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ABSTRACT: In this work, dendritelike and rodlike NiCu alloys were prepared by a
one-pot hydrothermal process at various reaction temperatures (120, 140, and 160
°C). The structure and morphology were analyzed by scanning electron microscopy,
energy-dispersive spectrometry, X-ray diffraction, and transmission electron
microscopy, which that demonstrate NiCu alloys have core−shell heterostructures
with Ni as the shell and Cu as the core. The formation mechanism of the core−shell
structures was also discussed. The uniform and perfect dendritelike NiCu alloy
obtained at 140 °C shows outstanding electromagnetic-wave absorption properties.
The lowest reflection loss (RL) of −31.13 dB was observed at 14.3 GHz, and the
effective absorption (below −10 dB, 90% attenuation) bandwidth can be adjusted
between 4.4 and 18 GHz with a thin absorber thickness in the range of 1.2−4.0 mm.
The outstanding electromagnetic-wave-absorbing properties are ascribed to space-charge polarization arising from the
heterogeneous structure of the NiCu alloy, interfacial polarization between the alloy and paraffin, and continuous micronetworks
and vibrating microcurrent dissipation originating from the uniform and perfect dendritelike shape of NiCu prepared at 140 °C.
KEYWORDS: NiCu alloys, core−shell structure, dendrite-like shape, rod-like shape, microwave absorption, dielectric loss

1. INTRODUCTION

Nowadays, serious invisible and omnipresent electromagnetic
interference issues resulting from rapidly developing commu-
nication devices, such as mobile telephones, wireless Internet,
and military application instruments, are absolutely harmful for
the environment and human health. Moreover, this electro-
magnetic radiation plays a negative role in many sensitive
electronic devices, which induces great degradation in their
quality and interrupts their normal operation. Thus, it is
urgently needed to explore new types of materials with high-
efficiency electromagnetic-wave absorption.1,2 Electromagnetic-
wave-absorbing materials can absorb electromagnetic energy
and convert it into thermal energy or other styles of energy
through the cooperative action of magnetic loss or dielectric
loss.3,4 An ideal electromagnetic-wave-absorbing material
should have the characteristics of thin thickness, low density,
wide bandwidth, and strong absorption.5,6

A variety of materials, such as carbon-based,7,8 metal
magnetic,9,10 organic polymer,11 and semiconductor,12,13

exhibit excellent electromagnetic-wave absorption properties
in specific frequency ranges. On the basis of the loss mechanism
of the electromagnetic energy, the absorbing materials could be
classified into three categories, namely, the dielectric, magnetic,
and resistance loss types.14 Bimetallic alloys combining both the
magnetic and dielectric loss types have shown a clear advantage
in balancing the complex relative permittivity and perme-
ability.15−17 There are plentiful literatures concerning bimetallic
ferromagnetic NiCo, FeNi, and FeCo used as electromagnetic-
wave-absorbing materials with outstanding absorption proper-

ties. Yang and colleagues18 prepared FeCo nanoplates by a
chemical method, and the minimal reflection loss (RL) of the
FeCo nanoplates was −43 dB at 8.1 GHz with an absorber
thickness of 1.8 mm. Yu et al.14 synthesized the leaflike
hierarchical dendritic CoxFe1−x (x = 0.1, 0.3, 0.5, and 0.7) alloys
by an electrochemical reduction method under the electric field,
and the leaflike dendritic Co0.5Fe0.5 alloy shows the strongest
electromagnetic-wave absorption with a minimal RL of −59.1
dB. Wang et al.19 fabricated sheetlike Co3Fe7 alloy-coated
carbon fiber composites by electroplating with a minimal RL of
−48.2 dB and a thickness of 1.7 mm. In our previous work,20

one-dimensional chainlike CoNi alloys with excellent electro-
magnetic-wave absorption properties were fabricated via a
tartrate-assisted hydrothermal method. The outstanding
electromagnetic-wave absorption of −34.33 dB was observed
at 17.5 GHz with a thickness of 1.0 mm. The excellent
microwave absorption properties are ascribed to good
impedance matching, multiple polarization, and a unique
chainlike shape. Chen et al.21 designed a porous FeNi
nanocomposite using corncob powders as the template. The
porous structure of the FeNi alloy can tune the permittivity (εr)
and permeability (μr) to improve the impendence matching
between the absorber and air, and the optimal RL values of
porous FeNi absorbers is −40.8 dB. The above-mentioned
research literature studies suggest that bimetallic alloys can be
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utilized as potential electromagnetic-wave absorbing materials
with features of strong absorption, wide bandwidth, and small
thickness.
Noticeably, the morphologies of bimetallic alloys play a key

role in determining the electromagnetic-wave absorption
properties of the absorbers. Moreover, as far as we know,
there are rare reports concerning NiCu alloys applied as
electromagnetic-wave-absorbing materials. Zhang and Zeng22

prepared one-dimensional NiCu nanowires by a solution-based
epitaxial route, and the NiCu nanowires show ferromagnetic
properties, which may be utilized as microwave through
magnetic loss. The hybrid composites based on CuNi alloy
nanoparticle-decorated natural graphite were synthesized
through a simple reduction chemistry for electromagnetic
interference shielding application by Kumari and co-workers.23

In this work, dendritelike and rodlike core−shell-structured
NiCu alloys were prepared by a facile one-pot hydrothermal
process. These core−shell structures can induce space-charge
and interfacial polarization, and unique dendritelike shapes can
form a dissipation microcurrent and antenna receiver to absorb
electromagnetic-wave energy. In addition, the ferromagnetic
bimetallic NiCu alloys connecting dielectric and magnetic
losses can enhance electromagnetic-wave absorption. In these
views, this work is very promising.

2. EXPERIMENTAL SECTION
Raw Materials. All chemical reagents were commercially available

and were used without further purification. Copper chloride
hexahydrate (CuCl2·2H2O), nickel chloride hexahydrate (NiCl2·
6H2O), and sodium hydrate (NaOH) were supplied by Xilong
Chemical Reagent Co. Ltd. (Guangdong, China). Sodium hydrogen
phosphate (NaH2PO2) and ethylenediamine (H2NCH2CH2NH2,
EDA) were obtained from Tianjin Guangfu Reagent Corp. (Tianjin,
China).
Preparation of a NiCu Alloy Composite. In a typical synthesis,

the same amounts (1 mmol) of CuCl2·2H2O and NiCl2·6H2O were
dissolved in 60 mL of a 2 M NaOH solution and kept for 30 min.
Subsequently, 3 mL of EDA was added into the mixture. Then, an
appropriate amount (10 mmol) of sodium hypophosphite mono-
hydrate (NaH2PO2·H2O) was introduced into the reaction mixture.
The mixture was then transferred into a Teflon-lined autoclave. The
autoclave was sealed and heated to a suitable temperature, maintained
at this temperature for 15 h, and then cooled to room temperature.
The black NiCu products were washed and filtered off with absolute
ethanol and distilled water and then dried at 60 °C for 12 h under a
vacuum. For convenience, the final NiCu samples synthesized at 120,
140, and 160 °C were denoted as NiCu-120, NiCu-140, and NiCu-
160, respectively.
Characterization. The crystal structure and composition of as-

received samples were analyzed by X-ray diffraction (XRD; Rigaku
Ultima IV) using Cu Ka radiation. The microscopic morphology and
microstructure of the NiCu alloys were observed by transmission
electron microscopy (TEM; JEOL JEM-2100) at an acceleration
voltage of 200 kV and field-emission scanning electron microscopy
(FESEM; JEOL-7001F) associated with energy-dispersive spectrom-
etry (EDS; Oxford, UK). The electromagnetic-wave absorption
properties of the NiCu alloys with various morphologies were studied
through a network analyzer (Agilent N5244A) in the frequency range
of 1−18 GHz. The specimens applied for the electromagnetic
measurements were prepared by homogeneously blending the NiCu
alloys with paraffin wax (the weight ratio of the NiCu alloys was
around 40%), and then the mixture was pressed into a ring shape
(outer diameter of 7 mm and inner diameter of 3.04 mm). The relative
complex permittivity (εr = ε′ − jε″) and permeability (μr = μ′ − jμ″)
were obtained by the experimental scattering parameters S11 and S21
through the standard Nicolson−Ross theoretical calculations.24

3. RESULTS AND DISCUSSION
The phase and purity of the as-prepared NiCu products were
examined by XRD, as shown in Figure 1. The XRD curves in

Figure 1a,b reveal the single face-centered-cubic (fcc) structures
of the bimetallic NiCu alloys prepared at 120 and 140 °C,
respectively. The diffraction peaks located between the standard
copper and nickel (JCPDS 04-0836 and 04-0850) indicate the
mutual insertion of copper and nickel atoms.25 Upon further
observation of Figure 1c, one can see that the diffraction peaks
can be well-indexed to the mixture phases of Cu and Ni when
the hydrothermal reaction was under a temperature of 160 °C.
From the profiles of XRD, it can be found that the diffraction
peaks of Ni in the NiCu composite become strong and obvious
with increasing hydrothermal temperatures. Such a phenom-
enon may be assigned to the different standard reduction
potentials of Cu and Ni.22 Moreover, no evidence of impurities
is found in the XRD patterns of the three samples. These
results indicate that the crystal compositions of the final NiCu
products were vitally determined by hydrothermal temper-
atures.
The morphology and microstructure of the NiCu alloy

composite synthesized at 140 °C were examined by FESEM
and TEM. Parts a and b of Figure 2 exhibit the representative
FESEM images of a dendritelike NiCu alloy obtained at 140 °C

Figure 1. XRD patterns of (a) NiCu-120, (b) NiCu-140, and (c)
NiCu-160 alloy samples and standard Cu and Ni from JCPDS files.

Figure 2. (a) Low-magnification and (b) high-magnification FESEM
photographs, (c) TEM image, and (d) HRTEM image of a
dendritelike NiCu alloy composite prepared under a temperature of
140 °C. Inset of part c: HRTEM image of a dendritelike NiCu alloy.
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for 15 h. The alloys are hierarchical dendritelike micro-
structures with width and length of about 2−3 and 9−12 μm,
respectively. Upon further observation of the high-magnifica-
tion image (Figure 2b), it is seen that a single leaf is comprised
of dendritic fractal structures with a pronounced trunk and
highly ordered branches distributed on both sides of the stem.
Moreover, this dentritelike structure is duplicated in a smaller
size on each branch. Figure 2c presents a TEM image of an
individual dentritelike microstructure that reveals distinct
dendritic microleaf structures. Further structural character-
ization was analyzed by high-resolution TEM (HRTEM; Figure
2d). Owing to the diffusion of Ni atoms into the Cu lattice,
causing a rearrangement of the Cu atoms, the 5-fold twinned
crystal structure turned into a distorted or polycrystalline
structure after alloying.26 To verify the core−shell structure of
the NiCu alloy, the high-quality TEM images were provided in
Figure S1 in the Supporting Information (SI). From Figure S1
in the SI, the core−shell structure of NiCu alloys can be clearly
observed.
To get more information on the leaflike NiCu alloy

microstructure, the EDS technique were carried out, and the
results are presented in Figure 3. Figure 3 show a single

dendritic NiCu alloy and the corresponding elemental
mappings of Cu and Ni. From Figure 3b, there are mainly
Cu and Ni elements, except a small amount of O, in
dendritelike CuNi alloys. Parts c and d of Figure 3 exhibit
the elemental mappings of Cu and Ni, respectively. Both the
Cu and Ni atoms uniformly distributed in agreement with the
morphology of the dendritelike structure, which means that
there is a homogeneous phase in the NiCu alloy. However, it is
noted that the areas of Ni were bigger than those of Cu
correspondingly, which indicates that Cu was in the core of the
leaf and Ni was located in the shell, creating a special core−
shell alloy.
To uncover the influence of the hydrothermal temperatures

on the morphologies of NiCu alloy composites, two other
temperatures (120 and 160 °C) were carried out while keeping
other preparation parameters constant. Figure 4 shows the
different magnification FESEM images of NiCu alloys
synthesized at temperatures of 120 and160 °C. As shown in

Figure 4a,b, the low-magnification FESEM image (Figure 4a)
reveals that the as-obtained products at 120 °C are composed
of the plentiful dendritelike structures, indicating high yields,
that are similar to the products prepared at 140 °C (Figure 2).
However, upon close observation of the high-magnification
SEM image (Figure 4b), it can be found that the branch surface
of NiCu-120 microdendrites is rougher than that of NiCu-140
microdendrites and the NiCu-140 microdendrites grow more
uniformly than the NiCu-120 microdendrites, which is due to
the low driving energy of the nucleation of grains of low
temperature. With increasing reaction temperature to 160 °C,
interestingly, a majority of the rodlike products appear in the
final NiCu alloys (Figure 4c), which are completely different
from the products prepared at 120 and 140 °C. The nanorods
are straight with diameters in the range of 100−200 nm (Figure
4d). The as-received nanorods are very long, possessing lengths
of more than several tens of micrometers. From the above
analysis, it can be inferred that the morphologies of NiCu alloys
were largely affected by the hydrothermal temperature. It is
well-known that the temperature provides the drive energy for
nucleation of grains already formed and growth. At the low
temperature (120 °C), the low drive energy cannot supply
enough energy to make the microdendrites uniform and perfect
compared with NiCu-140. The mechanism for the formation of
dendritelike microstructures was similar to those of other
groups’ work.27,28 Figure S2 in the SI shows the as-obtained
products prepared without Ni2+ at 140 °C, while other
synthesis parameters are constant. It can be clearly seen that
the products consist of a dendritic Cu crystal, which validates
dendritelike NiCu. In NiCu alloys, the dendritic Cu crystal was
formed first and was regarded as the template to produce core−
shell dendritelike NiCu alloys. At high temperature (160 °C),
the rodlike structures rather than the leaflike structures are
presented in the final products. It is not entirely clear why this
transformation in the shape of NiCu alloys took place, but it is
associated with the different growth directions between Ni and
Cu.22

The dendrite NiCu-120 alloy was further characterized by
high-magnification FESEM and EDS, and the results are
exhibited in Figure 5a,b. It can be clearly seen that dendritelike
products are composed of plentiful branches (Figure 5a). The

Figure 3. (a) SEM photograph, (b) EDS profile, and (c and d)
elemental mappings of Cu and Ni corresponding to the single
dendritic NiCu alloy microleaf obtained at 140 °C.

Figure 4. (a and b) FESEM images of the dendritelike NiCu alloy
composite prepared at 120 °C. (c and d) FESEM photographs of the
rodlike NiCu alloy composite synthesized at 160 °C.
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EDS curve of the NiCu alloy composite indicates that the as-
obtained NiCu-120 alloys are made up of Ni and Cu elements.
The existence of a Si peak comes from the Si slice to support
the samples during observation. Parts c and d of Figure 5 reveal
the elemental mappings of NiCu-120 alloys. The Cu element
can be clearly seen in the core area, while the Ni element is
shown in the shell region. This validates core−shell structures
of the NiCu alloy composite.
The EDS pattern and elemental mappings of rodlike NiCu-

160 alloys are also demonstrated in Figure 6. There are mainly

Ni and Cu elements in the rodlike NiCu-160 sample. The
elemental mappings of Ni and Cu are exhibited in Figure 6c,d.
The Ni area is larger than the Cu area. This also verifies the
core−shell nature of the rodlike NiCu-160 alloy composite.
To get bimetallic core−shell microstructures, the two metal

ions should be deoxidized separately in the reaction. The core−
shell microstructures are generated by the following process.
One metal (M2) ion was first deoxidized to form the core, and

then another M1 was nucleated on the surface of M2. It is also
possible for heterogeneous nucleation of M1 particles on the
surface of M2 nanoparticles to take place because the free
energy needed for homogeneous nucleation of the single M1
nanoparticles is larger than that of heterogeneous nucleation of
the M1 particles on the M2 surface.29,30 The core−shell
bimetallic materials could be effectively generated on the basis
of separate reduction reactions in two stages through the
heterogeneous nucleation method mentioned above. In this
work, complexes such as Cu(EDA)2

2+ and Ni(EDA)3
2+ are

supposed to be occurring in solution precursors based on the
coordination chemistry of the two metals.31,32 The standard
reduction potential of nickel [E0(Ni2+/Ni0) = −0.257 V] is
lower than that of copper [E0 (Cu2+/Cu0) = 0.342 V].22,33

Thus, copper is thus more easily reduced in competitive redox
reactions. Because of the their widely differing redox potentials,
in the mixture of Cu2+ and Ni2+ in EDA complexes, Cu−Ni
core−shell microstructures were produced via the reduction of
Ni2+ at relatively high temperature after Cu core small-particle
generation at relatively low temperature.
It is commonly accepted that the electromagnetic-wave

absorption properties of materials are mainly associated with
the complex relative permeability (μr = μ′ − jμ″) and
permittivity (εr = ε′ − jε″) as well as their microstructures.34,35
The complex relative permeability and permittivity of paraffin-
based samples containing dendritelike core−shell NiCu (NiCu-
120 and NiCu-140) and rodlike core−shell-structured NiCu
(NiCu-160) as fillers are measured through a vector network
analyzer in the frequency range of 1−18 GHz (Figure 7). Parts
a and b of Figure 7 exhibit the real (ε′) and imaginary (ε″)
parts of the complex permittivities of NiCu-120, NiCu-140, and
NiCu-160 alloys. Notably, the ε′ and ε″ values of NiCu-140 are
larger than those of NiCu-120 and NiCu-160. Generally, the
imaginary (ε″) and real (ε′) parts are associated with
dissipation of the electromagnetic energy and amount of
polarization existing in the material under the alternating
electromagnetic fields.36 The relative high ε′ and ε″ values of
the NiCu-140 alloy indicate the high storage and loss ability of
the microwave energy. The dielectric properties of the material
are dependent on the space-charge polarization (heterogeneous
structure in the system) and ionic, electronic, and dipole
polarizations (the presence of dipoles).37 However, the
electronic and ionic polarizations were not considered because
the two-polarization phenomenon usually occurs in the
ultraviolet or IR frequency range.38 According to the free-
electron theory,39 ε″ ≈ 1/πε0ρf, where ρ is the resistivity, it can
be deduced that high ε″ means low resistivity. From the above
results, it can be deduced that uniform and perfect leaflike
NiCu alloys have relatively high conductivity, which may arise
from the formation of a microcurrent under alteration of the
electromagnetic field.40 In general, a suitable electrical
conductivity is favorable for enhancement of the electro-
magnetic-wave absorption abilities.41 Moreover, the ε′ and ε″
values of the three NiCu alloy samples show fluctuation in the
entire frequency. Such phenomena, attributed to dipole
polarization, cannot catch up with the electric field change at
high frequencies.42 Notably, the similar shapes of dendritelike
NiCu-120 and NiCu-140 show the same trend in the complex
permittivity, which is absolutely different from the rodlike
NiCu-160 alloy. Furthermore, for the ε″ values, the relaxation
of NiCu may stem from interfacial polarization. The interfacial
dipoles mainly result from the core−shell structure, which
exists among Ni and Cu interfaces.43 The resonance peaks

Figure 5. (a) SEM image, (b) EDS curve, and (c and d) elemental
mappings of Ni and Cu corresponding to the single dendritelike NiCu
alloy obtained at 120 °C.

Figure 6. (a) SEM image, (b) EDS curve, and (c and d) elemental
mappings of Ni and Cu corresponding to the rodlike NiCu alloys
obtained at 160 °C.
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(Figure 7d) observed in the complex permeability are expected
to be correlated with local confinement, natural resonance, and
exchange resonance loss.44

The real (μ′) and imaginary (μ″) parts of complex relative
permeability of the three NiCu sample−paraffin composites are
shown in parts c and d of Figure 7, respectively. For the real
parts (μ′), it can be seen that three NiCu alloys show the
decline tendency in the whole measured frequency of 1−18
GHz (Figure 7c). The μ′ values of the NiCu-120, NiCu-140,
and NiCu-160 alloys are in the ranges of 1.12−1.42, 1.07−1.36,
and 1.16−1.27, respectively. For the leaflike NiCu-120 and
NiCu-140 alloy samples, the μ″ values exhibit strong fluctuation
in the entire frequency of 1−18 GHz, and a strong resonance
can be observed at around 12 GHz in NiCu-120 and NiCu-140,
which is ascribed to the unique dendritelike microstructures.14

For the NiCu-160 sample, the μ″ value is in the range of 0.01−
0.10 with negligible fluctuation. Notably, the μ″ value is less
than zero in the 14−18 GHz range for the leaflike NiCu-120
and NiCu-140 samples, which is attributed to the electro-
magnetic field-induced eddy current. The eddy current will
induce additional magnetic fields, which cancel the external
magnetic field, causing negative permeability.45 Moreover, from
Figure 7b,d, it is noted that the change trend of the permittivity
is just inverse to the permeability. The negative μ″ indicates
that the magnetic energy is given out and converted to the
electric energy, which can greatly enhance ε″ and then results
in negative μ″.46
The magnetic loss tangent (tan δμ = μ″/μ′) and dielectric

loss tangent (tan δε = ε″/ε′) are universally applied to evaluate
the loss capacity of the microwave energy.4,47 The high values
of tan δμ and tan δε mean high magnetic and dielectric losses.
Parts a and b of Figure 8 depict the dielectric loss tan δε and
magnetic loss tan δμ for the core−shell NiCu alloys,
respectively. As shown in Figure 8, the leaflike core−shell-
structured NiCu-140 alloy possesses higher dielectric loss and
relatively high dielectric loss compared with the other two

samples NiCu-120 and NiCu-160. On the basis of the above
results, it can be deduced that the dendritelike core−shell NiCu
alloys (NiCu-120 and NiCu-140) have better loss abilities of
the microwave energy than the rodlike core−shell NiCu alloy
(NiCu-160).
Because of the heterogeneous systems of core−shell NiCu

alloys, the migrating charges existing at the interface of Ni and
Cu give rise to interfacial polarization, which is known as
Maxwell−Wagner polarization.48 It is well-known that inter-

Figure 7. Frequency dependences of the (a) real and (b) imaginary parts of complex permittivity and the (c) real and (d) imaginary parts of complex
permeability for various NiCu alloy composites prepared at different temperatures.

Figure 8. (a) Dielectric and (b) magnetic loss factors of core−shell
NiCu alloy paraffin composites versus frequency.
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facial polarization and its associated relaxation will favor the
electromagnetic-wave absorption property, which can be
validated by the Cole−Cole semicircle.49,50 On the basis of
Debye dipolar relaxation, the relative complex permittivity can
be described by the following equation:51,52
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ε ε
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Therefore, the curve of ε′ versus ε″ is a single semicircle,
which is generally called the Cole−Cole semicircle, and each
semicircle is correlated with one Debye relaxation process.53

Parts a−c of Figure 9 show the Cole−Cole semicircles (ε″ vs
ε′) for three core−shell NiCu alloy composites in the frequency
range of 1−18 GHz, from which four Cole−Cole semicircles
are observed for the dendritelike NiCu alloys (NiCu-120 and
NiCu-140) and three semicircles existing in the rodlike NiCu-
160 alloy. These results demonstrate that multiple dielectric
relaxation processes take place in the NiCu alloy, which is
ascribed to the core−shell structure and unique dendritelike
and rodlike shapes. According to the Cao and co-workers
reports,54−56 the relaxations originate from the interfacial

polarizations among core−shell alloys, as well as the dipole
polarizations caused by the defect dipole induced by the
existence of an unbalanced charge between Ni and Cu lattices
when the alloy absorbers are under an electromagnetic field.
These shapes can provide large surface area and tune the
complex permittivity, which allow the electromagnetic wave to
enter the absorber as much as possible, namely, called a good
impedance match.2

In general, the magnetic loss of microwave-absorbing
material is mainly sourcing from the hysteresis loss, domain
wall resonance, eddy current effect, and natural resonance.57

Because of the weak electromagnetic field, the hysteresis loss
can be excluded.58 The magnetic domain wall resonance can be
neglected because its contribution at microwave frequency is
very small.59 Therefore, the electromagnetic loss of the NiCu
alloy was primarily attributed to the eddy current effect or
natural resonance. If NiCu magnetic loss results from the eddy
current effect, then C0 [C0 = μ″(μ′)−2f−1 = 2πμ0σd

2/3] should
be constant.60 The values of C0[μ″(μ′)−2f−1] versus measured
frequency of three NiCu alloys are presented in Figure 9d.
However, the value decreases with increasing frequency. Thus,
the magnetic loss of NiCu alloys was mainly originating from
the natural resonance.
In order to obtain the high-efficiency electromagnetic-wave

absorption properties, there are two points that should be
considered. One is the impedance match, which makes the
electromagnetic wave enter the interior of the absorber as much
as possible. The other factor is the electromagnetic-wave
attenuation in the interior of the absorber. The attenuation
constant α, determining the dissipation properties of electro-
magnetic-wave-absorbing materials, can be expressed by61,62

Figure 9. (a−c) Typical Cole−Cole semicircles (ε″ vs ε′) for three core−shell NiCu alloy composites in the frequency range of 1−18 GHz. (d)
Value C0 [μ″(μ′)−2f−1] of NiCu alloy composites as a function of the frequency.
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where f and c are the frequency and velocity of light,
respectively. Figure 10 shows the attenuation constant α of

three samples in the frequency range of 1−18 GHz. It is
noticeable that the NiCu-140 paraffin composite possesses the
largest attenuation constant among the three samples in the
measured frequency range, which validated its outstanding
absorption.
To evaluate the microwave absorption properties of three

NiCu alloys with different shapes, the RL (the lower the value,
the stronger the absorption), which was used to judge the
absorption abilities of the absorber, can be calculated according
to the relative permeability and permittivity with the given
frequency and absorber thickness, through the following
equation:63,64
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where Z0 is the impedance of free space, Zin the input
impedance of the absorber, f the measured frequency, c the
velocity of electromagnetic waves in free space, μr the complex
relative permeability, εr the complex relative permittivity, and d
the thickness of the absorber. The results are presented in
Figure 11. Figure 11a shows the RL curves of NiCu-120, NiCu-
140, and NiCu-160 paraffin composites with 40 wt % loading
and a thickness of 2.0 mm. The NiCu-140 alloy shows stronger
electromagnetic-wave absorption properties than the NiCu-120
and NiCu-160 alloys. The minimal RL of NiCu-140 is −15.39
dB at 10.1 GHz. Interestingly, the optimal RL of the three
core−shell NiCu alloys can be observed at around 10 GHz,
which may stem from the natural absorption properties of the
NiCu alloys.23 It can be also seen that there is a small difference
in the RL curves, which is due to the influence of the various
shapes of the three NiCu alloys. From the above equations, the
thickness of the absorbing materials will affect the values of RL
and the location of maximum absorption. Hence, the RLs of the
three NiCu samples with different thicknesses were also
calculated. Compared with NiCu-120 (Figure 11b) and
NiCu-160 (Figure 11d), NiCu-140 (Figure 11c) reveals
outstanding electromagnetic-wave absorption properties. As
shown in Figure 11c, the minimal RL of −31.13 dB can be
observed at 14.3 GHz and 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 electromagnetic-wave absorption
bandwidth with the RL below −10 dB can be adjusted from
4.4 to 18 GHz for the absorber with a thin thickness of 1.2−4.0
mm. Notably, with increasing thickness, the frequency
corresponding to the minimal RL peaks would move toward
low frequencies and two RL peaks would be observed with
increasing thickness of more than 4.0 mm. This can be well
explained by the quarter-wavelength cancellation model.34,65

Figure 10. Attenuation constant of three core−shell NiCu alloy
paraffin composites versus frequency.

Figure 11. (a) RL curves of NiCu-120, NiCu-140, and NiCu-160 paraffin composites with 40 wt % loading and a thickness of 2.0 mm. (b−d) RL
curves of 40 wt % NiCu-120, NiCu-140, and NiCu-160 wax composites at various thicknesses in the frequency range of 1−18 GHz.
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The excellent electromagnetic-wave absorption of the core−
shell dendritelike NiCu alloy can be attributed to good
impedance match, multiple polarization relaxation, dielectric
loss, and natural resonance. Besides the above-mentioned
factors, the unique dendritelike structure is also helpful for the
improvement of electromagnetic-wave absorption. First,
connections between leaflike particles could lead to the
formation of continuous micronetworks and vibrating micro-
current when radiated from the alterative electromagnetic field.
Second, dendritelike structures can act as quasi-antenna
receivers, benefiting from the penetration of electromagnetic
waves into the absorbers.40 However, for the imperfect
dendritelike NiCu-120 and rodlike NiCu-160, low fillers of
NiCu alloys in the paraffin composites cannot link with each
other, which results in relatively high resistivity, and the
conduction loss (important dielectric loss in the metal
materials) would be negligible. These results suggest that the
electromagnetic-wave absorption capabilities of NiCu alloys can
be tuned by control of the morphologies of the NiCu products.

4. CONCLUSION
In summary, the dendritelike and rodlike NiCu alloys have
been successfully synthesized at different hydrothermal temper-
atures. The as-prepared NiCu alloys display a core−shell
structure, which is attributed to the different reduction
potentials of Ni and Cu. The unique leaflike core−shell
structure of NiCu-140 exhibits outstanding microwave
absorption properties compared with NiCu-120 and rodlike
NiCu-160, the minimal RL is −31.13 dB at 14.3 GHz, and the
absorption bandwidth (RL less than −10 dB) can reach 3.4
GHz in the frequency scope of 12.7−16.1 GHz with an
absorber thickness of only 1.5 mm. This work provides an easy
method to design potential and excellent electromagnetic-wave
absorption materials with high-efficiency absorption, small
thickness, and wide absorption bandwidths.
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