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1. Introduction
With fast advancement of wireless technology in 

microwave frequency range, microwave absorbing materials 
(MAMs) are becoming increasingly important for applications 
outside special fields such as silent rooms, radar systems, 
and military application1-5. MAMs are generally classified 
into three types: the resistive loss type, the dielectric loss 
type and magnetic loss type6. Single loss type MAMs limits 
their application in GHz frequencies due to their intrinsic 
disadvantages. The microwave absorbing characteristics 
could be effectively evaluated by the relatively complex 
permittivity ( ' ''r j= −ε ε ε ) and permeability ( ' ''r j= −µ µ µ ), 
in which the real and imaginary parts represent the storage 
and loss of microwave energy in absorbent through various 
magnetic and/or dielectric phenomena, respectively4. 
Composite materials allow convenient use on surface, 
good control over mechanical properties, and variation of 
microwave absorbing properties with proper selection of 
matrix material and different inclusions, either dielectric, 
conductive, or ferromagnetic1. Low density requirements for 
the absorber make the nanocomposites the focus of MAMs. 
Core-shell structured nanocapsules are a special type of 
nanocomposites, which are usually composed of cores and 
shells of nanometer size that are made of different materials5. 
Recently, much research has been focused on nanocapsules 
(dielectric shells and magnetic nanoparticles as cores) as 

MAMs. The core‑shell structure improves the impedance 
matching between the nanostructures and the incident 
microwaves due to the coupling of the electromagnetic field 
with both the magnetic core and the dielectric shell. Some 
nanocapsules of this type, including FeNiMo/C, Fe/ZnO, 
FeCo/Al2O3, Ni/Cu oxides, etc., have been studied7-10.

The ferromagnetic resonance and dielectric resonance 
of nanocomposite, essential for enhanced microwave 
absorption, is determined by a few physical parameters of the 
nanocomposites, namely, anisotropy coefficient K, damping 
parameter α, saturation magnetization MS, and particle shape1. 
When nanocomposites exhibit superparamagnetism, the 
susceptibility and its resonance frequency depend also on 
volume of magnetic nanoparticles. In addition, with diminishing 
diameter of nanoparticles the surface effects become increasingly 
important, affecting primarily the anisotropy coefficient and 
damping parameter1. In our previous work, we synthesized 
the superparamagnetic graphite-coated FeNi3 nanocapsules 
by arc discharge method. Compared with ferromagnetic 
FeNi3 nanoparticles, the natural resonance and attenuation 
properties of the superparamagnetic graphite-coated FeNi3 
nanocapsules were dramatically enhanced11. In this paper, 
we will report the large scale synthesis of superparamagnetic 
face-centered cubic (FCC) Co/C nanocapsules by a facile 
hydrothermal method. The phase, microstructure, magnetic 
properties and microwave absorbing properties will be 
deeply investigated.
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2. Experimental
2.1. Materials

All the reactions, CoCl2·6H2O, NaOH, hydrazine hydrate 
(N2H4·H2O) and glucose, were of reagent grade and used 
without further purification.

2.2. Preparation of FCC- Co/C nanocapsules
In a typical experiment, a solution was first prepared by 

dissolving 0.1g glucose, 4.76 g CoCl2·6H2O and 0.4 g NaOH 
in 40 mL distilled water. The mixture was stirred vigorously 
until it was homogeneous and then a 5 mL volume of N2H4·H2O 
was added to the solution. Subsequently, the solution was 
transferred into a 50-mL autoclave. The autoclave was sealed 
and put into a furnace, which was preheated to 120 °C. After 
heating for 12 h, the autoclave was taken out and cooled 
naturally to room temperature. The product was washed 
with distilled water and ethanol several times to remove 
impurities before the characterization.

2.3. Characterization and measurements
The phase analysis for the product was performed 

by using powder X-ray diffraction (XRD), acquired by a 
Bruker D8 Advance X-ray diffractometer equipped with a 
monochromatized Cu-Kα radiation. Raman spectra were 
studied on a DXR Raman spectrophotometer (Thermo 
Scientific, USA) that was equipped with a 633 nm laser 
source. The morphology and size distribution of the products 
were observed by a high-resolution transmission electron 
microscope (HRTEM) images from JEOL-2100F. The magnetic 
properties were measured by a superconducting quantum 
interference device (SQUID, Quantum Design MPMS XL-7).

The FCC-Co/C nanocapsules-paraffin composite was 
prepared by uniformly mixing FCC-Co/C nanocapsules 
with paraffin, and the detailed descriptions can be 
found elsewhere7-11. The  mixture was compressed into 
a cylinder‑shaped compact, and then cut into a toroidal 
shape with 7.00 mm outer diameter and 3.04 mm inner 
diameter. The EM parameters of FCC-Co/C nanocapsules 
(40 wt.%)-paraffin composites were measured using an 
Agilent N5244A vector network analyzer (VNA, USA). 
Coaxial method is used to determine the EM parameters of 
the toroidal samples in the frequency range of 2-18 GHz 
in transverse EM mode. The vector network analyzer was 
calibrated for the full two‑port measurement of reflection 
and transmission at each port. The complex permittivity 
( ' ''r j= −ε ε ε ) and complex permeability ( ' ''r j= −µ µ µ ) were 
calculated from S-parameters using a simulation program of 
Reflection/Transmission Nicolson‑Ross model10.

3. Results and Discussion
3.1. Charaterization of FCC-Co/C nanocapsules

The XRD pattern in Figure 1 can be clearly shown and 
indexed to the FCC structure of Co with a lattice parameter of 
a=3.544 Å (JCPDS card No. 15-0806), which is close to that 
reported in the previous literature12,13. No other impurity peaks 
are detected, suggesting the purities of FCC-Co. The strong 
and sharp peaks reveal that the FCC‑Co nanoparticles are 
well crystallized. The average grain size of FCC-Co is 

estimated to be 12.7 nm by using the reflection peak of (111) 
and Debye-Scherrer’s relation. It has been well known that 
bulk Co has a hexagonal close-packed (HCP) structure at 
room temperature and undergoes a reverse martensitic phase 
transition to a FCC structure at about 415 °C. The existence 
of the high-temperature phase in nanocapsules at room 
temperature can be attributed to the higher surface energy 
of nanoscale particles13. In addition, there are no detectable 
peaks for carbon in the XRD pattern, indicating the amorphous 
state of the C shells in the composite. Furthermore, since 
C 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 direction7. The inset of Figure 1 shows the Raman 
spectrum of the products, which can provide more detailed 
information about the structure of the carbon14. It is obviously 
seen that there are two peaks in the spectrum. The peak at 
1347.2 cm–1 is called as D-line, which is from the defects in 
the graphitic layer, which the peak at 1579.2 cm–1 is identified 
as G-line caused by the E2g-mode of graphite. The ratio of 
ID/IG can represent the quality or crystallinity of the carbon 
in the nanocomposites. The ID/IG ratio exceeds 1, revealing 
the amorphous nature of C in the present nanocomposites14.

The morphology and size distribution of the products 
can be observed clearly in Figure 2a. The particles are of 
irregular spherical shape, which in a certain sense reveals the 
crystallization habits of FCC-Co. The morphology of FCC-Co/C 
nanocapsules is similar with the results reported in Ma et al.12 
and . Liu et al.13. It is understood that the lower‑state for the 
crystallization process dominates the concrete morphology 
of the FCC-Co/C nanocapsules. As measured from TEM 

Figure 1. XRD pattern of the products. The inset shows the Raman 
spectrum of the products.

Figure 2. (a) TEM and (b) HRTEM images of the products.
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image, the diameter distribution of nanocapsules ranges 
from 5 to 20 nm. The averaged diameter is about 13.2 nm, 
after averaging that of more than 100 nanoparticles, which is 
onsistent with 12.7 nm calculated from the XRD (111) peak 
according to the Scherrer equation. The typical core‑shell 
structure is shown in HRTEM image (Figure 2b), and the 
shell regions contrast with typical amorphous materials. 
The amorphous shells are considered as carbon detected by 
the energy dispersive spectroscopy spectrum. The product 
is identified to be FCC-Co/C nanocapsules on basis of the 
results of XRD and TEM.

3.2. Magnetic properties of FCC-Co/C 
nanocapsules

Figure 3a shows the temperature dependence of the 
magnetization at an applied field (H=200 Oe) after different 
cooling process (at 10-300 K) for as-prepared nanocapsules. 
In the zero-field cooling (ZFC) process, the nanocapsules was 
cooled from room temperature to 10 K without application 
of an external magnetic field, then the magnetization as a 
function of temperature was recorded at the applied field 
(H=200 Oe) during the warming process. In the case of field 
cooling (FC), the nanocapsules was cooled from 300 to 10 K 
in the presence of the external magnetic field (H=200 Oe), and 
the magnetization as a function of temperature was recorded 
with decreasing temperature12. The blocking temperature TB 
of FCC-Co/C nanocapsules is determined as 85 K from ZFC 
curve in Figure 3a. The blocking temperature is defined as the 
temperature above which one particle has enough relaxation 
time, within the observation time, to reverse its moments to the 
orientation of the applied field15. Namely, TB is the temperature 
corresponding to the maximum of magnetization in the ZFC 
curve, indicating a blocking process of the nanoparticles. 
Below TB, the sharp increase of ZFC magnetization can be 
explained by the contribution of some small particles with the 
blocking temperature less than 85 K. When the temperature 
tends to TB other bigger single-domain particles can relax 
their moments to the applied field within the observation 
time12. From 85 to 300 K, magnetization decreases gradually 
at thermal agitation effects. Thus the particles show the 
superparamagnetism. The  wide peak around TB in ZFC 
curve indicates the wide size distribution of the FCC-Co/C 
nanocapsules. For the FCC‑Co/C nanocapsules, MZFC and 
MFC clearly show irreversibility persists up to ~ 300 K, named 
by TIRR, at which MZFC and MFC finally coincide16-18. For an 
ideal superparamagnetic material, TB and TIRR are identical 
so that their difference provides a good indicator of the 
actual particle size distribution. For our samples, the TIRR-TB 
differences indicate that some larger nanoparticles remain 
blocked till temperature is sufficiently high to overcome 
their energy barriers16-18. Figure 3b represents the hysteresis 
loops recorded at 50 and 300 K, respectively, for FCC-Co/C 
nanocapsules. The shape of the hysteresis loops is similar, 
and the MS and the coercive force increase with decreasing 
the temperature. The occurrence of the hysteresis at 50 K 
can be explained to be due to that a slow relaxation process 
causes the anisotropy energy barriers dominate the rotation 
of the magnetic moment, and the system cannot respond 
immediately to the field change to reach its thermodynamic 
equilibrium state. No coercive force exists in the hysteresis 
loop at 300 K, further indicating the FCC-Co/C nanocapsules 
are superparamagnetic. The MS of FCC-Co/C nanocapsules 

at 300 K is 70.4 emu/g, which is smaller than the highest 
values reported for the bulk cobalt (162 emu/g) and the 
133.29 emu/g of HCC-Co particles19,20. This difference 
in the bulk property is explained by weakly coupled and 
more disordered spins on the surface and the existence of a 
nonmagnetic C component5,11.

3.3. Microwave absorbing properties of 
FCC‑Co/C nanocapsules

The complex permittivity and complex permeability 
versus frequency for the FCC-Co/C-paraffin composite 
are shown in Figure 4a and b. Both the real part ( 'ε ) and 
the imaginary part ( ''ε ) of the complex permittivity in 
Figure 4a display the similar tendency of decreasing with 
the frequency increasing from 2 to 18 GHz and exhibit three 
resonant peaks at around 3.6, 9.6 and 14.8 GHz, respectively. 
One peak may result from the relaxation loss of permanent 
electric dipoles due to defects in the amorphous carbon shell 
demonstrated by the TEM image in Figure 2b. The other peaks 
can be explained on the basis of space charge polarization 
model of Wagner21 and Maxwell20 According to space 
charge polarization model, the increase of 'ε  of complex 
permittivity at higher frequencies can be attributed to the 
interfacial space-charge polarization which arises from the 
heterogeneous mixtures. Interfacial polarization is always 
present in heterogeneous mixtures including more than one 
phase like the FCC‑Co/C‑paraffin composites. This kind of 

Figure 3. (a) ZFC and FC (H=200 Oe) magnetization curves, and 
(b) hysteresis loops at 50 and 300 K of FCC-Co/C nanocapsules.
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polarization arising at the interfaces is due to the migration 
of charge carriers through different phases of the composite 
material, which may be attributed to the electronegativity 
difference between the components. When an external 
electric filed is applied, the space charge can be appeared, 
due to the fact that the motion of charges will be hindered at 
various points of the components material. The appearance 
of such space charge can distort the macroscopic field and 
appears as polarization to an external observer20. Interfacial 
polarization is present in materials with considerable 
electrically heterogeneous. Hence, Composite materials will 
exhibit large interfacial polarization within them under an 
external electric field. FCC-Co nanoparticles embedded in 
an amorphous carbon shells can act as charge centers and 
can contribute to the enhancement of dielectric permittivity 
because of interfacial polarization22. According to the Debye 
relaxation theory23, for most dynamic processes of dielectric 
relaxation loss, 'ε  and ''ε  follow the equation of the Cole‑Cole 
semicircle. Clear segments of the Cole‑Cole semicircle 
between 'ε and ''ε  for the present FCC-Co/C nanocapsules 
are displayed in Figure 4c, in which the multi‑semicircles 
indicate the multi-dielectric relaxation loss.

The frequency dependencies of the real part ( 'µ ) and the 
imaginary part ( ''µ ) of rµ  are presented in Figure 4b. The value 
of 'µ decreases from 1.19 to 0.98 with increasing frequency, 
which shows excellent frequency dispersion. The ''µ  has a 
resonance peak at 6.4 GHz, and the large resonance band is 
observed in the range of 4-14 GHz, which is corresponding to 
the multi-magnetic resonance, like in CoNi/C nanocapsules, 
HCP-Co nanoparticles and Co nanoflakes20,23,24. In our previous 
papers, the resonance frequency at 6.4 GHz is due to the 
large anisotropy energy. The anisotropy energy of particles of 
small size, especially in nanometer scale, may be remarkably 
increased due to the shape/surface anisotropy affected by the 
size effects5,8-11. The large resonance band may be interpreted 
as a consequence of size and morphology of the FCC-Co/C 
nanocapsules. As a typical magnetic material, the magnetic 
loss of FCC-Co/C nanocapsules is mostly associated with 
magnetic hysteresis, domain wall resonance, eddy current 
loss, natural resonance, and exchange resonance for particles 
smaller than 100 nm[25]. Because FCC-Co/C nanocapsules 
are superparamagnetic and the averaged size of FCC-Co/C 
nanocapsules is smaller than the typical single-domain size 
(~ 70 nm) of the cobalt with spherical shape12, magnetic 

Figure 4. Frequency dependence of (a) the relative complex permittivity and (b) the relative complex permeability, (c) Cole-Cole plot. 
The four dashed circles are guides to the eyes, and (d) frequency dependence of μ′′(μ′)-2f -1.
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hysteresis stemming from irreversible magnetization and 
domain wall resonance can be excluded. Exchange resonance 
may be present in the present system, due to the fact that 
the size of FCC-Co/C nanocapsules is smaller than 100 nm. 
If the magnetic loss only stems from the eddy current loss, 
then the values of ''( ') 2 1f− −µ µ  should be constant when 
the frequency is changed. We can call this the skin-effect 
criterion. As shown in Figure 3d, the values of ''( ') 2 1f− −µ µ  
of the FCC-Co/C nanocapsules decrease remarkably with 
increasing frequency. Therefore, the magnetic loss in the 
present system may be caused mainly by the natural resonance 
and exchange resonance.

According to the transmission line theory, when a wave 
is normally incident to a absorber layer with a backed metal 
plate, the reflection loss (RL) curves at a given absorber 
thickness can be calculated from the complex permeability 
and permittivity by means of the following expressions8-11:

/ / tanh(( / ) )

lg ( ) / ( )
in 0 r r r rZ Z Z j2 t

RL 20 Z 1 Z 1

= =

= − +

µ ε π λ µ ε
	 (1)

Where Z is the normalized input impedance related to the 
impedance in free space; λ is the wavelength in free space; 
and t the thickness of the absorber.

The three dimensional dependence of the RL of the 
FCC‑Co/C-paraffin composites with varying layer thickness 
(0.5-5.4 mm) on the EM wave frequency in the 2-18 GHz 
range is presented in Figure  5. As shown in Figure  5, 
an optimal RL of –33.4 dB, corresponding to 99.95% 
absorption, is observed at 9.6 GHz for the 2.6 mm thick 
layer. With increasing thickness of the absorption layer, the 
RL maximum of the FCC-Co/C nanocapsules shifts to lower 
frequency. When the thickness is thicker than the critical 
thickness, two peaks appear simultaneously. RL values 
exceeding -20 dB in the 7.4 -15 GHz range are obtained by 
choosing an appropriate absorption-layer thickness between 
1.7 and 3.3 mm. This frequency range covers the absorption 
frequency range of the traditional sintered ferrites26,27. 
The  thickness range is thinner than that of many earlier 
reported nanocomposites5,8-11. The good microwave absorbing 
properties of FCC-Co/C nanocapsules is considered to result 
from the excellent synergetic effect of the multi-dielectric 
relaxation loss and the multi-magnetic resonance loss.

The quarter-wavelength cancellation model has been 
successfully used to explain the relationship between RL 
peak frequency and absorber thickness for carbonyl-iron 
particle and Ni@Ni2O3 core-shell particles and FeNi3/C 
nanowires28-30. According to the model, the minimum RL 
can be gained at given frequencies if the thickness of the 
absorber (tM) satisfies:

/ ( )m m r rt nc 4 f= ε µ  (n=1, 3, 5…..)	 (2)

Where fM is the peak frequency of RL, rε  and rµ  are the 
complex permittivity and permeability at fM and c is the 
velocity of light.

Refer to Equation 2, the peak frequency is inversely 
proportional to the thickness. In addition, two RL peaks appear 
at a sufficiently large thickness. One at lower frequency is 
relative to the λ/4 condition, and the other at higher frequency 
come from 3λ/4 condition. We draw a comparison of the 
tM

CAL calculated through Equation 2 (n equals 1 and 3) with 

the tM
SIM simulated by Equation 1 for FCC-Co/C-paraffin 

composite, as shown in Figure 6a and b. From Figure 6, the 
simulated results tM

SIM agree very well with the calculated 
values tM

CAL , which implies that the microwave absorption 
mechanism of FCC-Co/C-paraffin composite can be explained 
by the quarter-wavelength matching model28.

Figure 5. Three-dimensional representation of the RL derived 
from the measured and of the FCC-Co/C nanocapsules-paraffin 
composites as a function of the frequency.

Figure 6. (a) Dependence of RL on frequency at various 
thicknesses for the FCC-Co/C nanocapsules-paraffin composites; 
and (b) Dependence of λ/4 and 3λ/4 thickness on frequency for the 
FCC‑Co/C nanocapsules-paraffin composites.
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4. Conclusion
The FCC-Co/C core-shell structured nanocapsules have 

been synthesized by a facile hydrothermal and the main 
conclusions can be summarized as follows:

(1)	 The FCC-Co/C nanocapsules have a core-shell 
structure, with crystalline FCC-Co as the core and 
amorphous C as the shell. The size distribution is 
5-20 nm.

(2)	 The TB of FCC-Co/C nanocapsules is determined 
as 85 K from ZFC curve. The MS of FCC‑Co/C 
nanocapsules at 300 K is 70. 4 emu/g. No coercive 
force exists in the hysteresis loop at 300 K, indicating 
the FCC-Co/C nanocapsules are superparamagnetic.

(3)	 For FCC-Co/C nanocapsules-paraffin composite, 
an optimal RL of –33.4 dB, corresponding to 
99.95% absorption, is observed at 9.6 GHz for the 
2.6 mm thick layer. RL values exceeding -20 dB 
in the 7.4 -15 GHz range are obtained by choosing 
an appropriate absorption-layer thickness between 
1.7 and 3.3 mm. The good microwave absorbing 

properties of FCC-Co/C nanocapsules is considered 
to result from the excellent synergetic effect 
of the multi-dielectric relaxation loss and the 
multi‑magnetic resonance loss.

(4)	 The microwave absorbing mechanism of FCC‑Co/C 
nanocapsules-paraffin composite can be well 
explained by the quarter-wavelength cancellation 
model. Not only the peak frequency of RL but 
also the number of the peaks also have been 
determined by the quarter-wavelength cancellation 
model, which are demonstrated by the quantitative 
calculation.
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