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Abstract The need for protecting human or devices from

harm and for keeping something from being detected by

other instruments is spawning a world of attention in the

development of novel electromagnetic (EM) wave absorp-

tion materials. An ideal EM wave absorber is necessary to

have light weight, thin thickness, high EM wave absorption,

broad width, tunable absorption frequency, and multi-func-

tionality. This article introduces the EM wave absorption

mechanism and reviews the development of polymer-based

nanocomposites for EM wave absorption, in which polymers

act as absorbing components or/and matrixes. And we also

summarize the approaches to design the ideal absorber,

including introduction of nanostructure, and simultaneous

action of both dielectric and magnetic materials with spe-

cial structure by directly mixing, core–shell or multilayer

structure.

Introduction

Although electric equipments make our life more conve-

nient, the EM radiation restricted the continuable devel-

opment of our society because of their pollution to

environment, and harm to human beings. Therefore, the

need for protecting people or devices from harm and for

keeping something from being detected by other instru-

ments is spawning a world of attention in the development

of novel EM wave absorption materials [1–16]. As an ideal

EM wave absorber, it should possess light weight, high EM

wave absorption, broad width, tunable absorption fre-

quency, and multi-functionality [1–3]. To date, consider-

able efforts have been made to design various materials to

reach the ideal targets and various materials have been

applied to EM wave absorption.

Traditional inorganic materials, such as ferrites [4–6]

and metal powders [9], produced large electric or magnetic

loss, but their fatal disadvantages restricted their wide-

spread applications. For example, they have relatively

larger densities (e.g., the densities of MnZn ferrite and iron

particle are about 5.0 g cm-3 and 7.8 g cm-3, respec-

tively); it is relatively difficult to manufacture them for

practical use; they often have high electrical conductivity,

leading to permeability decreasing rapidly at high fre-

quency caused by the eddy current loss, and their absorp-

tion bandwidth is relatively narrow [4–6]. These materials

were often used as the low frequency electromagnetic wave

absorbers, such as for anechoic chambers.

Polymers, with low densities (e.g., the densities of

polyaniline (PANI) and polypyrrole (PPY) are about 1.1

and 1.2 g cm-3, respectively, and even that of foam-like

polyacetylene is only 0.04 g cm-3), processibility and even

electromagnetic properties, can overcome the problems

mentioned above and help to design the ideal EM wave

absorber. However, the EM wave absorber with single

polymer is not enough to produce larger electric/magnetic

loss, which also limits its application in high frequency

area. Nanostructure material might be one of the most

promising materials to compensate the aforementioned

disadvantages and enhance the EM wave absorption ability

owing to its higher surface area, more surface atoms, multi-

reflection, and thus larger dielectric or/and magnetic loss.

Combination of polymers and nanomaterials is able to

J. Huo � L. Wang (&) � H. Yu

State Key Laboratory of Chemical Engineering, Department

of Chemical and Biological Engineering, Zhejiang University,

Hangzhou 310027, People’s Republic of China

e-mail: opl_wl@dial.zju.edu.cn; hodgeyu@163.com

123

J Mater Sci (2009) 44:3917–3927

DOI 10.1007/s10853-009-3561-1



integrate the large electric/magnetic loss of inorganic

materials and the easy tenability of polymer and is possibly

an optimal strategy to design excellent EM wave absorption

materials.

The objective of this article is to introduce the EM wave

absorption mechanism, reviews the development of poly-

mer-based nanocomposites for EM wave absorption, in

which polymers act as absorbing components or/and

matrixes, and summarizes the approaches to design the

ideal absorber to help design an EM wave absorber with

light weight, high absorption efficiency, broad absorption

bandwidth, tunable absorption frequency, and multi-

functionality.

Fundaments of EM wave absorption

EM wave absorption is a process, in which the energy of

electromagnetic wave is depleted and then transformed into

other energy, such as thermal energy, so that the wave can

not be reflected or permeated through the materials [1, 2].

An incident electromagnetic wave through a material

undergoes three processes: reflection, absorption and pen-

etration (Scheme 1).

As ideal EM wave absorption materials, they must sat-

isfy two prerequisites: (1) the impedance matching

between free space and the material surface to prevent

wave being reflected, which need the complex permittivity

close to complex permeability; and (2) materials can

absorb incident waves as many as possible inside of

absorbers, which requires materials exhibit strong magnetic

or/and dielectric loss [17]. The EM wave absorption ability

was often indicated by the reflection loss (RL) [1]:

RL ¼ �20 log
Zin � 1

Zin þ 1

�
�
�
�

�
�
�
�

ð1Þ

wherein

Zin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l0 � jl00

e0 � je00 � jr=ðxe0Þ
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� th jd
x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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p

c

 !

;

and

x ¼ 2pf

where Zin, l0, l00, e0, e00, e0, r, f, d, and c represent

impedance of incident wave, real part of permeability,

image part of permeability, real part of permittivity, image

part of permittivity, permittivity of vacuum, conductivity,

frequency of EM wave, thickness of material, and light

speed, respectively [1].

Value of 10 and 20 dB for RL represent that 90% and

99% EM waves are absorbed by the materials, respectively

[1]. The energy depletion mechanism includes mainly

dielectric loss and magnetic loss.

Magnetic loss mechanism

Interacting with electromagnetic wave, magnetic material

will produce mainly three energy loss: eddy current loss,

magnetic hysteresis loss, and residual loss [18]. The mag-

netic loss at low frequency and low magnetic flux density

can be expressed as Legg’s equation [19]:

2ptgdm

l
¼ ef þ aBþ c ð2Þ

where e, a, c, l, tgdm, and B represent eddy current loss

coefficient, magnetic hysteresis coefficient, residual loss,

permeability, magnetic loss tangent, and magnetic flux

density, respectively.

Eddy current loss

If a conducting material was put in an alternating magnetic

field, a close induced current would be produced inside the

material, which would dissipate the energy, that is, eddy

current loss. The eddy current loss at low frequency and

low magnetic flux density can be represented by eddy

current loss coefficient, e. For a sheet with a thickness of d

and electric conductivity of r, the eddy current loss coef-

ficient can be expressed as [18]:

e ¼ 4p2l0d2r
3

ð3Þ

According to Eq. 3, in order to increase the eddy current

loss, the material must possess large thickness and electric

conductivity. However, material with high electric con-

ductivity would make the permeability unstable at high

frequency, and then limit its high frequency application
Scheme 1 The general processes of an incident EM wave through an

EM absorption material [17]
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[20]. On the other hand, although Eq. 3 was derived at low

frequency, the dependence of d and r on the eddy current

loss was similar to that at high frequency [21], and the eddy

current loss was also influenced by other factors, such as

orientation, grain size, surface roughness, morphology of

material, and so on [18, 22, 23].

Magnetic hysteresis loss

The magnetic hysteresis loss is induced by the irreversible

domain movement and magnetic moment rotation of

magnetic material. The magnetic hysteresis coefficient at

low magnetic flux density is [18]:

a ¼ 8b

3l0l3
ð4Þ

where b, l0, and l represent the Rayleigh constant, vacuum

permeability, and permeability of material. Equation 4

indicates that the magnetic hysteresis loss depends mainly

on the magnetic properties of material, including the

Rayleigh constant and permeability of material.

Residual loss

The magnetic loss except eddy current loss and magnetic

hysteresis loss is called as residual loss. At low frequency,

the residual loss was caused mainly by magnetic after-

effect loss, including thermal fluctuation, or the hysteresis

of some electrons and ions mowing to equilibrium position

relative to the diffusion of applied magnetic field [18]. This

kind of loss is determined by the amplitude of alternating

magnetic field and relaxation time of material. At high

frequency, The residual loss is caused by size resonance,

ferromagnetic resonance, natural resonance and/or domain

wall resonance [1, 18, 24]. The above mechanisms suggest

that the control of particle size, anisotropy of magnetic

material, and other magnetic properties can achieve satis-

factory magnetic loss.

Dielectric loss

When an EM wave acted on a dielectric material, the

material would dissipate electric energy, which then

transformed into heat energy, and the energy produced is

called as the dielectric loss. The mechanisms of dielectric

loss include conductance loss (tgde), dielectric relaxation

loss (tgdrel), resonance loss (tgdres), and other [25, 26].

Conductance loss

Wave absorption material with certain electric conductivity

would produce conductance current, when an alternating

electric field acted on it, and then the current would

dissipate the energy in the form of heat energy. As a result,

the conductance loss is determined by the electric con-

ductivity of material, which can be expressed by conduc-

tance loss tangent, tgdc [25]:

tgdc ¼ 1:8� 1010 r
f er

ð5Þ

Dielectric relaxation loss

Material would be polarized under the electric field, and if

the change of polarization is slower than that of electric

field, the dielectric relaxation loss would be produced. The

polarization mainly contains thermal ion polarization,

dipole rotation polarization, electronic displacement

polarization, ion polarization, and so on. The time for

electronic displacement and ion polarization is very short,

about 10-15–10-14 s, so these polarizations produce

energy loss just at ultra high frequency; however, for

thermal ion and dipole rotation polarizations, the time is

about 10-8–10-2 s [3]. As a result, at high frequency, the

thermal ion and dipole rotation polarizations play the

greatest role in relaxation loss. The dielectric relaxation

loss tangent, tgdrel, can be calculated by Debye equation

[25]:

tgdrel ¼
e00rðxÞ
e0rðxÞ ¼

ðers � er1Þxs
ers þ er1x2s2

ð6Þ

where ers, er?, and s represent the permittivity at frequency

approaching to zero and infinity, and relaxation time.

Resonance loss and other loss

The resonance loss originates from resonance effect

induced by the vibration of atoms, ions, or electrons inside

of the wave absorption material, which is produced at the

scope of infrared to ultraviolet frequency. There are also

other mechanisms to induce the energy loss [25]. For

example, Gentner et al. [26] demonstrated that the domain-

wall motion also produced dielectric loss in ferroelectric

ceramics: the domain-wall motion was ascribed to point

detects at low frequency, and the reflection of thermal-

lattice wave at high frequency.

Influence factors for electromagnetic wave absorption

According to the above analysis about electromagnetic

wave absorption mechanism, the electronic and magnetic

properties, size, morphology, and structure of material

influence greatly its electromagnetic wave absorption

property. In order to achieve better electromagnetic wave

absorption property of material, all of parameters must be

well designed to reach the impedance matching. Next, we
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will discuss the main factors affecting the wave absorption

property of material.

Basic electromagnetic parameters: complex

permittivity and permeability

The first electric parameter is the relative complex per-

mittivity of material, one of the basic parameter for

material. If the component is used as the wave absorber, it

is concluded from the dielectric loss tangent that the bigger

the imagine part of complex permittivity, the better the

wave absorption effect. As a result, materials with high

permittivity are chosen to act as the EM wave absorbers.

But, on the other hand, the reflection part of wave is rel-

ative large for a material with too high permittivity [27],

which suggests we must choose a proper permittivity

according to the practical need. If the component is the

matrix, such as polymer, the material with low dielectric

loss is better for the wave absorption property, which can

make more waves transmit into the absorber [28]. Complex

permeability is the other basic parameter determining the

electromagnetic wave absorption property of material.

From the magnetic loss tangent, tgdm = l00/l0, and the

magnetic loss mechanism, we also can deduce that the

bigger the image part and the smaller the real part of

complex permeability, the larger the magnetic loss for

wave absorption material. However, according to the

principle of impedance match, when the permeability is

equal to the permittivity of material, there is no reflection

and the electromagnetic wave absorption effect is the best.

Electric conductivity

The discussed wave absorption mechanisms indicate that

increasing the conductivity would increase the eddy current

loss and conductance loss. However, the impedance of

material with high conductivity is very small relative to that

of air [29], so that the skin depth is very small and nearly most

of electromagnetic wave would be reflected by the materials

(Scheme 2). Deng et al. [29] investigated the dependence of

electric conductivity on the wave absorption of nanostruc-

tural magnetic metallic film by simulation, and it was found

that the relaxed FeCoNbZrDy nanocrystalline film exhibited

maximum wave absorption (-30 dB) at 10 S/cm, but the

wave absorption properties decreased with the increase of

conductivity; for resonant FeCoNbZr nanocrystalline film,

the wave absorbing intensities increased firstly and

decreased then with the increase of conductivity increasing.

As a result, a proper electric conductivity of material must be

designed to get better wave absorption effect.

Nanoeffect

Material with nanodimension was endowed with excellent

electric, magnetic, and optic properties owing to its par-

ticular size, surface, and quantum tunnel effect. For

example, the density of nanomaterial is relatively lower

than that of bulk one; it possesses large specific surface

area, and thus there are a large number of active atoms at

the material surface, which has large interface dielectric

loss caused by interface polarization. On the other hand,

the conductivity of metallic magnetic material is too high,

which makes the effective permeability decrease at high

frequencies due to eddy current loss induced by electro-

magnetic waves. If the particle size is below the skin

depth, the eddy current loss can be induced which can

enhance the stability of wave absorption property. Gen-

erally, the skin depth of material is about 1 lm at

microwave frequencies (10 GHz), and therefore nanopar-

ticle will possess excellent electromagnetic wave

absorption property at broad frequencies [30]. Moreover,

when the diameter is below a critical size, such as for

cylindrical Fe and Ni rods, the critical diameter is 23 nm

and 52 nm [31], respectively, magnetic material become

monodomain relative to multidomain in the bulk one [18].

For a multidomain magnet, the magnetization process

contains two parts: the rotation of magnetic moment and

movement of domain wall, in which the latter makes the

Scheme 2 The electromagnetic wave transmission model for materials with different conductivity [29]
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magnetic moment rotation more convenient by changing

the volume of domain. But for the monodomain, there is

no movement of domain wall, which make material have

higher coercive force and thus larger magnetic hysteresis

loss.

Structure of material

It is well-known now that the single dielectric or magnetic

material is difficult to achieve the impedance match and

broad frequencies wave absorption, as a result of the

Snoek’s limit that the permeability value of material is

below five at the range of GHz frequency [32]. Hence, it is

necessary to design materials with the different structures to

get optimal electromagnetic wave absorption properties,

including blends with different dielectric and magnetic

materials, multilayer structures, core/shell structures and so

on. Physical blend is the most convenient method to prepare

composites by mixing directly dielectric materials with

magnetic particles (Scheme 3a). The multilayer structure is

the second method to match the wave impedance, enhance

electromagnetic wave absorption ability, and broaden the

absorption frequencies of wave absorption material. The

basic multilayer includes three layers: impedance matching

layer, electromagnetic wave loss layer, and reflective layer,

in which the impedance layer can transmit the electromag-

netic wave without reflection by adjusting the complex

permittivity and permeability of material; the electromag-

netic wave is depleted in the electromagnetic wave loss

layer composing of high dielectric or magnetic loss mate-

rials; the role of the reflective layer is to make a small

quantity of transmission wave back to the wave loss layer.

Through this specific structure design, the material shows

enhanced electromagnetic wave absorption ability and can

be used at various frequencies through adjusting the range of

impedance match (Scheme 3b). The another approach to the

impedance match is combining the two methods above,

that is, there is not only the multilayer structure of elec-

tric and magnetic materials, but also the nanoparticles dis-

persing homogenously inside the wave absorption materials

(Scheme 3c). As a result, the material with core/shell

structure has the potential to exhibit the excellent electro-

magnetic wave absorption ability.

Polymer-based nanocomposites for EM wave

absorption

It is well-known that nanomaterials have low densities and

high electric/magnetic loss, which are fit for a thin EM

wave absorber, but are difficult to be processed. Polymer-

based nanocomposites, combining both the high EM wave

loss of nanoparticles, and easy processibility and multi-

functionality of polymers, are hopeful to act as ideal EM

wave absorber with low density, thin thickness, broad

absorption band, high EM wave loss, and even other

functionality, such as anti-causticity and intelligentization.

Among the polymer-based nanocomposites, polymer not

only serves as matrix, such as epoxy resin [33], polyure-

thane, and rubber, but also improves the EM wave

absorption properties, such as PANI.

Epoxy resin as the matrix of nanocomposite

As a matrix, polymer can improve the processibility, avoid

the aggregate of nanoparticles, change the electric/mag-

netic properties of nanoparticles to increase the reflection

loss of EM wave, and even improve other chemical or

physical properties of materials. Epoxy resins [33], as a

kind of popular thermosetting polymer matrixes, are widely

used in polymer-based nanocomposites, owing to their

excellent mechanical properties, chemical and heat stabil-

ity, antibacterial properties, low contractibility, and strong

adherence. Many nanomaterials, such as single walled

carbon nanotube (SWNT), multi walled carbon nanotube

(MWNT), carbon nanoparticles, nanoferroelectrics, nano-

ferrites, etc., have been incorporated into epoxy resins as

EM wave absorbers (Table 1). For example, Chen et al.

[34] prepared ferroelectric barium titanate (BaTiO3)/epoxy

resin nanocomposites by dispersing nano-BaTiO3 with

Scheme 3 The three possible

structures for electromagnetic

wave absorption materials
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diameter around 40–60 nm into molten epoxy resins and

test their EM wave properties from 8 to 18 GHz. It was

found the RL,max increased and shifted to high frequency

with the increase of the amount of BaTiO3 and sample

thickness; a broad frequency absorption peak (RL,max =

19 dB, RL [ 10 dB between 10 and 18 GHz), caused by

dielectric loss, was observed at 13 GHz for 8 vol.%

BaTiO3/epoxy resin composite.

The absorption intensity of single ferroelectrics is not

enough to be used as ideal EM wave absorbers, merely by

dielectric loss. Electromagnetic materials such as ferrites

and metallic magnetic materials have been widely utilized

as EM wave absorbers, thanks to their strong magnetism

and dielectric properties. Ferrites, due to the Snoek’s limit,

are often used as low frequency EM wave absorbers. For

example, Chen et al. [35] prepared nano-Zn–Co ferrite,

Zn1-xCoxFe2O4 (x = 0, 0.5, 1), and found that the

nanomaterials had a better electromagnetic loss property

between 100 and 1800 MHz. By contraries, soft metallic

magnetic nanomaterials are able to absorb EM wave at

high GHz frequency, since they have both dielectric and

magnetic loss, high saturation magnetization, the Snoek’s

limit appears at high-frequency area, and thus the magnetic

loss remains high in a high-frequency range. However,

because of high electric conductivity, the metallic particles

have to be separated by dielectric materials, such as metal

oxides and carbon materials, to induce the eddy current

loss.

Liu et al. [36, 37] investigated the EM wave absorbing

behaviors of a-Fe/Fe3B/Y2O3 and a-Fe/Y2O3/epoxy resin

nanocomposites. Different from the previous examples, the

EM wave absorbing peaks moved to low frequency with

increasing the sample thickness, and peak value firstly

increased from 3 mm to 4 mm, but decreased gradually

with the increasingly thickness, since the thickness influ-

enced the impedance matching between sample and free

space, and the reflection loss might drop instead of

increasing when the sample thickness was beyond the

matching thickness in a certain frequency range [38]. The

reflection loss of 80 wt% a-Fe/Y2O3/epoxy resin nano-

composites was greater than 20 dB regardless of thickness

between 3 (at 3.5 GHz) and 5 mm (at 2.0 GHz) and

RL,max = 36 dB was observed at 2.6 GHz for 4.0 mm thick

composite. Compared with a-Fe/Y2O3 nanocomposite,

though the reflection loss was a little smaller, the absorbing

peak of 80 wt% a-Fe/Fe3B/Y2O3/epoxy resin nanocom-

posites moved toward the higher frequency and the band-

width of RL over 20 dB increased to 3 GHz (3.5–6.5 GHz)

with thickness of 5–3 mm, and the RL,max = 33 dB was

observed at 4.5 GHz for 4.0 mm thick composite, because

of their different complex permeability by the large

anisotropy field of Fe3B. They also replaced a-Fe/Fe3B

with Fe3N to investigate the effect anisotropy field on EM

wave properties of nanocomposites [39]. They found the

resonance absorption frequency of Fe3N/Y2O3/epoxy resin

nanocomposites shifted to the lower field with increasing

thickness, and compared with a-Fe or a-Fe/Fe3B, the

maximum reflection loss had shifted to 1.8 GHz owing to

the complicated dependency of permittivity/permeability

and EM wave absorption properties. This kind of materials

can be used as lower frequency EM wave absorbers. Fur-

thermore, they investigated the effect of Co adding to the

a-Fe/Y2O3 nanocomposites [40], which possessed large

range of saturation magnetization, magnetocrystalline

anisotropy and permeability, on the EM wave absorption

frequency range. It was concluded that the reflection loss

shifted to the lower frequency with the increasingly

thickness and the impedance matching thickness was about

4 mm; the position of absorbing peak moved toward higher

frequency and absorption bandwidth with RL [ 20 dB was

broadened (2.2–9.7 GHz with the thickness of 7.4–2.0 mm

for 80 wt% Fe0.33Co0.67/Y2O3/epoxy resin composite) by

increasing the amount of Co because of the enhancement of

anisotropy field; and maximum absorption intensity with

RL,max = 55 dB was observed at 3.2 GHz for 4.3 mm thick

Fe0.67Co0.33/Y2O3 nanocomposite. Among these nano-

composites, Y2O3 played a very significant role in EM

absorbing properties of materials, which acted as the

insulator to isolate the ferromagnetic particles to decrease

the fast drop of magnetization due to eddy current loss

induced by EM wave.

Rare-earth (RE) oxides as separators improved the EM

wave absorption performance of nanocomposites, but also

brought many problems, such as complicated preparation

processes, expensive costs, and high density [41]. To make

up these disadvantages, many groups utilized carbon

nanomaterials instead of RE oxides, which served as both

separators and dielectric loss materials. Liu et al. [41]

prepared a-Fe/C (amorphous) and Fe2B/C (amorphous)

nanocomposites by ball-milling the mixture of a-Fe and

Fe2B with amorphous C (C(a)), respectively, then mixed

with epoxy resin. Compared with spheric a-Fe nanocom-

posite, the flake-like a-Fe/C(a) nanocomposite exhibited

higher frequency EM wave absorption properties with

matching frequency at 5.9 GHz and Fe2B/C(a) at

10.7 GHz, for their larger anisotropy field. A total of

75 wt% Fe2B/C(a) exhibited optimum absorption intensity

with RL,max = 60 dB at 10.7 GHz. It was also found that

the C nanocomposites had thinner matching thickness

(2.5 mm for a-Fe/C(a) and 1.6 mm for Fe2B/C(a)) and

broad-band absorption (RL [ 20 dB from 7 to 15.5 GHz

with the thickness of 2.2–1.2 mm). When the Y2Fe17 with

larger anisotropy field was used as EM wave absorbing unit

[42], the Y2Fe17/C(a)/epoxy resin nanocomposite had a

high and broad frequency magnetic loss (l00) in the range of

2–18 GHz, and the 75 wt% nanocomposite show a
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maximum absorption peak (RL,max = 48 dB) at 17 GHz

with the matching thickness of 1.3 mm.

Metallic magnetic nanoparticle/RE oxide or carbon

discussed above were all prepared by direct mixing directly

two kinds of materials (Scheme 3a), which, although

showed excellent EM wave absorption properties, could

not be used repeatedly, as a result of the re-aggregate of

nanoparticles. Core/shell structure (Scheme 3b) might

overcome this problem and enhance the EM wave

absorbing ability of materials, resulting from mutual

repulsion of shells, and multi-reflection of layers or/and

multi-loss of shell and core materials. Che et al. [43]

encapsulated Fe nanoparticles into carbon capsules (C(c))

and multi-walled carbon nanotubes to prepare the Fe/C(c)

and Fe/CNT nanocomposites and found they have broad

EM wave absorption frequency bandwidth. The reflection

loss of 16.7 wt% Fe/C(c) or Fe/CNT/epoxy resin com-

posite with the thickness of 1.2 mm was greater than 10 dB

at the frequency of 2–18 GHz, Fe/CNT composite showed

larger reflection loss than Fe/C(c) and two absorption peaks

at 5 and 11 GHz because of the larger anisotropy field of

CNT, and they also found the crystalline of Fe is the key

point of EM wave absorption ability of nanocomposites.

According to the analysis of complex permittivity and

permeability of materials, they proposed the reflection loss

was mainly attributed to magnetic loss of crystalline Fe

particles caused by the time lag of magnetization. The

results above indicated these nanocomposites of metallic

magnetic materials separating by carbon nanomaterials

could be utilized as excellent thin, broad-band, and high

frequency EM wave absorbers. Lee et al. [44] reported the

EM wave absorption properties of the epoxy resin com-

posites containing Ni/Ag core-shell nanoparticles and

compared with that of Ni or Ag/epoxy resin composites.

The 1.8 mm thick nanocomposite with 44.4 wt% Ni/Ag

showed a dual-frequency absorption property in 2–18

(RL,max = 24 dB at 10.9 GHz) and 18–40 GHz (RL,max =

27 dB at 31.3 GHz), although Ni composite exhibited

absorption only in 18–40 GHz and no absorption was

observed for Ag nanocomposite in the whole frequency

range. They proposed that the additional absorption of Ni/

Ag nanocomposite in 2–18 GHz might be attributed to the

dielectric loss, due to the lags of polarization between the

core/shell interfaces.

Employing multilayer absorbing structures is another

approach to create broadband and high frequency EM wave

absorbers. As described in Scheme 3b, the outermost lay-

er(s) can serve as the impedance matching layer to intro-

duce EM wave into absorbers and the other layers with

dielectric or/and magnetic loss materials are able to absorb

the incident wave. By controlling the electromagnetic

parameters and thickness of matching and absorbing layers,

and aiding by the theoretic method, custom-tailored EM

wave absorbing materials can be easily designed with

required absorbing frequency and efficiency. Duan et al.

[45] designed double-layer epoxy-based nanocomposites

with low dielectric loss nano a-MnO2 as the impedance

matching layer and high dielectric loss nano-carbon black

(CB) as absorbing layer. They found that decreasing the

amount of a-MnO2 would enhance the absorbing ability of

nanocomposite because of the improving impedance match

between two layers and the nanocomposite, with 2 mm

thick and 10 wt% a-MnO2 and 3 mm thick and 30 wt%

CB, showed 8.6 GHz broadband EM wave absorption

above 10 dB and maximum reflection loss of 29 dB. Lee

et al. [46] used a theoretical method with a genetic algo-

rithm and a theory of the reflection/transmission of EM

wave in a multilayer structure to design and optimize the

amount of absorber and thickness of each layer for

MWNT-filled glass/epoxy plain-weave nanocomposites

and fabricated the optimum nanocomposite by the co-cur-

ing method and secondary bonding method. The optimized

nanocomposite, with 1.9 mm thick and 0.4 wt% MWNT as

the matching layer and 1.4 mm thick and 1.6 wt% MWNT

as the absorbing layer, could absorb 90% (RL = 10 dB)

EM wave between 8.2 and 12.4 GHz and maximum

reflection loss of 47 dB at 9.8 GHz, which was in good

agreement with theoretical optimized result.

Polyurethanes and other polymers as matrices

of nanocomposites

Polyurethanes [47] (PUs) are widely used as matrices of

coatings, composites, and so on, because of their excellent

mechanical properties, good biocompatibility, designable

flexibility, light weight, and low cost. The EM wave

absorption data of PU and other polymer-based nanocom-

posites have been summarized in Table 2. Liu et al. [8] for

the first time, investigated the EM wave absorption prop-

erties of SWNT/PU nanocomposites prepared by solution-

filming method using SWNTs dispersed in PU solutions

and found that the EM wave absorption increased from

18.3 to 45.9%, while reflection firstly increased and then

decreased from 46.4 to 69.8 to 51.4% with the increase of

the SWNT loading from 5 to 20% at the high frequency

(such as 12.4 GHz). Then they [7] studied SWNT/PU

nanocomposites at various amounts of SWNTs in the range

of 2–18 GHz. It was observed that the absorption peak

would move toward the lower frequency and absorption

intensity would firstly increase and then decrease with

increasing SWNT loadings and the impedance matching

appeared for 5 wt% SWNT at 8.8 GHz (RL,max =

21.9 dB), the mechanism of which was mainly dielectric

loss of SWNT. Guo et al. [30] prepared PU nanocompos-

ites filled with the magnetic nanoparticle by surface initi-

ated polymerization of PU on the surface of iron core/iron
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oxide shell nanoparticles, which showed higher coercive

force and maximum reflection loss of 27.5 dB at 10 GHz,

and saved the weight 37 and 50% compared with the

micron carbonyl iron particle/PU composite and a com-

mercially available microwave absorber, Q-Zorb ginle

band absorber.

Polyester is also a kind of common polymer matrix,

thanks to its convenient processibility, easy film-forming

properties and flexibility. Chen et al. [48] prepared ZnO

nanowire/polyester (PET) composites and found the 7 wt%

ZnO nanowire/polyester showed maximum reflection loss

of 12.28 dB at 10.9 GHz, caused by the interfacial multi-

poles, the high surface surface-to-volume ratio and the

similar shape of the nanowires to antenna. The temperature

stability is very important for EM wave absorber applied to

military and aerospace fields. Poly(phthalazinone ether

sulfone ketone) (PPESK) is a kind of high performance

thermoplastic polymer with high glass transition tempera-

ture, excellent high-temperature stability, good mechanical

properties and radiation stability, and desirable solubility,

which enhance the mechanical and processible properties.

Feng et al. [49] used PPESK as the matrix to prepare the

Ni-MWNT/PPESK nanocomposites by solution processing

method and investigated their temperature stability and EM

wave absorbing properties. Compared with MWNT/

PPESK composite, 5 wt% Ni-MWNT/PPESK exhibited

broader frequency absorption of EM wave and higher

absorption efficiency because of the synergy interaction of

dielectric and magnetic loss, and kept stable up to 500 �C.

Ruan et al. [50] prepared one-layer EM wave absorber

with nanocomposites by dispersing nanosized ZnCo-

substituted W-type Ba hexaferrite (ZnCoBa) into the

chlorosulfonated polyethylene rubber (CSPER) matrix and

designed a thin broad-band two-layer absorber integrating

nano-ZnCoBa with the commercially iron particle/rubber

materials. The reflection loss of nano-ZnCoBa composite

was not very high, but it had better impedance matching

between materials and free space, and thus could act as the

matching layer. The maximum reflection loss of two-layer

absorber composing of nano-ZnCoBa composite reached

28.5 dB and the bandwidth above 10 dB was about

5.6 GHz (8.4–14 GHz) compared to only 3.5 GHz for

microsized composites. He et al. [17] developed a two-

layer EM wave absorber with light weight (3.5 kg m2), thin

thickness (1.2 mm), and broadband and strong absorption

aided by computer program. The matching layer was made

up of micropowder (MMP), nanotitanium powder (NTP),

and hydrogenation acrylonitrile-butadiene rubber (HNBR),

which had frequency dispersion with the parameters of

permittivity and permeability to match the impedance over

a wide frequency range; and the absorbing layer, con-

structed by MMP and HNBR, possessed a large perme-

ability and magnetic loss. The designed materials showedT
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the maximum reflection loss of 12 dB and the absorption

bandwidth above 10 dB of 7.1 GHz (9.2–16.3 GHz).

Conducting polymers as absorbing components

of nanocomposites

It has been found that the conducting polymers have many

advantages, such as light weight, tunable conductivity, or

even magnetic properties, and thus excellent EM wave

absorption properties with broad absorbing width and

adjustable absorbing frequency. On the other hand,

the nanomaterials have shown large electric or/and mag-

netic loss. The combination of conducting polymers and

nanomaterials is probably one of superexcellent approaches

to construct the ideal EM wave absorbers (Table 2). Makeiff

et al. [51] prepared conductive thermoplastic nanocompos-

ites by mixed pTsA-doping PANI (PANI-pTsA)-coated

MWNTs with PMMA. The composites showed stronger EM

wave absorption than composites containing only PANI-

pTsA or MWNT or even mixture of PANI-pTsA and non-

coated MWNT, for the better dispersion of PANI-pTsA-

coated MWNTs in the polymer matrix. Wang et al. [52]

synthesized c-Fe2O3/protonated PANI nanocomposites with

different c-Fe2O3 loadings by in situ polymerization and

investigated their EM wave absorbing properties between 7

and 18 GHz. It was found that, because of the simultaneous

effect of both dielectric loss and magnetic loss, the nano-

composites with 10 wt% c-Fe2O3 exhibited multi-absorbing

peaks at 10.5, 12.2, 13.4, and 16 GHz, with maximum

reflection loss of 16, 17, 21, and 27 dB, respectively, and

wide absorption band with reflection loss above 10 dB

between 13 and 17 GHz. Ohlan et al. [53] studied the EM

wave absorption properties of barium ferrite nanoparticle

(BF)/PANI composites prepared by emulsion polymeriza-

tion in 12.4–15 GHz. The composites containing 75 wt%

BF showed high absorption efficiency over 20 dB in the test

frequency range and maximum absorption intensity of

27.5 dB at 18 GHz. They speculated that the high and broad

absorption efficiency was attributed to the dielectric loss

induced by strong polarization in PANI and the BF’s mag-

netic loss by magnetocrystalline anisotropy and shape

anisotropy, and dielectric loss by the interface polarization

and multi scattering. Tellakula et al. [54] prepared multi-

layer EM wave absorbers PU composites containing CNTs,

carbon fibers and microballoons together with PPY fabrics

having different surface resistances as the impedance

matching layer. It was concluded that the proper surface

resistance for PPY and the order of composite layers were

important for the absorption properties of materials, and the

11.6 mm thick sample, constructed with six-layer compos-

ites and PPY layer with surface resistance of 15.9 S cm2,

showed a reflection loss above 15 dB from 5.2 to 8 GHz and

20 dB from 8 to 18 GHz.

Conclusions and outlook

We summarize the development of polymer-based nano-

composites for EM wave absorption, in which polymers act

as absorbing components or/and matrixes, and introduce

approaches to design the ideal absorber, including intro-

duction of nanostructure, and simultaneous action of both

dielectric and magnetic materials with disordered structure

by direct mixing, core–shell, and multi-layer structure.

However, although the current materials have shown strong

EM wave absorption intensity at the special frequency and

broad EM wave absorption bandwidth of RL above 10 dB

(10% incident wave will be reflected), the bandwidth of RL

above 20 dB (just 1% incident wave will be reflected) is

narrower, for example, 16.7 wt% Fe/MWNT show RL

above 10 dB between 2 and 18 GHz, but the RL above

20 dB was just observed between 4.5 and 5.5 GHz, and

between 10 and 11.8 GHz. On the other hand, the appli-

cation range of current materials is limited owing to their

simplex absorption frequency band, and the materials used

both in low frequency (MHz) and high frequency (GHz or

more). These problems could be solved by reasonable

choice of the materials (combination of particles with both

magnetic and dielectric loss) and design of the structures

(core/shell structure or/and multilayer) of polymer-based

nanocomposites. Additionally, multi-functional and intel-

ligent EM absorbers may be the next generation materials,

which require more effort to design and prepare these

materials. For example, the use of superhydrophobic/

superoleophobic polymers would add the self-clean func-

tion to composites; the matching frequency can be adjusted

automatically according to the environment by addition of

intelligent component into nanocomposites and so on.
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