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Abstract

Due to the unique advantages including low density, good chemical stability, and superior dielectric property, carbon-based
materials have been exploited as potential microwave absorbers and have become a research hotspot. Herein, a superior
microwave absorbent consisting of NiCo,S, nanosheets anchored on hollow carbon spheres is successfully designed and
fabricated by a low-cost and facile strategy for the first time. The obtained C/NiCo,S, composite shows a minimum reflection
loss (RL,;,) of —65.10 dB with a matching thickness of only 1.56 mm, and the effective absorption bandwidth (EAB) could
reach up to 6.60 GHz at a thin thickness of 1.75 mm, which is a highly competitive carbon-based absorber. The existence of
NiCo,S, nanosheets balances the impedance matching property and enhances the dielectric loss effectively, and the cavity
structure promotes the multiple reflections of the electromagnetic wave (EMW), which increases the energy loss capacity
of the material. This study provides new insight into design and modification of hollow carbon spheres and broadens their

application in the field of efficient microwave absorbers.
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1 Introduction

The upgrades of the communication technology always
bring huge social influences, and the developments of the
2G, 3G, and 4G technologies bring us text chat, image
browsing, and video viewing, which greatly shorten the dis-
tance between people. In recent years, the rapid diffusion of
5G technology has promoted the developments of the virtual
reality and smart home industry, which have significantly
improved our living standards. However, the emergence of
electromagnetic waves (EMWs) during this process has been
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serious environmental pollution that influences the normal
operation of sophisticated electronic equipment and threat-
ens people’s health [1-5]. To solve this problem, a large
number of researchers have devoted themselves to exploring
high-performance EMW-absorbing materials with a strong
absorption capacity and a wide effective absorption band-
width (EAB), and the relative field has been a research focus
in recent years [6, 7].

Nowadays, several kinds of wave-absorbing materials
have been prepared, and carbon-based materials attract
researchers’ much interest due to their several tremendous
advantages including low density, good corrosion resist-
ance, and superior dielectric property [8, 9]. After years
of effort, researchers have studied the properties of car-
bonaceous absorbing materials with different structures,
such as graphene [10, 11], carbon fibers [12, 13], carbon
nanotubes [14], and carbon spheres [15, 16]. However, due
to the single dielectric loss, carbonaceous materials often
suffered from an impedance mismatch, and the reflection
loss (RL) of the single material is generally weaker than
—30.00 dB; using carbonaceous material to fabricate wave
absorbers with strong absorption, a wide bandwidth, and
a thin matching thickness still faces great challenges [17].
Concerning this problem, researchers have presented an
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effective way of combining carbonaceous materials with
other materials that could optimize the impedance match-
ing of the samples, leading to a better absorption perfor-
mance. For example, Qiu et al. fabricated hollow Ni/C
microspheres utilizing Ni-MOF as the precursor, and the
RL i, was up to —57.25 dB at 1.80 mm and its EAB could
achieve 5.10 GHz [18]. Ning et al. modified hollow car-
bon microspheres with MoS, nanosheets, and the samples
show an excellent absorption performance, whose RL_;,
could reach about —60.00 dB with a thickness of 2.00 mm
[19].

Currently, as a binary sulfide, NiCo,S, has been deeply
studied in the field of electrochemistry [20-22]; exploring
the microwave absorption performance of NiCo,S, is of
great significance to broaden its application field. Previ-
ous research has proved that NiCo,S, possesses a certain
absorbing capacity according to the previous literature [23].
Composing NiCo,S, with carbon can effectively improve
the absorbing property of the material, which is a potential
research field [23, 24]. Zhao et al. fabricated r-GO/a-CNT/
NiCo,S, composites, which showed a wonderful absorption
performance [23], but these possessed the disadvantages of
high cost. Dong et al. utilized biomass-derived carbon as
templates, and NiCo,S, nanosheets were used to modify the
frameworks. The composites showed a superior absorption
performance, and the minimum reflection loss could reach
stronger than —60.00 dB; however, the composites faced a
problem in which the uniformity of nanostructure distribu-
tion needs to be further improved [24]. Against this back-
ground, carbon microspheres with features of high yield and
being easily wrapped result in a preparation process of uni-
form coating of the spheres that is simple and low cost, and
thus, they are considered promising carbon templates [25,
26]. Meanwhile, lots of studies have reported that carbon
spheres with a hollow structure may possess broader pros-
pects than solid spheres on account of their hollow structure
not only promoting multiple reflections of EMWs but also
reducing the density of the material [27]. However, as far as
we know, the research on the application of hollow carbon
spheres modified by NiCo,S, in the field of wave absorption
is still blank.

Inspired by the above, in this work, we design and
fabricate hollow carbon spheres decorated by a NiCo,S,
nanosheet structure through a subtle procedure. Firstly,
we utilize SiO, microspheres as templates, using a low-
cost method to fabricate carbon coating on SiO, and grow
NiCo,S, on the carbon shell. During this process, C/
NiCo,S, with a hollow spherical structure is prepared by
removing the SiO, core through a hydrolysis reaction. The
introduction of NiCo,S, and the existence of the spherical
cavity effectively enhance the impedance matching and the
attenuation constant of the material, and the RL_; of the
composite reaches —65.10 dB with a matching thickness
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of 1.56 mm and the EAB achieves up to 6.60 GHz, which
covers the whole Ku band, exhibiting a superior absorption
performance, which can act as a potential absorbent for
utilizing in the next-generation wave-absorbing materials.

2 Experimental
2.1 Raw materials

Glucose (C¢H,,0), cobalt nitrate hexahydrate (Co(INO;),-6H,0),
nickel nitrate hexahydrate (Ni(NOs),-6H,0), urea (CO(NH,),),
sodium sulfide nonahydrate (Na,S-9H,0), hydrochloric acid
(HCl, 37%), hydrofluoric acid (HF, 25%), and deionized (DI)
water were received from Harbin Kecheng Chemistry Company.
Silica (Si0,) powder was bought from Aladdin. All chemicals
were directly used without further purification.

2.2 Synthesis of Si0,@C

A SiO,@C composite with a core@shell structure was
successfully prepared via a hydrothermal treatment and
calcination process. At first, 1.5 g glucose was dispersed
into 30 mL DI water, and the mixture was stirred for 10
min to obtain a transparent solution, and then HCI was
dropped into the solution until the pH = 1 to construct
an enabling environment for the growth of carbon coat-
ing [28]. Subsequently, 0.3 g SiO, powder was put into
the above solution and the mixture was transferred into a
50-mL Teflon-lined stainless steel autoclave and kept at
180 °C for 6 h; after cooling to room temperature natu-
rally, the products were separated by centrifugation and
dried at 70 °C for 24 h. Then, the samples were calcinated
in a tube furnace at 1200 °C for 2 h under a flowing Ar
atmosphere to obtain the SiO,@C composite, and the heat-
ing rate and cooling rate were all 5 °C/min.

2.3 Synthesis of C/NiCo,S,

In a typical process, 1.5 mmol Ni(NO3),-6H,0, 3.0 mmol
Co(NO;),-6H,0, and 7.5 mmol urea were dissolved into 30
mL DI water. Then, after stirring for 15 min, the obtained
Si0,@C composite was added to the dark red transparent
solution and the mixture was totally poured into a 50-mL
Teflon-lined stainless steel autoclave and heated at 120 °C
for 6 h. After that, the products were centrifuged and dried
at 70 °C for 24 h. Subsequently, the above samples were
put into 30 mL 0.4 mol/L Na,S solution and transferred
to a 50-mL autoclave, kept at 180 °C for 6 h. Eventually,
the C/NiCo,S, composite was obtained after centrifugation,
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Fig. 1 The schematic diagram

of the synthesis process of C/ g
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washed with DI water, and dried in an oven at 70 °C for
24 h.

2.4 Characterization

X-ray diffraction (XRD; X’PERT PRO MPD, Holland) was
utilized to analyze the phase compositions of the samples
with Cu Ka radiation of 40 kV. Raman spectra were col-
lected by Raman microscopy (Renishaw, inVia) using a
633-nm laser. X-ray photoelectron spectroscopy (XPS;
ESCALAB 250Xi, USA) was employed to comprehend
the elemental states of the surface of the samples. The
surface morphologies and the microstructures of the prod-
ucts were observed through scanning electron microscopy
(SEM, HELIOS NanoLab 600i, USA) and transmission
electron microscopy (TEM; Tecnai G>-F30, USA) with
energy-dispersive spectroscopy (EDS). The electromag-
netic parameters of the materials were measured by a vec-
tor network analyzer (Agilent N5230A, USA) between 2
and 18 GHz, and the tested sample was uniformly mixed
with 50 wt% paraffin followed by pressing into a coaxially
shaped structure with d_,, = 7.00 mm and d;, = 3.04 mm.

3 Results and discussion

The schematic diagram of the synthesis procedure of the C/
NiCo,S, composite is shown in Fig. 1, and the process is
mainly divided into two links. Firstly, the carbon coating
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was prepared on the surface of SiO, microspheres through
a hydrothermal calcination process. In this stage, glucose
could be transformed into carbon-rich polysaccharides after
the hydrothermal treatment, and the following 1200 °C cal-
cination could successfully convert polysaccharides into car-
bon [29]. In the second part, NiCo,S, nanostructures were
grown on the surface of the carbon shell and the SiO, core
was removed via a hydrothermal treatment method. During
the first step, the urea broke down into OH™ and CO32' under
the heating condition and reacted with Co** and Ni** to
form a Ni—Co precursor on the surface of the carbon shell
[30]. Then, in the sulfidation process, the S2~ inside the solu-
tion replaced OH™ and CO;>~; the generation of NiCo,S,
wrapped the carbon shell accompanied by the formation of
NaOH [30, 31]. Next, SiO, microspheres were etched by
the generated NaOH through a hydrolysis reaction, and a
hollow spherical structure was formed [31]. When an EMW
is transmitted into the composite, such a structure could pro-
mote multiple reflections of the wave in the cavity, which is
beneficial for consuming more energy.

Fig. 2a displays the XRD patterns of all samples. As for
the original SiO, microsphere, there is a wide peak centered
at 22.0°, corresponding to the (101) plane of SiO, (JCPDS
39-1425) [32]. After the preparation of carbon coating, the
center of the broad peak has slightly shifted compared with
the pattern of pure SiO,, which could be attributed to the
existence of the (002) plane diffraction of carbon at 23.0°,
and the new peak located at 43.0° can be indexed to the
(100) plane of carbon [26, 33]. To further comprehend the
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phase composition of the SiO,@C, HF was used to remove
the SiO, inside Si0,@C, and the XRD pattern of the pure
carbon shell is shown in Fig. S1. Two significant diffraction
peaks centered at about 23.0° and 43.0° could be observed
from Fig. S1, further indicating the existence of carbon
[26, 33]. After the growth of NiCo,S,, the peak located at
22.0° disappears, and several new peaks positioned at 31.6°,
38.3°, 50.5°, and 55.3° could be found, which are in good
agreement with the diffraction peaks of the (311), (400),
(511), and (440) planes of NiCo,S, (JCPDS 20-0782) [34,
35]. Besides, the Raman spectra are also collected to have
a better understanding of the carbon state, and the spectra
of all samples at 1100—1800 cm™! are displayed in Fig. 2b.
As for SiO,, there is no prominent peak except for some
fluctuations, demonstrating that there is no carbon or the
existence of a very little amount of carbon. For SiO,@C and
C/NiCo,S,, both samples possess two prominent peaks at
1345 and 1595 cm™!, corresponding to the D and G bands of
carbon [36]. Generally, the D band derives from the defects
of the carbon lattice and the G band belongs to the stretching
vibration of in-plane carbon atoms [37-39]. As a result, the
disordered state of carbon could be judged by the intensity
ratio of the D peak to G peak (I/I;) and a higher value
of Iy/I; corresponds to a lower graphitization degree and
more defects inside the materials [36, 37]. As observed from
Fig. 2b, after the introduction of NiCo,S,, the I5/I; value

1}
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Binding energy (eV)

Intensity (a.u.)

decreased, meaning improvement of the carbon graphitiza-
tion degree, which could be assigned to further graphitiza-
tion during the sulfidation process [40]. Such an interesting
phenomenon can be attributed to two factors: (1) the high
autogenous pressure inside the autoclave during the hydro-
thermal process is beneficial to removing the oxygen defects
inside the carbon [41], (2) the generation of a small amount
of H,S during the hydrolysis process of Na,S is reductant,
which could promote the graphitization of the carbon [42].
According to the previous research, the defects could play
as the centers of polarization and dissipated more energy,
leading to a stronger absorption performance [43], meaning
that the decrease of defects is not conducive to the improve-
ment of the absorbing performance. However, the number
of defects is only one factor that affects the wave-absorbing
performance of the material, and other influencing factors
will be analyzed in the following part.

XPS measurement is used to characterize the surface ele-
mental states of the products, and the spectra are shown in
Fig. 3a. For SiO,, it can be observed that the sample consists
of Si, O, and C, and the weak peak of the C element may be
attributed to the specific small amount of impurities. After
wrapping the surface with carbon, the C 1s peak is enhanced
and the Si 2s and Si 2p peaks become weaker, indicating the
existence of carbon on the surface of the SiO, microsphere.
As for C/NiCo,S,, several new peaks appear, representing
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Fig.3 a XPS full spectra of all samples; b high-resolution XPS spectra of C 1s for SiO, and SiO,@C; high-resolution XPS spectra of C/
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the introduction of Ni, Co, and S. Fig. 3b presents the high-
resolution C 1s spectra of SiO, and SiO,@C, and two sam-
ples both have four peaks located at 284.5, 285.4, 286.7, and
289.1 eV, corresponding to the C—C, C-0O, C=0, and O=C-O
bonds [44-46]. Meanwhile, after the fabrication of the car-
bon coating on the surface of SiO,, a new peak positioned at
283.7 eV appears, which could be attributed to the presence
of the C-Si bond derived from the heterojunction interfaces
between the carbon shell and SiO, core [47]. The existence of
the interfaces can effectively promote the interfacial polariza-
tion and improve the wave energy loss capacity of the materials
[48]. Fig. 3c—e display the high-resolution XPS spectra of C/
NiCo,S,, and the Gauss fitting method is utilized to analyze
the data. In the Co 2p spectrum, the curve is decomposed into
six parts and the peaks indexing to Co®" and Co** can be well
fitted with the results of previous research [49, 50]. Analyzing
the Ni 2p spectrum by the same method, it can be seen that
the curve matches well with the characteristic peak of Ni2*
and Ni** [49]. Fig. 3e presents the spectrum of S 2p, and the
binding energy at 161.5 and 162.7 eV could be assigned to
S 2p,s, and S 2p,,, respectively [20, 51]. Besides, the fitted
peak located at 163.8 eV could be attributed to the metal-sulfur

Fig.4 SEM images of (a) SiO,,
(b) Si0,@C, and (c, d) C/
NiCo,S,; TEM (e) and HRTEM
(£, g) images of C/NiCo,S,;
(h1) STEM graph and (h2—

h5) elemental mapping of C/
NiCo,S, composite

(M-S) bonding, such as Ni—S and Co-S bonds [52]. The above
results imply the coexistence of Ni**, Ni**, Co**, and Co®*, in
keeping with the previous reports on NiCo,S, [20, 50].

The morphologies and the microstructures of all samples are
shown in Fig. 4. As observed in Fig. 4a, the SiO, microsphere
possesses a standard spherical structure with a rough surface.
After coating with carbon, from Fig. 4b, it can be observed
that the carbon shell has a relatively uniform coating on the
microsphere and the surface turns from rough to smooth except
for the existence of a few pits. Meanwhile, the EDS mappings
of Si0, and Si0,@C are shown in Fig. S2, in which it can be
seen that the C element is uniformly distributed on all micro-
spheres. As for the C/NiCo,S, composite (Fig. 4c, d), NiCo,S,
nanosheets with a thickness of tens of nanometers are success-
fully anchored on the carbon shell and wrap the whole carbon
shell, forming a loose and porous structure. When an EMW
is transmitted to the material, such a structure can effectively
reduce the reflection of the wave at the interface between free
space and materials, resulting in better impedance matching
and improving the absorption performance of the composites
[53]. Figure 4e—g show the TEM and HRTEM graphs of C/
NiCo,S, composites. From Fig. 4e, it could be easily observed
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that the center of the sphere is brighter, indicating that the com-
posites have a hollow sphere structure and the thickness of the
carbon shell is about 100 nm. Meanwhile, the SEM graph of a
defective sample is shown in Fig. S3, and it could be seen that
the material possesses a hollow structure, which further proves
the above conclusions. Figure 4f, g show the HRTEM images
of the samples, and the striation pattern could easily be seen in
Fig. 4f, in which spacings are about 0.54 and 0.33 nm, index-
ing to the (111) and (220) planes of NiCo,S, [54, 55]. Mean-
while, the HRTEM graph of carbon is displayed in Fig. 4g,
and no clear lattice structure of carbon is found, indicating that
the carbon mainly exists in the form of amorphous carbon, in
accordance with the Raman analysis. Besides, the EDS map-
ping images are displayed in Fig. 4h, and it can be seen that the
C element is uniformly distributed on the surface of the sphere.
Meanwhile, the Ni, Co, and S elements are distributed on the
carbon shell more densely and are less positioned at the center
of the porous sphere. The above results prove that the NiCo,S,
nanosheets are wrapped on the shell entirely, corresponding to
the observation results through SEM.

The microwave absorption property of the material is evalu-
ated by the RL based on the transmission line theory, and the
RL value is calculated by the following equations [37, 56, 57]:
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where Z; and Z, represent the input and free space imped-
ance and c and d refer to the speed of light in the vacuum
and the thickness of the sample. In general, a lower RL value
indicates better absorbing performance, and the bandwidth
of the RL value less than —10.00 dB at a specific thick-
ness is named EAB. Fig. 5Sa—f present the three-dimensional
and two-dimensional RL values at different thicknesses and
frequency of all samples. For pristine SiO,, RL,;, only
achieves —3.79 dB with a thickness of 5.00 mm at 8.04
GHz. Next, through cooperation with carbon, the RL
value of SiO,@C reaches —31.73 dB at 1.73 mm and the
EAB achieves 6.02 GHz from 11.98 to 18.00 GHz at 1.85
mm. Then, after the growth of NiCo,S,, the value of RL
could reach up to —65.10 and —61.13 dB with the matching
thickness of 1.56 and 1.77 mm at 16.14 and 13.36 GHz, and
the EAB of the sample could further improve to 6.60 GHz
(11.40-18.00 GHz) at 1.75 mm, which covers the whole
Ku band. Meanwhile, through adjusting the matching thick-
ness, the effective band of C/NiCo,S, can reach 14.40 GHz,
including the whole C, X, and Ku bands and part of the
S band. The microwave absorption property of the hollow
carbon sphere is shown in Fig. S4, and the value of RL
is weaker than —10.00 dB, indicating a poor absorption
performance. Such a result further proves that the decora-
tion of NiCo,S, nanosheets could enhance the microwave
absorption performance significantly. Therefore, through our
subtle structural design, a microwave absorber with a wide
bandwidth and strong absorption performance is realized.
Also, the RL,;, and EAB values of C/NiCo,S, are compared
with those of some carbon-based composites and transition
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metal sulfides/oxides and their composites that have been
previously reported [18, 23, 58—64]. As shown in Fig. 6 and
Table S1, it could be observed that our product possesses
strong absorption performance and a wide absorption band-
width, which can serve as an ideal absorber in the future.
Generally, two important parameters have important
influences on the microwave absorption performance of
the material: impedance matching and attenuation constant
[31]. Impedance matching describes the condition of the
interface between free space and material; when the sample
has a good impedance matching, the wave transmitted to
the surface of the samples will be mostly entering the mate-
rials. In contrast, a poor impedance matching will cause
the reflection of EMWs at the interface, resulting in a bad
absorption performance. The impedance matching of the
samples could be evaluated by the absolute value of Z =
Z./Z,; when the value of Z reaches 1, the incident wave
could be totally transmitted to the inside of the material,
which is beneficial for energy consumption. Figure 7 shows
the impedance matching characteristics of the samples, and
Si0,@C and C/NiCo,S, possess a larger area close to 1
than SiO,, indicating a better impedance matching per-
formance. In addition, when the RL value of C/NiCo,S,
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reaches the minimum while the frequency and match-
ing thickness are 16.14 GHz and 1.56 mm, the Z value
is approximately equal to 1, proving that the impedance
matching is a key factor that dominates the wave absorption
performance. As for the hollow carbon shell, the imped-
ance matching data is displayed in Fig. S5, and the largest
Z value is less than 0.5; such a result shows that the car-
bon shell possesses a poor impedance matching, meaning
most of the wave is reflected at the surface of the sample
and leads to a poor absorption performance, corresponding
to the measurement results and theory analysis. As with
the attenuation constant, it describes the wave energy loss
capacity of materials, and a larger value of the attenuation
constant means a stronger dissipation capacity. The calcu-
lation of the attenuation constant generally complies with
the following formula [65]:
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Fig. 8 Attenuation constant of all samples

Si0,@C and C/NiCo,S,, at 2-11 GHz, both have similar
attenuation constants, and at 11-18 GHz, C/NiCo,S, has
a larger a value than SiO,@C. Meanwhile, the a values of
Si0,@C and C/NiCo,S, are significantly higher than that
of SiO,, consistent with the data of RL values. Besides, the
a value of the hollow carbon shell is displayed in Fig. S6,
and it can be found that the sample possesses an ultrahigh
attenuation constant, even larger than 1000, indicating a
strong wave energy loss capacity. However, the carbon shell
only shows a weak absorption performance, which could
be attributed to the poor impedance matching. Therefore,
through the reasonable design of the structure of the mate-
rial, the addition of the NiCo,S, significantly improved
the impedance matching performance, leading to a strong
absorption performance of the material.

In order to elucidate the reason of the excellent absorb-
ing property of the material, we analyze the electromagnetic
parameters of the samples. Generally, the complex permit-
tivity (e, = &' — je") has a vital influence on the dielectric
properties of the material, where ¢ and &” represent the elec-
tric field energy storage and loss capacity of the sample [66,
67]. Figure 9 shows the dielectric parameters of the samples.
As displayed in Fig. 9a, SiO, possesses the lowest ¢’ values
among the three samples, and the ¢’ curve changes slightly
at 2—18 GHz. After wrapping the microsphere with carbon,
the &’ of the material markedly improves, and the growth of
NiCo,S, facilitates the further improvement of &'. In addi-
tion, it could be seen that the ¢’ values of both SiO,@C
and C/NiCo,S, show a declining tendency with increasing
frequency, which could be ascribed to the dipole orienta-
tion frequency being lower than the alternate frequency of
the external electromagnetic field [53]. As for ¢”, the rank-
ing of &” value of all samples is C/NiCo,S, > Si0,@C >
Si0,. Meanwhile, several resonance peaks derived from the
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enhanced polarization due to the formation of new interfaces
could be found at 10-18 GHz of C/NiCo,S, and SiO,@C
composites, which are beneficial to the energy loss of EMW
[8]. The average tand, value of C/NiCo,S, is higher than
those of SiO,@C and SiO,, demonstrating a stronger dielec-
tric loss. Notably, at 2-10 GHz, C/NiCo,S, owns a similar
tand, value as Si0,@C, and at 11-18 GHz, the tand, value
of C/NiCo,S, is higher than that of SiO,@C, indicating a
stronger dielectric loss performance of the material. The
variation trend of tand, is similar to that of the attenuation
constant, and such a result proves that the dielectric loss
plays a dominant role in energy loss. The dielectric param-
eters of hollow carbon spheres are shown in Fig. S7, and
the sample exhibits a high tand, value, leading to a strong
energy loss capacity, in accordance with the analysis of the
attenuation constant. Meanwhile, the carbon shell exhibits
exorbitant &’ and " values, which often lead to impedance
mismatch, consistent with the above results [17].

Commonly, the dielectric loss mainly originates from
conductive loss and polarization loss [6]. Between them, the
conductive loss is proportional to the electrical conductiv-
ity o, and according to the free-electron theory, the relation
between o and ¢" can be described as [8]:

o~ 2meyfe” 4)

where ¢, and frepresent the permittivity of the vacuum and
frequency of microwave [44]. Therefore, after the fabrication
of carbon coating, the conductivity of the material increases,
leading to more conductive loss, and C/NiCo,S, has a higher
conductivity. As for polarization loss which is closely related
to the relaxation process, the process could be described by
the relationship between ¢’ and &” [68, 69]:

2
P A M2 (€~ € 2
(e - 5 > +(£ ) = <—2 ) (®)]

In this equation, £, means the dielectric constant at the
high-frequency limit and & represents static permittivity and
a relaxation process corresponding to a semicircle called
Cole-Cole semicircle inside the graph [68, 69]. Figures 9b—d
and S8 display the &'-¢” curves of all samples, and it can be
observed that SiO, and SiO,@C possess 3 and 4 semicircles,
indicating that the growth of carbon coating can effectively
enhance the polarization relaxation, which could be attrib-
uted to the formation of new interfaces. Notably, both C/
NiCo,S, and the hollow carbon shell possess 5 semicircles,
indicating a better relaxation performance. In addition, the
improvements of the polarization relaxation can lead to con-
suming more incident wave energy, resulting in a higher
attenuation constant, which matches well with the above
results [48].

The magnetic property of the samples is shown in Fig. S9.
For all samples, the u' values are close to 1 and the p"values
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approach 0, indicating a weak magnetic loss performance.  be illustrated as follows: The surface of the material may
Notably, there is an abnormal phenomenon that the 4" of  scatter the local electric field and redirect the propagating
some samples reach larger than 0.5 at 2—4 GHz, which could  direction of the concomitant magnetic field. In this process,

Fig. 10 Schematic illustration
of wave absorption mechanism Incident wave ?j Reﬂecti()n wave
of C/NiCo,S,

)l

NiCo,S, nanosheets%

Carbon shell

Dipole ; Interfacial
polarization . polarization
/\./
= Z) .
Heat Transmitted wave
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the variational magnetic field could induce electric currents
according to Lenz’s law, and the generated currents can be
consumed by the material, leading to the energy loss of the
magnetic field [70]. Meanwhile, it could be seen that after
the introduction of NiCo,S,, the u' value increases slightly
and the p" value has no obvious change, indicating that the
dielectric loss plays a dominant role in wave energy con-
sumption of C/NiCo,S, composites.

Therefore, the EMW absorption mechanisms of C/NiCo,S,
could be concluded as Fig. 10. When an EMW was transmit-
ted to the surface of C/NiCo,S,, due to the excellent imped-
ance matching performance, the wave could be propagated
into the material, except for being slightly reflected at the
interface between the composite and free space [71]. Inside
the material, the hollow carbon sphere was considered the
template, and the NiCo,S, nanosheets construct a connected
network, which was beneficial to the conductive loss [72].
Meanwhile, the existence of the defects inside the carbon
could act as the center of dipole polarization, and the hetero-
geneous interface between carbon and the NiCo,S, nanosheets
could effectively promote the interfacial polarization [68, 73].
Notably, the wave that penetrated into the cavity structure of
the hollow carbon sphere can be reflected multiple times and
consume energy [74]. During the above processes, much of
the EMW energy could be transformed into heat energy, lead-
ing to an excellent microwave absorption performance [74].

4 Conclusions

In summary, a facile approach to synthesize a C/NiCo,S,
composite with a hollow spherical structure is proposed by
using SiO, microspheres as templates. The composites are
synthesized by a low-cost and facile process, and the NiCo,S,
nanosheets are successfully anchored on the surface of the
hollow carbon shell. In addition, the constituents, microstruc-
tures, electromagnetic parameters, and microwave absorption
performances of the composites are analyzed in detail. After
the preparation of carbon coating and the growth of NiCo,S,,
due to the improvements of impedance matching and the
attenuation constant, C/NiCo,S, shows a superior microwave-
absorbing performance, where an RL_;, below —65.10 dB
could be achieved with a relatively thin thickness of 1.56 mm
and the EAB reaches 6.60 GHz (11.40-18.00 GHz, cover-
ing the whole Ku band) at 1.75 mm. Meanwhile, compared
with the other absorbers previously reported, our products
possesses an excellent absorbing capacity and a wide effective
bandwidth, indicating that the C/NiCo,S, composite could
serve as an ideal microwave absorber in the future.
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