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DOI: 20.1039/x0xx00000X The carbon nanofibers with ferromagnetic metal nanoparticles (CNFs-M, M = Fe, Co, and Ni)

have been synthesized by carbonizing electrospun polyacrylonitrile nanofibers including metal
acetylacetonate in argon atmosphere, and their phase composition, microstructure, magnetic
properties and electromagnetic (EM)-wave absorbability have been studied. The microstructure
analysis shows that the in-situ formed metal nanoparticles are well distributed along carbon-
based nanofibers and encapsulated by ordered graphite layers. The investigation of magnetic
properties and EM-wave absorbability reveals that the as-synthesized CNFs-M have typical
characteristics of ferromagnetic materials and exhibit excellent EM-wave absorption properties
(reflection loss exceeding —20 dB) from C-band to Ku-band (4-18 GHz) over the absorber
thickness of 1.1-5.0 mm due to the efficient complementarities of the complex permeability
and permittivity resulting from the magnetic metal nanoparticles and lightweight carbon, as
well as the particular particle/graphite core/shell microstructures in CNFs-M. Moreover, a
minimum reflection loss value of —67.5, —63.1, and —61.0 dB is achieved at 16.6, 12.9, and
13.1 GHz with a matching thickness of 1.3, 1.6, and 1.7 mm for CNFs-Fe, CNFs-Co, and
CNFs-Ni, respectively. These magnetic carbon nanofibers are attractive candidates for the new
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type of high performance EM-wave absorbing materials.

Introduction

The absorption and interference shielding of electromagnetic (EM)
wave have been very important issues in both civil and military
fields."™ In order to solve the EM interference and stealth problems,
much effort has been devoted in recent years to the development of
high-performance EM wave absorption materials with wide
frequency band, strong absorption, light weight, and thin thickness.
It is well known that the relative complex permittivity (e, = &'—je")
and permeability (u, = u'-ju") of the absorbers are main factors
determining the microwave absorption properties.”® The balance of
the permittivity and permeability, so-called the EM impedance
matching, is critical for the improvement of EM-wave absorption.’
According to dissipation mechanism, EM wave absorption materials
can be categorized into two types: dielectric loss and magnetic
loss.*’ It is hard to attain impedance matching condition Z, =
Z()(,Ltr/g,)l/2 for unilateral dielectric loss or magnetic loss materials.
The combination of magnetic and dielectric materials has been
considered as an effective way to reach the impedance matching and
in turn to achieve an excellent EM absorption due to the synergistic
effect on dissipation of EM wave energy.”'® Accordingly, some
highly-effective absorbents, for instance, by compositing magnetic
loss nanoparticles and dielectric loss components such as
graphene,”' "' carbon onions,""* carbon nanotubes (CNTs)*'*!* and
carbon nanofibers (CNFs)**'* have been developed.

This journal is © The Royal Society of Chemistry 2013

Among a variety of dielectric absorbers, carbon fibers have
attracted considerable attention because of their lightweight, large
aspect ratio, high strength, good conductivity, thermal and chemical
stability, and low manufacturing cost.>*'>!® In previous reports,
many treatments have been used to enhance the microwave
absorption performance of carbon fibers, including reducing the
carbonization temperature, surface modification and changing the
cross sectional shape of carbon fibers.'”"'® Specifically, coating the
carbon fibers with a layer of magnetic metal,'>'"*? ferrites'®*' or
oxides'”** have been found not only to significantly enhance the
microwave absorption properties due to the optimization of EM
parameters, but also to effectively lower the entanglement between
fibers and improve the dispersion characteristics in the polymer
matrix. In the reported techniques used to prepare one-dimensional
nanomaterials including nanofibers, nanobelts, nanotubes and
nanowires, electrospinning is a straightforward and cost-effective
method for large-scale fabrication of fibers with diameters from
nanometer to micron.** Generally, the synthesis process of
magnetic metal/carbon composite nanofibers by electrospinning
consists of three steps. First, there is the preparation of electrospun
metal precursor/polymer nanofiber mats. Then, the nanofiber mats
are calcined at high temperature in air. Finally, the metal/carbon
composite nanofibers are obtained by reduction treatment.?> In order
to simplify the procedure and reduce the production cost, a two-step
method has been exploited to fabricate metal/carbon nanofibers, in
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which the as-electrospun nanofibers were calcined directly in argon
atmosphere. This method is safe, economical, and more effective. In
recent years, some magnetic metal/carbon hybrid nanofibers have
been successfully prepared by this alternative two-step
electrospinning strategy and their electric, magnetic, optical and
electrochemical properties have been investigated.”** However,
there are few studied on the EM-wave absorption properties of such
magnetic CNFs so far. Recently, Zhang and co-workers® prepared
magnetic CNFs loaded with Fe;0, nanoparticles by electospinning
combined with stabilization and carbonization treatment and
evaluated their microwave absorbing properties. Their results
showed that the minimum reflection loss reached about —45 dB for a
5 mm absorber layer with 5 wt% carbon/Fe;O, composite
nanofibers. In comparison with the traditional ferrite absorbents, the
metallic soft magnetic materials (e.g., Fe, Co, Ni, and their alloys)
have a larger saturation magnetization value and a higher Snoek’s
limit,***" which are good for improving the EM wave absorption
performances. Therefore, it is reasonable to speculate that if metal
soft magnetic nanoparticles are encapsulated in the CNFs, a further
enhancement in properties, such as a stronger absorption and a
thinner matching thickness may be obtained. Besides, it is important
to note that a good physical and chemical stability can be anticipated
for such magnetic carbon hybrid nanofibers due to the protection of
carbon.

In the present work, the carbon nanofibes containing uniformly
dispersed ferromagnetic metal nanoparticles (CNFs-M, M = Fe, Co,
and Ni) have been synthesized using the two-step electrospinning
method and their EM wave absorption properties are evaluated.
These hybrid nanofibers display superior EM absorption
performances at a lower mass density and a smaller absorber layer as
compared to many earlier reported magnetic carbon hybrid
nanocomposites, highlighting the important of their applications in
the EM-wave absorbing filed.

Experimental

Sample preparation

CNFs-M (M = Fe, Co, and Ni) were prepared by electrospinning and
subsequent heat treatment. In a typical procedure, 0.9 g of PAN (M,
= 150000, Aldrich Co.) was mixed with 8.3 g of dimethylformamide
(DMF) in a small bottle, followed by magnetic stirring in water bath
at 50 °C for 3 h to ensure the dissolution of PAN. 0.8 g of metal
acetylacetonate (metal = Fe, Co, or Ni) was then added to the
PAN/DMF solution and continuously stirred for about 12 h at room
temperature. Using the electrospinning apparatus with the applied
DC voltage of 15 kV, receiving distance of 20 cm and solution feed
rate of 0.5 mL/h, the obtained solutions were electrospun into PAN
precursor nanofibers that contained the corresponding metal
acetylacetonate. The collected precursor nanofibers were stabilized
at 250 °C for 3 h in air followed by carbonization in a tube oven at
1000 °C, 1100 °C or 1200 °C for 1 h under a high-purity argon
atmosphere to respectively produce CNFs-Fe, CNFs-Co, and CNFs-
Ni. For comparison, the pure CNFs were also prepared using the
same synthesis route with a carbonization temperature of 1000 °C.

Characterization

Phase analysis of the as-synthesized products was performed by
powder X-ray diffraction (XRD) on a Rigaku D/max-2500PC
diffractometer at a voltage of 40 kV and a current of 200 mA
with graphite monochromatized Cu Ka (4 = 0.154056 nm)
radiation. The surface morphology and chemical composition
of the samples were characterized by a JEOL JSM-7001F filed-
emission scanning electron microscopy (FESEM) equipped
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with energy-dispersive X-ray analysis (EDX, Oxford
Instrument). The microstructure of the nanofibers was analyzed
using a JEOL JEM-2100 transmission electron microscopy
(TEM) operating at 200 kV accelerating voltage. The room
temperature magnetic properties were investigated by a HH-20
vibration sample magnetometer (VSM) with an applied external
filed of 1.5 T. Raman spectra of randomly oriented samples
were recorded on a ThermoFisher DXR Raman spectrometer
with a 532 nm laser. The composite samples used for EM
properties measurement were prepared by uniformly mixing
these magnetic carbon nanofibers in a silicone matrix with a
mass fraction of 5%. For the fabrication of the testing samples,
the required amount of CNFs-M, silicone and corresponding
curing agent (Dow Corning Sylgard 184) were mixed together
and sufficiently stirred for about 1 h at room temperature to
produce a homogeneous mixture of a desired composition. The
mixture was filled into a stainless steel mold and then cured in a
vacuum oven at 100 °C for 2 h to form a toroidal-shaped
specimen with an outer diameter of 7.00 mm, an inner diameter
of 3.04 mm and a thickness of 2.00 mm. The complex
permeability () and permittivity (e,) of the silicone composites
with 5 wt% of CNFs-M were measured in the 1-18 GHz range
by using an Agilent ES071C vector network analyzer.

Results and Discussion

Phase, morphology and microstructure

The phase composition and structure of the as-synthesized
CNFs-M and pure CNFs were examined by powder XRD and
the recorded patterns are presented in Fig. 1. For the pure
CNFs, there is only a dispersive peak structure in the XRD
pattern, suggesting that the sample is mainly composed of
amorphous carbon.”*? For the CNFs-M, a broad diffraction
peak at 26 of around 26° can be indexed to (002) crystal plane
of hexagonal graphite (JCPDS No. 41-1487). This indicates that
the amorphous carbon comprising these nanofibers has been
partially transformed into the graphite-like carbon. The (002)
interplanar spacing values of CNFs-Fe, CNFs-Co, and CNFs-Ni
are calculated to be 0.3395, 0.3457, and 0.3420 nm,
respectively. Both the d-spacing and the intensity of (002) peak
seem to show that the carbon in CNFs-Fe should have the
highest degree of crystalline and graphitization among the three
samples.”’33 Meanwhile, For CNFs-Co and CNFs-Ni, all of the
other diffraction peaks in the patterns can be respectively
ascribed to the well-crystallized cobalt (JCPDS No. 15-0806) or
nickel (JCPDS No. 04-0850) metals with a face-centered cubic
(fcc) structure. The formation of metal phase should be mainly
due to the presence of carbon derived from the decomposition
of PAN during the carbonization process, which can reduce the
related metal oxides to metal at elevated temperatures.”®
Simultaneously, the presence of metal phase also enhances the
PAN graphitization process upon calcination in argon
atmosphere.”® The above results demonstrate that the as-
prepared CNFs-Co and CNFs-Ni are composed of amorphous
carbon, graphite and metal phases. No other phases
corresponding to oxides or carbides are found herein, indicating
an effective protection of carbon matrix to metal nanoparticles
within the nanofibers. However, in the case of CNFs-Fe, except
the diffraction peaks from the body-centered cubic (bcc) phase
of Fe (JCPDS No. 87-0721), there are also some clear peaks of
Fe;0, in the pattern,® implying that the complete phase
transformation cannot be achieved in carbonization process and
the final product still contains a certain amount of Fe;O4. In
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addition, the n-diamond phase is detected in the CNFs-Fe
nanocomposite, which has also been reported by other
studies.®** Based on the XRD data, the average crystallite sizes
of Fe, Co, and Ni nanoparticles can be estimated from
Scherrer’s formula to be about 19.1, 62.3, and 33.6 nm for
CNFs-Fe, CNFs-Co, and CNFs-Ni, respectively. The
information about the structure of the carbon in CNFs-M is
further investigated from Raman spectra, and the results are
shown in Fig. 2. The Raman spectra of all samples show two
main broad peaks centered at about 1341 and 1574 cm™ which
respectively correspond to D-band from amorphous carbon and
G-band from graphite carbon.®**3* Thus, the intensity ratio of
the D- and G-band (/p.pana/Ig-pana) 18 indicative of the degree of
graphitization. The ratio values for CNFs-Fe, CNFs-Co, and
CNFs-Ni are 0.64, 0.94, and 0.72, respectively. This indicates
that the degree of graphitization of the carbon within CNFs-M
increases in the order of CNFs-Co<CNFs-Ni<CNFs-Fe. In
other words, CNFs-Fe sample has the highest degree of
graphitization, which is consistent with the XRD results.
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Fig. 1 XRD patterns of the as-synthesized CNFs-Fe, CNFs-Co,
and CNFs-Ni.
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Fig. 2 Raman spectra of CNFs-Fe, CNFs-Co, and CNFs-Ni.
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Fig. 3 (a—c) FESEM images and (d—f) EDX spectra of the
prepared composite nanofibers: (a and d) CNFs-Fe, (b and e)
CNFs-Co, (c and f) CNFs-Ni. (g) Cross-section FESEM images
of silicone composites with 5 wt% composite nanofibers.

Fig. 3a—c shows the representative FESEM images of the
synthesized CNFs-Fe, CNFs-Co, and CNFs-Ni. It can be
clearly seen that the well-defined fibrous morphology is
perfectly maintained for the three samples after carbonization at
high temperature, and each individual nanofiber is uniform in
cross-section. In addition, some short nanoprotrusions are
observed on the fiber surface. The lengths of these nanofibers
can reach a millimeter to centimeter scale and the average
diameters are 290 + 34, 345 + 42, and 475 + 65 nm for CNFs-
Fe, CNFs-Co, and CNFs-Ni, respectively. Their chemical
compositions are characterized using EDX and shown in Fig.
3d-f, respectively. The experimental results show that there are
only C and related metal elements existing in CNFs-Co and
CNFs-Ni, and the Co and Ni mass fractions are respectively
29.8% and 29.2%. While for the CNFs-Fe sample, a weak peak
coming from O element can be observed except for Fe and C
peaks in the corresponding EDX spectrum. It indicates that the
CNFs-Fe contains some iron oxides, which in good agreement
with the XRD results. The Fe content in CNFs-Fe nanocomposite
is calculated by excluding the content of Fe;O, to be about 16.4
wt% based on the EDX result. Fig. 3g presents a cross section
FESEM image of silicone composites with 5 wt% CNFs-M. We
can see that the magnetic carbon composite nanofibers are well
dispersed in the silicone matrix.
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On the same samples presented above, a conventional TEM
study has been conducted to further investigate their
microstructures and the distribution of metal nanoparticles in
the corresponding nanofibers. Fig. 4a—c shows typical TEM
images of single CNFs-Fe, CNFs-Co and CNFs-Ni composite
nanofibers, respectively. As observed, the in-situ formed
Fe/Co/Ni nanoparticles are roughly spherical and well
distributed along the nanofibers. Meanwhile, these Fe/Co/Ni
nanoparticles display a broad size distribution and the mean
particle sizes obtained by measuring more than 100 particles
are around 17, 155 and 110 nm, respectively. For CNFs-Co and
CNFs-Ni, the particle sizes of Co and Ni nanoparticles are
much larger than the corresponding crystallite sizes estimated
by the XRD data, indicating that most of the Co and Ni
nanoparticles inside the nanofibers are polycrystalline
aggregates. Further structural characterization for these metal
particles was carried out by selected area electro diffraction
(SAED) and high-resolution TEM (HRTEM). The insets of Fig.
4a—c show the SAED patterns from a single Fe, Co, and Ni
nanoparticles in CNFs-M. These SAED patterns not only
further confirm the existent of bee-Fe, fcc-Co, and fee-Ni in the
samples but also demonstrate the Co and Ni nanoparticles both
are polycrystalline. As shown in Fig. 4d—e, the HRTEM images
reveal that these metal nanoparticles are basically parceled by
ordered graphite layers, similar to particles/graphite core/shell
nanocapsules in microstructures. The formation of graphite
around the particles should be attributed to the good catalytic
graphitization effect of these metals as reported earlier by

_Co(200)
L)
N\ Co(111)

Ni(200)
s

SNi(111)

Fig. 4 (a—c) TEM and (d—f) high-resolution TEM images of the
synthesized composite nanofibes: (a and d) CNFs-Fe, (b and ¢)
CNFs-Co, (¢ and f) CNFs-Ni. Insets in (a)—(c) are the SAED
patterns of a single Fe, Co, and Ni nanoparticles.
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others.””* Furthermore, the TEM images also further confirm
the coexistence of disordered carbon and graphite phases in
these samples. It is noteworthy that the electromagnetic
properties of such CNFs/particles nanocomposites will benefit
from this uniform dispersion and particular core/shell
microstructure because they can construct the good
electromagnetic match in nanoscaled geometry.>'*

Magnetic properties

Fig. 5 shows the magnetic hysteresis loops (M—H loops)
combined with the expanded low-field hysteresis curves (inset
of Fig. 5) of CNFs-Fe, CNFs-Co, and CNFs-Ni measured at
room-temperature, which indicate the magnetic properties,
including saturation magnetization M; and coercivities H,,
respectively. As can be seen, the three samples exhibit typical
soft ferromagnetism and their magnetizations reach saturation
with the external field of about 15 kOe. The M, values of
CNFs-Fe, CNFs-Co, and CNFs-Ni are about 64.2, 40.5, and
18.6 emu/g, respectively, which are significantly lower than the
values of bulk Fe (221.71 emu/g), Co (162.55 emu/g), and Ni
(58.57 emu/g).’” The decrease in the magnetization is mainly
attributed to the existence of nonmagnetic carbon component in
nanofibers.”>?! Moreover, the large specific area and the
imperfection of the crystalline structure at the surface may also
lead to a significant decrease in the nanofiber saturation
magnetization.”® The CNFs-Fe has the largest saturation
magnetization among the three samples, which is beneficial for
high permeability. On the other hand, the inset of Fig. 5 clearly
indicates that the synthesized composite nanofibers exhibit
great enhanced coercivities as compared to the corresponding
bulk metal materials. the H_, values obtained in CNFs-Fe,
CNFs-Co, and CNFs-Ni are round 107.6, 239.6, and 81.4 Oe;
whereas those of bulk Fe, Co, and Ni are only 1, 10, and 0.7
Oe,*” respectively. Commonly, magnetic nanomaterials have a
larger coercivity than corresponding bulk materials due mainly
to the considerable increase of surface anisotropy filed induced
by the small size effect.
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Fig. 5 Magnetic hysteresis loops of CNFs-Fe, CNFs-Co, and
CNFs-Ni at room temperature. Inset is expanded low field
hysteresis curves.

Electromagnetic characteristics

The electromagnetic parameters (relative complex permittivity,
& = & — je" and relative complex permeability («, = ¢' —ju") of
the silicone composites containing 5 wt% of CNFs-Fe, CNFs-
Co, and CNFs-Ni as fillers, respectively, were measured in the
frequency range of 1-18 GHz at room temperature for the
investigation of EM absorption properties. Fig. 6 shows the

This journal is © The Royal Society of Chemistry 2012
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frequency dependence of the real part (¢') and imaginary part
(¢") of relative complex permittivity measured for the three
samples. It can be found that the &' values decline from 16.2,
17.2, and 14.6 to 11.6, 11.7, and 11.3 while the &" values
increase from 2.1, 2.3, and 1.5 t0 6.7, 7.1, and 4.8 for CNFs-Fe,
CNFs-Co, and CNFs-Ni, respectively, over the 1-18 GHz
frequency range. Compared with the CNFs-Co and CNFs-Ni,
the CNFs-Fe exhibits an obvious peak in the &" curve over the
10.5-16.6 GHz frequency range, indicating a dielectric
resonance behavior. As we know, the real permittivity is related
to the polarization, while the imaginary permittivity implies the
dielectric loss. For the present three samples, their complex
permittivity values, especially for imaginary parts, are lower
than or comparable to those of porous graphitic carbons
encapsulating Fe nanoparticles (¢" = 120-60),” Fe-Co alloy
coated carbon fibers (¢" = 9.7-4.3),%° carbon-coated nickel
nanocapsules (¢" = 7.2-3.7),>! Fe/CNFs (&" = 90-40) and
carbon-coated Fe composites (&" = 50—45).>® It suggests that the
prepared CNFs-Fe, CNFs-Co, and CNFs-Ni nanocomposites
have a relatively weak dielectric loss against EM wave.
According to the free electron theory,*® &" = 1/2xeqpf, where p is
the resistivity. It can be speculated that the lower ¢&" values
indicate a higher electric resistivity with respect to the
aforementioned magnetic carbon hybrid nanocomposites. The
higher electric resistivity may result from the few point defects
existing in these composite nanofibers, the effective dispersion,
as well as the particular particle/graphite core/shell micro-
structures.®'** In general, a proper electric resistivity and proper
dielectric loss are favourable to the improvement of the EM
wave absorption performance.

184

15 1 !
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Frequency (GHz)
Fig. 6 Frequency dependence of the complex permittivity of the
CNFs-M/silicone composites.

The real part (¢') and imaginary part (") of relative complex
permeability are plotted as a function of frequency in Fig. 7. As
can be seen, the three samples show a similar dispersive
behavior and the differences between permeability values are
small. The y' values vary in the range of 1.21-1.00, 1.12-0.96,
and 1.15-0.98 with slight fluctuations at frequency region over
1-18 GHz for CNFs-Fe, CNFs-Co, and CNFs-Ni, respectively,
while the corresponding u" values are close to 0. These very
low permeability values in the present systems should be
attributed to the trace amount of magnetic Fe/Co/Ni
nanoparticles and also the Snoek limit at high frequencies.
Nevertheless, for the imaginary part of complex permeability of
composites, especially CNFs-Fe composite, two small
resonance peaks can be observed respectively in the low-
frequency and high-frequency regions. In general, the magnetic
loss of magnetic materials originates mainly from eddy current

This journal is © The Royal Society of Chemistry 2012
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loss, natural resonance, and exchange resonance in the
microwave region.*?*> The eddy current loss is related to the
thickness (d) and the electric conductivity (o) of the
composites, which can be expressed by u"(u)f" = 2muod’o,
where uo is the permeability of vacuum. If the observed
magnetic loss only results from eddy-current loss, the values of
1'@)*f" should be a constant when frequency varies.
However, Fig. 8 shows that above situation does not exist for
the present CNFs-Fe, CNFs-Co, and CNFs-Ni systems because
their x"(u')f" values present a decreasing trend generally with
increasing frequency in the 1-18 GHz range. Therefore, the
eddy current loss can be precluded. The natural resonance
frequency can be calculated by the equation: f= yH,,*' where f
is the resonance frequency, y the gyromagnetic ratio, Hy the
anisotropy filed. Considering that the magnetocrystalline
anisotropy filed of bce-Fe, fece-Co, and fee-Ni is 600, 500, and
130 Oe,’° the calculated natural resonance frequency is 1.8, 1.5,
and 0.39 GHz, respectively. These values are smaller than the
frequency of the measured resonance peak at the low-frequency
region, which may be attributed to the surface and shape
anisotropy of magnetic Fe/Co/Ni nanoparticles.”> Moreover, the
resonance at the high-frequency range may be due to the
exchange resonance according to Aharoni’s theory which has
been reported in previous reports.*?
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Fig. 7 Frequency dependence of the complex permeability of
the CNFs-M/silicone composites.
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Fig. 8 Values of x"(u")f" for the CNFs-M/silicone composites
versus frequency

It is worthy to note that the imaginary permeability of these
three samples presents negative values at the high-frequency
range (about 11-18 GHz). This phenomena related to negative
permeability have been reported in many composites containing
fillers such as MWCNTs,* porous carbon,* graphene,’
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Fe;0,/ZnO core/shell nanorods,* carbon microtube/Fe;O,
nanocomposites,’ and Fe-Co alloy coated CNFs.?° The Physical
mechanisms of such permeability have been researched both
experimentally and theoretically.

Dielectric loss and magnetic loss are the two possible
contributions to EM-wave absorption.*’ In order to investigate
which one is dominate for the CNFs-Fe, CNFs-Co, and CNFs-
Ni nanocomposites, the dielectric loss tangent (tan J. = &'"/¢")
and the magnetic loss tangent (tan J,,= u"/u") are calculated and
shown in Fig. 9. For the three samples, a generally increasing
and declining tendency can be observed for the dielectric and
magnetic loss with the increase of frequency, respectively. The
values of tan J. and tan J, vary respectively in the range of
0.104 to 0.720 and 0.074 to —0.186. The appearance of the
negative magnetic loss tangent at the high-frequency region is
due to the negative permeability. In the entire frequency range,
the value of tan J. is much larger that of tan J,,, which suggests
the dielectric loss plays a main role in the intrinsic EM
absorptions of these samples. The similar phenomenon has also
been reported in other magnetic carbon hybrid absorbing
materials, e.g., FeCo@C nanocapsules,1 MWCNTSs/Fe/Co/Ni
nanopowders,’ CoNi@C nanocapsules,'> Fe-Co alloy coated
CNFs, 2 and Fe;0, coated CNFs.2! It is known that the
absorption of EM energy by dielectrics are mainly arises from
the dipole polarization and the interfacial polarization at
microwave frequency.*****" In our case, the number of surface
atoms with unsaturated bonds in Fe/Co/Ni particles will greatly
increase as their sizes are in nanoscale, resulting in an increase
of the diploes. Consequently, the more dipole polarization can
contribute to the dielectric loss. Furthermore, the fine
dispersion of Fe/Co/Ni nanoparticles in carbon-based
nanofibers can introduce more extra interfaces and as a result
the interfacial polarization and the associated relaxation
occurred at the nanoparticles/carbon interfaces will be stronger,
which also contribute to the dielectric loss.*® In addition, the
space-charge polarization, which occurs between adjacent metal
nanoparticles, possibly contributes extra relaxation process and
results in the increase of the dielectric loss in some degree.*’
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Fig. 9 Frequency dependence of dielectric loss and magnetic
loss tangent of the CNFs-M/silicone composites.

EM-wave attenuation in the interior of absorber is one of key
factors for an excellent absorber. The attenuation constant o
determines the attenuation properties of materials. According to
transmission line theory and EM-wave propagation constant, the o
can be expressed by

ngn_luvgv)_'_ \/(,U"S"—IU'S')Z + (S'IUH‘FS”,U')Z (1)
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where f'is the frequency of EM-wave and c is the velocity of
light.** As shown in Fig. 10, the dependence of o on frequency
shows that the CNFs/Fe has the maximum o value among the
three samples in most of the tested frequency range, especially
at the high-frequency range. Therefore, it can be speculated that
the CNFs-Fe may exhibit better EM-absorption properties than
the CNFs-Co and CNFs-Ni samples.

250 4

200

150

100 1

Attenuation constant

50

O T T T T T T T g
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Frequency (GHz)

Fig. 10 Attenuation constant of the CNFs-M/silicone composites as a
function of frequency.

EM-wave absorption properties

To reveal the EM-wave absorption properties of the as-synthesized
samples, the reflection loss (RL) values of the CNFs-Fe, CNFs-Co,
and CNFs-Ni nanofiber composites were calculated using the
measured relative complex permeability () and permittivity (e,) at
thickness from 1.1 to 5.0 mm and frequency from 1 to 18 GHz
according to the following equations >’

Z, = Zo(ﬂr/&‘r )”2 tanh[j(Z;y’d/c)(,uré:r )1/2] 2)
RL(dB) = 201¢|(Z,, ~ Z,)/(Z,, +Z,)| )

where Z;, is the input impedance of the absorber, Z; is the impedance
of air, c is the velocity of light, fis the frequency of microwaves, and
d is the thickness of the absorber. The results are shown in Fig. 11a—
c. At a given thickness, a RL peak appears at a frequency. The RL
peaks exceeding —20 dB are achieved at all thicknesses tested. An
RL value below —20 dB means that more than 99% of the incident
EM-wave is absorbed, which is a typical target to be attained for the
EM-wave absorbers from a practical application point of view.***
The absorption bandwidths with the RL less than —20 dB are up to
14.7 GHz (from 3.3 to 18 GHz) for CNFs-Fe, 14.5 GHz (from 3.5 to
18 GHz) for CNFs-Co, and 14.2 GHz (from 3.8 to 18 GHz) for
CNFs-Ni, when the absorber thickness is between 1.1 and 5.0 mm.
The above results demonstrate that these three samples have
excellent EM-wave absorption performances from C-band to Ku-
band. This frequency ranges covers the absorption frequency range
of the traditional ferrite absorbers®® and many earlier reported
nanocomposites.' 1?2 Moreover, the minimum RL values of —
67.5, 63.1, and 61.0 dB are obtained at 16.6, 12.9, and 13.1 GHz
with the matching thickness of 1.3, 1.6, and 1.7 mm for CNFs-Fe,
CNFs-Co, and CNFs-Ni, respectively. Among the three samples,
CNFs-Fe has the most excellent EM-wave absorption properties
with the thinnest matching thickness, similar to the
MWCNTSs/Fe/Co/Ni nanopowder systems.® This may be ascribed to
the fact that CNFs-Fe has the highest permeability resulting from its
largest saturation magnetization. For comparison, we also investigate

This journal is © The Royal Society of Chemistry 2012
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the absorption properties of the silicone composites with 5 wt% pure
CNFs in the 1-18 GHz range, as shown in Figure 11d. However, the
pure CNFs sample gives a very weak EM absorption compared with
the CNFs-M composites, and the minimum RL value only reaches —
11.5 dB, which is mainly attributed to the poor impedance matching
between the material and free space due to its high permittivity at 1—
18 GHz (¢' = 70.0-15.1, &" = 57.5-18.5).

The thickness of the sample is one of the crucial parameters which
affects the intensity and the position of the frequency at the RL
minimum.”® As can be clearly seen in Fig. 11, the absorption peaks
shift to lower frequency and peak values show a tendency of first
decrease and then increase with increasing thickness from 1.1 to 5.0
mm for all samples, implying that the absorption performances can

Journal of Materials Chemistry A

be effectively and easily tuned through adjusting the thickness of the
composites. Additionally, it is interesting to noting that when the
sample thickness exceeds 3.0 mm for CNFs-Fe or 4.0 mm for CNFs-
Co and CNFs-Ni, a second absorption peak appears after the main
peak, which is beneficial to improve the effective absorbing
bandwidth of a single absorber layer. According to the quarter-
wavelength cancellation model, the minimal reflections can be
obtained at given frequency if the thickness of the absorber satisfies

d=nc/(Af ”g,‘H#r‘) n=1,3,5, ...).6‘21 Hence, the attenuation peaks

move toward the lower frequency regions and more attenuation
peaks might appear as the thickness of the absorbers increases.
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Fig. 11 Reflection loss curves of (a) CNFs-Fe, (b) CNFs-Co, (c) CNFs-Ni, and (d) CNFs/silicone composites with different thicknesses in

the frequency range of 1-18 GHz.

As shown in Table 1, the EM-wave absorption properties of
the present CNFs-M systems are compared with other magnetic
carbon hybrid nanocomposties reported recently.5%1320"
22.25.31.4044.51°55 1t can be seen that the CNFs-Fe, CNFs-Co, and
CNFs-Ni have stronger EM absorbing ability and broader
absorption bandwidth at a lower mass density and a thinner
absorber layer. Generally, excellent EM  absorption
performance of a material requires good impedance matching
and attenuation characteristics, which are associated with
complex permittivity, complex permeability, thickness, and
structure of the material.?"***° For the CNFs-M fabricated in
the present work, their dielectric and magnetic loss, especially
for magnetic loss, are not high compared to other reported
magnetic carbon hybrid absorbers listed in Table 1. Therefore,

This journal is © The Royal Society of Chemistry 2012

one can conclude that the enhancement of the EM-wave
absorption properties for the three samples may be mainly
contributed to a better electromagnetic impedance matching
which is set up due to their relatively low permittivity and
special core/shell microstructures. As a result, the input
impedance of the CNFs-M composites is closer to the wave
impedance of free space, more energy of the incident EM-
waves can be transferred and dissipated inside the absorbers,
leading to a stronger and wider EM absorption. Besides, it
should be herein emphasized that an important feature of the
present work is that the mass fraction of CNFs-M in the silicone
composites is only 5 wt%. In other words, the areal density of
absorbers is mainly dominated by the matrix materials not by
the fillers. These results show that as-prepared CNFs/M hybrid

J. Name., 2012, 00, 1-3 | 7
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nanofibers are very promising to be used as stable, lightweight frequency range.
and highly efficient EM-wave absorptive materials in a wide
Table 1 EM-wave absorption properties of some earlier reported magnetic carbon hybrid nanocomposites.
Absorber thickness ~ Frequency range Minimum RL
Mass ratio (RL <-20dB) (RL <-20dB) Value Matching thickness
sample (Wt%) (mm) (GHz) (dB) (mm) Ref.
CoNi/C nanocapsules 40 2.0-4.8 ~5-17 -35 2.0 [13]
Ni/C nanocapsules 50 2.0 12.5-13.5 -32 2.0 [31]
FeNi/C nanocapsules 40 2.0-3.0 9-18 -22.5 2.0 [40]
Prous C/Co 30 ~2.5-5.0 ~4-10 -40 5.0 [44]
Fe;04/C composite nanofibers 5 5.0 ~7.3-8.7 —45 5.0 [8]
Fe-Co/carbon fibers 30 1.5-3.0 5.7-12.5 —48.2 1.7 [20]
Fe;Oy4/carbon fibers 50 1.7-6.0 2-8.5 -30 4.0 [21]
CuO/carbon fibers 50 1.54.0 3.0-94 -29.6 1.8 [22]
Fe-C nanofibers 50 2.0-3.5 ~3.5-7.2 -44 3.0 [25]
MWCNTs/Fe 60 3.36-5.57 2.04-3.47 -39 4.27 [6]
MWCNTs/Co 60 4.18-6.82 2.35-3.51 =37 5.25 [6]
FeCo/CNTs 30 ~6.0-10.0 ~9-15.5 -37.3 8.0 [51]
Ni/MWCNTSs 30 2.7-53 4.7-10.2 -37.9 4.0 [52]
Fe;04/MWCNTSs 20 2.0-5.0 ~4.6-18 =75 3.0 [53]
Fe/graphene 40 1.5-4.0 ~4.8-18 —45 3.0 [54]
NiFe,O,4 nanorod/graphene 60 2.0-5.0 ~5.7-18 —44.6 4.0 [55]
CNFs/Fe 5 1.1-5.0 3.3-18 —67.5 1.3 This work
CNFs/Co 5 1.1-5.0 3.5-18 —63.1 1.6 This work
CNFs/Ni 5 1.1-5.0 3.8-18 -61.0 1.7 This work
. and BE2013071), Natural Science Foundation of the Jiangsu
Conclusions

In summary, electrospinning combined with heat treatment in
Ar atmosphere has been employed to successfully prepare the
magnetic carbon nanofibers CNFs-M in which the in-situ
formed magnetic metal (Fe, Co, and Ni) nanoparticles are
uniformly dispersed along nanofibers and encapsulated by
ordered graphite layers. The formed core-shell microstructure
can improve the impedance matching, EM-wave absorption
properties and oxidation and corrosion resistances of the metal
nanoparticles in CNFs-M. The magnetism and EM-wave
absorption analysis show that RL values exceeding —20 dB are
obtained in the frequency range of 3.3—-18, 3.5-18, and 3.8-18
GHz with the absorber thickness between 1.1 and 5.0 mm for
the silicone composites containing 5 wt% CNFs-Fe, CNFs-Co,
and CNFs-Ni as fillers, respectively. The effectively absorbing
frequency range covers the absorption frequency range of the
traditional sintered ferrites and many earlier reported
nanocomposites. Moreover, the RL minimums respectively
reach —67.5, —63.1, and —61.0 dB at 16.6, 12.9, and 13.1 GHz
with the matching thickness of 1.3, 1.6, and 1.7 mm. As a
result, the as-synthesized CNFs-M hybrid nanofibers have 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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Graphical Abstract

Magnetic carbon nanofibers containing uniformly dispersed Fe/Co/Ni nanoparticles (CNFs-M) exhibit excellent

electromagnetic wave absorption properties from C-band to Ku-band.
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