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Quasi-one-dimensional (Q1D)nickel nanostructures were prepared by a facial wet chemical process, and
then the nickel chains/polyvinylidene fluoride (PVDF) composites were fabricated using the hot-molding
procedure. Both the complex permittivity and permeability of the Ni/PVDF composites could be artificially
adjusted by changing the nickel proportions, which contribute to enhancing the microwave absorption.
An excellent reflection loss (RL) of —42.08 dB at 7.4 GHz with a low filler loading(20 wt%)and effective
bandwidth (RL<— 10dB) of 10.7 GHz in the thickness range of 2-5 mm was obtained, which is expected
that Ni/PVDF nanocomposites can be used as a novel and highly efficient microwave absorbers.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Recently, due to the tremendous utilization of electronic devices
in commercial and military fields, electromagnetic (EM) pollu-
tion has become one of the major environmental pollution, not
only causing electro-magnetic interference with electronic devices
but also resulting in negative effective to human health [1-3]. To
solve this pollution, many researchers have been devoted enor-
mous attention to effective microwave-absorbing materials with
strong EM wave absorption capacity, broad absorption frequency,
low density, excellent mechanical strength and high thermal stabil-
ity [4]. Therefore, a variety of microwave absorption materials, such
as carbon materials [5], graphene-based materials [6-8], semicon-
ductor nanomaterials [9,10], metallic magnets [11], ferrites [12]
and their hybrids [13-16], have been prepared successfully and
displayed good microwave absorption performances. However, in
some case, their drawbacks, such as large filler content, complex
formation process, low yield or narrow absorption bandwidth, have
severely restricted their use in practical applications. Among all
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the candidates for the purpose of microwave attenuation, rep-
resentative metallic magnetic materials still have its fascinating
advantages in some ways. For examples, Wen et al. [17] synthe-
sized a series of cobalt particles through a liquid reduction process
and the maximum absorption reflection loss can reach as high
as —48.03dB at 13.61 GHz. Yang et al. [18] milled commercially
availablea-Fe powders under controlled conditions to fabricate
the flake-shaped Fe/epoxy composite absorbers. The best absorp-
tion performance is obtained, with the maximum absorption of
—42.9dB at 7.84GHz. Han et al. [19] reported the preparation of
ultra small Ni nanoparticles and Ni/polyaniline composites with
different concentrations. The optimal RL value of composites can
reach —22.98 dB at 17.8 GHz at a thin thickness of 1.0 mm.
Previous reports on various morphologies of microwave
absorbers unit indicate that the well defined shape and con-
trolled granularity of the absorber make it possible to control the
microwave properties including high frequency permeability and
resonance behaviors [11,20]. According to recent researches, quasi-
one-dimensional materials such as MnO, nanowires [21], NiCoO4
nanofibrous [22], carbon nanotubes [23,24] and so on stepped onto
the platform of wave-absorbing materials and exhibited outstand-
ing properties. As mentioned above, single-chain magnets with
quasi-one-dimensional morphology are of great potential [25,26]
as microwave absorbers because of their unique geometry and tun-
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able electromagnetic parameters. Their unique geometry with high
aspect ratio leads to the higher coercivity, which are favorable for
microwave absorption enhancement. For another hand, tunable
electromagnetic parameters can realize good impedance match,
which is a key to obtain superior microwave absorber.

As a candidate for microwave absorption, nickel has aroused
extensively interest in the field of microwave absorption due to
its large saturation magnetization and high Snoek’s limit at high
frequency band [27]. For example, Ni particles [19], core-shell
microspheres with Ni cores [28-31], and nickel alloys [32-34] have
all been reported to show good properties as EM wave absorbers.
However, as far as we know, there are rare reports concerning Q1D
Ni nanochains applied as electromagnetic-wave-absorbing materi-
als [35]. Here, we report a facile, wet chemical method to synthesis
Ni nanochains and the structures, the magnetic and microwave
absorption properties were systematically studied. It was demon-
strated that the content of fillers, as well as the type of matrix has
a profound effect on the dielectric behavior and magnetic loss of
absorbers, which in turn could influence their microwave attenu-
ation behavior. A relative lower concentration of Ni nanochains in
composites led to an outstanding microwave absorption property,
which can meet the requirement of a light-weight characteristic.
Specifically, when the Ni nanochains content reached certain crit-
ical levels, there was superior microwave absorption performance
could be realized. Moreover, the mechanism of microwave absorp-
tion has been discussed in detail.

2. Experimental section
2.1. Preparation of nanochain-like nickel products

All the reagents were analytical grade and used as purchased
without further purification. The nanochain-like Ni was prepared
in a wet chemical process developed by Wei Zhou et al. Detailed
experimental procedures are described in the following:quantities
0f 0.119 g of NiCl,-6H;0 and 0.333 g of polyvinyl pyrrolidone (PVP;
average My, 58 000) were added into 100 mL of the solvent ethy-
lene glycol (EG) with vigorous stirring at room temperature for
2.5h to form a light green transparent solution. Next, 0.265 mL of
the hydrazine monohydrate liquid (80%) was added drop by drop,
with continuing stirring from 1 to 2 h. Afterward, the solution was
heated to 196 °Cin a heating jacket and was refluxed for 3 h. Subse-
quently, the obtained precipitate was washed with ethanol several
times and then centrifugated and dried in an oven at 60 °C.

2.2. Preparation of Ni/PVDF nanocomposites

The desired amount of poly(vinylidene fluoride )(PVDF) was dis-
persed in 25 mL of N,N-dimethylformamide (DMF) on a magnetic
stirrer at room temperature for 30 min. Various contents of Ni
nanochains were added while the solution became transparent.
After ultrasonication for 10 min, the mixture was poured onto a
glass plate to form a thin film, then dried at 80°C for 3 h. The
film was pressed into toroidal-shaped sample (®oy¢ =7.00 mm and
@i, =3.04 mm) by hot-pressing at 210 °C under 5 MPa.

2.3. Measurement of microwave absorption of nanocomposites

To measure the microwave absorption properties of nanocom-
posites, the samples were prepared by uniformly mixing in paraffin
or PVDF matrix in different mass proportions andpressed into a
compact cylindrical shape (@oyt = 7.00 mm and @;,, =3.04 mm). The
electromagnetics parameters were measured with the coaxial wire
method by an Agilent N5224A vector network analyzer in the range
of 2-18 GHz.
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Fig 1. XRD patterns of the as-synthesized Ni nanochains.

2.4. Characterization

Powder X-ray diffraction (XRD) patternswere recorded using
a Rigaku Dmax2200 X-ray diffractometer with Cu Ko radiation
(A=1.5416 A) for phase analysis. The morphologies and sizes of the
Ni nanochains were characterized by scanning electron microscopy
(SEM, JEOL JSM-7001F) and transmission electron microscopy
(TEM, JEOL JEM-2010). The samples were prepared by dispersing
in ethanol anddropping onto a copper grid supported by carbon
films. Magnetic properties of thesamples were measured at room
temperature using a Lakeshore Vibrating Sample Magnetometer
(VSM, Riken Denshi Co. Ltd, Japan).

3. Results and discussion
3.1. Characterization and formation processof nickel chains

The phase information of as-synthesized sample was examined
by powder X-ray diffraction (XRD). Fig. 1 shows the XRD pat-
terns of a typical Ni nanochains sample without any impurities.
The sharp diffraction peaks located at 44.5°, 51.8° and 76.7° cor-
responding tothe (111), (200) and (220) planes, respectively, and
are well matched with the standard metallic face-centered cubic
(fcc) structure (JCPDS no. 04-0850). To investigate the microstruc-
ture and morphology of the products, SEM, TEM and HRTEM studies
were conducted. Fig. 2a and bare the representative scanning elec-
tron microscopy (SEM) images showing the quasi-one-dimensional
chain-like structures where the observed nanochains has an outer
diameter of approximately 30 nm and length up to 300 pwm. It also
can be seen that the as-prepared samples are uniform and axi-
ally aligned, aggregating to form irregularly cross-linked networks.
ShowninFig. 2¢c, the TEM image further reveals the chain-like struc-
ture with a rough surface. The selected area electron diffraction
(SAED) pattern (inset in Fig. 2c) prove single-crystal structure of
nickel. A high-resolution TEM image (Fig. 2d) shows the crystal
planes of (111)y; with a lattice spacing of 0.203 nm, also indicating
a single-crystal nature.

The formation of quasi-one-dimensional chain-like structures
could be explained based on the reaction conditions [36]. In the
systems, NyHy4-H, O acts both as a ligandand a reducing agent while
PVP molecules behaved like soft-templates during the reaction.
In the solution, Ni%*reacted with hydrazine to form Ni[(NoHg)3]%*
and the complex converted to Ni particles through homogeneous
nucleation when the temperature rises to the boiling point of EG.
These poly disperse particles had a tendency to undergo agglom-
eration and assembled into chains on account of the magnetic
dipole-dipole interaction and the template effects of PVP.
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Fig. 2. (a, b) SEM images of the as-prepared nickel nanochains; (c¢) TEM image and SAED pattern (inset) of the nickel nanochains; (d) high resolution TEM image.
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Fig. 3. Magnetization hysteresis loop of the Ni nanochains measured at room tem-
perature.

As shown in Fig. 3, the magnetic hysteresis loops (M-H loops) of
the nickel chainswere characterized at room temperature.lts val-
ues of saturation magnetization (Ms ), remanent magnetization (M;)
and coercivity (H¢) are9.95 emu/g, 2.13 emu/g, and 200 Oe, respec-
tively. Compared with other reports [20], the reduction in the M; for
ultrafine nanochains is usually ascribed to a decrease in the crys-
tallinity and the surface encapsulation effect of the PVP. Compare
with other shaped nickel, the H. of nickel nanochain is significantly
higher [35]. It is well known that the coercivity mainly depends
on the various kinds of anisotropy such as magneto crystalline
anisotropy andthe domain size of the magnetic particles, which
is a key factor to determine microwave absorption performance of
materials.

3.2. Electromagnetic and microwave absorption properties

In order to study the microwave absorption properties of sam-
ples, different proportions of Ni powders were mixed with PVDF
or paraffin toform composites by a simple hot-pressing process,
and the cross-sectional SEM image ofthe Ni/PVDF nanocomposite
is shown in Fig. S1, revealing the uniform dispersion and intact
structures of Ni nanochains in the polymer. According to the trans-
mit line theory, the reflection loss (RL) of absorbing materials can be
calculated using the electromagnetic parameters (relative complex
permeability and permittivity) at a given frequency and different
thickness layers. The reflection loss is related to Z;,as [37,38]:

Zin_l
Zin+1

where normalized input characteristic impedance (Z;,) is calcu-
lated as:

2= 2 vann [ (2 ] @)

&rand y; are the complex permittivity and permeability of the com-
posite absorber, respectively; fis the frequency; d is the thickness
of the absorber, and c is the velocity of light in free space.

Fig. 4a presents the calculated reflection loss of the four sam-
ples at a thickness of 3 mm according to Egs. (1) and (2). With an
increasing content of nickel nanochains, the maximum RL values
of Ni/PVDF composites increase initially and then decrease, shift-
ing to a lower-frequency region meanwhile. It indicates that the
frequency and bandwidth of microwave attenuation can be tuned
by controlling the content of nickel nanochains. Furthermore, we
can clearly see that the Ni/PVDF composites get enhanced signifi-
cantly compared with the Ni/wax composites at the same loading
amount. Concerning the wave-transparent property of paraffin

RL =20log | | (1)
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Fig. 4. Reflection loss of (a) the four samples with a thickness of 3 mm in the measuring range; (b) the 20 wt¥% filler proportion Ni/PVDF composites with a thickness range
of 2-5mm; (c) and (d) three-dimensional representations of the RL value of the 20 wt% filler proportion Ni/PVDF and Ni/wax composites.

matrix, paraffin-based composites often exhibit the pure fillers
microwave absorption performances. Nevertheless, as PVDF is a
typical dielectric material, the synergetic effect between Ni and
PVDF would occur. It can be deduced that the synergetic effect
in Ni/PVDF composites could enhance its microwave absorption
ability. Fig. 4b shows the calculated theoretical RLs of Ni/PVDF at
different thicknesses (2-5mm) with 20 wt% proportion and the
strongest RLvalue of the composites reaches —42.08 dB at 7.4 GHz
with a matching thickness of 3 mm, and the effective absorp-
tion bandwidth (RL values lower than —10dB) covers from 6.1 to
8.6 GHz. Note that the maximum RLs of composites shift toward
lower frequency with the increasing thickness, corresponding to
the quarter-wave length criteria model [39]:
tm = DN/4 = nc/Afm(erpar)/? (3)
where c is the velocity of light in vacuum, f, is the peak frequency,
tm is the thickness of the sample, € and . are the relative complex
permeability and permittivity at fm, respectively. On the basis of Eq.
(3), it is not hard to draw a conclusion that the peak frequency is in
inverse proportion of the thickness of the absorber, and the higher
er and pr will result in a lower peak frequency under the same
thickness.

To further demonstrate the microwave absorption properties
more vividly, 3D image maps of the reflection loss of Ni/PVDF and
Ni/wax nanocomposites with the same loading of 20 wt% are also

showninFig.4cand d. It can be observed that Ni/PVDF exhibit supe-
rior microwave absorption performance in both the value of RL and
the bandwidth of absorption in comparison with Ni/wax nanocom-
posites, confirming a significantly enhanced effect of PVDF again.
Meanwhile, in the RLs curves of Ni/wax composites, two peaks
would be observed when the thickness reaches a certain value, and
the peaks values are —19.6dB at 16.7 GHz and —16.7 dB at 5.44 GHz
with a thickness of 4 mm, respectively (Fig. 4d). The Ni/PVDF com-
posite with a proportion of 10wt% and 30 wt% are also shown in
Fig. S2.

To investigate the possible mechanisms and effects to the
enhancement of microwave absorption, the frequency dependence
of electromagnetic parameters including complex permittivity real
part &, permittivity imaginary part &”, permeability real part p’,
and permeability imaginary part p” of all samples were measured
(Fig. 5). As shown in Fig. 5a, for the Ni/PVDF nanocomposites, the
real part (&’) of the permittivity connected with the ability to store
EM energy increases with the increasing ratio of nickel nanochains,
and shows similar decreasing trends in the measuring frequency.
The imaginary part (&¢”) with different ratios does not change much
and maintain small values in the whole measuring range, indicat-
ing that the contribution of dielectric loss to microwave absorption
is rather limitedbut favorable for impedance matching (Fig. 5b).
For the pure metallic Ni, the values of & and &” almost remain
constant through the entire frequency range (¢'=10 and &"=1).
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The low values are mainly due to the weak conductivity of metal-
lic nanochains. When the Ni compound with PVDF (at the same
filler content of 20 wt%), the values of ¢’ and &” increases to 13.1
and 9.8, respectively. The enhancement of permittivity is quite rea-
sonable because of the excellent polarization property of PVDF.
Fig. 5c shows that the p’ values significantly reduce in the range
of 2-6 GHz and then remain constant with minor fluctuations from
6 to 18 GHz, which could be ascribed to the relaxation of magnetic
moments procession other than the magnetic hysteresis [40]. For
the imaginary part (") of the permeability (Fig. 5d), there are two
distinct broad dual resonance peaks that can be observed at around
4-6 GHz and 16-18 GHz, respectively. The first resonance peak is
mainly attributed to the natural resonance which expressed by the
following formulas [41]:

2mf; = rH, (4)

(5)

Where r is the gyromagnetic ratio, H, is the anisotropy energy, |K1|
is the anisotropic coefficient, and the M is the saturated magnetiza-
tion. According to the equation, the natural resonance frequencies
depending on the effective anisotropy field do roughly agree well
with the measured results, which may be associated with the small
size effect and defects of nickel chains. The second resonance peak
is probably derived from the exchange resonance which occurs
usually at a higher frequency [28].

In theory, magnetic loss is implied by the imaginary part of per-
meability and may be attributed to hysteresis loss, domain wall
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Fig. 6. The Cy-f curve of 20 wt% Ni/PVDF composite.

resonance, exchange resonance, eddy current resonance, dimen-
sional resonance and natural resonance [42,43]. For the Ni/PVDF
composites, the hysteresis loss stemming from irreversible mag-
netization, as well as magnetic resonance owing to spin rotational
component is almost negligible in a weak field [44]. Moreover,
the domain wall resonance occurs only in the 1-100 MHz range
[45], indicating that the dual resonance peaks at the frequencies
of 2-18 GHz may be ascribed to the natural resonance and eddy
current resonance [17]. To further demonstrate, the equation Cy =
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W' (W) 21 = 2Bmpyd?o [46,47] is introduced to evaluate eddy
current loss. If the magnetic loss only results from eddy-current
effect, the values of Cyg would be independent of the frequency and
stay constant. As can be seen in Fig. 6, the value of the Cy fluctu-
ates in the range of 2-10 GHz and remains approximately constant
from 10 to 18 GHz, indicating that eddy current loss has a great
effect for the microwave energy dissipation. Generally, for most
samples, the eddy current loss mainly appeared in the high fre-
quency region (>10 GHz), which verifying the validity of our vision
[40]. Hence, the magnetic loss in the measured frequency range
is attributed to natural resonance, exchange resonance and eddy
current resonance.

Based on the comprehensive analysis of the above EM param-
eters, we can draw a conclusion that the good EM absorption
performances may be originated from some factors, as depicted in
Fig. 7. Firstly, the tuned EM parameters lead to a good impedance
matching behavior between the material and free space, which
makes a large contribution to the significant improvement of
microwave attenuation [48]. Secondly, such Q1D structures fea-
turing special shape anisotropy, not only contribute to magnetic
loss, but also provide more active sites for dissipating and scat-
tering microwave. Thirdly, the interfacial polarization in this
heterogeneous composite caused by the accumulation of charges
at the interfaces and the formation of large dipoles on nickel
nanochains could further improve the microwave absorption per-
formance. Moreover, the interspace between the nickel nanochains
and the matrix would induce multiple reflections and refractions,
which results in more scattering dissipation. Overall, the enhanced
microwave absorption capability of composites can be interpreted
by good impedance match, strong magnetic loss including natu-
ral resonance and eddy current resonance, interfacial polarization,
electronic dipole polarization and multiple scattering together.

4. Conclusions

In conclusion, we have successfully synthesized Q1D chain-like
Ni nanomaterials by a facial wet chemical method and a series of
Ni/PVDF and Ni/wax nanocomposites with different contents of
Ni by a hot-molding procedure. By tuning the content of Ni, the
nanocomposites exhibit an enhancement of microwave absorption
even at the generally low concentration. The maximum reflec-
tion loss of 20 wt% Ni/PVDF nanocomposites can reach as high as
—42.08 dB at 7.4 GHz with a matching thickness of 3 mm. The com-
plex permittivity and permeability of the nanocomposites imply
that natural resonance, eddy current resonance and interfacial
polarization are the vital microwave loss mechanism. Furthermore,
the effective absorption bandwidth was 10.7 GHz for thickness in
the range of 2-5 mm, confirming that Ni/PVDF composites can act

as a potential candidate in the field of microwave absorption, which
is promising for solving the environmental pollution caused by
microwave irradiation.
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