study [31]. For the thickness of 3  
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Fig. 6  RL curves of PANI/Fe3O4 nanocomposites with variation of thickness: (a) 2 mm, (b) 3 mm, (c) 4 mm, and (d) 5 mm 

Table 3. Comparison of reflection loss of PANI/Fe3O4 with other reported similar composites 

Materials RLmax (dB) Frequency 
(GHz) 

Thickness 
(mm) 

EAB 
(GHz) 

References 

Ce-BaM 
(Ba0.8Ce0.2Fe12O19)/PANI 

-21.6 14.12 1.58 3.88 [32] 

Ba0.9La0.1Fe12O19/PANI -13.2 12.8 1.75 2.52 [33] 
CoFe2O4/PANI -22.3 11.0-17.1 2.5 6.1 [34] 
PANI/Fe3O4 -21.43 9.2 2 2.7 This work 
PANI/Fe3O4 -21.48 9.2 3 2.7 This work 
PANI/Fe3O4 -21.44 9.2 4 2.7 This work 
PANI/Fe3O4 -21.42 9.2 5 2.7 This work 

 
mm, although the maximum RL value achieved is up to -
21.48 dB  slightly higher than that of the thickness of 2 
mm, it cannot satisfy the requirement of the thin 
thickness for RAM [35]. These results indicate that 
PANI/Fe3O4 exhibits improved reflection loss compared 
to single-composition PANI, consistent with finding from 
previous study [36].  

To evaluate the performance of the synthesized 
PANI/Fe3O4 nanocomposites, their reflection loss values 
were compared to those of similar reported composites 
listed in Table 3.  According to the loss mechanism 
depicted in Fig. 7, the PANI/Fe3O4 nanocomposites 
have two kinds of loss mechanism: the dielectric loss 
and the magnetic loss. PANI, as a conducting polymer, 
primarily contributes to dielectric loss, whereas Fe3O4, 
as a magnetic material, mainly contributes to magnetic 
loss. 

When incident waves interact with the 
nanocomposites, the polarons and bipolarons of PANI 
facilitate charge transport and hopping conductivity, 
thereby dissipating the electromagnetic energy into heat. 
The dielectric loss is further enchanced by the interfacial 
polarization at the nanocomposites interfaces. 

Simultaneously, the magnetic dipoles of Fe3O4 attempt 
to align with the applied field frequency by absorbing the 
magnetic component, leading to the dissipation of 
magnetic energy as thermal energy.  The synergistic 
effect of dielectric and magnetic loss improves 
impedance matching of the material, allowing more 
electromagnetic waves to penetrate into the material for 
better attenuation. This results indicated PANI/Fe3O4 as 
a promising candidate for radar absorbing material [37]. 

 

Dielectric Loss

Magnetic Loss

Interfacial
Polarization

Incident EM Waves

Transmitted EM Waves
Reflected EM Waves

 

Fig. 7 Schematic illustration of the absorption mechanism for 
PANI/Fe3O4 nanocomposites 
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4. CONCLUSION 

The PANI/Fe3O4 nanocomposites have been 
successfully synthesized by in situ polymerization 
methods. With Fe3O4 nanoparticles as the nucleation 
sites of PANI, it shows  that the nanocomposites have a 
core/shell structure. The PANI/Fe3O4 nanocomposites 
show enhanced microwave absorption properties due to 
the introduction of dielectric loss and magnetic loss that 
leads to the improvement of impedance matching. A 
maximum reflection loss of -21.43 dB at 9.2 GHz has 
been obtained with 2 mm thickness. Therefore, the 
PANI/Fe3O4 nanocomposites can be a promising radar 
absorbing material (RAM) with lightweight, thin thickness, 
and strong absorption properties. However, further study 
is required to optimize the synthesis process, investigate 
long-term stability, and evaluate real-environment 
performance. 
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