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[26_TD$DIFF]A B S T R A C T

Specific topographic Ni anchoring on reduced graphene oxide (rGO) composites show an astronomical
potential as effective wave absorbers due to the synergistic electromagnetic loss effects. Herein, Ni/rGO
composites with different topography were successfully prepared via hydrothermal in-situ reduction
method. The structure and morphology characteristics revealed that particle-like, chain-like, coin-like
and flower-like Ni were closely anchored onto rGO, respectively. The electromagnetic wave absorption
(EMA) performance revealed that chain-like Ni/rGO exhibited the optimal reflection loss of -43.7 dBwith
a thickness of 1.8mm as well as the EAB of 6.1 GHz at 2.0mm among all samples due to the good
impedance match and the synergistic dielectric and magnetic losses. Besides, one conclusion can be
drawn that excellent magnetic coupling effect and impedance matching were the main reasons for
significantly improving the EMAperformance. Considering the systematic dependence ofmorphology on
EMA, this work provides a perspective for designing high-performance absorbing materials.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
With the rapid proliferation of advanced electronic devices and
precision radar networks working in the gigahertz (GHz) band, the
growing electromagnetic (EM) interference often causes serious
harm to the environment and human health [1,2]. As a conse-
quence, designing and developing of lightweight and high-
efficiency electromagnetic absorbing (EMA) materials has become
a huge challenge for researchers to deal with the EM wave
pollution and the aircraft stealth problems [3,4].

Traditionally, magnetic metals, such as Fe, Co, Ni, have been
widely used as EMA materials due to their desired conductive
and magnetic loss for EM waves [5]. However, unilateral
magnetic metals with large density cannot meet the require-
ments of light-weight, small volume and corrosion resistance at
the same time in practical applications [6]. Therefore, combin-
ing magnetic metals and dielectric materials has been devel-
oped as an effective strategy for preparing high-efficient and
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practical EMA materials. For example, Xiao [27_TD$DIFF]et al. obtained a
lightweight magnetic hybrid composed of Co and carbon nano-
tubes (CNTs), and the optimal absorption effect of -49.16 dB at
2.5mm can be detected [7]. Recently, especially since many 2D
lightweight dielectric materials including graphene [8], MXene [9]
and MoS2 [10] have been discovered and applied, hybrids of
magnetic metals and 2D materials have gradually become one of
designing hotspots in EMA field. Among them, reduced graphene
oxide (rGO) not only exhibits a high specific surface area and
excellent electrical conductivity, but also remains large number of
oxygen-containing functional groups for dipole polarization,
which make rGO-based composites be very promising for
applications in EM wave absorbing and shielding [11–14]. For
instance, Zhao [27_TD$DIFF]et al. reported an ultra-thin CoNi/rGO aerogel with a
RLmin value of -53.3 dB and an effective bandwidth of 3.5 GHz at
only 0.8mm [15]. From above, one can be noticed that the
hybridization of rGO and magnetic metals plays a crucial role in
promoting the EM wave absorption. In addition to the inherent
characteristics of materials, the micro-morphology of magnetic
metals also has a crucial effect on the absorption of EM waves
[16,17]. There have been some reports showing different EMA
effects of individual topography of Ni/rGO (e.g., urchin [18], flower
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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[19], particle-like [20]). Unfortunately, as far as we know, there are
rare reports on exploring the topography dependence of Ni on
EMA property of its rGO hybrid under the same standard.

In this work, Ni/rGO with different topographical nano-Ni were
fabricated via unified hydrothermal in-situ reduction technology
by changing additives and reaction conditions (see Experimental
section and Table S1 in Supporting information for details). Taking
the formation process of chain-like Ni/rGO as an example, the
forming mechanism has been studied deeply, which is shown in
Fig. S1 (Supporting information). The result revealed that chain-
like nano-Ni loaded on rGO was able to exert the more absorbing
potential of hybrids comparing to others with particle-like, coin-
like and flower-like topography nano-Ni. More importantly, the
absorbing mechanism in chain-like Ni/rGO hybrids was proposed
based on EM loss theory, which may provide a reference for the
design of the EMA material’s perimeter structure.

On the basis of the transmission line theory, the reflection loss
value of EMAmaterial can be evaluated by the following equations [28_TD$DIFF]
(Eqs. 1 and 2) [21]:

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

Zin ¼ Z0

ffiffiffiffiffiffi
mr

er

r
tanh j

2pf d
ffiffiffiffiffiffiffiffiffiffi
mrer

p
c

� �
ð2Þ

where Zin is input impedance, Z is the impedance of free space, f is
frequency, d is thickness and c is the velocity of light. When
reflection loss (RL) <
and the corresponding frequency range is called effective
absorption band (EAB).

The morphologies and microstructures of Ni/rGO were charac-
terized by SEM (Fig. 1). Fig. 1a reveals the particle-like Ni with size
of about 200 nm is uniformly and regularly anchored on rGO
surface. Fig. 1b exhibits that the chain-like Ni was formed by
connecting Ni nanoparticles each other with an average diameter
of 0.8mm,which closely adheres on rGO surface. Noteworthily, the
unique one dimension (1D) structure showing a large long
diameter and strongmagnetic anisotropy is conducive to receiving
more EMwaves [22]. By contrast, coin-like Ni seems to easily cause

% of EMwave is absorbed,10 dB, more than 90

0
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Fig. 1. SEM images of Ni/rGO hybrids with (a) particle-like, (b) chain-like, (c)
agglomeration and densification on rGO surface due to mutual in-
plane attraction (Fig. 1c), which is adverse for the dispersion and
interfacial polarization of the absorbing material. Fig. 1d reveals
the flower-like Ni embedding on the surface of rGO. In addition,
rGO in all samples exhibits a crepe-like transparent gauze
structure. The appearance of wrinkles is mainly due to the
reduction of the carbon skeleton integrity and the residual of
oxygen-containing functional groups during the reduction of GO,
which is beneficial to increase the transmission path and space of
EM waves and dipole polarization [23].

Fig. 1e shows the XRD patterns of the prepared samples. It
can be seen that the all samples reveal the typical diffraction
peaks at 2u = 44.51�, 51.85� and 76.37� corresponding to (111),
(200) and (220) crystal planes of Ni (Nickel, JCPDF#04�0850),
respectively. Clearly, there is no other diffraction peaks appear,
indicating that GO and Ni2+ have been reduced to rGO and Ni under
the action of reductants, and confirming Ni/rGO composites have
been prepared successfully. From the Raman spectra of Ni/rGO
(Fig. 1f), two main peaks at 1345 cm�1 and 1595 cm�1 corre-
sponding to the D and G bonds of rGO, respectively, can be
observed. The ID/IG determining structural defects in different
topography of Ni/rGO hybrids are 1.07, 1.09, 1.02 and 1.03,
respectively. The largest ID/IG value of chain-like Ni/rGO means
more structural defects in rGO produced by reduction process,
which may be attributed to the weak reducibility of NaH2PO2 and
C4H4O6KNa. It is worth noting that the presence of defects is
beneficial to the EMA properties of Ni/rGO hybrids. FT-IR spectra of
as prepared Ni/rGO samples (Fig. S2 in Supporting information)
also reveal that the oxygen-containing functional groups such as
��OH remain after being reduced. These functional groups, as well
as the defects at surface or edge, can form the polarization centers
during the interaction with EM waves, which would promote the
dipole and interfacial polarization effects and thus attenuate more
EM waves [24].

EMA properties of absorbing materials are closely related with
the relative complex permittivity (er = e0-je [29_TD$DIFF]00), relative complex
permeability (mr = m0-jm[30_TD$DIFF]

00) and their loss tangent (dielectric loss
tangent: tande = e[31_TD$DIFF]00/e0; magnetic loss tangent: tandm = m [31_TD$DIFF]

00/m0),
where, the real parts (e0,m0) represent the storage of electrical and
coin-like and (d) flower-like Ni; (e) XRD and (f) Raman patterns of them.
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Fig. 2. Frequency dependence of (a) real parts of complex permittivity; (b)
imaginary parts of complex permittivity; (c) real parts of complex and (d) imaginary
parts of complex permeability for Ni/rGO hybrids.

[(Fig._3)TD$FIG]

Fig. 3. (a) Attenuation constant; (b) dielectric/magnetic loss tangent; (c)
impedance match of Ni/rGO hybrids and (d) corresponding RL-f curves at 2.0mm.

872 L. Liang et al. / Chinese Chemical Letters 32 (2021) 870–874
magnetic energy, while the imaginary parts (e0 0, m0) represent the
loss of electrical and magnetic energy [25]. Figs. 2a and b show the
e0 and e00 [32_TD$DIFF]of Ni/rGO hybrids in the range of 2�18 GHz. Overall, as the
frequency increases, both the e0-f and e[33_TD$DIFF]00-f curves show a slight
downward trend. The difference in e0 and e00 values of the four
samples confirms that different morphologies of Ni have a
significant effect on the dielectric constant and loss. It can be
found that particle-like Ni/rGO reveals the smallest e0 but largest
e00. This is possible because the fact that the size of Ni particles is
smaller than that of other topographies of nano-Ni, which has less
effect on the electron conduction between rGO sheets in paraffin
matrix. According to the free electron theory (e00 � [34_TD$DIFF]1/2pe0rf, where
r is resistivity), a higher e00 means the higher conductivity of
particle-like Ni/rGO, which in turn not favors the incidence of EM
waves [26]. Comparing with other three different Ni/rGO hybrids,
chain-like Ni/rGO hybrid has a both small e00 and e', which may be
caused by the fact that Ni nanochains link each other to form a
network space structure, making themselves unable to contact
graphene more completely, thus forming less interface polariza-
tion during EM radiation. In addition, multiple fluctuation peaks
can be observed in all Ni/rGO hybrids since the nonlinear dielectric
resonance caused by different polarizations. For permeability, the
m0 value of all samples fluctuates around 1.1, while m00

[32_TD$DIFF]shows a
decreasing trend and exhibits a negative value at high frequency
region (Figs. 2c and d). According to Maxwell's equation, the
negativem00

[32_TD$DIFF]value is because the externalmagnetic field is canceled
by the inducedmagnetic field generated by the alternating electric
field inside Ni/rGO hybrids. Generally, the magnetic loss of
magnetic materials can be mainly attributed to natural resonance,
exchange resonance and eddy current effects. Herein, the
resonance peaks of m0 and m00

[32_TD$DIFF]in 4�7 GHz and 14�18 GHz range
can be attributed to natural resonance and exchange resonance,
respectively. Eddy current can be expressed by C0 =m00(m0)�2f-1, and
the stabilization of C0-f curves means that the magnetic loss is
caused by the eddy current, otherwise it is due to natural
resonance or exchange resonance [27]. As shown in C0-f curves
(Fig. S3 in Supporting information), it can be confirmed that the
magnetic loss of chain-like Ni/rGO hybrid is caused byeddy current
between 7�10 GHz. Moreover, adjacent hybrids would act each
other, resulting in the interactive expansion of dense magnetic
lines of force, even in the non-magnetic space. In an alternating EM
field, the existence of the magnetic coupling effect can produce a
huge 3D network space between adjacent Ni particles to attenuate
the magnetic field of EM waves [28]. However, for dispersed other
shapes of Ni on rGO surface, the longer interval between magnetic
particles is not conducive to the dense magnetic coupling effect.

As shown in Fig. 3a, attenuation constant α, representing the
ability of converting incident EM waves into heat or other energy,
can be indicated as:

a ¼
ffiffiffi
2

p
pf
c

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Similar to the trend of [35_TD$DIFF] 00-f curve, the results of α reveal that
particle-like Ni/rGO shows a strongest EM wave attenuation
ability, while chain-like Ni/rGO is weakest one. Besides, tande
and tandm representing the ability of electrical and magnetic
energy to be attenuated during the process of EM wave
attenuation (Fig. 3b) reveal a similar result with α. Moreover, it
can be found that tande is greater than tandm, which indicates that
dielectric loss dominates the attenuation capacity of EM waves.
Even so, as we all know, excellent EMA properties require proper
impedance matching to make EM waves enter into absorbing
materials and then attenuate them. In other words, the primary
condition for EM waves to be attenuated is that sufficient EM
waves can be incident.

Especially, 1D Ni nanochain with antenna-like structure is
considered to be able to formpoint charge andmicro-current at the
tip to better accept EM waves. Contrary to attenuation ability,
chain-like Ni/rGO hybrid shows the closest tangent values (tande�
tandm), which implies a more suitable impedance matching [29].
From Eq. 2, the values of |Zin/Z0| representing the impedance
matching were calculated and shown in Fig. 3c. It is obtained that
in 10�16 GHz, the |Zin/Z0| value of chain-like Ni/rGO hybrid is
closer to 1 comparing to others, meaning that more EM waves can
be received. Recently, on the basis of the impedance matching
theory, the degree of impedance matching (D) can further confirm

e
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this explanation, which can be determined as follows [36_TD$DIFF](Eqs. 4–6)
[30]:

Dj j ¼ sinh2 Kfdð Þ �M
���

��� ð4Þ

K ¼
4p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e0m0sindeþdm2

q

ccosdecosdm
ð5Þ

M ¼ 4m0e0cosdecosdm

m0cosde � e0cosdm
� �þ tan dm

2 � de
2

� 	h i2
m0cosde þ e0cosdm
� �2

ð6Þ
A smaller |D| value indicates the better impedance matching.

As shown in Figs. S4a-d (Supporting information), as the colored
area (particularly less than 0.6) of chain-like Ni/rGO is much larger
than other samples at different sample thicknesses, indicating that
it has best impedance matching degree among all Ni/rGO hybrids.
Based on the above discussion, one can be concluded that chain-
like Ni/rGO hybrid exhibits the best impedance matching and
suitable EMwave attenuation ability, thereby, it is expected to have
the optimal EMA performance. On the grounds of the VNA test
results, the EMA properties of Ni/rGO hybrids at 2.0mm thickness
are shown in Fig. 3d. The RLmin of different topography Ni/rGO
hybrids is -4.7 dB, -20.8 dB, -15.2 dB and -10.1 dB, respectively. By
comparison, in consistent with above-mentioned analyses, chain-
like Ni/rGO reveals the best EMA performance with a wide EAB of
6.1 dB.

According to Eq. 2, d is one of the key parameters of EMA
performance. Therefore, in order to better understand the EMA
performance, [37_TD$DIFF]Figs. 4a and b depict the RL-f curves and 3D curves of
chain-like Ni/rGO at different sample thickness. It can be seen that
at 1.8mm, a double absorption peak occurs at 15.4 and 16.2 GHz
with the RLmin of -25.0 and -43.7 dB, respectively. The existence of
[(Fig._4)TD$FIG]

Fig. 4. (a) RL-f and (b) 3D RL-f-d curves of chain-like Ni/rGO with various
thicknesses; (c, d) EMA mechanisms of chain-like Ni/rGO hybrid.
double absorption peaks is conducive to strong EM wave loss in
multiple frequency bands. Besides, at this thickness, the EAB can
reach to 4.5 GHz from 13.5 GHz to 18 GHz. Further increasing the
thickness to 2.0mm, the corresponding EAB can be widened to
6.1 GHz. In particular, as the thickness increases, the absorption
band gradually moves towards lower frequencies (Fig. S5 in
Supporting information), which can be well illustrated by the
quarter-wave (l/4) cancellation theory [26,31], that is, when
incident wave and reflected wave are 180� out of phase, the
reflected wave can be completely eliminated at the surface of
absorbers, thus resulting in the migration of the absorption band.
The 3D RL-f-d curves of other samples are also reflected in Fig. S6
(Supporting informaton). In consistent with the analysis results,
chain-like Ni/rGO reveals the best EMA effect at different sample
thickness. Comparedwith previous reports (Table S2 in Supporting
informaton) [18,29,32–36], our chain-like Ni/rGO hybrid has the
advantages in light weight, strong absorbing ability, thin thickness
and absorbing frequency bandwidth.

The above results confirm that the anchored nano-Ni on rGO
with different morphologies have significant effects on the EMA
properties of hybrids. Chain-like Ni/rGO reveals a strong absorp-
tion ability due to the good impedance match and the synergistic
loss effect between dielectric loss (e.g., conductance loss and
polarization relaxation) and magnetic loss (e.g., magnetic reso-
nance and magnetic coupling effects) as shown in Fig. 4c. In order
to understand the full EM loss mechanism, the possible
interactions between the EM wave and Ni/rGO are summarized
in Fig. 4d and Fig. S7 (Supporting information). First of all, when 1D
chain/antenna-like Ni interacts with alternating EM field, the
electrons accumulate at the tip of Ni chains, which can form a point
charge, and then EM energy is converted into a micro-current by
means of electronic conduction to be dissipated [37]. Secondly, the
chain-like features of Ni/rGO are considered to form a spatial 3D
network in the paraffin sample to amplify the magnetic coupling
effect and form a stable attenuation effect on the applied EM field.
Thirdly, in Ni/rGO hybrid, the large aspect ratio of 1D chain-like Ni
and 2D rGO prolongs the EM wave transmission path, which is
beneficial to attenuate EM waves. Correspondingly, the thermal
energy generated by the EM reaction can be transferred to the
thermal conductive rGO on both sides in time, thereby achieving
the effect of rapid heat dissipation. Fourth, under the alternating
EM field, dipole polarization relaxation and interfacial polarization
relaxation caused by the rearrangement of electrons between Ni/
rGO, Ni/paraffin, and rGO/paraffin are also considered to be an
important dissipation mechanism.

In summary, magnetic nano-Ni with diverse morphologies
loading rGO hybrids were synthesized via hydrothermal in-situ
reduction method. Morphology and structure characteristics of Ni/
rGO hybrids were cleared through XRD, SEM, FT-IR and Raman
tests. In addition, the EM parameters of Ni/rGO samples were
tested and discussed between 2�18 GHz. Significantly, results
revealed that chain-like Ni/rGO hybrid show an excellent imped-
ance matching and the synergistic loss effect between dielectric
loss and magnetic loss, which heavily improves its acceptance and
attenuation of EM waves. When the absorber thickness is 1.8mm,
the RLmin can reach -43.7 dB, as well as EAB can come up to 6.1 GHz
at 2.0mm. In short, chain-like Ni/rGO hybrid exhibits the
promising characters of wide absorbing waveband, thin thickness
and strong EMA performance, which are expected to be applied in
military and commercial fields.
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