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Homogeneous heterogeneous (heterophase) interfaces regulated with low energy barriers have a fast response to
applied electric fields and could provide a unique interfacial polarization, which facilitate the transport of elec-
trons across the substrate. Such regulation on the interfaces is effective in modulating electromagnetic wave
absorbing materials. Herein, we construct NbSy-NiS; heterostructures with NiS; nanoparticles uniformly grown
in NbSy hollow nanospheres, and such particular structure enhances the interfacial polarization. The strong
electron transfer at the interface promotes electron transport throughout the material, which results in less
scattering, promotes conduct ion loss and dielectric polarization relaxation, improves dielectric loss, and results in
a good impedance matching of the material. Consequently, the absorbing band may be successful tuned. By
regulating the amount of NiSy, the heterogeneous interface is finely alternated so that the overall wave-absorbing
performance is shifted to lower frequencies. With a NiS; content of 15 wt% and an absorber thickness of 1.84 mm,
the minimum reflection loss at 14.56 GHz is —53.1 dB, and the effective absorption bandwidth is 5.04 GHz; more
importantly, the minimum reflection loss in different bands is —20 dB, and the microwave energy absorption rate
reaches 99% when the thickness is about 1.5-4.5 mm. This work demonstrates the construction of homogeneous
heterostructures is effective in improving the electromagnetic absorption properties, providing guideline for the
synthesis of highly efficient electromagnetic absorbing materials.

1. Introduction

With the speedy growth of electronic technology as well as the large-
scale application of electromagnetic equipment in various fields, the is-
sues on electromagnetic interference and electromagnetic pollution are
growing more and more serious [1-4]. The use of electromagnetic wave
(EMW) absorbing materials is an excellent way to address the problems.
Material that absorbs EMW can effectively convert the energy of EMW
into thermal energy [5-7]. Recently, the EMW absorbing materials have
been further developed to possess thinner thickness, lighter weight,
wider bandwidth, and stronger reflection loss (RL). Among many new
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materials, heterostructure materials with abundant heterogeneous or
heterophase interfaces have significantly enhanced interface polarization
within the EMW absorbing materials [8-10]. The impedance matching
can be effectively adjusted through modulating the heterogeneous in-
terfaces, which has become a cornerstone for designing and research of
cutting-edge EMW, and the solution to the problem of electromagnetic
interference and pollution will no longer be far away in the future
[11-13].

Transition metal disulfides (TMDs) are promising EMW absorbing
materials with unique electronic structure. In particular, TMDs can be
used to construct heterophane interfaces with other materials easily
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Fig. 1. Synthetic routes for the NbS,-NiS, hybrids.

[14-17]. Compared with VIB group TMDs, NbS, is characterized by good
conductivity, high dielectric loss, and abundant edge active sites
[18-21]. Because of its hollow nanosphere structure formed by stacking
nanosheets, NbS; has a large specific surface area conducive to the
attenuation of EMW in the absorber. Thus, NbS, is considered to be an
excellent EMW absorbing materials.

However, the sole loss mechanism for NbS, leads to undesirable
properties such as large thickness for minimum reflection loss and poor
impedance matching with some thicknesses, which limit its EMW ab-
sorption performance. The construction of heterostructures is one of the
most effective ways that solve the problems mentioned above [22-25].
For example, Zhang's group hydrothermally synthesized WS, pleated
sheets, and further constructed heterostructures on the basis of raw
materials to obtain WS2-rGO hybrids by hydrothermal method. Huang
et al. synthesized VS; nanosheets and used them in electromagnetic wave
absorbers. The VS;/Co304 heterojunction was further embedded with
Co304 on the surface and between the layers, and a series of experiments
confirmed that these materials have good impedance matching and
electromagnetic wave absorption properties [26-28]. Due to the con-
struction of heterogeneous interfaces, the effective absorption bandwidth
(EAB) of the absorber is significantly improved and the performance is
enhanced [29]. Compared with EMW absorbing materials with a sole loss
mechanism, the construction of heterogeneous interfaces can adjust the
impedance matching, and their multiple loss mechanisms can meet the
requirements of efficient microwave absorption [30]. However, the
charge redistribution between heterogeneous interfaces formed between
different materials phases generates a strong built-in electric field and
produces a high energy barrier at the interface, leading to a significant
limitation of free electron transport at the interface, which is not
conducive to achieving high conduction losses in the sample. Unlike
conventional interfaces constructed from two different materials, the
homogeneous heterogeneity formed by the same type of materials min-
imizes the interfacial charge redistribution, and the low interfacial
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energy barriers will provide unique interfacial polarization, facilitating
the scattering transport of electrons across the substrate. Under an
applied electric field, the low energy barrier leads to fast responses of
polarization of interfaces and promotes the improved impedance
matching properties, which leads to superior wave-absorbing properties
of the material. For example, amorphous/crystalline y-Fe,O3 nanosheets
were prepared by Wu et al. A low energy barrier was formed on both
sides of the heterophane interface, which facilitated electron transport.
The results showed that heterophane materials were promising micro-
wave absorbers with high performance [31,32].

Nickel sulfide (NiSy) is widely used in photocatalysis, environmental
protection and energy fields because of its low density, good photovoltaic
performance, environmental friendliness and stable chemical properties
[33-38]. Since NiS, has excellent semiconductor properties, it is often
incorporated with other materials to form heterostructures. The prop-
erties of the materials can be improved by the implementation of inter-
facial polarization between multiple phases of materials [39-42].

In this study, NbS>-NiS,; homogeneous heterostructures are synthe-
sized by continuous solvothermal techniques. By adjusting the amount of
NiS,, the complex dielectric constant can be controlled and the hetero-
geneous interface can be finely tuned to endow the material with more
homogeneous heterogeneous interface, and the wave-absorbing band is
successfully modulated to shift toward a lower frequency. Furthermore,
the strong electron shift at the interface increases the electrical conduc-
tivity of the material and improves the conduction loss, and the full
contact between different phases at the heterophase interface produces a
strong interfacial polarization, which enhances the electromagnetic wave
loss (EMWL) capability of the material. The improvement of the micro-
wave absorption properties of the NbS>-NiS, heterostructures is attrib-
uted to the presence of abundant homogeneous heterogeneous interfaces
that could enhance the interfacial polarization for electromagnetic wave
absorption, an excellent impedance matching, excellent electrical con-
ductivity, and their special three-dimensional hollow spherical structure.
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Fig. 2. (a) XRD patterns of NbS,-NiS,, NbS, and NiS,, SEM image of (b) NbS, and (c) NbS»-NiS,-2, (d) TEM image of NbS,-NiS,-2, (¢) HRTEM image of NbS,-NiS5-2,

(f) SAED patterns of NbS,-NiS,-2 and (g) EDS mapping of NbS,—NiS,-2.

2. Experimental
2.1. Synthesis of NbS, nanoparticles

CH3CSNHj is dissolved in 65 mL of CH3CN and stirred for 10 min,
then NbCls is added to the mixture and stirred for 10 min to obtain a clear
yellowish solution. The above process should be carried out as soon as
possible to prevent the material from reacting with air. The remedy was
moved to a kettle containing a 100 mL reactor lined with polytetra-
fluoroethylene, which was then sealed for the reaction at 210°C for a
duration of 24 h. Subsequently, the reactor was allowed to cool down to
room temperature on its own and was left undisturbed.

2.2. Synthesis of NbS2-NiS, hybrids

Firstly, the cooled NbS, was stirred well on a magnetic stirring table
and set aside (about 30 min). 0.0267 g of nickel oxide was weighed and
added to the solution and stirred for 10 min on the stirring table to ensure
that the material was well mixed. The 100 mL PTFE reactor with the
homogeneous solution was then placed in a heating unit with magnetic
stirring. The reaction temperature was maintained at 210°C for 4 h with
constant stirring. The reactor is not removed until the heating unit has
cooled to room temperature. The NbSy-NiS; hybrids should be washed at
least three times with deionized water and ethanol, and then dried in an
oven. NbS,-NiS, samples with different NiSy contents were prepared
according to the above steps. The samples prepared with 10 wt%, 15 wt%
and 17 wt% NiS; input were named NbS>-NiSy-1, NbS;-NiS,-2 and
NbS2-NiS»-3, respectively.

2.3. Material and characterizations

Detailed information on all materials and test equipment can be found
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in Supporting Information.
3. Results and discussion

The schematic process for the fabrication of NbS,-NiS, hetero-
junction is shown in Fig. 1. In this study, NbS; is synthesized by using
NbCl5 and CH3CSNHj, as the initial precursors, and CH3CN is chosen as
the solvent. Different ratios of NiO are injected into the cooled NbS,
solution, which lead to the in-situ growth of NiO vulcanization on NbS,,
and the formation of NbSy-NiS; homogeneous heterogeneous interfaces.

X-ray diffraction (XRD) was performed to study the physical phase
and crystal structure of the synthesized materials. The XRD patterns are
presented in Fig. 2a. The peaks at 26 = 14.8°, 31.0°, 31.9°, 34.7°, 55.3°,
64.7°, and 89.0° correspond to (JPCDS card No0.41-0980) the (002),
(100), (101), (102), (110), (200), and (207) crystallography planes of
NbS,, respectively [43]. Simultaneously, the diffraction peaks at 26 =
27.2°,31.6°, 35.3°, 38.8°, 45.3°, 53.8°, and 61.2° belong to (111), (200),
(210), (211), (220), (311), (230), and (321) planes of NiS, (JPCDS No.
11-0099) [44], respectively. The XRD results demonstrate the successful
synthesis of NbSy-NiS, heterostructure. Moreover, it is found that the
attenuation of the diffraction peaks of NbSy-NiS; may be related to the
introduction of NiSy, which is attributed to the decrease in the quality of
NbS; crystals due to the increase in the defect density during the syn-
thesis of hybrids from NbS, and NiS,. The presence of defects on the
surface of NbSy crystals may result in polarization of the surrounding
surfaces, which improves wave-absorbing properties.

Fig. 2b-g shows the typical morphology and composition of NbS; and
NbS2-NiSs. As illustrated in Fig. 2b, it can be clearly observed from the
SEM image that NbS; has a hollow sphere structure consisting of lamellae
stacked on top of each other, with sphere sizes ranging from 1.5 — 3.5
pm. The TEM image of NiS, (Fig. S1) indicates that NiS, has a spherical
shape with a diameter of about 10-30 nm. The SEM image of NbS,-NiS,
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Fig. 3. (a) Raman spectrum of NbS,-NiS,-2, (b) Nb 3d XPS spectra of NbS, and NbS,-NiS»-2, (c) Ni 2p XPS spectra of NiS, and NbS,-NiS,-2 and (d) S 2p XPS spectra

of NbS,, NiS; and NbS,-NiS,-2.

(Fig. 2c) shows that it has a sphere shape with a diameter of about 3 pm,
and there is a layer of small spheres with a diameter of about 30 nm on its
surface, demonstrating the successful construction of NbS>-NiS, heter-
ostructures and the attachment of NiS; nanoparticles to the surface of
NbS; nano hollow spheres. The TEM image in Fig. 1d also reveals that the
large sphere has a hollow structure with many NiS; particles adhering to
its surface. The TEM image in Fig. 2d shows the heterostructure similar to
that in Fig. 1d. The high-resolution TEM (HR-TEM) images (Fig. 2c) of
NbS,-NiSy show clear bright and dark lattice stripes in different di-
rections, with well-defined interfaces between them. The crystal planes
with intervals of 0.28 nm and 0.31 nm belong to the (100) plane of NbS,
and the (111) plane of NiS;, [43], respectively, confirming the successful
construction of NbS;-NiS, heterostructures. Selected-area electron
diffraction (SAED) patterns for NbSp-NiS, (Fig. 2f) indicate that the
diffraction ring is composed of the (100), (102) and (101) planes of NbS,
and the (220) and (111) planes of NiSy [44], which are in good agree-
ment with the XRD results. The results of XRD, SEM, TEM, HR-TEM and
SAED demonstrate that both NbS; phase and NiS; phase could coexist in
the NbS,-NiS; samples. Therefore, the successful construction of
NbS,-NiS, heterostructure is confirmed. The elements Nb, S, and Ni are
observed in the elemental mapping for the NbS,-NiS; composites
(Fig. 2g). The uniform distribution of Nb element in the large spheres and
Ni element mainly concentrated on the small spheres in the upper right
corner prove that NiSy nanoparticles are successfully implanted on NbS;
surface.

In order to analyses the molecular structure information of the
NbS,-NiS,-2 material, Raman test was performed on the sample. As
shown in Fig. 3a, four peaks can be observed in the spectrum, where the
peaks at 313, 378, and 449 cm ! correspond to the characteristic peaks
corresponding to the vibrations of NbS; in the Eaq is axisymmetric di-
rection, and the out-of-plane vibrations of Aj4 and Aag, respectively. The
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peak at 345 cm ™!, on the other hand, corresponds to Ni-S [45,46], which
is in agreement with previously reported results.

The NbS,-NiS; heterostructure can be further investigated using
photoelectron spectroscopy. As shown in Fig. 3(b-d), the carbon 1s signal
at 284.8 eV is utilized for charge correction. As shown in Fig. S2c, typical
peaks of Ni 2p, Nb 3d, and S 2p can be found in the wide-scan XPS
spectra, which confirm the presence of Ni, Nb, and S elements in the
NbS,-NiS; heterostructure. The C, N, and O peaks shown in Fig. S2(a-c)
are related to organic solvents. Fig. 3b shows the Nb 3d spectrum where
the two peaks at 203.5 and 204.3 eV belong to Nb** 3ds,2 and 3d3/s,
respectively [47,48]. The positive shift in the binding energy of
NbS,-NiS; compared to that of NbS, suggests that the construction of the
NbS,—NiS, heterostructure alters the surface electronic states of Nb 3d. In
Fig. 3c, the double peaks at 854.1 and 871.9 eV can be attributed to Ni
2ps,2 and 2p; » of Ni 2p (Ni-S), suggesting the successful NiO vulcani-
zation, whereas the two weaker peaks near 861.5 and 880.3 eV are
oscillating satellite peaks [48-52]. A negative shift of the Ni 2p; 5 and Ni
2p3/2 peaks of NbS,—NiS; can be observed compared to that ofNiS,. The
opposite shift in the binding energy is observed for the Nb 3d peak. The
results indicate that due to the successful construction of the NbSo—NiS,
heterostructure, some electrons transfer from Nb to Ni, and there is a
strong electronic interaction between NiS; and NbS,. In the S 2p XPS
spectra (Fig. 3b), the peaks at binding energies of 161.0 and 162.1 eV
belong to S 2ps3 /3, and the peaks at 163.7 and 164.1 eV correspond to S
2p; /2, which can be assigned to the metal-sulfur bonding. The peak at
168.1 eV is the oxidation state of the S element [53,54].

Based on the transmission line theory, the value of relative permit-
tivity and RL of the samples can be obtained by calculating the relative
permittivity and permeability of the materials measured at a given fre-
quency and thickness of the samples [55,56]. The EMW absorption
properties of NiS,, NiS; and NbS,-NiS, heterostructure samples have
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Fig. 4. RL curves for (a) NbS, -NiS,-1, (b) NbS, -NiS,-2, (c) NbS, -NiS,-3, (d) at 2-18 GHz for NbS, -NiS,-2 with a thickness of 1.64-2.14 mm.

been investigated by means of calculated RL. The RL values are obtained
from Eq. (1) and the normalized input impedance (Z;) of the materials
from Eq. (2) can be determined [57,58]:

|Zin — 7|

RL=20log,yi=——~ 1
0811)‘Zm+zo‘ (€]
2xfd
Zin :Z()\/l? tan h {'ﬂ—f‘/ﬂrer} 2)
» c

The Z;, in Equation (1) is the incoming resistance value and Z is the
free-space impedance. As in Eq. (2), & (&, = £ — je")is the complex
permittivity, u, (u, = # — ju") is the magnetic permeability, the velocity
of the EMW in free energy space is represented by c, and f is the frequency
of the EMW, and the thickness of the material is measured by the RL. A
value of RL < -10 dB indicates that the material has EMW properties and
that 90% of the EMW energy will be reflected, with lower values of RL
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indicating higher EMW capability. The EAB is used to express the fre-
quency scale in which materials exhibit EMW properties [59,60].

The RL values of the NbS;—NiS, heterostructures with different NiSo
loadings are shown in Fig. 4a-d and S3(a, b). It is found that the
NbS,-NiSs heterostructure has much better reflection loss performance
than NbS, and NiS, nanoparticles, indicating that the construction of
NbS,-NiSs heterostructure has significantly improved its EMWL capa-
bility. Moreover, by observing the RL values of different samples at a
thickness of 2.0 mm (Fig.S4), the EAB has a tendency to move to lower
frequencies with the increase of NiS; loading. It is shown that the con-
struction of NbSy-NiS; homogeneous heterophase interface not only
significantly improves the EMWL capability but also contributes to the
modulation of the absorption band. The reflection loss for NbS,—NiS5-1 is
shown in Fig. 4a, with an RLyj, of —46.7 dB at a thickness of 5.0 mm and
a frequency of 5.2 GHz. NbS,-NiS»-2 has RLy,, values of —41.3 dB and
—46 dB at 2.0 mm and 2.5 mm thicknesses, with EAB of 3.7 GHz
(8.4-12.1 GHz) and 4.6 GHz (11.2-15.7 GHz), respectively. In addition,
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the minimum reflection loss reaches —20 dB at most of the sample
thicknesses (1.5 mm-4.5 mm), with 99% of the microwave energy
absorbed. NbS,—NiS»-3 has an RLy,i, value of —35 dB at a thickness of 5.0
mm and a frequency of 5.2 GHz (Fig. 4c). In addition, the performance of
NbS,-NiS»-2 is further analyzed (Fig. 4d), and the RLy;, can be as high as
—53.1 dB at a thickness of 1.84 mm with an EAB of 5.04 GHz.

An absorption performance for microwave energy is strongly influ-
enced by the complex dielectric constant and the complex permeability
(Real part represents the stored microwave energy and the imaginary
part represents the microwave energy that it could be lost). Using a co-
axial measurement method (2-18 GHz), the electromagnetic parameters
of our samples are determined by the tangent of the dielectric loss

(tan 8g = f—) and the tangent of the magnetic loss (tan 8y = ‘;—) [61,62].

Fig.S5(a-c) show 4 and p" for NbS, at different NiS, loadings. Since
NbS,, NiSy and NbS,-NiS; are weakly magnetic (Fig.S6(a-c)), it is clear
that the magnetic properties of NbS>-NiS, hardly vary with increasing
NiS, nanoparticle content. Fig. 5(a—c) displays the tangent of complex
dielectric constant and dielectric loss for NiS; and NbS; composites. The
permittivity loss can be explained by Eq. (3) and Eq. (4) in Debye's theory
[63,64]:

' & — €
=€y EEC R 3
1+ (2af)’w
" € — Ex
&7 o O 4
1+ w?7? wr WEy @

In this case, the phase of the relative permittivity in the high-frequency
limit is denoted by &, , &0 (¢0 = 8.854 x 10712 e m™1) is the vacuum
permittivity, and ¢ is the stationary permittivity. The 7, w, and ¢ indicate
the time of polarization relaxation, the angular frequency, and the elec-
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trical conductivity, respectively.

Fig. 5a-c displays that both ¢ and &” of the materials are frequency-
dependent, and the value of ¢ of the NbS,—NiS, heterostructure de-
creases with increasing frequency. on the theory of free electrons, the
electrical permittivity of the hybrid material increases with increasing
frequency, while ¢ decreases as frequency increases. As a result of elec-
tromagnetic fields, the random dipole of the sample changes its direction
to be parallel to the external fields, resulting in relaxation of the polari-
zation and is required to overcome the resistance during the energy loss.
Since the dipoles can't follow the speed of the outside electromagnetic
frequency field when the frequency is higher than a certain value, which
do not contribute much to the dielectric polarization, rearrangements
occur leading to a gradual decrease in dielectric response with increasing
frequency. Due to the NbS;, and NiS; structures have different conduc-
tivities, the mismatch of conductivity results in the concentration of
charge and polarization of the interface. Mismatch between the two
structures leads to lattice defects in the interfacial region, which result in
asignificant increase of ¢ after the introduction of NiS,. When the loading
of NiS; exceeds a critical value, the homogeneous phase of the material is
broken, and an aggregated structure shown in Fig. 5d is formed. As a
result, the high energy barrier could be established at the interface,
leading to a significant reduction of the free-electron transport at the
interface.

The dielectric loss type can be identified by means of a Cole-Cole
shape. When Debye slackening occurs, ¢’ versus ¢ shows semicircles
on the curves (Cole-Cole circles), every semi-circle matching a Debye
slackening process. And such process can be described by Eq. (5) [65]:

" & + Soo>2 + (e//)Z

(¢S e ()

From Fig.S7(a, b) and Fig. 5(d-f), it can be seen that NbS>-NiS,-(1-3)

)

4 —e—NbS,
—+—NIS,

il —=— NDbS,-NIS,-1
—o— NbS,-NIS,-2

N .

NbS,-NiS,-3

16

g

(d)

Fig. 5. Dielectric properties of the samples. (a) Real permittivity, (b) imaginary permittivity, and (c) dielectric loss tangent of NbS,, NiS,, and NbSx— NiS,. (d)
Schematic illustration of electromagnetic-wave absorption mechanisms in NbS,-NiS,.
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Fig. 7. Impedance matching of (a) NbS,, (b) NiS,, (c) NbSy-NiS; -1, (d) NbS;-NiS; -2, (e) NbS,-NiS, -3 and (f) Attenuation constant, (g) Comprehensive Comparison
of EMW absorption properties of microwave absorbing materials reported for derived Ni and based sulphide materials.

have more semicircles compared to NbSy and NiS,, indicating the exis-
tence of dielectric polarization relaxation processes in NbSo-NiS,. The
NbS; relaxation happens at 14.3, 12.1, 4.5 and 6.7 GHz. For NiS;
(Fig. S7b) as shown in Fig. S7a, there are four relaxation processes at
14.6, 8.2 and 7.1 GHz respectively. The relaxation of NbS;-NiSy-1
(Fig. 6a) occurs at 14.3,12.1, 8.0, 6.7 and 4.5 GHz. For the relaxation of
NbS,-NiSs-2 (Fig. 6b), there are four relaxation processes at 16.0, 13.5,
10.8, 8.7 and 6.2 GHz and NbS,-NiS,-2 has a larger transmission loss.
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The electrical conductivity values of NbSy, NiS; and NbSy-NiS, are
tested. The electrical conductivities of NbS; nano hollow spheres, NiS;
and NbSy-NiS;, are 0.001 S/mm, 0.04 S/mm and 0.006 S/mm, respec-
tively. The electrical conductivity of the NbSo-NiS, heterojunction is
enhanced compared to that of the NbSy hollow spheres. The appearance
of smooth arcs on the Cole-Cole curve except for the semicircles indicates
the presence of conduction losses in the material. The greater the slope of
the arc the greater the corresponding conductivity will be [66-68] Due to
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the introduction of NiS; material, the phase interface of the material
constitutes a low-energy-barrier homogeneous heterogeneous interface
with fast response to the applied electric field, providing a unique
interfacial polarization, and this low-energy barrier facilitates the elec-
tron transport on the substrate, resulting in a reduction of scattering and
an improvement of conduction loss. This result is consistent with the
results obtained from the tests. Some relaxation processes can be
attributed to accumulation and inhomogeneous dispersion of spatial
charges at the heterophane contact interface, resulting in an electric
dipole moment, which rotates with the applied alternating electric field.
When the rotation frequency lags behind the intrinsic frequency of the
applied alternating electric field, the relaxation occurs, thus realizing the
loss of electromagnetic waves. Others appearance of flaccidity peaks may
be explained by defects in hydrothermal process. Therefore, the doping
of NiS, has a significant effect on the dipolar and interface polarity of the
composites and the relaxation loss and conduction loss significantly
influent the dielectric loss of the samples.

It is worth noting that superior performance EMW absorbing mate-
rials require not only high dielectric losses, but also well-matched
impedance (Mz) and powerful attenuation constants (a) are necessary.
Where impedance matching can be expressed by Mz in equation (6) [69,
70]:

A
M — mn (6)
Tz 1

My should be adjusted to improve matching of impedances over the
proper spectrum of frequencies, because when My is 1, the EMW could be
completely inside the materials. The impedance values of NbS,-NiS; are
presented in Fig. 7(a—e), which are almost equal to 1 for the samples with
various thicknesses, indicating that the EMW can easily pass from the
surface into the interior of the sample. The introduction of NiS, generates
a heterogeneous structure on the surface of NbS,. This heterogeneous
structure facilitates the formation of interfaces and flaws inducing poling,
which in turn affects the permittivity and achieves superior impedance
matching.

If the electromagnetic wave absorber wants to have good absorbing
performance, it also needs to have strong attenuation ability. The ma-

Dipole polarization
Q0

Defect

Multiple reflection

Incident waves
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terial's attenuation behavior, based on the theory of transport wires, is
defined by a, as follows [71,72]:

2
”f \/ﬂ”&”—ﬂé‘ +\//lé —pe)

The value of a is proportional to the value of the EMWL into the
interior of the material. As shown in Fig. 7f, in the case of NbS>-NiS,-2,
the a value is the maximum of all tested examples (over the frequency
scale of 2-18 GHz), indicating that the microwave attenuation perfor-
mance of NbS,-NiS»-2 is stronger than those of other samples. The results
also suggest that when the EMW encounters NbS,—NiS,-2, they can
penetrate as many surfaces as possible in the absorber, and could
significantly attenuated. Therefore, NbS;-NiSy-2 has excellent waves
absorbing characteristics, as shown by the RL curves of NbSo—NiS,-2.

As discussed above, construction NbS»-NiS; homogeneous hetero-
phane interface in the materials successfully improves their EML and
impedance matching. Fig. 8 illustrates the schematic mechanism of
NbS,-NiSy absorptions. To begin with, the NbS»-NiS, heterostructure
has excellent electrical conductivity, and under the effect of an alter-
nating electromagnetic field, the electrons migrate through the conduc-
tive network to absorb the electromagnetic energy, which is converted
into thermal energy. Second, NbS, is a nano-hollow sphere made of
stacked nanosheets, and its unique hollow structure promotes multiple
reflections of EMW, resulting in an extended EMW travelling path, and
ensuring that incident electromagnetic waves are absorbed as efficiently
as possible. Thirdly, the large number of defects generated by the sol-
vothermal synthesis of NbSy hollow spheres as well as the lattice dis-
tortions induced by the strong electron transfer at the heterogeneous
interfaces result in a large number of randomly distributed charges
aggregated at the heterogeneous interfaces, which relax under the action
of an alternating electric field. Finally, due to the presence of a low po-
tential barrier in the NbS»,-NiS; homogeneous heterophane interface, a
specific interfacial polarization can be generated, which improves the
sample's transmission loss properties and optimizes the impedance
matching of the material.

3D radar cross-section (RCS) profiles of NbSy, NbS>-NiS,, NiSs, and
perfect electrical conductor (PEC) were modeled by CST Microwave
Studio to predict the effectiveness of NbS,-NiS; for practical applications
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Fig. 8. Illustration of the possible EMW loss mechanisms for NbS,-NiS, sample.
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Fig. 9. (a)The far-field RCS simulation of PEC, NbS,-NiS,, NbS,, NiS, at a coating thickness of 1.84 mm. RCS curves of (b)NbS,-NiS,, (c) NiS,; and (d)

NbS>-NiS, samples.

as an absorber of EMW. The simulation models (200 mm x 200 mm) are
the PEC and PEC coated with NbS;, NbS,-NiS; or NiSy, respectively [60,
73]. Fig. 9a shows that the PEC plate exhibits significant scattering
characteristics at different EMW incidence angles. However, the radar
scattering characteristics of PEC coated with NbS,-NiS; at a thickness of
1.84 mm show significant attenuation (at 0 — 180°), indicating that the
EMW energy is significantly absorbed by NbS;-NiS,. The EMW absorp-
tion properties of PEC, NbS,, NiS,, NbSo-NiS; can be intuitively evalu-
ated using 2D RCS diagram distributions in the X-O-Y planes. As is
shown in Fig. 9b-d, the RCS values of PEC, NbS,, NiSy, NbS,-NiS, are
14.9,8.2,3.2,and -1 8.7 dB m?. Compared with PEC, NbS,, and NiS,, the
RSC values of NbS,-NiS, decrease significantly, further indicating that
NbS,-NiS; has excellent EMW attenuation ability.

4. Conclusions

In summary, a novel NbS;-NiS; homogeneous heterophane interface
has been prepared using a continuous solvent-thermal method. The
interfacial engineering strategy is viable in generating a full contact be-
tween different phases at the heterophane interface, leading to inter-
interfacial polarization that could enhance the EMWL capability of the
absorber. Moreover, the presence of the interfaces endows the absorber
with both improved matching of impedance and enhanced dielectric
losses. When the NiS; content is 15 wt% with a thickness of 1.84 mm,
RLpyin is —53.1 dB at 14.56 GHz with a BET of 5.04 GHz (12.15-17.19
GHz). Since the NbS,-NiS; heterostructures have simple synthesis routes
and excellent EMW absorption properties, the NbS,—NiS; heterostructure
is considered to have promising research and practical applications in
electromagnetic absorption.
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