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Abstract A new material is prepared by impregnating the
expanded graphite (EG) into ethanol solutions of metal
acetate and then drying and reducing it in Hj. It contains
the EG and the nanoparticles of the magnetic Ni-Fe alloy
for the electromagnetic shielding. Its morphology, phase
structure, magnetic properties, and electromagnetic
shielding effectiveness (SE) are investigated in our exper-
iment. It shows that the morphology, the phase structure,
and the magnetic property of the composite can be modi-
fied by altering the Ni content in the alloy nanoparticles.
Interestingly, the SE can be enhanced to 54-70 dB at low
frequencies (300 kHz—10 MHz) by dispersing the magnetic
nanoparticles onto EG.
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1 Introduction

Ferromagnetic nanoparticles have potential applications
in magnetic fluids [1, 2], catalysts [3], and biomaterials [4].
It can also be used as the electromagnetic radiation
shielding material [5]. These kind of metal nanoparticles
can also be deposited on some carriers with a large surface
area for special applications. The expanded graphite (EG),
one of the high applicable carriers, has abundant pores and
gaps to embed nanoparticles [6]. Due to its excellent
electrical conductivity, EG possesses high electromagnetic
shielding effectiveness (SE) in the range of 1-2 GHz. But
its SE is not satisfactory at lower frequencies [7—10] at this
moment. Alternatively, the SE of materials can be
improved by loading magnetic metal nanoparticles onto
EG since their magnetic particles exhibit the better con-
ductivity and a magnetic property as well.

The previous works have provided a method by evap-
orating and depositing the Ni,—Fe;_, alloy nanoparticles in
the atmosphere of nitrogen. Meanwhile, a chemical method
[8-12] has been used to prepare the composites with
nanosized Co or Ni particles evenly dispersed on the sur-
face of EG. In this paper, a method to disperse Ni and Fe
nanoparticles on EG by using chemical methods is intro-
duced, and the SE of the composites is measured. At the
same time, the morphology, phase structure, and magnetic
property of the composites are studied.

2 Experimental details
EG was prepared by heating about 3 g commercial

expandable graphite intercalated by HySOy4 in a microwave
oven at 900 W for 3 min. It was then added into an ethanol
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Fig. 1 Typical SEM images of
a Ni[loo—Fevoo—70 %EG,
b Nio_oo—F61400—70 %EG,
C Ni0,35—Fe0_65—70 %EG,
d Nio_(,o—Feo_40—70 %EG
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Fig. 2 XRD patterns of the samples of nano-NiFe alloy/EG at
different x values
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solution containing a certain amount of iron nitrate, nickel
acetate, and acetic acid as well. After heating the mixture
in a water bath at 353 K to evaporate the solvent, the
composite was then reduced in a H, flow at 723 K for
600 min. Finally, the composite was obtained by cooling it
in N,. Some earlier works pointed out that the composite
material has better SE while the weighted content of the
metal nanoparticles is about 30 %. So we set the mass
fraction of Ni—Fe at 30 % and merely changed the Ni mole
content x in the Ni,—Fe;_, nanoparticles (x = 0.00,0.10,
0.25,0.30,0.35,0.50,0.60,0.75,0.85,1.00) to study the
effect of the mole content of Ni in the mixed metals.

Scanning electron microscopy (SEM) micrographs were
obtained by using a JEOL JSM-6380LV microscope. X-ray
powder diffraction (XRD) patterns were recorded in the
range of 20 from 30° to 85° on a D8 ADVANCE (Bruker,
Germany) diffractometer operating at 40 kV with Cu K,
radiation (2 = 1.5418A). The Mossbauer spectra were
recorded on a Wissel Mossbauer spectrometer (radioactive
source: >’Co/Rh). The static magnetic properties were
characterized by a vibrating sample magnetometer (VSM)
operating at the room temperature. All the samples were,
respectively, pressed under 10 MPa to form the annular
rings with the inner and outer diameters of 12 and 115 mm.
Then, the electromagnetic SE was measured by a network
analyzer (Agilent E5062A) in the frequency ranged from
300 kHz to 1.5 GHz [13] by the standard ASTM
D4935 [14].
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Fig. 3 Mossbauer spectrum of nano-NiFe alloy/EG at different Ni
contents. a Nio_]o—FCo_go—EG, b Nio»}g—FCojo—EG, c Ni()j()—FC()_S()—EG,
d Nip g0—Feg 40-EG

3 Results and discussion

SEM was used to observe the morphologies of the
composites prepared in our work. Figure la, b shows that
the metallic Ni or Fe particles are formed and spread
separately on the surfaces of the EG layers in the com-
posites of Nij go—Feg.00-EG and Nig gp—Fej00-EG, respec-
tively. The Ni particles (Fig. 1a) are generally spherical in
shape but with tiny edges and corners, while Fe particles
(Fig. 1b) are rounder. The sphere structure has sizes around
100-500 nm. According to the SEM images of the samples
with other Ni contents, when the amount of Ni is less than
that of Fe, the agglomerative distributions are like fish
scales. Otherwise, the distributions are separate and
homogeneous, as shown in Fig. 1c, d.

The phase of the products was investigated by XRD and
Mossbauer spectrometer. In Fig. 2, the XRD results show
clearly the strong diffraction peaks in EG and the metals.
According to the XRD database, the 20 of XRD peaks for
Ni, Fe, and Ni-Fe alloy are all close to 44.5°, 51.8°, and
76.4°. So the formation of Ni,—Fe;_, alloy cannot be
confirmed definitely here. However, we can find other
weak peaks corresponding to the hexagonal structure of
metallic Ni in Ni; gp—Feg0o-EG. In addition, the weak
diffraction peaks for Fe;C and ferric oxide are observed in
the composite Nigpo—Fe; 00-EG. We believe that C and Fe
could easily form a solid solution under a high temperature,
and the ferric oxide is formed by the passivation in a
cooling process.

Mossbauer spectra have been used to further analyze the
formation  of  numerous  iron-containing  com-
pounds [15, 16]. Considering the minimum atomic con-
centration value of Fe in Mossbauer measurement
condition, Ni,—Fe;_,-EG (x = 0.10,0.30,0.50,0.60) were
chosen as the experimental samples. The spectra are shown
in Fig. 3. All these spectra can be separated into the several
magnetic, paramagnetic, or nonmagnetic phases. With
decrease in the Fe content, the percentage of o-Fe phase
descends quickly, and several other phases of the alloy
increase. Although the exact composition remains uncer-
tain, the singlets in the middle, which corresponds to the
paramagnetic phase, appear in all spectra. Nowadays, there
exist two main views about the paramagnetic phases in Fe—
Ni alloys: One is the small quantity of fcc structure
[17, 18], and another is the low-spin y;¢-Ni—Fe by the
meteoritic study [19, 20]. Three kinds of sextets show the
different components of Fe in Fe-Ni alloy. They are
v(Fe, Ni) with the hyperfine field of 28.65 or 31.14 T and
FeNis, in which the y(Fe, Ni) phase with 28.65 T domi-
nates. The total area of y(Fe, Ni) phase displays a tendency
of an increase and then decreases with the decrease in Fe
content. All these sextets possess a higher line width,
which is due to the character of a distribution of hyperfine
fields. This fact also hints at the existence of the different
type of Ni—Fe coordination and thus the magnetic ordering.
When the ferric content is <70 % of the metal, the sub-
spectrum of the ferric oxide indicates the passivation to
cause Fe coated by the metal oxide film. The complete
parameters of sub-spectra of Mossbauer are given in
Table 1.

The magnetic hysteresis loops of the composites were
measured at room temperature. The specific saturation and
remnant magnetization, the coercivity, and the ratios of
remnant to saturation magnetization (o,/a;) of composites
are all displayed in Table 2. Due to the nanometer sizes, the
specific saturation magnetic moments of the metallic Ni
and Fe nanoparticles in the composites Nij gp—Feo 00-EG
and Nig go—Fe 0o-EG are obviously smaller than that of the
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gfrﬁelterssu:f_ Mossbaner Samples Fe site Area (%) W (mm/s) IS (mm/s)' QS (mms)  H(T)
spectrum of nano-NiFe alloy/ Nig, 10-Feo.00 Sextet 81.97° 0.35 0 33.11
EG at different Ni contents o ' . X
Nl()_]()—FC()_g() Slnglet 18.03° 0.47 —0.233
Nip 30—Feo.70 Sextet 5430 0.38 0 33.12
Nig.30—Feo.70 Sextet 23.60¢ 0.50 -0.135 28.65
Nig.30-Feo.70 Doublet 11.508 0.41 0.185 0.867
Nig.30-Feo.70 Singlet 10.60° 0.47 -0.233
Nig.s0—Feo.50 Sextet 12.07° 0.32 0 33.16
Nig.s0—Feo.s0 Sextet 48.72¢ 0.47 -0.145 28.65
Nig s0—Feo.s0 Sextet 11.69° 0.44 -0.136 31.14
Nig.s0—Feq.50 Sextet 4.47"° 0.38 -0.293 10.83
Nig.s0—Feo.s0 Doublet 14.478 0.48 0.186 0.856
Nig.s0—Feo.50 Singlet 8.55°¢ 0.52 -0.233
Nig30—Feo.70 Sextet 15.75° 0.33 0 33.09
Nig.30—Feo.70 Sextet 43.71¢ 0.55 -0.141 28.65
Nig 30—Feo.70 Sextet 7.24f 0.35 -0.309 10.84
Nig 30—Feo.70 Doublet 20.24# 0.47 0.176 0.947
Nig 30—Feo.70 Singlet 12.81°¢ 0.46 -0.261

% Isomer shift value is relative to o-Fe

® Corresponding to o-Fe

¢ Corresponding to the paramagnetic phase of Ni-Fe

Corresponding to one of the y(Fe, Ni) phases

¢ Corresponding to another y(Fe, Ni) phase

f Corresponding to FeNis

€ Corresponding to ferric oxide

Table 2 Static magnetic parameter of nano-NiFe alloy/EG at dif-
ferent Ni contents

Ni content g (emu/g) o, (emu/g) H. (Oe) 0,/ 0
0 134.3 30.5 442 0.227
0.10 141.5 16.6 204 0.117
0.25 149.6 33.4 296 0.223
0.30 133.5 40.6 345 0.304
0.35 123.2 41.4 331 0.336
0.50 139.8 70.6 468 0.505
0.60 116.1 38.5 283 0.332
0.75 82.6 32.5 296 0.393
0.85 52.1 18.2 233 0.349
1.00 30.1 3.5 93 0.116

corresponding bulk metals. For Nigo—Fe; 00-EG, the dia-
magnetic nature of the coexisted metal carbides also
decreases the values. When the Ni content is less than Fe,
the saturation moments of mixed metals are generally even
larger than that of pure Fe in nanoscale, which might be
due to the formation of Fe-Ni alloy. In addition, ¢, /o for
the nanoparticles in EG are found to be from 0.12 to 0.50,
indicating their soft magnetic nature.
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Fig. 4 SE of the composites Ni,—Fe;_,-EG for electromagnetic
shielding at the frequencies from 300 kHz to 1.5 GHz

Figure 4 presents the SE of the composite Ni,—Fe;_,-
EG. It is demonstrated that the SE of EG at lower fre-
quencies is clearly improved based on the fact that Ni and
Fe magnetic nanoparticles are loaded on it. Consequently,
the SE values of the composites are prompted to 54—70 dB
at the frequency of 300 kHz. However, it contributes very
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Fig. 5 Effect of Ni content on the SE of the composites Ni,—Fe;_,-
EG at 300 kHz

little at higher frequencies to load magnetic particles on
EG. Specifically, it remains about 105 dB in the range of 1-
1.5 GHz. The reason might be that the presence of metal
particles and the solution harm the surface of EG, causing
the reflection loss to decrease at higher frequencies. Fur-
thermore, the content of Ni has a significant effect on the
SE of the composite at 300 kHz, which is depicted in
Fig. 5. When the amount of Ni is less than that of Fe, the
SE values at 300 kHz are not as good as expected; the
minimum is occurred at x = 0.25-0.30. Possibly, the
behavior of a super-paramagnetic state happens when x is
near by 0.30 [21]. Another possible reason is that the
agglomerations of the metal particles turn out to harm the
original layer structure of EG and reduce its electric con-
ductivity. While x > 0.50, the SE increases with the Ni
content and finally reaches to the maximum value 70 dB
when the Ni content is 1.00.

4 Conclusion

In this work, the magnetic Fe and Ni nanoparticles are
dispersed on EG by impregnating EG into the ethanol
solution of metal acetates, followed by drying and reducing
in H,. When the Ni content is less than Fe (except x = 0),
the metal particles distribute agglomeratively. Otherwise,
they distribute separately. The Maossbauer spectra are
clearly showing the change of Ni—Fe phases with the
content of Ni. At the frequency of 300 kHz, the SE values
are prompted to 54-70 dB. In particular, the minimum SE
value 54 dB occurs at x = 0.25-0.30, and the SE at
300 kHz increases with Ni content when x > 0.50. At the
end, the composite only with Ni in EG (x = 1.00) reaches

the SE of 70-105 dB in the frequency range from 300 kHz
to 1.5 GHz.
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