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a b s t r a c t

Although VB-Group transition metal disulfides (TMDs) VS2 nanomaterials with specific electronic
properties and multiphase microstructures have shown fascinating potential in the field of electro-
magnetic wave (EMW) absorption, the efficient utilization of VS2 is limited by the technical bottleneck of
its narrow effective absorption bandwidth (EAB) which is attributed to environmental instability and a
deficient electromagnetic (EM) loss mechanism. In order to fully exploit the maximal utilization values of
VS2 nanomaterials for EMW absorption through mitigating the chemical instability and optimizing the
EM parameters, biomass-based glucose derived carbon (GDC) like sugar-coating has been decorated on
the surface of stacked VS2 nanosheets via a facile hydrothermal method, followed by high-temperature
carbonization. As a result, the modulation of doping amount of glucose injection solution (Glucose) could
effectively manipulate the encapsulation degree of GDC coating on VS2 nanosheets, further imple-
menting the EM response mechanisms of the VS2/GDC hybrids (coupling effect of conductive loss,
interfacial polarization, relaxation, dipole polarization, defect engineering and multiple reflections and
absorptions) through regulating the conductivity and constructing multi-interface heterostructures, as
reflected by the enhanced EMW absorption performance to a great extent. The minimum reflection loss
(Rmin) of VS2/GDC hybrids could reach �52.8 dB with a thickness of 2.7 mm at 12.2 GHz. Surprisingly,
compared with pristine VS2, the EAB of the VS2/GDC hybrids increased from 2.0 to 5.7 GHz, while their
environmental stability was effectively enhanced by virtue of GDC doping. Obviously, this work provides
a promising candidate to realize frequency band tunability of EMW absorbers with exceptional perfor-
mance and environmental stability.
© 2023 The Authors. Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
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electromagnetic (EM) irradiation resulting from the extensive uti-
lization of EM devices are incalculable, since the interaction be-
tween redundant electromagnetic waves (EMWs) and human body
which is attributed to the fact that EM energy conduction has a
negative effect on human body function, and also interferes with
the normal operation of electronic equipment. Thus, the purifica-
tion of excessive EM energy is essential, considering the safety and
environmental-friendliness of the human social environment
[1e3]. Recently, the VIB-group two-dimensional (2D) transition
metal disulfides (TMDs) such as MoS2 [4e6] and WS2 [7,8] are of
much interest for their applications in EMWabsorption due to their
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peculiar electronic structures, large specific surface area, multi-
phasemicrostructures with the coexistence of 1T, 2H and 3R phases
[9,10] and abundant active sites. With the rapid development of
electronic technology and increasing demand on EMW absorption,
the VIB-group TMDs have exhibited some shackles in practical
applications, such as the narrow effective absorption bandwidth
(EAB) that is caused by the finite active sites located only at the
edges of their microstructures, and the difficulty in achieving
appropriate impedancematching because of the limitations of their
energy band structures [7,8]. Therefore, extensive efforts have been
devoted to the design of new-generation EMW absorbers with
indispensable capability of EM energy transduction.

The VB-group TMDs VS2 nanomaterials are novel EMW
absorbing materials, which can be modulated to become either
semiconductors or metallic materials through altering their crystal
structures or the number of stacked layers. Particularly, VS2 nano-
materials can be prepared with well-tuned synthesis routes to
exhibit electrochemical active sites at the edges of their micro-
structures and inside their stacked layers, which could break the
aforementioned bottleneck of VIB-group TMDs (such as WS2 or
MoS2) for EMW absorption applications [11]. Zhang et al. have
synthesized the coaxial stacking VS2 nanosheets via a facile one-
step hydrothermal route, which have the minimum reflection loss
(Rmin) as low as �57.0 dB at 4 GHz [12], while other reported TMDs
have to incorporate other materials to construct multicomponent
heterostructures with multiple loss mechanisms to achieve such
exceptional EMW absorption performance. In order to further
enhance the EMW absorption performance of VS2 nanosheets
which exhibit narrow bandwidth and chemical instability under an
oxidation environment, it is an effective strategy that multi-
components could be introduced into the VS2 nanosheets to
construct multi-interface heterostructures and protective layers of
the nanosheets [13e16].

Carbon nanomaterials, such as graphene and CNTs, have become
typical representatives of EMW absorbers operated in the high-
frequency range due to their high conductivity, nanostructures
with large specific surface area and abundant defects as well as the
facilely tuned dielectric properties and impedance matching
[17e20]. In most cases, exploiting the complementarity of
dielectric-loss materials and conductive carbon-based materials is
an effective strategy to design EM attenuation systems with high
performance, which can further facilitate the effective absorption
of EMWs by defect engineering and 3D conductive networks in the
systems [21]. The multiple loss mechanisms, such as multiple in-
ternal reflections and scattering, dipole polarization caused by
abundant functional groups and defects, as well as interfacial po-
larization presented at multi-interface heterostructures, could be
essential for the attenuation of EM energy [22]. Although the car-
bon nanomaterials as represented by graphene and CNTs are ex-
pected to regulate the EM parameters of VS2 nanomaterials by
virtue of their well-known outstanding environmental stability and
conductive properties, they cannot form ideal protective layers
with porous or reticular structures onto the VS2 nanomaterials,
which may not fully encapsule VS2 nanomaterials to improve their
environmental and chemical stability. Being alternatives to con-
ventional carbon-based materials, the biomass derived carbon-
based materials adhering to the concept of green chemistry are
considered to be promising resources in facilely synthesizing
environmental-friendly and efficient EMW absorbers [23,24]. In
addition to the advantages of conventional carbon-based materials
such as low density, high conductivity and high dielectric loss, they
can be used as natural templates for the preparation of EMW ab-
sorbers with low cost, simple preparation process and preeminent
EMW absorption performance [25e27]. Furthermore, some lami-
nated carbon materials, which are derived mostly from biomass,
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can be uniformly coated on the surface of VS2 nanomaterials by
combining solution coating with high-temperature carbonization.
Dong et al. successfully prepared the core-shell SiCw@C hetero-
structures with thickness-dependent EMW absorption in X-band
and Ku-band by combining a hydrothermal synthesis route and
carbonization processes, with glucose being the carbon precursor
[28]. The Rmin value was as low as �61.2 dB with EAB located in the
whole X-band and Ku-band, which was attributed to the dipole
polarization, interfacial polarization, relaxation polarization and
the well-matched impedance in the systems. The coating layer of
carbon materials not only enhanced the environmental and
chemical stability of the EMW absorbing materials, but also con-
structed a large number of multi-interface heterostructures, lead-
ing to a promising candidate for the development of efficient and
stable EMW absorbing materials.

In this work, VS2/glucose-derived carbon (GDC) hybrids were
successfully prepared via a simple hydrothermal method followed
by high-temperature carbonization, using glucose as carbon pre-
cursor. The distinctive microstructures, morphological character-
istics and prominent EMW absorption performance of VS2/GDC
hybrids, which could be optimized by the content of GDC doping,
has been systematically investigated. The EMW absorption mech-
anisms are analyzed based on the EM properties, impedance
matching and attenuation constant of the VS2/GDC hybrids. It is
revealed that the microstructure of VS2 nanomaterials can be tuned
with the assistance of GDC encapsulation and the VS2/GDC hybrids
show superior EMW absorption performances with efficient EM
attenuation, wide EAB at a small thickness and a lower content of
glucose. Undoubtedly, this work could open a new avenue for the
development of TMDs/biomass-based EMW absorbing materials
with low cost, environmental friendliness and excellent EMW ab-
sorption performance.

2. Experimental

2.1. Materials

Ammoniummetavanadate (NH4VO3) was purchased from China
Pharmaceutical Shanghai Chemical Reagent Company. Thio-
acetamide (CH3CSNH2) was purchased from Tianjin Guangfu Fine
Co. Ltd.. Polyvinylpyrrolidone (PVP) was purchased from Xian-
shuigu Industrial Park, Jinan District, Tianjin. Ammonia (NH3$H2O)
was purchased from Tianjin Kaitong Chemical Reagent Co. Ltd. The
aforementioned raw materials were of analytical grade and
employed without further purification. Glucose injection solution
(Glucose) was purchased fromHenan Kelun Pharmaceutical Co. Ltd.
(50%, in mass), which could be used directly in experiments.

2.2. Synthesis of VS2 nanosheets

Firstly, 1.310 4 g of NH4VO3, 15.288 g of NH3H2O, 4.205 6 g of
CH3CSNH2 and 2.800 g of PVP were dissolved in 84 mL of deionized
water under continuously stirring for 1 h to obtain a homogeneous
solution. Then, the solution was transferred into a 140 mL poly-
tetrafluoroethylene (PTFE) reactor and sealed in a stainless-steel
hydrothermal vessel that was heated at 190 �C for 12 h. After the
reaction, the reactor was cooled to room temperature, and the
precipitate was collected after centrifugation, washing by deion-
ized water and absolute ethanol for several times, and drying in
vacuum at 60 �C for 12 h. The obtained samples were denoted as
VS2 nanosheets.

2.3. Synthesis of GDC

The evenly stirred solution (69mL of deionized water and 15mL
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of Glucose was transferred into a stainless steel hydrothermal
vessel with a 140 mL PTFE reactor, which was heated at 190 �C for
12 h. After the reaction, the reactor was cooled to room tempera-
ture, the precipitate was collected after centrifugation, washing by
deionized water and absolute ethanol for several times, and drying
in vacuum at 60 �C for 12 h. The dried product was transferred into
a tube furnace and heated at 700 �C for 2 h (with a heating rate of
5

�
C/min) under nitrogen atmosphere. Finally, the product was

cooled to room temperature, which was denoted as GDC-700 �C.

2.4. Synthesis of the VS2/GDC hybrids

The as-prepared VS2 (1 g in mass), 69 mL of deionized water and
15 mL of Glucose were stirred evenly. Then, the mixture was
transferred into a 140 mL polytetrafluoroethylene (PTFE) reactor,
which was sealed in a stainless-steel hydrothermal vessel for the
reaction to occur at 190 �C for 12 h. After the reaction, the reactor
was cooled to room temperature, and the precipitate was collected
after centrifugation, washing by deionized water and absolute
ethanol for several times, and drying in vacuum at 60 �C for 12 h.
The dried product was transferred into a tube furnace and heated to
700 �C under nitrogen atmosphere with a heating rate of 5

�
C/min.

The reaction lasted for 2 h and the reactor was then cooled to room
temperature. The obtained sample was denoted as VS2/15GDC-
700 �C. The total volume of the added deionized water and Glucose
was 84 mL, and the volume of Glucose was 10 mL and 20 mL,
corresponding to the samples denoted as VS2/10GDC-700 �C and
VS2/20GDC-700 �C, respectively.

2.5. Characterization

The X-ray diffraction (XRD) patterns were recorded using
Bruker-AXS D8 X-ray diffractometer with Cu Ka radiation (l¼ 0.154
6 nm). The XPS analysis was carried out on X-ray photoelectron
spectrometer (ESCALAB250Xi, Thermofisher Co). The morphology
and crystal structure of the as-synthesized products were charac-
terized by scanning electron microscope (SEM, S-4300; Hitachi)
with an accelerating voltage of 20 kV and transmission electron
microscopy (TEM, Hitachi, H-7650). The electromagnetic properties
of the samples were determined by the coaxial method with a
vector network analyzer (VNA, MS-200644A Anritsu) in the fre-
quency range of 2e18 GHz. The samples containing 60% (in mass)
paraffin wax were prepared.

3. Results and discussion

The preparation process of VS2/GDC hybrids is schematically
illustrated in Fig. 1, which includes the pre-preparation of coaxial
stacked VS2 nanosheets and the subsequent synthesis of VS2/GDC
hybrids. Briefly, NH4VO3 and CH3CSNH2 provide the sources of V
and S elements for the preparation of coaxial stacked VS2 nano-
sheets in an alkaline environment by NH3$H2O and assisted sur-
factant PVP. V4þ and S2� are combined by covalent bonds to form
multilayer stacked hexagonal nanosheets with varying sizes as
peeled by NH3$H2O, which are attributed to NH3 and NH4þ

decomposed from NH3$H2O to weaken the agglomeration of VS2
nanosheets. Subsequently, the Glucose could be easily carbonized
to the carbon shell like sugar coating under nitrogen atmosphere
and form the VS2/GDC multi-interface heterostructures, which is
conducive to providing a stable chemical environment for VS2 and
enhancing the EMW attenuation through effective multiple loss
mechanisms such as conductive loss, dipole polarization, interface
polarization, multiple reflections and scattering. As a result, the 3D
conductive network can be controlled by the amount of Glucose
doping, carbonization temperature and carbonization time, which
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could promote the strong coupling effect between impedance
matching and attenuation constants.

The XRD patterns of VS2, GDC-700 �C, VS2/15GDC-700 �C are
presented to demonstrate the phase evolutions of the hybrids after
being annealed at 700 �C for 2 h under nitrogen atmosphere, as
shown in Fig. 2a. The diffraction patterns of VS2 have four obvious
broad peaks located at 15.0�, 32.3�, 45.1�, 57.0�, corresponding to
the (001), (100), (012) and (110) crystal planes of VS2 nanomaterials
(PDF#89-1640, P-3m1-164 lattice group), respectively [12]. There
are several weak impurity peaks as observed in the patterns, con-
firming that the VS2 nanomaterials have good crystallinity. After
the pyrolysis of glucose at 700 �C, the peak located at 20.0� can be
well indexed to (002) plane of typical incompletely carbonized
carbon which not only preserves the carbon skeleton but also in-
troduces a moderate amount of carbon into the EMW absorption
system to regulate the impedance matching. The peaks in the XRD
patterns of VS2/15GDC-700 �C are similar to those of VS2 except the
(011) peak. Since the TMD hybrid contains a large number of 1T
phase, the shifts of peaks in the XRD patterns of VS2/15GDC-700 �C
are due to the transition from the 1T phase to the 2H phase of VS2
[29]. Unfortunately, the peak of carbon is not visible in the XRD
patterns of VS2/15GDC-700 �C, which is ascribed to the relatively
low carbon contents that can ensure a suitable impedance match-
ing for VS2/15GDC-700 �C. As shown in Fig. 2b, combined with
Raman spectra of VS2/15GDC-700 �C, we can determine the exis-
tence of GDC and its graphitization degree, which can affect the
micromorphology of coaxial stacked VS2 nanosheets fully encap-
sulated by GDC, enhancing the EMW multiple scattering and
reflection.

To further demonstrate the formation of effective multi-
interface heterostructures between VS2 and GDC, the surface
chemical compositions and electronic state of each element of VS2/
15GDC-700 �C are determined by XPS analysis. As shown in Fig. 2c,
the survey spectra of VS2/15GDC-700 �C indicate different chemical
environments of constituent elements (S, C, V, O) observed at 163.4,
285.8, 516.7, 530.6 eV, respectively. The oxidation state of V is
characterized in Fig. 2d. The coexistence of V 2p3/2 and V 2p1/2 in the
VS2 crystal is evident by the distinctive main peaks located at 516.1
and 523.5 eV. In Fig. 2e, the S 2p spectrum exhibits two contribu-
tions (S 2p3/2 and S 2p1/2). The SeO peak located at a lower binding
energy is attributed to the oxidized surface of VS2, which also
confirms the presence of O element. Especially, the ratio of SeO
peak area of VS2/15GDC-700 �C is significantly less than that of
untreated VS2 (Fig. S1), demonstrating that the fully encapsulated
GDC provides a stable chemical environment for the system
through conformal protection of VS2. The C 1s spectrum of VS2/
15GDC-700 �C shown in Fig. 2f is mainly attributed to glucose
treated by carbonation at 700 �C, where the peak at 284.3 eV could
correspond to sp3-hybridized C (CeC). The XPS results strongly
suggest that VS2 coexists with GDC within the EMW absorbing
materials after the pyrolysis reaction, effectively forming a heter-
ostructure of VS2/GDC.

The microstructure and morphology of VS2 nanosheets and VS2/
15GDC-700 �C are further analyzed by SEM and TEM, as shown in
Fig. 3. Fig. 3a-b indicates that VS2 are composed of hexagonal
nanosheets with different sizes, and the averaged diameter of VS2
nanosheets is about 1 mm. The rough surface of VS2 nanosheets has
different degrees of protrusion, which is conducive to their com-
bination with GDC. A large number of defects carried by VS2
nanosheets provide multi-polarization relaxation centers for EM
attenuation, effectively improving the dielectric loss. The micro-
structure of VS2 nanosheets consists of 1T phase (green circles) and
2H phase (yellow triangles), which can be associated with Fig. 3c.
The multiphase (1T and 2H) VS2 nanosheets prepared by adjusting
the band structure activates the active sites inside the stacked



Fig. 1. Schematic illustration of the growth of VS2 nanosheets and VS2/GDC hybrids.

Fig. 2. (a) XRD and (b) Raman patterns of VS2, GDC and VS2/GDC hybrids; (c) XPS wide
scan (survey) and high-resolution narrow scans on (d) V, (e) S and (f) C in VS2/GDC
hybrids.
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layers besides the edges, which can serve as the center of polari-
zation to promote dipole polarization. Furthermore, the interven-
tion of a large number of 1T phases effectively adjusts the
conductivity to obtain a suitable impedance matching. Fig. 3d-e
shows that with the carbonization of Glucose, the carbon layers
with different thicknesses are coated on the surface of VS2 nano-
sheets, forming the sugar-like coating which can provide a stable
chemical environment for VS2, and the tightly packed carbon layers
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could prevent VS2 nanosheets from being oxidized. It is suggested
that VS2 nanosheets fully encapsulated by GDC maintain the stable
original coaxially stacked micromorphology of VS2 nanosheets to a
large extent while also exhibiting irregular edges and a certain
thickness of GDC coating, which proves that the interlayer structure
and edges of VS2 nanosheets are in gapless contact with GDC and
the multi-interface heterostructures are constructed. The incident
EMWs are reflected and absorbed for multiple times between the
layers of coaxially stacked VS2 nanosheets, which contributes to the
improvement of the attenuation constant.

In general, the EMW absorption performance can be evaluated
by reflection loss (R), according to the transmit-line theory, which
can be expressed by the following equations [30e32]:

RL ¼20 lg
jZin � Z0j
jZin þ Z0j

; (1)

Zin ¼ Z0

ffiffiffiffiffi
mr
εr

r
tan h

�
j
�
2pfd
c

� ffiffiffiffiffiffiffiffiffi
mrεr

p �
; (2)

where Zin is the input impedance of the absorber, Z0 is the
impedance of free space, εr is the complex permeability, mr is the
permittivity, f represents the EMW frequency, d is the thickness of
the absorber, c is the velocity of light in free space (3 � 108 m/s).
Obviously, the EM parameters εr (εr ¼ ε' - jε") and mr (mr ¼ m' - jm")
are the main factors in evaluating the EMW absorption perfor-
mance. To obtain the EM parameters for all samples, we tested the
samples containing 60% (in mass) paraffin wax by using an Anritsu
MS4644A vector network analyzer in the frequency range of
2.0e18.0 GHz. For non-magnetic materials such as VS2 and GDC, m0

and m" are 1 and 0, respectively, meaning that the negligible
magnetic loss does not play a dominant role in the EMWabsorbing
system. Since the real part (e') of the relative complex permittivity
represents the electric energy storage, while the imaginary part (e'')
is associated with the capacity of electric energy loss, for the
dielectric-based absorbers, the dielectric loss tangent tandε
(tandε ¼ ε"/ε0) relates to the degree of dielectric loss, and εr is
explained by the Debye theory [33e35]:

εr ¼ ε
0 � jε0 ¼ ε∞ þ εs � ε∞

1þ j2pf t
; (3)

where e' and e'' can be expressed by the following equations:



Fig. 3. (a) SEM images and (b) TEM images of VS2 nanosheets; (c) HR-TEM images of VS2 nanosheets (The inset is a SADE image); (d) SEM images and (e) TEM images of VS2/GDC
hybrids.
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ε0 ¼ ε∞ þ εs � ε∞

1þ u2t2
; (4)

ε
0 ¼ εs � ε∞

1þ u2t2
utþ s

uε0
; (5)

where ε∞ is the relative dielectric constant at infinite frequency, εs
is the static permittivity, u is the angular frequency, t is the po-
larization relaxation time, s is the electrical conductivity, and
ε0 (ε0 ¼ 8.854 � 10�12 F/m) is the vacuum dielectric constant.
Generally, the relationship between e' and e'' can be inferred as
follow:

�
ε0 � εs þ ε∞

2

�
þ ε

02 ¼
�
εs � ε∞

2

�2
; (6)

Fig. 4 displays the frequency-dependent ε0, ε" and tandε for VS2,
GDC-700 �C, VS2/GDC-700 �C hybrids at 2e18 GHz. As shown in
Fig. 4, ε0 and ε" decrease with increasing frequency, which could be
caused by the increases u due to the polarization relaxation in the
low-frequency range. Compared with that of VS2, ε0 of VS2/GDC-
700 �C hybrids fluctuates with a slight decrease, while ε0 is decreased
by a large margin with increasing content of GDC-700 �C and is
generally higher than that of GDC, as shown in Fig. 4a. As shown in
Fig. 4, GDC encapsulates the surface of VS2, where GDC has a low
value of e' and VS2 has a high value of e'. As a consequence, higher
values of e' for the hybrids could be inhibited with increasing
amount of GDC added in the hybrids. Such effect of GDC on e' of
hybrids is more significant when the amount of GDC is high. As
shown in Fig. 4b, VS2, VS2/10GDC-700 �C and VS2/15GDC-700 �C
have significantly higher ε" values than GDC-700 �C and VS2/20GDC-
700 �C, which are strongly dependent on the amount of GDC. It is
known that e'' is determined by the relaxation loss and conductivity.
The excessive doping of GDC leads to a large increase in the con-
ductivity of the hybrid, which is not conducive to the effective ab-
sorption of EMW since high conductivity of system could cause the
reflection of incident EMWs into free space. On the contrary, a
moderate amount of GDC provides numerous conductivity paths for
electrons hopping, enhancing the conductive loss. Furthermore, a
large number of defects on the surface of GDC in VS2/15GDC-700 �C
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will promote the interfacial polarization, relaxation loss and scat-
tering response, which facilitate the dipole polarization. Clearly, as
shown in Fig. 4c, tandε of VS2/15GDC-700 �C is the highest among the
samples, suggesting that the introduction of GDC in the hybrid
would enhance the dielectric loss of VS2/15GDC-700 �C. In addition,
multiple interfacial polarizations in VS2/15GDC-700 �C are beneficial
for the enhanced EMW absorption performance. As described by
equation (6), the plots of ε0 versus ε" should be a semicircle corre-
sponding to a Debye relaxationprocess, which is called the Cole-Cole
semicircle. The Cole-Cole semicircles for all samples are shown in
Fig. 4d. The VS2, VS2/10GDC-700 �C and VS2/15GDC-700 �C samples
show the semicircles in larger ranges of the plots than GDC-700 �C
and VS2/20GDC-700 �C samples, which could correspond to more
significant polarization relaxation in the samples. The results
demonstrate that the appropriate amount of GDC can promote the
occurrence of multiple relaxation processes in the samples. When
the content of GDC is increased, the EM attenuation mechanism of
the pristine VS2 nanosheets could be gradually changed from dipole
polarization to conductive loss in the VS2/GDC hybrids, confirming
our view that the conductive loss is an essential factor in improving
the EMW absorption performance.

The impedance matching (MZ) and attenuation constant (a) are
two important parameters that determine the EMW absorption
performance of absorbers. To achieve zero reflection on the ab-
sorbers’ surfaces, the characteristic impedance of the absorbers
needs to be equal or close to that of the free space. The degree of
impedance matching can be validated by the measure of MZ, as
follows [36,37]:

MZ ¼
2Z0in

jZinj2 þ 1
; (7)

where Z0 is the real part of normalized input impedance. In ordinary
circumstances, the value of MZ tends to be close to 1 for the ab-
sorbers with good impedance matching, which means that the
incident EMW enters into the absorber as much as possible. The
second important factor that measures the EMW absorption per-
formance of absorbers is the attenuation constant a, which can be
expressed by the following equation [38,39]:



Fig. 4. (a) ε0 , (b) ε", (c) tand
ε
and (d) Cole-Cole plots of VS2, GDC and VS2/GDC hybrids.
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a ¼
ffiffiffi
2

p
pf
c

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm0ε0 � m0ε0Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm0ε0 � m0ε0Þ2 þ ðε0m0 þ ε

0m0Þ2
qr

;

(8)
Fig. 5. (a) R, (b) contour map for the corresponding 3D R plots, (c) MZ and a of VS2; The (
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The electromagnetic attenuation capacity of the absorbers is
determined by the conductive loss, dielectric loss and relaxation
loss. The higher the value of a, the stronger the ability to attenuate
the EMW inside the absorbers.

Fig. 5 shows R,MZ, a and the contour map for the corresponding
d) R, (e) contour map for the corresponding 3D R plots, (f) MZ and a of GDC-700 �C.
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3D R plots for VS2 and GDC. As shown in Fig. 5a-c, Rmin of VS2 is
about�34.0 dB with a thickness of 5.50 mm at a lower frequency of
4.2 GHz, which has an effective bandwidth of 2.0 GHz at a thickness
of 3.0 mm. At the same time,MZ with a thickness of 5.50 mm is also
much close to 1 corresponding to the value of Rmin, and a reaches
the maximum value (amax) of 155.5. The VS2 sample with better
EMWabsorption performance has a thicker thickness and narrower
effective bandwidth due to its low conductivity and sole absorption
mechanism. To improve the EMW absorption performance of VS2,
GDC is introduced into VS2 to improve its conductivity loss and
dielectric loss. In order to analyze the changes in the absorbers
before and after the addition of GDC, GDC-700 �C is chosen as a
reference in comparative studies. As shown in Fig. 5d-f, GDC-700 �C
at all thicknesses except for 5.50 mm do not show effective EMW
absorption. The Rmin value of GDC-700 �C is �12.3 dB at a thickness
of 5.50 mm at 18.0 GHz corresponding to theMZ value lower than 1,
and the amax value is 58.3. The GDC-700 �C exhibits the worst EMW
absorption performance, which is attributed to the high electrical
conductivity of the single carbon component that causes the
reflection of most of the incident EMWs into free space, and a small
amount of EMWs entering the absorber cannot be absorbed
effectively.

As shown in Fig. 6a-c, with the introduction of 10 mL glucose, the
EMW absorption performance of VS2/10GDC-700 �C has been
Fig. 6. (a) R, (b) contour map for the corresponding 3D R plots, (c) MZ and a of VS2/10GDC
15GDC-700 �C; (g) R, (h) contour map for the corresponding 3D R plots, (i) MZ and a of VS2
700 �C with a thickness of 2.50e2.95 mm; (l) EAB and Rmin of VS2, GDC-700 �C, VS2/10GD
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slightly improved. Compared to that of VS2, the Rmin value of VS2/
10GDC-700 �C reaches �37.4 dB at 4.9 GHz, which has an EAB of
3.7 GHz at a thickness of 2.0 mm. However, there is no obvious
fluctuation in thickness and frequency band, suggesting that the
addition of GDC with a low content does not influence the EMW
absorption system. When the content of glucose reaches 15 mL in
the system, VS2/15GDC-700 �C shows excellent EMW absorption
performance with almost all sample thicknesses, as shown in
Fig. 6d-f. When MZ is close to 1, amax reaches 187.2, which proves
that VS2/15GDC-700 �C has good impedance matching and strong
EM attenuation. The Rmin value of VS2/15GDC-700 �C is �34.4 dB
with a thickness of 2.50 mm at a higher frequency of 13.3 GHz,
which has an EAB of 5.7 GHz at a thickness of 2.5 mm. The results
thus demonstrate that appropriate amount of GDC is effective in
adjusting the impedance matching of the absorber and improving
the attenuation of EMWs, especially in regulating the thickness and
frequency band of the hybrid. In order to further explore the EMW
absorption performance of VS2/15GDC-700 �C, the EMW absorption
performance of VS2/15GDC-700 �C with a thickness of
2.50e2.95 mm is analyzed in detail, as shown in Fig. 6j-k. The Rmin
value of VS2/15GDC-700 �C reaches �52.8 dB with a thickness of
2.70 mm at 12.2 GHz. It can be observed that VS2/15GDC-700 �C
achieves the best EMW absorption performance that could be
ascribed to the synergistic effect of various factors. The multi-
-700 �C; (d) R, (e) contour map for the corresponding 3D R plots, (f) MZ and a of VS2/
/20GDC-700 �C; (j) R, (k) contour map for the corresponding 3D R plots of VS2/15GDC-
C-700 �C, VS2/15GDC-700 �C, VS2/20GDC-700 �C.
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component EMW absorption mechanisms are also attributed to the
multi-interface heterostructures of the system, which is conducive
to the multiple reflection and scattering of EMWs. As shown in
Fig. 6g-i, when the amount of glucose in the system is increased to
20mL, the EMWabsorption of VS2/20GDC-700 �C decreases sharply,
which is similar to that of GDC-700 �C. The VS2/20GDC-700 �C
sample can absorb EMWs effectively only with the thickness of
5.50mm. Its Rmin is about�16.5 dB at 18.0 GHz corresponding to the
MZ valuewith a thickness of 5.50mm, and amax does not exceed 75.7.
When a large number of GDC with high conductivity are coated on
the surface of VS2, the good EMW absorption performance of VS2
could be inhibited to exhibit a high value of a. Moreover, when the
multi-interface structure of the coaxial stacking VS2 ismasked by the
coating of GDC, the interfacial polarization and multiple reflection
could be promoted. As a result, the highest values of EAB and Rmin of
VS2/15GDC-700 �C demonstrate that excellent EMW absorption
performance can be achieved by the synergistic effect of various
factors that adjust the MZ and a values of the systems with strong
EMW absorption, wide bandwidth and thin thickness, as shown in
Fig. 6l. The broadening of the EAB realizes the compatibility of the
absorption frequency band of the VS2/GDC hybrids, and the tunable
frequency band promotes the applicability of the VS2/GDC hybrids in
the range of 2e18 GHz, enhancing the EMW absorption in different
frequency bands in a targetedmanner. Furthermore, the reduction of
thickness can effectively control the thickness of EMW absorption
coating, which is conducive to improving the value of the practical
applications. Importantly, the intervention of biomass carbon-based
materials facilitates the synthesis of lightweight EMW absorbing
materials [40].

The EMW absorption mechanisms of VS2/GDC hybrids are
illustrated in Fig. 7. The VB-group VS2 nanomaterials with GDC
coating break the technical bottleneck of narrow EAB, enabling the
VS2/GDC hybrids to occupy light weight and excellent EM param-
eters for the continuously tunable frequencies, which are attributed
to the synergistic effect of multiple loss mechanisms. First, the
abundant active sites located at the edges of microstructures and
inside the VS2 nanomaterials promote the occurrence of dipole
polarization under the alternating EM fields. Meanwhile, the GDC
coating as obtained by high-temperature carbonization accelerates
the construction of defect structures, which could enhance EMW
absorption by coupling with the polarization loss. Second, lattice
distortions and vacancies could occur in the microstructures of
stacked VS2 nanomaterials as prepared by a well-tuned synthesis
Fig. 7. Schematic illustration of the EMW absorption mechanisms in the VS2/GDC
hybrids.
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route, providing abundant defects for the EMWattenuation and EM
energy conversion. Third, the multi-interface heterostructures are
constructed by virtue of the full encapsulation of VS2 nanomaterials
with GDC, which could result in the rearrangement of local charges
between the VS2 nanomaterials and GDC coating with different
conductivities, and thus the interface polarization. Fourth, the
intervention of GDC adjusts the conductivity of the EM attenuation
system, which can not only optimize the impedance matching for
the EMWs that enter the absorbers as much as possible, but also
generate plenty of freely moving electrons hopping between
different energy levels of VS2/GDC heterostructures in the system,
leading to the enhanced conductive loss [41,42]. Last but not least,
the multi-interface VS2/GDC heterostructure and uniform distri-
bution of VS2 nanosheets with hexagonal stacking structure can
also provide multiple reflection and scattering sites for the EMW
absorption, ensuring that the EMWs can be effectively absorbed. To
sum up, the excellent EMW absorption performance of VS2/GDC
hybrids with strong absorption, wide EAB, thin thickness could be
made possible by the synergistic effect of the above-discussed
factors [43e45], which undoubtedly contribute to the in-depth
understanding of EMW absorption mechanisms and the develop-
ment of VB-group TMDs nanomaterials in the field of EMW
absorption.
4. Conclusions

In summary, the VS2/GDC hybrids which exhibit the ameliora-
tive EAB are successfully prepared by a facile hydrothermal method
followed by high-temperature carbonization processes. The
encapsulation of the stacked VS2 nanomaterials by GDC can be
modulated through controlling the doping amount of Glucose,
optimizing the conductivity of the EMWabsorption system and the
construction of multi-interface VS2/GDC heterostructures that are
beneficial for the environmental stability and EMW absorption
performance of the system. Because of the coupling effect of
impedance matching and attenuation constant, the Rmin value of
VS2/15GDC-700 �C is �52.8 dB with a thickness of 2.7 mm at a
higher frequency of 12.2 GHz, which has an EAB of 5.7 GHz at a
thickness of 2.5 mm, in comparison with those of pristine VS2
nanomaterials. The coating of sugar-like biomass-derived GDC on
the surface of stacked VS2 nanosheets is assisted by the well-tuned
microstructures of VS2/GDC hybrids and defect engineering, which
could enhance the conductive loss, dipole polarization, interface
polarization, multiple reflections and scattering in the EMW
absorbingmaterials. This work provides an in-depth understanding
on the EMWabsorption mechanisms of VB-group TMDs and opens
a new avenue for the development of TMDs/biomass-based EMW
absorbing materials with low cost, environmental friendliness and
excellent EMW absorption performance.
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