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a b s t r a c t

Reduced graphene oxide (rGO)/Ni hybrids with different mass ratio are successful synthesized in order to
tune the microwave absorption together with the electromagnetic shielding performance. By properly
adjusting the permittivity and permeability derived from different contents of the rGO and Ni, an rGO/Ni
composite with excellent microwave absorption properties is obtained. An optimal reflection loss value
of �39.03 dB at 13 GHz is achieved for the composite with rGO/Ni ratio of 1:1, and the bandwidth less
than �10 dB can reach up to 4.3 GHz (from 11 to 15.3 GHz) with a thickness of 2.0 mm. Furthermore, the
composite with rGO/Ni ratio of 4:1 shows superior electromagnetic shielding performance as high as
52 dB, which far surpasses the best value for most carbon-based materials. Fundamental mechanisms for
absorbing and shielding performance are discussed.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

In the modern era, with the rapid development of the elec-
tronics industry and extensive use of communication devices,
electromagnetic pollution has become a quite serious and wide-
spread problem. The materials of electromagnetic (EM) radiation
absorbing and electromagnetic interference (EMI) shielding have
attracted much attention owing to their significant role either in
attenuating those unwanted EM energies or acting as a shield
against the penetration of the undesirable EM irradiation [1e3]. It is
well recognized that both the absorption property and the EMI
shielding performance of materials are directly determined by their
permittivity, permeability, as well as matching condition; while
these features are profoundly dependent on the dielectric property,
magnetism, and conductivity [4,5]. Recently, many researchers
have proved that materials with only one single composition were
unable to meet the requirement of impedance matching thus
leading to severe issues such as high functional filler loading, thick
coating thickness, and narrow effective bandwidth [6]. Accordingly,
incorporation of dielectric loss materials with magnetic loss ma-
terials should be an ideal method to achieve effective regulation of
electromagnetic parameters [7e9]. For that reason, various
g).
composites have been developed to obtain improved performance,
such as Ni@SnO2 [10], NiO/SiC [11], Fe3O4/TiO2 [12], CoNi@Air@TiO2
[13], MoS2/rGO [14,15], Fe/CNT [16] and so on.

Among these materials, rGO consisting of a single layer of car-
bon atoms in a closely honeycomb hexagonally packing, not only
possesses a stable tow-dimensional structure and abundant func-
tional groups but also exhibits extremely high specific surface area
and excellent electrical conductivity [17e19]. These properties
endow rGO with potential applicability to be used as an EM
absorber as well as EMI shielding material [20,21]. However, as a
nonmagnetic material, rGO can only induce a strong dielectric loss
thus leading to a relatively poor performance [22]. One feasible
approach to overcome this drawback is to combine magnetic
compositions with rGO, which can not only integrate the advan-
tages of the individual components but also control the electro-
magnetic parameters of materials. Zong et al. [23] synthesized rGO/
Fe3O4 composites by a rational one-pot simplified co-precipitation
route, which exhibited strong reflection loss (RL) was up
to�44.6 dB at 6.6 GHzwith 50wt% of rGO/Fe3O4 being used inwax,
while a thickness of 3.9mm was demanded. Zhang et al. [14] re-
ported a single-mode microwave-assisted hydrothermal method to
fabricate CoS2/rGO nanohybrids, and the minimum RL of �56.9 dB
was achieved with the thickness of 2.2mm. On the other hand, a
great deal of research is being focused on EMI shielding materials
with rGO-based hybrids. For example, Mishra et al. [24] investi-
gated that the conducting ferrofluid composites with rGO/Fe3O4
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possessed high shielding effectiveness (SET ~41 dB), resulting from
the combined effect of magnetic losses and rGO. Similarly, Singh
[25] developed Fe3O4/rGO/polyaniline composites by the in-situ
generation, and the resultant structures exhibited good electrical
conductivity (as high as 2.6 S cm�1) with an EMI shielding of ~36 dB
when the composite thickness was 2.5mm.

In fact, a moderate conducting material is suitable as an EM
absorbing material, whereas material with high conductivity make
it a promising candidate as an EMI shield [26]. Meanwhile, too high
permittivity can hardly satisfy an ideal absorber but favors to EMI
shielding [27]. In this context, varying the ratio of rGO and the
magnetic composition is an efficient method to achieve permit-
tivity regulation so that the properties of composites can be tailored
for desired effects, namely, for highly EMwave-absorbing property,
a good balance between permittivity and permeability is in urgent
need; while for achieving effective EMI shielding, higher permit-
tivity is favorable. Unfortunately, there have been few reports on
the aforementioned properties. Herein, a large scale of Ni chains
has been synthesized and evenly embedded in the rGO nanosheets
with different proportions. The properties of resultant composites
can be artificially controlled by regulating the combination ratio. A
remarkable reflection loss of approximately �40 dB and a superior
EMI shielding effectiveness (SE) over 52 dB are achieved by
tailoring the proportion of rGO and Ni to a certain ratio of 1:1 and
4:1, respectively, which confirms that the composites have excel-
lent EM absorbing as well as EMI shielding properties. In addition,
we have further investigated the corresponding mechanism, rela-
tionship and difference between EM absorbing and EMI shielding
properties based on complex permittivity, impedance matching
condition and conductivity.

2. Experimental

2.1. Materials

Graphene Oxide (GO) was synthesized from graphite powder
according to a modified Hummer's method. Other chemicals and
reagentswere purchased fromBeijing Chemicals Factory. Deionized
water was used in all experiments.

2.2. Fabrication of the Ni nanochains and the rGO/Ni nanohybrids

Ni nanochains were prepared according to our previous work
[28]. In brief, 0.119 g of NiCl2$6H2O and 0.333 g of polyvinyl pyr-
rolidone were dissolved in 100ml of ethylene glycol (EG) solvent
with mechanical stirring for 2 h to obtain a transparent solution.
Next, 0.265mL of the hydrazine monohydrate liquid (80%) was
added to the as prepared solution dropwise. After stirring for 2 h,
the homogeneous suspension was transferred to a heating jacket
and heated to the boiling point of EG (~197 �C) with refluxing for
3 h, then a dark precipitate was obtained. Subsequently, the pre-
cipitatewas washed several times with distilled water and absolute
ethanol and finally dried at 60 �C for 12 h for further
characterization.

The rGO/Ni nanohybrids were synthesized by a facile synthetic
route. First, the graphene oxides with different mass were put in
deionized water with ultrasonic treatment for 2 h to obtain a ho-
mogeneous dispersion. Then this solutionwas heated to 90 �C in an
oil bath under magnetic stirring, after that, a certain amount of
N2H4$H2O was dissolved in the reaction solution. After stirring for
3 h, the solution was cooled to room temperature and then the as-
synthesized Ni chains were added in, with continuing sonicating
for another 2 h. Finally, the black mixture was collected by centri-
fugation and washed several times using the deionized water and
then freeze-dried at�50 �C for 48 h to get rGO/Ni hybrids powders.
The mass ratio between rGO and Ni were 4:1, 2:1, 1:1, 1:2, and 1:4,
respectively.

2.3. EM absorption and EMI shielding measurement

The composites used for EM absorption and shielding mea-
surement were prepared by mixing the hybrids with poly(-
vinylidene fluoride) PVDF in 10wt% loading. Afterwards, a
cylindrical shaped sample (Fout¼ 7.00mm andFin¼ 3.04mm) was
fabricated by hot-pressing the mixtures in molds. The EM param-
eters were measured using two-port vector network analyzer
(Agilent E5071C) over the frequency of 2e18 GHz, coupled with a
coaxial wire setup.

2.4. Characterization

Powder diffraction data of the as-synthesized samples were
collected using a Rigaku Dmax 2200 X-ray diffractometer with Cu
Ka radiation (l¼ 1.5416 Å) for phase analysis. The morphologies
and sizes of samples were examined by scanning electron micro-
scopy (SEM, JEOL JSM-7001F), field emission scanning electron
microscopy (FE-SEM, JSM-6700F) and transmission electron mi-
croscopy (TEM, JEOL JEM-2010). The elemental composition was
detected by energy dispersive spectrometer (EDS) spectrum
deriving from the FE-SEM, coupled with copper grids. Raman
spectra were measured using a LabRAM HR800 Laser Raman
spectroscopy (HORIBA Jobin Yvon CO. Ltd., France) by using a
632.5 nm argon ion laser. Fourier transform infrared spectra (FT-IR)
were recorded on a Nicolet IR 200 FT-IR spectrometer (Thermo
Scientific) in transmission mode. Magnetic properties of the sam-
ples were measured at room temperature by a Lakeshore Vibrating
Sample Magnetometer (VSM, Riken Denshi Co. Ltd, Japan).

3. Results and discussion

The phase composition of pure GO and the as-synthesized rGO/
Ni were characterized by the X-ray powder diffraction (XRD) and
the patterns are presented in Fig. 1a. A diffraction peak around 11.5�

in the pure GO is indexed to the (002) plane of graphite oxide. After
chemical reduction and decoration, the peak of GO disappears and
the broad peak at 2q¼ 23.2� corresponding to rGO appears, which
could be ascribed to the graphitic structure (002) of the short-range
order in stacked rGO sheets [29]. Meanwhile, the peaks at
2q¼ 44.6�, 51.9�, and 76.5� corresponding to the (111), (200), and
(220) planes of face-centered cubic (fcc) Ni crystals (JCPDS no.
04�0850) are observed for the rGO/Ni hybrids, indicating that Ni
chains are efficiently assembled on the surface of rGO [28]. Raman
spectra exhibit two regular peaks, corresponding to the G band
(~1582 cm�1) and D band (~1330 cm�1). Here, the G-band repre-
sents the stretching vibration mode in the sp2-hybridized carbon-
carbon bonds, while the D band corresponds to the first-order
zone boundary phonon mode associated with defects or lattice
distortion [30]. Thus, the intensity ratio of D band to G band (ID/IG)
provides a sensitive measure of the disorder of the graphitic layers.
From Fig. 1b, a major change in the ID/IG ratio is observed in the
Raman spectra and it is found that the ID/IG for as-produced rGO/Ni
(1.15) is higher than that of GO (1.04), suggesting a higher degree of
defects in the rGO/Ni or the edges due to the reduction process and
introduction of the Ni. These defects play an important role in
microwave absorbing and shielding.

Fig. 1c shows the normalized FT-IR spectrum of the pure GO and
rGO/Ni hybrids. For pure GO, the broad peak around 3300 cm�1 is
assigned to OeH stretching vibrations of carboxyl groups and the
residual water molecules. The characteristic peak appears at 1730,
1634, 1399, and 1085 cm�1 indicate the C¼O stretching vibration



Fig. 1. XRD patterns (a), Raman spectra (b), FTIR spectra (c) and magnetic hysteresis loops (d) of GO and rGO/Ni hybrids in the mass ratio of rGO/Ni to be 1:1. (A colour version of this
figure can be viewed online.)
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from carbonyl groups, the C¼C skeletal stretching vibration from
the aromatic carbon, the carboxy CeOH stretching vibration, and
the epoxy CeO stretching vibration, respectively [29]. After the
chemical reduction at 90 �C, it is evident that the absence of
oxygen-containing functional groups and the reduction of hydroxyl
peak on the FT-IR spectra of rGO/Ni, implying the partial reduction
of GO. The hydroxyl peak did not disappear completely when
reduction with hydrazine at a relatively low temperature; its sig-
nals disappeared only when the rGO/Ni hybrid was incorporated to
PVDF matrix to form composite through a hot-press process at
200 �C, as revealed in Figure S1. In addition, there are four major
peaks between 1500 and 750 cm�1 that belong to PVDF. Fig. 1d
shows the field dependence of magnetization for the GO and rGO/
Ni. The M-H curves display a similar S-type shape of GO indicating
the paramagnetic behavior with no coercivity and remanence,
while a significant hysteresis loop of rGO/Ni suggests the ferro-
magnetic behavior with a saturating reversible magnetization at
room temperature. The inset indicates that when dispersed in
ethanol, the nanohybrids would quickly move along the magnetic
field.

To investigate the microstructure and morphology of Ni and
rGO/Ni nanohybrids, the SEM and TEM of samples were conducted.
SEM observations of Ni in Fig. 2a and b shows that the nickel mi-
crospheres contact to each other tightly to form chains and their
outer diameter and length are approximately 30 nm and 100 mm,
respectively. The nano size and magnetism result in the agglom-
eration. From the TEM images (Fig. 2c and d), both the nearly
transparent sheet-like rGO and the dark Ni chains can be found in
the hybrids. Moreover, large-scale chains were embedded in or
covered by rGO sheets which favor to prevent nickel chains from
extensively agglomerating, seen in Fig. 3, the corresponding
elemental mapping analysis also suggests that the elemental
dispersion of both Ni and C atoms across the system are uniform.
Besides, the cross-section SEM image (Figure S2) shows clear nickel
chains in the composites, indicating that the Ni can still keep its
primary shape after the hot-press procedure.

The complex permittivity ðεr ¼ ε

0 � jε
00 Þ and complex perme-

ability ðmr ¼ m
0 � jm

00 Þ of composites with different mass ratio of
rGO/Ni are presented in Fig. 4. The real part (ε0) standing for the
storage capacity of electric energy is mainly associated with the
amount of polarization. Essentially, there are four kinds of mech-
anisms in polarization which account for the dielectric perfor-
mance of material, that is, electronic, ionic, orientational and space
charge polarization. In a heterogeneous system formed with
polarized polymer matrix, orientational and space charge polari-
zation (belonging to relaxation response) play a dominant role at
microwave frequency and the process are accompanied by energy
dissipation known as the imaginary permittivity (ε''). On the basis
of the Debye theory, ε0 and ε'' can be described as [31]:

ε

0 ¼ ε∞ þ εs � ε∞

1þ u2t2
(1)

ε

00 ¼ ε

00
p þ ε

00
c ¼

utðεs � ε∞Þ
1þ u2t2

þ s

uε0
(2)

where ε∞, εs, and ε0 are the relative dielectric permittivity, the static
permittivity at the high-frequency limit and the dielectric constant
in a vacuum, respectively, u ¼ 2pf is the angular frequency, t rep-
resents polarization relaxation time and s represents the dc con-
ductivity of the composites.

As revealed in Fig. 4a and b, with increasing ratio of the rGO/Ni



Fig. 2. SEM image (a) and magnified SEM image (b) of Ni chains; TEM image (c) and magnified TEM image (d) of rGO/Ni. (A colour version of this figure can be viewed online.)

Fig. 3. FESEM image of the rGO/Ni hybrids and corresponding elemental mapping images of Ni and C. (A colour version of this figure can be viewed online.)
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from 1:4 to 4:1, the values of ε0 increases from 7.7 to 77.8 and ε''
increases from 2.3 to 74 at 2 GHz. The increment of ε

0 may be
attributed to the fact that the rising mass ratio of rGO led to the
formation of greater amounts of capacitor-like junctions which
contribute to storing the electrical charge at their interfaces and
hence causemore space charge polarization. Moreover, the residual
functional groups and defects on the surface of rGO generated in
the chemical reduction process would induce dipole orientation
polarization, which favors for the rising of ε0. On the contrast, the
item of ε0 decreases with increasing frequency due to the increscent
electric leakage that ensues, which is consistent with eq (1).

According to eq (2), the imaginary part ε'' could be regarded as
the synergistic contributions of both the conductance loss (ε

00
c) and

the relaxation loss (ε
00
p). That is to say, the dissipation of energy is in

the form of the thermal energy generated by relaxation and the
Joule heat generated by conductance [32]. The obviously increased
ε'' with increasing content of rGO is mainly attributed to the
enhancing polarization loss and higher hopping conductivity.
When the second part of eq (2) is not taken into account, we obtain,

�
ε

0 � εs þ ε∞

2

�2
þ ðε00Þ2 ¼

�
εs � ε∞

2

�2
(3)

It corresponds to a semicircle centered at ((εs þ ε∞)/2, 0), each of
which is characteristic for one Debye relaxation process [31]. As
shown in Figure S3, the Cole�Cole curve of the composite are
distorted due to the synergy effect of multiple polarization mech-
anisms. Based on the above outcomes, we conclude that the pro-
portion of rGO plays an important role in determining the dielectric
behavior of composites. It is worth mentioning that Ni and rGO



Fig. 4. Frequency dependence of the (a) real part and (b) imaginary part of permittivity, (c) real part and (d) imaginary part of permeability of rGO/Ni hybrids with different rGO
proportions. (A colour version of this figure can be viewed online.)
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both manifest high electrical conductivity [17,33], but the rGO is
folded and has larger specific surface than the chain-like Ni mate-
rial. Therefore, the rGO link up to form micro-current network
easier than the Ni with the samemass ratio, leading to more energy
dissipation, which further confirms that the dielectric performance
of the nanocomposite originates mainly from rGO.

As for complex permeability, all five samples show similar
dispersive behavior with little difference. As shown in the curves of
Fig. 4c and d, the m0 and m00 values of the composites are in the
ranges of 0.99e1.08 and (�) 0.08e0.2, respectively. This is because
of the nonmagnetic of rGO and low loading of Ni. It is worth noting
that the m00 values are negative within a certain frequency range,
which is similar to the result for many composites containing Ni as
fillers [8,34]. Moreover, multiple resonance peaks are observed in
the m00 plots of composites with rGO/Ni ratio of 2:1 and 1:1, which
can be assigned to natural resonance, eddy current and exchange
resonance [35]. The above results suggest that the electromagnetic
parameters of rGO/Ni composites can be easily controlled by the
rGO proportion. Benefiting from the optimization design, the
appropriate permittivity and permeability values of the corre-
sponding composite can meet the requirement of impedance
matching and thus make the incident microwave increased.

Impedance matching ratio as well as attenuation constant a are
the two crucial factors in judging the electromagnetic property of
sample. The former decides how much of microwave to propagate
into materials; the latter determines the attenuation properties of
materials which can be expressed as [36]:

a ¼
ffiffiffi
2

p
pf
c

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm00

ε
00 � m0

ε
0 Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm00

ε
00 � m0

ε
0 Þ2 þ ðm0

ε
00 þ m00

ε
0 Þ2

qr
(4)
where f and c are the frequency of the microwave and the velocity
of light in a vacuum, respectively. As can be seen in Fig. 5, the
impedance matching ratio of sample increases with the decreasing
rGO/Ni mass ratio, which maximizes at 1:4. On the other hand, the
attenuation constant of sample increases with increasing propor-
tion of rGO, which is consistent with the result in permittivity
(Fig. 4a and b). The sample with rGO/Ni ratio of 1:4 possesses the
best impedance matching characteristic and worst attenuation
ability because of its relatively lowcomplex permittivity; contrarily,
sample with rGO/Ni ratio of 4:1 owns the poorest impedance
matching activity and superior attenuation property. Due to the
impedance mismatching, the majority of incident electromagnetic
wave may be reflected back on the sample surface, thus leading to a
strong reflection. Meanwhile, if the attenuation capacity is weak,
the penetrating wave cannot be completely attenuated. Consid-
ering the offset and balance between their impedance matching
ratio and attenuation constant, it is deduced that the composites
with rGO/Ni ratio of 2:1 and 1:1 may have the excellent microwave
absorption performance.

To prove the above conclusion, the microwave absorption per-
formance of rGO/Ni composites with different rGO proportions are
evaluated by the reflection loss (RL) based on the basis of trans-
mission line theory [16,37]:

RL ¼ 20 log
����Zin � 1
Zin þ 1

���� (5)

Zin ¼
ffiffiffiffiffi
mr
εr

r
tanh

�
j
�
2fpd
c

� ffiffiffiffiffiffiffiffiffi
mrεr

p �
(6)

where Zin is the normalized input characteristic impedance, εr and
mr are the complex permittivity and permeability of the composite



Fig. 5. Impedance matching ratio (a) and attenuation constant a (b) of rGO/Ni hybrids
with different rGO proportions. (A colour version of this figure can be viewed online.)

Fig. 6. Microwave RL curves of the rGO/Ni composites with different rGO proportions
at a thickness of 2mm in the frequency range of 2e18 GHz. (A colour version of this
figure can be viewed online.)
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absorber, respectively; d is the thickness of the absorber. When the
RL is smaller than �10 dB, it is implied that more than 90% of the
microwave is absorbed by materials, and the frequency range can
be considered as effective absorption bandwidth. As observed in
Fig. 6, at the beginning, with increasing of the rGO proportions, the
microwave absorption performances of composite are significantly
enhanced. An optimal RL value of �39.03 dB and a broad effective
bandwidth of 4.3 GHz (11e15.3 GHz) are achieved for the com-
posites with the rGO/Ni ratio of 1:1. Nevertheless, with the rGO
proportion further increasing, the performances have been sup-
pressed and become worse. This is caused by the unbalance be-
tween the sharp increase of permittivity and the stable fluctuation
of permeability, thus leading to the impedance mismatch. Conse-
quently, a highly efficient microwave absorbent with strong ab-
sorption ability and wide effective bandwidth has been
demonstrated through regulating the electromagnetic parameters
of composites.

The reflection loss of the composite with rGO/Ni ratio of 1:1
under different thickness is shown in Fig. 7a, and the 3D imagemap
is shown in Fig. 7b. It is obvious that the RL peaks move to the lower
frequency region as the thickness increased. Meanwhile, it is worth
noting that the experimental results are in good agreement with
the quarter wavelength (l/4) matching model (Fig. 7c), the physical
meaning is when the absorbent reaches the matching thickness
(tm) and satisfies the following equation (4), the reflected waves
derived from the upper and bottom interface are out of phase by
180� and totally cancel each other in the air-absorbent interface
[38,39]:
tm ¼ n
4
l ¼ nc

4fm
�� ffiffiffiffiffiffiffiffiffi

mrεr
p �� ðn ¼ 1; 3; 5Þ (7)

Without a doubt, the quarter wavelength matching model are
also well consistent with the contour map (Fig. 7d). Compared with
the recently reports for the rGO-based materials, the rGO/Ni com-
posite possesses superior microwave absorption ability at a rather
thin thickness, whichmay be ascribed to the proper combination of
the complex permittivity and permeability resulting in the appro-
priate synergistic effect of dielectric loss andmagnetic loss. Besides,
the special structure of the composite is fundamental to the
enhancement of the absorption property. The chainlike
morphology of nickel and the relatively large surface area of rGO
can provide more active sites for multiple reflections and scat-
tering, transforming the microwave energy to heat energy in long
propagation periods (Fig. 8).

Furthermore, we attempted to investigate the electromagnetic
interference (EMI) shielding effectiveness (SE) of the rGO/Ni com-
posites. EMI shielding refers to the reflection and absorption of
electromagnetic radiation by thematerial. The reflection coefficient
R, transmission coefficient T, and absorption coefficient A are
evaluated using S-parameters [40,41]: T ¼ jS12j2 ¼ jS21j2, R ¼
jS11j2 ¼ jS22j2, and A ¼ 1� R� T . The total EMI shielding effec-
tiveness (SEtotal) consists of the contributions from absorption loss
(SEA), reflection loss (SER), and multiple reflection (SEM) [42,43]:

SEtotalðdBÞ ¼ SER þ SEA þ SEM (8)

SERðdBÞ ¼ 10log10ð1� RÞ (9)

SEAðdBÞ ¼ 10log10½T=ð1� RÞ� (10)

Usually SEM is important only when composites are thin and are
used at very low frequencies (i.e. ~kHz range). In our case, SEM could
be ignored because of the high measuring frequency and large
distance between the reflecting surface and interface, compared to
the skin depth. SEtotal of materials can be calculated by using the
scattering parameter as [44,45].

SEtotalðdBÞ ¼ 10� log

"
1

js12j2
#
¼ 10� log

"
1

js21j2
#

(11)

The SEtotal of the composites with the increasing rGO/Ni ratio in



Fig. 7. Microwave RL curves (a), three-dimensional representation (b), the frequency dependence of matching thickness and calculated thickness tm (c) and two-dimensional
representation of the values of reflection loss (d) for rGO/Ni composites with rGO/Ni ratio of 1:1 under different thickness. (A colour version of this figure can be viewed online.)

Fig. 8. Schematic of the possible microwave absorption mechanisms for the rGO/Ni composites. (A colour version of this figure can be viewed online.)
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the frequency range of 2e18 GHz is shown in Fig. 9a, and the SER
and SEA are shown in Figure S4. It is clear that the lower impedance
matching ratio would lead to higher reflection effectiveness and
thus provide great contributions to EMI shielding. Besides, the ideal
EMI shielding also involves strong absorption (SEA) which could be
easily altered based on the material thickness. From the sets of
Fig. 9a, the SEtotal values considerably increasewith increasing mass
ratio of the rGO over the entire frequency range. The composite
with rGO/Ni ratio of 4:1 shows a great EMI SE value (>10 dB) at a
thin thickness (~1mm) but a poor absorption behavior as discussed
in the previous paragraph. Generally, the pursuit of larger imped-
ance mismatch and higher electric conductivity is an ideal strategy
to achieve high-performance EMI shielding materials [46,47]. The
excessive complex permittivity of the composites (4:1) indicating



Fig. 9. (a) EMI shielding effectiveness as a function of frequency measured in the 8�12 GHz range of the rGO/Ni hybrids with various rGO/Ni concentrations; (b) EMI SEtotal values of
the hybrids with rGO/Ni of 4:1 at various film thicknesses. (A colour version of this figure can be viewed online.)
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its potential EMI shielding ability, which is in consistent with the
above results and discuss. To further enhance the EMI shielding
effectiveness, we increase the thickness of the composites from
1.02mm to 3.52mm. As expected, the thicker composites show a
much better EMI shielding effectiveness and more than 25 dB
shielding effectiveness over the whole measuring frequency range
is achieved (Fig. 9b).

Overall, the optimal EM absorption ability is attributed to the
good impedance match, moderate conductivity, appropriate syn-
ergistic effect of dielectric loss and magnetic loss. On the other
hand, for the EMI shielding materials, the required electrical con-
ductivity could be much higher, while the larger impedance
mismatch would block more EM waves for propagating into the
materials. Therefore, above mechanisms and relationship as show
in Fig. 10 should be considered, when we design and fabricate EM
absorbing and EMI shielding materials.

4. Conclusion

In summary, the simple fabrication of magnetic and conductive
rGO/Ni hybrids with different component proportion has been
demonstrated. With good controllability of permittivity and
Fig. 10. Scheme of the absorbing and shielding performance: relationship with the
changes in both dielectric and magnetic properties. (A colour version of this figure can
be viewed online.)
permeability, the resultant composites exhibit excellent EM
absorbing property together with considerable shielding perfor-
mance. For composites with rGO/Ni ratio of 1:1, superior reflection
loss of �39.03 dB is achieved at 13 GHz with a thickness of 2mm.
While rGO/Ni ratio up to 4:1, the EMI SE of composite is higher than
25 dB, and their effective bandwidths (SE> 20 dB) covers the whole
measured frequency totally. The aforementioned results provide a
strategy that can be widely applied in many fields, presenting great
opportunities for designing and fabricating advanced electromag-
netic absorbing and shielding materials.
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