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CoxNiy nanoparticles anchored on reduced graphene oxide (rGO) composites
with different Co(0)/Ni(0) ratios were successfully prepared by a simple
hydrothermal method. The morphology, structure, and magnetic and micro-
wave electromagnetic properties of CoxNiy/rGO composites were characterized
by the x-ray diffraction, Fourier transform infrared spectrometry, scanning
electron microscopy, Raman spectroscopy and a vector network analyzer. The
CoxNiy/rGO composites exhibited enhanced microwave absorption properties,
which are attributed to the effective complementarities between dielectric loss
and magnetic loss. For the Co3Ni1/rGO composite, the minimum reflection loss
(RLmin) is �44.89 dB at 12.22 GHz with absorber thickness of 2.5 mm, and the
effective absorption bandwidth of the reflection loss (RL)<�10 dB (indicating
90% attenuation) could achieve 5.61 GHz. It is believed that the Co3Ni1/rGO
composite may be a promising candidate as a microwave absorber with the
features of low density, strong absorption, wide band and low thickness.

Key words: Reduced grapheme oxide, CoxNiy nanoparticles, microwave
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INTRODUCTION

With the rapid development of technology, for
example, radar systems and wireless communica-
tion tools being extensively used, electromagnetic
(EM) interference has become a serious pollution
problem, which is harmful to the electronic devices,
the ecological environment and human health.1,2

Research to seek high-efficiency microwave-ab-
sorbing materials has attracted much attention
and become an important topic.3,4,5 Moreover, the
current microwave-absorbing materials are
required to possess strong absorption, wide absorp-
tion frequencies, low weight, and anti-oxidation
properties.6,7

Graphene, a single layer of sp2-hybridized carbon
atoms ranked in a two-dimensional lattice,8 has
attracted much attention owing to its unique electri-
cal, mechanical, and thermal properties. Graphene’s

unique structure and specific properties determine its
wide range of potential applications.9 Unfortunately,
graphene alone cannot achieve better microwave-
absorption properties because of the mismatch
between its relatively high dielectric loss and low
magnetic loss.10 Based on the electromagnetic com-
plementary theory, constructing the magnetic com-
position into graphene is an effective strategy to
improve microwave-absorption performance.

In previous papers, there have been many reports
about the microwave-absorption properties of mag-
netic metals or compounds with graphene.11,12,13,14,15

Zhang and co-workers did some work on the synthe-
sis of the heterojunction of Fe3O4 with graphene,
revealing that hybrid materials can enhance micro-
wave-absorption properties. Kim et al.13 reported a
facile strategy for the direct and uniform deposition
of a graphene/Co3O4 thin film onto a stainless steel
substrate through cathodic deposition and the film
was employed as an anode material for lithium ion
batteries. Pan et al.14 assembled hexagonal and cubic(Received June 13, 2016; accepted November 16, 2016;
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Co nanocrystals grown on graphene. In a word, some
inorganic nanoparticles could be attached to gra-
phene and formed graphene-based composite mate-
rials. Zhang et al.15 prepared a ZnO/graphene
nanocomposite by an aqueous solution and calcina-
tion route and investigated its microwave-absorption
properties. Meanwhile, graphene-based composites
can possess an enhanced microwave-absorption
performance.16

Recently, Co or Ni nanospheres anchored on the
reduced grapheme oxide nanocomposites with mag-
netic, electric, photoelectric, spintronic and catalytic
properties have been well studied. On the one hand,
magnetic Co or Ni nanostructures with different
phases and sizes have been of great interest for EM-
wave absorption applications due to their excellent
magnetic properties.14 On the other hand, as an
important transition metal alloy, CoNi alloy has
drawn increasing attention due to its potential
applications in catalysts, magnetic recording and
magnetic resonance imaging, and microwave
absorption.17,18,19,20 But there are few reports on
the investigations of CoxNiy/rGO composites. In this
work, different proportions of Co(0)/Ni(0) nanopar-
ticles anchored on rGO composites were prepared by
a simple hydrothermal method. Moreover, the
effects of different ratios of Co(0)/Ni(0) on the
crystalline structure, morphology and electromag-
netic wave-absorbing properties were studied.

EXPERIMENTAL

Preparation of CoxNiy/rGO Composites

Briefly, the graphite oxide (GO) was prepared
from natural graphite by a modified Hummers’
method,21 which was used as the original material
for the synthesis of CoxNiy/rGO hybrid nanomateri-
als. Then, the CoxNiy/rGO composites were synthe-
sized by a hydrothermal method. In this process,
first, 40 mg GO was dispersed in 30 mL ethyl
alcohol. Then, 1 mmol mixture of CoCl2Æ6H2O and
NiCl2Æ6H2O (for the Co1Ni4/rGO composite, the mole
ratio of Co2+ and Ni2+ is 1:4; for the other CoxNiy/
rGO composites, the (x, y) is (1, 3), (3, 1), and (4, 1),
respectively.) were dispersed into the mixture and
the system was stirred for 30 min. After that,
0.1 mol NaOH was added to the mixture to make
sure the pH was 13 (the mixture was stirred for
20 min). Lastly, 4 mL hydrazine hydrate was added
slowly with stirring. After the reaction, the mixed
solution was placed into tahe drying oven and kept
at 180�C for 12 h. The final CoxNiy/rGO products
were collected by centrifuge, washed and dried.

Characterization

The structural characterization of CoxNiy/rGO
composites were analyzed by XRD (XRD-3, using a
Cu Ka source, k = 0.154056 nm; Beijing Purkinje
General Instrument). Fourier transform infrared
(FT-IR) spectra were tested with a Nicolet iS10

FTIR spectrometer in the range of 4000–500 cm�1.
The morphology and microstructure was character-
ized by SEM (JSM-7001F). The detection of the
molecular structure of the sample was analyzed by
Raman spectroscopy (the excitation sources of the
laser was 532 nm; Lab RAM HR Evolution; HOR-
IBA Scientific). The complex permittivity and per-
meability were measured at room temperature by
an Agilent N5244A VNA in the frequency range of
1–18 GHz. The measured samples were prepared by
dispersing CoxNiy/rGO composites into paraffin
with a weight ratio of 40% and then pressing thjem
into a ring with an outer diameter of 7.00 mm and
an inner diameter of 3.04 mm.

RESULTS AND DISCUSSION

XRD measurements were used to investigate the
phase composition and the crystalline structure of
the samples. The XRD patterns of the GO and
CoxNiy/rGO composites are shown in Fig. 1, from
which it can be seen than a diffraction peak of 9.8� is
gained, which corresponds to the (001) plane of GO.
It is well known that the crystal structure of
graphite is destroyed by the oxidation of potassium
permanganate and concentrated sulfuric acid. In
this process, the covalent bonds between C and O
were formed and the –CH, –OH, –COOH, etc. were
inserted on the surface of the graphite sheet and
thus a new crystal structure is shown. In the
reduction process, the GO was reduced by caus-
tic soda and hydrazine hydrate and the (001) plane
of graphite oxidation disappeared. As shown in
Fig. 1b–e, three new peaks at 2h = 44.3�, 51.7� and
76.3� is consistent with the (111), (200), (220)
planes, which can be classified as face-centered
cubic (fcc) nickel (JCPDS no. 04-0850).22 In Fig. 1b
and c, the three peaks at 2h = 44.3�, 51.7� and 76.3�
match face-centered cubic crystalline cobalt (JCDPS
15-0806).22 In Fig. 1d and e, the diffraction lines at
2h values of 41.5�, 44.3�, 47.5� can be seen, which
can be indexed to the (100), (002) and (101) planes of
the hexagonal close-packed (hcp) cobalt structure
(JCPDS no. 89-4308).17 No obvious oxide peaks were
found in Fig. 1b–e. With increasing the proportion
of Co(0)/Ni(0), the crystal form of the alloy has
changed, and the hexagonal cobalt appears when
the value of Co(0)/Ni(0) is 3:1 and 4:1. According to
these results, the hexagonal close-packed cobalt
structure presents a lamellar petal, and the special
structure may contribute to the microwave-absorp-
tion properties.

It is well known that FT-IR can be used to indicate
the degree of removal of oxygen-containing groups.
Figure 2 shows the infrared spectra of GO (a) and
CoxNiy/rGO composites (b–e). Graphite was oxidized
and changed to GO by potassium permanganate and
concentrated sulfuric acid. The stretching vibration of
hydroxy (–OH) is at �3442 cm�1, and the stretching
vibration of C=O is at �1735 cm�1.23,24,25,26,27,28

Then, some oxygen-containing groups could be found
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in GO, which includes bands at �1400 cm�1 (O–H
stretching vibration of carboxyl), �1058 cm�1 (C–O
stretching vibration), and �659 cm�1 (O–H stretch-
ing vibration of alcohol or phenol). The band
at �1624 cm�1 could be due to the unoxidized C–C
graphite framework. But these oxygen-containing
groups are almost completely removed by hydrazine
hydrate in the reduction process. As shown in Fig. 2-
b–e, the C–C of the graphite framework is indicated at
the bands of �1459 cm�1, �1580 cm�1, �1623 cm�1,
and �1631 cm�1 respectively, while the different
bands at �431 cm�1, �432 cm�1, and �468 cm�1

are attributed to the lattice absorption of different
proportions of the CoxNiy alloy, further affirming the
existence of CoxNiy/rGO composites. In view of the
above-mentioned data, we conclude that the GO is
almost completely reduced.

The structures and morphologies of GO and
CoxNiy/rGO composites were characterized by

SEM, as shown in Fig. 3. In Fig. 3a, graphite has
a fragmented distribution, and the layer thickness
is thick. In Fig. 3b, it can be clearly seen that the
pure GO has a flaky structure. At the edge of Fig. 3
GO, some burrs can be seen. Since the hydroxyl,
carboxyl, epoxy and other oxygen-containing func-
tional groups were introduced into Fig. 3 GO, the
burrs formed and the spacing was increased in the
sheet of GO.29 In this phenomenon, GO cannot fully
be reduced to the graphene structure during the
reduction process, and some defects and oxygen
groups remained. This fact may contribute to the
microwave-absorption properties. As shown in
Fig. 3c–f, CoxNiy nanocrystals were attached on
the surface of the rGO sheets, and some nanocrys-
tals were surrounded by the rGO.In Fig. 3c and d,
the shape of the CoxNiy nanoclusters are spherical
and schists. In Fig. 3e, Co3Ni1 alloy presents the
petaloid-like structure. Meanwhile, the nanocrys-
tals were uniformly attached on the surface of the
rGO sheets. The morphology of the Co4Ni1/rGO
composite is uneven, and the structure of the
petaloid is incomplete. As the previous XRD
described, the hexagonal cobalt phase has appeared
in Fig. 3e and f. The hexagonal cobalt phase is
always schistose and petaloid. Therefore, this mor-
phology of the CoxNiy alloy is in accord with the data
of XRD. According to reports, the shapes of schistose
and petaloid and the homogeneity is favorable for
the enhancement of microwave-absorption
properties.

Raman spectroscopy is an effective method to
judge ordered and disordered crystal structures of
carbon-based materials.24 Figure 4 shows the
Raman spectra of the GO and CoxNiy/rGO compos-
ites. For the GO and composites, there are two
characteristic peaks appearing at around 1350 cm�1

and 1597 cm�1, which are attributed to the D and G
bands.30 The D band is a first-order zone boundary
phonon mode associated with defects in the gra-
phene or grapheme edge, while the G band is a
radial C–C stretching mode of sp2 bonded car-
bon.24,31 The intensity ratio of D and G band (ID/
IG) is a useful indicator to evaluate the ordered and
disordered crystal structures of carbon.30 The inten-
sity ratios (ID/IG) are 0.93, 1.09, 1.14, 1.38, and 1.22
for the CoxNiy/rGO composites, respectively. These
results indicated that the intensity ratio increased
with increasing Co(0)/Ni(0), and the intensity ratio
reaches a maximum when the Co(0)/Ni(0) is 3/1.
Compared with GO, the intensity ratio for the
CoxNiy/rGO composites shows a remarkable
increase, which is caused by the decrease of the
average size of the sp2 domains and the increase of
the disordered degree and the defects. It is sug-
gested that a higher degree of defects in the
composites result from the reduction of
hydrazine hydrate and the introduction of the
CoxNiy alloy, and that the defects play an important
role in the enhancement of microwave-absorbing
performance.32,33 As shown in Fig. 4d, the intensity

Fig. 1. XRD patterns of (a) GO, (b) Co1Ni4/rGO composite, (c)
Co1Ni3/rGO composite, (d) Co3Ni1/rGO composite, (e) Co4Ni1/rGO
composite.

Fig. 2. FT-IR patterns of (a) GO, (b) Co1Ni4/rGO composite, (c)
Co1Ni3/rGO composite, (d) Co3Ni1/rGO composite, (e) Co4Ni1/rGO
composite.

Guo, Bai, Zhao, Zhang, and Chen2166



ratio of the Co3Ni1/rGO composite is 1.38, which
indicates that the composite may possess better
microwave-absorption properties.

The microwave-absorption properties of the Cox
Niy/rGO composites can be estimated by the dielec-
tric and magnetic properties. The relative complex
permittivity (er = e¢ � je¢¢) and the relative complex
permeability (lr = l¢ � jl¢¢) of the CoxNiy/rGO com-
posite microspheres have been measured in the
frequency range of 1.0–18.0 GHz at room tempera-
ture. The real parts of the permittivity (e¢) and
permeability (l¢) are associated with energy storage,
while the imaginary parts of the permittivity (e¢¢)
and permeability (l¢¢) are related to energy
dissipation.34

In Fig. 5a, for the rGO and CoxNiy/rGO compos-
ites, the values of e¢ are in the ranges of 17.55–6.10,
7.22–4.46, 8.94–4.59, 12.68–5.62 and 15.31–6.51 in
the frequency of 1.0–18.0 GHz, respectively. Mean-
while, the values of e¢¢ are in the ranges of 22.68–
4.24, 1.95–1.15, 4.45–1.54, 8.43–2.34 and 9.15–3.29
in the frequency of 1.0–18.0 GHz (Fig. 5b), respec-
tively. It can be found that the samples with higher
ratios (Co(0)/Ni(0)) show higher values of e¢ and e¢¢.
Obviously, both e¢ and e¢¢ are decreased with the
increase of the measured frequency, which may be
caused by the defects and functional groups remain-
ing in the CoxNiy/rGO composites. Figure 5c and d
shows the l¢ and l¢¢ values of the rGO and the
CoxNiy/rGO composites. We can see that the value of

Fig. 3. SEM images of (a) graphite, (b) GO, (c) Co1Ni4/rGO composite, (d) Co1Ni3/rGO composite, (e) Co3Ni1/rGO composite, (f) Co4Ni1/rGO
composite.
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l¢ is almost constant at 1.05 for the rGO, and the
values of l¢ are in the ranges of 1.23–1.00, 1.24–
1.03, 1.24–1.04 and 1.21–1.00 for the CoxNiy/rGO
composites in the frequency of 1.0–18.0 GHz,
respectively. Meanwhile, the values of l¢¢ (Fig. 5d)

are in the range of 0.01–0.07, 0.12–0, 0.12–0, 0.1–
0.03 and 0.09–0.02 in the frequency of 1.0–
18.0 GHz, respectively. From the above results, it
can be found the l¢ and l¢¢ of samples have the same
trend in the whole frequency range. For the l¢ of the
samples, the Co3Ni1/rGO composite shows the high-
est values in the whole frequency range, which
indicates that the composite has a better reserva-
tion capacity of magnetic energy. In addition, the l¢¢
exhibits multi-resonance peaks in the whole fre-
quency range, which might be attributed to natural
resonance and domain wall resonance.

The dielectric tangent loss (tan dE = e¢¢/e¢) and the
magnetic tangent loss (tan dM = l¢¢/l¢) of the CoxNiy/
rGO composites are shown in Fig. 6. For the Co1Ni4/
rGO composite, the dielectric loss tangent shows an
approximate constant around 0.3 over the whole
frequency range, while the value of the magnetic
loss tangent dramatically increases from 0.06 to
0.11 over the frequency range of 1.0–6.02 GHz. For
the rGO and other CoxNiy/rGO composites, the
values of the dielectric loss tangent are 1.29–0.67,
0.54–0.33, 0.78–0.43, 0.68–0.52, respectively, in the
frequency of 1.0–18.0 GHz. For the magnetic loss
tangent, the samples show strong fluctuation in the
measured frequency. Amazingly, the values of

Fig. 4. Raman spectroscopy patterns of (a) GO, (b) Co1Ni4/rGO
composite, (c) Co1Ni3/rGO composite, (d) Co3Ni1/rGO composite,
(e) Co4Ni1/rGO composite.

Fig. 5. Frequency dependence of (a) real part and (b) imaginary part of the relative complex permittivity, (c) real part and (d) imaginary part of the
relative complex permeability of different CoxNiy/rGO composites.
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tandM for the rGO exhibit negative values, which
correspond to the values of l¢¢. The tan dM exhibits
multi-resonance peaks in the whole frequency
range, which might be attributed to natural reso-
nance and domain wall resonance. In the above
results, the Co1Ni4/rGO composite shows the high-
est higher magnetic loss and relatively small mag-
netic loss in the measured frequency. It generally
believed that high dielectric loss of microwave-
absorption materials is not helpful in enhancement
of the microwave-absorption property because it
results in strong reflection and weak absorption.

The RL value is used to evaluate the EM wave
absorption efficiency of absorbers (RL value of
�10 dB is comparable to 90% of microwave absorp-
tion). The RL of the EM waves can be calculated
using transmission theory28,35,36:

RL ¼ 20 log10 ðZin � Z0Þ=ðZin þ Z0Þj j ð1Þ

Zin ¼ Z0

ffiffiffiffiffi

lr
er

r

tanh j
2pfd

ffiffiffiffiffiffiffiffi

lrer
p

c

� �

ð2Þ

where Z0 is the impedance of free space, Zin is the
input characteristic impedance, lr is the complex
permeability, er is the complex permittivity, f is the
frequency, c is the velocity of light, and d is the
thickness of the CoxNiy/rGO composites. Figure 7
shows the relationship between the RL and fre-
quency. It can be seen that the thickness of the
absorber has a great influence on the properties of
the microwave absorbtion, and that the RLmin of
samples shifts toward lower frequency with the
increase of thickness. Compared with the rGO and
the CoxNiy/rGO composites, the Co3Ni1/rGO com-
posite shows enhanced microwave-absorption prop-
erties. As shown in Fig. 7a, the RLmin reaches
�17.39 dB at 14.26 GHz for rGO with a thickness
of 2.0 mm, and a bandwidth of the RL <�10 dB
(indicating 90% attenuation) could achieve

5.86 GHz from 12.14 GHz to 18 GHz. For the
Co1Ni4/rGO composite (Fig. 7b), the RLmin reaches
�10.56 dB at 12.22 GHz with a thickness of
3.0 mm, and a bandwidth of the RL<�10 dB could
achieve 1.36 GHz from 11.46 GHz to 12.82 GHz.
For the Co1Ni3/rGO composite (Fig. 7c), the RLmin

reaches �15.24 dB at 11.80 GHz with a thickness of
3.0 mm, and a bandwidth of the RL<�10 dB could
achieve 3.91 GHz, from 9.84 GHz to 13.75 GHz. For
the Co4Ni1/rGO composite (Fig. 7e), the RLmin

reaches �25.17 dB at 14.26 GHz with a thickness
of 2.0 mm, and a bandwidth of the RL <�10 dB
could achieve 6.29 GHz (from 11.71 to 18.00 GHz).
Whereas for the Co3Ni1/rGO composite (Fig. 7d and
f), the RLmin reaches �44.89 dB at 12.22 GHz with a
thickness of 2.5 mm, and the effective absorption
bandwidth of the RL <�10 dB could achieve
5.61 GHz, from 9.84 to 15.45 GHz. From the above
results, the Co3Ni1/rGO composite shows the best
microwave-absorption properties. Firstly, the
hexagonal close-packed cobalt presents a lamellar-
like structure, which contributes to the microwave-
absorption properties. Secondly, the composites
have a great amount of defects and oxygen groups,
and these are regarded as polarization certers,
which can cause a polarization relaxation process
under the alternating electromagnetic field, result-
ing in a positive effect on the attenuation of
microwave radiation.6,7 Thirdly, an amount of par-
ticles loaded on the surface of rGO could introduce
extra interfaces and cause more interfacial polar-
ization. Lastly, large numbers of interfaces are
formed between small-diameter and well-dispersed
Co3Ni1 nanoparticles and the rGO. The existence of
these interfaces generates interfacial polarization,
which appears in heterogeneous media due to the
accumulation of charges at the interfaces and the
formation of dipoles on particles or clusters. So,
these interfaces are responsible for the improve-
ment of the microwave-absorption properties.

Fig. 6. The corresponding dielectric loss tangents (a) and magnetic loss tangents (b) of the different CoxNiy/rGO composites.
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CONCLUSIONS

In summary, the different proportions CoxNiy
nanoparticles anchored on the reduced graphene
oxide composites were successfully prepared by a
facile hydrothermal method. The results show
that the Co3Ni1/rGO composite possesses out-
standing microwave-absorption properties. The
RLmin is �44.89 dB at 12.22 GHz for the corre-
sponding thickness of 2.5 mm and the effective
absorption bandwidth of RL <�10 dB (indicating
90% attenuation) could achieve 5.61 GHz. The
results reveal that the Co3Ni1/rGO composite has
practical applications in the microwave-absorption
area.
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