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Electromagnetic-wave absorption properties of FeNiMo/C nanocapsules with FeNiMo nanoparticles as
cores and carbon as shells have been studied. The FeNiMo/C nanocapsules, synthesized by arc-discharging
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Fe11Ni79Mo10 (at.%) alloy in ethanol, exhibited outstanding reflection loss (RL < −20 dB) in the range
of 13–17.8 GHz with an absorber thickness of 1.7 mm, and an optimal RL of −64.0 dB was obtained at
13.2 GHz with an absorber thickness of 1.9 mm. The broadest bandwidth (RL < − 10 dB) from 9 to 18 GHz,
covering the whole Ku-band (12.4–18 GHz) and almost the whole X-band (9–12.4 GHz), was achieved
for a 2 mm layer. The excellent electromagnetic properties are ascribed to the good match between high
permeability from the core of FeNiMo nanoparticles and low permittivity from the special core/shell
microstructure in the FeNiMo/C nanocapsules.
lectromagnetic wave absorption

. Introduction

In recent years, with the purpose of solving the expanded elec-
romagnetic (EM) interference problems, it is highly desirable that
eflection loss (RL) exceeding −20 dB in EM-wave absorption mate-
ials, which the RL value of −20 dB corresponds to 99% EM-wave
bsorption, spans over a wide frequency range for a thin absorb
hickness. Magnetic nanocapsules (e.g., magnetic nanoparticles
oated by dielectric layers) as new type of EM-wave absorp-
ion materials has attracted interest on account of the following
acts: (1) compared with the traditional ferrites, the larger sat-
ration magnetization (Ms) leading to Snoek’s limit at higher
requency. (2) The suppression of the eddy current enhancing
n effective incidence to EM-wave, and (3) the combination of
agnetic and dielectric materials in one nanocapsules, leading

o effective interface between magnetic and dielectric materials
1–6]. Due to the interesting EM properties and the low den-
ity (∼1.76 g cm−3) of carbon, recent studies on nanocapsules with

arbon as shells used as EM interference shielding and absorp-
ion materials have become more intensive [7–10]. Zhang and
o-workers reported that carbon-coated Fe and Ni nanocapsules
xhibit improved EM-wave absorption properties [1,2]. For carbon-
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coated Fe nanocapsules, an optimal reflection loss (RL) of −43.5 dB
was reached at 9.6 GHz with an absorber thickness of 3.1 mm.
The excellent EM-wave absorption properties are a consequence
of a proper EM match in microstructure, a strong natural reso-
nance, as well as multi-polarization mechanisms, etc. [2]. Han et
al investigated the EM properties of FeCo/C nanocapsules [6]. In
contrast to earlier reported materials, the absorption amplitude of
FeCo/C nanocapsules was found not to decrease with increasing
absorption-layer thickness. A RL exceeding −20 dB can be obtained
for all frequencies within the 2–18 GHz range by choosing an appro-
priate layer thickness between 1.6 and 8.5 mm [6].

For EM-wave absorbers, the balance between complex per-
mittivity (ε� = ε′

� − iε′′
� ) and permeability (�� = �′

� − i�′′
� ) is

essential in determining the reflection and attenuation properties
[3–6,11–13]. The impedance match between the absorbers and free
space is required to achieve low reflection and full introduction
of the EM-wave into the materials. Furthermore, according to the
transmission line theory, the value of permittivity (ε� ) should be
close to that of permeability (�� ) in order to obtain the desired
impedance match. For most of magnetic metals, the values of �′

�
are much smaller than those of ε′

� in the microwave band, so
a lower permittivity and a higher permeability are required for
absorbers. Compared with microscale counterparts, nanocapsules

present relatively low permittivity values due to high resistivity
and enhanced permeability for the increase in effective anisotropy.
It is known that Ni–Fe alloys as a kind of important soft-magnetic
materials have been widely applied in the field of electronic devices
and industry, in which the permalloys with nominal composi-

dx.doi.org/10.1016/j.jallcom.2010.07.085
http://www.sciencedirect.com/science/journal/09258388
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ion Ni81Fe19 (wt%) processes the highest permeability [14]. On
he basis of high permeability of FeNi alloy and low permittiv-
ty of core/shell structured nanocapsules, carbon-coated FeNi alloy
anocapsules have been prepared by a modified arc-discharge
echnique in ethanol vapor [15]. RL exceeding −10 dB was obtained
n the whole Ku-band (12.4–18 GHz) for an absorber thickness of
.0 mm, while it exceeds −20 dB over the 13.6–16.6 GHz range. In
ddition, bandwidth does not change dramatically for the thick-
esses of 1.87–2.1 mm for the RL values exceeding −10 dB [15].
he carbon-coated FeNi nanocapsules have improved the steadily
f absorption ability.

Supermalloy Ni79Fe16Mo5 (wt%) has an improved loss charac-
eristic over permalloy materials, which target a higher operating
requency [14]. However, as far as we know, there has been
o report on the EM properties of carbon-coated FeNiMo alloy
anocapsules. Thinking about the higher permeability of supermal-

oy at high frequency, it is therefore conceivable that excellent
M-wave absorption properties could be achieved in nanocapsules
ith a core of FeNiMo alloy nanoparticles embedded in carbon

ayers. The purpose of this study is to prepare the carbon-coated
eNiMo alloy nanocapsules and to investigate the EM properties
f these FeNiMo/C nanocapsules. It is found that the FeNiMo/C
anocapsules prepared by arc-discharging Fe11Ni79Mo10 (at.%)
lloy, exhibit outstanding EM-wave absorption properties. An opti-
al RL of −64.0 dB was obtained at 13.2 GHz with an absorber

hickness of 1.9 mm. The broadest bandwidth (RL < − 10 dB) from 9
o 18 GHz, covering the whole Ku-band (12.4–18 GHz) and almost
he whole X-band (9–12.4 GHz), was obtained for a 2 mm layer. In
ddition, the bandwidth (RL < −20 dB) exceeds 3 GHz and the band-
idth (RL < −10 dB) exceeds 6 GHz for the absorber thicknesses of

.5–3.0 mm.

. Experimental

The modified arc-discharge method used in this work was described in detail
lsewhere [15–17]. In brief, ingots of Fe11Ni79Mo10, Fe16Ni79Mo5 and Fe14Ni79Mo7

at.%) alloys served as the anode, respectively, while the cathode was a carbon nee-
le. The atomic proportions of the ingot based on their evaporation pressures and
he composition of supermalloy. The anode target was placed into a water-cooled
arbon crucible. After the chamber was evacuated in a vacuum of 5.0 × 10−3 Pa, liq-
id ethanol of 40 ml was introduced into the chamber together with pure argon of
.6 × 104 Pa and hydrogen of 0.4 × 104 Pa as a reactant gas and a source of hydro-
en plasma. The arc-discharge current was maintained at 80 A for 2 h to evaporate
lloys sufficiently. Then the products were collected from depositions on the top
f the water-cooled chamber, after passivated for 8 h in argon. Three samples of
he nanocapsules, prepared by arc discharging the Fe11Ni79Mo10, Fe16Ni79Mo5 and
e14Ni79Mo7 alloys, were denoted as samples A, B and C, respectively.

Phase analysis of the products was performed by powder X-ray diffrac-
ion (XRD) on a Rigaku D/max-2000 diffractometer at a voltage of 56 kV and

current of 182 mA with graphite monochromatized Cu-K� (� = 0.154056 nm)
adiation. The morphology of the nanocapsules was studied in a high-
esolution transmission electron microscope (HRTEM JEOL-2010) with an emission
oltage of 200 kV. Quantitative analysis of the elements present in the as-
repared products was performed by means of energy dispersive spectroscopy
EDS).

For measuring the EM parameters, i.e., the complex permittivity ε� and per-
eability �� , the nanocapsules were homogeneously mixed into a paraffin matrix
nd compressed into a cylindrical compact. First of all, paraffin wax was melted
nd nanocapsules were dispersed randomly into the paraffin wax with a mass ratio
f 2:3. The blend was then mechanically stirred for 1 h. Finally, the nanocapsules-
araffin mixture was pressed into a toroidal cylinder with 3.04 mm in inner diameter
nd 7.00 mm in outer diameter for further testing. The paraffin matrix is an EM-wave
ransparent material, so the EM parameters obtained are mostly from the nanocap-

able 1
omposition of FeNiMo/C nanocapsules and master alloys, the size distribution and avera

Sample Master alloys (at.%) Nanocapsules size distribution (nm) A

Fe Ni Mo

A 11 79 10 10–80 3
B 16 79 5 10–80 3
C 14 79 7 10–80 3
Fig. 1. XRD pattern for carbon-coated FeNiMo alloy nanocapsules of samples A–C.

sules. The ε� and �� of the nanocapsules-paraffin composites were determined
with the transmission and reflection coaxial line method. To ensure the precision
of the measurements, full two-port calibration was initially performed on the test
setup to remove errors caused by the directivity, source match, load match, isola-
tion, and frequency response in both the forward and reverse measurements [18].
In the range of 2–18 GHz, the scattering parameters (S11 and S21) were measured by
an Agilent 8722ES vector network analyzer. The ε� and �� were determined from
the scattering parameters using the Nicolson–Ross (for magnetic) and precision (for
nonmagnetic) models [18,19].

3. Results and discussion

In Fig. 1, XRD patterns show the phase components of
the nanocapsules (samples A–C) prepared by arc-discharging
Fe–Ni–Mo alloys with different composition in ethanol vapor. All
sharp reflection peaks could be indexed with the FeNi-type struc-
ture. However, they are called FeNiMo alloy nanocapsules on the
basis of EDS results (Table 1) and XRD peak shift. No reflection for
oxides could be found, indicating that FeNiMo nanoparticles are
almost without oxidation, due to the protective carbon shell [1]. In
the XRD patterns, there are no detectable peaks for pure carbon,
indicating its small amount (less than 3% in the samples). Further-
more, since carbon is on the shell of the nanocapsules, it is also
difficulty to detect its XRD pattern because of breaking down of the
periodic boundary condition (translation symmetry) along radial
direction.

The morphology of sample A can be observed clearly in Fig. 2(a).
Most of the as-prepared nanocapsules are of irregular sphere
shape. It is understood that the lower-energy state for the crys-
tallization processes dominates the concrete morphology of the
carbon-coated FeNiMo nanocapsules [20]. As measured from TEM
observations, the size of the nanocapsules ranges from 10 to 80 nm
and the average size is 32.1 nm and the shell thickness is 4.5 nm
for sample A. The HRTEM image, as shown in Fig. 2(b), clearly indi-

cates that a nanocapsule owns a ‘core/shell’ type structure and the
inner FeNiMo alloy cores are encapsulated into the onion-like car-
bon cages. The lattice plane spacing of the coating layers is about
0.34 nm, which corresponds to the (0 0 2) plane of graphite. Nev-
ertheless, a lot of lattice imperfections can be seen in the outer

ge diameter/shell thickness of FeNiMo/C nanocapsules.

verage diameter/shell thickness (nm) Nanocapsules (at.%)

Fe Ni Mo C

2.1/4.5 11.8 53.6 3.3 31.3
5.5/3.1 13.5 52.4 1.5 32.5
4.2/3.9 13.0 53.1 2.2 31.7
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rbon-coated FeNiMo nanocapsules of sample A.
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Fig. 2. (a) TEM and (b) HRTEM images of ca

hells as a consequence of the serious bending and collapsing of
he graphite atom layer, which is similar with the Fe/C and FeNi/C
anocapsules [1,15]. In addition, the graphite shell of the carbon-
oated FeNiMo nanocapsules prepared in ethanol vapor is thinner
han that of Fe/C and Ni/C nanocapsules prepared in CH4, which is
scribed to the lower carbon content in ethanol [15,16].

The particle size distribution, average diameter, shell thickness
nd composition of the FeNiMo/C nanocapsules (samples A–C), as
easured from TEM observation and EDS results and the composi-

ion of their master alloys, are presented in Table 1. In Table 1, the
ifference between the compositions of the starting FeNiMo alloys
nd the as-prepared nanocapsules is displayed. This difference can
e ascribed to the formation mechanism of the nanocapsules, i.e.,
ifferent evaporating pressures, melting points for iron, nickel and
olybdenum atoms, during the arc-discharging process. For an

vaporating pressure of 133 Pa (1 Torr), the corresponding evap-
rating temperatures are 1537 ◦C for Fe, 1907 ◦C for Ni and 3117 ◦C
or Mo. The melting points of iron, nickel and molybdenum are
495, 1453 and 2617 ◦C, respectively. In the arc-discharge process,
ainly iron and nickel atoms will evaporate and then collide in

he gas phase to condenses first to the solid state, but a small
mount of molybdenum atoms evaporate into the FeNi phase as
olid-solution atoms [20]. The decomposition of ethanol vapor, due
o the high temperature in the arc-discharge process, provides suf-
cient carbon atoms to form carbon shells on the surface of FeNiMo
anoparticles during the solidification process. Combining with the
tomic proportions measured by EDS and atomic weight, it is noted
hat the composition of nanocapsules in sample A is very close to
he supermalloy Ni79Fe16Mo5. It is observed that the samples A–C
rocess the same size distribution of nanocapsules, due to the same
xperimental parameters during the arc-discharge process. The dif-
erence in the average diameter and shell thickness is ascribed to
he evaporation of different elements and the sorption of nanopar-
icles with different size during the arc-discharge. Since the EM
roperties of the nanoparticles essentially depend on their size and
specially on the core/shell proportion [1–7], the different particle
ize and shell thickness indicate different EM-absorptive properties
n samples A–C.

Fig. 3 shows the frequency dependence of ε� and �� of

anocapsules-paraffin composites. As seen in Fig. 3(a), there is a
imilar tendency of the real part (ε′

r) and the imaginary part (ε′′
r ) of

� in samples A–C, due to the similar microstructure in nanocap-
ules. The values of ε′

r decreases with increasing frequency in the
–18 GHz range, while the values of ε′′

r exhibit a significant fluc-
Fig. 3. (a) Relative permittivity and (b) relative permeability of FeNiMo
nanocapsules-paraffin composite as a function of frequency.

tuation, over the 2–18 GHz range, ascribed to the displacement
current lag at the ‘core/shell’ interface [2]. Compared with the

microscale metal-particles composites (for �-Fe particles, ε′

r = 230
and ε′′

r = 400) [21], the present nanocapsules have much lower
permittivity, indicating a higher resistance. This is ascribed to the
following fact: the graphite layers, in which the electrical resistivity
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s increased from the special microstructure and defect properties
hen thickness is in several nanometres, block the formation of an

lectric conducting network, which can contribute to low polar-
zation and dielectric loss [18]. However, the differences in the
ermittivity values of samples A–C in the whole 2–18 GHz range

ndicate a higher electrical resistivity of the samples A, which comes
rom the smaller particles’ sizes and thicker shell. In general, a high
lectrical resistivity is good for improving the EM-wave absorption
roperties.

The real part (�′
r) and the imaginary part (�′′

r ) of �� for samples
–C show almost the same variation in the 2–18 GHz range. �′

r val-
es decrease with frequency in the 2–9 GHz range and retain almost
onstant from 9 to18 GHz, while �′′

r exhibit broad multi-resonance
eaks at about 2–9 GHz, which implies that natural-resonance
ccurs in the FeNiMo/C nanocapsules. It can be speculated that the
ulti-resonance peaks, as shown in Fig. 3(b), are a consequence

f the small size effect, surface effect and spin wave excitations,
hich have been defined as ‘exchange mode’ resonance [22,23].
ompared with the bulk FeNiMo, the natural-resonance frequency
fr) of the FeNiMo nanoparticles has been remarkably shifted to
igher frequency, which is ascribed to the considerable increase
f the surface anisotropy field (Heff) due to the size effect. These
ulti-resonance phenomena have also been analyzed in detail in

ecent investigation [2–6]. The similar variation in �′
r and �′′

r arises
rom the same size distribution and similar average diameter and
hell thickness for samples A–C. Compared with samples B and
, sample A processes higher values of �′

r and �′′
r , which can be

xplained by the fact that the composition of nanocapsules is very
lose to that of the supermalloy, leading to high �r in the GHz
ange.

Generally, excellent EM-wave absorption results from efficient
omplementarities between the relative permittivity and perme-
bility in materials [3–5]. To further prove the EM-wave absorption
roperties, the RL values of composites with different absorptive
hicknesses were calculated in the range of 2–18 GHz, as shown in
ig. 4, according to the transmit-line theory, by using the exper-
mental data of relative complex permeability and permittivity
15,16]. The RL of EM-absorptive materials measured in decibel (dB)
reater than −20 dB (note that −20 dB corresponds to 99% EM-wave
bsorption), should be adequate. From the view of applications,
he absorbing ability (e.g., wide frequency range, strong absorp-
ion, etc.) must be improved for EM-wave absorbers, in which the
pper limit of absorbing thickness is selected as 3 mm. As shown in
ig. 4(a), an optimal RL of−64.0 dB was obtained at 13.2 GHz with an
bsorber thickness of 1.9 mm. For the absorber thickness of 1.7 mm,
he broadest bandwidth (RL < −20 dB) is achieved in the range of
3–17.8 GHz that is broader than that reported previously for a
ingle thickness [1–15]. The broadest bandwidth for RL < − 10 dB
note that −10 dB corresponds to about 70% EM-wave absorption)
rom 9 to 18 GHz, covering the whole Ku-band (12.4–18 GHz) and
lmost the whole X-band (9–12.4 GHz), was obtained for a 2 mm
ayer. In addition, the bandwidth (RL < −20 dB) exceeds 3 GHz and
he bandwidth (RL < −10 dB) exceeds 6 GHz for the absorber thick-
esses of 1.5–3.0 mm. Compared with samples B and C, the sample
exhibits larger optimal RL value, broader bandwidth (for both

L < −20 dB and RL < −10 dB). According to the transmission line
heory, as the value of permittivity is close to that of permeabil-
ty, one can obtain the desired impedance match. Compared with
amples B and C, the sample A presents a lower permittivity and
igher permeability. The smaller average size and thicker shell

ead to lower polarization and dielectric loss, which make permit-

ivity low. The composition of FeNiMo cores is very close to the
omposition of supermalloy, which leads to a higher permeabil-
ty at the GHz range. The excellent EM-absorptive properties of
he sample A come from the good match between high perme-
bility from the FeNiMo nanoparticles and low permittivity from
Fig. 4. Frequency dependence of RL of composites of paraffin and (a) sample A, (b)
sample B and (c) sample C, for varying thickness of the absorbent.

the special core/shell microstructure in the FeNiMo/C nanocap-
sules.

4. Conclusion

In summary, the carbon-coated FeNiMo nanocapsules have been
prepared by the arc-discharge technique in ethanol vapor. The
phase, composition and microstructure of the FeNiMo/C nanocap-
sules have been investigated by means of XRD, EDS and HRTEM.
The FeNiMo/C nanocapsules own a ‘core/shell’ type structure and
the inner FeNiMo alloy nanoparticles as cores are encapsulated

into the onion-like carbon cages as shells. The composition of as-
prepared FeNiMo/C nanocapsules by arc-discharging Fe11Ni79Mo10
(at.%) is very close to the supermalloy Ni79Fe16Mo5, which leads
to the high permeability at the GHz range. The special core/shell
microstructure in the nanocapsules results in the low permittivity.
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he good match between high permeability and low permittivity
esult in outstanding EM-wave absorption properties of FeNiMo/C
anocapsules. An optimal RL of −64.0 dB was obtained at 13.2 GHz
ith an absorber thickness of 1.9 mm. For the absorber thickness

f 1.7 mm, the bandwidth (RL < −20 dB) is achieved in the range
f 13–17.8 GHz that is broader than that reported previously for
single thickness. The broadest bandwidth (RL < − 10 dB) from
to 18 GHz, covering the whole Ku-band and almost the whole

-band, was obtained for a 2 mm layer. In addition, the band-
idth (RL < −20 dB) exceeds 3 GHz and the bandwidth (RL < −10 dB)

xceeds 6 GHz for any absorber thicknesses in the range of
.5–3.0 mm. The results suggest that the FeNiMo/C nanocapsules
ith wide bandwidth absorption are excellent EM-wave absorp-

ion materials.
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