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Recent Advances on the Electromagnetic Wave Absorption Properties of
Ni Based Materials
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Electromagnetic interference problems have become an increasing problem with the rapid development of wireless information technologies and electronic devices
at high frequency ranges, and this has stimulated much attention. To tackle this challenge issue, the electromagnetic absorbing materials that can attenuate electro-
magnetic waves are urgently pursued. The desired absorbers should include high-efficiency absorption, wide dissipation band, low cost, and being lightweight.
Due to high saturation magnetization and permeability at high GHz frequency, ferromagnetic Ni has been considered as a high efficiency electromagnetic absorp-
tion. However, the eddy current effect caused by high electrical conductivity, would limit the application. To tackle this problem, two effective ways including
designing hierarchical structure and compounding are explored. This paper reviews the state-of-the-art research in the design of Ni based composites as electromag-
netic absorption materials. The ultimate goal of these Ni based absorbers is to achieve the strong absorption, the broader effective absorption frequency. The core-
shell, yolk-shell and hollow porous structures are introduced into Ni based composites (Ni-metal, Ni-polymer, Ni-semiconductor and Ni-carbon composites) to
enhance the electromagnetic absorption properties. Particularly, combing with carbonaceous (CNTs or graphene), the Ni-carbon ternary or quaternary even more

phases composite would be a target direction to design high-efficiency electromagnetic absorption capability.
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1. Introduction

Electromagnetic interferences (EMI) can be described as conducted
and/or radiated electromagnetic signals emitted by electrical circuits
which, under operation, perturb proper operation of surrounding electrical
instruments or cause irradiative damage to living/biological species.'™"°
The extensive development of gigahertz (GHz) electronic systems and
telecommunication devices has elevated the electromagnetic pollution
to a level never attained before, which endows an active quest for novel
and effective EM absorbing material solutions in a wide variety of
applications. Numerous applications are concerned from commercial and
scientific electronic instruments to antenna systems and military electronic
devices.""™ Another military application is stealth, devoted to the reduc-
tion of the detectability of target by canceling reflections of a radar signal
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incident to its surface. Nowadays, the development of high performance
microwave absorbing materials (MAMs) with thin thickness, low density,
wide bandwidth, and strong absorption have stimulated great interests to
eliminate the electromagnetic pollution.”>® Because they can absorb
electromagnetic waves effectively and transform electromagnetic energy
into heat energy or attenuate electromagnetic waves by interference.”’ "
Among the candidates of electromagnetic absorbers, metallic mag-
netic materials usually possess high saturation magnetization and thus
high permeability at high frequency (1-18 GHz), as a result they can
be widely used to prepare thinner absorbing materials along with high
efficiency electromagnetic absorption properties.*>™** However, as a
fact of matter, the metallic materials usually have relatively high
electrical conductivity, and their permeability decreases very rapidly
at high frequency thanks to the eddy current losses caused by the al-
ternated electromagnetic fields, which is generally named as skin-
depth effect.**™*° When the high frequency electromagnetic waves
encounter a microwave absorption material, they penetrate only the
near-surface region, and the phenomenon is known as the skin ef-
fect. Moreover, the depth, at which the amplitude of the incident
electromagnetic wave dissipates to 1/e of the surface value is called

as the skin depth and it can be expressed as: ™

i (1.1)
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Herein f'is the frequency, p is the magnetic permeability, o is the
electrical conductivity. From the above formula, the skin depth is re-
lated with the measured frequency, permeability, and conductivity. For
instance, nickel (Ni) has a skin depth of about 1 um over 1-5 GHz. That
is to say, if Ni particles possess sizes larger than 1 pum, then only the
surface part with a thickness of about 1 pm will play a positive role to
electromagnetic response, while the remain interior portion makes no
contribution. Thus, it is urgently suggested to deal with this problem to
boost the electromagnetic absorption properties of magnetic metallic Ni
materials.

Up to now, it is well anticipated that there are two effective
ways to address this issue, namely, to decrease the size of Ni parti-
cles or fabricate complex hierarchical shape, and to compound with
other materials to form unique structure, such as core-shell, yolk-shell
or porous structures to improve the impedance match and dissipation
capability. This review article focuses on the state-of-the-art of Ni-
based electromagnetic absorption materials, and the related electromag-
netic attenuation theory about how to enhance absorption properties
through above mentioned method is also discussed in detail.

2. The fundamental theory of
electromagnetic absorption

In this section, the fundamental theory of electromagnetic (EM) ab-
sorption will be described. When the EM wave is incident on a dissipated
material, the experience can be divided into three processes:>>™®* re-
flection, absorption and transmission, which definitely obeys the laws
of optics, as shown in Fig. 1. The reflection of the EM waves contain-
ing surface reflection and multiple reflection, meaning that the promo-
tion of the multiple reflection will induce extended transmitted routes
of the EM wave, and further improve the absorbing ability of the EM
wave absorbents.®* "% Then, the incident electromagnetic energy can
generate heating within the material by the aid of the interactions of
the electromagnetic field with the material's molecular and electronic
structure, which would transfer the incidence EM wave into thermal
energy, causing an energy dissipation. Therefore, there are two main
avenues to enhance EM wave absorption, one is by increasing the
transmitted routes of the EM wave in the absorbers by adjusting their
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Fig. 1 Schematic of an incident electromagnetic wave through the dissipation
materials.
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nanostructures, and the other is by regulating the electromagnetic pa-
rameters to enhance the EM absorption ability.

In order to eliminate the transmission of EM through an absorb-
ing material and evaluate the absorption properties by analyzing the
reflection of the wave, the United States Naval Research Laboratory
(NRL) arch measurement method is used to measure the reflected
power of the materials placed on a metal panel.m'69 The EM absorb-
ing property of the materials is evaluated with reflection loss (RL),
which can be expressed as the following equation:

RL(dB)=10log,,(P,/ P) (2.1)

In which P; and Py stands for the incident power and reflection
power of an EM wave, respectively. When RL is less than -10 dB,
only 10% of the EM powder is reflected and 90% of the EM energy is
absorbed. However, for NRL-arch method, a metal substrate (generally
Al substrate) should be applied to make all of the transmitted electro-
magnetic wave reflect and enter into the absorber again. Thus, numer-
ous researchers used the waveguide and coaxial-line methods’®" to
characterize the electromagnetic absorption properties of absorbing ma-
terials based on the following equations:*° 5%

RL=20l0g,,|(Z, ~2,)/(Z,+Z,) (22)
2 fd
Zmzzzg/fﬂqanh[j-fif——fﬁfiJ (2.3)

g, c

In this equation, Zy = 376.7 Q is the impedance of the air and
Zi, the input impedance of samples. The ¢, = €' - j¢" and p, = p' -
ju” are the complex permittivity and permeability of the paraffin
composite in air, f'is the frequency, ¢ is the velocity of light, and d
is the absorber thickness. Generally, the frequency range over which
the RL is smaller than —10 dB is regarded as the effective absorp-
tion bandwidth. On the basis of above formulas, the electromagnetic
absorption performance of absorber is closely related to the complex
relative complex (g, = &' - j&") and permeability (u, = p’ - ju”).**™?
It is well accepted that the real permittivity (¢') and permeability
(1) symbolize the ability to store the electric and magnetic energy,
while the imaginary permittivity (¢”) and permeability (n”) stand
for the dissipation of electric and magnetic energy.”**®

The complex permittivity can be computed from the S-parameters
collected from the measurement. S-parameters S;; and S,; can be ex-

pressed via reflection coefficient I and transmission coefficient T as:”" !

A-TC

W= (2.4)
1-THT

= (2.5)
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- /e, —1
_ZzZ _NKTE (2.6)

Z+Z, Jule +1
T = e-'rd (27)

where y = j 2= €, , cis the velocity of light,f'is the measured fre-
c

r%r>

quency. Then, based on these equations, we can deduce that the com-
plex permittivity and permeability are described as:

o, 1+T . In(T) ¢
=y = — 2.8
=l = Ju =PI (2.8)
In(T) ¢
g =g jo" = 2md F (2.9)
u

(0]
Herein ¥ =2—, d is the thickness of absorbing material. The
T

coaxial-line method is so popular because it just needs a tiny absorbing
materials (generally less than 0.2 g, depending on the filling ratio). Be-
fore obtaining the RL value, the scattering parameters (S parameters)
are obtained by a vector network analyzer using the coaxial-line method
(as shown in Fig. 2(a,c)) for which the samples are prepared by homo-
geneously mixing paraffin wax (paraffin wax is transparent to electro-
magnetic wave, as a result, for a sample/paraffin wax composite, the
electromagnetic absorption property was just considered from the ab-
sorbing materials) and then pressing into toroidal-shaped samples of
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7.0 mm in outer diameter and 3.04 mm in inner diameter (D, 7.0 mm,
®;,: 3.04 mm, as shown in Fig. 2b).21:102-105

To achieve excellent electromagnetic wave absorption properties,
two important factors should be taken into account. The prerequisite
condition is the impedance matching condition between the electromag-
netic wave absorber and free space. In order to obtain zero reflection at
the front surface of the samples, the characteristic impedance of the
samples ought to be equal/close to that of the free space. To achieve a
good impedance matching, it is necessary to make the material having
the same or similar €. and p,. The impedance matching degree A can be

expressed by the following equations:*>'%'!7

|A| =|sink* (Kfd) - M| (2.10)

And, the values of K and M are also calculated through the com-
plex permittivity and permeability by the following equations:

,,. 0.+0
4r,|e’u’sin £

K =

(2.11)
ccosd, cosd,

4u’ecoso,coss,

2
(ucoss, —gcoss, )+ {tan(i" - %ﬂ (u'coss, +&coss, )2

(2.12)

It is worth noting that a smaller absolute value of delta (A)
means a better impedance matching.

External conductor

Central conductor
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port 2

Fig. 2 (a) The picture of vector network analyzer; (b) Picture of ring-like paraffin based samples to be tested; (c) Schematic diagram of coaxial-line measurement method.

© Engineered Science Publisher LLC 2018

Eng. Sci., 2018, 3,5-40 | 7



Review Paper

The other important parameter is the microwave attenuation ability
in the interior of microwave absorber, which can make the microwave
absorber sufficiently dissipate the incident microwaves by the intrin-
sic magnetic and dielectric loss features. The electromagnetic wave
dissipation ability of the microwave absorber can be evaluated by

attenuation constant (o): 87122

\/Eﬂf ><\/(,u"g"—,u'g')+\/(‘u"€"—y'£')2 +(urgn+‘u"€l)2

C
(2.13)

where f is the frequency and c is the velocity of light. From this
equation, it is noted that high values of €¢” and p” would result in
high a value. The metallic magnetic Ni is a dual-loss absorber, which
is made up of the dielectric loss and magnetic loss. Thus, it will render
absorbers with high electromagnetic dissipation capability.

Besides above mentioned reasons for electromagnetic absorption, the
electromagnetic wave can be absorbed via the “geometrical effect”, which
means that when the thickness of absorber satisfies the equation:'**™'%

d- ”‘Tm(z 13,5,..) (2.14)
A
P
S (2.15)

where 4,, is the wavelength at certain frequency, |g,| and |¢,| are the
moduli of p, and €, and 4 is the wavelength in the free space, the in-
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cident and reflected waves in the absorber are out of phase 180° and
resulting the reflected waves in the air-absorber interface are totally
canceled. Yan et al."** used oxidative molecular layer deposition to fabri-
cate one dimensional Fe;Oy-poly(3,4-ethylenedioxythiophene) (PEDOT)
nanospindles with controllable PEDOT thickness. Their absorption per-
formance was evaluated in the 2-18 GHz frequency range (Fig. 3), and
the bandwidths with RL values less than -10 dB get much broader with
the increase of PEDOT cycles. Moreover, the absorption peaks move to
lower frequencies by increasing the PEDOT cycles (Fig. 3a) and sample
thickness (Fig. 3b), covering three Ku, X, and C microwave bands. This
indicates that deposition thickness of PEDOT and absorber thickness
can tune absorption bandwidth and achieves selective-frequency ab-
sorption. Therefore, by control of absorbing materials’ thickness, we
can design a promising electromagnetic wave absorbing materials with
the strong absorption and selective-frequency absorption properties.

For the dielectric loss, as reported by other researchers, the di-
electric loss behaviors are mainly related to conduction loss and po-
larization loss,®” and polarization loss basically comes from ionic
polarization, electronic polarization, dipole orientation polarization
and interfacial polarization (space charge polarization).” Tonic polar-
ization and electronic polarization always work in higher frequency
region (10°-10° GHz),"*' and dipole orientation polarization from
the frustrated reorientation of dipoles (bound charges in defects and
residual groups) prefers frequency dispersion.70 The conduction loss
usually occurs only when high metallic magnetic Ni contents was
dispersed into paraffin matrix to form conductive network.**™® This
high amount was limited in practical application. Therefore, the interfa-
cial polarization and dipoles polarization can considerably influence
the permittivity. Normally, the Debye theory is considered to be a
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Fig. 3 (a) RL curves of Fe;04-xPEDOT nanospindles with a 1.4 mm thickness; (b) RL curves of Fe;04-20PEDOT nanospindles with different matching thicknesses.
(Reprinted with permission from Ref. [124]. Copyright 2017, American Chemical Society.)
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powerful tool to understand the dielectric properties of absorbers.

According to the Debye dipolar relaxation, the relative complex per-

mittivity can be described by the following equation: 7688132146

E, & .
s © gr_ngr

g =g, +——=2—=
1+ 2 ft

(2.16)

where ¢, €, f, T are the static permittivity, relative dielectric permit-
tivity at the high-frequency limit, frequency and polarization relaxa-
tion time, respectively. From the eqn (1), it can be deduced that

,_8 + 8S _Sw
1+ Qrf)? 217)
,_2fte-e), o
T (af)e (218)

Inferred from eqn (2) and (3), we can obtain the relationship be-
tween €' and €” that
jl

2
(81_85 -;gw] +(£")2 :(85 ;800

Therefore, the plot of &' versus &” would be a single semicircle,
which is usually defined as the Cole-Cole semicircle, and each semi-
circle is correlated with one Debye relaxation process.'?”*"148 Wang
et al'*® and coworkers prepared the reduced graphene oxide (RGO)/
CuS nanocomposites with CuS microspheres embedded in reduced
graphene oxide (RGO) layers, and the dielectric loss was described by

(2.19)
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1.6 1 -
1.2 4
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the Cole—Cole semicircle’ theory. Fig. 4 shows g'-¢” curves of the pure
PVDF, RGO/CuS/PVDF (5 wt%), (10 wt%) and (15 wt%). One obvi-
ous Cole-Cole semicircle is found in the &-¢” curve of pure PVDF
(Fig. 4a) and complex semicircles in RGO/CuS/PVDF, indicating the
existence of the Debye relaxation process in the pure PVDF and RGO/
CuS/PVDF composites. In the meanwhile, more semicircles are clearly
found in the curve of the RGO/CuS/PVDF composites, which repre-
sent the contribution of the Debye relaxation process to the enhanced
wave absorption properties of the RGO/CuS/PVDF composites.

The magnetic loss of the absorber was mainly from many im-
pacts including hysteresis, resonance, eddy current effect, and so
forth.%14°715% Herein, the magnetic hysteresis is negligible in the case
of weak magnetic field. Although the loss from the domain wall reso-
nance often exists in relatively low frequency which is below gigahertz,
it is also negligible at 1-18 GHz."*"'>>'% Therefore, in the present case
of Ni based absorbers, the magnetic loss mainly originates from other
three factors: natural ferromagnetic resonance,'”’ 1% exchange reso-
nance *>'"1%2 and eddy current effect. The natural resonance frequency
is related to the magnetic anisotropic properties of the material. According
to ferromagnetic resonance theory, the relationship between the natural

resonance frequency f; and the anisotropy energy Ha is:'**~'¢’
Jo=vH,I2m (2.20)
4K
a= L (2.21)
3u,M,
K = oMl (2.22)
2
c -
(c) 20, -
N T
16 N
s i\.
© 12 sy
84
14 16 18 20 22 24 26
o
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18 -
161
© 14
121
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Fig. 4 The &'-¢" curves of (a) pure PVDF, and with (b) loading of 5 wt%, (c) loading of 10 wt%, (d) loading of 15 wt% of the RGO/CuS composites. (Reprinted with

permission from Ref. [143]. Copyright 2013, Royal Society of Chemistry.)

© Engineered Science Publisher LLC 2018

Eng. Sci., 2018,3,5-40 | 9



Review Paper

where f; is the resonance frequency, v is gyromagnetic ratio, and Ha is
anisotropy field. K is the anisotropy coefficient, y, is the vacuum
permeability (41 x 1077 N-A™?), H, is the coercivity, and M is satu-
ration magnetization. It can be seen from the equation that the high
anisotropy energy is related to the high anisotropy coefficient, and
the increase of the anisotropic energy causes an increase of the natural
resonance frequency. Therefore, it is possible to tune the resonant fre-
quency by changing the anisotropy field of magnetic particles.

The eddy current loss is correlated to the diameter (d) and the
electric conductivity (o), which can be described as: 168171

p' 2 (1) od*f 13 (2.23)

In which fis the applied frequency, i, is the vacuum permeability.
From the above equation, if magnetic loss only originates from eddy
current loss, the values of Cj should be constant as the frequency is
varied, which is called the skin-effect criterion.! 7?7176

C,=u"(u)?> f =2muod® /3 (2.24)

3. Ni-based materials as EM absorbers
3.1. Pure magnetic Ni as EM absorber

As above mentioned, thanks to the relatively high electrical conductiv-
ity of metallic Ni materials, the permeability decreases very quickly at
high frequency, namely, eddy current effect.'”*'"* One effective way
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is to reduce the size of Ni particles to nanometers or fabricate the hier-
archical structural Ni, which would decreases the eddy current effect.
3.1.1. Ni particles with nanoscale size. In our previous investiga-
tion,'”” we studied the effect of size on the electromagnetic absorption
properties of Ni particles. From Fig. 5(b-d), one can notice that three Ni
particles with the sizes of 780 nm, 420 nm and 100 nm, respectively,
could be obtained. Fig. 5a shows the electromagnetic absorption of the
three Ni samples with a thickness 2 mm. As for the Ni-780, it has weak
ability to absorb EM wave in the 1-18 GHz. For the Ni-420 sample,
one strong peak (-17.3 dB, 12.2 GHz) was clearly observed. The ab-
sorption bandwidth is up to 3.2 GHz (from 10.3 to 13.5 GHz). In
comparison with those two Ni samples, the Ni-100 wax-composite has
different intensities and positions of RL peaks. The sharp RL peak
reaches -26.4 dB at 9.3 GHz and the effective electromagnetic absorption
band covering a frequency range of 8.3-10.1 GHz were obtained. The
Ni-420 and Ni-100 samples possess better microwave absorption than
that of the Ni-780 sample, which is attributed to the good impedance
match'78718% and synergetic effect between magnetic loss and dielec-
tric loss."®'"'8% Furthermore, the nanoscale Ni particles with a high
density of point defects (such as vacancies) and dangling bonds are
prone to polarization in an electromagnetic wave field, and the quantum
size effect of nanoparticles could result in the splitting of the electron
energy that accompanies the formation of a new band gap, also leading
to the absorption of electromagnetic energy.'®*'%5 Wang et al.'®®
reported hollow Ni spheres were prepared by electroless plating on
carbonyl iron and template corrosion method. The real (¢') and imagi-
nary (£") parts of complex permittivity of hollow nickel spheres first

Fig. 5 (a) The comparison of frequency dependence of RL (dB) for the Ni wax-composites with a thickness of 2 mm; SEM images of Ni particles with different size:
(b) 780 nm, (c) 420 nm, and (d) 100 nm. (Reprinted with permission from Ref. [177]. Copyright 2015, Elsevier B.V.)
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increased and then decreased as the shell thickness increased, and the
sample with the thinnest shell showed the lowest complex permittivity.
For the complex permeability, the resonance peak shifted to the lower
frequency and then moved to higher frequency, as the shell thickness
increased. The microwave absorption performances could be tuned by
changing the shell thickness. In their study, the minimum RL (RL)
value of —27.2 dB was obtained at 13.4 GHz with a matching thick-
ness of 1.4 mm.

3.1.2. Ni particles with hierarchical structure. If we design the
Ni particles with hierarchical complex structures, we can obtain
the reasonable Ni absorbers with low conductive property. Moreover,
the hierarchical complex structure would get high permeability thanks
to the high anisotropy shape.'®” "% Furthermore, the complicate struc-
ture could also absorb electromagnetic wave, which is called as “struc-
ture absorption”. In following sections, we focus on the electromagnetic
properties of Ni particles with one-dimensional (1D), two-dimensional
(2D) and three-dimensional (3D) complex structures.

3.1.2.1. One-dimensional (1D) structural Ni as absorber. One-
dimensional (1D) structured Ni particles, which could be synthesized
via wet-chemical methods by the aid of external magnetic fields, sur-
factants, and tf:mplates,l%’192 have attracted more and more atten-
tions due to their new challenging magnetic properties. When 1D Ni
particles were deliberately designed as microwave absorbing mate-
rials, besides anisotropy shape causing magnetic variation, the unique
1D structure could be expected to be as antenna receives to induce
point charge to dissipate microwave energy, and also cause orienta-
tion polarization loss,"®*'**™'% which would absorb more electro-
magnetic wave.

The 1D structural Ni particles, such as nanowires, nano-fibers
and nano-chains are proved to be the promising electromagnetic
absorbers.'”*% In our team, 1D Ni chains were successfully prepared
by a facile solvothermal method.'”” The measured electromagnetic pa-
rameters displayed that the effective absorption bandwidth was up to
4.3 GHz in the high frequency range of 13.7-18.0 GHz by tuning the
thickness of 0.8-1.0 mm. A minimum RL value of -19.9 dB was ob-
served at 17.2 GHz with only thickness of 0.8 mm. The excellent
electromagnetic absorption mainly resulted from dielectric loss rather
than magnetic loss.

Gong et al.'® fabricated the ultrafine Ni fibers under normal pres-
sure via the reduction of Ni** jons by hydrazine hydrate in the absence
of any templates or external magnetic field, and the electromagnetic
properties of Ni fibers were correspondingly investigated. Fig. 6 pre-
sents the typical SEM images of the Ni fibers obtained at 70 °C from
the reaction systems with various NaOH/Ni** molar ratio. It is noted
that the concentration of NaOH has an evident influence on the nucle-
ation and growth of Ni nanocrystallites during the chemical reaction.
One can notice that a higher molar ratio of NaOH/Nj, e.g., 15 and 7.5,
is favorable to preparing uniform Ni fibers with an average diameter of
about 500 nm and a length of 50 ygm (Fig. 6a,b). Contrarily, at a lower
NaOH/Ni** ratio, short twist Ni fibers were obtained (Fig. 6¢), and
spherical/chain-like Ni powders co-existed at a too low concentration of
NaOH (Fig. 6d). Therefore, the authors claimed that they selected the
molar ratio of NaOH/Ni as 7.5. The calculated RL curves of composites
A (Ni fiber filler) and B (Ni particle filler) in relation to the frequency
of electromagnetic wave and thickness (1-5 mm) of absorber layer are
shown in Fig. 6(e.f). It can be seen that the morphology of the Ni fillers

© Engineered Science Publisher LLC 2018
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has an obvious effect on the electromagnetic absorption behavior.
Namely, composite A with an absorber layer thickness of 2.0 mm ex-
hibits a RL of less than -10 dB at 6.6-8.8 GHz, and a minimum RL of
-39.5 dB is obtained at 4.8 GHz with an absorber layer thickness of
3.0 mm (Fig. 6e). Expectedly, composite B (Fig. 6f) has a weak electro-
magnetic wave absorbance over the whole frequency range of 2.0-
18.0 GHz. The authors attributed the excellent microwave absorbance
of composite A to the proper electromagnetic impedance matching.

Liu and coworkers ' fabricated the nickel chains by a facile wet
chemical method, and the morphology of nickel chains were tailored
by adjusting the amount of PVP during the synthesis process. The
complex permittivity and permeability of the three-dimensional (3D)
nets constructed by nickel chains present strong dependences on tem-
perature in the frequency range of 8.2-12.4 GHz and temperature range
of 323-573 K. The peaks in imaginary component of permittivity and
permeability mainly derive from interfacial polarizations and resonances
(Fig. 7e), devoting to dielectric and magnetic loss, respectively. Fig. 7(a—c)
exhibit the 3D plots of RL values versus frequency and thickness for
the samples with 30, 40, and 50 wt% chain nets loadings. Compared
with 30 and 40 wt% loading samples, the 50 wt% loading sample has
the best electromagnetic wave absorption performance with a thinnest
thickness. The RL value can reach approximately -50 dB by tuning
temperature, and the effective bandwidth is expanded obviously.
Fig. 7d demonstrates the 3D bar plot of their maximum absorption in
the temperature range of 323-573 K and X band with the thickness
range of 1-5 mm. It is observed that the maximum absorption of 50 wt%
loading sample is much better than others, especially at 373 K.

3.1.2.2. Two-dimensional (2D) structural Ni as absorber. For the
ferromagnetic absorbers, it is reported that the 2D structure, such as
flakes, can cause high shape anisotropy,®>>!70291=293 which is beneficial
to the electromagnetic absorption. However, to the best of our knowledge,
the electromagnetic properties of 2D structural Ni particles were scarcely
found in the publications.”® Wang et al.>** fabricated the hexagonal
Ni/Ni(OH), heterogeneous structure plates through a reduction reaction
system. In Fig. 8, enhanced microwave absorption of Ni/Ni(OH),
hexagonal plates in comparison with smooth chains and rings is due
to the synergistic effect of magnetic loss and dielectric loss. Specially,
the urchin-like nickel chains exhibit a best absorption property in con-
trast with other as-synthesized samples, which was due to the geo-
metrical effect, and point discharge effect.

3.1.2.3. Three-dimensional (3D) structural Ni as absorber. 1t is
well accepted that the morphology play a vital role on the microwave
absorption performances of Ni samples. Particularly, as for the 3D
hierarchical complex structure, such as flower-like,'**2%2% urchin-
like,"?® and octahedral-shape,?'® would introduce the shape anisotropy
to tune permeability. On the other hand, these special structure would
cause “structure absorption”, constrain electromagnetic wave in absorbers
to prolong travel path to dissipate more electromagnetic energy.

In our group,'* the flower-like Ni structures composed of leaf-like
flakes were synthesized through a facile solvothermal approach indepen-
dent of surfactants or magnetic force (Fig. 9(a,b)). The electromagnetic
absorbing properties of the flower-like Ni wax-composite were evalu-
ated in term of the complex permittivity (g, = €' - j¢") and permeability
(1 = W' - ju"). The results demonstrated that the wax-based composites
containing 70 wt% Ni flowers showed excellent electromagnetic wave
absorbing characteristics and the RL values less than -10 dB are
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Fig. 6 SEM images of Ni fibers obtained at 70 °C from the reaction systems with different NaOH/Ni molar ratios: (A) 15, (B) 7.5, (C) 2.0, and (D) 0.4. The RL (RL)
of Ni fiber-filled (e) and Ni particle-filled (f) paraffin-based composites with different thicknesses. (Reprinted with permission from Ref. [198]. Copyright 2010, American

Chemical Society.)

obtained in the frequency range of 2.5-16.4 GHz range with absorber
thicknesses of 1.8-6.0 mm. The flower-like Ni presents a minimum
RL value of -46.1 dB at 13.3 GHz for the thickness of 2.0 mm
(Fig. 9¢). The excellent microwave absorbing performance was ascribed
to dielectric loss rather than the magnetic loss, and unique flower-like
structures.

Tong et al.*' reported a facile template-free and one-pot thermal
decomposition approach to fabricate submicrometer-sized NiO octahe-
dral, and the octahedral Ni with tailored crystallization and texture
characteristics were easily achieved through Hj-annealing of NiO octa-
hedra at various temperatures. The electromagnetic properties were
closely associated with their microstructures. Fig. 10 shows the

12 | Eng. Sci., 2018, 3, 5-40

electromagnetic wave absorption characteristics of the Ni octahedral
obtained at different temperatures. For the porous octahedral Ni pow-
ders formed at 300 °C, when the volume fraction was 3 v%, RL
values (below -20 dB, corresponding to 99% dissipation) covered the
range of 3.04 GHz to 8.49 GHz with thicknesses of 4.0 -10 mm,
while the minimum RL value of -30.99 dB appeared at 6.64 GHz
with the optimal thickness of 5.0 mm (Fig. 10a). When improved the
volume fraction to 4 v% induces an excellent electromagnetic absorp-
tion property, a minimum RL value of -37.93 dB could be observed
at 12.80 GHz with a matching thickness of 2.5 mm (Fig. 10b). Fur-
thermore, the bandwidth below -20 dB was over 3.20-5.20 GHz and
8.40 -18.00 GHz. However, further increasing the volume fraction to
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Fig. 7 (a-c) 3D plots of RL versus frequency and thickness for samples with 30, 40, and 50 wt% 3D nickel chain nets loadings, respectively; (d) 3D plot of minimum

RL evaluation for all the samples; (e) Schematic illustration of microcurrent, micro eddy current, natural resonance, dielectric polarizations, and microwave propagation

in 3D nickel chain nets. (Reprinted with permission from Ref. [199]. Copyright 2016, American Chemical Society.)

5 v%, thanks to the mismatch between the free space impedance and
the input impedance, electromagnetic absorption property dropped
(Fig. 10c). For the porous octahedral Ni powders prepared at 350 °C,
an optimal absorption property was achieved at a volume fraction of
3 v% (Fig. 10d). The bandwidth (RL below -20 dB) was 8.24 GHz,
with the minimum RL value of -40.44 dB at 8.80 GHz. In comparison

© Engineered Science Publisher LLC 2018

with the above mentioned porous Ni octahedra, the solid Ni octahedra
and the spherical Ni exhibited weak electromagnetic wave absorbing
properties (Fig. 10(e,f)).
The authors also investigated the electromagnetic absorption
mechanism of Ni octahedra. Porous octahedral nanomaterials demon-
strated characteristics different from those of solid octahedral and
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Fig. 8 SEM images of hexagonal Ni/Ni(OH), plates after reaction for (a) 1.5 h and (b) 3h (the right inset is the scheme of hexagonal Ni/Ni(OH), heterogeneous
structure plate); of differently shaped samples in the frequency range 2-18 GHz with the samples thickness of 2 mm. (Reprinted with permission from Ref. [204]. Copyright

2010, American Chemical Society.)

spherical samples in terms of enhanced permittivity parameters and
dielectric loss. They attributed it to the following reasons: First, the po-
rous nanostructures can induce the vibrating microcurrent inside the

Reflection Loss (dB)

-46.1 dB

Frequency (GHz)

14 16

18

pores, which can improve the conduction loss; Second, the octahedral
nanomaterials randomly distributed in the matrix can cause multiple
scattering and further attenuate EM waves; Third, the octahedral shapes

Fig. 9 (a,b) SEM images of the flower-like hierarchical structural Ni; (c) Calculated RL curves dependent on the thickness of flower-like Ni/paraffin composites in the
frequency range 2.0-18.0 GHz. (Reprinted with permission from Ref. [135]. Copyright 2014, Springer.)
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can consider as isotropic quasi-antennae, which prompted penetration
of EM waves.

The above EM energy was further converted and induced into a
dissipative current and then consumed in the discontinuous networks.

3.2. Ni based composites as EM absorbers

To decrease the eddy current effect, another effective avenue is to
compound Ni with other materials to form tunable microstructure,
as a result, we could obtain outstanding electromagnetic absorption
performance. Although the pure Ni particles with designable micro-
structures could obtain the optimal EM absorption performance, the
tradeoff would be the higher filler content and the larger absorber
thickness. In addition, the pure Ni particles are easily oxidized to

Frequency / GHz

Review Paper

prohibit their practical application. Therefore, in order to optimize EM
absorption ability, an efficient strategy is to compound Ni with other
materials to produce special microstructure. In this section, we will
discuss the EM properties of Ni-metal, Ni-polymer, Ni-semiconductor,
and Ni-carbon composites.

3.2.1. Ni-metal composite as EM absorber. Magnetic metal
nanoparticles may be quite suitable materials as EM wave absorbers
because of small size, large specific surface area, high surface atom
percentage, and more dangling chemical bonds, which might lead to
the interface polarization and the activation of nanoparticles. How-
ever, each kind of metal nanoparticles has its intrinsic properties and
usually can be used only in a specified frequency range. To meet the
above requirements, the development of metal composite nanoparticles
may be an efficient strategy.

d) o
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-40
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Fig. 10 RL curves of paraffin-based composites containing octahedral Ni with various volume fractions produced at different temperatures: (a to ¢) 300 °C, (d) 350 ©
C, (e) 450 °C, and (f) 700 °C. (Reprinted with permission from Ref. [210]. Copyright 2012, Royal Society of Chemistry.)
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3.2.1.1. Ag-Ni composite as EM absorber. Lee et al.*!!

prepared
Ni-Ag core-shell nanoparticles by the successive hydrazine reduction
of nickel chloride and silver nitrate in ethylene glycol. The electromag-
netic wave absorption properties of the epoxy resin composites containing
Ni, Ag, and Ni-Ag core-shell nanoparticles were studied. The results
demonstrated that Ni-Ag core-shell nanoparticles showed a dual-
frequency absorption property in 2-18 and 18-40 GHz, in comparison
with Ni nanoparticles, which exhibited absorption only in 18-40 GHz,
and no absorption could be found for Ag nanoparticles in the whole
frequency range. The additional absorption of Ni-Ag core-shell
nanoparticles in 2-18 GHz might result from the lags of polarization
between the core/shell interfaces, which made the contribution to the
dielectric loss. Moreover, his team also investigated the electromagnetic
wave absorption properties of Ni-Ag composite with various molar ratios
embedded in the epoxy at the frequency of 2-40 GHz.>'> Interestingly,
the authors found that both the NizAg; and Ni;Agz nanocomposite parti-
cles showed dual-frequency absorption in 2-18 and 18-40 GHz. The rea-
son was that the Ni- and Ag-rich microdomains might be formed within
the NizAg; and Ni;Ag; nanoparticles, leading to the appearance of
the second absorption mechanism due to the lags of polarization at the
interfaces as the frequency was varied.

Guo et al.*'? fabricated core-shell Ag@Ni nanoparticles and
constructed on the bayberry tannin (BT) grafted skin collagen fiber
(SCF) though a simple one-step route (Fig. 11). They found that these
SCF-supported Ag@Ni core-shell NPs composites can be used as
high-performance electromagnetic absorption materials in the whole
X-band, C-band and some part of S-band with minimal RL (RL) of
-51 dB (Fig. 11e). The analysis of electromagnetic parameters indi-
cated that the enhancement of dielectric loss properties of SCF-
supported Ag@Ni core—shell NPs was introduced by the multiple
defective site polarization and interfacial polarization in bimetallic
interface. Moreover, thanks to the combination of magnetic property
in the nickel shell, the SCF-supported Ag@Ni core-shell nanoparticles
also presented a significant eddy current effect and anisotropic energy
effect for the microwave absorption.

3.2.1.2. Cu-Ni composite as EM absorber. Bimetallic composite
absorbers combining both the dielectric loss and magnetic loss type
have shown an obvious advantage in balancing the complex relative
permittivity and permeability.3*2'*2!> Copper is a good dielectric loss
material but has low stability, whereas nickel is a good magnetic loss
material and is corrosion resistant but with low conductivity, therefore
Cu-Ni hybrid nanostructures have synergistic advantages as electromagnetic
absorption materials. For CuNi composite, the core-shell bimetallic
materials would be easily produced based on separate reduction re-
actions in the heterogeneous nucleation. The standard reduction poten-
tial of nickel [E°(Ni*/Ni%) = -0.257 V] is lower than that of copper
[E° (Cu®*/Cu®) = 0.342 V].2'92!8 Thus the copper is easier to be re-
duced in competitive redox reactions. Due to their widely differing re-
dox potentials, Cu-Ni core-shell microstructure were generated via the
reduction of Ni** at relative high temperature after the Cu core small
particles generation at relative low temperature. It is noticed that the
unique core-shell structure would induce interfacial polarization, which
is beneficial for the electromagnetic absorption. Additionally, it is well
anticipated that that the morphologies of bimetallic composites play a
vital role in determining the microwave absorption performances of ab-
sorbers. Nowadays, the electromagnetic properties of core-shell Cu@Ni

16 | Eng. Sci., 2018, 3, 5-40
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with various shapes, such as dendrite-like, rod-like, fishbone-like, and

nanowire-like microstructures,®>>%22?

are widely investigated.

Wang et al.??' fabricated various Cw/Ni molar ratios of bimetallic
nanowires (Cu;3@Ni;, Cus@Nis and Cu;@Ni,3) and nanospheres
(Cu3@Niy, Cus@Nis and Cu; @Nij) via facile reduction of hydrazine
under similar reaction condition. Ni was incorporated into the Cu-Ni
nanomaterials as a shell over the Cu core at low temperature. The RL
of Cu@Ni samples was evaluated based on the complex relative per-
mittivity and permeability. The results demonstrated that the electro-
magnetic absorption capacity greatly depended on the Cu/Ni molar
ratio and morphology. The as-prepared Cu-Ni nanowires showed de-
creased RL values with increasing molar ratios of the Ni shell, how-
ever Cu-Ni nanospheres showed a reversed RL variation with the molar
ratio of the Ni shell.

In our work,220 dendrite-like and rod-like NiCu composites were
prepared by a one-pot hydrothermal process at various reaction temper-
atures (120, 140, and 160 °C). The uniform and perfect dendrite-like
NiCu obtained at 140 °C showed outstanding electromagnetic-wave
absorption properties (Fig. 12). The lowest RL (RL) of -31.13 dB was
observed at 14.3 GHz the bandwidth with the RL below -10 dB can
reach 3.4 GHz (12.7-16.1 GHz) with a thickness of only 1.5 mm. The
outstanding electromagnetic-wave-absorbing properties were ascribed
to space-charge polarization arising from the heterogeneous structure
of the NiCu composite, interfacial polarization between the CuNi and
paraffin, and vibrating micro-current dissipation originating from the
uniform and perfect dendrite-like shape.

In summary, For the CuNi as the microwave absorbing fillers, there
existed at least three advantages in comparison with metallic Ni fillers.
Firstly, due to the the high conductivity of bimetallic CuNi material, it
is just required low amounts in the polymer matrix (such as paraffin
and epoxy) to form conductive network to generate conduction loss
under microwave irradiation. In addition, the ferromagnetic bimetal-
lic NiCu connecting dielectric and magnetic losses can enhance
electromagnetic-wave absorption. Second, because of the different re-
dox potentials between Ni and Cu, the CuNi was easily expected to be
formed core-shell structure. These core-shell structures can induce
space-charge and interfacial polarization to dissipate microwave en-
ergy. Third, the Cu was prone to produce one dimensional structured
CuNi materials, which can form a dissipation microcurrent and antenna
receiver to absorb electromagnetic-wave energy.

3.2.2. Ni-polymer composite as EM absorber. Among the multi-
functionalized micro/nanostructures, electromagnetic functionalized micro/
nanostructures of conducting polymers, such as polypyrrole (PPy) and
polyaniline (PANi), are of special interest due to their potential applica-
tions in electromagnetic wave absorbing materials with the features of
controllable dielectric loss ability, ease of preparation, good environ-
mental stability.'*"?**"**® The addition of good dielectric performance
of conductive polymers such as PPy and PANi together with magnetic
performance of magnetite such as metal nickel (Ni) can effectively im-
prove the EM wave absorption of composite sphere. Meanwhile, con-
struction of a core/shell structure can further contribute to the additional
dielectric loss, namely, interfacial dielectric relaxation.

Dong et al.?*’ fabricated Ni/PANi nanocomposites by the chemical
polymerization, and the electromagnetic properties were then investigated
at 2-18 GHz. Notably, the authors stated that the permittivity of the
Ni/PANi nanocomposite displayed dual dielectric relaxations with
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Fig. 11 (a) TEM image of Ag@Ni/ SCF-BT0.05 with molar ratio of Ag*/Ni>* at 1:1; (b) HRTEM images of an individual Ag@Ni core-shell NP; (c) EDX spectra
recorded from the centre (top) and edge (bottom) regions of a single nanoparticle; (d) HAADF image and EDX cross-sectional compositional line profiles of a single
nanoparticle; (e) RL of comparison of microwave RLes of the SCF, SCF-BT0.35, and Ag; @Ni;/SCF-BT, (x = 0.05,0.18, and 0.35) with the thickness of 2 mm; (f)
Schematic diagram showing the preparation mechanism of the one-step seeding growth of Ag@Ni core-shell NPs on skin collagen fiber. (Reprinted with permission

from Ref. [213]. Copyright 2012, Royal Society of Chemistry.)

increasing content of PANi to over 15.6 wt%. This was ascribed to
a cooperative consequence of the core/shell interfaces and the dielectric
PANIi shells. Moreover, the permeability showed a strong natural reso-
nance around 2-8 GHz, which contributed to electromagnetic wave
magnetic loss. The proper matching of the permittivity and the
permeability was beneficial to the enhancement of electromag-
netic absorption. Xu et al.'*® prepared micro-structured Ni/PPy
core/shell composites through an in situ chemical oxidative poly-
merization of pyrrole (Py) monomer in the presence of Ni powder.
The permeability of Ni/PPy composites presented a natural mag-
netic resonance at 6.0 GHz. Electromagnetic absorption less than
-10 dB was found for Ni/Py = 4:1 (11-15.4 GHz) and Ni/Py = 2:1
(12-17.5 GHz). The ternary Debye relaxations for enhanced dielectric
loss induced by PPy coatings and proper electromagnetic impedance
matching due to the synergetic consequence of the Ni cores and PPy
shells contributed to the improvement of the electromagnetic absorp-
tion of the Ni/PPy core/shell composites.
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Fig. 12 RL curves of NiCu-120 (dendrites), NiCu-140 (dendrites) and NiCu-
160 (rods) paraffin composite with 40 wt% loadings with the thickness of 1.5 mm.

(Reprinted with permission from Ref. [220]. Copyright 2015, American Chemical
Society.)
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Li et al.?®® stated polystyrene@polypyrrole (PS@PPy) composite
spheres with well-defined core/shell structure were synthesized via an
in situ chemical oxidative copolymerization of pyrrole (Py) and N-2-
carboxyethylpyrrole (PyCOOH) templated by PS microspheres. Then,
by proper introducing PyCOOH as the comonomer, the authors got
uniform and complete PS@P(Py-PyCOOH)@Ni core/shell structures
through an in situ oxidative polymerization followed by the electroless
plating process. The electroless plating method can effectively increase
the incorporation contents of Ni onto the PS@P(Py-PyCOOH) micro-
spheres, which can be confirmed from Fig. 13 (a-c). The formation of
uniformed Ni shell structure enhanced the absorption performance. The
electromagnetic absorption less than —10 dB was found in 9.16-13.75 GHz
range for the PS@P(Py-PyCOOHs,) @Ni composite microspheres
with the minimum RL reached -20.06 dB at 10.69 GHz, as shown
in Fig. 13d. Moreover, the RL peaks transferred steady from the low-
frequency to high frequency range with the increasing PyCOOH con-
tent from 0 to 50%.

3.2.3. Ni-semiconductor composite as EM absorber. As above
mentioned, Ni would generate eddy current induced by microwave
in GHz range because of high conductivity. The eddy current could
lead to impedance mismatching between the materials and air space,
which could increase microwave reflection and decrease microwave
absorption. This problem is a challenge to the researchers. There-
fore, in order to optimize microwave absorption ability, an efficient
strategy is to cover the magnetic Ni particles by an inorganic and
nonmagnetic coating to create a core/shell microstructure. Espe-
cially, for the semiconductor shell, which not only can bring dielec-

Engineered Science

tric loss and good impedance match, but also can induce additional
absorption mechanism because of similar energy band with micro-
wave as well as providing protective shell, has stimulated numerous
interests. It is well supposed that the semiconductor could be catego-
rized in oxide semiconductor and non-oxide semiconductor. Thus, we
will classify this section into two topics: electromagnetic absorption of
Ni/oxide semiconductor and electromagnetic absorption properties of
Ni/non-oxide semiconductor.

3.2.3.1. Ni/oxide semiconductor composite as EM absorber. There
are numerous publications about electromagnetic absorption properties
of Ni/oxide semiconductor composite, such as Ni@SiO,,?*°
Ni@Zn0, 82023 Ni@Ti0, 27 Ni@Cu0, % Ni@ALO, 2224
Ni@Mn0, 2> Ni@Ni,03, 0% and Ni@SnO,50o+108157.158.178
composites. In these kind of core-shell Ni based composites, the mag-
netic materials acted as cores, which enhance the permeability of the
composites, result in the increase of the magnetic loss. The dielectric
materials as shells, which acts not only as a center of electric polariza-
tion but also as an insulating matrix between the magnetic particles,
give rise to the enhanced dielectric loss and good impedance match.

32311 Ni@SiO, composite. Gong et al > fabricated Ni/SiO,
nanocomposites with tunable composition by a facile one-step wet
chemical process. The results showed that the magnetic and electro-
magnetic properties of the core-shell Ni@SiO, hybrid materials were
all highly associated with SiO, content. Because of the enhanced inter-
facial polarization between Ni and SiO, nanoparticles and the mag-
netic resonance phenomenon, the as-obtained Ni/SiO, nanocomposites
with an appropriate content of SiO, presented dramatically enhanced

Reflection Loss (dB)

JO S PPy PPy CO0Ms yu NI
o PSa SPyCOOIL & NI
v PPyCOOHS) «NI
[~ PS & PPy PPYCOOM

28 4y Y T Y T v T v

2 4 6 s 10 12 " 16 18

Frequency (GHz)

Fig. 13 SEM images of (a) PS@P(Py-PyCOOH,)@Ni, (b) PS@P(Py-PyCOOH,5)@Ni and (c) PS@P(Py-PyCOOHs,)@Ni core/shell microspheres; (d) Calculated RL of
PS@P(Py-PyCOOH) »5 50)@Ni and PS@P(Py-PyCOOH,)) composite spheres. (Reprinted with permission from Ref. [228]. Copyright 2013, American Chemical Society.)
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magnetic loss and dielectric loss as well as suitable electromagnetic
match, showing promising potential as electromagnetic absorbents.

We also prepared the amorphous SiO,-coated Ni composite micro-
spheres and also investigated their electromagnetic properties.” Thanks
to the presence of the insulator SiO, shell, the core-shell Ni@SiO,
composites displayed better antioxidation capability than that of pure
Ni microspheres (Fig. 14a). For the EM properties of Ni@SiO, com-
posite microspheres, an optimal RL (RL) as low as -40.0 dB (99.99%
absorption) was observed at 12.6 GHz with an absorber thickness of
only 1.5 mm. The effective absorption (below -10 dB, 90% electro-
magnetic wave absorption) bandwidth can be tuned between 3.1 GHz
and 14.4 GHz by tuning the absorber thickness in the range of 1.54.5 mm
(Fig. 14b). The excellent electromagnetic wave absorption abilities of
Ni@SiO, composite microspheres are attributed to a higher attenua-
tion ability, Debye relaxation, interface polarization of the core-shell
structure and synergistic effects between high dielectric loss and high
magnetic loss.

3.2.3.1.2.  Ni@ZnO composite. ZnO nano-structural materials may
have potential applications in electromagnetic wave absorbing materials
because of the light weight and semiconductive properties, and its fac-
ile mass synthesis can be easily realized.”****° Therefore, when the
Ni particles were coated by ZnO shell, the electromagnetic properties
of Ni may be enhanced, correspondingly. Liu et al.>>* prepared Ni/
ZnO nanocapsules through a modified arc-discharge technique, and the
electromagnetic characteristics of Ni/ZnO nanocapsules were investi-
gated at 2-18 GHz. The dual nonlinear dielectric resonance and strong
natural resonance at 16.6 GHz made a contribution to excellent electro-
magnetic absorption. The RL below -20 dB could be found in 14-18 GHz
for an absorber thickness of 2.05 mm. The equivalent circuit model
was applied to describe the dual nonlinear dielectric resonance, which
was attributed to a cooperative consequence of the core/shell interfaces
and the dielectric ZnO shells.

The effect of ZnO morphology on the electromagnetic properties
of Ni/ZnO was investigated by our group.”® Three different morpho-
logies of Ni/ZnO composites were successfully prepared by a hydro-
thermal method. The morphologies of ZnO nanostructures can be readily
controlled by adjusting the amounts of NH;3-H,O (Fig. 15a), and the
ZnO morphology played a significant influence on the electromagnetic
absorption properties. The core-shell structured Ni/ZnO with polyhe-
dron ZnO coating showed significantly higher dielectric loss, magnetic
loss and excellent absorption properties in comparison with the other
two Ni/ZnO composites. The maximum microwave loss was -48.6 dB
at 13.4 GHz with the thickness of 2.0 mm (Fig. 15b), and the bandwidth
with RL less than -10 dB can reach 6.0 GHz. The excellent microwave-
absorption properties mainly resulted from the efficient cooperation be-
tween dielectric loss and magnetic loss, large attenuation constant, as well
as the multipolarization of the core/shell interface.

Wang et al.''® fabricated flower-like ZnO coated by Ni nano-
particles by the reduction of NiO coated ZnO produced via an atomic
layer deposition (ALD) method. The structure and electromagnetic (EM)
absorption properties of the as-prepared samples were investigated. The
as-prepared ZnO@Ni composites showed superior EM wave absorbing
characteristics in comparison with those of ZnO. The effective absorption
bandwidth below -10 dB reached 5.3 GHz for ZnO@Ni with a thickness
of only 1.5 mm. Furthermore, when the match thickness was 2.0 mm, the
minimum RL was -48.0 dB at 10.4 GHz, as shown in Fig. 16. The excel-
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lent absorption ability of ZnO@Ni composites resulted from the integra-
tion of multiple dielectric-magnetic loss induced by the unique structure.

3.2.3.1.3. Ni@TiO, composite. Nowadays, titanium dioxide
(TiO,), a classical and important metal oxide, has been widely used
in electromagnetic absorption.’*®**!2> Eor instance, Chen et al.>'
reported hydrogenated TiO, is an excellent electromagnetic properties
candidate benefiting from a collective-movement-of-interfacial dipole
mechanism which induces the collective interfacial polarization
amplified electromagnetic absorption. Liu and co-workers have synthe-
sized composite microspheres with Fe;O,4 cores and hierarchical TiO,
shells and the Fe;0,@TiO, core-shell microspheres exhibited a much
lower RL and wider absorption frequency range than pure Fe;0g."
Chen and co-workers have successfully prepared Fe;O4/TiO, core/shell
nanotubes with excellent electromagnetic wave dissipation properties.”®
The main characteristic feature of the TiO, is that it is dielectric loss ma-
terial, while the dominant dipolar polarization and the associated relaxa-
tion phenomena contributed to the loss mechanisms. Thus, combined
magnetic Ni with dielectric TiO,, we could obtain enhanced electro-
magnetic absorption properties of Ni/TiO, composite.

In our study,237
phases of TiO, (anatase, rutile) were prepared via solvothermal synthesis
and an annealing process, in Fig. 17(a-d). The oxidation resistance of
the rutile TiO,-coated Ni composite was better than that of the pure Ni
microsphere. Compared with pure Ni, the electromagnetic absorption
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Fig. 14 (a) TG patterns of the Ni and Ni@SiO, composite microspheres; (b) RL
curve of Ni@SiO, paraffin composites with different absorber thicknesses; Inset is
SEM of core-shell Ni@SiO, composite. (Reprinted with permission from Ref. [95].
Copyright 2015, Royal Society of Chemistry.)
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properties can be significantly enhanced no matter coating with anatase or
rutile TiO, shells. Among the two core-shell structural Ni@TiO, com-
posites, rutile TiO, coated Ni (Ni-R) displayed better electromagnetic
absorption ability, in Fig. 17(e,f). The minimum RL of Ni-R composite
microspheres with a thickness of 1.8 mm reached -38.0 dB at 11.1 GHz,
and the absorption bandwidth with RL below -10 dB was 9.5 GHz
when considering thicknesses of 1.0-2.5 mm. The enhanced absorption
capability arose from the efficient complementarities between the mag-
netic loss and dielectric loss, multiple interfacial polarization, high ther-
mal conductivity of rutile TiO, and microwave attenuation capability.

We also prepared the core-shell Ni/ anatase TiO, with tunable
crystal structure of TiO, at various solvothermal reaction times.?*> The
electromagnetic absorption performances of Ni/TiO, composites were
influenced by the crystallinity of TiO, shells. The Ni/TiO, prepared at
36 h exhibits the best electromagnetic absorption properties, which
was attributed to good impedance match and high thermal conductiv-
ity. The minimum RL was -16.9 dB at 14.1 GHz and the absorption
bandwidth with RL below -10 dB was up to 2.4 GHz (from 13.1 to
15.5 GHz) for a thickness of 2.5 mm. Furthermore, we fabricated core—
shell Ni/anatase TiO, heterostructures at different contents of TBOT.>®
The amount of TiO, played a vital role on the electromagnetic absorp-
tion properties of Ni/TiO, composite. The Ni/TiO, composite prepared
at 2.0 mL TBOT exhibited strong EM absorption properties (RL below
-10 dB) in the 4.5-17.7 GHz range with corresponding absorber thick-
nesses of 1.5-4.0 mm. The excellent electromagnetic absorption proper-
ties were due to the proper complementarities between magnetic loss
and dielectric loss, geometrical effect, the natural resonance and multiple
polarization.

(a)

N,H, H,0
NiZ*

CH;COONa Reduction

~
o
~
o
]

& -104
3
B 204
Q
'J .
87307
g
S -40-
é 4
-50 4
-60 ————

Engineered Science

3.2.3.1.4. Ni@CuO composite. Liu et al.**® reported CuO/
Cu,0O-coated Ni nanocapsules with Ni nanoparticles as cores and
amorphous CuO/Cu,0 as shells were synthesized by the arc discharge
method. The dielectric relaxation of the CuO/Cu,O shell and the
interfacial relaxation between the CuO/Cu,O shell and the Ni core lead
to dual nonlinear dielectric resonance. The authors found that the RL
less than -20 dB can reach at 2.0-18.0 GHz with a thickness between
1.0 and 8.4 mm for paraffin-nanocapsule composites, consisting of
40 wt% Ni nanocapsules, and an optimal RL value of -47.8 dB was
observed at 14.4 GHz on a specimen with a matching thickness of
1.20 mm. The frequency of the microwave absorption complied
with the quarter-wavelength matching model.

We synthesized hierarchical heterostructure of Ni microspheres-
CuO nano-rices using a simple two-step process, and the CuO rices were
densely deposited on the surfaces of Ni microspheres (Fig. 18(a,b)).%
The core-shell rice-like CuO-coated Ni exhibited better anti-oxidation ca-
pability than pure Ni due to the presence of the barrier effect of the CuO
shell. In comparison with pristine Ni microspheres and CuO nano-rices,
the Ni-CuO composites exhibited better electromagnetic absorption
properties. Moreover, the amount of CuO played a vital role in the
electromagnetic dissipation ability of Ni-CuO composites. The Ni-CuO
heterostructures prepared at 0.017 M Cu®* showed the best electromag-
netic wave absorption capabilities. A minimum RL reached -62.2 dB
at 13.8 GHz with the thickness of only 1.7 mm (Fig. 18c). The effective
absorption (below -10 dB) bandwidth can be tuned between 6.4 GHz
and 18.0 GHz by tuning the absorber thickness of 1.3-3.0 mm.

3.2.3.1.5. Ni@Al,0; composite. Recent interest has been
devoted to ferromagnetic-metal/Al,O; nanocomposites, which can be

I mL NH, H,0

2 mL NH,H,0

Zn(CH;CO0),

3 mL NH,H,0

Frequency (GHz)

Fig. 15 (a) Schematic illustration of formation of various morphologies of Ni/ZnO composites; (b) Frequency dependences of RL (RL) with the thickness of 2.0 mm
for the three Ni/ZnO composites; Inset is the SEM image of Ni/ZnO composite prepared at 1.0 mL NH;3-H,O. (Reprinted with permission from Ref. [230]. Copyright

2015, Elsevier B.V.)
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Fig. 16 RL curves of the product/paraffin composites with a thickness of (a) 1.5 mm and (b) 2 mm in the frequency range of 2-18 GHz; Three dimensional representa-
tions of RL of (¢) ZnO and (d) ZnO@Ni. (Reprinted with permission from Ref. [118]. Copyright 2015, Royal Society of Chemistry.)

used as high-efficiency electromagnetic absorption materials due to the
introduction of insulating ALO3,>'**7 which suppressed the eddy-
current effect. Xu et al.* prepared Ni/Al,O; nanocomposites by the
mechanochemical synthesis method. The annealing process enlarged
the grain size of both the metal Ni and insulating Al,O; and lead to an
increase of the saturation magnetization and a decrease of the surface
anisotropy. An optimal RL of -23 dB was obtained in the as-milled
nanocomposite at 17.8 GHz for an absorber thickness of 6.6 mm. The
annealed sample exhibited a RL below -20 dB in the whole Ku-band
for an absorber thickness of 6.6-9.7 mm with an optimal RL of
-54.7 dB at 13.2 GHz for a layer thickness of 9.3 mm. The excellent
electromagnetic-absorption properties were a consequence of a proper
match of the dielectric and magnetic losses.

We fabricated the core-shell composite microspheres with Ni cores
and Al,O5 nanoflake shells by a hydrothermal deposition method
(Fig. 19(a-c)).>** A significant enhancement of electromagnetic
absorption (EMA) performance of Ni microspheres coated by the
alumina shells was achieved over the 1-18 GHz. The RL (RL) less
than —10 dB of the composite was obtained over 7.5-18.0 GHz by
tuning the sample thickness between 1.3 and 2.2 mm, and an optimal
RL of -33.03 dB was obtained at 9.2 GHz with a thin absorber thick-
ness of 2.0 mm (Fig. 19d). The coating of the dielectric alumina shell
significantly enhanced the EM absorption performance due to the en-
hancement of interface polarization between the metals and dielectric

© Engineered Science Publisher LLC 2018

interfaces, the synergetic effect between the dielectric loss and mag-
netic loss and unique flake-like dielectric alumina.

Yan et al.>’ used atomic layer deposition (ALD) to fabricate co-
axial multi-interface hollow Ni-Al,03-ZnO nanowires (Fig. 20(a-f)).
The morphology, microstructure, and ZnO shell thickness dependent
electromagnetic and microwave absorbing properties of these Ni-
AlLO3-ZnO nanowires were analyzed. Excellent electromagnetic wave
absorbing properties with a minimum RL of about -50 dB at 9.44 GHz
could be observed for the Ni-Al,O3-100ZnO nanowires, which was
10 times of Ni-Al,O3 nanowires. The electromagnetic absorption fre-
quency could be effectively varied by simply adjusting the number of
Zn0O deposition cycles. The absorption peaks of Ni-Al,0O3-100ZnO
and Ni-Al,03-150ZnO nanowire shifted of 5.5 and 6.8 GHz towards
lower frequencies, respectively (Fig. 20(g-i)). The enhanced electro-
magnetic wave absorption originated from multiple loss mechanisms
caused by the unique coaxial multi-interface structure, such as multi-
interfacial polarization relaxation, natural and exchange resonances, as
well as multiple internal reflections and scattering.

3.2.3.1.6. Ni@MnO, composite. Tang et al** investigated the
electromagnetic properties of MnO, coated nickel particles with submicron
size. In their work, nickel particles with submicron size were prepared
by using the solvothermal method. Then, these spheres were coated
with a layer of MnO, using the soft chemical method. The composites
possessed a classical core/shell structure with the MnO, superficial

Eng. Sci., 2018, 3, 5-40 | 21
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Fig. 17 (a) SEM images of Ni microspheres, (b, c) SEM images of Ni-A composite and (d) SEM image of Ni-R composite; Simulation of RL of (e) Ni-A and (f) Ni-R
paraffin-composite with different thicknesses vs. frequency. (Reprinted with permission from Ref. [237]. Copyright 2015, Royal Society of Chemistry.)

layer, no more than 10 nm in thickness. As for electromagnetic
properties, the core-shell composites had a rather small and stable
permittivity in the frequency range of 2-18 GHz. These powders
also presented a very stable real component of complex permeabil-
ity. The well coated feature of the submicron Ni/MnO, particles
contributed to these electromagnetic characteristics. Moreover, Ni/
MnO, powders exhibited desirable electromagnetic matching, which
could be enhanced through the structural modulation, such as changing
core size or shell thickness.

Huang et al.** reported that the Ni nanoplatelets with an average
diameter of 75 nm and an average thickness of 10 nm were coated
with MnO, through a simple solution phase chemical method. The
MnO,-coated Ni nanoplatelets were dispersed in paraffin wax to
form the composite samples of the magnetic filler dispersed in the

22 | Eng. Sci., 2018, 3, 5-40

nonmagnetic insulating matrix. The effect of the Ni nanoplatelet
volume fraction on the complex permittivity, complex permeabil-
ity, and electromagnetic absorption of the composites were studied
in the frequency range of 0.1-10 GHz. The complex permittivity
of the composites with different volume fractions of the Ni nano-
platelets was almost constant in the 0.1-10 GHz frequency range.
The complex permeability of the composites showed several reso-
nance peaks. Besides the natural resonance peak, the exchange reso-
nance peaks were also observed. The composite with 17% volume
fraction of Ni nanoplatelets presented excellent electromagnetic absorp-
tion properties with a minimum RL value -31 dB at 9.1 GHz for a
thickness of 2 mm and a broad absorption bandwidth of 2.3-10 GHz
(R < -10 dB). For the Ni nanoplatelet composites, the magnetic loss
was the dominant term for microwave absorption.

© Engineered Science Publisher LLC 2018
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Fig. 18 TEM and HRTEM images of the as-prepared Ni-CuO structures: (a) low magnification, inset of (a) shows the SAED pattern; (b) high magnification; inset of
(b) shows the HRTEM. (c) Comparison of RLes of the five as-obtained samples with a thickness of 1.7 mm; inset of (c) shows the SEM of Ni/CuO. (Reprinted with per-

mission from Ref. [86]. Copyright 2015, Royal Society of Chemistry.)

3.2.3.1.7. Ni@Ni>O; composite. Liu et al.>*® fabricated the
microporous Ni nanoparticles (NPs) of 22 nm by chemical dealloying
method. During the passivation process, the microporous Ni NPs
covered with NiO shell were generated as the result of surface
oxidation. The unique architectures of the microporous morphology,
core/shell structure and nanostructure (very fine crystalline) remarkably
improved the electromagnetic wave absorption properties. The microporous
Ni/NiO sample showed a much higher dielectric loss between 2 and
18 GHz and a higher magnetic loss above 10 GHz than those of the
nonporous counterpart. It exhibited high electromagnetic wave
absorption properties with a minimum RL value of -49.1 dB and
a wide absorption bandwidth of 5.8 GHz (Rl < -10 dB).

Wang et al.**” reported the enhanced electromagnetic absorbing
properties of the Ni@Ni,O5 core-shell soft magnetic particles syn-
thesized by a hydrogen peroxide oxidation method, as shown in Fig. 21.
Complex electromagnetic parameters (permittivity and permeability)
of the paraffin mixed composite were measured in the frequency range
of 0.1-18 GHz. Compared with the Ni/paraffin composite, the apparent
electrical resistivity of Ni@Ni,Os/paraffin composite increased and the
permittivity decreased dramatically. The RL of the composite below
-20 dB in the frequency range of 4.0-12.6 GHz were obtained with
the absorber thicknesses of 1.8-4.3mm, while an optimal RL of -53.5 dB
was obtained at 7.9 GHz for the thickness of 2.5 mm. The good micro-
wave absorption properties was attributed to suitable impedance match
as a consequence of the insulator Ni,O5 shell around Ni particles.

© Engineered Science Publisher LLC 2018

Quantitative calculation indicated that not only the RL peak position
but also the number of the peaks complied with the quarter-wavelength
matching model.

3.2.3.1.8. As an n-type wide-bandgap
(Eg = 3.6 €V) semiconductor, SnO, is one of the most intensively

Ni@SnO, composite.

studied materials, which are potentially used in a variety of applica-
tions in chemical, optical, electronic, and mechanical fields, due to
its unique high conductivity, chemical stability, photoluminescence,
and gas sensitivity.>>®*>%> Thus, it may be a promising electromag-
netic absorption mzlte,rizll,l4°‘263
ZnO absorbers. In our group, we used the hydrothermal deposition
method to prepared core-shell structured Ni/SnO, composites, and
the amounts of SnO, nanaoshells can be tuned by control of precur-

which is similar with semiconductor

sor.'3 138178 Compared with pure Ni microspheres, the core-shell
Ni@SnO, composites exhibited enhanced electromagnetic absorp-
tion capabilities. The outstanding electromagnetic properties were
attributed to good electromagnetic impedance match, geometrical
factors, cooperation effect between magnetic loss and dielectric loss,
multi-resonance and interfacial polarization of the core-shell struc-
tures. Moreover, the porous hollow Ni/SnO, hybrids were also pre-
pared by a facile two-step approach composed of solution reduction
and subsequent reaction-induced acid corrosion, and the hydrothermal
temperature exerted a vital influence on the phase crystal and morphol-
ogy of Ni/SnO, hybrids.®” The porous Ni/SnO, hybrid composites
exhibited superior electromagnetic absorption properties in comparison

Eng. Sci., 2018, 3, 5-40 | 23
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Fig. 19 (a) SEM image of the Ni microspheres, (b,c) SEM image of Ni/Al,O; composite particles, (d) Frequency dependence of the RL for the paraffin matrix
composites containing 40 wt% Ni/Al,O5 with different thicknesses. (Reprinted with permission from Ref. [240]. Copyright 2014, Royal Society of Chemistry.)

with pure Ni microspheres. The outstanding electromagnetic absorption
performances could be observed for the hollow porous Ni/SnO, hybrid
prepared at 200 °C. The minimum RL was -36.7 dB at 12.3 GHz and
effective electromagnetic wave absorption band (RL< -10 dB, 90%
microwave attenuation) was in the frequency range of 10.6-14.0 GHz
with the thin thickness of 1.7 mm. The excellent electromagnetic ab-
sorption properties were due to the good impedance match, much more
interfacial polarization and unique hollow porous structures, which
could result in microwave multi-reflection and scattering.

As expected, the morphology vitally affected the electromagnetic
absorption performance of absorbers. By analysis of the above men-
tioned EM properties of Ni/SnO,, one can find that we just focused
on the SnO, nanospheres as shell. To observe the effect of shell
morphology change on the EM properties of Ni/SnO, composite, we
prepared a novel heterostructure composed of SnO, nanorods grown
on a Ni submicron sphere by a simple two-step method (Fig. 22 (a-c)).”°
SnO, nanorods were perpendicularly grown on the surfaces of Ni
spheres and the density of the SnO, nanorods could be tuned by sim-
ply varying the addition amount of Sn** in this process. When the cov-
erage density of SnO, nanorod was in an optimum state (diameter of
10 nm and length of about 40-50 nm), the optimal RL (RL) of electro-
magnetic wave was -45.0 dB at 13.9 GHz and the effective bandwidth
(RL below -10 dB) could reach 3.8 GHz (12.3-16.1 GHz) with the ab-
sorber thickness of only 1.8 mm (Fig. 22d). In this work, SnO, nano-
rods played at least three roles in ameliorating electromagnetic wave

24 | Eng. Sci., 2018, 3, 5-40

absorption properties. Firstly, introducing SnO, into this system can
tune the complex permittivity of Ni/SnO, composites to improve im-
pedance match. Secondly, the core-shell structure between nickel and
SnO, can cause additional space charge polarization and interfacial po-
larization, as shown in Fig. 22e, which was beneficial for enhancing
microwave absorption. Thirdly, the SnO, nanorods were supposed to
consider as antenna receiver to allow more microwave enter interior of
absorber.

Yolk-shell structures are regarded as typical structures of micro-
wave absorbers due to their multiple reflection and scattering dissi-
pations. A yolk-shell structure with a cavity is a distinctive kind of
core—shell structure,'®*?*"2%7 which has specific advantages of low
density, designable interspace, large surface area, and functional in-
terfaces. Compared with core-shell structures, the specific yolk-shell
structures used as electromagnetic absorbers presented much superi-
ority, such as lightweight, tunable dielectric properties, multiple re-
flection and scattering, which satisfy the current requirement of
absorbers (lightweight, thin thickness, high absorption and wideband).
It is reported that yolk-shell structured Fe304@Ti02,266 Fe3O4@Z102,267
Fe;0,@Sn0,,'** and Fe;04@copper silicate 265 exhibited enhanced
electromagnetic absorption properties compared with pristine Fe;O4
microspheres. Thus, we fabricated yolk-shell Ni@SnO, composites
with designable interspace by a simple acid etching hydrothermal
method. The unique yolk-shell Ni@void@SnO, shows outstand-
ing electromagnetic wave absorption properties. The minimum RL

© Engineered Science Publisher LLC 2018
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Fig. 20 TEM images of the Ni-Al,O3 and Ni-Al,03-xZnO nanowires obtained by sequential deposition of 20 cycles of Al,Os, different cycles of ZnO, and then a
hydrogen reduction step, (a) and (b) 0, (c) and (d) 100, and (e) and (f) 150 cycles of ZnO; RL curves of Ni-Al,O3 and Ni-Al,O3-xZnO nanowires with (g) 50 wt%, (h) 60 wt%,
and (i) 70 wt% loading at a thickness of 2.43 mm. (Reprinted with permission from Ref. [27]. Copyright 2017, Springer.)

of -50.2 dB can be achieved at 17.4 GHz with a thickness of 1.5 mm
(Fig. 23). The outstanding electromagnetic wave absorption prop-
erties resulted from unique yolk-shell structure. These yolk-shell
structures can tune dielectric properties of Ni@air@SnO, compos-
ite to achieve good impedance matching. Moreover, the designable
interspace could induce interfacial polarization, multiple reflection and
microwave plasma.

Furthermore, we also prepared yolk-shell ternary composites,
consisting of a Ni sphere as the core and dual SnO, (Ni3;Sn,) composi-
tions as the shell. The core sizes, interstitial void volumes and constitu-
ents of the yolk-shell structures can be tuned by control of the reaction
times. The formation mechanism of the yolk-shell structures were also
proposed based on time-dependent experiments. The yolk-shell struc-
tures were attributed to the cooperation between the etching reaction,
galvanic replacement reaction and Kirkendall effect. The yolk-shell ter-
nary SnO, (NizSn,)@Ni composites synthesized at 15 h showed excel-
lent electromagnetic absorption properties. The RL was shown to be as
low as -43 dB at 6.1 GHz. The enhanced electromagnetic wave ab-
sorption properties were due to the good impedance match, multiple re-
flection and scattering thanks to the voids between core and shell, and
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effective complementarities between the dielectric loss and the mag-
netic loss.

3.2.3.2. Ni/non-oxide semiconductor composite as EM absorber

3.2.3.2.1.  Ni/ZnS composite. Core-shell composites with Ni
cores (1.0 um) and ZnS nanowall shells were prepared through a
hydrothermal deposition method by our team.'*® In comparison with
Ni and ZnS particles, the Ni/ZnS composites showed the best
electromagnetic wave absorption properties. The optimal RL was
-25.78 dB at 14.24 GHz with the thickness of 2.7 mm. The RL
below -10 dB (90% microwave absorption) was 4.72 GHz (11.52-
16.24 GHz) with only thickness of 2.7 mm. The enhanced electromag-
netic wave absorption capabilities of core-shell Ni/ZnS composites
were due to good electromagnetic impedance match, interfacial relaxa-
tion and unique wall-like ZnS shells.

Subsequently, we also investigated the effect of Ni-core size
on the electromagnetic wave absorption properties of Ni@ZnS
composite.’*® The ultra-thin and crumpled ZnS nets-wrapped Ni
walnut submicrosphere spheres (500 nm) core-shell composites
were synthesized by a facile two-step process (Fig. 24(a-c)). The
morphologies and microwave absorption properties of Ni/ZnS were

Eng. Sci., 2018, 3,540 | 25
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Fig. 21 SEM image of (a) Ni micro-particle; HRTEM images of( b) Ni micro-particle and (c) Ni@Ni,O5 core-shell particle. (d) Frequency dependence of RL for the
Ni/paraffin and Ni@Ni,Os/paraffin composite at various thicknesses; (¢) dependence of RL on the thickness of the Ni/paraffin and Ni@Ni,Os/paraftin composite.

(Reprinted with permission from Ref. [247]. Copyright 2013, Elsevier B.V.)

determined by the hydrothermal temperature. Compared to pristine
walnut-like Ni particles, the core-shell Ni/ZnS composites exhibited
better electromagnetic absorption capabilities. The minimum RL of
Ni@ZnS prepared at 60 °C was -42.4 dB at 12.3 GHz. Moreover,
the effective bandwidth (RL< -10 dB, 90% microwave dissipation)
could be observed in the 11.3-15.6 GHz rang with only absorber
thickness of 2.2 mm (Fig. 24d). The outstanding electromagnetic ab-
sorption properties were attributed to good impedance match, nanosize
effect, high attenuation constant, Debye relaxation and interfacial polar-
ization of core-shell structure.

3.2.3.2.2.
also prepared novel urchin-like ZnS/Ni3S, coated Ni microspheres with
core-shell structure (Fig. 25(a-c)).”® We proposed a plausible formation

Other Ni/non-oxide semiconductor composite. We

mechanism of core-shell urchin-like architectures based on temperature
dependent experiments (in-situ Ni reaction). The electromagnetic ab-
sorption measurements showed that the urchin-like ZnS/NizS,@Ni
composite possessed the outstanding electromagnetic absorption prop-
erties compared with other ZnS/NizS,@Ni composites. The optimal
RL of -27.6 dB can be observed at 5.2 GHz and the effective absorp-
tion (below -10 dB, 90% electromagnetic absorption) bandwidth can
be tuned between 4.6 GHz and 18.0 GHz for the absorber with the
thin thickness in 0.8-2.5 mm (Fig. 25d). The enhanced electromagnetic
absorption properties were attributed to synergistic effect between

26 | Eng. Sci., 2018, 3, 5-40

dielectric loss and magnetic loss, multiple interfacial polarization
resulting from the heterogeneous structures of core-shell ternary
ZnS/NizS, @Ni composite, good impedance match and unique urchin-
like structure. Lv et al.”®® used a sulfurization method to improve the
poor impedance matching properties of Ni. Then, a novel material,
NiS/NizS, composite, was synthesized with excellent electromagnetic
absorption because of excellent dielectric loss, good impedance
matching properties and strong interfacial polarization. The RL (RL)
values that less than -10 dB were observed in the frequency range
13.8-18.0 GHz (a broad microwave absorption bandwidth of 4.2 GHz)
with only thickness of 1.8 mm. Besides, the minimum RL value was
as low as -43.0 dB at 9.1 GHz with the thickness of 2.4 mm.

In our research, we prepared a hollow three-dimensional CuS hier-
archical microspheres used Ni microspheres as template (Fig. 26).%7
Based on the time-dependent experiments, we proposed a plausible for-
mation mechanism consisting of Galvanic replacement reaction and
Ostwald ripening. The paraffin based composites containing 50 wt%
hollow CuS flowers exhibited outstanding electromagnetic absorption
capabilities. The minimal RL was -17.5 dB and the effective band-
width was 3.0 GHz with thin absorber thickness of 1.1 mm. The high
efficiency electromagnetic absorption properties originated from elec-
tric dielectric polarization and unique hollow flower-like structure.
Moreover, the hollow structures can also tune dielectric properties

© Engineered Science Publisher LLC 2018
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Fig. 22 (a) A formation mechanism of core-shell Ni/SnO, composites with SnO, nanorods grown on Ni spheres; (b) SEM and (c) TEM images of core-shell SnO,
nanorods grown on Ni composite; (d) The frequency dependence of simulated RL values of core-shell Ni@SnO, composite; (e) Schematic illustration of the interaction
of electromagnetic waves with a core-shell dielectric-magnetic Ni sphere@SnO, nanorods composite. (Reprinted with permission from Ref. [94]. Copyright 2015, American

Chemical Society.)

to obtain good impedance matching. Additionally, the two-dimensional
flakes and hollow flowers would cause more multiple reflection and
scattering, which consumed more electromagnetic energy.

3.2.4. Ni-carbon composite as EM absorber. Carbon (C) is the
fourth most abundant chemical element in the universe by mass after
hydrogen, helium, and oxygen. It is the element that is nature’s choice
as a basis for life under conditions corresponding to those of Earth’s
surface.””!
have aroused intensive attention due to their low density and good

Recently, carbonaceous electromagnetic wave absorbers

electrical conductivity. Among them, porous carbon, carbon fibers, car-
bon nanotubes (CNTs), and graphene are playing a leading role as car-
bonaceous microwave absorbers because they have excellent physical
and chemical properties such as high specific surface area, light weight,
good electrical conductivity, mechanical strength, thermal stability,
and corrosion resistance, |->7-8:11:21:2331.49.71.77.79.89.122.138,156.182.272-290
When the absorbers were designed with Ni as well as carbon mate-

rials, we may get suitable absorbing materials with the features of
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strong-absorption, wide-band and lightweight. This section intends
to review recent progresses of Ni-carbon composites, such as Ni- po-
rous carbon, Ni-carbon fiber, Ni-CNTs and Ni-graphene, for EM wave
absorption applications.

3.2.4.1. Ni-porous carbon composite. Sunny et al.>!

reported
the electromagnetic absorbing properties of nickel/carbon nanostructures
synthesized by a controlled pyrolysis method. RLes were evaluated and
found to be less than -10 dB over the entire X-band (8-12 GHz) for a
thickness of 2.2-2.8 mm. A minimum RL of 45 dB was attained for
an absorber thickness of 6.6 mm at 3.13 GHz. The space charge polari-
zation from the nickel carbon interface and intrinsic magnetic loss of
the hybrid magnetic metal carbon nanostructures were responsible for
enhanced microwave absorbing properties. The Ni/C nanocapsules with
ferromagnetic Ni nanoparticles as cores and graphite as shells, were pre-
pared by a modified arc discharge technique.”***** The graphite shell
played the double roles that makes the Ni nanoparticles free from oxi-
dation and the separator for suppressing the eddy current loss, which

Eng. Sci., 2018, 3, 5-40 | 27
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Fig. 23 Three-dimensional representation of RL values for the yolk-shell Ni@void@SnO, paraffin-based composite. Insets are the TEM image of Ni@void@SnO,

and RL of yolk-shell Ni@void@SnO, composite with the thickness of 1.7 mm. (Reprinted with permission from Ref. [94]. Copyright 2016, American Chemical
Society.)
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Fig. 24 (a) SEM image of Ni submicrometer walnuts; (b) SEM image and (c) TEM images of Ni@ZnS composite; (d) The RL of Ni@ZnS composite with various
thicknesses. (Reprinted with permission from Ref. [268]. Copyright 2015, Royal Society of Chemistry.)
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Fig. 26 Electromagnetic absorption properties of 50 wt% hollow CuS paraffin
composites with a sample thickness of 1.1 and 1.3 mm. Insets are the SEM image of
hollow CuS, three-dimensional representation of RL values, the proposed formation
process of flower-like hierarchical CuS hollow microspheres. (Reprinted with permis-
sion from Ref. [270]. Copyright 2017, Royal Society of Chemistry.)

was beneficial for the enhancement of EM absorption properties of nano-
capsules. Li et al.”®* prepared porous activated carbon ball composites
impregnated with Ni composites through the wet chemistry method with
a subsequent carbothermal reduction. With favorable magnetic loss and

dielectric loss, the as-synthesized composites exhibited outstanding elec-

© Engineered Science Publisher LLC 2018

tromagnetic wave absorbing performances. Furthermore, the electro-
magnetic wave absorption including matching frequency, RL value,
and effective bandwidth could be adjusted by changing the concen-
tration of precursor solution and the thickness of the coating.

Zhao et al.>> used an innovative, easy, and green method to syn-
thesize an electromagnetic functionalized Ni/carbon foam (Fig. 27(a-c)).
These Ni nanoparticles with a diameter of about 50-100 nm were
highly crystallized and uniformly embedded in porous graphite carbon
without aggregation. Also, the resultant foam had a high surface area
(451 m* g ") and porosity and showed a moderate conductivity (6 S/m)
and significant magnetism. Thanks to these special characteristics,
the Ni/carbon foam showed greatly enhanced electromagnetic ab-
sorption ability. The Ni/carbon foam based composite could reach
an effective absorption bandwidth (below -10 dB) of 4.5 GHz and
the minimum RL value of -45 dB at 13.3 GHz with a thickness of
2 mm (Fig. 27d). Furthermore, the absorption mechanism of the foam
was investigated in detail. The results showed that the derived strong
dielectric loss, including conduction loss, interface polarization loss,
weak magnetic loss, and nanoporosity, simultaneously made the con-
tribution to electromagnetic absorption (Fig. 27e).

Ji and his group®® prepared one-dimensional Ni@C composites
with core-shell porous structure by a facile self-template strategy. Due
to the interconnected mesoporous texture in nanorods, strengthened
interfacial polarization from core-shell structure, and better impedance
matching derived from a great deal of pores, the porous Ni@C nanorod
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Fig. 27 (a) TEM image, (b) HR-TEM image, and (c) SEAD image of the Ni/carbon foam; (d) RL curves of the Ni/carbon foam sample in paraffin matrix with an ab-
sorber thickness from 1 mm to 5 mm; (e) Schematic description of possible microwave absorption mechanisms of the Ni/carbon foam sample in the paraffin matrix.
(Reprinted with permission from Ref. [295]. Copyright 2016, American Chemical Society.)

composites exhibited perfect microwave absorption performance. The
minimum RL value of -26.3 dB can be obtained at 10.8 GHz with a
thickness of 2.3mm. Moreover, the effective bandwidth (RL<-10 dB)
can be achieved 5.2 GHz (12.2-17.4 GHz) with an absorber thickness
of 1.8 mm. Moreover, in his team, they investigated electromagnetic
properties of another porous carbon-wrapped Ni composite, which was
derived from metal-organic-frameworks (Fig. 28(a-f)).** In the work,
electromagnetic parameters were controlled through changing the car-
bonization temperature to fulfill optimized impedance matching. RL
value of -51.8 dB and an effective frequency bandwidth of 3.48 GHz
with a thickness of 2.6 mm could be obtained by Ni/C prepared at 500
°C, and RL value of -15.0 dB and an effective bandwidth of 4.72 GHz
with a thin thickness of 1.8 mm could be received by Ni/C synthesized
at 600 °C (Fig. 28(g-i)). They attributed strong absorption to the multi-
ple dissipation mechanisms including conduction loss caused mainly
by carbon, magnetic loss in Ni nanoparticles and multiple reflections
induced by porous structure.

Zhao et al.>®® fabricated the magnetic and conductive Ni/carbon
aerogels through an autocatalytic reduction process. In the composite
aerogels, the crystallized Ni nanoparticles can be uniformly coated on
the pore surface of the carbon aerogel matrix without aggregation. The
influences of Ni nanoparticles amounts on the microstructures, porous
characteristic, electrical conductivities, and magnetic properties were
investigated in detail. The results showed that the Ni/carbon aerogels
were highly porous with high specific surface area, suitable electrical
conductivities and controllable magnetism. Thanks to these features,

30 | Eng. Sci., 2018, 3, 5-40

the Ni/carbon aerogels showed enhanced EM wave absorption proper-
ties. A minimal RL of -57 dB was observed at 13.3 GHz with the
thickness of 2 mm. The dielectric loss (including conduction loss and
interfacial polarization loss), relatively weak magnetic loss, as well as good
impedance match contributed to the enhanced electromagnetic wave
absorption.

126 used the
electrospinning combined with heat treatment in an Ar atmosphere
to prepare the magnetic carbon nanofibers CNF-Ni in which the in situ
formed magnetic Ni metal nanoparticles were evenly dispersed along
nanofibers and encapsulated by ordered graphite layers (Fig. 29(a-c)).

3.2.4.2. Ni-carbon fiber composite. Xiang et al

The generated core/shell microstructure could improve the impedance
matching, EM-wave absorption properties and oxidation and corrosion
resistances of the metal nanoparticles in CNF-Ni composites. The RL
values below -20 dB were obtained in the frequency range of 3.8-18 GHz
with the absorber thickness between 1.1 and 5.0 mm for the silicone
composites containing 5 wt% CNF-Ni as filler (Fig. 29d). Moreover,
the minimal RL reach -61.0 dB at 13.1 GHz with the matching thick-
ness of 1.7 mm thanks to the efficient complementarities of complex
permeability and permittivity resulting from the magnetic metal nano-
particles and lightweight carbon, as well as the particular particle/
graphite core/shell microstructures. The results showed that the as-
synthesized CNF-Ni hybrid nanofibers had a wide absorption frequency
range, strong absorption ability, low density, and good physical and
chemical stability, which are very attractive for potential applications
in EM-wave absorbing materials.
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Fig. 28 SEM images of (a) porous Ni/C (400 °C, S400), (b) porous Ni/C (500 °C, S500) and (c) porous Ni/C (500 °C, S600); TEM images of (d) S400, (e) S500 and
(f) S600; |Zin/Zo| values of Ni/C composites with thickness of (g) 1.8 mm and (h) 2.6 mm and (i) corresponding RL values of each sample. (Reprinted with permission

from Ref. [297]. Copyright 2017, Elsevier B.V.)

Bian et al.?* employed an in situ assembly and electrochemical
deposition technology with introducing reduced graphene oxide (RGO)
into carbon fiber (CF) textiles to fabricate RGO-CF-Ni composites, in
which nickel nanoparticles were in situ grown on the carbon matrices.
Due to the presence of three-dimensional CF textiles and bi-functional
nickel nanoparticles substantially influenced the related EM properties
in the resulting hierarchical RGO-CF-Ni composite. The hierarchical
composite textiles owned a strong shielding effectiveness greater than
61 dB, showing greater advantages than conventional polymeric and
foamy shielding composites. The flexible CF-RGO-Ni composites of
all electromagnetic active components offered the unique understand-
ing of the multi-scale and multiple mechanisms in electromagnetic en-
ergy consumption.

3.2.4.3. Ni-carbon nanotubes composite. Wen et al.''® prepared
multi-walled carbon nanotubes (MWCNTs)/Ni nanopowders through a
simple chemical method. The excellent electromagnetic absorption
properties in S-band have been obtained due to proper combination of
the complex permeability and permittivity resulting from the magnetic
nanoparticles and lightweight MWCNTs. The frequency of microwave
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absorption obeys the quarter-wavelength matching model. A minimum
RL value of -37 dB was observed at 2.14 GHz on a specimen with a
matching thickness 5.19 mm. Moreover, it was also found that the RL
below —20 dB from 1.83 to 3.07 GHz for the absorber thickness be-
tween 3.77 and 6.56 mm for MWCNTs/Ni. The MWCNTSs/Ni com-
posite could be a promising candidate for lightweight microwave
absorption materials in S-band.

Tong et al.*® reported rambutan-like heterostructures consisting
of Ni microspheres coated with oriented multiwall carbon nanotubes
(MWCNTSs) were synthesized by the one-pot thermal decomposition
of a mixture of polyethylene glycol (PEG) 20 000 as carbon source
and NiO as Ni source (Fig. 30(a-c)). The growth of MWCNTSs capped
by Ni nanoparticles on the surface of the Ni nanoparticle-built micro-
spheres followed a tip-growth mode (Fig. 30(d-f)). Increasing the mass
ratio & of polyethylene glycol (PEG) 20 000 to NiO rendered not only
the increased C mass fraction but also the morphological conversion
from Ni/C film core-shell structures to rambutan-like NYMWCNT
heterostructures. Because of intensive eddy current loss and multi-
resonance behaviors, rambutan-like Ni/MWCNT heterostructures
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Fig. 29 (a) TEM image, (b) HRTEM image and (c) SEM image of the synthesized composite nanofibres CNF-Ni; (d) RL curve of CNF-Ni with different thicknesses
in the frequency range of 1-18 GHz. Insets in (a) is the SAED patterns of a single Ni nanoparticle. (Reprinted with permission from Ref. [126]. Copyright 2014, Royal

Society of Chemistry.)

with long MWCNTs exhibited significantly improved complex per-
meability and magnetic loss. The Ni/MWCNT heterostructures coated
by short MWCNTSs showed an optimal microwave absorption prop-
erty with a minimum RL value of -37.9 dB occurring at 12.8 GHz.
In particular, the absorption range less than —20 dB was over 5.0 to
9.2 GHz.

Sha et al.*' used a microwave welding method to construct the
chemical Ni—C bonding at the interface between carbon nanotubes
(CNTs) and metal Ni to provide a different surface electron distribu-
tion. Originating from the Ni-C bonding between CNTs and metal
Ni, the surface electric field distribution of the bonded metal nickel
was adjusted and favored its high-frequency EM absorption based on a
surface plasmon resonance mechanism. The Ni-CNT composite pos-
sessed outstanding microwave absorption properties in general radar
frequency (2-18 GHz) as the thickness is only 2 mm, where the ab-
sorption bandwidth with a RL less than —10 dB was up to 6.5 GHz
and the minimal RL was down to =30 dB. The absorption mechanism
was mainly due to CNTs and metal Ni in the composite, as well as the
Ni—C bonded interface.

3.2.4.4. Ni-graphene composite. Up to now, graphene, composed
of a single layer of sp>-bonded carbon atoms, has become a focus in
the searching of the lightweight and efficient EM wave absorbers.

32 | Eng. Sci., 2018, 3, 5-40

Moreover, graphene is considered to be a promising alternative to EMI
shielding materials, as it shows outstanding electrical conductivity,
large surface area, low density and high corrosion resistance.>*>~3%
Lv et al*”” and Cao et al®® have reviewed the recent progress
about EM absorption properties of graphene based materials. One
can refer to EM properties of graphene based absorbers from these
two reviews. Herein, we just review recent advances of EM absorp-
tion properties of Ni/graphene composites.

Lv et al*® fabricated Ni/reduced graphene oxide (RGO) nano-
composites via an in-situ reduction step. During the reduction process,
graphene oxide (GO) and Ni** ions were reduced synchronously, as a
result, the magnetic Ni nanoparticles were dispersed in nonmagnetic RGO
homogeneously. Benefiting from the cooperative effect between RGO
and Ni, the as-fabricated Ni/RGO composites exhibited enhanced EM
absorption performance in comparison with the individual composi-
tions due to the enhancement of the electromagnetic wave loss properties
and the enhanced electromagnetic impedance matching. Lai et al.>!°
applied a facile one-step solvothermal reduction approach to prepare
Ni microspheres decorated reduced graphene oxide (RGO). The
electromagnetic parameters revealed that the samples exhibited tunable
electromagnetic absorption properties through adjusting the initial con-
centrations of nickel salt. With the matching thickness of 1.2 mm, the
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Fig. 30 (a, b) SEM and (c) TEM images of a typical rambutan-like particle. (d) TEM image of a typical MWCNT with catalyst particle encapsulated at the tip. The
HRTEM images of (e) the catalyst particle and (f) the MWCNT. (g-i) RL curves (RL) of wax composites containing 30% mass fractions of the samples obtained at dif-
ferent mass ratios of PEG 20 000 to NiO (3). (Reprinted with permission from Ref. [300]. Copyright 2014, Royal Society of Chemistry.)

RL (RL) of RGO-Ni achieved -31.4 dB at 14.5 GHz, and the effective
absorption band (RL<-10 dB) ranged from 13.3 to 16.0 GHz. The
excellent electromagnetic wave absorption capability could be reason-
ably described by the impedance matching characteristics and the
quarter-wavelength attenuation model.

Fang et al.>'! stated that nanostructures of nickel were deposited
on graphene nanosheet by direct electrochemical deposition. The RL
values were calculated at given thickness layer according to transmit
line theory in the range 2-18 GHz based on the relative complex per-
meability and permittivity. With the increasing of the thickness of the
samples, the matching frequency inclined to shift to the lower frequency
region, and theoretical RL become less at the matching frequency. After
decorating graphene sheet with magnetic nickel nanoparticles, the com-
posites were shown to efficiently promote electromagnetic absorbabil-
ity. The absorption value of the composites below —10 dB reached
5 GHz absorbing bandwidth with a thickness of 1.5 mm and the
maximum absorption value was —16.0 dB at 9.15 GHz. Cao et al.*'?
fabricated the Ni/graphene nanocomposites via a substrate-free,
atmospheric-pressure chemical vapor deposition process. The as-
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grown thin graphene sheets were produced in large scale with the
thickness of ~2 nm, and they were decorated with numerous Ni/
graphene core-shell nanoparticles. The electromagnetic absorp-
tion abilities of such Ni/graphene composites were investigated,
and the maximum absorption was around —13 dB, and the absorb-
ing characteristics could be modulated by varying the thickness of
the nanocomposite absorbers for application in different frequency
bands.

Wang et al."*® used an atomic layer deposition (ALD) method to
synthesize Ni/graphene composites (Fig. 31(a-c)). The surfaces of
graphene were densely covered by Ni nanoparticles with a narrow
size distribution, and the magnetic nanoparticles were well distrib-
uted on each graphene sheet without significant conglomeration or
large vacancies. The coated graphene materials exhibited remarkably
improved electromagnetic absorption properties compared to the
pristine graphene. The minimum RL of 200-Ni/G was -21.1 dB at
15.1 GHz and the bandwidth corresponding to RL below -10 dB
was higher than 3.8 GHz at a thickness of 2.0 mm (Fig. 31d). The
enhanced absorption ability originated from the effective impedance
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RL curves of the product/paraffin composites with a thickness of 2.0 mm. (Reprinted with permission from Ref. [138]. Copyright 2017, Springer.)

matching, multiple interfacial polarization and increased magnetic
loss from the added magnetic constituents.

Zhu et al.*"® reported a facile microwave assisted heating approach
to produce reduced graphene oxide-nickel (RGO-Ni) composites. The
results showed that Ni nanoparticles with a diameter round 20 nm were
grown densely and evenly on the RGO sheets. In addition, enhanced
electromagnetic absorption properties in Ku-band of RGO-Ni composites
was mainly resulted from the synergistic effect of dielectric loss and
magnetic loss and the dramatically electron polarizations induced by
the formation of large conductive network. The optimal RL of RGO-
Ni composite with the thickness of 2 mm could reach -42 dB at
17.6 GHz. Liu et al.*' reported urchin-like Ni nanoparticles/reduced
graphene oxide (u-Ni/RGO) composites were synthesized through a
facile one-pot solvothermal method to reduce graphene oxide (GO)
and nickel salt with hydrazine hydrate in ethylene glycol (EG). The
resulting electromagnetic (EM) absorption properties showed that
the optimal RL of u-Ni/RGO composites was up to -32.1 dB at
13.8 GHz and the absorption bandwidth with the RLIess than =10 dB
was 4.5 GHz (from 10.9 to 15.4 GHz) with the thickness of 2 mm.
Interestingly, the RL curve exhibited two obvious peaks. The remark-
able EM absorption properties of u-Ni/RGO composites could be
attributed to the multiple absorbing mechanisms including multi-
interfacial polarization, better impedance matching between the
dielectric loss and magnetic loss, polarization relaxation, residual
defects and groups in RGO.

Yuan et al.*'> developed a facile strategy for preparation of nickel
particle encapsulated in few-layer nitrogen doped graphene supported

34 | Eng. Sci., 2018, 3, 5-40

by graphite carbon sheets (NI@NG/NC) as a high performance
electromagnetic wave absorbing material (Fig. 32(a-d)). The fabri-
cated hetero-nanostructures exhibited excellent EM absorption property
including strong absorption capability and lightweight feature. The ef-
fective bandwidth could reach 8.5 GHz at the thicknesses of 3.0 mm
for the heteronanostructures with the optimized Ni content as the addi-
tion amount the hetero-nanostructures is only 20 wt% (Fig. 32(e.f)).
Furthermore, due to the nitrogen-doped graphene shell, the Ni NPs
showed robust stability against strong acidic solution and strong anti-
oxidation upon air exposure. The reason for the positive of the N doping
may be related to the different electronegativity between C and N atoms,
resulting in partial positive and negative charges in the adjacent C and N
species, respectively. Such adjacent C and N species can regard as po-
larization centers, which can enhance the dielectric loss of nitrogen-
doped carbonaceous materials upon electromagnetic wave irradiation.
Chen et al.>'® reported hexagonal close-packed Ni (h-Ni) nano-
crystals and face-centered cubic Ni (c-Ni) nanoflowers with uniform
size and high dispersion were assembled on graphene nanosheets
(GN) via a facile one-step solution-phase strategy under different re-
action conditions. The results showed that the as-formed h-Ni nano-
crystals with a diameter as small as 3 nm were grown densely and
uniformly on the graphene sheets, and thus the aggregation of the h-Ni
nanocrystals was effectively prevented. Moreover, c-Ni nanospheres
assembled by c-Ni nanocrystals with a size of 15 nm were also uni-
formly deposited on the graphene sheets. These Ni/GN nanocomposites
exhibited remarkable electromagnetic absorption performance at low or
middle frequencies (2.0-10.0 GHz). The outstanding electromagnetic
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Fig. 32 (a and b) TEM and HRTEM images of Ni@NG/NC-3:1; (c and d) TEM and HRTEM images of Ni@NG/NC-9:1. Frequency dependence RL curves for
(e) Ni@NG/NC-3:1 and (f) Ni@NG/NC-9:1. (Reprinted with permission from Ref. [315]. Copyright 2016, American Chemical Society.)

absorption performance of the Ni/GN nanocomposites may be ascribed
to the excellent electronic properties of GN nanosheets and excellent
magnetic properties of Ni nanostructures.

4. Conclusions and outlook

This review has introduced various synthesis methods, electromag-
netic attenuation theories, and electromagnetic absorption properties
of Ni-based absorbers. As a typical ferromagnetic absorbers, metal

© Engineered Science Publisher LLC 2018

Ni, due to the high saturation magnetization and high permeability
at high frequency, have attracted more attention. However, because
of the relatively high electrical conductivity, the permeability of Ni
materials decrease very rapidly at high frequency thanks to the eddy
current losses caused by the alternated electromagnetic fields, which
is generally named as skin-depth effect. There are two accepted method
to deal with this issue. One way is to decrease the size of Ni particles
or fabricate complex hierarchical shape to decrease electrical conductivity,
thus, the eddy current effect is prohibited. The other way is to compound
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with other materials to generate unique structure to tune impedance match
and electromagnetic energy dissipation ability, which would cause more
absorption and less reflection.

Ni particle has a skin depth of about 1 um over 1-5 GHz. That is
to say, if Ni particles possess sizes larger than 1 pum, then only the sur-
face part with a thickness of about 1 um contributed to electromagnetic
properties, while the remain interior portion makes no contribution.
Thus, we decrease the Ni size to less than 1 pm to obtain enhance
electromagnetic absorption performance. Furthermore, the Ni particles
were deliberately designed with hierarchical complex structure, such as
one-dimensional structure (nanowires, nano-chains), two-dimensional
structure (nano-flakes) and three dimensional structure (flowers, nano-
cones, nano-urchins), besides the decrease of eddy current effect, the
special microstructures would also be beneficial for the enhancement
of electromagnetic absorption capabilities.

Nowadays, the well accepted avenue is to blend other materials
to produce Ni based composites, such as Ni-metal composites, Ni-
polymer composite, Ni-semiconductor composite, and Ni-carbon com-
posite. In these composites, synergistic effect between dielectric loss
and magnetic loss, as well as better impedance match are favorable
for the improvement of electromagnetic properties. Furthermore, when
the unique microstructures, such as, core-shell structure, yolk-shell and
hollow porous structure, are introduced into Ni based composites,
benefiting from lightweight characteristic, interfacial polarization, mul-
tiple reflection and scattering mechanism, they would exhibit enhanced
electromagnetic properties. Additionally, one can also tune electromag-
netic properties of Ni based composites by control of the constituent
morphology.

To obtain the suitable absorbers with features of lightweight, small
thickness, strong absorption and wide bandwidth, the ferromagnetic Ni
materials should be compounded with other high dielectric or magnetic
loss materials as well as accompanying porous structure. Especially,
combing with carbonaceous (CNTs or graphene), the Ni-carbon ternary
or quaternary even more phases composite, would be the promising ab-
sorption materials. When the core-shell structure, yolk-shell or hollow
porous structure were simultaneously added into these Ni-carbon com-
posites, benefiting from multiple absorption mechanisms, the enhanced
electromagnetic wave absorption could be obtained, and this direction
would be the best choice in the future.
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