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Electromagnetic-wave (EMW) absorption by Ni/C nanocapsules with similar permeability but

different permittivity mainly due to differences in the graphite-shell thickness has been

investigated. The optimal working frequency could appear at S-band and C-band and considerable

strong EMW absorption was achieved. For the optimal Ni/C nanocapsules, a reflection loss

exceeding �20 dB was reached from 2.6 to 8.2 GHz with a maximum value of �40 dB at 3 GHz.

The improved absorption can be attributed to an optimal electromagnetic match and an enhanced

dipole polarization upon increasing of shell thickness. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4747811]

Recently, much research has been focused on core/shell

nanostructures (dielectric shells and magnetic nanoparticles

as cores) as electromagnetic-wave (EMW) absorbing

materials.1–9 The nanoshell not only protects the magnetic

nanostructures against oxidation or corrosion2,4,10 but also

improves the impedance match between the magnetic and

dielectric components in the core/shell structure which

enhances the EMW absorption.4,6,8 The metallic soft-

magnetic material of the cores is important for their micro-

wave absorption at higher than gigahertz frequencies, which

is due to the higher Snoek limit.1,4,11 Among the core/shell

structures, Ni-based EMW absorbing nanocomposites, such

as Ni/ZnO,8 Ni/SiO2,12 Ni/polyaniline,9 Ni/C,13 and Ni/car-

bon nanotubes,14,15 have drawn widespread attention lately.

Ni/graphite13–15 takes a special position, because the graph-

ite shell has excellent dielectric properties, these composites

are cheap, they have low density, and are more environment-

friendly than other dielectric materials.2,4,13 However, the

existing nanocapsules only display good absorption at one

particular high frequency, such as Ni/PANi (Ref. 9) at

17 GHz and Ni/C (Ref. 13) at 13 GHz.

The important question how the shell affects the EMW

absorption is still not answered, and it is a challenge to find

out whether there is a shell thickness at which optimal

absorption can be achieved. In this letter, we present

improved EMW performance of Ni/C nanocapsules than

previous reported Ni/C and have investigated the electro-

magnetic properties of core/shell structures with variable

shell thickness, which may help to solve the above puzzles

and promote the application and development of EMW-

absorption materials.

Ni/C nanocapsules16 with different average shell thick-

ness were prepared by modified arc-discharging8 with intro-

duction of 5, 10, and 35 ml ethanol (C2H5OH) as the carbon

source into the reaction chamber (volume: 70 l) and the cor-

responding nanocapsule samples are marked as samples S1,

S2, and S3, respectively. The TEM image in Fig. 1(a) shows

a diameter distribution of 30–80 nm and an average diameter

of 50 nm. The HRTEM images in Figs. 1(b)–1(d) indicate

that the samples S1, S2, and S3 have distinct characteristics

of the core/shell structure and a close view of the core in the

inset of Fig. 1(b) indicates a distance of 0.203 nm of (111)

planes of the face-centered-cubic (FCC) Ni in the core. The

x-ray diffraction patterns (not shown here) point out that the

cores of the capsules consist of FCC Ni and no nickel oxides

or nickel carbides are found. In the inset of Fig. 1(c), a

zoom-in of the shell structure gives a distance of 0.335 nm

between two closest planes along the [0001] direction—a

fingerprint of graphite. The thickness of the graphite shell of

FIG. 1. Microstructure of Ni/C nanocapsules. (a) TEM image of sample S1

and (b)–(d) HRTEM images of samples S1, S2, and S3 with graphite shell

thicknesses of 2 nm, 4 nm, and 9 nm, respectively. The insets of (b) and (c)

show HRTEM images of the Ni core and the graphite shell.

a)yangteng@imr.ac.cn.
b)songma@imr.ac.cn.
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the nanocapsules gradually increases from 2 nm for sample

S1 to 4 nm and 9 nm for samples S2 and S3, respectively.

The average thickness of the nanocapsules in each sam-

ple was determined by thermal gravimetric analysis (TGA)

and differential scanning calorimetry (DSC) at ambient pres-

sure from 100 �C to 800 �C with a heating rate of 10 �C/min.

The results for the samples S1 and S3 are shown in Figs. 2(a)

and 2(b), respectively. Both samples display three stages of

oxidation behavior: the first stage (250–280 �C) is associated

with gradual weight gain due to oxidation of the graphite

shells and of a small quantity of Ni nanoparticles not well

coated with graphite. The second stage (280–320 �C) is the

oxidation of the Ni cores after oxidation of the graphite

shells. In the third stage (320–450 �C), Ni cores initially very

well coated with graphite shells are oxidized. The difference

between both samples is at the temperature position and in

the width of the DSC peaks. Basically, thicker coating

enhances the protection against oxidation in the same envi-

ronment and at the same temperature-change rate. The two

prominent DSC peaks shift about 20 to 30 �C to higher tem-

peratures and the peak for S3 is wider than for S1, indicating

that the average thickness of the graphite shell is larger in

S3,2 which is consistent with the direct observation by

HRTEM. The magnetic hysteresis loops of the three samples

(measured at 295 K in a superconducting quantum interfer-

ence device) are shown in Fig. 2(c). It is found that the Ni

cores in the three samples have very similar magnetic prop-

erties, which is consistent with the permeability results in

Fig. 4(c). As a result, the difference of the graphite-shell

thickness is the largest difference between the three samples.

The frequency dependence of the reflection loss (RL)

has been derived by applying transmission-line theory17 to

the measured complex permittivity er(er ¼ e0 � je00) and per-

meability lr(lr ¼ l0 � jl00) of samples consisting of 40 wt.

% Ni/C nanocapsules uniformly mixed with wax.4 Using the

densities of wax and of nickel, the volume fraction of nano-

capsules was estimated to be 55%. Figure 3 shows that all of

the nanocapsules S1, S2, and S3 exhibit excellent perform-

ance. By choosing an appropriate absorbing-layer thickness

d between 3.8 and 8.8 mm, for all samples RL values exceed-

ing �10 dB (90% EMW absorption) are obtained in the

whole frequency range of 2–18 GHz. Figure 3(d) shows that

an increase of the shell thickness tshell at fixed d not only

brings about a red shift of the frequency of the RL peaks but

also an increase of the RL peak values. As shown in Fig.

3(c), in the frequency range from 2.6 GHz to 8.2 GHz, RL

values of S3 exceeding �20 dB (99% EMW absorption) can

always be achieved by selecting a proper layer thickness d.

The maximum value of RL of S3 is found to be �40 dB at a

low frequency of 3 GHz. By changing the graphite-shell

thickness, the optimal working frequency of the samples,

compared with previous results13 (occurring at 13 GHz), has

shifted from Ku-band (12–18 GHZ) to S-band (2–4 GHz)

and C-band (4–8 GHz). This suggests that, more than S1 and

S2, sample S3 is an attractive candidate for EMW absorber.

FIG. 2. Ensemble average of both the shell thickness and the core magne-

tism of Ni/C nanocapsules. (a) and (b) DSC (blue line) and TGA (red line)

curves of the samples S1 and S3, and (c) magnetic hysteresis loops at 295 K

for samples S1–S3, showing similar magnetic properties of the Ni core.

FIG. 4. Permittivity e and permeability l of the samples S1, S2, and S3. (a)

and (b) Frequency dependence of the real and imaginary parts of e and (c)

frequency dependence of the real and imaginary parts of l.

FIG. 3. (a)–(c) Frequency dependence of RL of S1, S2, and S3 for different

values of the thickness d of the absorbing layer and (d) comparison of the

match frequency and RL values of S1, S2, and S3 at different d values.
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Figures 4(a) and 4(b) show the frequency dependencies

of e0 and e00 for all samples. Both e0 and e00 display a similar

tendency of decreasing with the frequency increasing from 2

to 18 GHz which is due to increased lagging behind of the

dipole-polarization response with respect to the electric-field

change at higher frequencies.18 In addition, there are two

clear resonance peaks around 9 GHz and 14 GHz for all three

samples, which may be attributed to interfacial polarization

resonance due to the electronegativity difference between

the Ni core and the graphite shell8,13 and to permanent elec-

tric dipoles resulting from defects in the graphite shell.5,9

Dong et al. have observed an enhanced polarization loss but

an irregular dipole polarization with increasing contents of

PANi in Ni/PANi systems.9 Li et al. have reported enhanced

dielectric polarization but an almost unchanged dielectric

loss with increasing volume concentration of Co2Z barium

ferrite in Co2Z barium ferrite/epoxy.19 However, in contrast

with the Ni/PANi and Co2Z barium ferrite/epoxy systems,

the Ni/C systems show a simultaneous increase of the dipole

polarization and the polarization loss, causing that both e0

and e00 clearly increase in the sequence S1, S2, and S3. The si-

multaneous increase of e0 and e00 shows excellent core/shell

structures of the Ni/C nanocapsules compared with Ni/PANi

and Co2Z/epoxy nanocomposites. Compared to the distinct

variation of er, there is no clear difference between the lr

values of the different samples and the permeability curves

almost coincide (Fig. 4(c)). As a result, the improvement of

the RL values for S3 is ascribed to the simultaneous increase

of the dipole polarization and the polarization loss of the

nanocapsules S3 due to a bigger shell thickness.

The gradual increase of e0 and e00 from S1 to S3 is clearly

due to the increasing thickness of the graphite shell, which

will be further illustrated by the following analysis based on

basic electrodynamics theory and the Bruggeman theory.22,23

The electric-dipole moments of the core/shell structure in the

matrix can be mimicked by a homogeneous structure20,21

(shown in the inset of Fig. 5) in which the permittivities

e1 and e2 are represented by ce1, with c ¼ ½bð1þ 2bÞ
þ 2abð1� bÞ�=½ð1þ 2bÞ � að1� bÞ� in which b ¼ e2=e1

and a ¼ ðR1=R2Þ3 ¼ ðR1=ðR1 þ tshellÞÞ3. According to the

TEM images R1¼ 50 nm. Using the Bruggeman theory, one

obtains22,23

V

a
ce1 � eef f

ce1 þ 2eef f
þ 1� V

a

� �
em � eef f

em þ 2eef f
¼ 0; (1)

where V is the volume fraction of the nanocapusles and em

(¼2.2) is the permittivity of the wax matrix. From Eq. (1),

we get

�2e2
ef f þ eef f c 3

V

a
� 1

� �
e1 þ 2� 3

V

a

� �
em

� �
þ ce1em ¼ 0:

(2)

By means of Eq. (2), the effective permittivity eeff can be cal-

culated as a function of tshell. We have fitted the experimental

data to Eq. (2) with e1 and e2 as fitting parameters. The fit

represents the experimental data quite well with eeff monoto-

nously increasing with increasing tshell. The obtained fitting

parameters, e1¼ 10 and e2¼ 18, are around 10%–20% larger

than the experimental bulk values. This increased permittiv-

ity of the nanocapsules with respect to values for the bulk

materials is very likely a size effect. A similar increase has

been reported upon going from bulk graphite to carbon tubu-

lar nanostructures and nanocapsules.24–26

We have seen that an increase of tshell is accompanied

by an increase of eeff. However, this does not guarantee a

better EMW performance because a proper match between

the dielectric and magnetic properties is the key factor in

optimizing EMW absorption.2,6,9 As a matter of fact, in other

Ni/C systems,13 for tshell larger than 10 nm, an RL value

exceeding �20 dB appears only at one frequency (13 GHz).

Therefore, the shell thickness of 9 nm is almost optimal for

the best EMW absorption by Ni/C nanocapsules.

In conclusion, a series of Ni/C EMW absorbing nano-

capsules with similar permeability of the core, but different

permittivity, mainly due to differences in the thickness of the

graphite shell have been prepared. By varying the thickness

of the shell of Ni/C nanocapsules, the optimal working fre-

quency with adequate EMW absorption can be shifted from

high frequency band (Ku band) to low frequency band

(S-band and C-band). RL values exceeding �20 dB (99%

EMW absorption) can be reached from 2.6 GHz to 8.2 GHz

and a maximum value of RL as large as �40 dB is obtained

at about 3 GHz. This optimal EMW absorption is ascribed to

an increase of the dipole-polarization and the polarization

loss caused by an increase of the thickness of the graphite

shell of the Ni/C nanocapsules.
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