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Multifunctional PANI–TiO2–Fe3O4@attapulgite 3D
composites for synergistic microwave absorption
and corrosion protection
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Electromagnetic (EM) pollution has emerged as a pressing concern, driving the demand for high-

performance microwave absorbing materials. In this work, attapulgite (ATP) was employed as a natural,

porous scaffold for the in situ integration of amorphous TiO2, Fe3O4, and polyaniline (PANI), constructing a

multifunctional composite with tailored dielectric and magnetic properties. The TiO2 and PANI coatings

not only induced strong interfacial and conduction polarization but also formed a continuous 3D

conductive network, enabling efficient energy dissipation. Benefiting from the magneto–electric synergy

among PANI, TiO2, and Fe3O4, the composite exhibited multiple loss mechanisms and excellent impe-

dance matching. As a result, a minimum reflection loss of �56.24 dB was achieved at 11.63 GHz (2.9 mm

thickness), with an ultra-wide effective absorption bandwidth of 8.1 GHz. More importantly, by integrating

3D printing with metamaterial-inspired design, the absorption range was successfully extended into the

low-frequency region (4–6 GHz), while simultaneously enhancing structural integrity and corrosion resis-

tance. This study offers a scalable strategy for designing lightweight, corrosion-resistant microwave absor-

bers by combining hierarchical conductive frameworks with multifunctional components, opening new

avenues for next-generation EM shielding and stealth technologies.

1. Introduction

With the extensive application of electromagnetic wave tech-
nology, electromagnetic interference (EMI) and electromag-
netic wave pollution have emerged as increasingly critical
issues, directing materials science research towards the devel-
opment of high-performance electromagnetic wave absorbing
materials.1–3 These materials are designed to effectively miti-
gate mutual interference among electronic devices and shield
human health from the potential risks associated with electro-
magnetic radiation.4 In recent years, researchers have success-
fully engineered a range of high-performance electromagnetic
wave absorbing materials by refining material composition and
structural design.5–7 By harnessing synergistic effects between
dielectric and magnetic losses, these materials demonstrate
exceptional electromagnetic wave absorption capabilities
across a broad frequency spectrum,8–10 thereby paving the
way for innovative research and applications in the domain of
electromagnetic wave absorption.11

Among them, M2FeC MAX phase materials with multi-
principal elements (M = Ti, V, Nb, Ta, and Zr) exhibit significant
potential in the field of electromagnetic wave absorption owing
to their unique composition and structure.12 By fine-tuning
the element composition and structure, these materials can
effectively achieve a synergistic effect between dielectric and
magnetic losses, thereby enabling efficient absorption of elec-
tromagnetic waves across a wide frequency range. On the other
hand, NiAl-layered8 double hydroxide/graphene composites
significantly enhance electromagnetic wave absorption capabil-
ities by harnessing interfacial polarization effects, while also
demonstrating excellent corrosion resistance.13

Furthermore, the application of core–shell engineering tech-
niques has opened up new avenues for the development
of electromagnetic wave absorbing materials. For instance,
Palygorskite@Fe3O4@polyperfluoroalkylsilane14 not only pos-
sesses superoleophobic properties and magnetic liquid marble
characteristics but also shows broad application prospects in the
field of electromagnetic wave absorption. Similarly, hierarchical
porous carbon Fe3O4@Fe composites15 designed through loofah
sponge carbonization and Fe3O4@black TiO2�x

16 heterostruc-
tures engineered with disordered structures to augment dielec-
tric polarization offer innovative approaches for achieving high-
performance electromagnetic wave absorption.
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Absorption materials demonstrate efficient electromagnetic
wave absorption across a wide frequency spectrum by strategically
manipulating their compositional and structural design, thereby
achieving effective synergies between dielectric and magnetic
losses.17–20 However, these materials often impose specific
requirements on their intended application environments. Under
complex real-world conditions, maintaining both excellent
absorption performance and corrosion resistance poses a signifi-
cant challenge.21–23 Consequently, research into corrosion-
resistant absorption materials with superior performance is both
necessary and important.24

In this work, one-dimensional nanometer attapulgite (ATP)
was employed as a framework to create a cost-effective,25

environmentally friendly,26 high aspect ratio,27 and structurally
stable core–shell structure (PANI–TiO2–Fe–ATP). This composite
material exhibited remarkable microwave absorption properties,
achieving a minimum reflection loss (RLmin) of �56.24 dB at
11.63 GHz for a PANI–TiO2–Fe–ATP coating with 20 wt% loading.
Furthermore, the effective absorption bandwidth (EAB) spanned
8.10 GHz at a coating thickness of 2.6 mm. These impressive
microwave absorption characteristics can be primarily attributed
to the magneto–electric effect, interfacial polarization, multiple
losses, and good impedance matching, which are facilitated by
the synergistic interaction between the PANI–TiO2–Fe nanopar-
ticle shells and ATP nanorods. Additionally, comprehensive
evaluations, including salt spray tests, Tafel polarization curves,
Nyquist plots, impedance moduli, and phase angle plots,
demonstrate that the PANI–TiO2–Fe–ATP coating exhibits excep-
tional corrosion resistance and electromagnetic wave absorption
performance. Overall, this work provides a cost-effective, envir-
onmentally friendly, and highly efficient approach for construct-
ing one-dimensional nano-network composites tailored for
microwave absorption and corrosion resistance.

2. Results and discussion
2.1. Preparation of PANI–TiO2–Fe–ATP

ATP possesses a large number of active groups, such as Si–OH.
During coprecipitation, Fe ions will replace Si–OH to form Si–
OFe groups.28 The addition of NH3�H2O solution provides an
alkaline environment conducive to the growth of Fe3O4 NPs.
According to crystallographic principles, crystals tend to grow
on surfaces with the minimum potential barrier. Therefore,
Fe3O4 will preferentially grow along the Si–OFe groups. Conse-
quently, Fe3O4 NPs will anchor on the surface of ATP.

In this work, tetrabutyl titanate was selected as the Ti source
for growing an amorphous TiO2 shell on the surface of ATP.
Tetrabutyl titanate readily reacted with water to form a TiO2 sol,
and providing an alkaline environment accelerated this reac-
tion. Here, NH3�H2O solutions were used to create a weak
alkaline environment, allowing for controlled reaction rates.29

The thickness of the TiO2 shell was influenced by the amount
of NH3�H2O solution added, with higher alkalinity resulting
in a thicker TiO2 shell.30 Fe–ATP has been prepared as in the
previous step, eddy current loss occurs when magnetic

materials generate eddy currents and undergo energy conver-
sion in response to changes in an external magnetic field.
However, significant eddy current loss presents a considerable
challenge, particularly in high-conductivity materials such as
metals, as it reduces the maximum incident depth of micro-
waves and inhibits their absorption. One effective solution to
this issue is the precise control of the microscopic dimensions
of magnetic materials to either enhance or suppress eddy
current loss. Extensive research has shown that when the size
of iron oxide (Fe3O4) particles decreases, the influence of eddy
current loss on electromagnetic waves is correspondingly
reduced. When the particle size falls within the range of 80–
200 nm, the effect of eddy current loss can be decrease to an
acceptable level.4,29,30

This work uses the traditional in situ growth method for the
preparation of a PANI shell. In an acidic environment, ATP
composites activate Si–OH groups, assigning a negative charge
to the ATP.16,31–33 Aniline synthesizes PANI through the action
of APS, resulting in positively charged PANI.34,35 The positively
charged PANI and negatively charged ATP composites then
combine through electrostatic self-assembly.35,36 ATP powder
exhibits a strong agglomeration effect under dry conditions.
However, interestingly, in homogeneous solutions, ATP rods
experience a stronger van der Waals force than agglomeration
force, leading to the formation of a 3D structure.37 During the
preparation of Fe–ATP and TiO2–Fe–ATP, the Fe3O4 and amor-
phous TiO2 shells do not possess sufficient thickness to stabi-
lize the 3D structure of ATP. However, PANI has a lower density
compared to Fe and Ti materials. An ice bath facilitates stable
and complete growth of PANI.38 During the in situ growth of
PANI, hydrochloric acid reacts with a portion of Fe3O4, weak-
ening the magnetism of the composites. PANI has sufficient
volume to cover and stabilize the 3D structure of ATP, ensuring
that the final composites maintain their 3D structure after
being removed from the homogeneous solution.

2.2. Microstructure and chemical composition

Fig. 1 and Fig. S1 present the microstructure and elemental
distribution of the samples. As shown in Fig. 1(a) and Fig. S1(d),
the ATP exhibits a rod-like shape structure. Most ATP rods have
lengths in the range of 300 to 400 nm and diameters of 30 to
60 nm. ATP is rich in chemical groups such as –OH and –Mg,
which can enhance its combination rate with other groups. The
ATP appears as regular rods with a smooth surface and exhibits
a weak agglomeration effect, forming channels. Fig. 2(b) shows
Fe3O4 nanoparticles covering the ATP rods as tiny particles. It is
evident from Fig. 2(b) that Fe3O4 has a better distribution. Fe–
ATP also presents a coralloid-like structure. As shown in
Fig. 1(c), TiO2 is coated onto the Fe–PANI surface in the form
of a thin layer. The elemental content from EDS clearly con-
firms the presence of Ti, with its mass fraction being compar-
able to that of Al in ATP. The presence of ATP is well supported
by SEM, TEM, and XRD analyses. After PANI is coated onto the
TiO2–Fe–ATP composites, the overall morphology undergoes a
significant transformation. The PANI layer without Fe3O4 exhi-
bits a granular surface structure. However, the introduction of
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large-sized Fe3O4 particles promotes the formation of a more
uniform PANI coating. As a result, in the PANI–TiO2–Fe–ATP
composite, the microstructure is primarily characterized by ATP
loaded with spherical particles. This leads to a localized aggrega-
tion of the spherical particles, contributing to the morphological
changes observed in Fig. 1(d). As shown in Fig. S1(f), TiO2 and
Fe3O4 particles exhibit a certain degree of aggregation, but they
remain anchored onto the ATP surface. The PANI coating
exhibits a thickness ranging from 19 to 22 nm, with a noticeable
increase in thickness around larger particles.

Fig. S1(g)–(i) confirm the presence of C, O, Ti, and Mg elements.
In the full survey spectrum, distinct signals corresponding to

carbon and oxygen are observed. As evidenced in Fig. S1(h), the
oxygen peak at 530 eV is attributed to Ti–O bonding. Furthermore,
the Ti 2p spectrum in Fig. S1(i) exhibits characteristic spin–orbit
doublets at 559 eV (Ti 2p1/2) and 566 eV (Ti 2p3/2).39 Although the
Fe signal near 720 eV in XPS is significantly attenuated due to
dissolution in dilute hydrochloric acid, its residual presence is
corroborated by XRD diffraction patterns. The peak at 180 eV
originates from Si in ATP, while the N 1s peak at 400 eV confirms
the successful incorporation of PANI. Notably, the O 1s component
associated with Ti–O bonds and adsorbed water species enhances
electromagnetic wave attenuation through strengthened dipole
polarization.40 Collectively, these analytical results demonstrate

Fig. 1 SEM images of (a) ATP, (b) Fe–ATP, (c) TiO2–Fe–ATP, and (d) PANI–TiO2–Fe–ATP. Elemental distribution profiles corresponding to PANI–TiO2–
Fe–ATP of (e), (f), (g), (h) and (i) elemental contents of Al, Mg, Fe, and Ti. (l) XRD patterns. (m) Illustration of the synthesis process of PANI–TiO2–Fe–ATP.
(n) Crystal structure of ATP.
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the successful synthesis of the PANI–TiO2–Fe–ATP composite
material.

Fig. 1(l) presents the XRD patterns of (a) ATP, PANI–ATP,
PANI–TiO2–ATP, and PANI–TiO2–Fe–ATP, while Fig. S1(b)
shows the elemental distribution of Fe, Ti, and Al. Pure ATP
exhibits distinct diffraction peaks at 2y = 13.91, 16.51, 19.91, 281,
and 35.61, corresponding to the (2 0 0), (�1 3 0), (1 2 1), (2 3 1),
and (1 6 1) planes, respectively, which are indexed to ATP. PANI
displays prominent peaks at 2y = 181 and 261, corresponding to
the (0 2 0) and (2 0 0) planes, indexed to PANI. In the
composites, the low-intensity peak at 19.91 corresponds to
ATP, and another low-intensity peak at 261 belongs to PANI.
These results confirm the successful combination of ATP and
PANI. When amorphous titanium is deposited on the ATP
surface, the diffraction peaks change to a halo peak character-
istic of the amorphous phase. This indicates that amorphous
titanium has successfully bonded with ATP and significantly
affects its conduction ability. Additionally, the prominent peaks
appear at 34.61, 561, and 62.31, indexed to ICDD No. 01-071-
6336,41 corresponding to Fe3O4. This confirms the successful
binding of ferric oxide to the ATP surface. According to Fig.
S1(b) and (c), the Fe element accounts for only a small propor-
tion of the mass. The Fe element is present and distributed
within the rod structure, indicating the presence of TiO2, albeit
at a very low content.

In attapulgite, Mg frequently occupies active sites that can
exchange with other metal elements, creating a conducive
environment for the attachment of additional metals. Analyz-
ing the elemental proportions, we observe that the mass frac-
tion of Mg in the composite material is relatively low. This
indicates that, during the synthesis of the composite, Fe and Ti
elements underwent extensive ion exchange. However, because

Fe elements exchanged with Mg first, they occupied a larger
number of active sites on the attapulgite surface. Consequently,
the subsequent growth of Ti elements was limited to a few
remaining active sites, making it challenging to detect Ti
elements in the element distribution map. Despite this, the
presence of amorphous TiO2 is clearly confirmed by XRD
analysis.

2.3. EM wave absorption mechanism

Fig. 2 shows the dielectric properties of ATP, PANI, PANI–ATP,
TiO2–Fe–ATP, PANI–TiO2–ATP, and PANI–TiO2–Fe–ATP sam-
ples. The previous work demonstrated that the 20 wt% filler
loading exhibited optimal wave-absorption performance while
producing more homogeneous and stable test specimens.
Therefore, in this work, all samples were prepared with a fixed
solid content of 20 wt%. According to the transmission line
theory, the reflection loss (RL) and impedance are calculated as
shown below:42,43

Z ¼ Zin

Z0

����
���� ¼

ffiffiffiffiffi
mr
er

r
tanh j

2pfd
c

� � ffiffiffiffiffiffiffiffi
mrer
p

� �
(1)

RL ¼ 20 log
Zin � Z0

Zin þ Z0

����
���� (2)

where Zin and d are the input impedance and the thickness of
the absorber, Z0 is the impedance of free space, er and mr are the
permittivity and permeability of the absorber and c is the speed
of light.

Fig. 2 presents the electromagnetic parameters of pure ATP,
PANI, PANI–ATP, TiO2–Fe–ATP, PANI–TiO2–ATP, and PANI–
TiO2–Fe–ATP. As shown in Fig. 2(a), the real permittivity (e0)
and imaginary permittivity (e00) are displayed, with pure PANI

Fig. 2 Dielectric properties of the samples of (a) e0, (b) e00, (c) m0, (d) m00, (e) tan de, and (f) tan du.
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exhibiting higher values compared to the other materials.
Additionally, PANI-based composites demonstrate higher e0

values than pure ATP and TiO2–Fe–ATP composites across the
entire frequency range of 2 to 18 GHz. Fig. 3(b) illustrates that
PANI–TiO2–Fe–ATP has the highest e00 among all samples, while
the other composites show comparable values in numerical
analysis, indicating that PANI–TiO2–Fe–ATP possesses strong
dielectric loss capacity. The discontinuous distribution of
Fe3O4 particles of different sizes and amorphous TiO2 enhances
interfacial polarization and dipole polarization. It is worth
noting that the values of e0 and e00 for all materials decrease
significantly with increasing frequency.

In addition, Fig. 2(c) and (d) present the magnetic character-
istics of the samples. Notably, PANI–TiO2–ATP exhibits the lowest
values of m0 among all the samples. Although XRD patterns
confirm the growth of Fe3O4 on the ATP surface, the addition of
Fe3O4 results in only a slight change in the magnetic loss curves,
indicating that the materials retain weak magnetic loss ability.
Fe3O4 NPs generate a weak electromagnetic field, contributing to
enhanced EM absorption. Based on the results of magnetic loss
and dielectric loss tangent, it is evident that the dielectric loss is

the primary mechanism for microwave absorption in these sam-
ples. Fig. 2(e) displays the tangent value of dielectric loss. PANI
has the highest e00/e0 value among all samples, demonstrating the
strongest dielectric loss capacity, as also shown in Fig. 2(b).

A strong dielectric introduces multiple loss mechanisms,
including interfacial polarization, conductivity loss, and dipole
polarization. However, a high e00/e0 value may lead to poor
impedance matching. In this study, globular Fe3O4 and amor-
phous TiO2 were sequentially grown on the ATP surface. The
growth of amorphous TiO2 on Fe–ATP helps to reduce dielectric
values, thereby improving impedance matching. PANI and PANI
composite materials exhibit excellent conductivity and primarily
contribute to conductivity losses. The conductivity significantly
improves when PANI is added to the composites. The rod-like
ATP provides abundant pores and functional groups, creating a
favorable environment for the positive growth of TiO2 and Fe3O4,
resulting in multiple polarizations within the materials.

2.4. The Cole–Cole curve

Debye theory is an important parameter of the EM wave. Debye
theory could analyze the polarization relaxation and explained

Fig. 3 Cole–Cole circles of (a) ATP, (b) PANI–ATP, (c) PANI–TiO2–ATP, and (d) PANI–TiO2–Fe–ATP.
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between e0 and e00 as shown below:19,33

e0 ¼ e1 þ
es � e1
1þ o2t2

(3)

e00 ¼ es � e1
1þ o2t2

otþ s
oe0

(4)

e0 � es þ e1
2

� 	
þ e00ð Þ2¼ es � e1

2

� 	2
(5)

where es and es are the static permittivity and relative dielectric
permittivity at the high frequency limit. o and t represent the
angular frequency and polarization relaxation time. s repre-
sents the alternating current conductivity.

Debye theory is represented as a Cole–Cole circle to eluci-
date the relaxation processes of ATP, PANI–ATP, PANI–TiO2–
ATP, and PANI–TiO2–Fe–ATP. As shown in Fig. 4(a), pure ATP
exhibits at least three large radii and variable curves, indicating
abundant interfacial polarization. This can be attributed to the
numerous natural pores and functional groups on the ATP
surface. In Fig. 4(b), PANI–ATP displays two small circles and a
big circle, suggesting strong dielectric loss. The polymer PANI
forms a shell around the rod-like ATP, enhancing its permittiv-
ity and providing a multiple interface effect when exposed to
microwaves. As illustrated in Fig. 4(c) and (d), PANI–TiO2–ATP
and PANI–TiO2–Fe–ATP demonstrate significant radius
changes in their curves, indicating a substantial increase in
both interfacial and dipole polarizations.

Notably, PANI–TiO2–Fe–ATP has a larger radius compared to
the other materials. According to Fig. 3(c), amorphous TiO2 has
a strong influence on ATP, particularly by altering its conduc-
tivity. The globular Fe3O4 particles, formed via the coprecipita-
tion mechanism, have larger sizes (30 to 50 nm) than the

amorphous TiO2 particles (10 to 20 nm). The presence of
different elements and multiple particle sizes leads to
increased interactions, further enhancing interfacial and dipole
polarizations.

Analysis of the dielectric parameters from the electromag-
netic measurements reveals an overall decreasing trend in the
complex permittivity during the composite formation process,
indicating that the conductive loss dominates the attenuation
mechanism. This is further corroborated by the Cole–Cole
plots, where the curves exhibit a combination of quasi-linear
segments and semicircular arcs. The linear portion corre-
sponds to conductive loss, while the semicircular feature arises
from polarization–relaxation processes.

As the composite forms, the polarization–relaxation contribu-
tion increases significantly. Previous studies suggest that this
enhancement is associated with the incorporation of TiO2, which
increases the specific surface area and introduces abundant
pores, thereby strengthening interfacial polarization.44 Addition-
ally, variations in the dielectric loss tangent (tande = e00/e0) exhibit
corresponding peak shifts, further confirming the enhanced
polarization effects. These modifications contribute to improved
electromagnetic wave (EMW) absorption performance.45

2.5. EM wave absorption mechanism

Fig. 4 shows the microwave absorption properties of ATP, Fe–
ATP, PANI–ATP, TiO2–Fe–ATP, and PANI–TiO2–Fe–ATP. It pre-
sents the RL (reflection loss) curves and three-dimensional
profiles of the composites at various thicknesses. As illustrated
in Fig. 4(a) to 5(f), pure ATP exhibits a matching thickness of
2.6 mm at 17.2 GHz within the Ku-band (12 to 18 GHz) and
achieves a minimum RL of �11.93 dB. The optimal matching
thickness for Fe–ATP is also 2.6 mm, reaching �8.6 dB. The

Fig. 4 Electromagnetic wave absorption performance. Reflection loss (RL) curves of (a) ATP, (b) Fe–ATP, (c) PANI–ATP, (d) TiO2–Fe–ATP, and (e) PANI–
TiO2–Fe–ATP. (f) Reflection loss and effective bandwidth performance comparison.12,13,22,33,35

Paper Journal of Materials Chemistry C

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
0/

26
/2

02
5 

12
:1

3:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc02365c


20120 |  J. Mater. Chem. C, 2025, 13, 20114–20125 This journal is © The Royal Society of Chemistry 2025

TiO2–Fe–ATP composites achieve �17.94 dB at a 2.6 mm thick-
ness, with an effective bandwidth of 4.11 GHz. The incorporation
of amorphous TiO2 adjusts the impedance to a suitable level and
increases the material’s surface area. Compared to pure ATP, both
Fe–ATP and Fe–TiO2–ATP exhibit better minimum reflection loss
values. PANI–ATP has a matching thickness of 3.0 mm and

reaches a minimum RL of �27.37 dB at 9.18 GHz, with a
bandwidth of 2.28 GHz. The PANI shell significantly increases
both e0 (real part of permittivity) and e00 (imaginary part of
permittivity). However, an excessive increase in dielectric capabil-
ity can lead to impedance imbalance and a decrease in reflection
loss. The reflection loss of PANI–ATP indicates that the addition of
PANI achieves a better RL value than the simple combination of
each individual substance, as it enhances conductivity and pro-
vides more discontinuous areas. As shown in Fig. 4(e), the PANI–
TiO2–Fe–ATP composites have a matching thickness of 2.6 mm
and reach �56.24 dB at 11.63 GHz. The addition of Fe3O4 slightly
improves the microwave absorption performance. Interestingly,
the introduction of magnetic loss widens the composite’s band-
width from 4.11 to 8.1 GHz. The different sizes of the two
nanoparticles (NPs) not only increase the discontinuous disper-
sion and interfacial polarization but also induce more dipole
polarization. The 3D network structure provides more reflection,
and the dual shell (TiO2 and PANI) converts more electromagnetic
waves into other forms of energy.

2.6. Impedance matching

Impedance matching is a very important factor for EM wave
absorption. Strong EM wave absorption requires Z value to tend
to 1 which will lead to high electromagnetic wave penetration.
However, high attenuation constant (a) will reduce the residual
EM wave. The expression for a is as follows:22

Fig. 5 presents the impedance matching curves and attenua-
tion constant of ATP, Fe–ATP, TiO2–Fe–ATP, PANI–ATP, and
PANI–TiO2–Fe–ATP. Regarding the frameworks, pure ATP pos-
sesses a natural nano-structure and abundant groups, but it
exhibits poor impedance and reflection loss (as shown in Fig.
5a and 3a). Upon doping with Fe3O4 nanoparticles, the impe-
dance matching shows a preliminary improvement due to the
introduction of magnetic losses. The impedance matching ratio
decreases significantly from 2 to 0.6, resulting in low m0 (real
part of permeability) and high e00 (imaginary part of permittiv-
ity). According to previous research, the incorporation of
dielectric loss materials (such as TiO2, PANI, and Pyy) further
enhances the balance of impedance matching. In this work,
amorphous TiO2 coating and PANI were added as dual shells to
improve impedance. As illustrated in Fig. 5(c), amorphous TiO2

adjusts the balance between permittivity and permeability by
reducing either permittivity or permeability, achieving an
impedance matching ratio of 1.5. Amorphous TiO2 also pro-
vides dipole polarization and a high attenuation constant.

Fig. 5 Impedance match (Z) curves of (a) ATP, (b) Fe–ATP, (c) TiO2–Fe–ATP, (d) PANI–ATP, and (e) PANI–TiO2–Fe–ATP and their (f) attenuation
constant (a).

a ¼
ffiffiffiffiffiffiffiffiffiffi
2m0e0
p

pf
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðtan de tan dm� 1Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tan de tan dm� 1ð Þ2þ tan deþ tan dmð Þ2

qr
(6)
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Following the addition of PANI, the PANI–TiO2–Fe–ATP com-
posites exhibit even better impedance matching. PANI not only
introduces conduction loss but also enhances the dispersion of
the ATP framework, leading to the formation of a 3D structure.

Fig. S2 illustrates the multiple loss mechanisms in the
composite material. The 1D rod-like ATP possesses natural
nano-channels, which introduce defect polarization similar to
that caused by oxygen vacancies. The incorporation of Fe3O4

nanoparticles introduces magnetic loss by generating a mag-
netic field around the particles. The cation exchange properties
of ATP facilitates the aggregation of Fe3O4, leading to a more
effective magnetic field distribution. The dielectric TiO2, with
its large surface area, not only balances the impedance match-
ing but also provides dipole polarization and creates an uneven
interface with Fe3O4.3 Upon the addition of PANI to the
composites, PANI and TiO2 form a dual shell around ATP,
resulting in an improved impedance match. PANI possesses
good electrical conductivity, which enhances electron migra-
tion. In this work, PANI has connected the rod-like composites
together to form a 3D nano-structure. This network provides
more current paths and reflections, converting more electro-
magnetic waves into energy loss. In summary, PANI–TiO2–Fe–
ATP combines the advantages of individual materials to create
a multi-effect microwave absorption mechanism.

The attenuation coefficient (a) analysis reveals that Fe–ATP
exhibits the strongest electromagnetic wave (EMW) attenuation
capability among the studied compositions. Although its impe-
dance matching falls within a favorable range, ensuring effi-
cient EMW penetration into the material, the overall reflection
loss (RL) performance remains limited. Compared to pristine
ATP, the Fe–ATP composite shows a low-frequency shift in the
RL peak but no significant enhancement in RL intensity. This
suggests that the Fe–ATP system lacks diversified loss mechan-
isms, and its single dominant attenuation pathway restricts
further improvement in EMW absorption performance.46

To address this limitation, we introduced PANI and TiO2 to
enrich the loss mechanisms. While PANI alone tends to disrupt
impedance matching, the synergistic incorporation of TiO2 in
this work effectively balances the impedance matching char-
acteristics while maintaining robust attenuation capability. The
resulting PANI–TiO2–Fe–ATP composite achieves broadband
and high-efficiency EMW absorption performance.

2.7. Microwave absorption of metamaterial absorbers

A gradient structure (L = 4, 5, 6, 7, 8, 9, and 10 and h = 2, 2.2, 2.4,
2.6, 2.8, 3.0) was designed to improve both the microwave
reflection loss and effective bandwidth. Compared to pure
composites, the gradient structure enhanced the effective

Fig. 6 (a) and (e) TE, (b) and (f) TH polarization, (c) and (g) 3D RCS absorption of L10 h2.2 and L10 h3.0. (i) RCS reduction and (j) gradient structure design.
Microwave absorption performance under different structural parameters (h = 2, 2.2, 2.4, 2.6, 2.8, 3.0; L = 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10). (d) Optimal
parameters for the small-band. (h) Lowest frequency for each thickness. (k) Maximum effective bandwidth for each thickness under different size
parameters.
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bandwidth range from 8.1 to 12.62 GHz (Fig. 6) that covered C
and Ku bands. As the thickness increased, the absorption peak
shifted to a low frequency (Fig. S3). L10 h2.2 reach �42.56 dB at
5.99 GHz and L10 h3.0 have the lowest frequency at 3.68 GHz,
covering a range from 3.68 to 6 GHz. As shown in Fig. 6(a), the
electric and magnetic fields of the microwave absorber are
concentrated at the edge of the gradient structure, indicating
that the interference dominates at this frequency. Furthermore,
the electric loss is predominant in the composites, as the
electric field loss exceeds the magnetic field loss. According
to Fig. S4, the gradient structure absorber maintains effective
microwave absorption ability when the microwave degree
changes from 0 to 601.

The radar cross section (RCS) is used to simulate the far-
field EM response, reflecting real-world conditions (Fig. 6(c), (g)
and (i) and Fig. S5). In this work, a 180 � 180 mm coating
was applied to a perfect electrical conductor (PEC) plate. The
L10 h2.2 and L10 h3.0 samples exhibited good RCS reduction
values of 28.44 dB m2 and 20.65 dB m2. The materials and
structure demonstrated an excellent synergy effect in microwave
absorption.44 The 3D conduction network of PANI–TiO2–Fe–ATP
increases the ingress of EM waves, optimizing impedance
matching and broadening the transmission path of EM waves,
thereby enhancing attenuation capability. This 3D conduc-
tion network provides more interfacial polarization, which
enhances conduction loss and helps convert microwave
energy to thermal energy. At the macro scale, the gradient
structure offers more reflection loss and provides flexibility to
suit complex real environments by adjusting the parameters of
the gradient structure. This allows for adjustments according
to the required frequency, such as the 5G communication
frequency band from 4 to 6 GHz. Additionally, the gradient
structure facilitates edge diffraction and resonance among
adjacent unit cells, introducing a new loss mechanism.

The trilayered trapezoidal structure shown in Fig. 6(j)
demonstrates a sophisticated electromagnetic wave absorption
mechanism through three distinct yet interconnected pro-
cesses, as evidenced by Fig. 6(a)–(f). When electromagnetic
waves first encounter the absorber surface, they undergo edge
diffraction and interfacial polarization, where the conductive
PANI network initiates preliminary absorption while directing
energy concentration toward the peripheral regions, accounting
for the observed enhanced energy dissipation at the material
edges. This effect is further amplified by the oriented arrange-
ment of ATP particles during fabrication, which becomes more
pronounced under polarization fields and significantly influ-
ences the spatial distribution of energy dissipation.

As waves penetrate deeper into the material, the PANI–TiO2–
Fe–ATP composite engages multiple attenuation mechanisms.
The heterogeneous interfaces between components generate
substantial interfacial polarization, while the embedded ferrite
particles interact strongly with incident radiation through
dipole relaxation processes. These interactions produce pro-
nounced damping effects that significantly enhance dipole
polarization losses, as documented in ref. 47 and 48. Simul-
taneously, the incorporated TiO2 nanoparticles contribute

through their high surface area and porous structure, which
promote multiple scattering events and additional interface
polarization effects.

The final absorption stage occurs through structural interac-
tions, where the strategically designed voids between adjacent
trapezoidal units create conditions for multiple wave reflections.
These geometric features not only prolong the electromagnetic
wave propagation path within the material but also establish
resonant cavity effects that further intensify energy dissipation.
The combination of these three phases, such as surface inter-
action, bulk attenuation, and structural resonance, creates a
comprehensive absorption system where each element works
synergistically. The trapezoidal configuration specifically
addresses impedance matching requirements through its gra-
dual structural transitions while optimizing energy capture
efficiency through its unique geometric design, ultimately result-
ing in superior broadband absorption performance.

2.8. Anticorrosion properties

In this work, the anti-corrosion properties of composite materi-
als are demonstrated through Tafel curves. The composite film
was coated onto conductive copper and then subjected to
corrosion in NaCl solutions. Under stable open circuit condi-
tions, the cathode and anode exhibit equal corrosion rates.
When the circuit remains stable and open, the corrosion rates
are manifested through corrosion parameters, namely the
corrosion potential (Ecorr) and corrosion current density (Icorr).
Consequently, Ecorr and Icorr are also utilized to characterize the
corrosion rates.

Fig. 7 and Table 1 present the Tafel curves, Nyquist plots,
impedance moduli, and phase angle plots of copper and copper
coated with various materials. Among the five samples,
uncoated copper exhibited a corrosion potential (Ecorr) of
0.087 V and a corrosion current density (Icorr) value of
6.123 � 10�7 A cm�2. After being coated with ATP coating, Ecorr

shifted to 0.150 V and Icorr increased to 5.333 � 10�5 A cm�2.
With the Fe–ATP coating, Ecorr changed to 0.126 V and Icorr

increased to 1.880 � 10�4 A cm�2, indicating that both ATP and
Fe–ATP coatings accelerated the corrosion of copper.21 How-
ever, the addition of amorphous TiO2 and a PANI shell reversed
this trend. When coated with TiO2–Fe–ATP coating, Ecorr shifted
to �0.067 V and Icorr decreased to 3.296 � 10�8 A cm�2. For the
copper with the PANI–TiO2–Fe–ATP coating, Ecorr changed to
�0.083 V and Icorr reduced to 6.397 � 10�11 A cm�2, demon-
strating that both TiO2–Fe–ATP and PANI–TiO2–Fe–ATP coat-
ings could protect copper from corrosion, with the PANI–TiO2–
Fe–ATP coating performing significantly better than the others.
Based on previous research, it is reasonable to hypothesize that
PANI initially prevents and weakens the corrosive substances,
while amorphous TiO2 provides a porous structure that further
buffers the corrosive substances from reaching the metal. This
mitigates the detrimental effects of Fe and ATP on corrosion
resistance.

Fig. 7(b)–(d) present the Nyquist plots, impedance modulus
curves, and phase angle plots, respectively. The outstanding
anti-corrosion performance of the PANI–TiO2–Fe–ATP coating
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is evident from these three types of curves. For both copper and
ATP, a distinct circle is observable at low frequencies in the
Nyquist plots, indicating the occurrence of dissolution and
pitting corrosion during the corrosion test. In contrast, the
other coatings exhibit larger circles, which signify superior anti-
corrosion performance. Both PANI–TiO2–Fe–ATP and TiO2–Fe–
ATP demonstrate higher impedance moduli, with PANI–TiO2–
Fe–ATP showing a larger phase angle at low frequencies. This
indicates that PANI–TiO2–Fe–ATP possesses better corrosion resis-
tance compared to the other material coatings. Furthermore, Fig.
S6 displays the results of the salt spray test conducted on different

coatings after 1000 hours. After this duration, both copper and
Fe–ATP exhibited prominent outward erosion traces and extensive
erosion spots at the X-shaped scratch. Conversely, TiO2–Fe–ATP
and PANI–TiO2–Fe–ATP showed a significantly reduced tendency
for outward corrosion after 1000 hours, with corrosion primarily
confined to the X-shaped scratch. Furthermore, PANI–TiO2–Fe–
ATP demonstrated an even more concentrated corrosion pattern
exclusively around the X-shaped scratch, highlighting a remark-
able improvement in its overall corrosion resistance.

3. Conclusions

In summary, ATP has been effectively combined with PANI,
amorphous TiO2, and Fe3O4. PANI not only facilitates conduc-
tion polarization but also reinforces the 3D structure by acting
as a bridge between the composite materials. The resulting
PANI–TiO2–Fe–ATP composite exhibits a minimum reflection
loss value of�56.24 dB at 11.63 GHz with a thickness of 2.9 mm
and achieves an effective bandwidth of 8.1 GHz. The materials
and structure exhibited an excellent synergistic effect in

Fig. 7 (a) Tafel polarization curves of copper, ATP, Fe–ATP, TiO2–Fe–ATP and PANI–TiO2–Fe–ATP. (b) Nyquist plots, (c) impedance moduli and (d)
phase angle plots of ATP, Fe–ATP, TiO2–Fe–ATP and PANI–TiO2–Fe–ATP.

Table 1 Electrochemical parameters obtained from the Tafel polarization
curves of copper, ATP, Fe–ATP, TiO2–Fe–ATP and PANI–TiO2–Fe–ATP

Coatings Ecorr/V Icorr (A cm�2)

Copper 0.087 6.123 � 10�7

ATP 0.150 5.333 � 10�5

Fe–ATP 0.126 1.880 � 10�4

TiO2–Fe–ATP �0.067 3.296 � 10�8

PANI–TiO2–Fe–ATP �0.083 6.397 � 10�11
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microwave absorption, covering a frequency range from 3.64
to 6 GHz, and achieved a remarkable RCS reduction value of
28.44 dB m2. Importantly, the PANI–TiO2–Fe–ATP coating
demonstrates reduced self-corrosion tendencies, and its multi-
shell, 3D conductive structure further enhances its anti-corrosion
properties. Consequently, the PANI–TiO2–Fe–ATP composite
material emerges as a promising low-cost microwave absorber,
combining both electrical and magnetic loss mechanisms.

4. Experimental
4.1. Materials

Attapulgite was provided by Lanzhou Institute of Chemical
Physics, Chinese Academy of Sciences. Ammonium persulfate
(APS), aniline and tetrabutyl titanate were purchased from
Aladdin Chemical Reagent Co., Ltd. Aqueous ammonia (25–
28%) and concentrated hydrochloric acid (33–36%) purchased
from Sinopharm Chemical Reagent Co., Ltd. Ferric chloride
hexahydrate (FeCl3�6H2O), and ferrous chloride (FeCl2�4H2O)
were purchased from Aladdin Chemical Reagent Co., Ltd.

4.2. Materials preparation

4.2.1. Preparation of Fe–ATP. The starting material was
prepared using a coprecipitation mechanism. Firstly, 1.0 g
ATP, 5.0 g FeCl3�6H2O and 5 g FeCl2�4H2O were mixed with
200 mL of deionized water in a beaker. After stirring for 30 min,
aqueous ammonia (NH3�H2O) was added until the solution
reached a pH of 13 or higher, and the mixture was stirred for
24 h. The resulting sample was then dried at 60 1C for 10 h. This
powder is referred to as Fe–ATP.

4.2.2. Preparation of TiO2–Fe–ATP. Firstly, 1 g of ATP and
1.6 mL of aqueous ammonia (NH3�H2O) were added to 350 mL of
absolute ethanol, and magnetic stirring for 15 min to ensure
complete mixing. This solution was designated as solution A.
Then, 5 mL of tetrabutyl titanate was rapidly added to 50 mL
of absolute ethanol and magnetically stirred for 30 min to form
solution B. Next, solution B was slowly dripped into solution A,
and the mixture was magnetically stirred for 24 h. Under the
action of NH3�H2O, the TiO2 was gradually loaded onto the
surface of ATP. Finally, the mixed solutions were centrifuged,
washed with absolute ethanol, and dried at 100 1C for 10 h to
obtain TiO2–Fe–ATP.

4.2.3. Synthesis of PANI–TiO2–Fe–ATP. ATP-dispersed
TiO2/PANI composites were prepared by polymerization. 1 g
TiO2–ATP powder and 5.79 g ammonium persulfate (APS) were
added into 100 mL hydrochloric acid solution (HCl, 0.33 mol L�1)
in a 500 mL beaker and mechanically stirred for 10 min at 0–5 1C.
Then 2.3 g aniline was slowly dropped into the beaker at 0–5 1C,
the temperature was maintained and the mixture was mechani-
cally stirred for 4 h. Finally, PANI–TiO2–ATP composites were
collected by vacuum filtration and washed with deionized water
and absolute ethanol and dried at 100 1C for 10 h. Compounded
materials were named PANI–TiO2–Fe–ATP.

4.3. DLP printing process and parameters

The formulated photosensitive resin was loaded into the resin
vat of a DLP 3D printer (Anycubic Photon Ultra, Shenzhen
Zongwei Cube Technology Co., Ltd), and layer-by-layer fabrication
was carried out based on a pre-designed 3D digital model. This
spatially controlled polymerization enables the liquid resin to
solidify in a patterned manner, building the final structure
through successive layer stacking. To enhance interfacial bonding
and prevent early-stage detachment, the initial exposure settings
were systematically optimized to balance polymerization depth
and interlayer cohesion. Specifically, a normal exposure time of 36
seconds was applied with a 2 second off time between layers. For
the bottom layers, which serve as the foundation for structural
integrity, an increased exposure time of 90 seconds was used for 5
initial layers. The layer thickness was maintained at 0.05 mm to
achieve high-resolution feature formation and dimensional accu-
racy. Posting processing involved UV post-curing for 2 minutes
using a combined curing and washing unit (Wash&Cure Plus,
Shenzhen Zongwei Cube Technology Co., Ltd).

4.4. Performance testing and characterization methods

The microscopic morphology and element distribution were
characterized using a field emission scanning electron micro-
scope (FESEM, Hitachi Limited, S4800) and a transmission
electron microscope (TEM, Tecnai F20). The crystal structure
was analyzed using an X-ray diffractometer (XRD, Shimadzu,
Lab-X XRD-6000). Reflection (UV-vis) studies were conducted
using a PE Lambda 950 spectrophotometer. The electromag-
netic parameters were measured using an Agilent E8363B net-
work analyzer. Anticorrosion properties (Tafel polarization
curves, Nyquist plots, impedance moduli and phase angle
plots) were measured with Modu-Lab.
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