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ABSTRACT: Highly uniform core−shell composites, poly-
pyrrole@polyaniline (PPy@PANI), have been successfully
constructed by directing the polymerization of aniline on the
surface of PPy microspheres. The thickness of PANI shells,
from 30 to 120 nm, can be well controlled by modulating the
weight ratio of aniline and PPy microspheres. PPy micro-
spheres with abundant carbonyl groups have very strong
affinity to the conjugated chains of PANI, which is responsible
for the spontaneous formation of uniform core−shell micro-
structures. However, the strong affinity between PPy micro-
spheres and PANI shells does not promote the diffusion or
reassembly of two kinds of conjugated chains. Coating PPy
microspheres with PANI shells increases the complex
permittivity and creates the mechanism of interfacial polarization, where the latter plays an important role in increasing the
dielectric loss of PPy@PANI composites. With a proper thickness of PANI shells, the moderate dielectric loss will produce well
matched characteristic impedance, so that the microwave absorption properties of these composites can be greatly enhanced.
Although PPy@PANI composites herein consume the incident electromagnetic wave by absolute dielectric loss, their
performances are still superior or comparable to most PANI-based composites ever reported, indicating that they can be taken as
a new kind of promising lightweight microwave absorbers. More importantly, microwave absorption of PPy@PANI composites
can be simply modulated not only by the thickness of the absorbers, but also the shell thickness to satisfy the applications in
different frequency bands.
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1. INTRODUCTION

Microwave absorbing materials have received more and more
attention in the past decade, not only for their significance as
the key to stealth technology in military field, but also for their
effective frequency regulation on excessive electromagnetic
interference and electromagnetic pollution in civil field.1,2

Traditional microwave absorbing materials such as magnetic
metals and ferrites are always constrained by their high specific
gravity and narrow frequency range. To satisfy the require-
ments of practical applications, an eligible microwave absorbing
material should be labeled with some characteristic features,
including lightweight, thin thickness, powerful absorption, and
wide frequency bandwidth.3 It is widely accepted that some

conventional mixed composites cannot be qualified as the next
generation of microwave absorbing materials, and a rational
design on nanoscaled heterostructures is always necessary to
produce enhanced performance. Recent progress indicates that
uniform core−shell heterostructures may contribute to micro-
wave absorption greatly due to their interfacial polarization,
confinement effect, and complementary behavior.4 In addition,
the ordered microstructure and homogeneous chemical
composition of uniform core−shell nanocomposites will be
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also helpful to functional reproducibility and processability. As
a result, various uniform core−shell nanocomposites with
excellent microwave absorption, e.g., Fe3O4@C, Fe3O4@TiO2,
Fe@SiO2, Ni@Al2O3, Zn@ZnO, CNCs@Al2O3@Fe3O4, and
α-Fe2O3@CoFe2O4, are being extensively developed.5−19

As a typical conductive polymer, polyaniline (PANI) has
been considered as a potential candidate as microwave
absorbing materials due to their high conductivity, low density,
ease of preparation, and good environmental stability.20,21 In
previous works, PANI was frequently employed as one of
effective components in microwave absorbing composites,
where PANI could not only serve as organic binder and
protection coating, but also improve dielectric loss and
impedance matching.22−31 By considering the advantages of
uniform core−shell heterostructures,5−19 there is also an
increasing interest in constructing uniform core−shell
composites by using PANI as shells to further improve their
microwave absorption properties. For example, Wang et al.
deposited PANI layers on the surface of α-MoO3 nanorods
with an extremely low concentration of aniline monomers (less
than 0.02 mol/L), and the enhanced microwave absorption of
this novel core−shell composite was confirmed to be linked
with their structural characteristics;32 Sun et al. reported the
synthesis of well dispersed core−shell Fe3O4@PANI nano-
particles with a very thin PANI coating (ca. 2 nm), whose
absorption was significantly improved as compared with bare
Fe3O4 nanoparticles;

33 our group also designed high-perform-
ance microwave absorbing composites, Fe3O4@PANI micro-
spheres, with tunable thickness of PANI shells, where magnetic
separation for the purification of uniform Fe3O4@PANI
microspheres was necessarily applied.34 It has been reported
that inorganic particles could play the role of the nucleation
sites for PANI,35−37 while the interaction between nucleation
sites and aniline monomers is weak, and thus independent
PANI and core−shell composites were usually produced
simultaneously. This fact will deteriorate the homogeneous
chemical composition of uniform core−shell composites,
resulting in poor functional reproducibility, so that aforemen-
tioned successful examples had to employ some additional
strategies, e.g., dilute polymerization, surface modification, and
magnetic purification, to restrain or exclude the formation of
independent PANI.32−34

In this article, we demonstrated the refinement of uniform
core−shell PANI-based composites by choosing polypyrrole
(PPy) microspheres as cores for the first time. Compared with
those inorganic particles, PPy microspheres have much stronger
affinity to aniline monomers, as pyrrole and aniline are
homologous organic molecules, which can even be homoge-
neously polymerized at molecular level to produce poly(aniline-
co-pyrrole).38 Thanks to this kind of strong affinity, uniform
core−shell PPy@PANI composites can be formed automati-
cally without any assisted methods or techniques, and the
polymerization of independent PANI is also avoided effectively.
The thickness of PANI shells can be easily controlled by
changing the amount of aniline monomers. More importantly,
the uniform core−shell PPy@PANI composites exhibit
significantly enhanced microwave absorption properties,
which are superior to those of pristine PANI and physically
mixed PPy/PANI. The characteristic advantages of these core−
shell PPy@PANI composites, e.g., easy preparation, strong
absorption, wide responding range, and ultralow density (free
of inorganic particles), may promise them a bright prospect as
novel microwave absorbing materials.

2. EXPERIMENTAL SECTION
2.1. Synthesis of PPy Microspheres. PPy microspheres were

prepared according to a previous literature.39 Briefly, 0.1 g of FeCl2·
4H2O was dissolved in 60 mL of distilled water, where 1.0 mL of
pyrrole monomer had already been predispersed. Followed by addition
of 5 mL of H2O2 to the pyrrole/FeCl2·4H2O/H2O mixture, pyrrole
polymerization was initiated. The mixture was continuously stirred at
room temperature for 12 h. The dark precipitated PPy was collected
by centrifugation, washed with acetone several times, and finally dried
at 60 °C for 12 h.

2.2. Synthesis of Core−Shell PPy@PANI Microspheres. The
core−shell PPy@PANI microspheres were synthesized by an in situ
polymerization method. In a typical recipe, 0.4 g of as-prepared PPy
microspheres was dispersed in 100 mL of 0.1 M HCl solution under
ultrasonication for 1h to obtain a uniform suspension. Required
amounts of aniline monomers were then introduced into this
suspension. The mixed solution was mechanically stirred in an ice−
water bath for 1 h before adding ammonium persulfate (APS) for
oxidative polymerization for 24 h. The precipitated powder was
filtrated and washed with distilled water and ethanol until the filtrate
became colorless and then dried in a vacuum drying cabinet at 70 °C.
Through the experiments, the molar ratio of aniline monomers to APS
was fixed at 1:1.2. To confirm that all sample, including PPy
microspheres, PPy@PANI composites and pristine PANI, were
sufficiently doped with HCl, the dried powders were redispersed in
0.1 M HCl for 24 h and collected by filtration and drying again. The
final products were denoted as PPy@PANI-x, where x represented the
mass ratio of aniline monomers to PPy microspheres. For example,
PPy@PANI-0.8 and PPy@PANI-2.0 meant that 0.32 and 0.80 g of
aniline monomers were involved into the reaction system, respectively.

2.3. Characterization. Scanning electron microscope (SEM)
images were obtained on an HELIOS NanoLab 600i (FEI), and the
samples were mounted on aluminum studs by using adhesive graphite
tape and sputter coated with gold before analysis. FT-IR spectroscopy
was carried out on a Nicolet Avatar 360 FT-IR spectrometric analyzer
with KBr pellets. UV/vis spectra were recorded on a PUXI TU-1901
spectrophotometer by dissolving PPy@PANI microspheres in N-
methylpyrrolidone (NMP). The conductivity of samples was measured
using a KDY-1 four-point probe analyzer. Before the test, the products
were dried in a vacuum oven overnight and then pressed into disks at
room temperature. An Angilent PNA-N5244A microwave vector
network analyzer was applied to determine the relative permeability
and permittivity in the frequency range of 2−18 GHz for the
calculation of reflection loss (RL). A sample containing 50 wt % of
obtained composites was pressed into a ring with an outer diameter of
7 mm, an inner diameter of 3 mm, and a thickness of 2 mm for
microwave measurement in which paraffin wax was used as the binder.
The reflection loss, RL (dB), of an absorber can be deduced from the
transmission line theory,
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where Zin refers to the normalized input impedance of a metal-backed
microwave absorbing layer and is calculated by the following
equation:21,40
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where εr (εr = εr′ − jεr″) and μr (μr = μr′ − jμr″) are the complex
permittivity and permeability, respectively, of the composite medium, c
is the velocity of electromagnetic waves in free space, f is the frequency
of microwave, and d is the thickness of absorbers.

3. RESULTS AND DISCUSSION
The strategy for synthesizing core−shell PPy@PANI compo-
sites is schematically depicted in Figure 1. First, uniform PPy
microspheres were prepared by a green-nano approach, where
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only pyrrole monomers, H2O2, and a small amount of FeCl2
were involved.39 Second, the core−shell PPy@PANI compo-
sites were generated by employing the as-prepared PPy
microspheres as nucleation sites for the polymerization of
aniline monomers. Figure 2 shows the morphology evolution of

PPy@PANI-x with different mass contents of PANI. The as-
prepared PPy powder shows well-defined microspheres with
very smooth surface and an average diameter of about 440 nm
(Figure 2a), which is quite coincident with the previous
report.39 It is very interesting that the surface of the obtained
composites becomes rough with some small bulges as
compared with pristine PPy microspheres (Figure 2b−f), and
their average diameters also present a monotonic increase when
more aniline monomers are applied in the experiments,
implying the formation of a new PANI shell. From some
broken microspheres, unique core−shell structures with an
interior core and an outer shell can be clearly observed (Figure
2b−f, inset). However, the interfaces between PPy micro-
spheres and PANI shells are difficult to be identified even by
high-resolution TEM due to their similar chemical composition
(Figure S1). Low-magnification SEM images further suggest
that the obtained composites possess highly uniform spherical
microstructures (Figure S2), and impurities will not be detected
until the mass ratio of PPy microspheres to aniline monomers
reaches 1:2, which demonstrates that this amount of aniline

monomers is excessive and random polymerization cannot be
restrained with more aniline. Based on the statistical data of
diameter (Figure S2), the average diameters for PPy@PANI-
0.4, PPy@PANI-0.8, PPy@PANI-1.2, PPy@PANI-1.6, and
PPy@PANI-2.0 are 500, 560, 610, 650, and 680 nm,
respectively. That is, the average shell thicknesses for these
core−shell composites are about 30, 60, 85, 105, and 120 nm.
These results indicate that, with proper control of the
experimental conditions and relative ratios of aniline monomers
to PPy microspheres, PANI shells can be successfully fabricated
on the cores and more importantly, the shell thickness is
tunable at the nanoscale. In view of the fact that PPy and PANI
are homologous organic polymers, it is not easy to differentiate
them exactly, and therefore, gravimetric analysis is utilized to
estimate the content of PANI in these composites. For all
PPy@PANI composites, PPy microspheres in the solution is
fixed at 0.4 g, and the final weights for PPy@PANI-0.4, PPy@
PANI-0.8, PPy@PANI-1.2, PPy@PANI-1.6, and PPy@PANI-
2.0 are 0.44, 0.62, 0.83, 0.98, and 1.18 g, respectively. Of note is
that the total weights of PPy@PANI-0.4 and PPy@PANI-0.8
are a little far away from their theoretical outputs (0.56 and
0.72 g), which may result from the incomplete polymerization
of aniline monomers and the loss of PPy microspheres.
However, this situation can be inhibited in PPy@PANI-1.2,
PPy@PANI-1.6 and PPy@PANI-2.0 due to the relatively high
concentration of aniline monomers, so that their yields can
reach about 95%, suggesting that the real compositions in these
composites are approximate to those designed values.
Very interestingly, PANI obtained in the absence of PPy

microspheres shows completely disordered microstructures
with irregular aggregates (Figure S3), which is a hint that PPy
microspheres play an important role in the direction of PANI
growth. It has been accepted that the polymerization of aniline
monomers could be conducted on the surface of some
inorganic/organic particles with various morphology, e.g.,
nanofibers, nanorods, and nano/microspheres, to generate
different core−shell composites. However, dilute monomers,
surface modification, and assisted surfactants were always
necessary to suppress random polymerization of independent
PANI and promise high quality of uniform core−shell
structure.32−34 Despite that, the content of PANI is usually
limited in a relatively small range, because independent PANI
will appear inevitably and destroy the uniform microstructure
with increasing the PANI content. For example, our group
previously obtained Fe3O4@PANI microspheres by repeated
magnetic purification, where the maximum content of PANI to
produce uniform core−shell structure is less than 30 wt %.34

However, in the current study, when PPy microspheres are
applied as the cores of PANI-based composites, highly uniform
core−shell composites can be produced without any additional
surfactants or modification, and the content and shell thickness
of PANI can reach up to about 60 wt % and 120 nm,
respectively, which manifests the unique advantages of PPy
microspheres as nucleation cores.
Figure 3 shows the FT-IR spectra of PPy microspheres and

PPy@PANI-x composites with different mass contents of
PANI. For PPy microspheres (Figure 3a and Figure S4), some
weak characteristic peaks of PPy, such as the C−N stretching
vibration in the ring (1350 cm−1), the = C−H in-plane
deformation modes (1270 cm−1), the NH+ in-plane deforma-
tion vibration (1097 cm−1), the C−H and N−H in-plane
deformation vibrations (1047 cm−1), the C−C out-of-plane
ring deformation vibration (960 cm−1), and the C−H out-of-

Figure 1. Schematic illustration of preparing core−shell PPy@PANI
composites.

Figure 2. SEM images of PPy microspheres (a) and core−shell PPy@
PANI composites with different PANI content: PPy@PANI-0.4 (b),
PPy@PANI-0.8 (c), PPy@PANI-1.2 (d), PPy@PANI-1.6 (e), and
PPy@PANI-2.0 (f). Inset is the high-resolution image. The scale bars
in SEM images and insets are 500 and 100 nm, respectively.
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plane deformation vibration of the ring (880 cm−1), can be
observed, indicating the formation of PPy in the first step.41−43

Notably, there is also a very strong peak centered at 1706 cm−1,
and its existence covers the vibrations of aromatic CC in
pyrrole ring (about 1540 cm−1) and shifts the C−C in pyrrole
ring vibration from about 1450 to 1410 cm−1. According to
previous literature,44,45 this peak can be assigned to carbonyl
species in pyrrolidone end groups, which arises from the
hydroxyl functionality introduced by the nucleophilic attack of
water and the subsequent conversion of carbonyl by keto−enol
tautomerism. These results suggest that PPy microspheres in
our case possess relatively low polymerization degree. In
contrast, the fundamental vibrations of PANI, including CC
stretching deformations of quinoid (1570 cm−1) and benzenoid
rings (1480 cm−1), the C−N stretching of secondary aromatic
amine (1295 and 1238 cm−1), the aromatic C−H in-plane
bending (1122 cm−1), and the out-of-plane deformation of C−
H in the 1,4-disubstituted benzene ring (798 cm−1), are highly
distinguishable in PPy@PANI-x composites, further confirming
that the new shells formed on the surface of PPy microspheres
are composed of PANI. It is unexpected that some fundamental
vibrations of PANI, especially at 1570, 1480, and 1122 cm−1

(marked by the black arrows), in PPy@PANI-0.4 and PPy@
PANI-0.8 show remarkably shifts to higher wavenumbers.
These shifts, resulted from the increased energy level of internal
phenyl ring, are clear signals to indicate the interaction between
PPy microspheres and PANI shells.46 For comparison, we
replace PPy microspheres in PPy@PANI-0.8 with conventional
PPy particles (ammonium persulfate as oxidants) and examine
the FT-IR spectrum of this control composite (C-PPy@PANI-
0.8, Figure S5). Although the control composite also presents
some shifts at the vibrations mentioned above, the relative
offsets of these shifts are still smaller than those in PPy@PANI-
0.8, suggesting that PPy microspheres herein are favorable for
the stronger interaction. By considering that the structure of
PPy microspheres is a little different from conventional PPy
particles, it is reasonable to attribute the stronger interaction in
PPy@PANI-0.8 to the abundant carbonyl species of PPy
microspheres, where oxygen species may lead to the formation
of substantial hydrogen bonds with the conjugated chains of
PANI. This is the essential fact that PPy microspheres can
stimulate the formation of uniform core−shell PPy@PANI
composites spontaneously. However, when more PANI is
applied in the PPy@PANI-x composites, the shifts assigned to
the interaction between PPy microspheres and PANI shells will

be gradually concealed, and the composites will show identical
spectra to pristine PANI.
The UV/vis absorption spectra of PPy microspheres and

PPy@PANI-x composites with different mass contents of PANI
are also investigated. As shown in Figure 4, PPy microspheres

do not exhibit any absorption bands since their solubility in N-
methyl pyrrolidone (NMP) is rather limited. When the PANI
shells are formed on the surface of PPy microspheres, all PPy@
PANI-x composites will display two obvious bands at about 330
and 635 nm, which can be attributed to the π−π* transition of
the benzenoid ring and the benzenoid-quinoidexcitonic
transition, respectively.38 Although the interaction between
PPy microspheres and PANI shells is very strong, the formation
of copolymers of aniline and pyrrole in these composites has
not been detected, as proved by the fact that all PPy@PANI-x
composites inherit the basic profile of absorption bands from
pristine PANI without any visible difference, even for PPy@
PANI-0.4 with low PANI content.47 In addition, it is generally
accepted that the change of conjugated chains of PANI,
including length and oxidation state, can produce some shifts in
UV/vis absorption spectrum,21 while the peak positions of all
PPy@PANI-x composites in our case are almost identical to
those of pristine PANI, indicating that the presence of PPy
microspheres has little impact on the polymerization of aniline
monomers. Based on the details of FT-IR and UV/vis spectra,
the microstructure of these composites can be depicted as a
simple core−shell model, and the strong interaction between
cores and shells does not promote the diffusion or reassembly
of two kinds of conjugated chains.
Microwave absorption properties of an absorber are highly

associated with its complex permittivity and complex
permeability, where the real parts of complex permittivity
(εr′) and complex permeability (μr′) represent the storage
capability of electric and magnetic energy, and imaginary parts
(εr″ and μr″) stand for the loss capability of electric and
magnetic energy.6,21 Figure 5 shows the complex permittivity of
PPy microspheres, PPy@PANI-x composites and pristine
PANI in the frequency range 2−18 GHz. Although PPy is
usually taken as a kind of dielectric loss material with moderate
complex permittivity,41 bare PPy microspheres in our case
present almost unchanged εr′ and εr″ throughout the whole
frequency range, especially that their εr″ values are very close to
zero, implying very poor dielectric loss of PPy microspheres. In
general, conductivity is considered to be related with the
complex permittivity to a certain degree, although it cannot

Figure 3. FT-IR spectra of PPy microspheres (a), PPy@PANI-0.4 (b),
PPy@PANI-0.8 (c), PPy@PANI-1.2 (d), PPy@PANI-1.6 (e), PPy@
PANI-2.0 (f), and pristine PANI (g).

Figure 4. UV/vis spectra of PPy microspheres, PPy@PANI
composites, and pristine PANI.
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illustrate the dielectric behaviors directly. When the con-
ductivity of PPy microspheres is evaluated, we are surprised to
find that these PPy microspheres possess a quite low
conductivity, so that it cannot be detected by four-point
probe analyzer (Table S1). It is widely accepted that the
conductivity of conductive polymers is mainly affected by
dopants and conjugation length,48,49 while PPy microspheres
are predoped with HCl before the conductivity test, thus the
poor conductivity can be reasonably attributed to their low
polymerization degree, as proved by FT-IR spectra (Figure 3).
Based on these results, it can be concluded that the low
polymerization degree should be responsible for the difference
in dielectric loss between PPy microspheres and conventional
PPy powder. With the increase of PANI content, both εr′ and
εr″ of PPy@PANI-x composites are obviously enhanced and
display typical frequency dispersion behaviors similar to those
of pristine PANI. For example, the εr′ values of PPy@PANI-
0.4, PPy@PANI-0.8, PPy@PANI-1.2, PPy@PANI-1.6, and
PPy@PANI-2.0 decrease from 4.64 to 3.82, 10.02 to 6.04,
11.74 to 7.45, 12.26 to 7.54, and 13.05 to 8.09, respectively; and
the corresponding εr″ values decline from 1.08 to 0.52, 5.30 to
2.67, 7.03 to 3.46, 8.43 to 3.79, and 8.14 to 4.29, respectively.
To exclude the change of PPy microspheres during the process
of aniline polymerization, we designed an experiment by
treating the PPy microspheres through a procedure identical to
the synthesis of PPy@PANI-1.2, but no aniline monomers are
added. The treated PPy microspheres present rather limited
improvement in the complex permittivity (Figure S6a), far
away from that endowed by the PANI shells, indicating that
PANI shells are primarily responsible for the enhanced complex
permittivity. In addition, FT-IR spectra also reveal that there is
no obvious difference in the structure of PPy microspheres
before and after APS treatment (Figure S6b), especially the
treated PPy microspheres still show a very strong peak indexed
as carbonyl species in pyrrolidone end groups, which again
confirms the less impact of APS on PPy microspheres. The
contribution of PANI shells to the complex permittivity may be
explained by two aspects: conductivity and dipole orientation
polarization. First, PANI has a higher conductivity than low
polymerized PPy microspheres, and thus coating PANI shells
on the surface of PPy microspheres can lead to the increase in
the conductivity of composites (Table S1), which is favorable
for enhancing the complex permittivity according to the free
electron theory.50 Fine-tuning the PANI dopant percentage
may better control the conductivity and complex permittivity of
the composites, while dopant percentage cannot be easily
determined, thus all samples are doped with HCl for 24 h to
achieve fully doped state and eliminate the influence from
dopant percentage. Second, with the increase in frequency, the

dipoles present in the system cannot reorient themselves along
with the applied electric field. As a result, the complex
permittivity starts to decrease and presents typical frequency
dispersion behaviors.51 Above results indicate that PANI plays a
dominant role in determining the dielectric loss properties of
these composites. In addition, it can be found that all PPy@
PANI-x composites, as well as PPy microspheres and pristine
PANI are unable to generate magnetic loss because of the
absence of magnetic components, where the values of μr′ and
μr″ are approximate constants and close to 1 and 0, respectively
(Figure S7).
On the basis of the measured data of the complex

permittivity and complex permeability, the microwave
absorption properties of PPy@PANI-x composites can be
deduced according to eqs 1 and 2. Figure 6 shows their

reflection loss curves with a thickness of 2 mm in the frequency
range of 2−18 GHz, which demonstrates that the reflection loss
characteristics are sensitive to the thickness of PANI shell. PPy
microspheres exhibit a reflection loss of 0 dB in the whole
frequency range due to their very poor dielectric loss and
magnetic loss (Figure 5 and Figure S7). Although PPy@PANI-
0.4 with a relatively thin PANI shell (30 nm) has slightly
improved reflection loss properties, its maximum reflection loss
is still less than −5 dB. If the thickness of PANI shell is further
increased, the reflection loss properties toward incident
electromagnetic waves of PPy@PANI-x composites will be
substantially enhanced and the frequency relating to the
maximum reflection loss will be also shifted negatively. As
observed, the maximum reflection losses of PPy@PANI-0.8,
PPy@PANI-1.2, PPy@PANI-1.6, and PPy@PANI-2.0 are
−23.3, −34.8, −31.5, and −27.3 dB at 15.8, 13.9, 13.6, and
12.9 GHz, respectively, and the bandwidths exceeding −10 dB
(90% absorption) for these composites are 13.5−18.0, 11.9−
16.6, 11.7−16.5, and 11.1−15.6 GHz. Both the maximum
values and the responding bandwidths of these composites are
absolutely superior to those of pristine PANI (−15.0 dB at 12.2
GHz, 10.6−14.2 GHz). In Table 1, we list the reflection loss
properties of some typical PANI-based composites reported in
recent years,21−24,29−34,52−57 and it is clear that the enhanced
microwave absorbing abilities of uniform core−shell compo-
sites, PPy@PANI-0.8, PPy@PANI-1.2, and PPy@PANI-1.6, are
indeed superior or at least comparable to those composites,
indicating their appreciable microwave absorption properties. It
has to be mention that such good performance of core−shell

Figure 5. Real parts (a) and imaginary parts (b) of the complex
permittivity of PPy microspheres, PPy@PANI composites, and pristine
PANI in the frequency range of 2−18 GHz.

Figure 6. Reflection loss curves of PPy microspheres, PPy@PANI
composites, and pristine PANI with an absorber thickness of 2 mm in
the frequency range of 2−18 GHz.
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PPy@PANI composites has been achieved without any
assistance of some common metals or metal oxides, which
further demonstrates their promising prospect as a new kind of
lightweight microwave absorbers.
As discussed above, core−shell PPy@PANI composites have

negligible magnetic loss mechanism, and therefore they
attenuate the incident electromagnetic wave with single
dielectric loss mechanism. Dielectric dissipation factor (tan δe
= ε″/ε′) is a common concept to evaluate the dielectric loss
abilities of microwave absorbers. As shown in Figure 7, bare

PPy microspheres show quite low tan δe in the whole frequency
range due to its small ε″ values (Figure 5). With the formation
of PANI shells on the surface of PPy microspheres, tan δe can
be substantially enhanced from PPy microspheres to PPy@
PANI-0.8. However, when the shell thickness exceeds 60 nm,
increase in tan δe becomes slow. It is widely accepted that
dielectric loss ability mainly comes from conductivity loss and
polarization loss,58,59 where the latter can be further divided as
ionic polarization, electronic polarization, dipole orientation
polarization and interfacial polarization (space charge polar-

ization).60 Ionic polarization and electronic polarization can be
easily excluded because they usually occur at much higher
frequency region (103 ∼ 106 GHz).60 Due to the higher
conductivity of PANI, the conductivity loss and dipole
orientation polarization will be highly dependent on the
content of PANI. However, remarkable difference in the
PANI content between PPy@PANI-0.8 and PPy@PANI-2.0
does not produce a big gap for their tan δe, implying that
interfacial polarization will become the dominant mechanism
for dielectric loss once the thickness of PANI shells reach a
critical value. To address the advantages of core−shell
structure, the investigation on a physically mixed composite
(PPy/PANI-1.2) with the similar chemical composition to
PPy@PANI-1.2 is also conducted (Figure S8). It is clear that
PPy/PANI-1.2 exhibits much smaller complex permittivity as
compared to PPy@PANI-1.2, whose εr″ values are less than 2.0
in the whole frequency range, which results in its inferior
dielectric loss ability (Figure S9). Obviously, the change of
microstructure should be responsible for this phenomenon. On
one hand, the blocking of conductive PANI network by bare
PPy microspheres with low polymerization degree (Figure S10)
will lead to the decreased conductivity loss. It is more
important that, on the other hand, the insufficient contact
between PPy microspheres and PANI cannot afford enough
interfacial polarization to promote the dielectric loss ability to
the same level of PPy@PANI-1.2, which is consistent with
previous works.7,61,62 Based on these data, one can see that the
reflection loss property of PPy/PANI-1.2 is far behind PPy@
PANI-1.2 (Figure S11).
It has to point out that pristine PANI herein exhibits superior

tan δe to these core−shell PPy@PANI composites, while it still
fails to produce considerable reflection losses. This is because
the reflection loss is highly related to another important
parameter, the concept of matched characteristic impedance,
which can determine the transmission behaviors of electro-
magnetic wave.63,64 If the characteristic impedance is well
matched, most of electromagnetic wave can enter into
microwave absorbers to be converted into thermal energy or

Table 1. Microwave Absorbing Properties of Various PANI-Based Composites in Previous References and This Work
(Absorber Thickness d = 2 mm)

absorbers
thickness
(mm) max RL (Frequency)

bandwidth over −10 dB
(GHz)

effective bandwidth (GHz, RL <−10
dB) ref

PANI nanoparticles 2.0 −18.8 dB (17.2 GHz) 14.1−18.0 3.9 21
BaFe12O19 /PANI 2.0 −19.7 dB (14.6 GHz) 13.0−16.9 3.9 22
Ba(CoTi)xFe12−2xO19/PANI 2.0 −33.7 dB (14.6 GHz) 12.0−17.3 5.3 23
Fe3O4 microspheres/PANI 2.0 −18.6 dB (14.0 GHz) 12.1−16.0 3.9 24
Fe3O4/MWCNT/PANI 2.0 −8.0 dB (14.7 GHz) Undetected 0 29
graphite/CoFe2O4/PANI 2.0 −11.0 dB (3.8 GHz) 3.4−4.0 0.6 30
graphene/PANI 2.0 −25.3 dB (16.5 GHz) 13.9−18.0 4.1 31
α-MoO3 /PANI 2.0 −33.7 dB (16.9 GHz) 14.2−18.0 3.8 32
Fe3O4/PANI 2.0 −13.8 dB (16.7 GHz) 16.3−17.2 0.9 33
Fe3O4 microspheres/PANI 2.0 −37.4 dB (15.4 GHz) 13.0−18.0 5.0 34
NiZn ferrite/PANI 2.0 −20.0 dB (14.0 GHz) 12.0−16.6 4.6 52
Fe3O4/CIP/PANI 2.0 −25.5 dB (10.1 GHz) 7.1−9.9 2.8 53
BaTiO3/PANI 2.0 −13.8 dB (11.6 GHz) 10.7−12.5 1.8 54
MnO2/PANI 2.0 −20.9 dB (13.5 GHz) 11.4−16.8 4.4 55
graphene@Fe3O4@SiO2@PANI 2.0 −19.4 dB (16.4 GHz) 10.4−18.0 4.4 56
Ni/C/PANI 2.0 −7.5 dB (10.0 GHz) Undetected 0 57
PPy@PANI-0.8 2.0 −23.3 dB (15.8 GHz) 13.5−18.0 4.5 Herein
PPy@PANI-1.2 2.0 −34.8 dB (13.9 GHz) 11.9−16.6 4.7 Herein
PPy@PANI-1.6 2.0 −31.5 dB (13.6 GHz) 11.7−16.4 4.7 Herein

Figure 7. Dielectric dissipation factors (tan δe) of PPy microspheres,
PPy@PANI composites, and pristine PANI in the frequency range of
2−18 GHz.
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dissipated through interference; otherwise, most of electro-
magnetic wave will be reflected at the front surface of
microwave absorbers or pass through the microwave absorbers
without any dissipation. However, the normalized characteristic
impedance (Zin, Zin equals to real input impedance divided by
impedance in free space), calculated from the complex
permittivity and complex permeability, is typically an imaginary
number, thus it is difficult to evaluate them directly. According
to eqs 1 and 2, when the modulus of Zin-1 gets closer to zero,
stronger reflection loss properties will be produced. To better
understand the results of reflection loss properties, Figure 8

shows the modulus of Zin-1 of various composites with an
absorber thickness of 2 mm in the studied frequency range. As
observed, the modulus of Zin-1 in PPy microspheres and PPy@
PANI-0.4 is far away from zero, thus they cannot attenuate the
incident electromagnetic wave effectively. Although the
modulus of Zin-1 of pristine PANI presents an approaching
trend to the horizontal ordinate in the frequency range of 6−18
GHz, its minimum value is only 0.30, which is still much larger
than those of PPy@PANI-0.8 (0.15), PPy@PANI-1.2 (0.04),
PPy@PANI-1.6 (0.05), and PPy@PANI-2.0 (0.08). That is
why pristine PANI has better complex permittivity and
dielectric dissipation factor, but its reflection loss property is
inferior to those of PPy@PANI composites. These results
further suggest that the enhanced reflection loss properties of
PPy@PANI composites can be attributed to the synergetic
effect between PPy microspheres and PANI shells, where PANI
shells increase the dielectric loss ability of PPy microspheres,
and PPy microspheres optimize the matched characteristic
impedance of PANI shells.
According to the eq 2, the thickness (d) of an absorber is also

one of the crucial parameters that affects the intensity and
responding frequency of reflection loss, and thus the reflection
losses produced from different thicknesses (2.0, 2.5, 3.0, 4.0,
and 5.0 mm) are further investigated in order to eliminate the
influence of absorber thickness. As shown in Figure 9,
maximum reflection losses of all core−shell PPy@PANI
composites exhibit negative shifts to lower frequency with
increased thickness, and very wide responding bandwidths over
−10 dB (90% absorption) can be easily obtained in these
composites with variation in thickness from 2.0 to 5.0 mm
(Table S1), which are much better than that of pristine PANI
(Figure S12), further confirming the enhancement of micro-
wave absorption properties in these core−shell composites. A
careful look at the microwave absorption curves reveals that

these composites can display the strongest reflection loss in
different frequency ranges, especially for PPy@PANI-0.8 and
PPy@PANI-1.2, whose maximum values can reach −43.1 dB at
7.1 GHz and −51.3 dB at 8.8 GHz with a thickness of 4.0 and
3.0 mm, respectively. Such good performance is not common in
previous conductive polymer-based composites (Table S2).
These results substantially indicate that constructing core−shell
PPy@PANI structure will be a promising route to enhance the
microwave absorption properties of PANI-based composites,
and more importantly, the absorption of the obtained
composites can be simply modulated not only by the absorber
thickness, but also by the shell thickness to satisfy the
applications in different frequency bands.

4. CONCLUSIONS
With PPy microspheres as the cores and nucleation sites, core−
shell PPy@PANI composites have been successfully con-
structed through an in situ polymerization of aniline
monomers. Due to the low polymerization degree, carbonyl
species in the end groups are rather rich on the surface of PPy
microsphere, so that they can display strong affinity to the
conjugated chains of PANI by hydrogen bonds, resulting in
spontaneous formation of highly uniform core−shell micro-
structure without any pretreatment techniques. The thickness
of PANI shells can be well controlled from 30 to 120 nm by
changing the weight ratio of aniline and PPy microspheres.
PPy@PANI composites show substantially enhanced micro-
wave absorption properties as compared to PPy microspheres,
pristine PANI, as well as the physically mixed PPy/PANI
composites. Their excellent performances can be even better
than many PANI-based composites ever reported. Investiga-
tions on the mechanism of microwave absorption indicate that
interfacial polarization contributes to the dielectric loss
significantly, which is beneficial to creating well matched
characteristic impedance in these core−shell composites and
producing strong reflection loss. More importantly, the
microwave absorption properties are highly dependent on the
thickness of PANI shells, which means that the microwave
absorption can be simply modulated not only by manipulating
the absorber thickness, but also by tuning the shell thickness to
satisfy the applications in different frequency bands. We believe
this work will be helpful for the design and development of

Figure 8. Modulus of Zin-1 of various composites with an absorber
thickness of 2 mm in the frequency range of 2−18 GHz.

Figure 9. Microwave reflection losses of PPy@PANI-0.8 (a), PPy@
PANI-1.2 (b), PPy@PANI-1.6 (c), and PPy@PANI-2.0 (d) at
different absorber thicknesses.
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some novel lightweight microwave absorbers with uniform
microstructure and enhanced functional property.
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