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Reduced graphene oxide (RGO) decorated with octahedral NiS,/NiS nanocrystals were fabricated via
a facile synthetic strategy. By appropriate adjustment of the weight ratio of GO and NiSy/NiS
nanocrystals, RGO-NiS,/NiS nanocomposites with an excellent microwave absorption performance
were achieved. As expected, RGO-NiS,/NiS nanocomposites in a polyvinylidene fluoride (PVDF) matrix
with different mass fractions (5, 10, 15, 20 wt%) possess effective absorption in the high frequency range
with a thin thickness (1.5 mm) compared with those of octahedral NiS,/NiS nanocrystals. It was revealed
that RGO-NiS,/NiS nanocomposites with a GO : NiS,/NiS weight ratio of 1:4 exhibited the most
prominent microwave absorption property. The optimal effective frequency bandwidth of this sample
covers 4.32 GHz at a thin coating layer of 1.5 mm (15 wt%). The corresponding reflection loss value can
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DOI: 10.1039/c8ral0633a reach —32.2 dB at 14.32 GHz. Moreover, the fundamental attenuation mechanisms are also discussed in
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Introduction

Currently, with the rapid rise of information technology and
extensive use of electronic devices, serious electromagnetic
interference (EMI) and EM pollution derived from these devices
have gained increased attention. In order to solve such prob-
lems, tremendous effort has been devoted to fabrication of
high-performance microwave absorbers used in the fields of
electronic reliability, healthcare and national defence secu-
rity. Generally speaking, the ideal EM wave absorption
materials are primarily concerned with satisfying the require-
ments of intense absorption ability and broad absorption
bandwidth. Additionally, for practical applications, suitable
microwave absorbers should possess some other important
features including lightweight and thin thickness.*® It is well
known that microwave absorption properties are related
to complex permittivity (e = ¢ —jef) and permeability
(4 = ur —jut), as well as their impedance matching. These
electromagnetic parameters can be effectively tuned by modi-
fying the chemical composition or filler loading content.*”
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To date, transition metal sulfides (TMSs) and their
composites have been studied extensively for their application
as catalysts,**° batteries,"™® energy conversion' and super-
capacitors.”'® In addition, many researchers have explored
their application in the microwave-absorbing field because
of their remarkable microwave absorption performance.
Compared with transition metal oxides (TMOs), TMSs as an
important class of inorganics, usually exhibit higher conduc-
tivity and better dielectric loss which are beneficial to obtaining
high-performance absorbing materials."'” For instance, Ning
et al.*® have prepared few-layered MoS, nanosheets (MoS,-NS)
and investigated their microwave absorption properties. The
results indicate that the minimum reflection loss (RL) value of
MoS,-NS/wax with 60 wt% loading is —38.42 dB at a thickness of
2.4 mm, which is almost 4 times higher than that of MoS,-bulk/
wax. Zhao and co-workers? have constructed hierarchical hollow
CuS microspheres and found that the minimum reflection loss
of paraffin-based composites (50 wt%) is —17.5 dB and the
effective bandwidth is 3.0 GHz with thin absorber thickness of
1.1 mm. Other metal sulfides such as CdS," Bi,S;,>° CoS,*
PbS,** NiS,@MoS,,*”® etc. have been demonstrated as novel
microwave absorbers with a remarkable reflection loss. Among
these metal sulfides, investigations of the microwave absorp-
tion properties of nickel sulfides are scarce.

Although TMSs possess a relatively better conductive ability
than its oxide counterpart, it is difficult to achieve excellent
microwave absorbers from a single material. Therefore, the
hybridization of different materials with various properties is
being deeply considered. Recently, graphene or graphene
derivatives have attracted considerable attention for
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electromagnetic wave suppression due to their unique physical,
chemical, and mechanical properties including low density,
high specific surface area, excellent electronic conductivity and
versatile processing.>**® Wen et al.>® have contrastively studied
the absorbing properties of reduced graphene oxide (r-GO) and
graphite nanosheets (GN) and the results suggest that r-GOs are
the thinnest and most lightweight materials with highly effi-
cient microwave attenuation performances of the carbon world.
In addition, plenty of graphene-based composites such as
graphene/SiC nanowire foam composites,” air@rGO@Fe;0,
microspheres,*® CoS,/rGO nanohybrids,” RGO/CuS or RGO/
MoS, nanocomposites®*>** etc. have also been investigated as
effective microwave absorbers. In addition, Ji and his group®*
have reviewed the evolution of graphene-based electromagnetic
absorption materials and discussed the related electromagnetic
attenuation theory in detail. Thus, it is well known that the
combination of TMSs and graphene is an effective method for
preparing high-performance EM wave absorbing materials.

In this article, the octahedral NiS,/NiS nanocrystals were
fabricated via a facile solvothermal route and then combined
with reduced graphene oxide (RGO) to form RGO-NiS,/NiS
nanocomposites. On the one hand, the addition of NiS,/NiS
nanocrystals may avoid the agglomeration of RGO. On the other
hand, the introduction of RGO would ensure the composites
possess remarkable absorbing properties at low filler content
and thin thickness. The experimental results showed that the
RGO-NiS,/NiS nanocomposites with a GO : NiS,/NiS weight
ratio of 1: 4 achieved the strongest EM wave absorption. The
minimum RL value decreased rapidly to —32.2 dB at 14.32 GHz
with a thin layer thickness of 1.5 mm when the filler loading was
15 wt%, and the effective frequency bandwidth covered 4.32
GHz. Meanwhile, when the weight ratio changed to 1: 1, the
minimum RL value reached —24.3 dB (13.44 GHz) with
a thickness of 2.0 mm when the filler content was only 5 wt%
and the effective frequency bandwidth was up to 4.72 GHz.

Results and discussion

To study the crystal structures of all samples, the XRD patterns
have been provided in Fig. 1. On the XRD pattern of the octa-
hedral NiS,/NiS nanocrystals shown in Fig. 1a, it can be seen
that the dominant phase is vaesite NiS, (cubic structure, JCPDS
no. 11-0099) together with a small amount of NiS (hexagonal
structure, JCPDS no. 02-1280). The narrow sharp peaks confirm
that the nanocrystals are composed of highly crystallized NiS,
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Fig.1 XRD pattern of (a) NiS,/NiS nanocrystals (S1); (b) GO and RGO-
NiS,/NiS nanocomposites (S2-S5).
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and NiS without any other impurities. As shown in Fig. 1b, the
diffraction peak appears at 26 = 10.6° corresponding to the
(001) plane of GO. Moreover, the XRD patterns of RGO-NiS,/NiS
nanocomposites (S2-S5) are almost the same as that of NiS,/NiS
nanocrystals. The absence of the X-ray diffraction peak for GO
around 10.6° in these samples and the broad peak at 20 = 24.3°
for S2 indicate that GO can be reduced to RGO effectively.

The morphology of the as-synthesized NiS,/NiS nanocrystals
and RGO-NiS,/NiS nanocomposites were characterized by SEM
observation. Fig. 2a-e shows the corresponding SEM images of
S1-S5 which exhibit a typical octahedral architecture. After
introducing RGO, from the overview images, it was found that
the NiS,/NiS nanocrystals can be coated by RGO uniformly.
Meanwhile, the NiS,/NiS nanocrystals could effectively avoid
agglomeration of RGO nanosheets. The crinkled and flexible
RGO surface is beneficial to increasing interface areas between
RGO sheets and NiS,/NiS nanocrystals. Moreover, the FESEM
characterization and the corresponding elemental maps of S2
have been displayed in Fig. 2f. In the rectangular region, the
elemental maps of Ni, S and C demonstrate a good dispersion of
NiS,/NiS nanocrystals in RGO sheets.

X-ray photoelectron spectroscopy (XPS) measurements were
performed to further certify the existence of NiS, and NiS. The
Ni 2p spectrum can be divided into two spin-orbit doublets and
two shake-up satellites (Fig. 3a). The peaks at 855.8 and 874.9 eV
were attributed to 2p;/, and 2p;, of Ni**, and the peaks at 853.1
and 873.1 eV were assigned to 2ps, and 2p,,, of Ni**. The
existence of Ni*" was attributed to the slight oxidation of NiS,/
NiS nanocrystals on the surface. For the S 2p spectrum (as
shown in Fig. 3b), the peaks at 161.2 and 162.3 eV were assigned
to S 2ps,, and S 2py, of Ni-S bonding, while the peaks at 163.5

Fig.2 SEMimages of (a) S1, (b) S2, (c) S3, (d) S4, (e) S5; (f) FESEM image
of S2 and corresponding elemental mapping images of Ni and S.
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Fig. 3 XPS spectra of (a) Ni 2p and (b) S 2p in NiS,/NiS nanocrystals.

and 168.0 eV correspond to the divalent sulfide ions (S,>) and
sulfates with high oxidation state, respectively.**** The atomic
percentages of Ni and S are shown in Table S1. Additionally,
Raman spectroscopy was used to analyze the graphitization
degree of GO/RGO and the interaction between RGO and the
nickel sulfides. Fig. Slat shows the Raman spectra of GO and
RGO-NiS,/NiS nanocomposites. It is clear that these Raman
spectra exhibit two regular peaks, corresponding to the G band
(~1573 cm™ ') and D band (~1347 cm ), respectively. The G-
band represents the stretching vibration mode in the sp-
hybridized C-C bonds, while the D band corresponds to the
first-order zone boundary phonon mode associated with defects
or lattice distortion.*® Commonly, the ratios of intensity
between the D and G bands (Ip/Ig) demonstrates the disorder
degree of the graphitic layers. Here, the Ip/I; ratios for S2-S5 are
higher than that of GO (1.04), suggesting a higher degree of
defects in RGO-NiS,/NiS nanocomposites or the edges due to
the reduction process and introduction of the NiS,/NiS nano-
crystals. To further determine the composition, Fig. S1bf shows
EDS results of NiS,/NiS nanocrystals, which verifies the pres-
ence of elemental Ni and S in the sample.

As is well known, microwave absorption properties of an
absorber are highly associated with its complex permittivity and
complex permeability, where the real parts of complex permit-
tivity (¢') and complex permeability (1') symbolize the storage
capability of electric and magnetic energy, and imaginary parts
(¢" and u”) are related to the dissipation of energy and magnetic
loss, respectively.** By mixing various samples (S1-S5) with
PVDF, the EM wave absorption performance of these compos-
ites were investigated in terms of reflection loss (RL). On the
basis of the measured data of the complex permittivity and
complex permeability, the RL values can be calculated accord-
ing to the transmission line theory, which is summarized by the
following equations:*’

Zin = \/Z—E tanh P(@) \/ﬁr_s:] (1)

Zin - Z()

RL =20 log|———
0 OgZi + Z

(2)

where Z;, is the input characteristic impedance, Z, is the
impedance of free space; d is the thickness of the absorber, and
¢ is the velocity of light in free space. Fig. 4 and 5 show the RL
curves of the five samples with different loadings at layer
thicknesses of 1.5 mm and 2.0 mm in 2-18 GHz. It is known that
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Fig. 4 Microwave RL curves of the S1-S5 with loading content of (a)
5 wt%, (b) 10 wt%, (c) 15 wt%, (d) 20 wt% at a thickness of 1.5 mm in the
frequency range of 2-18 GHz.

the key factors to measure the absorbing properties of a mate-
rial are mainly the RL values and effective frequency bandwidth
(RL < —10 dB). As observed in Fig. 4 and 5, the weight ratio of
GO and NiS,/NiS nanocrystals and the filler contents have an
important influence on the absorbing properties. Compared
with pure NiS,/NiS nanocrystals, the RGO-NiS,/NiS nano-
composites with a GO : NiS,/NiS weight ratio of 1 : 4 achieve
stronger EM wave absorption. The minimum RL value
decreases rapidly to —32.2 dB at 14.32 GHz with a thin layer
thickness of 1.5 mm when the filler loading is 15 wt%, and the
effective frequency bandwidth is from 12.56 to 16.88 GHz (4.32
GHz). In addition, the layer thickness d also plays an important
role in tuning the EM wave response characteristic. Comparing
Fig. 4c and 5c, it is clear that the thickness can greatly influence
the RL value and effective frequency bandwidth. It is seen that
the S5 displays an optimum RL value of —28.7 dB at 10.48 GHz
with a thin layer thickness of 2.0 mm, and the effective
absorption bandwidth covers 2.8 GHz. In practical applications,
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Fig. 5 Microwave RL curves of the S1-S5 with loading content of (a)
5wt%, (b) 10 wt%, (c) 15 wt%, (d) 20 wt% at a thickness of 2.0 mm in the
frequency range of 2-18 GHz.
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in order to obtain lightweight materials, it is desirable that the
filling amount is as low as possible. As shown in Fig. 5a, the
minimum RL value appears at 13.44 GHz (—24.3 dB) with
a thickness of 2.0 mm when the filler content is only 5 wt% for
S3 and the effective frequency bandwidth is up to 4.72 GHz
(11.52-16.24 GHz).
Taking S5 as an example, Fig. 6a shows the reflection loss of
S5 under different thicknesses. Furthermore, the 3D image map
is displayed in Fig. 6b. Obviously, the RL peaks gradually shift
towards lower frequency as the layer thickness increases. This
phenomenon can be explained by the quarter-wavelength
cancellation model. In this model, when the absorbent rea-
ches the matching thickness (¢,,) and satisfies the following eqn
(3), the phase difference between the entering wave and the
emerging wave is 180°, leading to the extinction of the electro-
magnetic energy at the air-absorber interface.*® From Fig. 6¢, it
is worth noting that the experimental results are consistent with
the quarter-wavelength (4/4) matching model. Furthermore, the
quarter-wavelength matching model also corresponds to the
contour map (Fig. 6d).
n

n = 72 3,5......) 3)

nc
— e,
4fm|\/:ur€r’

To investigate the probable mechanism for EM absorption
performance, the complex permittivity and permeability of the
different composites are analyzed below. Herein, as the octa-
hedral NiS,/NiS nanocrystals are nonmagnetic materials, their
w and u” approximate to 1 and 0. Therefore, we only need to
focus on the analysis of complex permittivity. Due to the
optimal RL value appearing at a filler loading of 5 wt% and
15 wt%, we take 5 wt% and 15 wt% as examples to analyze the
variation trend of the real (¢') and imaginary (¢”) parts of the
relative complex permittivity in 2-18 GHz. Fig. 7 displays the
frequency dependence of ¢ and ¢’ with various samples
dispersed in PVDF at different mass fractions. It is clearly seen
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Fig. 6 (a) Microwave RL curves, (b) three-dimensional representation,

(c) the frequency dependence of matching thickness and calculated
thickness t,, and (d) two-dimensional representation of the reflection
loss values for S5 under different thicknesses in the frequency range of
2-18 GHz.
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Fig.7 Frequency dependence on (a) realand (b) imaginary parts of the
complex permittivity for S1-S5 with a loading content of 5 wt%;
frequency dependence on (c) real and (d) imaginary parts of the
complex permittivity for S1-S5 with a loading content of 15 wt%.

that all the ¢ and ¢” values increase dramatically after the
introduction of RGO, indicating that RGO can improve polari-
zation ability and dielectric-loss capability significantly.
Furthermore, all the ¢ curves show a decreasing trend with
increasing frequency, which is indicative of a frequency
dispersion behavior that can be explained by the increased
lagging of polarization with respect to electric-field change at
higher frequency.* This decreasing trend also occurs in the
case of ¢’. Another important parameter relating to the polari-
zation loss is called the dielectric loss tangent (tan 6, = ¢”/¢’). As
shown in Fig. S2,7 the dielectric loss value of S2 is higher than
other samples, indicating that the RGO in RGO-NiS,/NiS
nanocomposites plays a more dominant role in determining the
dielectric loss properties. However, the sample with the best
absorbing performance is not S2, indicating that there are many
other factors which influence the ultimate EM wave absorbing
ability.

For RGO-NiS,/NiS nanocomposites, the effective dielectric
loss mechanism would be induced by polarization relaxation. In
general, the polarization relaxation mainly derives from elec-
tron polarization, ion polarization, dipole polarization and
space charge polarization. However, in the gigahertz frequency
region, the electron and ion polarizations are negligible, the
dipole polarization and space charge polarization (i.e. interface
polarization) are dominant.” In this case, the dipoles and
interfaces in the samples S2-S5 increase as the RGO proportion
and the mass percentage enhances resulting in the growth of ¢’
and ¢”. The interfacial polarization usually occurs in materials
composed of more than one phase.* In RGO-NiS,/NiS/PVDF
composites, the interface is caused by RGO, NiS,/NiS and
PVDF. Moreover, the existing defects and functional groups in
RGO are additional two relaxation processes. As is well-known,
defects can act as polarization centers, which can generate
polarization relaxation under the alternating EM field.*> The
electron migration would exist inside these samples when
exposed to an electromagnetic field, which leads to electric

RSC Adv., 2019, 9, 5550-5556 | 5553
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charge accumulation at the disorder interfaces and defects,
acting as a “micro-capacitor”. This could be attributed to the
improved impedance matching.*® According to the funda-
mental mechanism of electromagnetic wave absorption, highly
efficient microwave absorbing materials require not only good
electromagnetic wave dissipation capability but also impedance
matching.** Ideal impedance matching should satisfy |Z;,/Z,| =
1.0, which implies the complete entrance of incident EM wave
into an absorber with zero reflection at the air-absorber inter-
face.” Fig. 8 clearly demonstrates the relationship between RL
values and the modulus of normalized input impedance (|Z;,/
Z,|) for S1-S5 with thicknesses of 1.5 mm and 2.0 mm at a filler
loading of 5 wt% and 15 wt%, respectively. It is clearly seen that
the minimum reflection loss peaks are basically located at the
frequency satisfying the perfect impedance matching (|Zi,/Z,| =
1.0), which is another significant influencing factor for strong
EM wave dissipation.

To the best of our knowledge, apart from impedance match,
another crucial factor in judging the electromagnetic property is
attenuation constant («), which determines the attenuation
properties of materials. It can be expressed as:*®

2
o = M X \/(,u”e” _ ,U,’S’) + \/(,u”e” _ #181)2 + (,u’e" +lu,,€,)2
C
(4)

where f is the frequency of electromagnetic wave and c¢ is the
velocity of light. As shown in Fig. S3,1 the attenuation constant
of S1-S5 increases with increasing proportions of RGO, espe-
cially at the high-frequency range. The larger attenuation
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Fig. 8 Microwave RL curves of the S1-S5 with loading contents of (a)
5 wt%, (b) 15 wt% at a thickness of 1.5 mm; frequency dependences of
relative input impedance (|Z;,/Z|) for S1-S5 with loading contents of
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constant will result in increased dielectric loss, which is
consistent with the variation of the permittivity (Fig. 7). Never-
theless, the higher the attenuation constant, the worse the wave
absorption performance. This is mainly due to the excessive
dielectric loss results in the poor impedance matching. There-
fore, to obtain excellent microwave absorption properties, it is
necessary to consider the offset and balance between the
impedance matching ratio and attenuation constant.

Overall, the excellent EM wave absorption capacity is attrib-
uted to the good impedance match, the dielectric loss (caused
by dipole polarization, interfacial polarization, defect polariza-
tion, etc.), appropriate synergistic effect between RGO, NiS,/NiS
nanocrystals and PVDF matrix.

Experimental

Graphite oxide (GO) powder was purchased from Nanjing
XFNANO Material Technology Co., Ltd. All other chemicals were
of analytical grade and used without further purification.

Preparation of octahedral NiS,/NiS nanocrystals

In a typical synthesis, 0.349 g of nickel nitrate hexahydrate
(Ni(NO3),-6H,0) and 0.064 g of sulfur powder were dispersed
into 60 mL of ethylene glycol (EG) by stirring for 20 min. Then
0.24 g of polyvinyl pyrrolidone (PVP-40 000) was added. After
stirring for another 40 min, the homogeneous suspension was
transferred into a Teflon-lined stainless-steel autoclave for sol-
vothermal reaction at 200 °C for 12 h, then the solution was
cooled to room temperature. The resultant black precipitate of
octahedral NiS,/NiS nanocrystals (named as S1) was washed
several times with distilled water and absolute ethanol and
finally dried at 60 °C for 12 h for further characterization.

Preparation of RGO-NiS,/NiS nanocomposites

With reference to our previous synthesis method,*” to obtain
RGO-NiS,/NiS nanocomposites, 40 mg of GO powder was firstly
dispersed in 60 mL of water and sonicated for 1 h under
ambient conditions. Then the flask was transferred into an oil
bath and heated at 90 °C. 40 pL hydrazine hydrate was added to
this solution. After 2 h, the GO was chemically reduced to RGO.
Finally, 20 mg, 40 mg, 80 mg and 160 mg of octahedral NiS,/NiS
nanocrystals were added to the RGO suspension and sonicated
for another 2 h, respectively (named as S2, S3, S4 and S5). The
resultant black product was isolated by centrifugation, washed
with absolute ethanol and finally freeze dried for 12 h.

Characterization

XRD analyses were carried out on an X-ray diffractometer (D/
MAX-1200, Rigaku Denki Co. Ltd, Japan). The XRD patterns
with Cu Ko radiation (A = 1.5406 A) at 40 kV and 40 mA were
recorded in the range of 20 = 5°-80°. Scanning electron
microscope (SEM) images were achieved by a FEI Quanta 250
field-emission gun environmental scanning electron micro-
scope at 15 kV with the samples obtained from the thick
suspension dropping on the silicon slice. Field emission scan-
ning electron microscopy (FE-SEM) on a JSM-6700F microscope.
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Raman spectra were recorded from 800 cm ' to 2000 cm™ ' on
a LabRAM HR800 Laser Raman spectroscopy (HORIBA Jobin
Yvon CO. Ltd, France) by using a 632.5 nm argon ion laser. X-ray
photon spectroscopy was studied with a Thermo Scientific
ESCALAB 250 Xi XPS system.

EM absorption measurement

The composites used for EM absorption measurement were
prepared by mixing the synthesized octahedral NiS,/NiS nano-
crystals with polyvinylidene fluoride (PVDF) in different mass
percentages (5 wt%, 10 wt%, 15 wt% and 20 wt%), respectively.
The mixtures were then pressed into cylindrical-shaped
samples (o, = 7.00 mm and @;, = 3.04 mm). The complex
permittivity and permeability values were measured in the 2-18
GHz range with coaxial wire method by an Agilent N5230C PNA-
L Network Analyzer.

Conclusions

In summary, RGO-NiS,/NiS nanocomposites with various
weight ratios of GO and NiS,/NiS nanocrystals were synthe-
sized by a facile method. Subsequently, the RGO-NiS,/NiS
nanocomposites were mixed with PVDF matrix loading
different mass fractions (5, 10, 15, 20 wt%) to examine their
microwave absorption properties. Both the real and imaginary
parts of the permittivity of these hybrids increased with
increasing mass fractions of RGO. However, the sample with
a GO : NiS,/NiS weight ratio of 1 : 4 achieves the strongest EM
wave absorption. The minimum RL value reaches —32.2 dB at
14.32 GHz and the effective absorption band width covers 4.32
GHz with a thin layer thickness of just 1.5 mm (15 wt%). When
the weight ratio increases to 1:1, the minimum RL value
changes to —24.3 dB (13.44 GHz) and the effective frequency
bandwidth is up to 4.72 GHz with a thickness of 2.0 mm under
a filler content of only 5 wt%. The excellent microwave-
absorbing behavior is mainly ascribed to dielectric loss (such
as dipole polarization, interfacial polarization, defect polari-
zation, etc.), the improved impedance matching and the
synergistic effect. This study provides an effective and facile
method to produce light-weight absorbers for electromagnetic
wave absorbing applications.
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