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Electromagnetic wave-absorbing materials (EWAMs) are susceptible to failure in complex chemical envi-
ronments. It is urgent to develop composites with high-efficiency electromagnetic wave (EMW) absorp-
tion and strong corrosion resistance. In the work, polyaniline (PANI) is in-situ polymerized on the surface
of oxidized carbon nanohorns (0x-CNHs) to create a core-shell composite of ox-CNHs@PANI. By adjusting
the thickness of the PANI shell and effectively regulating the electromagnetic parameters of the compos-
ite material, excellent impedance matching and efficient EMW absorption are achieved. At a thickness
of 2.22 mm, the composite exhibits a reflection loss peak (RL.;,) and a maximum effective absorption
broadband (EAB) of —66.7 dB and 5.68 GHz, respectively. Additionally, the dense PANI shell effectively
prevents contact between the corrosive medium and ox-CNHs, which significantly reduces the possibility
of corrosion. Due to the formation of the ox-CNHs/PANI interface, the ox-CNHs@PANI composite exhibits
strong corrosion resistance under acidic, alkaline, and neutral conditions. The ox-CNHs@PANI composite
exhibits excellent EMW absorption and strong corrosion resistance, offering a new approach to develop-

ing advanced bifunctional materials.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Electromagnetic wave-absorbing materials (EWAMs) have gar-
nered academic attention for mitigating the growing problem of
electromagnetic pollution [1,2]. Over the past few decades, nu-
merous EWAMSs with high reflection loss and broad effective ab-
sorption bandwidths have been developed through the optimiza-
tion of their composition and structure [3-5]. Among them, carbon
nanohorns (CNHs) have attracted much attention for their large
specific surface area, exceptional electrical conductivity, and the
presence of abundant structural defects [6]. Additionally, CNHs are
composed of aggregates with abundant horn-like structures, lead-
ing to the formation of numerous pores within the material [7].
These pore structures promote impedance matching and enhance
dipole polarization [8]. Owing to these advantageous properties,
CNHs are considered optimal candidates for EWAMs. However, the
single-component CNHs are difficult to obtain satisfactory absorb-
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ing properties due to poor impedance matching. In order to solve
this problem, a multi-component composite is an effective method.
For example, ox-CNHs@SiO,, F-CIP@CNHs, and Co@CNHs compos-
ites not only improved impedance matching but also enhanced
electromagnetic wave (EMW) absorption performance through the
synergistic effect between components [9-11].

Additionally, while satisfying the requirements for EMW ab-
sorption, pursuing multifunctionality can significantly expand the
applications of EWAMs [12]. For instance, EWAMs are often ex-
posed to complex chemical environments and lead to serious cor-
rosion and reduce their EMW absorption properties [13,14]. To ad-
dress the issue of poor corrosion resistance, an effective approach
is to deposit or coat functional materials onto the surface of CNHs,
forming a dense protective layer [15]. This protective layer acts as
a barrier to block the infiltration of corrosive agents, thereby ex-
tending the service life of EWAMs. For example, NiAl-layered dou-
ble hydroxide (NiAl-LDH) was deposited on graphene, and the risk
of galvanic corrosion was alleviated by coating and protective pas-
sivation provided by the NiAl-LDH layer [16]. In addition, a multi-
interface barrier structure is constructed by the maze effect, which
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Fig. 1. (a) Schematic illustration of the synthesis process for the ox-CNHs@PANI
composites. TEM images of (b, b;) S0.25, (c, ¢;) S0.5, and (d, d;) S0.75. (e) EDS
mapping of S0.5.

delays the corrosion process of the metal matrix [17]. Therefore,
the development of composite materials with highly efficient EMW
absorption and superior corrosion resistance is essential for the
widespread application of EWAMSs.

Herein, a novel core-shell structure is presented, wherein
PANI is coated onto the surface of oxidized carbon nanohorns
(0x-CNHs@PANI) via in-situ polymerization. The ox-CNHs@PANI
demonstrates outstanding EMW absorption, with a reflection loss
peak (RL,) of —66.7 dB at a thickness of 2.22 mm and an ef-
fective absorption bandwidth (EAB) of 5.68 GHz. Furthermore, the
composite demonstrates outstanding corrosion resistance in acidic,
neutral, and alkaline environments. This study will open the pos-
sibility for the application and design of EWAMSs suitable for com-
plex chemical environments.

The fabrication process of ox-CNHs@PANI is shown in Fig. 1a.
Firstly, active sites for the polymerization of aniline can be pro-
vided by acidification through oxygen-containing functional groups
on the surface of CNHs [18]. Secondly, oxidative polymerization of
aniline monomers is initiated by a water-soluble initiator in an
acidic medium by the typical chemical oxidation method. To ex-
amine the influence of the PANI shell amount on the morphology
of ox-CNHs@PANI, the samples are designated as S0.25, S0.5, and
S0.75, corresponding to aniline volumes of 0.25, 0.5, and 0.75 mL,
respectively.

The morphology of the ox-CNHs@PANI composites is investi-
gated by transmission electron microscopy (TEM). Figs. 1b and by
show that the surface of ox-CNHs is coated with a thin layer of
PANI, while some o0x-CNHs remain exposed. As shown in Figs. 1c
and cq, ox-CNHs in S0.5 are completely enveloped by a thicker
PANI layer. The PANI layer exhibited a distinct amorphous struc-
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ture with clear demarcation from ox-CNHs. Figs. 1d and d; reveal a
thicker PANI shell with an uneven thickness distribution. As shown
in Fig. 1e, energy-dispersive spectroscopy (EDS) analysis of S0.5 in-
dicates a uniform distribution of C, N, and O elements. Since the
carbon content in PANI is lower than that of ox-CNHs, the car-
bon element distribution at the edge of the composite is relatively
sparse.

As shown in Fig. 2a, XRD is used to characterize the phase
structure of samples. All samples exhibit peaks at 26.4° and 42.2°,
which are related to the graphitized structure, corresponding to
(002) and (100) of graphite, respectively [19]. A shoulder peak
located at nearly 26.4° is associated with the amorphous car-
bon structure. As the amount of PANI increases, the intensity of
graphite diffraction peaks at near 26.4° and 42.2° gradually de-
crease. This reduction occurs because the X-rays experience more
absorption and scattering when penetrating the shell layer [20].
The diffraction peaks of S0.5 and S0.75 broaden in the range of
20°—25° due to the higher content of amorphous PANI [21].

The molecular structures are further characterized through
Fourier-transform infrared (FTIR) spectroscopy, as shown in Fig. 2b.
The stretching vibrations of the C=N and C=0 bonds at ~1620
cm~! and ~1430 cm~! are characteristic peaks of PANI [22,23].
The peaks at ~1380 cm~! and ~1200 cm~! correspond to the
C-N stretching and C-N bending vibrations, respectively. The peak
at ~800 cm~! corresponds to the bending vibration of the C-H
bond on the aromatic ring [24]. The intensity of the absorption
peak increases as the thickness of the shell layer increases.

The Raman spectra of ox-CNHs@PANI are shown in Fig. 2c,
highlighting the spectral characteristics of different samples. The
D band (around 1350 cm~!) is associated with defects and disor-
der in the carbon material, while the G band (around 1580 cm~1)
corresponds to graphitized structure. Meanwhile, the Ip/I; ratio is
used to assess the level of defects in carbon materials [25]. In
S0.25, the Ip/I; ratio is 1.45. With the increase of PANI shell thick-
ness, the Ip/Ig ratio increased to 1.44 at S0.5 and finally reached
to 1.42 at S0.75. With the rise of PANI shell thickness, the degree
of graphitization of the composites decreases. This indicates that
the in-plane stretching vibration of sp> hybridized carbon atoms is
enhanced, which contributes to improved absorption of EMW [26].

X-ray photoelectron spectroscopy (XPS) is employed to deter-
mine the detailed chemical states of ox-CNHs@PANI (Figs. 2d-g).
The XPS survey spectra confirm that the samples primarily con-
tained C, N, O, and S. In the C 1s spectrum, the peak at 284.8 eV
corresponds to C-C and C=C bonds of graphitic carbon in CNHs
[22]. The 285.54 eV peak is attributed to C-N bonds in PANI [27].
The peak at 289.37 eV is related to the C=0 bond, which may orig-
inate from the ox-CNHs [22]. The N 1s spectrum can be deconvo-
luted into multiple peaks corresponding to different chemical en-
vironments in PANI: the peak at 399.6 eV for amine (-NH-), 401.3
eV for imines (-N=), and 406.2 eV for protonated nitrogen (-N*)
[28]. The O 1s spectrum shows major peaks for oxygen-containing
groups: 533.2 eV for hydroxyl groups (-OH), 532.4 eV for carbonyl
or carboxyl groups (C=0), and 530.6 eV for ether bonds (C-O-C)
[29]. C-0-C is formed by the oxidation of C in the PANI unit to
form hydroxyl groups, and the hydroxyl groups continue to be ox-
idized [30]. Together, ox-CNHs@PANI composites are successfully
synthesized based on these results.

The conductivity of ox-CNHs@PANI gradually increases with the
thickness of the PANI shell, as shown in Fig. 2h. It is worth noting
that the conductivity of S0.75 is significantly enhanced compared
to SO.5. The local accumulation of PANI can be connected to form a
conductive network, which significantly improves the conductivity.
In addition, as shown in Fig. 2i, as the shell thickness increases,
the bulk density increases slightly. Since the density of polyaniline
is higher than that of CNHs, although the bulk density increases
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Fig. 2. Characterization of CNHs, S0.25, S0.5, and S0.75. (a) XRD patterns, (b) FTIR spectra, (c) Raman spectra, (d-g) XPS spectra, (h) conductivity, (i) bulk density.

slightly after coating, the material remains an excellent lightweight
EWAMs.

To elucidate the mechanism underlying EMW absorption perfor-
mance, the electromagnetic parameters are preliminarily analyzed.
According to the free electron theory (¢” ~ 0/20f), the values of
g" are positively correlated with the conductivity (o) [31]. The ¢’ of
0x-CNHs@PANI exhibits pronounced dispersion, while the ¢ dis-
plays continuous resonance peaks at medium and high frequencies
(Figs. 3a and b) [32]. The polarization ability and dielectric loss are
enhanced by the introduction of PANI (Fig. S2c in Supporting in-
formation). The « values increased with increasing frequency and
decreased the PANI content (Fig. 3c). It is worth noting that the
imaginary parts of the complex permeability of CNHs and S0.75
are partly negative at high frequencies. The increase of conductiv-
ity leads to the formation of an induced electric field within the
material, consequently generating a new induced magnetic field
that radiates electromagnetic energy outward (Fig. S2 in Support-
ing information) [33].

Cole-Cole plots illustrate the relationship between ¢’ and ¢”,
with each semicircle corresponding to a single Debye relaxation
process (Figs. 3d-g) [34,35]. All samples show multiple semicir-
cles at low frequencies, corresponding to multiple polarization re-
actions [36]. For ox-CNHs@PANI, dipole polarization is caused by
defects in the CNHs and the uneven charge distribution at the
oxygen-containing functional groups. Meanwhile, interfacial polar-
ization is induced by electron accumulation at the ox-CNHs/PANI
heterogeneous interface [37]. In addition to the polarization reac-
tion, a straight line appears at the end of the Cole-Cole curve, in-
dicating the existence of conductivity loss. Compared with CNHs,
the conductivity loss of ox-CNHs@PANI is significantly enhanced.

To analyze the contributions of polarization loss and conduction
loss to dielectric loss, a parallel/series circuit model of resistance
and capacitance is used. Combined with nonlinear least-squares
fitting, the dielectric loss is then decomposed (Figs. 3h and i) [38].
The results indicate that dielectric loss is primarily due to conduc-
tion loss.

To examine the influence of PANI shell thickness on the absorp-
tion properties of the composites, the RL values of ox-CNHs@PANI
are analyzed based on transmission line theory. According to Eq. S6
(Supporting information), to achieve optimal impedance matching,
it is essential for Z;, to closely approximate Z,. When Z;,/Zy =1,
EWAMs achieve perfect impedance matching to ensure that as
many EMW as possible enter the material [39]. Fig. 4 and Fig. S2
illustrate the loss characteristics of S0.25, S0.5, and S0.75 at differ-
ent thicknesses. S0.25 consistently shows an impedance matching
condition above 1.2 across all thicknesses (Figs. 4a and a;). SO.5
maintains an impedance matching ranging from 0.8 to 1.2 across
different thicknesses. Besides, it is indicated that most of the thick-
ness is less than 1 in S0.75. (Figs. 4c and cq). S0.5 exhibits excellent
EMW absorption performance due to effective combination of at-
tenuation constant and impedance matching. At a thickness of 2.22
mm, the RL.;, reaches to —66.7 dB, whereas an EAB of 5.68 GHz
is obtained (Figs. 4b and b,). The loss capacity of S0.25 is low, re-
sulting in poor loss capacity. With the increase of PANI content,
the skin effect of S0.75 becomes more significant. This means that
EMW can only penetrate the surface layer of the material, limiting
its effective attenuation.

Radar cross-section (RCS) simulations using CST Studio software
further demonstrate invisible properties of the composites [40]. As
shown in Figs. 5a-d and Fig. S3 (Supporting information), com-
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pared to the ideal electrical conductor (PEC), ox-CNHs@PANI effec-
tively reduce the RCS. Among them, the RCS of S0.5 remains below
—20 dB m? at most angles of incidence (—90° < ¢ < 90°). It shows
that S0.5 is expected to be an excellent EMW stealth material in
practical applications. The minimum RCS values of PEC coated by
S0.25, S0.5, and S0.75 are —49.8, —50.08, and —27.6 dB m?, re-
spectively, significantly lower than that of PEC (—21.7 dB m?). In

comparison with the typical carbon-based EWAMs in Fig. 5e, ox-
CNHs@PANI demonstrates the wide EAB of 5.58 GHz and strong
absorption of —66.67 dB.

Through the above analysis, the possible EMW absorption
mechanism of the composite material is shown in Fig. 5f. Firstly,
0x-CNHs and PANI provide a conductive path for the transmis-
sion of electrons in the material, thereby increasing the conductive
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loss of the material [41]. Secondly, the “dahlia-like” ox-CNHs create
more internal space, enhancing the multiple scattering and reflec-
tion of EMW. Additionally, due to differences in conductivity and
resistance, a large number of space charges redistribute and accu-
mulate at the heterogeneous interface between ox-CNHs and PANI,
which enhances the interface polarization effect [42]. The synergy
of the aforementioned dielectric loss mechanisms enables the ox-
CNHs@PANI to efficiently attenuate incident EMW energy (Fig. 5f
and Fig. S2).

To study the corrosion resistance based on excellent EMW ab-
sorbing performance, this paper focuses on S0.5 and investigates
its corrosion resistance in 3.5 wt% NaCl solution, sodium hydroxide
solution (pH 13.6), and hydrochloric acid solution (pH 1.3). Electro-
chemical impedance spectroscopy (EIS) and Tafel curves are car-
ried out (Fig. S4 in Supporting information). Impedance-frequency
Bode diagram illustrates the trend of impedance modulus varia-
tion with frequency, allowing for a visual representation of the
impedance characteristics [30]. At 0.01 Hz, the impedance mod-
ulus serves as a semi-quantitative measure of coating impedance
[43]. Within the frequency range of 0.01-100 Hz, SO.5 has signifi-
cantly higher impedance in acidic and alkaline solutions compared
to neutral solutions, as shown in Fig. 6a. This indicates that it had
better corrosion resistance in these environments. High-frequency
phase angles also serve as effective parameters for evaluating coat-
ing protection. Fig. 6b reveals the higher coating resistance results
in a larger phase angle between current and voltage. S0.5 shows
large phase angles, indicating that the samples have effective ca-
pacitive properties that act as a barrier to corrosive media [44]. Fig.
6¢ shows the EIS data of the SO0.5 under acidic, alkaline, and neu-
tral conditions. The larger the radius of the corresponding charge-
transfer resistance, the stronger the charge-transfer resistance abil-
ity of the sample. The above results show that ox-CNHs@PANI ex-
hibits large impedance in acidic, neutral, and alkaline solutions,
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Table 1
Corrosion kinetic parameters of S0.5 immersed in acidic, neutral, and alkaline solu-
tions, respectively.

Solution Ecorr (V) Ieorr (A/cm?) Ba (mV) Be (mV) Ry ()

Acidity —0.062 4.242 x 1077 6.019 4472 97,689.9
Neutral —0.051 3.907 x 106 5.074 5.580 10,519.0
Alkaline -0.113 5.048 x 1077 7.057 4.229 76,318.0

which effectively hinders the charge exchange between Cl-, HY,
OH™, and the ox-CNHs@PANIL

The Tafel plot shows corrosion potential (Ecorr) and corrosion
current (Icorr) are used to assess the stability of coatings [45]. Gen-
erally, positive Ecorr and lower Icorr reflect better corrosion resis-
tance. Fig. 6d displays Tafel curves for samples after about 1 h
in different solutions, with corresponding data in Table 1 and Ta-
ble S1 (Supporting information). The corrosion potential of ox-
CNHs@PANI is positively shifted compared to that of ox-CNHs,
which indicates a reduced tendency to self-corrosion [46]. SO.5
shows excellent corrosion resistance in all environments, especially
in acidic conditions with Icor as low as 4.242 x 10~7 A/cm?.

The corrosion resistance of ox-CNHs@PANI is due to the dense
PANI shell on ox-CNHs. This shell effectively prevents corrosive
substances such as moisture, oxygen, and ions from entering ox-
CNHs. In addition, PANI delays the onset of corrosion by provid-
ing electrons through redox reactions that counteract electron loss
[47]. Therefore, ox-CNHs@PANI exhibits excellent corrosion resis-
tance and stability under three conditions.

In summary, ox-CNHs@PANI composites with the core-shell
structure are successfully synthesized by in-situ polymerization.
Those composites have excellent EMW absorption properties
thanks to thoughtful component design and multi-interface syn-
ergies. The ox-CNHs@PANI composite exhibits excellent EMW ab-
sorption performance at both thin thicknesses and low filling
amounts. When the thickness of the composite is 2.22 mm, the
RLin and EAB can reach to —66.7 dB and 5.68 GHz with a filler
content of 25 wt%, respectively. In addition, the ox-CNHs@PANI
composite has excellent corrosion resistance and is used in the va-
riety of complex environment. This work can inspire the further
development of functional EWAM s tailored to meet the specific re-
quirements of corrosion resistance.
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