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a b s t r a c t
Herein, a series of novel reduced graphene oxide (rGO) anchored Ni-Co-Zn-Nd-ferrites composites have been
successfully synthesized by hydrothermal process. The morphology, microstructure and electromagnetic properties were investigated by Fourier transform infrared spectrum (FT-IR), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Raman spectrum, scanning electron microscope (SEM), transmission electron
microscope (TEM), network analyzer and vibrating sample magnetometer (VSM). The composites exhibit an excellent electromagnetic wave absorption performance, comparable or superior to that of most reported absorbers. Therefore, the rGO/Ni0.4Co0.2Zn0.4NdxFe2-xO4 (rGO/NCZNF) composites could be the potential
candidates for microwave absorption applications in many ﬁelds such as energy storage and conversion.
© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Electromagnetic wave absorption materials can convert electromagnetic waves into heat and other forms of energy when electromagnetic
energy is projected onto its surface using its own absorptive action and
the attenuation effect to decrease the reﬂection and scattering of electromagnetic waves [1]. When it comes to military applications, absorbing materials can reduce the probability of military weapons being
detected and play a signiﬁcant role in safeguarding national defense security [2–4]. In consequence, the development of stealth technology has
become the focus of research, which will also put forward higher requirements for radar absorbing materials [5,6]. In addition to defense,
there is a lot of electromagnetic pollution in electronic products of microwave absorption materials, which not only affects the functioning
of electronic equipment but causes harmful effects to the health of
humans. Therefore, much attention has been paid to the absorbing
mechanism between electromagnetic wave absorbing materials [7–9].
At present, a handful of researchers have tried their best to explore
the fascinating properties of electromagnetic absorption of spinel ferrites. Among spinel ferrites, much attention has been attracted to the
Ni-Co-Zn-ferrites according to their lots of unique characteristics such
as high resistivity, large saturation magnetization, high Curie temperature, good mechanical hardness and low dielectric loss [10,11]. These
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special properties can meet the requirements in extensive ﬁelds such
as electronic products, military stealth and so on. Some researchers
have studied the experiments about lanthanide elements doped into
Ni-Co-Zn-ferrites to improve their electromagnetic performances [12].
Furthermore, the spinel Ni-Co-Zn-ferrites have been studied as potential microwave absorption materials due to their excellent high corrosion resistance and magnetic loss properties [13]. Unfortunately, the
single Ni-Co-Zn-ferrites possess such low microwave absorption performance that restricts their applications on account of their high density
and poor stability [14,15]. Over the past decades, in order to solve
these problems, many efforts have been made to recombine ferrites
with the organic materials like reduced graphene oxide, carbon ﬁbers
and microwave carbon nano-tubes [16]. In fact, these organic polymer
materials possess outstanding properties such as light weight, corrosion
resistant, ﬂexible and environmentally friendly. Graphite oxide is a layered material consisting of hydrophilic oxygenated graphene sheets
bearing oxygen functional groups on their basal planes and edges
[17–19]. Due to its high dielectric loss and low density, graphite oxide
has attracted much attention and became a promising candidate to
combine with ferrites to form new electromagnetic absorption materials. In the past years, plenty of researchers have concentrated on the
microwave absorption properties of graphene-ferrite composites. Wei
and Ren [20] reported that a reﬂection loss ~−51.20 dB with 5.7 GHz
in bandwidth was obtained in Co0.8Fe2.2O4/rGO nanocomposites. Shu
and Zhang [21] discussed the electromagnetic wave absorption properties of RGO/ZnFe2O4 hybrid nanocomposite, and the results exhibited
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the reﬂection loss about −41.10 dB at 9.4 GHz. All these results show
that graphene addition is quite effective to increase the microwave absorption properties of ferrites [22,23].
To the best of our knowledge, these Nd doped Ni-Co-Zn-ferrites anchored on a graphene surface have never before been synthesized.
Therefore, this study investigates the electromagnetic wave absorption
properties of rGO anchored Nd doped Ni-Co-Zn-ferrites composites. At
the same time, the microstructures, morphologies, electromagnetic
properties and microwave absorption performances of composites
were all investigated.
The Ni0.4Co0.2Zn0.4NdxFe2-xO4 (NCZNF) powders were prepared via
solid state solution. The details are shown in supporting information.
Graphene oxide (GO) was from natural graphite powder via a modiﬁed
Hummers' method [24]. Preparation procedure of rGO/NCZNF composites were as follows: ﬁrstly, the GO and NCZNF were weighted with
weight ratios of 1:20 and added into appropriate amount of deionized
water. Then, the reaction mixture was ultrasonicated for 2 h and was
stirred for 1 h at ambient temperature. Next, the mixture solution was
poured into a 100 ml Teﬂon-lined autoclave and maintained at 180 °C
for 12 h. When temperature cooled down to room temperature naturally, the product was obtained by centrifugation and washed with deionized water, ﬁnally dried at 60 °C in a vacuum oven for 12 h. The
composites were denoted as S1, S2, S3, and S4 with the increasing
amount of doping Nd ion (S1: x = 0, S2: x = 0.02, S3: x = 0.04, S4: x
= 0.06).
The as-prepared samples were analyzed by XRD (D/MAX-2400,
Japan), FT-IR (IS10, Thermo Fisher Scientiﬁc) spectrometer, XPS
(Thermo Fisher ESCALAB Xi+), Raman spectra (in Via Raman Microscope), FEI SEM, TEM (ﬁeld emission Tecnai F30G2). The
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electromagnetic performance was measured by Agilent vector network
analyzer (HP 8720ES) using the coaxial-line method at the frequency
range of 2–18 GHz. The samples were homogeneously dispersed in
wax matrix with the parafﬁn of 30% volume ratio and then the mixture
was pressed into the ring-shape with a dimension of 7 mm in outer diameter, 3 mm in inner diameter. The magnetic property was tested by
VSM.
Fig. 1a displays the FT-IR spectra of the pure GO and rGO/NCZNF
composites in the wave number range of 400–4000 cm−1. In the spectra
of pure GO, there exists a peak of oxygen-containing functional groups
at 1710 cm−1, which can belong to C_O stretching. In the spectra of
the rGO/NCZNF particles, bands at around 540–600 cm−1 and 400–
460 cm−1 belong to metallic lattice vibrations that involve oxygen and
cations at octahedral and tetrahedral positions, respectively, and the
band at 1630 cm−1 is attributed to the O\\H bending vibration. In addition, the band 3400 cm−1 corresponds with few stretching vibration of
O\\H and most of absorber water molecules [25]. For S2, S3, and S4, the
bands are quite similar to these of S1, and most of the bands related to
the oxygen-containing groups in GO vanish in FT-IR spectra. In Fig. 1b,
the XRD spectrum of GO sample reveals the characteristic (001) peak
at an angle of 10.88°, which indicates the intense intercalation of hydroxyl, carbonyl and epoxide groups in graphite interlayer during oxidation [18]. After hydrothermal reaction, most oxygen-containing
groups on the surface of GO are removed, for example, the disappearance of important diffraction peaks in the XRD pattern of rGO/NCZNF indicates the absence of the long-term ordering graphitic structure [19].
The peaks of the rGO/NCZNF composites were located at 2θ = 18.36°,
30.16°, 35.48°, 37.14°, 43.12°, 53.64°, 57.2°, 62.6°, 71.24°, and 74.24°,
which can well correspond to the (111), (220), (311), (222), (400),

Fig. 1. (a) Comparison of FT-IR spectra, (b) X-ray diffraction pattern and schematic diagram of the AB2O4 spinel structure, (c) Raman spectra of the pristine GO and rGO/NCZNF composites,
(d) XPS spectra of the survey scan of S4. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this article.)
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(422), (511), (440), (533), and (622) planes, respectively, exhibiting
the typical spinel structure with the characteristic of the Fd3m cubic
groups. Meanwhile, the unknown phase peak increase with the Nd content increasing, which maybe the peak of neodymium compounds according to compare with the PDF#01-1109 and PDF#44-1485. In the
schematic diagram of the AB2O4 spinel structure, the blue color ions
stand for Fe3+ and Zn2+ at B sites, and the purple ions for A sites with
Fe3+, Ni2+ and Co2+ accompanying with the red balls for all oxygen
ions. From the Raman spectrum of GO in Fig. 1c, the D (∼1353 cm−1)
and G (∼1589 cm−1) bands appear in GO and come from local defects
and vibrations of ordered sp2 carbon atoms, respectively. The D and G
bands of GO also exists in the spectrum of rGO/NCZNF composites
[26]. The intensity ratio of ID/IG of rGO/NCZNF composites is 1.01 and
is higher than 0.91 of GO, indicating that GO has been reduced into
rGO in the composites during the etching course. Fig. 1d reveals the
wide scan XPS spectra of S4, which shows photoelectron lines at a binding energy of 283, 529, 711, 784, 854, 1003, 1223 eV attributed to C1s,
O1s, Fe2p, Co2p, Ni2p, Nd3d and Zn2p, respectively. Other detailed
spectra show in supporting information.
The microstructural morphologies of rGO/NCZNF composites were
studied by FEI SEM. Fig. 2a–f show the SEM, backscattered electron,
and energy spectrum analysis images of the two components of S1
and S4. As shown in Fig. 2a and d, it can be seen that the ferrites particles
grew up as the Nd ion content increasing. Furthermore, the large-scale
NZCNF particles with relatively uniform sizes ranging from 100 to
500 nm were obtained, and they tend to aggregate to a certain extent
because of their high surface energy and strong intrinsic magnetic interactions. Compared with Fig. 2b and e, it is obvious that the Nd ion

attached to the ferrites particles surface dispersedly. The EDS curves of
the two composites are shown in Fig. 2c and Fig. 2f, which is semiquantitative microchemical analysis. The results suggest the presence
of Ni, Co, Zn, Fe, O, and Nd elements and no other obvious element exists, consisting with the XRD results. Besides, as can be seen from the
TEM images in Fig. 2g, the particles of S4 are evenly distributed on the
surface of graphene and show the average outer diameter of 500 nm.
RGO is crumpled and transparent which due to deformation upon the
exfoliation [27]. The HRTEM image shown in Fig. 2h also clearly displays
the crystalline structure of NCZNF, and the lattice fringes with
interplanar distance of the 0.49 nm can be corresponded to the basal
(111) planes of the cubic spinel crystal NCZNF. The clear lattice indicates
the S4 spinel ferrite is of high crystallinity. The diffused spotty SAED
image views along [011] zone axes is shown in Fig. 2i.
Electromagnetic wave absorption properties of samples can be represented by their reﬂection loss (RL), which is calculated using the relative complex permeability and complex permittivity at a given
thickness according to the transmit-line theory as the following equation [28]:
RLðdBÞ ¼ 20 log j ðZin −1Þ=ðZin þ 1Þ j
Zin ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
μ r =εr tanh½ jð2πfd=cÞ εr μ r 

ð1Þ
ð2Þ

where Zin is the input impedance of the absorber, c is the velocity of EM
waves in free space, f is the microwave frequency and d is the absorb
layer thickness. ɛr and μr are the relative complex permittivity and

Fig. 2. (a) and (d) SEM images, (b) and (e) backscattered electron images, (c) and (f) and EDS images of S1 and S4, (g) TEM images, (h) HRTEM image, and (i) the SAED spots for [011] zone
axes of S4, respectively.
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permeability, respectively, which can be calculated by:
ɛ r ¼ ɛ 0 −jɛ 00 ; μ r ¼ μ 0 −jμ 00

ð3Þ

According to Eqs. (1), (2) and (3), the RL value of −10 dB is equivalent to a 90% attenuation of the electromagnetic waves. In other words,
absorbing materials with RL values of less than −10 dB are regarded as
appropriate electromagnetic wave absorbers [29].
The calculated reﬂection loss curves in the frequency in the range
of 2–18 GHz for the S1 and S4 are shown in Fig. 3a–d. It can be seen
that the excellent RL ~−58.33 dB at 12.2 GHz of S4 was obtained in
only 2.33 mm and the maximum absorption bandwidth (RL ≤
−10 dB) is 7.5 GHz (from 5.0 GHz to 12.5 GHz) with 2.90 mm in
Fig. 3c. Compared with S1 in Fig. 3a, both RL and bandwidth of S4
have been improved on account that the rare earth Nd element doping could change the ferrites' magnetic properties, thus it also promotes the electromagnetic impedance matching effect. As shown in
these ﬁgure, the RL of S1 and S4 at varied frequencies can be adjusted
by changing the thickness of the materials, so they have obtained the
better microwave absorption intensity and a wider bandwidth. Furthermore, the Zin values of S1 and S4 were plotted at different thicknesses. The modulus of the normalized characteristic impedance Zin
represented the ability of the penetration of the microwave into the
absorber, and the subsequent conversion to thermal energy or dissipation through interference. When the Zin was equal or close to 1, it
was beneﬁcial for improving microwave absorption [30]. It was
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obviously observed in Fig. 3c when the thickness was ~2.33 mm
and the Zin was closest to 1 the microwave absorption property
was best. In order to further prove the inﬂuence of frequency and
thickness on electromagnetic wave absorption properties of the
two composites, a three dimensional image map of its reﬂection
loss is shown in Fig. 3b and d in the frequency in the range of 2–
18 GHz. At the same time, it is so evident that the composites made
of NCZNF particles with a certain amount of rGO have the intensive
microwave attenuation properties.
It is commonly accepted that the effective microwave absorption of
electromagnetic wave absorber is closely related to complex permeability and complex dielectric constant [26]. The electromagnetic parameters include the relative complex permittivity and the relative
complex permeability according to Eq. (3), where ε′ and ε″ are the
real and imaginary parts of the complex permittivity, and μ′ and μ″ indicate the real and imaginary parts of the complex permeability, respectively. As shown in Fig. 3e, the ε′ and ε″ values of the S1 and S4
decrease gradually with the increase in the frequency in the range of
2–18 GHz. Moreover, the real and imaginary parts of the relative permittivity of S4 are larger than S1, which on account of the increase of
the amount of Nd ion. In regard to the origin of the dielectric loss, the
electromagnetic wave absorption property also involves the interfacial
polarization and its relaxation process, which is relevant to the ColeCole semicircle [31,32] shown in Fig. S3. According to Debye theory,
the ε′ and ε″ could be explicated that given the detail in supporting information. Meanwhile, the rGO possesses the relatively higher electric

Fig. 3. (a) and (c) Microwave RL curves and the input impedance of the absorber, (b) and (d) three-dimensional presentation of the reﬂection loss, and (e–f) the complex permittivity,
permeability, and loss tangent of S1 and S4 in the frequency range of 2–18 GHz with different thicknesses, respectively.
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Fig. 4. Reﬂection loss versus bandwidth of some representative materials with reduced
graphene oxide and spinel ferrites composites reported in recent literature.

conductivity, resulting in that conduction loss is also an important part
of dielectric loss. Fig. 3e demonstrates the μ′ and μ″ of S1 and S4 in 2–
18 GHz range. The μ’ of S4 is lower than S1, indicating that the Nd ion
doping could weaken a little the magnetic property of ferrites. Furthermore, the magnetic loss of composites is primarily ascribed to the eddy
current effect or natural resonance. Moreover, the eddy loss can be evaluated by Co (Co = (μ′)−2μ″f−1), which should be constant when the frequency is changed, which is called the skin-effect criterion [33]. In
Fig. S4, S4 has consistent tendency of Co value below 16 GHz, including
the decrease part (2–16 GHz) and the approximately constant part (16–
18 GHz), indicating the magnetic loss of S4 is mainly caused by the natural resonance in the low-frequency range and the eddy current loss effect only in the high-frequency range 16 to 18 GHz. The microwave
absorption performances of some representative materials with reduced graphene oxides and spinel ferrites composites are shown in
Fig. 4 [1,6,10,13,15,20,21,28,34].
In summary, the novel rGO/NCZNF composites were successfully
fabricated by a simple hydrothermal strategy. The structure and morphology of the rGO/NCZNF composites were investigated via FT-IR,
XRD, XPS, Raman spectra, SEM, TEM, which indicated that rGO particles
were anchored on the modiﬁed ferrite grains. Furthermore, the distinctive S4 exhibit strong microwave absorption properties and an optimal
RL (−58.33 dB) for a thickness of only 2.33 mm and the maximum
bandwidth is 7.5 GHz with 2.90 mm. Besides, the efﬁcient microwave
absorption is strongly depended on the complex permeability as well
as the complex permittivity of the electromagnetic wave absorbers.
Therefore, it is obvious that the rGO/NCZNF composites with small reﬂection loss and broad bandwidths are supposed to be promising candidates for electromagnetic wave absorption applications.
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