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Abstract
In this work, the adjustable core-sheath architecture in the hollow carbon nanofibers/polyaniline (HCNFs/PANI) nanocom-
posites with negative permittivity and an outstanding electromagnetic interference (EMI) shielding performance have been 
developed. The effect of thickness for polyaniline sheath on the electrical property and EMI performance of HCNFs/PANI 
nanocomposites has been studied in detail. The results demonstrate that the highest electrical conductivity of 22.71 ± 0.10 
S  cm−1 and the largest EMI shielding effectiveness (SE) of 60–94 dB within the X-band range (8.0–12.4 GHz) is observed 
in the HCNFs/PANI nanocomposites with a HCNFs loading of 50 wt%. The excellent electrical conductivity, a changeable 
dielectric resonance from positive to negative in the X-band range, and the internal multiple scattering at interfaces between 
HCNFs and PANI are devoted to this unique EMI shielding performance in HCNFs/PANI nanocomposites. This work enables 
a new approach to create the novel structural polymeric materials with negative permittivity for EMI shielding.

Keywords Hollow carbon nanofibers · Polyaniline · Negative permittivity · Electrical conductivity · Internal multiple 
scattering · EMI shielding
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1 Introduction

With the development of smart electronics and modern 
information technology, electromagnetic pollution has 
become a serious problem faced by humanity. Conse-
quently, more efforts have been dedicated to the design and 
exploitation of new structural materials with a high effi-
ciency of electromagnetic interference (EMI) shielding [1, 
2]. Usually, metals are used for effectively shielding elec-
tromagnetic (EM) waves because of their high electrical 
conductivity (normally  104–105 S  cm−1) [3]. However, high 
density, poor corrosion resistance, and difficulty in process-
ing limit their deployments in the EMI shielding field [4]. 
Lately, highly electrically conductive polymer-based com-
posites composed of polymer matrix and conductive fillers 
are becoming the research focus and have been intensively 
studied for EMI shielding due to their advantages such as 
lightweight, corrosion resistance, high flexibility, and easy 
processing [5, 6]. Generally, EMI shielding performance 
of polymer-based composites depends on the dispersion 
quality of fillers within the polymer matrix, the interfaces 
between polymer matrix and fillers, and the microstructures 
of composites [7].

According to Maxwell’s equations, EMI shielding is 
associated with the material’s permittivity and permeabil-
ity. Hence, due to the unique electromagnetic properties, 
artificially manufactured metamaterials with a negative 
refractive index, including negative permittivity (negative 
k) and/or negative permeability (negative μ) at certain fre-
quencies, are recently illustrated as promising candidates 
for EMI shielding in electronic devices [8, 9]. Since the 
size of microstructures is smaller than the wavelength of 
EM waves, the metamaterials are able to interact with EM 
waves through blocking, absorbing, or bending, further 
suppressing the waves and probably achieving an effective 
EMI shielding performance [10].

Different from the traditional metamaterials with arti-
ficially designed periodic structures, negative electro-
magnetic parameters are recently reported in the polymer 
nanocomposites with random structures, which are called 
metacomposites, including polypyrrole/tungsten oxides 
[11], polydimethylsiloxane/multi-walled carbon nanotubes 
(PDMS/MWCNTs) [12], elastomer/carbon nanofibers 
[13], epoxy/barium ferrite [14], polyimide/MWCNTs [15], 
and so on. These negative parameters are capable of being 
tailored by the filler loadings, morphology, and surface 
functionality [16]. Most notably, negative permittivity was 
found in the polyaniline (PANI) and its nanocomposites 
[17]. Negative permittivity in PANI is ordinarily linked to 
its intrinsic nature and continuous conductive network in 
its polymer chain [18]. This special feature might give rise 
to the possibility of PANI and its nanocomposites in the 

EMI shielding field. Additionally, the formation of internal 
scatterings at multiple interfaces is considered as a way 
to realize the superior EMI shielding performance for a 
material since the multiple interface is able to produce 
the internal scatterings of EM waves in the inner part of 
a material, which is favorable for further absorption and 
attenuation of EM waves [19].

Based on these strategies, in this work, the hollow car-
bon nanofibers (HCNFs) and PANI (doped with p-toluene 
sulfonic acid, PTSA) have been selected to construct a core-
sheath structure for building a HCNFs/PANI nanocomposite 
with the internal multiple interfaces, as depicted in the inset 
of Fig. 2B. The structures of HCNFs/PANI nanocomposites 
have been determined by Fourier-transform infrared (FTIR), 
scanning electron microscope (SEM), transmission electron 
microscopy (TEM), Raman spectroscopy, and ultraviolet– 
visible diffuse reflectance spectroscopy (UV–vis DRS). 
These HCNFs/PANI nanocomposites illustrate an excel-
lent EMI shielding effectiveness (SE) in the X-band range 
(8.2–12.4 GHz) at a thickness of 2.00 mm measured on a 
vector network analyzer and a negative permittivity within 
the same frequency range. This work aims to provide a new 
method for design and development of polymer nanocom-
posites for EMI shielding.

2  Experimental section

2.1  Materials

The hollow carbon nanofibers (HCNFs, D × L: 
100 nm × 20–200 μ m, average pore volume: 0.075  cm3  g−1) 
were obtained from Sigma Aldrich. Aniline  (C6H7N, ≥ 98%) 
was obtained from Aladdin Reagent Co., Ltd. Anhydrous 
ethanol  (C2H5OH, ≥ 99.7%), p-toluene sulfonic acid 
(PTSA,  C7H8O3S, 99%), and ammonium persulfate (APS, 
 (NH4)2S2O8, ≥ 98.5%) were purchased from Shanghai Mack-
lin Biochemical Co., Ltd. Dichromate  (K2Cr2O7, ≥ 99.8%) 
was supplied by Sinopharm Chemical Reagent Co., Ltd. All 
the chemical reagents were used directly without any further 
treatment.

2.2  Fabrication of HCNFs/PANI metacomposites

HCNFs/PANI nanocomposites were fabricated with a 
surface-initiated polymerization (SIP) method. First, the 
HCNFs were dispersed in 100 mL of Cr(VI) solution (50 mg 
 L−1) by 15 min under sonication. Then the treated HCNFs 
were filtered and washed by deionized water for 3 to 5 times 
to remove the residual Cr(VI). Then, the treated HCNFs 
were dispersed in 80 mL of deionized water, and the ani-
line (18 mmol) was added into this suspension slowly under 
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sonication with mechanical stirring in an ice-water bath for 
1 h. The PTSA (15 mmol) and the APS (9 mmol) were dis-
solved in 20 mL of deionized water and then mixed with the 
above mixture. The mixture was maintained for additional 
2 h under sonication with mechanical stirring in an ice-water 
bath for further polymerization. Afterward, the product was 
vacuum filtered and rinsed with deionized water and ethanol 
for 5 times, respectively, to remove any possible impurity 
or oligomers. The final HCNFs/PANI nanocomposites were 
dried in a freeze-dryer for 24 h. The preparation diagram is 
shown in Scheme S1. The HCNFs/PANI nanocomposites 
with a HCNF loading of 10, 20, 40, and 50 wt% were fab-
ricated. In comparison, the pure PANI was also fabricated 
following the above procedures without adding HCNFs.

2.3  Characterizations

A field emission SEM (S-4800) and a TEM (Tecnai G20) 
were used to observe the microstructures of samples. XRD 
was conducted on a D8 Advance X-ray powder diffractom-
eter within the diffraction angle ranges from 10 to 70° at a 
scanning speed of 10°  min−1. The FTIR spectra of samples 
were recorded on a Thermo Nicolet NEXUS with an attenu-
ated total reflection (ATR) accessory (Thermo Scientific) in 
the range of 400–4000  cm−1. Raman spectra were motivated 
in the visible range with a He–Ne for the 633-nm laser and 
collected on a Renishaw inVia Reflex Raman spectrometer. 
The thermogravimetric analysis (TGA) was recorded by a 
SDT thermal-microbalance apparatus at a heating rate of 
20 °C  min−1 within a temperature range from 25 to 1000 °C 
with an air flow rate of 20 mL  min−1. The UV–vis DRS was 
performed on a Cary 5000 instrument.

The EMI shielding characteristics were determined by 
measuring the values of complex scattering parameters (S 
parameters) of the reflection (S11 or S22) and the transmis-
sion (S12 or S21). The S parameter (X-band) of sample was 
obtained by a waveguide method in a frequency range of 
8.2–12.4 GHz using a vector network analyzer (VNA, Key-
sight N5222B, USA). The sample was pressed into a rectan-
gle shape with a size of 22.86 mm × 10.16 mm × 2.00 mm.

Permittivity was investigated by a LCR meter (Ton-
ghui TH2838H) equipped with a dielectric test fixture at 
the frequency of 20 Hz to 2 MHz at room temperature. 
As-received HCNFs, pure PANI, and HCNFs/PANI nano-
composites were pressed into a form of disk pellet with a 
diameter of 10 mm by applying a pressure of 15 MPa in 
a hydraulic presser, and the average thickness was about 
1.00 mm. The same sample was exploited to do the electrical 
conductivity measurement by the four-point probe method 
(Keithley 2400). The temperature-dependent resistivity was 
studied from 70 to 300 K using a standard four-point probe 
technique by a 9-Tesla Physical Properties Measurement 

System (PPMS, Quantum Design). The magnetoresistance 
was also measured on the PPMS at room temperature and 
the current was perpendicular to the sample.

3  Results and discussion

Our HCNFs/PANI nanocomposites exhibit an outstanding 
EMI shielding performance. The highest EMI SE values 
around 60–94 dB (blue circles in Fig. 1) are attained in the 
HCNFs/PANI nanocomposites with the HCNFs loading of 
50 wt% in the X-band range at a thickness of 2.00 mm meas-
ured on the vector network analyzer. These EMI SE values 
are even higher than those of some metal/polymer compos-
ites in the same frequency range with the similar thickness, 
such as nickel/poly(vinylidene fluoride) (23 dB with a thick-
ness of 1.95 mm) [20], nickel/cobalt/biocarbon nanofibers 
(made from bacterial cellulose)/paraffin wax (41.2 dB with 
a thickness of 2.5 mm) [21], and copper/graphite/polyvinyl 
chloride (70 dB with a thickness of 2.00 mm) [22]. A com-
parison with previously reported EMI SE values is shown in 
Fig. 1 and Table S1. We observe that these newly designed 
HCNFs/PANI nanocomposites with negative permittivity 
manifest a superior EMI shielding performance and could 
be ranked at the top of the comparison chart and table. Con-
versely, the PANI with a positive permittivity only possesses 
an EMI value of 6 dB under the same measurement condi-
tion (orange circles in Fig. 1 and Table S2).

With the purpose of understanding the high EMI shield-
ing performance in the HCNFs/PANI nanocomposites, we 
first address the relationship between their microstructures 
and EMI SE values. In order to achieve a uniform PANI 

Fig. 1  Comparison of EMI SE from literature.  reduced graphene 
oxide (rGO) [45–49],  rGO-Fe3O4 [50–53],  carbon nanotubes 
(CNTs) [54–59],  metals such as nickel [21, 60], silver [61], copper 
[22],  MXene [33, 62–64],  other materials such as iron oxide 
[65], ferrite [66],  PANI with positive permittivity,    our newly 
designed HCNFs/PANI nanocomposites
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coating outside of HCNFs, the HCNFs were firstly surface 
treated to form the acidic functional groups for a strong 
affinity with the aniline monomer [23]. Nevertheless, the 
commonly used chemicals for functionalizing carbon mate-
rials are concentrated on the nitric acid [24], and its strong 
oxidizing ability might damage the microstructures and elec-
trical properties of carbon materials. Hence, in this work, the 
hexavalent chromium (Cr(VI)) aqueous solution (prepared 
from  K2Cr2O7) was utilized to provide the carboxylic acid 
functional groups on the surface of HCNFs without seri-
ously affecting their electrical properties that has already 
been reported in our previous work [25].

It is found that the average total EMI SE value for the as-
received HCNFs is around 37 dB in the X-band range with 
a thickness of 2.0 mm (Fig. S1h and Table S2), whereas 
after Cr(VI) treatment, its average total EMI SE value 
becomes 35 dB without an obvious change (Fig. S1g and 
Table S2). This emphasizes that the Cr(VI) treatment only 
displays little effect on the EMI shielding performance of as-
received HCNFs. Instead, the Cr(VI) treatment facilitates the 
polymerization of aniline monomers and uniform growth of 
PANI on the surface of HCNFs as indicated in SEM images 
(Fig. S2b−e) and TEM images (Figs. 2B and S4b−e). As a 
result, the HCNFs/PANI nanocomposites possess a core-
sheath structure with an inner core of HCNFs and an outside 
sheath of PANI as expected (Figs. 2B and S4b−e), in which 
the internal multiple interface including the inner surface 
of HCNFs (Fig. 2B) and boundaries between HCNFs and 
PANI (marked with orange line in Fig. 2E) as well as inter-
face between different HCNFs are created. By contrast, pure 
PANI exhibits a particulate-like structure (Figs. 2A, S2a and 
S4a), while the as-received HCNFs present a hollow fiber 
structure (Fig. 2C). By controlling the thickness of PANI 

layers (175 ± 9, 94 ± 11, and 40 ± 5 nm) through different 
HCNF loadings from 10, 20, to 40 wt%, as listed in the 
TEM images (Fig. S4b−d), the average total EMI SE value 
increases, which is approximately 35, 41, and 47 dB for the 
HCNFs/PANI nanocomposites at a thickness of 2.00 mm 
with HCNFs loading of 10, 20, and 40 wt% in the X-band 
range, accordingly (Fig. S1b−d and Table S2 in the supple-
mentary material). When the loading of HCNFs is increased, 
the loading of PANI is decreased (for instance, the HCNF 
loading is 10 wt%, i.e., the PANI loading is 90 wt%), caus-
ing a declined thickness of PANI layers outside of HCNFs.

Remarkably, the HCNFs/PANI nanocomposites with 
50 wt% loading of HCNFs (the thickness of PANI layer is 
25 ± 3 nm) reach the maximum total EMI SE value within 
a range of 60–94 dB in the X-band range at the same thick-
ness. This implies that the management of microstructure 
and thickness of PANI layer by altering the HCNFs loadings 
could adjust the EMI SE values of HCNFs/PANI nanocom-
posites. When the HCNF loading is higher than 50 wt%, 
the HCNFs/PANI nanocomposites are unable to be prepared 
due to the high viscosity of solution. Therefore, the highest 
EMI SE value is achieved in the 50 wt% HCNF loading 
of HCNFs/PANI nanocomposites. The total EMI SE values 
of HCNFs/PANI nanocomposites are higher than those of 
pure PANI (31 dB, synthesized in the same condition with 
HCNFs/PANI nanocomposites) and as-received HCNFs 
(37 dB) under the same measurement conditions. Clearly, 
the core-sheath structure with internal multiple interfaces 
in the HCNFs/PANI nanocomposites enhances the EMI 
shielding performance of PANI and HCNFs. On the con-
trary, without Cr(VI) surface treatment, a non-uniform PANI 
coating with an agglomeration and entanglement is attained 
in the HCNFs/PANI nanocomposites, as shown in the SEM 

Fig. 2  TEM images of A 
pure PANI, B HCNFs/
PANI nanocomposites, C 
as-received HCNFs; high-
resolution TEM (HRTEM) 
images of D PANI, E HCNFs/
PANI nanocomposites with a 
HCNF loading of 50 wt%, F 
HCNFs, which depicts the vivid 
lattice fringe of PANI, HCNFs, 
and HCNFs/PANI nanocompos-
ites as well as the conspicuous 
interfaces between HCNFs and 
PANI
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image of Fig. S3, and a relatively lower EMI SE value is 
observed (the average total EMI SE value for the HCNFs/
PANI nanocomposites with 20 wt% loading of HCNFs with 
Cr(VI) treatment is 41 dB, whereas it is 36 dB for HNCFs/
PANI nanocomposites without Cr(VI) treatment that is even 
lower than that of as-received HCNFs (37 dB). Besides, 
the permittivity of HCNFs/PANI nanocomposites without 
Cr(VI) treatment expresses a positive permittivity within 
the X-band range (Fig. S12f). This illustrates the importance 
of Cr(VI) treatment process in the manufacture of HCNFs/
PANI nanocomposites.

The EMI performance is sensitive to the thickness of 
materials during the measurement. We have investigated 
this effect on the EMI SE values of HCNFs/PANI nano-
composites with 50 wt% loading of HCNFs at a thickness 
of 0.50, 1.00, and 2.00 mm, respectively (Fig. S16). The 
EMI SE values for HCNFs/PANI nanocomposites with 50 
wt% loading of HCNFs at a thickness of 0.50, 1.00, and 
2.00 mm are 41, 43–84, and 60–94 dB in the X-band range, 
respectively, Table S2. As expected, the highest EMI SE 
values are achieved for a 2.00-mm thickness of HCNFs/
PANI nanocomposites. This is sufficient to shield almost 
100% of incident EM waves since the transmittance values 
(T, denoting the ability of a material to shield EM waves) at 
12.4 GHz is almost close to 0, Fig. S17, as predicted from 
the S-parameter in Eqs. (S1 and S2) [26]. In a word, the 
unique core-sheath microstructures and internal multiple 
interface scattering contribute to the high EMI SE value in 
the HCNFs/PANI nanocomposites.

Secondly, to further analyze this superior EMI perfor-
mance of HCNFs/PANI nanocomposites, the connection 
between their electrical conductivity and EMI SE values is 
explored. Principally, electrical conductivity is one of the 
main factors that affect the EMI shielding performance of a 
material. Generally, in a material with high electrical con-
ductivity, the formed conductive network serves as a bridge 
to build a sufficient conducting pathway for freely transport-
ing the mobile charge carriers that are able to reflect EM 
waves to achieve the EMI shielding [27]. As confirmed in 
the FTIR spectra (Fig. S6A), the as-fabricated PANI sheath 
in the HCNFs/PANI nanocomposites possesses the charac-
teristic absorption peaks of “emeraldine” salt (ES) form, 
corresponding to the conductive state of PANI [28, 29]. 
Moreover, the clear lattice fringe in the high-resolution TEM 
(HRTEM) image of pure PANI and HCNFs/PANI nanocom-
posites (Fig. 2D, E, separately) indicates well-ordered crys-
talline regions (outlined in red and labeled as metallic island) 
in the microstructures of PANI, where the charge carriers are 
delocalized [30]. It is reported that the electrical conductiv-
ity of PANI is related to its degree of crystallinity [31]. The 
degree of crystallinity of pure PANI and PANI sheath in the 
HCNFs/PANI nanocomposites with a HCNF loading of 10, 
20, 40, and 50 wt% evaluated from XRD patterns (Fig. S6C) 

is 33.0, 41.3, 42.1, 44.6, and 46.0% based on the intensity 
ratio of I25.2/I19.8 [32], respectively. The relevant electrical 
conductivity acquired from four-point probe method varies 
from 1.23 ± 0.10, 9.31 ± 0.12, 13.27 ± 0.23, 21.26 ± 0.41, to 
22.71 ± 0.10 S  cm−1 for the pure PANI and HCNFs/PANI 
nanocomposites with HCNF loading of 10, 20, 40, and 50 
wt%, respectively (Table S3), which is consistent with the 
results from their degree of crystallinity. The tendency of 
electrical conductivities for these materials is consistent with 
the aforementioned EMI SE values obtained in Fig. S1. In 
other words, a higher electrical conductivity results in a 
larger EMI SE value [33].

The rise in electrical conductivity with increasing HCNF 
loadings in the HCNFs/PANI nanocomposites could also 
be inferred from the measurements of optical band gap (Eg) 
and the density of states (DOS) at the Fermi level [N(EF)] 
(Tables S3 and S5). The Eg estimated by Eq. (S12) from the 
value of λedge (which is correlated with the π-π* interband 
transition in the benzoid/quinoid ring structure of PANI) 
[34] by ultraviolet–visible diffuse reflectance spectroscopy 
(UV–vis DRS), Fig. S9, is 2.31, 2.23, 2.21, 2.00, and 1.50 eV 
for the pure PANI and HCNFs/PANI nanocomposites with 
HCNF loading of 10, 20, 40, and 50 wt% (Table S3), respec-
tively. It is concluded that a systematic decrease in the Eg 
with increasing HCNF loadings is observed, which is in 
line with the obtained degree of crystallinity and electri-
cal conductivity. In addition, the N(EF) of HCNFs, pure 
PANI, and HCNFs/PANI nanocomposites with HCNF load-
ing of 10, 20, 40, and 50 wt% at a magnetic field of 9 T is 
4.99 ×  1043, 2.12 ×  1040, 2.42 ×  1040, 5.71 ×  1040, 2.01 ×  1041, 
and 1.39 ×  1041 (J  cm3)−1, accordingly (Table S5). These val-
ues are calculated from the wave-function shrinkage model 
using Eqs. (S6−S10) based on the magnetoresistance (MR) 
that describes the resistance change of a material under an 
external magnetic field [35, 36]. The MR is 8.62, 6.94, and 
9.33% at a magnetic field of 9 T for as-received HCNFs, 
pure PANI, and HCNFs/PANI nanocomposites with a HCNF 
loading of 50 wt%, respectively (Fig. 3B). The positive reac-
tance of as-received HCNFs, pure PANI, and HCNFs/PANI 
nanocomposites in Fig. S10 suggests an inductance charac-
teristic in these materials, implying the formation of conduc-
tive networks [37] in accordance with their high electrical 
conductivity.

Furthermore, the dielectric property of HCNFs, pure 
PANI, and HCNFs/PANI nanocomposites is studied to 
explore the relationship between permittivity, electrical con-
ductivity, and EMI shielding performance. The permittivity 
details the nature of electrostatic energy savings and losses 
under the action of an electric field [38]. In this work, we 
have studied the permittivity of as-received HCNFs, pure 
PANI, and HCNFs/PANI nanocomposites in both the 
X-band range (calculated based on the Nicholson-Ross-Weir 
method) and the low frequency range (20 Hz–2 MHz), 
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separately. It is observed that in the low frequency range, 
both HCNFs and HCNFs/PANI nanocomposites exhibit the 
negative real permittivity (ε', Fig. S11A), whereas the real 
permittivity of PANI could be either negative or positive by 
controlling the concentrations of doped acid PTSA during 
the fabrication (Fig. S13). It is found that the PANI doped 
with 3.75 mmol of PTSA possesses a positive real permit-
tivity (Fig.  S13A) and an electrical conductivity of 
5.2 ×  10–4 ± 1 ×  10−6 S  cm−1, while PANI doped with 
15 mmol of PTSA displays a negative real permittivity 
(Fig. S11A) and an electrical conductivity of 1.23 ± 0.11 S 
 cm−1. In theory, the low-frequency negative permittivity is 
often explained by the creation of continuous conductive 
pathways in a material that originates from the plasma oscil-
lations of delocalized charge carriers on the basis of Drude 
model, i.e., it is associated with the electrical conductivity 
of material [15]. Our results verify the relationship between 
negative permittivity and electrical conductivity. According 
to the Drude model, the plasma frequency (ωp) is given by 
�
p
=

√

n
eff
e2
/

m
eff
�
0
 , where ε0 is the permittivity of vacuum 

(8.85 ×  10−12 F  m−1), neff is the effective concentration of 
delocalized electrons, meff is the effective weight of electron, 
and e is the electron charge (1.6 ×  10−19 C). In a metal, the 
ωp corresponds to the switching frequency where the permit-
tivity changes from negative to positive, which depends on 
the neff, that is, the electrical conductivity of material. On 
the contrary, in the X-band range, the PANI doped with 
15 mmol of PTSA depicts a positive permittivity (Fig. 3C-
b), and the permittivity for as-received HCNFs (Fig. 3C-a) 

and HCNFs/PANI nanocomposites is changed from positive 
to negative (Figs. 3C and S12). Most notably, the HCNFs/
PANI nanocomposites with 50 wt% loading of HCNFs show 
a maximum negative permittivity up to −332.8 
(Fig. 3C-c).

The relationship between permittivity vs. frequency in 
the X-band range could also be further clarified by analyzing 
an interband transition using the Lorentz effect or Lorentz 
model, Eq. (S15) [39], which describes the dielectric dis-
persion resulting from the dielectric resonance polarization 
[40]. In this situation, the Drude model could not explain the 
phenomenon since the Lorentz oscillators are responsible 
for this effect. Owing to the Lorentz effect, the real per-
mittivity of all the HCNFs/PANI nanocomposites is altered 
from positive to negative in the X-band range. Collectively, 
based on the aforementioned relationship between electrical 
conductivity and permittivity, the highest EMI SE values of 
60–94 dB in the 50 wt% HCNF loading of HCNFs/PANI 
nanocomposites (Fig. S1c) are linked to their unique dielec-
tric properties, electrical conductivity, and microstructures.

The EMI shielding mechanism from reflection (SER) 
and absorption (SEA) for as-received HCNFs, pure PANI, 
and HCNFs/PANI nanocomposites is estimated from Eq. 
(S5) and laid out in Figs. 4A, S15B, C, and Table S2. The 
existence of interfaces between PANI and HCNFs as well 
as crystalline ranges in the PANI microstructures (Fig. 2E) 
causes multiple scattering inside of HCNFs/PANI nano-
composites, further fading EM waves [41]. Figure  4B 
shows the skin depth (which is the depth that the EM waves 

Fig. 3  A Electrical conductivity 
of the HCNFs/PANI nanocom-
posites with HCNF loading of 
(a) 10, (b) 20, (c) 40, (d) 50%, 
and (e) pure PANI; B room 
temperature magnetoresist-
ance; C frequency dependent 
ε'; D frequency dependent tan 
δ of (a) as-received HCNFs, 
(b) pure PANI, and (c) HCNFs/
PANI nanocomposites with a 
HCNFs loading of 50 wt%
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can penetrate in and is an important parameter to assess 
the EMI shielding performance of a material [42–44]) at 
12.4 GHz of the HCNFs/PANI nanocomposites with vari-
able loadings of HCNFs. It is noticed that the skin depth 
for HCNFs/PANI nanocomposites is reduced from 0.72 to 
0.30 mm with increasing HCNF loading from 0 (i.e., pure 
PANI) to 50 wt%, expressing the same trend as the variation 
of electrical conductivity for the HCNFs/PANI nanocom-
posites (Table S3). The skin depth for all the products is 
smaller than their thickness (2.00 mm), which is good for 
attaining relatively higher EMI SE values in HCNFs/PANI 
nanocomposites.

Overall, this superior EMI shielding phenomenon in the 
HCNFs/PANI nanocomposites is possibly attributed to the 
proposed mechanism as drawn in Fig. 5. The EMI shielding 
performance originates from their outstanding core-sheath 
architecture, high electrical conductivity, and unique negative 
permittivity. The negative permittivity could provide these 
nanocomposites with an excellent conductive pathway. As 
the incident EM waves strike their surface, some of waves are 
reflected as a result of high electrical conductivity. The rest 
penetrates inside the core-sheath microstructures, where the 
internal interfaces serve as scattering centers and enable mul-
tiple scattering of EM waves, inducing the attenuation of EM 
waves until they are totally absorbed in the microstructures.

4  Conclusion

In summary, an exceptional adjustable core-sheath HCNFs/
PANI nanocomposite with negative permittivity has been 
demonstrated for EMI shielding. Although their electri-
cal conductivity (21.26 ± 0.41 S  cm−1 for HCNFs/PANI 
nanocomposites with 50 wt% loading) is lower than that of 
common metals  (104–105 S  cm−1), they manifest a compa-
rable EMI shielding performance to metals (EMI SE value 
of 60–94 dB in the X-band range) arising from their core-
sheath microstructures (internal multiple scattering) and 
negative permittivity (up to −332.8) in the X-band range. 
This study opens a new avenue to connect the EMI shielding 
performance with the microstructure construction of polymer 
nanocomposites and negative permittivity, which offer many 
advantages over normal metals. This work may provide a new 
insight for designing the polymer nanocomposites with nega-
tive permittivity for reaching the extraordinary EMI shielding.
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