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Core/shell-structured nickel/nitrogen-doped onion-like carbon (Ni/(C, N)) nanocap-
sules are synthesized by a modified arc-discharge method using N, gas as the
source of N atoms. Core/shell-structured Ni/C nanocapsules are also prepared for
comparison. The Ni/(C, N) nanocapsules with diameters of 10-80 nm exhibit a clear
core/shell structure. The doping of N atoms introduces more lattice defects into the
(C, N) shells and creates more disorderly C in the (C, N) shells. This leads to a slight
shift in the dielectric resonance peak to the lower frequency side and an increase
in the dielectric loss tangent for the Ni/(C, N) nanocapsules in comparison with
the Ni/C nanocapsules. The magnetic permeability of both types of nanocapsules
remains almost unaltered since the N atoms exist only in the (C, N) shells. The
reflection loss (RL) of the Ni/(C, N) nanocapsules not only reaches a high value
of -35 dB at 13.6 GHz, but also is generally improved in the low-frequency S
and C microwave bands covering 2-8 GHz as a result of the N-doping-induced
additional dipolar polarization and dielectric loss from the (C, N) shells. © 2016 Au-
thor(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0)).
[http://dx.doi.org/10.1063/1.4943357]

. INTRODUCTION

Core/shell-structured nanocapsules composed of a magnetic nanoparticle core and a dielectric
shell of nanometer size offer a promising strategy for realizing next generation electromagnetic
(EM) wave absorbers.'= Specifically, the steady permeability and high Snoek’s limit in the giga-
hertz frequency range enabled by the magnetic cores as well as the high permittivity and good
oxidation and corrosion protections empowered by the dielectric shells generally result in phys-
ically interesting complementary effects for absorbing EM waves. The major deficiencies of the
reported nanocapsules involve strong absorptions in limited frequency ranges and large variations in
absorption with absorber thickness.

Core/shell/shell-structured nanocapsules are recently proposed to extend the absorbing band-
width and absorber thickness range by inducing multidielectric polarizations in the double-shell.*-°
Recalling that doping with foreign atoms is a useful method to modify material properties. Nitrogen
(N)-doping can manipulate surface chemistry, alter lattice alignment or structural properties, and
give rise to obvious changes in materials properties.”® Today, there does not appear to be any work
reporting the EM wave absorption properties of N-doped nanocapsules. Among various types of
nanocapsules, the one based on nickel/carbon (Ni/C) is regarded as an important candidate because
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of its better EM impedance match between the magnetic and dielectric components, lighter weight,
higher environmental stability, and lower cost.'=

In this work, we aim to study the effect of doping, specifically N-doping, on the EM wave
absorption properties of Ni/C nanocapsules. Accordingly, Ni/(C, N) nanocapsules with Ni nanopar-
ticles as the core and N-doped onion-like C as the shell are synthesized using a modified arc-
discharge method with N, gas as the N atom source. The microstructure and EM wave absorption
properties of the Ni/(C, N) nanocapsules are investigated, together with the Ni/C nanocapsules. In
fact, the use of onion-like C shell is to provide a larger space for preventing the Ni core from volume
swing and hence pulverization as well as aggregation on the basis of its defective morphology.’'’

Il. EXPERIMENTS

A modified arc-discharge method using N, gas as the N atom source was used to synthesize
the proposed Ni/(C, N) nanocapsules. A Ni ingot of 99.9% purity was placed in a water-cooled Cu
crucible as the anode, while a graphite rod was employed as the cathode. The arc-discharge chamber
was evacuated to 10 mPa and an Ar/H, gas mixture of 4:1 was introduced into the chamber as the
plasma source. Meanwhile, N, gas of 15 kPa and ethanol of 20 ml were added into the chamber as
the N and C sources, respectively. An arc-discharge current of 80 A was applied to the chamber for
1 h to ensure a sufficient evaporation of the Ni ingot. The Ni/(C, N) product of ~4.5 g was collected
from the inner surface of the chamber after it was passivated in N, gas for 10 h. For comparison,
Ni/C nanocapsules were also synthesized under the same condition but in the absence of N, gas.

The phase analysis of the Ni/(C, N) and Ni/C products was performed by an X-ray diffrac-
tometer (XRD, Brucker D8 Advance) with Cu-K, radiation (1=1.54 A). The valence of N atoms
of the shells was evaluated by an X-ray photoelectron spectroscope (XPS, ESCALAB-250) with a
monochromatic X-ray source (an Al-K,, line of 1486.6 eV energy and 150 W) at a depth of 1 nm.
The morphology and microstructure were analyzed by a transmission electron microscope (TEM,
JEOL 2010) at an emission voltage of 200 kV. The C state of the shells was characterized using
Raman spectroscope (Renishaw 2000) with a 514.5 nm wavelength argon ion laser. The as-prepared
nanocapsules were mixed with 60 wt.%, EM wave-transparent paraffin to form composite samples
of different thicknesses (d) of 2.0-9.5 mm for the subsequent measurements of their complex
relative permittivity (¢, = &/ — je!’) and permeability (y, = u; — ju;’) by a transmission/reflection
coaxial line method in the 2—18 GHz range using a vector network analyzer (Anritsu 37269D). The
frequency (f) dependence of reflection loss (RL) was determined using'’

RL = 2010g|(Zin — Zo)/(Zin + Z0)| M

where Zin = Zo(u:/€r)"/? tanh [ j@rfd/c)(ure,) 2] is the input impedance of composite sample,
Zo~377 Q is the characteristic impedance of air, ¢ = 3 x 108 m/s is the velocity of light, and d is the
thickness of composite sample.

lll. RESULTS AND DISCUSSION

Figure 1(a) shows the XRD pattern of a typical Ni/(C, N) product. All diffraction peaks with
26 values of 44.5°, 51.9°, and 76.4° can be assigned to the (111), (200), and (220) planes of
fcc-Ni, indicating that Ni is the major phase of the Ni/(C, N) product. No clear peaks in relation
to carbon, carbide or nitride are detected due to their small amounts or amorphous state, if any.
Figure 1(b) plots the XPS spectrum of N 1s for the Ni/(C, N) product. The largest peak detected at
403.9 eV binding energy can be attributed to N, gas, while the two smaller peaks found at 402.4
and 406.0 eV correspond to N—C compounds.'?"'* The observation suggests that N atoms are in
contract with C atoms in the (C, N) shells and mainly appear as N, on the surface of the product.
From the full XPS spectra (not shown), the atomic percentage of N doping in the Ni/(C, N) product
is found to be 1.24 at.%. Figure 1(c) illustrates the TEM image of the Ni/(C, N) product. It is
clear that the Ni/(C, N) product is spherical in shape with a diameter of 10-80 nm. These spher-
ical nanoparticles agglomerate loosely because of their small dimensions and high surface energy.



056206-3 Wu, Liu, and Or AIP Advances 6, 056206 (2016)

(a) (111)

(200)

[

N R B P B - .
2073040 350 60 70 80 400 404 403
0 (degree) Binding Energy (eV)

Intensity (a.u.)
Intensity (a.u.)

o

Ni Core

FIG. 1. (a) XRD pattern, (b) XPS spectrum of N 1s, (c) TEM image, and (d) HRTEM images of a typical Ni/(C, N) product.

Figure 1(d) displays the HRTEM image of the spherical nanoparticles in Fig. 1(c). It is seen that
the nanoparticle cores are encapsulated by onion-like shells of 1-4 nm thickness and the core/shell
interface is distinct. The variation of onion-like shell thickness has no obvious correlation with
the nanoparticle core size based on statistical approach. The lattice plane spacing of the onion-like
shells is ~0.34 nm, corresponding to the d-spacing of (002) planes of the bulk graphite. Moreover,
the masses of lattice imperfections, including collapses, dislocations, and bending, can be observed
at the (C, N) shells. The defective morphology is capable of providing a larger space to prevent the
Ni core from volume swing and hence pulverization as well as aggregation.®!?

Figure 2 shows the Raman spectra of the Ni/(C, N) and Ni/C nanocapsules. Two main peaks are
observed in the Raman shift range of 1000-2000 cm~'. The first peak at ~1315 cm™' (marked as D
peak) originates from the in-plane symmetric C-C stretching vibrations governed by the symmetry
breaking phenomena, while the second peak at ~1596 cm™' (marked as G peak) results from the
stretching vibrations of any C pairs of sp® sites.” Both types of nanocapsules exhibit strong D
peaks, indicating the presence of a large number of lattice defects in their shells and confirming the
observations in the HRTEM image in Fig. 1(d). The stronger D peak in the Ni/(C, N) nanocapsules
compared to the Ni/C nanocapsules implies the existence of more disorderly C in the (C, N) shells.
The intensity ratio of D peak to G peak (Ip/Ig) is generally used to describe the extent of graph-
itization."> The Ip/Ig ratio of the Ni/(C, N) nanocapsules is ~1.21, which is larger than the Ni/C
nanocapsules of ~1.06. This supports our proposal on inducing more disorderly C in the (C, N)
shells by introducing additional lattice defects/imperfections into them through the doping of N
atoms.

Figures 3(a) and 3(b) plot the f dependence of ¢] and &’ of the paraffin-bonded Ni/(C, N)
and Ni/C composite samples, respectively. € and &;’ represent the amount of polarization and the
level of energy dissipation, respectively.™® It is seen that &/ and & of both types of composites
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FIG. 2. Raman spectra of Ni/(C, N) and Ni/C nanocapsules.

6.0F —e—Ni/(C, N) —a—Ni/(C, N) —a—Ni/(C,N)
] —2—Ni/C
B u
. /J”
OF(c)
L 1 1 . 1
4 8 12 16 4 8 12 16
f(GHz) f(GHz)

FIG. 3. f dependence of (a) &/ and (b) £/ of paraffin-bonded Ni/(C, N) and Ni/C composites. (c) f dependence of u; and
uy of the composites.

demonstrate similar quantitative decreasing trends with increasing f in the 2—18 GHz, except for
the dielectric resonance in the 12—-14 GHz range. In Fig. 3(a), the Ni/(C, N) composite exhibits a
more rapid decrease in €/ from 5.92 to 4.19 in comparison with the Ni/C composite of 5.58-4.41.
Specifically, the Ni/(C, N) composite has larger &/ values in the 2-7.6 GHz range but smaller
in the 7.6-18 GHz range. In Fig. 3(b), clear dielectric resource peaks at 12.7 and 13.5 GHz are
observed for the Ni/(C, N) and Ni/C composites, respectively, as a result of the permanent electric
dipoles caused by the defects in the shells.'® It is noted that more free charges will be trapped by
defects under EM fields, giving rise to a more obvious asymmetric charge distribution over the
defects. Thus, the defective sites play the role of permanent dipolar polarization centers, leading to
additional dielectric polarization.'”-'8 The reason why the Ni/(C, N) composite displays a slight shift
in the dielectric resonance peak to the lower frequency side with respect to the Ni/C composite is
mainly due to the N-doping-induced additional dipolar polarization contribution in the (C, N) shell.
g/’ is elevated in the Ni/(C, N) composite in the 2-14 GHz range in relation to the Ni/C composite
because of the improved dielectric properties by the doping of N atoms. Figure 3(c) shows the f
dependence of y; and ;" of the Ni/(C, N) and Ni/C composites. The almost unaltered permeability
values between the two types of composites imply the same state of Ni core because the N atoms
exist only in the shells.
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FIG. 5. RL spectra of the paraffin-bonded (a) Ni/(C, N) and (b) Ni/C composites at different d of 2.0-9.5 mm.

Figures 4(a) and 4(b) show the f dependence of the dielectric loss tangent (tandg = &/’/¢;)
and magnetic loss tangent (tandy = u,’/ u;) of the Ni/(C, N) and Ni/C composites, respectively. The
tandg and tandy values, which reflect the mechanism of losses of EM waves, are calculated from
the &/, €/, u;, and p;’ values in Fig. 3. The Ni/(C, N) composite has larger tandg values than the Ni/C
composite in the 2—-14 GHz range owing to the creation of more disorderly C in the (C, N) shells.
The curves of tandy; almost overlap with each other since the N-doping has no obvious effect on the
magnetic properties.

Figure 5 shows the RL spectra of the Ni/(C, N) and Ni/C composites at different d of
2.0-9.5 mm. The RL values are determined in accordance with Eq. (1). By selecting an appropriate
d, RL of both types of composites can reach -10 dB, which corresponds to 90% absorption, in the
whole range of 2-18 GHz. In particular, the Ni/(C, N) and Ni/C composites can achieve the largest
RL of -35 dB at 13.6 GHz for d = 8.5 mm and at 14.2 GHz for d = 8.0 nm, respectively. The
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outstanding EM wave absorbability can be attributed to good EM complementarities between the
dielectric and magnetic losses. It is important to note that the RL values of the Ni/(C, N) composite
are generally improved in the low-frequency S and C microwave bands covering 2—8 GHz. Specifi-
cally, they exceed -20 dB, corresponding to 99% absorption, for frequencies as low as 3—6 GHz. By
contrast, the Ni/C composite can only realize strong absorption at high frequencies above 11 GHz.
This means that the Ni/(C, N) composite is capable of improving low-frequency absorption. The
improvement is mainly due to the additional contribution of dipolar polarization and tandg enabled
by the more disorderly C in the (C, N) shells through N doping. This is also to say that the modified
arc-discharge method can provide a convenient way to adjust the atomic percentage of N doping,
the amount of disorderly C, and hence the level of additional contribution of dipolar polarization
and tanog in the Ni/(C, N) product via a control of the amount of N, gas added into the arc-discharge
chamber.

IV. CONCLUSION

We have prepared core/shell-structured Ni/(C, N) and Ni/C nanocapsules and studied the effect
of N-doping on the microstructure and EM wave absorption properties. The doping of N atoms in
the C shells has been found to create more disorderly C in the (C, N) shells, resulting in additional
dipolar polarization and dielectric loss contributions from the (C, N) shells compared to the un-
doped Ni/C shells. Therefore, the dielectric resonance peak and tandg of the Ni/(C, N) nanocapsules
have undergone a down-shift from 13.5 to 12.7 GHz and an obvious increase in the 2—-14 GHz
range for the Ni/(C, N) nanocapsules with respect to the Ni/C nanocapsules. Moreover, RL of the
Ni/(C, N) nanocapsules has exhibited a distinct improvement in the low-frequency S and C micro-
wave bands covering 2-8 GHz, besides showing a similarly high value of -35 dB at 13.6 GHz. The
N-doping has no observable effect on the magnetic properties because the N atoms exist only in the
(C, N) shells rather than in the Ni core.
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